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ABSTRACT

Bacterial adhesion is the first step of biofilm formation that plays various roles in 

the environment and the human body.  Examples of undesirable roles of biofilm 

formation include metal rust, sewage sludge and bacteria-related diseases.  Desirable 

roles are biofiltration and bioremediation. 

For a decade, Atomic Force Microscopy (AFM) has been the primary tool used to 

study the adhesion and elastic properties of individual bacteria.  In this work we show it 

is possible to use a Surface Forces Apparatus (SFA) to measure elastic and adhesive 

properties of small collections of surface bound bacteria.  The measurements are 

conducted with incomplete, patterned bacterial films and we have developed a protocol to 

image the contact area with AFM after the experiment.  Using the SFA, we measured the 

force profile between a P. Aeruginosa PAO1 film and a bare mica surface. We repeated 

the measurement in the same contact position for up to ten days to determine the effect of 

desiccation on the film material properties, and then moved to the new contact area to 

measure the film thickness and elastic properties.  A large shrinkage of the bacterial film 

thickness was measured during the first few days due to the bacterial film desiccation and 

rearrangement.  The proportion of shrinkage depends on factors such as the bacterial film 

coverage, roughness, temperature and relative humidity.  Thickness compressibility was 

estimated from the force curves.  As a force approximation, the stress at the center of the 

contact (σ) and the area of the contact were estimated by applying the Hertz model. 

Since the film is incomplete the calculated area in contact was reduced by a factor 
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estimated from the optical image of the contact zone.  Adhesiveness was measured in 

receding force profiles.  Maximum adhesive force was detected in the first day, due to the 

high capillary force, decreased by the bacterial film desiccation and increased again due 

to the conditioning film.
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DISSERTATION FORMAT

Two chapters (chapter 1 and 2) are the literature review and three manuscripts are 

found in appendices A through C in this dissertation.

The two literature review chapters cover the topics that need to be discussed for 

my research subject and also describe the study motivation.  Chapter 1 is a review of 

surface interactions and the Surface Force Apparatus, chapter 2 is a review covering P. 

Aeruginosa, and chapter 3 is a review of the initial experimental try and results to reach 

the optimal condition for the Surface Force Apparatus experiments.

Three manuscripts for publication are found in appendices A, B and C.  Appendix 

A is ready to submit to Langmuir and its title is “Evaporative deposition of living bacteria 

for living materials applications”.  This manuscript describes the evaporative deposition 

process used to prepare two-dimensional patterned bacterial films on mica.  This 

phenomenon is very general and has been used to deposit micron sized and nano sized 

colloidal particles via evaporative deposition.  Appendix B, entitled “A new method to 

study bacterial adhesion: Direct measurement of bacteria-surface interaction using a 

surface force apparatus”, describes the development of the technique to measure bacterial 

adhesion using a Surface Force Apparatus for the first time.  In this study, it was 

necessary to overcome the challenge of measuring forces on bacterial films which are 

much thicker than films typically investigated with the SFA.  However, we found that a 

two-dimensional incomplete patterned film (appendix A) made it possible to measure 

forces on a thick bacterial film with good resolution.  It should also be possible to use this 
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technique to measure surface forces on non-transparent films such as those prepared from 

metals and oxides.  Appendix C is a manuscript published for a Materials Research 

Society proceedings and its title is “Directly measuring the adhesive and elastic 

properties of bacteria using a surface force apparatus: Effect of desiccation”.

My advisor, Dr. Joan E. Curry, and others provided guidance and intellectual 

discussion regarding my research.  However, the design, execution, and data analysis of 

experiments to investigate all of these ideas were my own and represent my original work 

with counseling from my advisor throughout the projects.
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CHAPTER 1. SURFACE FORCE APPARATUS

Introduction

Many theories in colloid and surface science which were developed in the first 

half of the 20th century have been tested and proven using emerging experimental 

techniques in recent decades.  Even though many scientists played important roles in 

many fields in the beginning of the 20th century, some of these very famous scientists 

such as Hamaker, de Boer, Langmuir, Derjaguin, Landau, Lifshitz, Verwey and 

Overbeek are well known in surface and colloid science.  Their research and prediction of 

long-range van der Waals forces and electrical double layer forces acting between 

surfaces or between a surface and a particle were verified experimentally only much 

later,1-2 and  their theoretical results and predictions have been used in many fields of 

surface and colloid science.  Now, we are living in the twenty-first century and pursuing 

reality.  Measurement can be said to have truly overtaken theory particularly due to the 

advances in the development of scientific tools.  Because many people learn science now, 

their voices may be heard more than in any other century.  Thus, it has been said “Seeing 

is believing”.  This proverb is also applicable in surface and colloid science.  In many 

cases it is now easier to measure the surface forces in a particular system rather than 

attempt to predict them theoretically.

With appearance of some epochal devices, surface and colloid science has 

dramatically changed.  The surface force apparatus (SFA) is one of these devices.  SFA 

was first invented about three decades ago by Tabor and Winterton3 and Israelachvili and 
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Tabor4 to measure fundamental forces such as van der Waals forces between molecularly 

smooth mica surfaces both in air and vacuum.  Many colloid and surface scientists have 

utilized this apparatus to study interactions of dielectric and metal interfaces, tribological 

properties of organic liquids as well as fundamental forces.3-5  The instrument allows the 

force to be measured as a function of distance (surface separation) between two mica 

surfaces in a crossed-cylinder configuration at surface separations whose range of 

distance is from several microns to contact (D = 0).  The distance between two surfaces is 

determined by optical interferometry and the force is measured by the spring deflection, 

where one of surfaces is mounted on a piezo-electric tube and the other is placed at the 

end of a double cantilever spring with a known spring constant.  Stiff springs are used, 

when the detection of higher force is required.  This method also allows measurements of 

the refractive index of the medium between the two mica surfaces and gives information 

on surface deformation at the same time.  Various types of SFA such as Mark ΙΙ6, Mark 

ΙΙΙ7, Mark ΙV8 and others9-15 have been designed based on the interferometric surface 

force principle with modifications for specific applications.  The Mark ΙV which was 

used in this work is depicted schematically in Fig. 1-1.  A photograph of the instrument is 

shown in Figure 1-2.  It is conceptually similar to earlier models developed by Tabor et 

al.4, 16 in which van der Waals forces between mica surfaces in air and in vacuum were 

measured.

Sample Preparation
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 Mica has been the most favored substrate in the SFA experiment, because it 

produces interference fringes with angstrom resolution.  Mica sample preparation is not 

easy work and it requires much patience to produce delicately thin and optically 

transparent substrates.  In order to be useful, the mica should be 1-3 µm thick.  This can 

be recognized by the clarity of the interference colors.  In general, thinner mica is 

preferred for SFA experiments due to increased resolution of the distance measurements. 

However, if the mica is too thin this can be problematic because at least 3 contact 

wavelengths must be visible in the spectrometer output in order to determine reference 

distance (D = 0).  Thus, if the mica is too thin, only two interference fringes are observed. 

This will be mentioned again later.  For the interference between mica surfaces, both 

surfaces are silvered using a thermal evaporator.

Mica is classified to 3 different names chemically, muscovite 

(K2[Si6Al2]Al4O20(OH)4), biotite (K2[Si6Al2]Mg4Fe2O20(OH)4) and phlogopite 

(K2[Si6Al2]Mg6O20(OH)4).  Among these 3 different chemical formulas, muscovite and 

biotite are the more common soil mica, the former being dioctahedral, the latter 

trioctahedral.  Particularly, the preferred substrate in the SFA is muscovite mica, although 

other substrates such as silica17-18 and sapphire19-20 have also been used.  Naturally 

occurring muscovite mica is cleaved easily to yield a molecularly smooth surface.  Also, 

muscovite mica is cheaper than the other two types of mica.  Due to these properties, 

mica has been used as the ideal substrate for studying a variety of surface phenomena.  

Mica is a naturally occurring aluminosilicate mineral (two silanol layers sandwich 

one aluminol layer) held together by ionic bonds with potassium ions between each layer. 
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The potassium ions always exist to balance the surface charge and are attached to the 

mica layer, because of the resulting charge deficit by isomorphic substitution of Al+3 for 

Si+4 in the tetrahedral sheet.72  When mica is cleaved, large atomically smooth areas can 

be obtained.  Several techniques have been developed for the surface modification of 

mica.  Surfactant adsorption21 and Langmuir-Blodgett22 have been applied to make both 

surfactant and bilayer films.  Vacuum deposition by thermal evaporation has also been 

employed to create metallic surfaces for surface force measurement.23  The mica surface 

can also be modified by a cold plasma24 to produce active surface sites which may 

covalently bind functionalized silane molecules.

Cleaving mica is always carried out in a laminar flow cabinet.  Before cleaving 

mica, all tools such as the needle and tweezers are rinsed with distilled ethanol and dried 

with N2.  The laminar flow cabinet also needs to be cleaned with distilled ethanol to 

remove any particles on the table before cleaning the tools, because particles on the 

cabinet can be transferred onto the mica surface and particles contaminate samples.  After 

all of these cleaning procedures, cleaving mica must be started in a relaxed mind. 

Cleaving mica is initiated by inserting a sharp needle into the edge of a thick mica sheet 

and carefully peeling away a thin sheet. When the mica sheet is too thin to insert a needle 

into the edge and the mica needs to be cleaved thinner to be used as an SFA sample, it is 

possible to tear the mica to produce thinner sheets.  Areas of uniform thickness are 

identified by the clarity and uniformity of white light interference.  Especially, much 

more care is required in the case of very thin mica sheets.  Because these colors change 

abruptly at cleavage steps, with some practice it is possible to recognize regions that are 
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step free and 1-3 μm thick.  When sufficiently large step-free regions are found, they are 

cut from the original mica with a hot platinum wire and placed on the backing sheet 

(thick and fresh mica surface).  When cutting mica with the hot platinum wire, one needs 

to keep one’s eye on handling the thin mica because it can be folded by air from the 

laminar flow hood.  During the cutting process the edge of the mica sample is melted and 

becomes considerably thicker than the rest of the sample.  The extent of thicker region is 

about half-a-millimeter from the edge.  This melted edge makes it possible to peel the 

thin mica samples off the backing sheet for use in SFA experiments.  As each piece is cut 

from the original sheet it is held at one edge near the backing sheet onto which it 

immediately adheres.  Molecular contact must take place at once (otherwise 

contamination may be suspected on either the backing sheet or on the cut mica) except at 

the edges which have thickened and have been damaged during the cutting process.  A 

series of such small pieces may be prepared at the same time and placed on the backing 

sheet.  Both the cut mica samples and the backing sheets are numbered and schematically 

illustrated in a notebook for future reference.  In this way it is possible to tell if two mica 

sheets are the same thickness.  Each backing sheet should be used only one time because 

after many hours the backing sheet is no longer fresh and surface contamination prevents 

optimal bonding between the backing sheet and the mica samples.  All of these cleaving 

processes are performed inside a laminar airflow cabinet to block the surface from air 

contamination.  Next the backing sheet containing these small thin pieces is silvered by 

vacuum thermal deposition to a thickness of about 50 nm (reflectivity > 98% in the green 

region of the visible spectrum).  Mica samples (both silvered mica and unsilvered mica) 
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must be stored in a vacuum desiccator to prevent contamination.  

