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The initial single yeast cell adhesion on glass via optical trapping
and Derjaguin—Landau—-Verwey—-Overbeek predictions
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Laboratoire de Rhéologie, Université Joseph Fourier Grenoble I, Institut National Polytechnique
de Grenoble, CNRS, UMR 5520, B.P. 53, F-38041 Grenoble Cedex 9, France

(Received 1 August 2007; accepted 17 January 2008; published online 1 April 2008)

We used an optical tweezer to investigate the adhesion of yeast Saccharomyces cerevisiae onto a
glass substrate at the initial contact. Micromanipulation of free-living objects with single-beam
gradient optical trap enabled to highlight mechanisms involved in this initial contact. As a function
of the ionic strength and with a displacement parallel to the glass surface, the yeast adheres
following different successive ways: (i) Slipping and rolling at 1.5 mM NaCl, (ii) slipping, rolling,
and sticking at 15 mM NaCl, and (iii) only sticking at 150 mM. These observations were numerous
and reproducible. A kinetic evolution of these adhesion phenomena during yeast movement was
clearly established. The nature, range, and relative intensity of forces involved in these different
adhesion mechanisms have been worked out as a quantitative analysis from Derjaguin—Landau—
Verwey—Overbeek (DLVO) and extended DLVO theories. Calculations show that the adhesion
mechanisms observed and their affinity with ionic strength were mainly governed by the Lifshitz—
van der Waals interaction forces and the electrical double-layer repulsion to which are added specific
contact forces linked to “sticky” glycoprotein secretion, considered to be the main forces capable of

overcoming the short-range Lewis acid-base repulsions. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2842078]

I. INTRODUCTION

Micro-organisms are ubiquitous in both natural and in-
dustrial environments. They are typically tethered to surfaces
as individual cells or as part of a biofilm.' They are benefi-
cial, for instance, to degrade environmental hazardous sub-
stances in the soil as biofiltration but also detrimental such as
on agroindustry, on ship hulls, on biomaterial implants, or in
the oral cavity.zf4

The yeast cell Saccharomyces cerevisiae was selected
for this research.””’ This system is widespread in agroindus-
try and is regarded as the model for studying the eukaryotes
because of its entirely sequenced genome and its ability to
initiate a biofilm.” The cell wall of yeast is the only interface
of the adhesion phenomenon and plays a crucial role in the
process. The cell wall is 100—200 nm thick'® and envelopes
the whole cell. Its rigidity” and its unique macromolecular
organization give the yeast a specific shape. Two transport
and secretion processes may be deeply involved in adhesion.
Indeed, owing to its selective-permeability wall, the yeasts
control the concentration of solutes inside the cell and so
control intracellular osmotic pressure.12 Moreover, ionic
transfer between the yeasts and the extracellular medium via
channels is now well understood.®'*"?

To probe the relevant scales affecting the mechanisms of
yeast adhesion, an optical tweezer device was set up. The
time-dependent mechanisms on glass substrates were ob-
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served and interpreted in terms of interaction forces of the
yeast/glass system and through Derjaguin-Landau—Verwey—
Overbeek (DLVO) and extended DLVO (XDLVO)
calculations.

Long-range surface forces play a major role during the
microbial transport process. Indeed, the adhesion process is
regarded as being governed by physical and/or chemical in-
teractions between the micro-organism and the substrate.'*
Various works have investigated the adhesion of micro-
organisms on inert surfaces probed by an optical tweezer' >'°
or atomic force microscopy (AFM).17 For instance, Bowen et
al."” used AFM to study the adhesion of S. cerevisiae yeast
on hydrophilic mica surfaces coated with a hydrophobic ma-
terial. A single yeast cell was grafted on the cantilever tip,
which was brought into contact with the surface. These au-
thors demonstrated that the contact time was of primary im-
portance in the adhesion phenomenon. Klein e? al."® used a
single-beam gradient optical trap to micromanipulate a
spherical bacterium against a flat glass surface. They worked
out forces ranging from 0.01 to 4 pN and determined DLVO
profiles as a function of the separation distance. In aqueous
environments, Lifshitz—van der Waals (LW) and electrostatic
(EL) forces are frequent dominating factors, as described in
the DLVO theory.19 Because bacteria and most synthetic and
natural surfaces are negatively charged at ambient pH val-
ues, the electrostatic interaction is, as a rule, repulsive. At
low ionic strength (=1 mM), the long-range DLVO-type
electrostatic repulsion dominates over the van der Waals at-
traction, but at high ionic strength, the van der Waals attrac-
tion dominates.'®' However, it has been marginally suc-
cessful in explaining microbial adhesion phenomena onto

© 2008 American Institute of Physics
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various surfaces, as it does not consider non-DLVO interac-
tions, such as hydrophobicity and hydrophilicity as described
by the extended DLVO theory.zz_28

Israclachvili® presented the adhesion as a biospecific
and nonequilibrium interaction in biological systems. He
showed that biological interactions are better thought of as
processes that evolve in space and time, and under physi-
ological conditions, involved in continuous input of energy.
He illustrated it with leucocytes rolling along the endothe-
lium in vitro relating sticking, rolling, or slipping regarding
the flow transport velocity. The author considered that each
rolling involves many mobile molecules mediating a specific
adhesion manner. Bathia er al.”° found that yeast promotes
specific molecules to adhere by rolling under a channel flow.
Moreover, various works’>'# highlighted that protein secre-
tion (adhesins, flocculins) toward the outer layer of the fun-
gal cell wall*® allows yeasts to adjust to environmental varia-
tions. Such glycoprotein, linking the cell wall to any other
elements, may play a crucial role in adhesion mechanisms on
a substrate.