Just before an experiment, the supporting silica disks (2 cm radius) are cleaned 

with distilled ethanol and blown dry in filtered nitrogen gas.  Then they are placed on a 

well-cleaned heating plate.  Silica discs which were used in a previous experiment are 

soaked in chloroform to remove the epoxy glue used to attach the mica samples and then 

are cleaned with distilled ethanol.  In the gluing process, the temperature on the heating 

plate is around 60 oC.  A small amount of epoxy glue is placed on each silica disc surface. 

As the glue melts it is carefully spread evenly over the disc surface using clean tweezers. 

The glue is then allowed to settle down for a few minutes.  A thin piece of silvered mica 

(over 2cm) is cut to appropriate size (size covered silica disc) with a sharp knife, stripped 

off the backing sheet with tweezers and placed on the glue layer with the silvered side 

facing down.  The glue immediately spreads out evenly underneath the mica pulling it 

into close contact with the glass.  Epoxy resin is very suitable as a glue in this application 

because it is transparent and insoluble, it does not change its volume as it sets and thus 

prevents any stress in the supported mica sheet upon cooling.  However, care must be 

taken as dissolution of the glue may occur in specific solvents, for which other suitable 

inert glues have been sought.25-26

Crossed-cylinder geometry

Two sheets of mica are attached to the supporting silica disks and are mounted in 

the SFA facing one another.  One surface is mounted on a piezo electric crystal and the 

other is mounted at the end of a double cantilever spring.  With the geometry of two 
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crossed cylinders, precise alignment of the two surfaces can be obtained and unwanted 

areas on the surfaces can be avoided.  This geometry has also an additional advantage in 

that if the region of contact is contaminated or damaged during the experiment, one can 

find a new and fresh contact area by moving the top surface (which is connected to the 

piezo electric crystal) laterally.  Because of this it is preferable to place the less clean 

surface in the top position attached to the piezo electric crystal tube since the bottom 

surface is immovable after the instrument is set up.  Changing the contact position several 

times in SFA experiment statistically increases the reliability if the mica is in same 

thickness for the whole surface.  On the contrary, changing the contact position too much 

can have the opposite effect because particles can be generated during repeated contact 

and separation and existing particles can be drawn to the contact zone.82-83

In addition, the crossed cylinder geometry makes it possible to interpret force 

measurements in terms of interaction energy via the Derjaguin approximation27.  The 

force between crossed cylinders with equal radius R is the same as the force F between a 

sphere of radius R and a plane flat surface.  According to the Derjaguin approximation, 

this force equals the free energy E of interaction per unit area between two plane parallel 

surfaces of the same material.27   Specifically, F = 2πRE where R is the geometric radius 

of curvature of the surfaces.  The Derjaguin approximation applies to any type of force 

law such as attractive, repulsive or oscillatory.  For this reason the force F(D) measured 

by the SFA between two crossed-cylinders is generally plotted as F/R and is therefore 

implicitly related to the interaction free energy E(D) per unit area between parallel flats 

(rather than a force):
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E
R
F π2= (1)

The validity of this transformation lies in the following requirements: the Derjaguin 

approximation is valid in case of R >> D and provided R is independent of a small 

distance D, and so long as F(D) is mathematically well-behaved, i.e. is single-valued and 

integral.  Furthermore, the range of the force must be small compared to the radius of 

curvature of the surfaces.

The first condition is always fulfilled in measurements using the SFA: the 

experimental setup consisting of crossed cylinders may be mapped to a sphere against a 

plane or to two spheres of twice the radius, with radii of the order of centimeters 

compared to separations of the order of nanometers or micrometers at the most. 

However, due to surface deformation, the second condition may not always be fulfilled, 

and when the surfaces are being deformed due to the action of strong surface forces the 

comparison between experiments and theory no longer becomes straightforward.  The 

last criteria are satisfied in most cases.  In spite of this, equation (1) can seem 

questionable in several cases, in particular when layering is observed upon confinement 

between macroscopic surfaces.  A statistical mechanical derivation of equation (1) has 

been given and it has been explicitly shown that it accurately relates the oscillatory 

structural forces arising between curved surfaces in fluids with short-range repulsions to 

the interaction free energy between planar walls28: the Derjaguin approximation still 
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holds.  Similarly, for aligned lamellar mesophases, the analysis has included the 

contribution of the dislocations and the equilibrium with the surrounding undistributed 

multilayer system.29

Multiple Beam Interferometry (MBI)

Multiple beam interferometry (MBI) can be used to obtain highly accurate 

measurements of film thickness between thin mica surfaces.30  The wavelength of light 

that interferes constructively is related to the optical path, which directly depends on 

thickness and refractive index, simultaneously.  MBI has been extensively used with the 

surface force apparatus (SFA) which is employed to measure the intermolecular forces 

acting between two surfaces.  MBI produces a series of colored fringes, usually green, 

yellow, and red, called fringes of equal chromatic order (FECO).  This technique was 

first developed to measure the topography of single surfaces over 50 years ago by 

Tolansky77-78 and was later extended by Israelachvili79-80 to measure the separation 

between two surfaces within 1 Å as well as the deformed surface shape and the refractive 

index of the medium between them for which the equation and their solutions are known. 

It is easiest to employ multiple beam interferometry in symmetrical geometries consisting 

of two transparent surfaces with equal thickness interacting across a transparent medium. 

Therefore, most surface force measurements have been based on an optically symmetric 

three layer interferometer.

The mica surfaces are initially studied by observing the transmitted interference 

pattern obtained with monochromatic light.  The silvered mica sheets together with the 
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intervening medium form a symmetrical three-layer interferometer of mica-air-mica.  A 

fraction of light normally incident on the lower surface passes through the silvered 

surfaces and suffers multiple reflections before it emerges at specific wavelengths.  The 

silver coated mica sheets are similar to two facing mirrors.  The set of concentric rings 

formed by interference of monochromatic light is called Newton’s rings.  When clean 

mica surfaces are in good contact, the radii of the Newton’s rings are fixed and vibrations 

are absent.  On separation, these rings start to contract and expand again, which suggests 

the two surfaces are separated.  If more rings appear to form as the surfaces are slightly 

compressed, the contact position is contaminated.  Also, the contact position should be 

away from an edge or air bubble and should be adhesive (identifiable as a distinct jump 

from contact).  The contact area can be changed by moving the upper mount (piezo 

electric tube).  The surfaces should not be left in contact for more than extended periods 

to avoid capillary condensation between two surfaces.  Newton’s rings can be observed 

by inserting a sodium lamp under the lower window of the SFA chamber or by placing a 

filter which selects for a single wavelength inside the eyepiece used to view the contact 

area through the microscope on top of the instrument.  When force measurements are not 

being conducted one must separated the surface > 1 mm to protect surfaces from 

contamination through accidental contacts caused by vibration.

Once a suitable contact position is found the monochromatic light is replaced by 

white light or the filter is removed from the eyepiece and the transmitted interference 

pattern is sent to a spectrometer and observed as fringes of equal chromatic order (FECO 

fringes).  The fringes occur at wavelengths ( λ ) for which λ/2D  is constant, where D  is 
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the surface separation.  The movable eyepiece on the spectrometer contains a reticule 

placed in the focal plane with a 10 mm x 10 mm grid.  This grid is used for quick 

measurements of fringe spacing and contact flattening but not for the true distance 

measurement between the two surfaces.  Fringe separation as seen through the 

spectrometer eyepiece can be converted mathematically to real surface separation.  As the 

surface separation changes, the fringes move to new wavelengths.  As the surfaces are 

brought closer together, the fringe separation increases.  When clean mica surfaces are in 

contact the fringes appear as parabolas containing a flattened end as shown in figure 1-3. 

Alternating odd and even fringes are readily identifiable by the convex and concave 

shape at contact, respectively.  The fringes appear as doublets due to the birefringence of 

the mica in the cleavage plane.  The β  component of the fringe (shortest wavelength) is 

conventionally chosen to track fringe shifts.  The other (longest wavelength) component 

is called the γ  component.  Once the component is chosen, it is used consistently during 

the experiment.

The spectrometer dispersion, ∆ , is calibrated between Hg reference lines:

IyHg

HgIy

SS −
−

=∆
λλ

 (2)

where Iyλ  = wavelength of the inner yellow Hg reference spectral line ( = 576.960 nm),

Hgλ  = wavelength of the green Hg reference spectral line ( = 546.075 nm),

HgS  = spectrometer reading of the Hg reference spectral line,
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IyS  = spectrometer reading of the inner yellow Hg reference spectral line.

The wavelength of a fringe is given by:

)( HgHg SS −∆+= λλ  (3)

where S  = spectrometer reading at the apex of the fringe. 

The order of interference or fringe number, n, is odd (even) for an odd (even) 

fringe.  This can be calculated from two adjacent fringe wavelengths at contact:

024.1
1

o
n

o
n

o
n

n λλ
λ

−
= −  (4)

The factor 1.024 is due to the phase change on reflection at the silver interface.  n should 

be very close to an integer, typically varying between 20 and 50 for thin and thick mica, 

respectively.  5-7 mm fringe spacing at contact (n ∼ 29) gives good distance resolution 

yet the mica is still rather easy to handle.

An odd fringe whose contact is near the Hg green reference line is chosen as the 

nth fringe, so most of the measurements are taken within the calibrated region of the 

spectrometer.

Distance measurement
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The outer silvered faces of the two mica sheets form an optical cavity (a Fabry-

Perot like interferometer) to measure distances between the two surfaces.  White light is 

directed and impinged onto the surfaces.  The light bounces back and forth between the 

silver coatings (imagine that the light is bounding back and forth between two mirrors). 

Multiple reflections occur between the two films and the light transmitted consists of a 

spectrum of intensity maxima known as fringes of equal chromatic order (FECO).31  A 

microscope focuses the light emerging from the interferometer onto the entry slit of a 

grating spectrometer, and the fringes are split up, separated out in space according to 

wavelength.  Analysis of this array makes possible to measure the optical thickness of the 

film and thus allows the simultaneous determination of both the thickness and the 

refractive index of each layer in the interferometer.

Note that multiple beam Interferometry requires simply the presence of two 

highly reflective thin films separated by one or more dielectric materials of total 

thickness greater than the wavelength of visible light.  The spectrum can be accurately 

predicted using classical electromagnetic theory, and the FECO wavelengths depend on 

the thickness and the optical properties of the media (refractive indices and their 

dispersions).  Although analysis applies to any number of layers in SFA, since we are 

measuring forces across the air gaps which separate the bacterial patches we only need to 

use a three-layer interferometer.  For a symmetric three-layer interferometer the 

separation D between the two surfaces can be calculated from any fringe of wavelength λ

n (n is the fringe order)32:
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where µ = µs/ µm at nλ

µs and µm = refractive indices of the mica and intervening medium at nλ ,

±  = “+” used for nth fringe odd and “–“ used for nth fringe even,

n = order of fringe number (odd (even) for an odd (even) fringe),

o
nλ  = contact wavelength of the nth fringe,

o
n 1−λ  = contact wavelength of the (n-1)th fringe,

nλ  = wavelength of the nth fringe at desired separation.

)/1/()/1( 1
o
n

o
nn

o
n −−− λλλλ  represents the shift to longer wavelengths for fringe order  n 

from its contact position at 0
nλ  to nλ  when the surfaces are D apart ( 0

nλ ; 0
1−nλ ; ··· are the 

measured reference positions of the nth; (n-1)th; ··· fringes when D = 0, i.e. the contact 

wavelengths when the substrates are in molecular contact).  Phase changes on reflection 

yield  to  corrections  in  this  equation.32  Other  analytic  expressions33,  84 and  standard 

multilayer matrix multiplication methods34 have been proposed to the general  case of 

arbitrary thickness and refractive index for each layer, or when roughness is involved35, 

and when the  optical  media  are  anisotropic  (birefringent  or  optically  active)36 and/or 

absorbing37.

The spatial positions of the observed FECO change continuously as the separation 

between the surfaces is varied (Fig.1-3).  Note that the separation determined by 
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multiple-beam interferometry is an absolute value relative to the predetermined zero 

separation (measured distance of contact in air, or in an aqueous solution).  Hence, with 

this method the thickness of adsorbed layers can always be measured, which is an 

important advantage over most of the non-interferometric devices.  The uncertainty 

associated with calculating the central film thickness with multiple beam interferometry 

has been discussed in detail.32-34, 38  Under optimum experimental conditions a 0.1 nm 

resolution can be achieved for surface separations larger than 5 nm, but the method 

becomes inaccurate for measuring very thin films (<1-3 nm) due to uncertainty in the 

empirical expressions used for phase changes at the dielectric (mica) – silver interface.38 

Because optical thicknesses through the stratified media are involved when constructive 

interferences are set, refractive index of the thin sandwiched films can be measured 

independently for two fringes of different parity.  The accuracy is better than 1% at large 

separations32 but decreases dramatically when the separation falls below 10 nm.39

Furthermore, since the gap between the curved surfaces is not uniform, the shape 

of the observe FECO is a direct representation of the relative geometry of the surfaces 

(Fig.1-2).  In particular the curvatures of the surfaces can be measured along two 

perpendicular directions in the plane of the surfaces.  This is of great advantage as it may 

not be assumed that the local radii of curvature of the directions of the principal axes of 

curvature of the mica surfaces are the same as those of the silica lenses that support them 

because of the possible significant variation in thickness of the glue that holds the two 

together.  Thus the local geometric mean radius or inverse Gaussian curvature of the 

surfaces can b e determined within 10% accuracy40 or better15, offering the possibility of 
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using equation (1) for the then normalized force.  The later magnification is set by the 

microscope that focuses the light emerging from the interferometer to the spectrometer 

slit (the theoretical limit to the lateral resolution is of the order of a wavelength of visible 

light) and features of lateral dimensions larger than about 1 µm can be observed: the 

evolution of liquid bridges and vapor cavities that develop between the surfaces,41-44 the 

changing local shape of the crossed cylinders that may undergo surface deformation due 

to the action of surface forces45-47 enabling the deformation of the surfaces about the 

region of contact to be measured as a function of the applied load upon investigations of 

adhesion.46-48  Note that the glue adhering the mica to the discs is rather compliant and the 

surfaces deform when they are placed under load.  For instance when the surfaces are 

brought into a strong adhesive contact a “flattened” region forms and is easily observed 

in the FECO fringe pattern.

Currently, equation (5) has a limitation because the fringes used to make the 

measurements must be the same order as the contact fringes.  This limits the range of 

measurable separations, since at large separations, the contact fringes are no longer in the 

visible range.  This requires an extension of equation (5) so that it applies for any visible 

fringe.  Accordingly, the argument of the sine and cosine terms in equation (5) is

)/1/()/1( 1
o
n

o
nn

o
n −−− λλλλπ .  Calling this nπ θ , we can see that nθ  increases with 

increasing nλ  and that nπ θsin  reverses sign each time nθ  reaches an integer value. 

Since the tangent function is periodic with a period ofπ , it will similarly yield distance 

values that are periodic when it is inverted.  By storing the integer part of nθ  and adding 
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that number of π ’s to the right member of equation (5) after inverting the tangent, we 

can calculate D for an arbitrary fringe shift as follows:
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where m is the integer part of )/1/()/1( 1
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nn −−−= λλλλθ .

A slight error is introduced as the equation assumes that the contact wavelengths 

of all fringes can be predicted from o
nλ  and o

n 1−λ , which is not true because of dispersive 

effects.  This error, however, only becomes serious when the fringes have shifted far into 

the red and become impossible to measure anyway.  This equation can hence in practice 

only be used for separations of a few fringes, i.e. multiples of µλ 2/o
n .

The refractive index at large separations can be calculated (numerically) using 

two equations of the equation (6) type, knowing the contact wavelengths of three adjacent 

fringes and shifts of two adjacent fringes.  Obviously, we cannot monitor the shift of any 

one fringe continuously from the contact, so we must relax the constraint of having to 

know the contact wavelength of the fringes one observes at some large surface 

separation.  This can be done in the following manner: With the surfaces in contact we 

measure the wavelengths of two adjacent fringes ( o
nλ , o

n 1−λ ) in the usual manner.  At some 

large separation D fringes p and 1−p , where np > , have moved into the wavelength 
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region observable in the spectrometer and p
o
n λλ ≤ , o

np 11 −− ≤ λλ  (see Fig.1-2 b and c). 

Using equation (6) and letting 

)]1(cos)1/[(sin2
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we obtain 
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where m is the number fringes that have passed contact ( o
nλ ) during separation  and 

npm −= .  Similarly, the (p-1)th fringe has passed m-1 contact fringes and
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Combining (8) and (9) yields
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Now pφ and 1−pφ  are the right members of equations of type (5) and can be converted into 

the form of following equation 
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In equation (11)  Y is the thickness of the mica,  )/()( µµµµ +−= mmr  and  mµ  is the 

refractive index of the medium.  λ  is the wavelength of the fringe and D  is the surface 

separation.  This means that  pp φπ µλ arctan)2/(  is equal to an “apparent distance”  pT  

that we would calculate if we assumed that the pth fringe had simply shifted from the o
nλ  

position.  Similarly, 1−PT  is the “apparent distance” for the (p-1)th fringe, again relative to 

o
nλ .  We thus have
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This equation gives the correct  surface separation for any large or small  fringe shift, 

provided that p
o
n λλ ≤ , o

np 11 −− ≤ λλ , and requires only that the contact wavelengths of any 
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two  adjacent  fringes  be  measured.   Obviously,  we  could  relax  the  constraint  that

o
np 11 −− ≤ λλ ; in which case )1( −m  in equation (9) would be replaced by m and the final 

equation would become
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At  large  enough  surface  separations,  however,  the  relation p
o
n λλ ≤ ,  o

np 11 −− ≤ λλ  will 

always hold.

Force Measurement

Accurate force measurements require precise control of the surface separation. 

This is usually realized either mechanically, by a system of micrometers and differential 

springs, which reduce the motion by the ratio of the spring constants, or by piezoelectric 

devices.  The advantage of the latter is that, unlike the mechanical devices, they displace 

the surfaces smoothly, without causing vibrations.  Unfortunately, nonlinearity, 

hysteresis, and creep are undesirable characteristics common to all piezoelectric 

positioners limiting their useful range for distance control.  These drawbacks may be 

overcome by suitable electronics15 such as capacitor insertion to compensate for 

hysteresis and creep in piezoelectric actuators and a highly accurate, linear, and versatile 

control of surface displacement without any hysteresis loop can be achieved in the 
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subnanometer range.  Alternative ways to change the surface separation have also been 

proposed (for instance by means of a magnetic field49).

In the SFA design schematically pictured in Fig. 1-1 one of the surfaces is 

attached to a piezoelectric tube while the other one is mounted at the end of a double-

cantilever spring that can be moved to bring the surfaces to a given separation.  A double 

cantilever is preferable to a single leaf spring because it prevents the curved surfaces 

from rolling and shearing as the load is varied.50   Force measurement is begun by moving 

the upper surface towards the lower one by changing the voltage on the piezoelectric 

crystal.  After each displacement, the surfaces are allowed to come to rest, and their true 

distance is measured by the optical method.  This process is repeated.  A plot of distance 

vs. voltage yields a straight line with slope 1.5 nm/volt in our system (the slope is 

dependent on the system of the piezo power supply) at large separations where there is no 

force of interaction.  This calibration is used to infer the spring deflection at separations 

where a surface force occurs.  In this static method, forces between the surfaces are 

monitored by reading the deflection of the cantilever spring and calculated by Hooke’s 

law with a known spring constant (of the order of 100 N/m; the spring constant is 

calibrated to within 1% after each experiment by placing small weight at the place where 

the surfaces were contacting and measuring the deflection by a traveling microscope). 

Provided the drift of the surfaces is negligible during the course of the experiment the 

force can be determined with a resolution of about 50 nN (when normalized by the radius 

of curvature (R ≈ 2cm) this is equivalent to 0.002 mN/m which is a free energy of about 

0.3 µJ/M2)10.
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Repulsive forces are seen as a continuous deflection away from contact and are 

limited only by the onset of deformation of the surfaces (as the glue between the silver 

layer and silica support disk is compressed: this typically occurs for applied loads in the 

range 8-15 mN/m45-46).  This deflection technique is not suitable for the measurement of 

strongly attractive surface interactions because of the mechanical instability which occurs 

when the slope of the attractive interaction exceeds the spring constant of the force 

measuring spring.  As a consequence the technique allows forces to be measured only 

over the regions where the gradient of the force ∂F/∂D is smaller than the spring constant 

K.  In these measurements only parts of the force curves are directly accessible and the 

force vs. distance profile appears to be discontinuous, with jumps from unstable (i.e. 