From our local approach with an optical tweezer com-
bined with the calculation of interaction forces, the results
presented in this paper will show that the yeast adheres as
ionic-strength-dependent mechanisms. Indeed, at 1.5 mM
NaCl, when the cell is brought into contact by the optical
trap and then moved parallel to the substrate, the yeast ex-
hibited a singular slipping behavior, rolled for a time, and
then slipped again. At 15 mM NaCl, the cell slipped as pre-
viously, rolled, and stuck to the substrate. Finally, at 150 mM
NaCl, the cell completely stuck to the substrate. When yeasts
tethered to the surface, the maximum forces exerted by the
trap (20—30 pN) was not able to remove cells. The observa-
tions were reproducible and numerous. Few examples will be
depicted. This stick-slip phenomenon is widely described by
adhesion mechanisms of leukocytes where bonds between
adhesion molecules are often mechanically stressed such as
the tensile force applied to selectin-ligand bonds, which me-
diate the tethering and rolling of flowing leukocytes on vas-
cular surfaces.™

In Sec. II, we present the yeast S. cerevisiae, glass sub-
strates, optical tweezer, and suitable methods for observing
adhesion at the initial contact. In Sec. III, the results regard-
ing prediction models are discussed. Additional information
is given in Appendixes A and B, where a short review on
electrophoretic measurement of glass and DLVO and
XDLVO models, are presented, respectively.

Il. MATERIALS AND METHODS

A. Yeast cells

Dried baker yeast S. cerevisiae has been provided by
Lesaffre (Marcq-en-Baroeul, France). The material was ini-
tially packaged as dry aggregates of small rod shape. The
physicochemical properties of the surface have been given in
a previous work’ (see Table I).

1. Rehydrated yeast cells: Preparation

Yeast cells were rehydrated in saline solutions (NaCl)
with 0.2 um filtered and demineralized water (Milli-Q, Mil-
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TABLE I. Zeta potential and cell wall contents of yeast cells.

Ionic strength (mM NaCl)

Rehydrated yeasts 1.5 150
w (108 m?/V/s)* -2.0 -0.8
£ (mV)° -259+13 -104+13

Mass of the cell wall
(% dry weight)*

Polysaccharide content of the cell wall
(ug/mg dry mass)
Chitin

B-glucan Mannan

25.8 2.14%+0.12 189372 66.5+ 1.8

“Electrophoretic mobility, data from Ref. 7.
bz potential calculated from the von Smoluchowski equation (Ref. 22).
“See Ref. 8.

lipore, Billerica, MA). Three NaCl ionic strengths were
tested: 1.5, 15, and 150 mM. The suspension has been pre-
pared by dispersing and rehydrating 1 g/1 aggregates in the
saline solution at room temperature (23 °C), with gentle agi-
tation for 20 min. Yeast cells were harvested by centrifuga-
tion for 2 min at 15000 rpm (Biofuge Stratos, Heraeus In-
struments, Osterode, Germany), washed twice, and
suspended again in NaCl solution. The pH was 5.7 at T
=(25.0%0.1) °C.

2. Contact angle measurement and surface tension
components

Yeast cells were rehydrated and washed with pure
Milli-Q water as described above. A 10-ml volume was fil-
tered on 0.45 wm (Sartorius, Goettingen, Germany) and then
dried under a vertical flow hood (Faster BH-2004, Ferrara,
Italy) at room temperature (23 °C) for a specific period to
obtain the so-called plateau contact angle,23’27 with water on
lawns of partially dried yeasts using the sessile drop tech-
nique. The mentioned contact angle was obtained after
80+ 11 min of drying (*11 is the standard deviation of ten
assays). Once the plateau contact angle reached out, three
liquid probes [Milli-Q water, glycerol (Selectipur, Merck,
Darmstadt, Germany), and di-iodomethane (Sigma-Aldrich
and Co., Saint Louis, MO)] were deposited on lawns and
angles were determined by the sessile drop technique with a
goniometer (Digidrop, GBX Scientific instruments, Romans,
France) at room temperature (23 °C). Results presented here
are an average of ten measurements. The contact angles were
then converted into surface free energy values using the
modifications of Young’s equation proposed by van Oss,?
which ignore spreading pressure and distinguish Lifshitz—
van der Waals (LW) and Lewis acid/base (AB) free surface
energy components [Eq. (B1)].

B. Optical tweezer

The setup is capable of trapping micron-sized objects
with index of refraction different from those of the suspend-
ing medium. Such system, inspired by Fillman and Axner,”
has been previously developed and described by Piau.*® A
short description will be given below following the diagram
shown in Fig. 1(a), as this will be useful for this study.
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FIG. 1. (Color online) (a) Schematic layout of the optical tweezer. (b) Sche-
matic describing the sample setup. It is composed of a glass fragment where
the surface is positioned vertically and so seen in the profile (photo) and a
yeast suspension of rehydrated yeast in different saline solutions. The laser
beam crosses the coverslip and traps a yeast cell. Note that the schematic is
not to scale. The scale bar indicates 20 um. This scheme is from previous
works (Ref. 5).

The laser (Millennia V, Spectraphysics, Mountain View,
CA) emitted a 532 nm beam of up to 5 W power. The wave-
length of this beam is then adjusted to 800 nm, considered to
be the minimum absorption level of the suspending medium’
by means of a Ti-sapphire (3900S, Spectraphysics, Mountain
View, CA). The beam is magnified by the telescopic system
consisting of two lenses (L, and L,) and then directed into
the galvanometric system which consists of two perpendicu-
lar mobile mirrors. Then, the beam is sent into the micro-
scope and is focused on the sample through the objective.
The distance d;, between the two lenses L, and L, modifies
the vertical position (z) of the optical trap in the sample.

The optical tweezer was built around an inverted light
microscope (Olympus IX70; Olympus, Melville, NY).
Micron-sized particles require the use of a high magnifica-

J. Chem. Phys. 128, 135101 (2008)

TABLE II. Contact angles (deg), surface tension components (mJ/m?), and
glass surface roughness (Ref. 7).

Contact angles (deg)

Ouvater B4i-iodomethane Bformamide
32.5*+2.7 39.5*+1.7 18.1£1.4
Surface energy (mJ/m?)

%" % %
39.9+0.8 1.5£04 38.7£3.6
Roughness R, (nm) 0.4

tion objective (X100) and a large numerical aperture in-
creases beam stability. Thus, an oil immersion objective is
used with a numerical aperture of 1.4. The refractive index of
the oil used is 1.52. The display system consisted of a three
charge coupled device video camera (JVC KYF55B; JVC
UK Ltd, London, UK) of 25 images per second, of 768
X 494 pixels.

C. Solid glass substrate

A glass fragment was positioned vertically between the
microscope slide and the coverslip. This slice of glass comes
from an ordinary soda-lime glass plate (Planilux, Saint-
Gobain, France) whose energy properties obtained by the
contact angle measurement method were given in previous
works’ (see Table I1).