∂(F/D)/∂D > K/R) to stable mechanical regimes.  Use of stiffer cantilever springs will 

increase the range of stability, but only at the expense of sensitivity in measuring the 

force.  Another way to overcome this restriction is by means of a spring with a tension 

that can be varied during the course of an experiment.7-8, 51  The device is used to measure 

the separation at which the spring instability occurs (the jump position) and this is 

recorded along with the spring constant.  In this way the plot of the derivative of the 

force, which in the Derjaguin approximation is just the pressure between planes, can be 

constructed as a function of separation.

In the traditional use of the SFA, the spring deflection is inferred from a 

calibration of the piezo/motor motion control.  In other variants it can be measured 

directly with a force sensor, for instance a piezoelectric bimorph, which permits the 

spring bending to be measured electronically from the charge developed when the device 
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is strained.52-53  With this technique the spring deflection and surface separation can be 

measured independently.  This has allowed using the force sensor to regulate a magnetic 

force applied to the end of the cantilever in a feedback loop.53-55  With high feedback 

gains the sensor can be maintained at a constant nominal null deflection regardless of the 

presence or absence of surface forces.  This method partly overcomes the spring 

instability problem and allows continual recording of both repulsive and attractive 

surface forces.53, 56-57   Furthermore, because of the null deflection of the bimorph, the 

nominal or undeformed separation can be inferred from the motion control without the 

need to use optical interferometry.

Measurement of Radius Curvature

The radius of curvature of mica is not always the same as that of the silica discs 

(R ≈ 2 cm).  Accordingly, whenever the contact area is made or changed, the actual 

radius of curvature needs to be measured.  It is calculated by measuring the distance from 

the apex of the nth fringe to contact, and the distance and width of the same fringe away 

from the apex.  This is shown in Figure 1-3.

The radius of curvature is calculated from:
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where 1D  = distance from the fringe apex,
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2D  = distance from contact to where the fringes have width X ,

X  = fringe width at distance measurement,

f  = magnification of the optical system (∼ 25).

The major and minor axis of the elliptical interference pattern is measured using 

both the normal prism ( NR ) and the funny prism ( FR ).  The funny prism shows the 

interference pattern 90o from the normal prism.  The average of the two values is used in 

the normalization of the force measurements, since, according to the Derjaguin 

approximation, ERF π2/ = , where E is the energy of interaction between flat plates.

Differences of SFA from Atomic Force Microscope (AFM) in force measurement

The Atomic Force Microscope (AFM) was first invented by Binning, Quate and 

Gerber in 1986.  The principle of force measurements with the AFM is similar to the SFA 

except forces are measured between a fine tip and a surface.  However, the most common 

application of AFM is imaging of surfaces: a three-dimensional image of a surface can be 

obtained by scanning a fine tip over a sample.

Using AFM one could directly perform force measurements between an 

individual atom and a surface, or even between two individual atoms, because tip radii 

can be as small as one atom and larger than 1 µm (measurement in the SFA is surface-

surface interaction).  In the AFM force range between the molecular-sized tip and a 

surface is of the order 10-9-10-10 N, whereas the range of force in the SFA is from 10-8 N 

up to 10-3 N.81  In AFM, the distance between the surfaces is not usually the absolute 
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value, whereas the measured distance in the SFA is the real separation between two 

surfaces.  In addition, in both techniques the force probes (tip in AFM, surface in SFA) 

often deform elastically or plastically and the fine tip can make defects on the surface 

with continuous measurements.
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CHAPTER 2: PSEUDOMONAS AERUGINOSA PAO1

Introduction

There are so many unknown things and organisms in this world.  Everyday, many 

of them are discovered and new creatures are also emerging.  On the other hand, many of 

them still remain in the realm of the unknown.  Microorganisms whose sizes are less than 

0.1 mm are so small that they are invisible to the naked eye.  Their history is over 3.8 

billion years.  On the negative side microorganisms cause some diseases and decay foods, 

whereas on the positive side they play important role in antibiotics and bioremediation. 

The major biological groups studied by microbiologists in order of increasing size and 

complexity are virus, bacteria, fungi, algae and protozoa.

Of these, bacteria belong to the category of the prokaryotic cells, consisting of 

only a single cell with amazingly complex structure.  Most bacterial cells are about 0.5 to 

1 μm in diameter and 1 to 2 μm in length.  Usually, bacterial cells form cell clumps called 

bacterial colonies instead of existing in isolation.  The shape of bacterial cells is also 

diverse.   Some are sphere shaped such as cocci, whereas others shaped like cylinders are 

termed rods.  Other bacteria are spiral shaped with a long spiral being known as a helix or 

helical cell.  Pledmorphic bacteria don’t have a well-defined shape.  

The study and research about bacteria have been important in many fields such as 

public health, food microbiology, agricultural microbiology, biotechnology, industrial 

microbiology and genetic engineering.
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Bacterial structure

Bacteria can be classified on the basis of their cell wall properties into two types, 

gram-negative bacteria and gram-positive bacteria and they are different structurally and 

chemically.  As shown in the figure 2-1, the structure of gram-negative bacterial cells is 

more complex than that of gram-positive bacterial cells.  Gram-negative bacteria have 

two membranes (outer membrane and inner membrane), porins in the outer membrane 

and thinner peptidoglycan and wider periplasmic space than gram-positive bacteria. 

Also, gram-negative bacterial cells are less permeable to molecules (permeable to small 

molecules, but not to large molecules).  On the other hand, the gram-positive bacterial 

cells have one membrane and thicker peptidoglycan and their periplasmic space is narrow 

compared to gram-negative bacteria.  Also, gram-positive bacterial cells have no porins 

and they are penetrable to both small and large molecules even including enzymes. 

Overall, due to different cell wall structures, they take up dyes differently, gram-negative 

bacteria stain red, whereas gram-positive bacteria stain blue.

Chemically, both the inner membrane and the outer membrane in gram-negative 

bacterial cells are composed of phospholipids, but the inner membrane has uniform 

structure and the outer membrane contains lipopolysaccharide (LPS).  The LPS layer is 

responsible for the antigenic properties and sometimes shows toxic properties.  Gram-

positive bacterial cells have teichoic acids with thick peptidoglycan, which is negatively 

charged and are partially responsible for the negative charge of the cell surface.  Their 

membrane composition is the same as that of the inner membrane in gram-negative 
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bacteria.  In both cell walls, peptidoglycan is composed of the alternating glycan 

polymers, N-acetylmuramic acid and N-acetylglucosamine.  Also, the membrane is 

composed of a lipid bilayer with 30-40% mass of phospholipids and around 60% mass of 

proteins.58

Bacterial growth in pure culture

Ideally, to define the growth of isolated bacteria, bacterial cells are placed in a 

flask where the nutrition and environmental conditions are controlled.  In the natural 

environment, detection of bacterial growth is not easy because of a lack of nutrients and 

other environmental factors.  If the environmental parameters for bacterial growth in a 

liquid medium are suitable, the increase in bacterial mass can be measured as a function 

of time.  Bacterial growth curves show four different growth phases, which are the lag 

phase, the exponential phase, the stationary phase, and the death phase.  Each phase 

represents a different growth period, and there are related physiological changes 

associated with a shift from one phase to the next.  The procedure to grow bacteria in a 

flask is as follows.  First, one streaks an agar plate using bacteria maintained as freezer 

stock with a glycerol/bacterial solution in a 1:1 ratio.  The plate is stored at approximately 

25oC until bacterial colonies grow which takes 2-3 days.  The reason we need to streak 

plates is to be certain that we are starting from a single colony.  Of many colonies, one 

colony is chosen and placed into 30 mL R2B media and is shaken for 24 hours at 24 oC. 

Then 0.1 mL of the resulting 3 x 105 cfu/mL bacterial solution is used to inoculate an 

additional 30 mL of R2B media.  In order to measure a growth curve this flask is placed 

41



on a shaker and sampled every hour.  For bacterial growth curve experiments, triplicate 

of bacterial solution in flasks are prepared and 0.1 mL of bacterial solution from beakers 

is inoculated to agar plates.  These agar plates are counted after colonies are grown on the 

plates.  The optimal number of bacterial colonies to count is 30-300.  Accuracy is 

reduced below 30 and the colonies are overcrowded above 300.

In bacterial growth, the first phase, the lag phase, lasts from minutes to several 

hours due to the small initial bacterial number, absence of the appropriate gene and 

physiological lag.   The lag phase continues until the number of bacterial reaches 

approximately 106cfu/ml.  This increase in bacterial cell number in the second growth 

phase, exponential phase (or log phase), can be expressed theoretically and 

mathematically as follows:

X
dt
dX µ=

where X = number of cells (mass/volume)

µ = specific growth rate constant (1/ time)

t = time

During the growth phase, the cells reach the maximum rate of cell division.  This phase 

continues as long as cells have adequate nutrients and the environment is favorable.  The 
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stationary phase, the third growth phase, is a survival mode and there is no net growth of 

bacterial cells.  The stationary phase can be expressed, 

0=
dt
dX

The last growth phase (death phase) is characterized by a net loss of viable cells and 

exhibits an exponential decrease with the specific death rate, kd.  The speed with which 

death occurs depends on the relative resistance of the species and how toxic the 

conditions are, but it is usually slower than the exponential growth phase.  The next 

equation is the expression of the death phase.

Xk
dt
dX

d−=

Important molecular entities of the bacterial cell to mediate adhesion

The important factors affecting bacterial adhesion to surfaces are charge and 

hydrophobicity.  In addition, lipopolysaccharides (LPS, which is part of the outer 

membrane), cell surface proteins, appendages (flagella and fimbriae), and extracellular 

polymers also play an important role in bacterial adhesion with changing charges. 

Concerning appendages, flagella may play a role in bacterial mobility while fimbriae and 

pili are involved in attachment.58
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At early states, flagella are thought to play the most important role in bacterial 

attachment to the surface by overcoming the repulsive forces, due to their length 50-100 

μm.  Bacterial flagella consist of a single filament made of helical protein subunits. 

Flagella can rotate clockwise and the energy for rotation comes from the proton gradient. 

Some pili also can be involved in bacterial adhesion because they are up to 20 μm long 

(conjugative pili), and their numbers are less than those of fimbriae.  These pili only exist 

in gram-negative bacteria and are thicker than fimbriae.  Fimbriae are also thought to 

play a role in bacterial attachment at the early stage, because most of them have a high 

proportion of hydrophobic amino acid residues.  These appendages are located on the 

outside of the bacterial cell wall.

The chemical composition of both gram-positive and gram-negative bacterial cell 

walls is as follows.  For gram-positive bacteria, anionic wall polymers like teichoic acid 

and teichuronic acids (uronic acid-conditioning polysaccharides) and proteins (these are 

not as important as teichoic acids) are responsible for the negative charge of bacterial 

surfaces.  Typically, teichoic acids have 40 negatively charged phosphate/molecule due 

to 40 repeating units.

For gram-negative bacteria, lipopolysaccharides (next to outer membrane), porin 

proteins, phospholipids and proteins in the outer membrane play a role in mediating 

bacterial adhesion to surfaces.  These macromolecules contain polysaccharides and 

amino, phosphate, and carboxyl groups and they are ionized as a function of pH.  These 

ionized macromolecules play a vital role in bacterial adhesion and biofilm formation onto 

the surface.

44



Among these macromolecules, LPS are anionic due to the presence of high levels 

of phosphates and acidic sugars.  On the surface, cations such as Na+ and Ca2+ are bound 

to LPS.  Different polyamines and polycationic antibodies have different affinities.  LPS 

consists of 3 regions, lipid A, core oligosaccharide and O-polysaccharide.  Lipid A 

contains a glucosamine disaccharide head group where fatty acids are ester and amide. 

Core oligosaccharides are connected to lipid A.  O-polysasccharides, the outermost 

component of LPS, are composed of oligopolysaccharide repeating units.  Monoamino 

sugar is commonly and aminosaccharide is uncommonly found with acidic aminosugars 

in the O-polysaccharide.  Most of the amino groups are acetylated on the aminosugars, 

and other acyl groups substitute a few O-polysaccharides.  Ionic groups which are critical 

for the interaction between LPS are located in core and lipid A regions.

Biofilm formation and bacterial survival strategy under harsh conditions

Biofilms are ubiquitous in our environment.  The most common and the nearest 

biofilm to us is the plaque on our teeth.  On attachment bacteria switch from a free-living 

lifestyle to a surface-adapted, multicellular lifestyle known as a biofilm.  Bacteria in 

biofilms become highly differentiated from free-living bacteria and often exhibit a 

developmental sequence, forming complex, matrix-encased, multicellular structures 

(microcolonies) which become surrounded by a network of water channels.  Bacterial 

biofilm formation can be defined as an attached layer of organic matter and 

microorganisms grown on a surface, but a continuous monolayer surface-deposit is not a 

biofilm.
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Microbial based biofilm formation at a solid –liquid interface in the environment 

is thought to occur according to four steps as shown in figure 2-2.  First, bacteria are 

transported to the surface to initiate biofilm formation.  Bacteria can reach the surface by 

different modes of bacterial transport such as diffusion, convection and active movement. 

The next step in biofilm formation is bacterial attachment to the surface, which is mainly 

a physicochemical process.  Attached bacteria are colonized and grown on the surface as 

shown in steps 3 and 4 of figure 2-2.  Bacteria in the biofilm can be released and 

transported to a new surface and repeat this process to generate new biofilm. Bacterial 

biofilms are a protected growth mode that serves as a bacterial survival strategy in harsh 

environments.73-74

Biofilms directly and indirectly affect our lives and environment both positively 

and negatively.  Positive roles of biofilm are bioremediation60, bio-fuel cell61-62, medical 

biomaterials74, bioreactors60, and biofiltration63.  Negative roles are bacteria-related 

diseases in the human body64, soil and ground water contamination65, metal corrosion66, 

etc.  This biofilm is initiated by bacterial attachment on a clean surface.  This attachment 

leaves conditioning films of dissolved organic matter on the surface, and they are 

colonized, and then formed as a biofilm.

Bacterial film or biofilm can be exposed to various environmental stresses such as 

water loss, lack of nutrients, exposure to high temperature, very low relative humidity, 

etc.  To overcome these environmental stresses, bacteria employ their own specific 

strategies and biofilm formation is one of them.  Other survival strategies include 

cooperative behavior67 and transformation from an active to a dormant state68-70.
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Pseudomonas aeruginosa 

P. aeruginosa is a ubiquitous extracellular gram-negative and aerobic rod 

bacterium in the environment and an opportunistic bacterial pathogen which poses a 

major threat to long-term-hospitalized patients and immunocompromised individuals.58 

P. aeruginosa is 1.5-3.0 µm in length by 0.5-0.7 µm in diameter.  These bacteria are very 

common inhabitants of soil and water.  This organism has minimal growth requirements, 

is nutritionally versatile, and thrives in moist environments.59  Its optimum growth 

temperature is 37 oC and it is able to grow at temperatures as high as 42 oC.  Most of P. 

aeruginosa strains can be killed by exposure to 55 oC for 1 hour, 80 oC for 5 minutes or 

100 oC for 1 minute.  UV irradiation inactivates this organism and the organism is 

sensitive to acid and to silver salts.  P. aeruginosa makes two types of soluble pigments, 

pyocyanin (gray color) and fluorescent pyoverdin (green color).

The ubiquitous distribution of P. aeruginosa contrasts with its limited colonizing 

potential for healthy individuals.  Despite the fact that P. aeruginosa is able to produce a 

large variety of virulence factors, this microorganism undoubtedly remains an 

opportunistic pathogen that can infect and eventually cause disease only in patients with 

defects in local or systemic immunity.59 P. aeruginosa is motile by means of a single 

polar flagellum.  P. aeruginosa can survive in almost any environment.  It can endure 

higher temperatures than enteric organisms and can use more than 50 simple organic 

compounds for growth.  P. aeruginosa can grow in distilled water, disinfectant solutions, 
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and hospital scrub sinks as well as in soil.  This hardy organism thrives on amino acids 

and small peptides from human respiratory tract secretions.71

Compared with other gram-negative organisms, P. aeruginosa is atypical because 

it secretes a large number of proteins during growth.  In most other gram-negative 

bacteria, such as E. coli, a selectively permeable outer membrane retains secreted 

proteins within the periplasm.59  And, unlike many other gram-negative organisms, P. 

aeruginosa is non-fermentative and usually aerobic but will grow under anaerobic 

conditions in the presence of a suitable nitrogen source.  The ability to adapt to varying 

oxygen concentrations is undoubtedly important in enabling P. aeruginosa to survive in 

soil, water, wounds and devitalized tissues.59

In P. aeruginosa biofilm formation flagella and type-IV pili play significant roles 

in the early biofilm development events.75  Besides flagella and type IV pili, Makin and 

Beveridge76 have shown lipopolysaccarides (LPSs) also participates in bacterial 

attachment.  Particularly, P. aeruginosa strains make A-band and B-band LPS, where A-

band has only mild effects in bacterial attachment to the surface.  Toole et al.75 showed P. 

aeruginosa seems to swim along the surface to find a proper place for initial contact and 

P. aeruginosa continues to move when it forms a monolayer on the abiotic surface.
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Figure legends

1.1. Schematic diagram of Surface Force Apparatus.

1.2. A photograph of Mark IV Surface Force Apparatus.

1.3. Interference fringes as seen in spectrometer eyepiece.

1.4. Diagram of the measurements to determine the radius of curvature.

2.1. Structures of gram negative bacteria and gram positive bacteria.

2.2. Schematic representation of the sequencing steps in the biofilm formation on the 

surface.
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Figure 1-1. Schematic diagram of Surface Force Apparatus.
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Figure 1-2. A photograph of Mark IV Surface Force Apparatus.
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Figure 1-3. Interference fringes as seen in spectrometer eyepiece.  The fringes appear as 

doubles due to the birefringence of mica.  The left-hand doublet is an odd order fringe, 

the right hand doublet an even order fringe.
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Figure 1-4. Diagram of the measurements to determine the radius of curvature.
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Figure 2-1. Structures of gram negative bacteria and gram positive bacteria.
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Figure 2-2. Schematic representation of the sequence of steps in biofilm formation on a 

surface.
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CHAPTER 3

APPLICATION OF A SURFACE FORCE APPARATUS FOR STUDIES OF 

ADHESION AND ELASTICITY OF BACTERIA: METHOD DEVELOPMENT.
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Introduction

It is of interest to quantitatively study the adhesive and elastic properties of 

bacteria in order to further our understanding of cell structure-function relationships and 

also to understand the formation and robustness of biofilms.  Since bacteria are so small 

successful experimental measurements of these properties on individual bacteria have 

only been accomplished recently with the Atomic Force Microscope (AFM) (Arnoldi85, 

Touhami86, Beckmann (2006)87 etc.).  Beech et al.100 discussed adhesion between AFM 

tip and bacterial film and the spring constant for the bacteria was measured and was used 

to determine the turgor pressure of the cells (85-150 kPa).  Due to the nanometer scale tip 

employed in AFM it is only possible to probe individual bacteria and measure small 

forces.  It is not possible to study collections of bacteria using this technique.  The SFA 

employs two curved surfaces rather than a tip and a surface allowing measurements on 

micron scale areas containing hundreds of bacteria.  Rather than indenting the surface as 

is done with AFM (length scale of AFM indentation is 10 to 40nm) the bacterial layer is 

flattened between two crossed cylinders with radii of curvature equal to 0.02 m.  Since 

the radius of curvature is four orders of magnitude larger than the diameter of a bacterium 

the individual bacteria are effectively flattened between two planar surfaces.  The stress 

distribution varies across the contact zone due to the surface geometry with the highest 

stress being at the center of the contact zone (Chen and Israelachvili)88.  Due to the 

interference technique employed in SFA measurements the actual separation between the 

surfaces and therefore the bacterial layer thickness can be directly measured.  In AFM 

this must be inferred from the onset of a steep repulsion in the force curve89, 97-99.  At the 
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beginning of this study we sought to measure adhesion between a bacterial film and a 

bare mica surface as this is the first step in biofilm formation.  In the process of 

developing the technique we adjusted our focus to also interpret the force results in terms 

of elasticity with the goal of extracting elastic constants that can be incorporated into 

models of biofilm formation and degradation under hydrodynamic flow.  In this chapter, 

the motivation and many initial experiments which led to the development of the current 

experimental protocol are described.  It was necessary to develop a useful film formation 

technique as well as the methodology to visually locate and image the contact zone using 

optical microscopy and AFM.  Improvements in the technique occurred over the course 

of a number of experiments.

Bacterial coatings on mica for SFA studies

The SFA was originally employed to study interactions between mica surfaces. 

Its use was expanded to include studies of interactions between surfaces with engineered 

coatings  created  either  by  self-assembly  or  Langmuir-Blodgett  deposition  of  surface 

active molecules.  Model membranes have been assembled on mica and many studies on 

lipid bilayers and protein-protein interactions have been conducted most notably by the 

Leckband90 and  Israelachvili91-93 groups.   There  is  no  published  work  involving  the 

measurement of forces on cells in an SFA.  Hence method development was a significant 

part of the research effort.  In terms of film thickness a bacterial film, which we find in 

our studies to be 400 to 500 nm thick, is an order of magnitude thicker than the thin film 

materials traditionally studied with SFA.  Exceptions to this are tribological studies on 
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chocolate (Luengo et al. 1997)94 and mayonnaise (Giasson et al. 1997)95 in which the film 

thickness was on the order of microns. 