A made-to-order fragment was shaped from this glass
plate (210X 90X 4 mm?) using the lithopreparation method
(abrasion on each side) to obtain a slice 10 mm long, 4 mm
wide, and 250*+3 um thick. The area where adhesion oc-
curred was then perpendicular to the slide/coverslip system
and of similar nature [energy properties and average rough-
ness (0.25 nm)] to the top face of the original plate [see Fig.
1(b)]. Cleaning was carried out with the sulfochromic mix-
ture for 1 h.

D. Scanning electron microscopy and x microanalysis

To determine possible damage from the machining
method and cleaning with sulfochromic mixture on the final
sample topography, scanning electron micrographs (JEOL
JSM-6400, Jeol, Croissy sur Seine, France) and surface x
microanalysis (Princeton Gamma-Tech Instruments, NIJ)
were carried out. Two types of samples were prepared: (i)
Fragments cleaned with sulfochromic acid and (ii) fragments
solely cleaned with water. The samples were air dried and
metallized under vacuum before the analysis and observa-
tion.

E. Analysis chamber and protocol of measurements

Before each test, the slide, coverslip, and slice of glass
were carefully cleaned with the sulfochromic mixture and
dried with clean room paper. To assemble an analysis cham-
ber, an autoadhesive frame (Geneframe 25 ul, ABgene, Ep-
som, UK) is fixed onto the microscope coverslip. Then the
slice of glass is placed on the plate, the smooth face of the
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FIG. 2. (Color online) (a) Schematic of the sample seen in the profile
(above) and seen from the bottom (below). During the adhesion assays, the
laser moved a yeast cell along the x axis and is focused at a distance & far
from the coverslip. Note that the schematic is not to scale. (b) Example of a
cell in contact with the glass substrate. The two snapshots are identical. The
right one is analyzed. A few fixed spots are identified within the yeast. The
black arrow indicates one of these spots. The shape of the yeast is then
drawn (white dotted circle). The scale bar is 5 um.

fragment in vertical plane. A volume of 25 ul of yeast sus-
pension (about 4 X 10° cells/ml) is introduced into the cham-
ber formed by the coverslip and the frame stuck to it. The
analysis chamber is then sealed by laying the slide above,
evenly stuck on the frame, while taking care to eject any air
bubbles. Figure 2(a) shows the assembly. The analysis cham-
ber is then positioned in the microscope, coverslip down-
ward, facing the objective. A cell is trapped by the optical
tweezer which enables to move it close to the substrate. Be-
sides, the focal point positioned the cell at a vertical distance
h far from the coverslip. The diameter is directly measured
on the monitor and converted into micrometer. Then, it is
brought in contact with the glass while taking care to focus
the laser as far as the yeast radius from the coverslip to avoid
exerting a vertical force on the cell. A program developed at
the laboratory enables to control the galvanometric mirrors.
The movement imposed on the particle is sinusoidal, parallel
to the substrate along the x axis. Whatever the displacement
amplitude, the movement velocity of the optical trap was
fixed at 11.5%=0.5 um/s because it is estimated that this pa-
rameter is more important than the distance covered.”’ Two
different amplitudes were applied: 10.2*0.3 wm corre-
sponding to about two diameters and 14.0+=0.3 um corre-
sponding to about three diameters. These two amplitudes
have been applied to cover the maximum distance in the field

J. Chem. Phys. 128, 135101 (2008)

TABLE III. Contact angle measurement (deg) carried out on yeast lawns
and surface energy components (mJ/m?) of the rehydrated yeasts. Uncer-
tainties are the standard deviation for all measurements.

Contact angles (deg)

Osvater Osi-iodomethane Orormamide
34248 383%5.6 41.1%£2.8
Surface energy (mJ/m?)

%" % %
39.1£1.5 02+£04 47.6*1.6

of visualization. Indeed, glass fragments are oriented along
either the x axis or y axis, but it is affirmed that the two
galvanometric movements are similar and are consequently
reduced to one axis by simple rotation of the picture for
better observation. We will see that the amplitudes have no
influence on the phenomena observed. Assays were per-
formed at room temperature (23 °C) and never exceeded
10 s.

To detect relative displacements (translation or rotation)
of the yeast on the substrate, dark zones within the cell have
been identified to be mainly lipid granules embedded in the
cytoskeleton.”’38 From assumption of little movements of
these reference spots, compared to the cell envelope when
the yeast is trapped, the movement of the whole can be
observed and so its translation or rotation can be deduced
[Fig. 2(b)]. All observations confirmed that lipid granules
attached to the cytoskeleton were good markers for monitor-
ing yeast movements.

lll. RESULTS

A. Surfaces properties of micro-organisms
and substrates

1. Yeast cells

With Eq. (B4), tension surface components of the rehy-
drated yeast are reported in Table III. Rehydrated yeasts ex-
hibited strong electron-donating and apolar components.
Qualitative measurements [microbial adhesion to solvents
(MATS)] were already carried out in previous works, indi-
cating the strong hydrophilic and electron-donating compo-
nents for this type of yeast.7‘8‘39

2. Glass substrates

Scanning electron micrographs were carried out to vali-
date the method of glass preparation (Fig. 3). Firstly, the
micrographs clearly show areas which underwent abrasion
because 10 wm sized fragments were torn off from the sub-
strate. While assays were performed at 50 wm far from the
edge, the effect of this rough surface did not have impact on
our experiments. Since the machining is solely mechanical,
this method enables to obtain a fragment on which adhesion
measurements are implemented and to keep the same surface
energy properties of the origin plate as well.” Furthermore,
cleaning with sulfochromic acid did not modify the final to-
pography of the substrate as well. Indeed, as seen on the
micrographs, Fig. 3 suggests that the roughness is less than
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FIG. 3. Scanning electron micrographs at different magnifications of a glass
fragment after machining and cleaning with sulfochromic acid. The sample
has been beforehand metallized under vacuum.

200 nm here. More precise previous studies also give evi-
dence that the roughness remained unaffected after cleaning,
ranging from 0.25 nm (Ref. 40) to 0.4 nm,” helped by AFM
and optical three dimensional profilometry, respectively.
Finally, x-ray microanalysis determining the chemical
composition of the sample provided the major presence of
silicium, calcium, and sodium as described by the manufac-
turer for the substrates cleaned or not with sulfochromic acid.