Standardized growth and coating procedures for P. aeruginosa PAO1

The first task was to develop a protocol for depositing bacteria on mica for SFA 

studies.  P. aeruginosa PAO1, a well characterized bacterium12,  was chosen for these 

studies.  P. aeruginosa is a gram negative bacterium that is negatively charged at neutral 

pH.  The surface properties of bacteria are strongly influenced by the growth conditions 

and storage history.  For this reason it is necessary to standardize the growth procedure in 

order to reduce differences between bacteria grown for different experiments.  

Briefly, 30  mL R2B media (0.5g yeast extract,  0.5g protease peptone #3, 0.5g 

casamino acids, 0.5g dextrose, 0.5g soluble starch, 0.3g Na-pyruvate, 0.3g K-phosphate-

dibasic, 0.1g MgSO4·7H2O in 1 liter nanopure water, Difco Laboratories, Detroit MI) is 

inoculated with one colony from an R2B agar plate and placed on a shaker table at 24 oC 

in  ambient  air.   After  24  hours,  this  preculture  reaches  stationary  phase  which  is 

approximately  109 cfu/mL.   In  the  beginning  we  used  this  preculture  for  bacterial 

coatings.  Due to inconsistent results, we began to control the process to maintain the 

same experimental conditions such as similar initial bacterial concentration and bacterial 

growth time.  A second culture step was added.  Briefly, the preculture is then diluted 

with a 0.85 % NaCl solution to 105 cfu/mL.  One hundred Lµ  of the 105 cfu/mL bacterial 

solution is then added to an additional 30 mL of R2B media and shaken for 24 hours at 24 

oC in ambient air.  Growth curve experiments performed in triplicate show (Figure 1) that 
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this results in a reproducible culture in late exponential phase or early stationary phase at 

24 hours.  Growth curves were generated by determining the bacterial concentration via 

standard plate counting techniques as a function of time during the growth process.  For 

each subsequent experiment bacteria were grown in the same way and then harvested 

after 24 hours corresponding to late exponential or early stationary phase.

For coatings we spin down the bacterial solution in a centrifuge for 15 minutes at 

10,000 RPM (Beckman, model J2-21 Centrifuge), and then wash the cells three times in 

0.85 % NaCl to remove extracellular material and organic media components. Later, 0.85 

% NaCl was replaced with minimal salts media (MSM, 0.15g NH4H2PO4, 0.1g K2HPO4, 

0.00041g FeSO4·7H2O, 0.05g MgSO4·7H2O in 100 mL water), because NaCl solution can 

kill bacteria.  For both cases, the washed cells were centrifuged and resuspended in 15 

mL of  fresh MSM.  The ionic  strength and pH of  the MSM were  0.061 M and 6.6 

respectively.  The MSM did not contain any carbon sources in order to eliminate growth 

related changes in the bacteria. This protocol resulted in a reproducible solution of cells 

at a concentration of 109 cfu/mL.

Mica sample coating procedure

Muscovite  mica  was  purchased  from S  & J  Trading  INC.  in  NY.   In  initial 

experiments  a  number  of  mica  chips  approximately  1  cm2 were  placed  in  a  dish 

containing bacterial solution obtained from the culture flask.  Chips were withdrawn at 

two hour intervals and allowed to dry in the flat in a laminar flow hood.  In these first 

experiments the bacteria were not washed hence film formation was influenced by media 
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components  such  as  amino  acids  and  other  organic  compounds.   Figure  2  shows 

representative SEM images from mica chips immersed in solution for 2, 4 and 6 hours 

respectively.  Bright areas are bacteria covered regions and dark areas are bare mica.  The 

scale bar is 20 microns thus individual bacteria are not distinguishable.  It is clear that 

increasing soaking time increases the bacterial surface coverage.  At higher magnification 

it  appears that  the bacterial  film is  limited to  a  monolayer  over  large  regions  of  the 

surface.  An additional observation is that the forces involved in the deposition process 

result in a film in which the bacteria are highly connected.  The bacteria-bare surface 

interface which appears as circular regions seems to be minimized.  Thus there are no 

isolated patches of bacteria dispersed over the surface.  

In  an  effort  to  determine  the  effect  of  an  organic  pre-coating  on  bacterial 

deposition a set of mica samples was coated with 0.1% PEI (polyethylenimine, molecular 

weight = 600,000 g/mol) which is a positively charged polymer that adsorbs strongly to 

mica.  The PEI coating was prepared by soaking mica samples in the PEI solution for 2 

hours followed by drying in a laminar flow hood for 7 hours.  The PEI coated mica 

samples were then placed in the bacterial solution and withdrawn at two hour intervals. 

SEM images of bacterial films on PEI coated surfaces soaked for 2 and 4 hours at low 

and high magnification are shown in Figure 3.  The bacterial film is patchy.  The fact that 

PEI is positively charged leads to a strong bacteria-surface electrostatic attraction.  This 

local interaction apparently is strong enough to affect film formation.  Similarly to the 

bacterial  films  prepared  on  bare  mica,  the  bacterial  surface  coverage  increases  as  a 

function of coating time.  Even though the PEI coating resulted in a strongly adsorbed 
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bacterial film it was decided to prepare all subsequent bacterial coatings on bare mica.  It 

was unclear how the organic coating would influence the deposited bacteria over many 

hours  in  the SFA.  The PEI film introduces  surface roughness  and could serve as a 

possible food source for the deposited bacteria.  

In preparation for each SFA experiment two mica samples of the same thickness 

are mounted on silica disks as described in Chapter 1.  One of the samples is placed in a 

solution of bacteria which had been washed three times as described above.  In initial 

deposition  experiments  the  deposition  time  was  varied  from  2  to  6  hours.   It  was 

determined that a two hour deposition time resulted in a reproducible film suitable for 

SFA experiments.  The sample is then carefully removed from the bacterial solution and 

dried either flat or on an incline (Figure 4) in a laminar flow hood.  For those samples 

dried on an incline the three phase contact line moved from the top to the bottom of the 

surface depositing bacteria at the drying front.

Our initial goal was to produce a surface with a complete monolayer of bacteria. 

In the first SFA experiments we found that the bacterial layer significantly reduced the 

light intensity resulting in very dim FECO fringes that were barely visible.  To improve 

fringe visibility we experimented with incomplete bacterial monolayer films.  The fringes 

then appeared bright and sharp with small discontinuities corresponding to the presence 

of the bacteria.  All further experiments were performed with incomplete films.

Figure 5 shows an SEM image of a typical film formed with this method.  The 

light regions are bacteria and the dark regions are bare mica.  Individual bacteria which 

are approximately 1 µm in length are not visible in the image.  Incomplete films can be 
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formed by drying the surface either in the flat or inclined position in a laminar flow hood. 

The density of bacteria in the film depends on the amount of bacterial solution that is 

removed with the sample when it is withdrawn from the deposition solution.  In order to 

prevent areas of high density in the film the drying speed was increased by gently placing 

a Kimwipe into contact with the side of the silica disc at the lower edge of the surface 

thus employing capillary action to remove excess bacterial solution.  The total drying 

time was approximately 1 min.

SFA force measurements

In initial experiments force measurements were conducted on complete or nearly 

complete bacterial films.  In an early experiment we measured the adhesive force of a 

monolayer bacterial film by performing pull-off measurements.  A bacterial film was 

deposited on one of the SFA samples after measuring three contact wavelengths with the 

uncoated samples.  The bacteria coated sample was allowed to dry on an incline for 2 

hours prior to positioning in the SFA.  The bacterial film thickness was measured the next 

day (day 1) and was approximately 740 nm.  The refractive index of the film was 

determined independently from the fringe positions and was found to be ~1.25.  On the 

second day of the experiment the relative humidity was increased to 70% in the chamber 

by placing a container filled with salt solution in the bottom.  A series of pull-off forces 

were measured.  The surfaces were allowed to remain in contact for time intervals of 5 

and 10 min.  After this series of contacts the film thickness decreased to ~590 nm.  The 

pull-off distance was approximately 10 nm indicating very little detectable adhesion. 
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This could be due to the roughness of the bacterial film limiting the actual contact area 

and hence the adhesive force.  On day 3, pull-off force measurements were again 

performed in the same contact position with increased contact times of 1, 2, 3 and 10 hr 

(refractive index was determined to be approximately 1.3).  The bacterial film thickness 

ranged from 520 to 545nm.  Pull-off distances were 55 to 100 nm indicating a greater 

adhesive force which could be due to changes in the bacteria or the formation of a 

conditioning film on the bare surface which enhances adhesion.

On day 3 pull-off measurement in the new (2nd) contact area were also carried out. 

The refractive index was approximately 1.35 and the film thickness was 510 to 540 nm. 

The fringe shapes weren't oval as expected for smooth surfaces.  After 6 days, breaks 

were evident in the fringes due to disruption of the film in the contact area.  This would 

be expected since the film is relatively soft and the surfaces were brought into contact 

and separated many times.

After 12 days the contact area was changed to the third location and the relative 

humidity was increased to near 100% by adding 50 ml water to the bottom of SFA 

chamber.  In this contact area under 100 % relative humidity the film thickness was 

approximately 400 nm.  After 15 days, the SFA samples were removed from the 

chamber.  Even though only the top sample was coated, a spot corresponding to the last 

contact location could clearly be seen with the naked eye on the bottom surface which 

was uncoated.  If we call this spot the positive spot (because bacterial film was 

transferred to the bare surface), a corresponding negative spot was detected on the 

bacteria coated surface.  Figure 6 shows SEM images of the surfaces obtained at the end 
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of the experiment.  The uppermost SEM images show the nearly complete bacterial film 

in a region away from the contact zone at low and high magnification.  The middle SEM 

images are also of the coated surface but were taken from the 3rd contact zone which was 

visible with the naked eye.  The lower images are of the spot on the initially bare surface. 

It is clear that high humidity conditions and resulting capillary condensation lead to 

transfer of bacteria from one surface to the other.  The images of the contact zone on both 

surfaces show similar patterning.  The bare surface in essence shows a fingerprint of the 

contact zone.  This suggests that transfer of bacteria to the bare surface occurs easily 

under high humidity.  Recognizing that high humidity makes the bacteria mobile we 

conducted further experiments in ambient humidity in order to develop the method 

further.  Measurements at elevated humidity will be the subject of future work.