Glass
t = 2650 ms t=2570 ms t = 2490 ms
'
t=2730 ms t=2810ms t=2970 ms

t= 3650 ms t=3530ms t=3290 ms

t=3810ms t = 3890 ms

t=3970 ms

t=3730 ms

t = 3050 ms

t=3170 ms
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B. Observation of the yeast/glass adhesion
mechanisms

1. Slipping and rolling yeasts at 1.5 mM NaCl

Fig. 4 depicts 20 successive snapshots that are represen-
tative of our observations in the used assembly at 1.5 mM
NaCl. On this illustrated example, a yeast cell of
4.90*0.05 um diameter was brought into contact at one
radius far from the surface, namely, 2.5 um. A parallel
movement to the substrate was thus applied on the cell along
10.4 pm amplitude. This experiment was reproduced 38
times with different samples and with systematically differ-
ent yeast cells. Laser power was fixed at 91 mW to apply a
force of 20-30 pN.5 Two ways of displacement/adhesion
were highlighted: Firstly, a single slipping mode of the yeast,
namely, a translation without rotation, and secondly, a rolling
mode such as a rotation and slipping of the yeast, resulting
from the optical trap movement on the cell. To start with, it
can be noticed that the yeast, moved by the trap, was simply
translated by slipping on the glass (frames 2-10 and 15-20).
This phenomenon of slipping was observed in every experi-
ment.

Fig. 5(a) depicts snapshots resulting from the enlarge-
ment of frames 5, 6, 8, and 10 of Fig. 4. The slipping phe-
nomenon is visible here. The circle plotted in white dotted
line represents the cell at its initial position in frame 5. The
black arrow indicates the center and the direction of dis-
placement of the optical trap. The black and white alters are
arbitrarily chosen spots, indicating intracellular organelles
(dark zones being mainly lipid vesicles).

substrate

FIG. 4. Twenty successive snapshots during an adhe-
sion experiment of yeast of 4.9 um diameter rehydrated
in a 1.5 mM NaCl solution at d=55 um along the z
axis. The black arrow indicates the laser displacement
direction. The laser power is 91 mW and the room tem-
perature is 7=23.4 °C. The scale bar is 5 um.

t = 4050 ms
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t=2650 ms t=2730 ms t=2890 ms

15) t=3410 ms 130 t=3290 ms

t=3650 ms
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According to Fig. 5(a), the yeast velocity is identical to
the trap velocity which was 11.5* 0.2 um/s. Single slipping
conditions were hence confirmed. However, after a time of
about 3 s, yeast stopped slipping and began to stick. The trap
exerted a force momentum which led the yeast to roll. Figure
5(b) depicts enlarged snapshots of frames 10, 12, 13, and 15
from Fig. 4. Here, the yeast velocity equaled 8.6 = 0.2 um/s,
whereas the optical trap velocity equaled 11.5 um/s. The
cell was thus slowed down by sticking on glass. The angular
velocity is estimated to be 2.62 % 0.08 rad/s. Nevertheless,
the nonslipping conditions are not validated since the cell
should have covered a distance of 3.8 um instead of 5.8 um
in these angular velocity conditions. After having rolled, the
yeast is trapped along the inverse direction and slipped again

t= 1680 ms t=1840 ms t = 2000 ms
14 13
—
A\
t=3120 ms t=2960 ms t=2800 ms
18
t=3280 ms t=3440 ms t = 3600 ms

t=2160 ms

t=2640ms

t = 3760 ms

J. Chem. Phys. 128, 135101 (2008)

t=3050 ms

FIG. 5. Two series of four successive

)f ~4.8 “”I] snapshots resulting from the enlarge-

i et ment of (a) frames 5, 6, 8, and 10 and
: i (b) frames 10, 12, 13, and 15 of Fig. 4.

Lesdees

The white marks (white alters and dot-
ted circle) represent the yeast cell from
frame 5 in (a) and frame 10 in (b) and
the black arrow indicates the laser
beam direction of motion. (a) Slipping
effect of the yeast on the substrate at
1.5 mM NaCl. In this figure, the slip-
ping covered distance is 4.6 um. (b)
Rolling effect on the substrate at
1.5 mM NaCl. In this figure, the roll-
ing covered distance is 5.2 um for a
rotation angle of about 7/2 rad. The
linear velocity is estimated to be
8.6 um/s, less than the motion veloc-
ity of the laser beam. In the case of
nonslipping conditions, the distance
covered should have been 3.8 um.
The scale bars are 5 um.

(frames 16-20 of Fig. 4) with 11.5%£0.2 um/s in velocity.
In 38 cases, 31 cases of rolling have been recorded.

2. Slipping, rolling, and sticking yeasts at 15 mM NaCl

At 15 mM, the same displacement and adhesive modes
were observed. However, after a manipulation time, the yeast
stuck and maximum laser power trap movement cannot re-
move the cell. Figures 6 and 7 represent 24 successive snap-
shots of a single yeast of 4.70*0.05 um diameter. The cell
was moved parallel to the surface at 11.6+=0.2 um/s and at
2.3 um far from the substrate. In the first step, the single
slipping mode was observed [Fig. 8(a)] until a time of about
3 s (frame 17 of Fig. 6) from which the yeast began to roll

t=0ms

FIG. 6. Twenty consecutive snapshots
during an adhesion assay of a yeast
cell of 4.7 um diameter, rehydrated in
a 15 mM NaCl solution at d=50 um
along the z axis. Frame 17 shows
when the adhesion occurs. The black
arrow designates the laser beam direc-
tion of motion. The laser power is
91 mW and the room temperature was
measured to be 7=23.1 °C. The scale
bar is 5 pm.

t=2480 ms

A

t=3920 ms
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21
t = 4000 ms

t =4080 ms

23
t=4160 ms

24
t=4220 ms

FIG. 7. Four successive snapshots following Fig. 6. The vertical white
dashed line demonstrates that the adhesion is strong here in spite of the laser
motion. The black arrow indicates the laser beam direction of motion. The
scale bar is 5 um.

and stick [Fig. 8(b)]. This adhesion mechanism through roll-
ing is similar to a discrete-type phenomenon, as has been
highlighted previously.5 The glass substrate involvement (to-
pography, surface defects) can be easily removed in this phe-
nomenon because the cell slipped several times, succes-
sively, on the same surface (frames 5-15 of Fig. 6). At a
given time, the yeast tethered to the substrate. So, the trap
exerted a force momentum making the cell roll about
0.52 rad on this example presented in Fig. 8(b). Indeed, after
the cell immobilization, movement of weakest amplitude

J. Chem. Phys. 128, 135101 (2008)

was applied but failed to remove it. The laser power was
fixed at 91 mW to apply a force of 20—30 pN. In 27 experi-
ments carried out, 21 experiments resulted to yeast immobi-
lization in the same way as illustrated on this example. Fur-
thermore, the slipping and rolling before immobilization
were observed for the 27 experiments at this ionic strength.

3. Sticking yeasts at 150 mM NaCl

The yeast, of 4.80*=0.05 um diameter on this example,
immediately stuck on the substrate, just after it was brought
into contact. No mobility was observed when we tried to
move it with the optical trap, at 91 mW in laser power cor-
responding to a force of 20—30 pN.5 This phenomenon was
observed 42 times for each different cell. The contact time
did not exceed 3 s (see Fig. 9).

These phenomena are in good agreement with previous
works’ for which measurements and observations were per-
formed on the rehydrated and cultured yeasts at contact times
longer than 1 h and longer than those implemented in this
study. Indeed, the initial contact is determinant in adhesion
processes. We will interpret these phenomena in the follow-
ing part through the DLVO and extended DLVO theories in
order to identify the interactions involved in adhesion
processes.

IV. DISCUSSION: DLVO AND XDLVO ANALYSES
OF INTERACTIONS IN ADHESION PROCESSES

At the initial contact, it was observed that adhesion is
strongly influenced by the ionic strength of the suspending
medium. These results can be interpreted in terms of nonspe-
cific interactions regarding the DLVO and extended DLVO
theories (Appendix B). From the measurements of electro-
phoretic mobility and the contact angle on partially dried
yeast lawns, the yeasts are strongly hydrophilic and nega-
tively charged (see Table I) and exhibited a strong electron-
donating component. These properties were already observed
by the qualitative MATS method”?”* and also by the con-
tact angle measurement on yeast lawns. Thus, we determine
in this part profiles of energy components involved in adhe-
sion processes. To calculate the total energy of adhesion, it is
necessary to rule and know a few parameters. Otherwise, in a
previous bibliographic study,5 it was shown that the laser
beam did not damage biological trapped objects by the ra-
diation or thermal effect. Moreover, other authors* " were
interested in the metabolic activity of trapped yeasts and
showed that the yeasts budded as well as the untrapped ones.
Unpublished data, inspired by these works, validated these
results in our own configuration of the optical tweezer (the
wavelength, particularly).

A. Determination of the electrostatic component

According to Egs. (B7) and (B10)-(B12), the EL com-
ponent is determined. Here, the zeta potential measurement
of the glass substrate is quite debatable (for more details, see
Appendix A). According to various authors,'***! the zeta
potential value linearly varies. In our range of ionic strength,
namely, 1.5-150 mM NaCl, the values extracted from the
literature are =74 mV at 1.5 mM, =50 mV at 15 mM, and
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t=1200 ms

150 = 2800 ms

FIG. 8. Two series of four successive snapshots resulting from the enlargement of (a) frames 3—6 and (b) frames 13, 15, 16, and 18 of Fig. 6. (a) Slipping
effect of the yeast cell on the substrate at 15 mM NaCl. In this figure, the slipping covered distance is 5.6 um. (b) Slipping, rolling, and sticking effect of the
yeast cell on the glass substrate at 15 mM NaCl. In this figure, the slipping distance covered is 8.1 um. The rolling here is a simple rotation of /6 rad
resulting to the force momentum exerted by the trap. It is noticed that the force momentum may be created by a shear flow near a wall. The white marks (alters
and dotted circle) represent the yeast at its initial position, depicted on (a) frame 3 and (b) frame 13. The black arrow indicates the laser beam direction of

motion. The scale bars are 5 pwm.

-25 mV at 150 mM. Knowing these values, the electrostatic
component can be easily plotted as a function of the separa-
tion distance [Fig. 10(a)]. The zeta potential of yeast cells
was measured by Guillemot et al.” In Table I, the values
were measured at 1.5 and 150 mM. The value at 15 mM was
linearly interpolated to be —18.1 mV. It is well known that,
in the DLVO theory, the salt concentration increase in aque-
ous media leads to decrease of the surface potential of a
charged surface; the electrical double layer is compressed
and is thus thinned. Figure 10(a) clearly shows the decrease
of the electrostatic interaction range with the ionic strength
increase. Indeed, at 1.5 mM, these interactions are repulsive
up to 70 nm for 1.3 kT. However, they are negative and so
attractive below 0.5 nm. When the ionic strength increases,
the repulsive range of this component declines down to
20 nm and 1.5 kT at 15 mM and to 5 nm and 2 kT at
150 mM. These curves demonstrate that the Debye length,

Glass
substrate

t=0ms t =960 ms

t=3260ms

t = 4500 ms

screening naturally a charged surface in a polar solvent,
mainly depends on the electrolyte concentration in aqueous
media in contact to the surface [Eq. (B12)]. Thus, by increas-
ing the solute amount, this length decreases. In this analysis,
it can be easily understood that the increase of ionic strength
leads to decrease of the surface potential and so the electrical
double-layer thickness which allows the yeasts to be closer
to the substrate.

B. Determination of the polar and apolar components

With Egs. (B5), (B6), (B8), and (B9), the LW and AB
free energies at the equilibrium distance €, and the LW and
AB free energies at the separation distance h were deter-
mined, knowing the surface tension components ¥V and
Y*B of the elements involved in the adhesion process: The
yeasts and glass substrate by the contact angle measurement

FIG. 9. Six successive snapshots dur-
ing an adhesion assay of a yeast cell of
4.8 um diameter rehydrated in a
150 mM NaCl solution at d=60 um
along the z axis. The black arrow indi-
cates the laser beam direction of mo-
tion. The laser power is 91 mW and
the room temperature is 7=23.5 °C.
The scale bar is 5 pum.

t=2040 ms

t=5760ms
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FIG. 10. (a) Electrostatic component EL (kT) and (b) apolar LW and polar
AB components (kT) of the yeast/glass system as a function of the separa-
tion distance (nm) at different ionic strengths (1.5, 15, and 150 mM).