After further experimentation to eliminate drift and to refine the force measuring 

procedure four reliable experiments were conducted hereafter referred to as 11-9, 11-4, 

10-2 and 10-9.  The bacterial solutions used for these coatings were prepared from 

freezer stocks of bacteria that had been prepared on 7/10/03 and stored in a -20°C freezer 

until use between 3/04 and 6/04.  Figure 7 shows force profiles as a function of time for 

experiment 10-2, where A and R denote “advancing” and “receding”, respectively.  Three 

contact areas were used over the course of the 26 day experiment.  The force was 

generally measured once each day at approximately the same time.  In the first contact 

position (Figure 7 (a)), the force curves shift to the left with time, indicating the bacterial 

film thickness decreases.  One explanation for this is that water is removed from the film 

through compression and natural evaporation processes.  Another explanation is that the 
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film undergoes a rearrangement and a locally thick region (~450 nm) collapses to the 

thickness of the remainder of the film (~350) after the 3rd day.  The film thickness as 

determined by the closest separation at an applied force of 2 mN/m was 335 - 340 nm for 

days 4 through 10. 

In experiment 10-2 for the first two days, the adhesive force was very strong but 

then became smaller as a function of time.  The large adhesive forces in 1d 8hr and 2d 

6hr suggest that capillary forces contribute to the adhesion and support the idea that water 

loss occurs over several days as the sample dries and is subjected to compression 

measurements.  With time the adhesive force decreased, however, the adhesive force 

increased again in the 10d 6hr measurement.  This is likely due to the formation of a 

conditioning film on the bare mica surface which should increase the adhesive force. 

Conditioning films mediate bacterial adhesion and promote biofilm formation in aqueous 

systems.  Figure 7(b) shows the force profiles in the second contact area for the same 

sample.  These forces were measured days 11 through 16 after the sample had been 

placed in the SFA.  In contrast to the force curves measured in the first contact zone there 

is more variation in the shape of these curves as a function of time.  Additionally, the 

distance over which a detectable force is measured on approach is 30 to 40 nm in the 

second set of measurements which is much greater than the 15 to 20 nm range in the first 

contact area.  In this experiment we developed the capability to use a digital camera to 

permanently record an image of the fringes.  Figure (8) shows the fringes for contact 

areas 1 and 2.  As can be seen the number and width of the discontinuities in the fringes 

for contact area 2 is much greater than that for contact area 1.  This indicates greater 

66



surface coverage in contact area 2.  It should be noted that these fringes sample only a 

slice of the contact area directly through the center at the distance of closest approach.  It 

is possible by manipulation of the optics to examine the surrounding area and it was 

verified that these fringes are typical of the entire contact area.  Greater surface coverage 

should increase the roughness and hence the range of the force.  It is seen in both sets of 

data that at long times and after repeated measurements the curves tend to become 

steeper.  It might be expected that there should be a difference in the slopes of the force 

curves for the two contact areas due to the difference surface coverage.  Greater surface 

coverage should lead to an increase in slope since less compression will be achieved for a 

given applied force.  This however is not the case.  The final force curves for both contact 

areas are nearly the same on both the force and distance axis.  This suggests that the force 

is controlled by a small collection of bacteria at the center of the contact zone and that the 

elasticity of individual cell membranes is reflected in the force measurements.  As the 

sample is compressed the surface area to volume ratio of individual bacteria must 

increase leading to a cell membrane stretching.

Interestingly, the film thickness for all of the experiments in this group decayed to 

~335 nm after several days.  Figure 9 shows the film thickness at an applied force of 2 

mN/m as a function of time in the chamber.  In experiment 10-2 in the first contact area 

the film thickness was approximately 400 nm until 81hours after which it suddenly 

dropped to approximately 340 nm.  Water loss due to desiccation, a change in the 

viability of the bacteria or film rearrangement may all be factors in this sudden shrinkage. 

For experiment 10-2 contact area 2 the film thickness decreased to 338 nm, and then 
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increased to over 350 nm, suggesting the physical modification of the bacterial film. 

After this, film thickness decreased to and remained at approximately 335 nm.  An initial 

drop was not detected in this case likely because the bacterial film had been exposed to 

desiccating conditions for 10 days and it is expected that it was quite dry given the 

humidity in the chamber is typically about 20%.  

Figure 10 shows the adhesive forces measured for this set of experiments as a 

function of time in the SFA chamber.  With the exception of 10-2 contacts #1 and #3 the 

adhesive force is initially close to zero and then increases with the time in the chamber 

and the number of contacts.  Repeated contacts likely result in a conditioning film on the 

opposing surface which increases the adhesion.  At very long times the bacteria die and 

lyse thus changing the surface dramatically and resulting in significantly increased 

adhesion.  For experiment 10-2 contact #3 a conditioning film could be seen with the 

naked eye after the experiment definitely showing that the bacteria were no longer in tact. 

Interestingly, a visible conditioning film has only been visible in the cases in which high 

humidity promoted transfer or the sample remained in the chamber for extended periods 

as long as one month.  The following factors are expected to influence the adhesive force: 

applied force, capillary condensation, bacterial surface coverage, bacterial film 

roughness, bacterial healthiness and age.

These data suggest the bacterial film continued to lose water over the first 4 to 5 

days, either through evaporation or through compression induced loss.  After 

experiencing bacterial film shrinkage by desiccation, repeated contacts resulted in 
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physical film modification as detected by the appearance and disappearance of force 

barriers in sequential force profiles.  

All of bacterial samples used in these first experiments were grown from freezer 

stocks maintained at -20 oC, which can be degraded after 6 or up to 12 months.  It is not 

clear how possible changes in the bacterial cultures have affected our measurements.  The 

remainder of the experiments were conducted with bacterial cultures grown from freezer 

stocks maintained at -80 oC.  This should result in less genetic differences between 

cultures prepared for individual experiments.
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Figure legends

1. Growth Curve of Pseudomonas aeruginosa PAO1

2. SEM of Pseudomonas aeruginosa PAO1 as a function of coating time on mica 

surfaces.

3. SEM pictures as function of time on PEI coated mica surfaces (a) 2 hr coating and 

(b) 4 hr coating time.

4. Diagram of drying procedure on an incline.

5. SEM image of bacterial coated mica which was dried on an incline.

6. SEM image of bacterial coated surface and bacteria transferred surface under after 

exposure to 100 % relative humidity for three days.

7. Force profiles as a function of time under ambient humidity in two different 

contact areas for the same sample.

8. Fringes for contact areas 1 (left) and 2 (right) for experiment 10-2.

9. The change of bacterial film thickness as a function of time in two different 

contact areas.

10. Adhesive forces as a function of time for three different bacteria coated samples 

and a total of six contact areas.
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Figure 1. Growth curve of Pseudomonas aeruginosa PAO1.
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Figure 2. SEM of Pseudomonas aeruginosa PAO1 as a function of coating time (2, 4, and 

6 hours) on mica, where scale bar is 20 μm.  Light regions are bacteria, dark regions are 

the bare mica surface.  Bumps visible particularly in the top image are salt deposits 

resulting from evaporation of the deposition solution.
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Figure 3. SEM pictures as function of coating time on PEI coated mica surface (a) 2hr 

coating and (b) 4 hr coating time.
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 Figure 4. Diagram of drying procedure on an incline.
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Figure 5. SEM image of bacterial coated mica which was dried on an incline, where scale 

bar is 100 μm.
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Figure 6. SEM image of bacterial coated mica surface and bare mica surface under after 

exposure to 100 % relative humidity for three days.  The surface were brought into 

contact and separated a number of times leading to transfer of bacteria from the coated to 

the uncoated surface in the contact area.  The uppermost SEM images show the nearly 

complete bacterial film in a region away from the contact zone at low and high 

magnification.  The middle SEM images are also of the coated surface but were taken 

from the 3rd contact zone which was visible with the naked eye.  The lower images are of 

the spot on the initially bare surface.  It is clear that high humidity conditions and 

resulting capillary condensation lead to transfer of bacteria from one surface to the other.
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Figure 7. Force profiles as a function of time under ambient humidity in two different 

contact areas for the same 10-2.
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Figure 8. Fringes for contact areas 1 (left) and 2 (right) for experiment 10-2.  The surface 

coverage is higher for contact area 2 compared to contact area 1 as evidenced by the 

much higher number and width of discontinuities in the fringes.
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Figure 9. The change of bacterial film thickness as a function of time in three different 

experiments (10-2, 11-4, 10-9) with a total of six different contact areas.
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Figure 10. Adhesive force as a function of time for three different bacteria coated 

samples and a total of six contact areas.
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CHAPTER 4.

PRESENT STUDY

Appendices A, B and C contain detailed methods, results, and conclusions for this 

study.   Descriptions  of  these  recent  research  results  are  presented  in  the  following 

summary.

Summary

The overall objective of the research was to understand the mechanism in the first 

step of biofilm formation, bacterial adhesion to the surface.  At the same time, bacterial 

film desiccation and elasticity  were investigated as  a  function of  time.   All  of  these 

experiments were carried out in the Surface Force Apparatus, which is the specific tool to 

be able to measure the interaction between two surfaces directly.  The specific and more 

detailed objects are mentioned in the following objectives.

Objective #1

The primary objective of the first paper in this dissertation (Appendix A) was to 

study 2-dimensional pattern formation of the biofilm on the mica surface after  water 

evaporates.  Our bacterial films constitute 2-dimensional incomplete formations, whose 

important  factors  are  bacterial  concentration  and  preparation  of  bacteria,  bacterial 

solution  composition,  drying  front  speed  (air  flow and  fluid  removal  rate),  bacterial 
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motility,  bacterium-bacterium interactions,  bacterium-surface  interactions,  etc.   These 

incomplete film formations are also easily found in other films such as organometallic 

clusters and Au nanoparticles on silicon after liquid evaporates.  In our experiment, the 

bacterium used was P. aeruginosa PAO1, which is the opportunistic pathogen that causes 

urinary  tract  infections,  respiratory  system  infections,  dermatitis,  and  a  variety  of 

systemic infections.  As soon as P. aeruginosa PAO1 builds up the bacterial monolayer 

film  on  an  abiotic  surface  such  as  mica,  the  bacteria  continually  move.   We  were 

interested in incomplete bacterial film formation in this topic, which was believed to be a 

bacterial survival strategy in harsh condition.  In our experiments, we didn’t apply any 

carbon sources to the bacterial film, even during the bacterial coating process.  No special 

tools  to  make  the  2-dimensional  pattern  in  the  film  were  required.   For  constant 

incomplete  bacterial  monolayers  we  dried  mica  samples  on  an  incline  (~45o)  after 

bacterial coating.  Through this step we observed the three phase contact line as it moved 

from the top (highest elevation) to the bottom (lowest elevation) of the surface depositing 

bacteria at the drying front.  In some cases, in order to increase the speed of the contact 

line and hence the deposition rate a Kimwipe was gently placed in contact with the lower 

edge of the surface thus employing capillary action to remove excess bacterial solution. 