[Eq. (B4)] and water as the suspending medium to which
components are already known.”**>* These calculated ener-
gies are independent of the ionic strength and can be thus
plotted as depicted in Fig. 10(b). The yeasts and glass sub-
strates are hydrophilic and their basic components are
7839 (Tables II and IIT). The hydrophilic repulsions are
so dominating. Indeed, at the equilibrium distance ¢, the AB
component equals 7 X 10* kT, against —2.6 X 10 kT for the
LW attractive component. However, AB interactions are
short-range interactions®***** since there is no influence be-
yond 10 nm. These range values were cited by a few authors
for different micro-organisms both exhibiting the same polar
components.24 The LW component is weaker than the polar
component at the short range but can be extended up to
200 nm in our study where it still equals —1.7 kT
[Fig. 10(b)].

C. DLVO and XDLVO profiles

The interactions involved in the adhesion mechanisms
between the yeasts and glass substrate are composed of the

J. Chem. Phys. 128, 135101 (2008)

electrostatic repulsion, LW apolar attraction, AB polar repul-
sion, and physical specific interactions through “sticky” pro-
tein. All of these interactions listed can play a role in our
observation analysis. To evaluate the relative importance of
these different forces, energy interaction calculations from
the DLVO and XDLVO models were carried out. The total
interaction energy is the sum of LW and EL interactions for
the DLVO interactions and the sum of LW, EL, and AB for
the XDLVO interactions with Egs. (B1) and (BI11). The
Brownian interaction is considered to be insignificant. In-
deed, the yeast velocity on the glass is constant and the trap-
ping laser power is high enough to ignore the thermal
motion® [Figs. 5(a) and 8(a)]. The sum of LW and EL inter-
actions is reported in Fig. 11 versus the separation distance h
at each ionic strength. The curves have a common tendency:
The total energy passes through a first minimum and then a
second minimum [Fig. 11(b)]. The DLVO interactions are
essentially governed by the electrostatic repulsions at low
electrolyte concentration. At 1.5 mM, the energy maximum,
of the order of 3500 kT, is situated around 4 nm and is ex-
tended up to 50 nm. Beyond, the energy becomes attractive,
up to 200 nm and passes through a minimum of —4.2 kT at
80 nm.

When the ionic strength increases up to 15 mM, the en-
ergy barrier decreases and comes closer to the surface, equal-
ing 1300 kT at 1.4 nm far from the surface. The interaction
is attractive from 13 nm with a minimum of —17 kT at
20 nm to about 200 nm. The energy barrier is high at the first
nanometers and can explain the slipping effect of the yeasts
on the substrate, mainly due to repulsion forces of this bar-
rier. In the same way, this result of nonadhesion has already
been observed in a previous work® with cultured yeast cells
at 1.5 mM and 1 h contact time. Nevertheless, at weak ionic
strength (1.5 mM), the energy barrier seems to be too high to
observe the beginning of adhesion, as shown in Figs. 4 and
5(b) by the rolling phenomenon. Among assumptions which
are debated in the previous section, the discrete adhesion
phenomenon may be explained by a heterogeneous zeta po-
tential along the yeast surface. Indeed, the yeasts are pro-
vided with ion channels allowing solute transport and nota-
bly Ca2* %1% Divalent cation in the suspending medium can
have considerable effect. By adding 3 mM of calcium in a
100 mM NacCl solution, the local counterion concentration of
a negative-charged surface equals 5M of Na* and 7M of
Ca’*. It is admitted that yeasts exchange this divalent cation
outward.*!*13 However, Ahimou et al.** concluded that the
electrostatic surface distribution is heterogeneous for pH less
than 6, corresponding to this study. Considering their results
and AFM accuracy, this conclusion is carefully written but
can be discussed at the nanometer length scales. This even-
tual surface potential variation may affect the electrostatic
repulsions which dominate at 1.5 mM [Fig. 11(b)].

At 150 mM, the energy maximum remains negative for
—48 kT and is situated at 1.1 nm. In this case, whatever the
separation distance, the total interaction is attractive. This is
in good agreement with our observations since the immobi-
lization is immediate when the contact is done.

The non-DLVO component is widely taken into account
in the literature®>> 2333357 4 describe microbial adhesion.
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FIG. 11. (a) DLVO energy balance (kT) of the yeast/glass system as a
function of the separation distance (nm) at different ionic strengths (1.5, 15,
and 150 mM). (b) Classical DLVO energy balance (kT) as a function of the
separation distance (nm) illustrating the first and second minima and the
energy barrier. The salt concentration influences the electrostatic repulsions
and so the total interaction. This example can be implemented in our results.
Modified and reprinted from Ref. 58. Copyright 2007 with permission from
Elsevier and Professor Jacob Israelachvili (Ref. 19). (c) XDLVO energy
balance (kT) of the yeast/glass system as a function of the separation dis-
tance i (nm) at different ionic strengths (1.5, 15, and 150 mM).
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This polar component considers the surface hydrophobicity
which seems to be a predominant factor. In this work, polar
interactions are hydrophilic and so repulsive due to hydration
pressure.lg’22 The sum of the polar AB, apolar LW, and EL
components leads to the total XDLVO energy. This energy is
plotted in Fig. 11(c) as a function of the separation distance
h. As it has been already shown previously [Fig. 11(a)], the
AB component is strongly repulsive and short ranged of
about 10 nm. The DLVO profile is thus modified since there
are single minima equaling —4.2 kT at 80 nm at 1.5 mM,
—17 kT at 20 nm at 15 mM, and -32.6 kT at 10 nm at
150 mM. The minimum is thus shifted from 3 to 10 nm at
the highest ionic strength but remains unchanged for the
other cases (15 and 150 mM). Furthermore, the XDLVO
maximum is higher than the DLVO maximum since it equals
to 6 X 10* kT at any ionic strength against 3 X 10 kT at the
weakest ionic strength. Finally, the total energy remains
negative up to 200 nm.

1. What is the real hydration pressure effect
on our observations?

In the range of 0—10 nm, the hydrophilic repulsion is a
high energy barrier, whereas beyond this range, the energy
balance follows a classical DLVO profile, as demonstrated
above. In contrast to our results and our observations, the
extended DLVO theory does not satisfy the mechanisms ob-
served. A possible explanation agreeing with our observa-
tions could be biopolymeric extensions' ** capable of over-
coming the energy barrier and leading the observed
anchorage.

In the XDLVO case, there is no first minimum due to the
dominating hydrophilic repulsions. However, if those repul-
sions were playing a major role, there would not be varia-
tions in adhesion properties with the ionic strength. Conse-
quently, we could wonder if those repulsions have a real
short-range repulsion effect or if they are inhibited and even
overcome by glycoproteins. This leads to another problem-
atic: Does the ionic strength variation influence the glycopro-
tein secretion, shape,33 and range?

2. How could outer cell glycoproteins influence
adhesion?

It seems that the immobilization at 150 mM cannot only
be explained by XDLVO because of the strong short-range
polar repulsions. In the literature,”"? different experiments
have emphasized that yeast adhesion is drastically reduced
once cells were cultured. It is concluded that unspecified
sticky compounds, initially present in the culture medium or
formed during the drying process, could dramatically alter
the surface properties of rehydrated yeast since they re-
mained strongly adsorbed to the cell surface even after the
successive washings of the cell suspension before use. As a
consequence, there is a kind of “glue” by which adhesion is
efficient in spite of the polar repulsions. At 1.5 mM, the elec-
trostatic repulsions made yeast cells far enough to avoid the
sticky effect of this glue. Given this assumption, the presence
of polysaccharides from cell lysis contents and eventual ad-
hesin excretion could certainly overcome the polar repul-
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sions. The use of rehydrated yeast cells is thus relevant with
regard to the reproducibility of the results and the presence
of adsorbed materials on the cell surface.

3. What supplementary parameters can describe
the observed slipping/rolling/sticking mechanisms?

The slipping is observed before the rolling at weak ionic
strengths (1.5 and 15 mM), and then rolling and/or sticking.
This highlights a kinetic evolution of the adhesion properties
during the slipping/rolling/sticking phenomena. As a conse-
quence, the existence of a response time of the yeast is ex-
pected. Each rolling or sticking is observed after about 3 s. Is
it a characteristic time taken by the yeast to adjust to the new
imposed conditions? The obtained results enable the comple-
tion of another studyS at extended contact times (1—17 h)
showing the kinetic influence on the removal force levels and
on adhesion properties.

The glass substrate roughness was estimated to be very
weak, i.e., less than 1 nm. Additionally, the substrate was
cleaned by sulfochromic acid and the same surface has been
covered a few times by the same yeast. Then, the yeast sur-
face is not hetelrogeneous,l7 and as the yeast is in translation
at the beginning, the surface effect on the adhesion mecha-
nisms can be ignored.

In summary, all of our observations and interaction en-
ergy calculations tend to describe that (i) the slipping/rolling/
sticking mechanisms are linked to discrete interactions be-
tween the yeast cell wall and the glass substrate, (ii) the
DLVO model which implements attractive Lifshitz—van der
Waals and electrostatic repulsive forces agrees with the evo-
lution with the ionic strength of the adhesion mechanisms
observed, and (iii) the polar repulsive Lewis acid-base forces
do not play a major role, probably hidden by glycoproteins
on the cell wall, so far the main forces capable of overcom-
ing the short-range Lewis acid-base repulsions.

V. CONCLUSION

The individual approach of adhesion by micromanipula-
tion enabled the observation of the time-dependent mecha-
nisms brought into play at the initial contact of yeasts onto
glass. It has been observed reproducibly that with regard to
the physicochemical conditions of the suspending medium,
the yeast slips, rolls, and sticks on the glass surface during
the optical trap movement parallel to the support. A Kinetic
evolution of the adhesion properties during yeast movement
was clearly established. The underlying mechanisms and
their evolution with time and ionic strength are determinant
in the initial adhesion processing and then in the early stage
of biofilm formation.

The initial contact is thus relevant with regard to the
biofilm formation and the adhesion processing can be re-
sumed into three words: Slipping, rolling, and sticking.
Helped by data from the literature and calculations carried
out in this article, those observations were interpreted in
terms of surface free energies according to the DLVO and
XDLVO theories. It was demonstrated that the introduction
of the polar component, here strongly repulsive, is not
enough to explain the phenomena and other processes in-
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volved. Indeed, by the salt concentration increase, the elec-
trical double-layer thinning shows that other attractive or ad-
hesive effects which balance the Lewis base/base repulsions
could exist. Regarding our present knowledge, we propose
that adhesins or other protein anchored on the outer layer of
the cell wall could be the most likely key element capable of
overcoming the polar repulsions and play a dominating role
on the discrete adhesion mechanism brought into light in this
work.
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APPENDIX A: MICROREVIEW: ZETA-POTENTIAL
OF GLASS

Various works were carried out about the electrostatic
properties of the glass plalte.]g"‘s_52 To describe these proper-
ties, the zeta potential was determined by different authors.
Figure 12 reports bibliographic data as a function of ionic
strength of the suspending aqueous medium. In this graph,
the zeta potential is plotted versus the ionic strength. Making
the assumption that KCl and NaCl present similar electro-
static properties because they are monovalent, two types of
distinct results are observed.

Firstly, whatever the solute used [NaCl, KCI, PBS (po-
tassium buffer solution)], the zeta potential follow a linear
law,zo’45’48’51 namely, —100 mV at 10*M and —-15 mV at
IM. Indeed, Sanders et al.*’ analytically determined the zeta
potential value by the “ionizable surface group.” The sur-
faces are microscope glass coverslips cleaned with sulfo-
chromic acid, sonicated for 5 min, and stored in Milli-Q
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water. Azeredo er al.*® measured the zeta potential with a
classical zetameter by suspending fine crushed glass particles
in PBS solution. The surfaces are microscope glass cover-
slips cleaned with sulfochromic mixture for 24 h then with
methanol and demineralized water. Sze er al.’' determined
the zeta potential by the linear relation time-current slope of
an electro-osmotic flow. The surfaces are microscope glass
coverslips polished, cleaned with acetone, and air dried.
Rijnaarts et al.”® measured the zeta potential with the stream-
ing potential of glass surfaces immersed in KCI solution. The
surfaces are microscope glass coverslip stored in PBS solu-
tion.

Secondly, Gu and Li*® determined a linear relation with
the streaming potential measurement from a value of about
—-60 mV at 107°M NaCl to =20 mV at 10~*M NaCl. Beyond
1073M ionic strength, the zeta values tend toward a plateau at
—20 mV. The glass surfaces are microscope glass coverslips
polished, stored, cleaned with acetone (12 h), stored in ultra-
filtered water (12 h), and then air dried. Finally, Mala et al*
found the same results, although they are more restricted in
ionic strength. A plateau of the zeta potential is obtained at
—-20 mV at 10>M KCI. These results were carried out by the
stream potential measurement in a channel.

This study enables the listing of two distinct cases. The
first one is a linear relation of 85 mV/M and the second one
is a linear relation of 40 X 10°> mV/M in slope up to 107°M
ionic strength and beyond, a plateau at —20 mV in zeta po-
tential. It must be underlined that the solutes, surfaces, meth-
ods of measurement, and cleaning procedures are common in
both cases. However, in the first case, the authors obtained
more results with varied and various methods: The stream
potential measurement,”’ the zeta potential measurement of
fine crushed glass particles,48 theoretical and analytical
methods,45 and electrocinetic method by the time-current
slope determination in an electro-osmotic flow.”" The clean-
ing procedures of coverslips were carried out by an acid.*>*
Finally, the kind of solutes does not seem to disturb the elec-
trocinetic measurement since at a pH close to 7, the values
with KNO; and PBS solutions are quite similar.*® Those last
data seem to be in better agreement with our experiments
and we thus implement these values in the DLVO-type elec-
trostatic component.

APPENDIX B: DLVO AND XDLVO THEORIES

1. DLVO and XDLVO theories

According to the DLVO theory,19 the interfacial free en-
ergies are composed of an apolar, or Lifshitz—van der Waals
component, and an electrostatic component. The Brownian
component will be neglected here. As suggested by van
0ss,”**? the extended DLVO theory in aqueous media take
into account “non-DLVO” forces, namely, hydrophilic repul-
sion (or hydration pressureS4) and hydrophobic attraction,
both corresponding to Lewis acid-base interactions.”*>>%73
Thus, the interfacial free energies are composed of three
components: LW, EL, and AB components. The total
XDLVO energy will be described in this section. The total
DLVO energy will be obtained by removing AB interactions.

J. Chem. Phys. 128, 135101 (2008)

The total free energy of adhesion (AG'™) per unit area
(mJ/m?) can be written in terms of LW (AG™*W), AB
(AG"B), and EL (AG®Y),

AG'=AG"W + AG™ + AG*®. (B1)

The free energy of adhesion per unit area signifies the inter-
action energy per unit area between two flat surfaces brought
into contact with each other, which are evaluated at the equi-
librium distance or closest approach €, (according to van Oss
et al.” €,=1.58+0.08 A with +0.08 standard deviation).
We distinguish this equilibrium distance with Born repulsion
equaling 1.36 A. At the equilibrium distance ¢, where
physical contact can oceur,™ AG%:V and AG?(? can be calcu-
lated using contact angle data and the acid-base approach.
van Oss et al.”’ suggested the total surface tension of a sub-
stance to be the sum of a LW and an AB component, yielding

Y=y (B2)

where " is the total surface tension and YW and AP
are the LW and AB components of the surface tension,
respectively.

The AB component can be expressed as

YE=2Vyy,

where " and 7y~ represent the electron-accepting and
electron-donating parameters, respectively. The surface ten-
sion components of a solid surface ());W, Y,, and ;) and
micro-organisms (});nw, ¥,» and ) can be determined by
measuring the contact angles using three probe liquids with
known surface tension parameters (y}“w, Y 511217(15 37/25) and by

implementing the extended Young equation,”™

(1+cos 0)y =20V ™ + Vol + Vv ),

where 6 is the contact angle. Expressions for the LW, AB,
and EL free energies per unit area at the separation distance
€, (1.58 A) is given by Egs. (B5)—(B7) based on plate-plate
. . 22745355

1nteractions.

(B3)

(B4)

AGHY == 2V = YO =), (BS)
AGE) = 2\ = P77

- (W =\ 7= V)

- (= Dy - ik (B6)

£0&,K
AGE ===+ up)

20t
W+,

where g, and ¢, are the dielectric permittivities of vacuum
and water, respectively, « the inverse Debye screening
length, and ¢, and ¢, the surface potentials of the surface
and cells, respectively.

Finally, the interaction energy between sphere cells and
flat surfaces along the separation distance & can be calculated
using Derjaguin’s approximation and written as

X ( 1 — coth(kt,) + csch(K€0)> ,  (B7)
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Ca
UY(h) = 277AG15X“%, (B8)
UB(h) = 27Tap)\AG?(?e[(€0‘h/)‘)], (B9)

where \ is the decay length of AB interactions in water in the
range of 0.6—1.0 nm (Refs. 19 and 22) when interactions are
repulsive (hydrophilic interaction or hydration pressure). In
this paper, 1.0 nm value is implemented for energy calcula-
tions,

1+
UBL(h) = Wsosrap|:2(ﬂm¢s 1n<1—e_Kh)
—e

+ (5, + ¢9)In(1 - e-z“h)] . (B10)

where a, is the mean radius of the yeast. U~V (h), U*P(h),
and UFL(h) are the interaction energies of the LW, AB, and
EL components at the separation distance /, respectively.

To determine the electrostatic component, it is important
to know beforehand the surface potentials of the yeast ¢,
and the glass surface ¢, [Eqs. (B7) and (B10)]. To do this, it
is necessary to measure the zeta potential and deduce the
surface potential ¢ by using the Debye—Hiickel
approximation22 because it ranges from 240 to 2400 for the
yeasts in this study,

z/fo=§<l +f)e"z, (B11)
P

where iy and  are the surface potentials and zeta potentials,
respectively, and z is the slipping distance (0.3 nm).

The Debye screening length x~!' can be easily deter-
mined with the following relation, in the case of an electro-
lyte 1:1 in aqueous medium:"

' =0.304\[Na*], (B12)

where [Na*] is the concentration (M) and ! the Debye
screening length (um). The profile of the total interaction
energy (AU™) between S. cerevisiae and the glass substrate
can be plotted using Eq. (B13) as a function of separation
distance h

U= UV + UAB + UP- (B13)
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