In most cases, the incomplete bacterial monolayer film was an average of 400 nm thick 

and it was evidenced by AFM height profile.

The bond between the bacterial film and the mica surface is not strong enough to 

resist disruption in the presence of water.  Both bacteria and mica are negatively charged 

so in an aqueous environment electrical double layer force leads to repulsion.  Thus, we 

83



believed that the bacterial film can be modified in high humidity if capillary condensed 

water is present.  In one experiment, bacterial transfer from the bacterial coated mica 

surface  to  the  bare  mica  surface  was performed in  near  100% relative  humidity  and 

detected by the naked eye.  SEM clearly shows that both oval regions on a bacterial 

coated mica surface and on a bare mica surface have perfectly matched shape and size. 

Surface modification by capillary condensation in AFM produces a similar result.  This 

may be useful  for  further  work involving controlled deposition of  bacteria  for  living 

composite material applications.

Objective #2

The  second  objective,  addressed  in  the  paper  presented  in  Appendix  B,  was 

finding a new method to study bacterial adhesion through direct measurement of bacteria-

surface interactions using a Surface Force Apparatus (SFA).  Objective #1 was aimed at 

generating an optimal film formation for SFA experiments.  For several decades, force 

measurements with Atomic Force Microscopes (AFM) have been conducted by many 

scientists  and many SFA studies  have  been  conducted on  lipid bilayers  and  protein-

protein interactions by some groups.  However, there is no published work involving the 

measurement of forces on bacterial cells in an SFA.  Hence method development was a 

significant part of the research effort.  

There are some differences between AFM and SFA in force measurement.  AFM 

measures  the  force between a  fine  tip  and  a  surface and the distance in  AFM force 

profiles is not absolute but relative distance.  One big drawback in AFM measurements is 
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that the fine tip can make defects on the surface.  In contrast to the AFM, SFA measures 

the force between two surfaces and the distance is the absolute separation between two 

surfaces.   However,  imaging was not  possible  for  SFA measurements  whereas AFM 

allows surface imaging.  However, we could to a limited extent solve imaging problems 

in the SFA using a series of lenses and an optical digital camera.  Force sensitivity in 

AFM is pN or nN whereas the sensitivity in SFA reaches up to mN.

In this topic, a series of force-distance curves were measured during all of the 

SFA experiments as a function of time after bacterial coated surfaces were removed from 

the deposition solution and allowed to dry.   The force measurements began with the 

surfaces at a large distance, which is the “no force region.”  As the surfaces approach 

each other the force increases indicating contact between the bacterial film and the bare 

mica surface.  The measured distance is the absolute distance between the mica surfaces 

and in the non-zero force region this corresponds to the thickness of the bacterial layer at 

the center of the contact zone.

Use of the digital camera was a big help to solve the big problem that imaging is 

not possible for SFA.  With this method, surface images in a contact area are found by 

taking some pictures.  These pictures must be used as data to define the contact area in 

AFM imaging, and bacterial film thickness measured by SFA is compared with the AFM 

height profiles after the SFA experiment.

Using  the  assumption  that  the  bacterial  layer  is  a  homogeneous coating  on  a 

sphere in contact with a flat surface, Hertz contact mechanics can be used to extract an 

elastic modulus.  An assumption is that only the film is compressed.  In other words the 
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underlying mica, silica, silver, glue and silica disc composite is much stiffer than the 

bacterial film.  This was supported by the fact that the fringes maintain the same shape 

during the force measurements indicating no underlying deformation in the composite 

material.  This represents a new technique to measure adhesive and elastic properties of 

micron sized composite biological materials.  This will allow systematic exploration of 

the effects of composition on material properties.

Objective #3

How much water exists in a bacteria cell?  What will happen to a bacterial film 

after  water  evaporation?   How  does  a  biofilm  change  its  properties  during  or  after 

desiccation?  Our motivation in the third objective started from these questions, that is, 

our  third  objective  (appendix  C)  was  to  study  bacterial  film  elastic  properties  and 

desiccation effects during and after water evaporation.

Biofilm formation of bacteria on the surface is one of their strategies to survive in 

harsh conditions and this biofilm formation may have more fundamental mechanisms to 

tolerate  various  harsh  conditions  in  the  bacterium  itself.   As  a  harsh  condition, 

desiccation is very important and interesting, because bacteria include water and they can 

survive  even  in  very  dry  conditions.   Under  these  harsh  conditions,  their  survival 

strategies can be 2-dimensional  patterning formation,  transformation from active to  a 

dormant state, etc.

In this experiment, our objective was to measure the change of bacterial film such 

as elasticity and plasticity and the change of film thickness as a function of time under 
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desiccation.   To  achieve  this  sequential  advancing  force profiles  were  compared and 

changes in film modification and shrinkage were identified.  This suggests this technique 

can be used to understand micron scale modification of rough soft surfaces by contact 

adhesion.  
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ABSTRACT

We present here a simple technique for depositing a bacterial monolayer film and 

examining the 2-dimensional patterning formation of the biofilm after water evaporated. 

The method does not require any special tools.  Patterning is of interest for 

nanotechnological applications.  Recently there has been an interest in incorporating 

living bacteria in engineered materials.  A first step in this effort is to understand how to 

immobilize bacteria in a predictable and controlled way.  In this paper we show that using 

a simple technique called evaporative deposition it is possible to deposit bacteria in a 

networked pattern over macroscopic surface areas.  This could be useful for construction 

of biosensors, biofuel-cell and thin film composite materials that incorporate living 

bacteria.
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INTRODUCTION

Bacteria are single celled organisms capable of complex biological functions. 

They can transform chemicals in bioreactors as well as sense chemicals in biosensors.  In 

a sense they are micron sized chemical processing plants.  Bacteria are generally about 1 

micron in length and carry a surface charge.  A typical isoelectric point for bacteria is 

about 3 hence most bacteria carry a negative surface charge at neutral pH.  As such, 

bacteria are colloidal particles and should be governed by the physicochemical principles 

that dictate their movement in the environment and attachment to surfaces.  This principle 

has been used for some time to try to understand attachment of bacteria to surfaces19 in 

environmental systems since this is the first step in biofilm formation.  Colloidal particles 

are of much interest in materials coatings applications and in fact silica microspheres 

which should act similarly to bacteria are used to create colloidal arrays which have 

shown usefulness in photonics materials applications.  While bacteria are not a substitute 

for silica microspheres in photonic coatings they could be used in composite materials to 

create living materials.  To our knowledge there has been no investigation of the films 

formed when bacteria are deposited on a surface.  In this work we will show that bacteria 

can be dip-coated onto an inert substrate.  The bacteria are deposited at the three phase 

contact line as the film dries.  The film that is formed is a monolayer thick and since the 

coating is performed at high speed the film has a regular cellular or honeycomb structure 

that extends over large surface areas.  This is similar to the films that are formed with 

silica microspheres using a similar method.  The formation of 2-dimensional honeycomb 
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or cellular films is a very general and interesting phenomenon in nature and it is useful in 

nanotechnological applications such as photonics1, electronics2, and biotechnology3-4. 

Recently, there has been much interest in producing films with the honeycomb-pattern 

structure.4-10  

There are numerous examples of films formed by deposition of particles at a 

moving three phase contact line.  This technique has been used with much success in 

preparing 2D colloidal crystals with latex particles as well as nanoparticles.  There are a 

number of variations in this process.  One technique used by Nagayama and coworkers is 

to allow evaporation of solvent from a drying suspension in a circular dish so that the 

solution wets the container walls and the solution evaporates from the center first thus 

nucleating the crystal.  In other cases a surface is placed in a solution and withdrawn 

either with entrained liquid which subsequently evaporates on an inclined support or so 

slowly that the liquid evaporates as the surface is being withdrawn.  In all cases 

movement of the three phase contact line either as the water retreats or the surface is 

retracted results in the movement of the particles to the drying front as evaporation takes 

place.  Due to the singularity of the liquid at the three phase contact line evaporation is 

enhanced in that region leading to convective flow of particles to the three phase contact 

line.  While 2D crystals have been made it is also clear that larger scale features are 

evident in the samples.  A number of factors work together to determine the final 

deposition product.  Important factors are concentration of the suspension and speed of 

the drying front which depends on the water evaporation rate which depends on the 

humidity, temperature and speed of air flowing over the sample.  
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Another way to use evaporative deposition to deposit particles is from drying 

sessile drops.  Stebe and coworkers20 found patterns similar to ours by depositing a drop 

with a surfactant floated on the surface in a very specific phase state.  Convective 

processes must dominate in these drops whereas in our case the film dries so fast that 

convection plays a lesser role in film organization.  

This  is  but  one  example  of  a  case  where  bacteria  can be treated  as  colloidal 

particles.  This suggests that the physicochemical principles governing colloidal particle 

deposition can be used to incorporate bacteria into living composite materials that could 

be used in nanoscale biosensors.  Given the biological complexity inherent in bacteria 

these biosensors  could be  particularly  interesting  for  long term sensing  in  remote or 

inaccessible  locations.   Synthetic  biology  also  will  make  it  possible  to  engineer  the 

bacteria themselves for specific applications.

MATERIALS AND METHODS

Bacterial solution.  Pseudomonas aeruginosa PAO1 was precultured in 30ml 

R2B (Difco Laboratories, Detroit MI) at 24 oC in ambient air for 24 hours.  The 

preculture was inoculated (0.1 % v/v) into fresh medium and grown for 24 hours at which 

time the bacteria were between the late exponential and early stationary phase of growth. 

The cells were harvested by centrifuging for 15 minutes at 12,100 x g, where g is gravity 

(Beckman, model J2-21 Centrifuge).  They were then washed once in 15 ml of a minimal 

salts media (MSM, 0.15g NH4H2PO4, 0.1g K2HPO4, 0.00041g FeSO4·7H2O in 100 mL 
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water) to remove extracellular material and organic media components.  The washed cells 

were centrifuged and resuspended in 15 ml of fresh MSM.  The ionic strength and pH of 

the MSM were 0.061 M and 6.6 respectively.  The MSM did not contain a carbon source 

in order to eliminate growth related changes in the bacteria during film formation.  This 

protocol resulted in a reproducible solution of cells at an approximate concentration of 

109 cfu/ml.  For some experiments the bacterial solution was diluted by a factor of ten to 

approximately 108 cfu/ml.  

Film deposition.  Bacterial films were deposited on molecularly smooth mica (S 

& J Trading INC. NY).  In some experiments the mica sheets were prepared by cutting 1 

cm by 1 cm pieces from a larger sheet that had been freshly cleaved.  In other cases the 

mica samples were prepared for further use in a Surface Force Apparatus necessitating a 

more complicated preparation procedure.  Briefly, a molecularly smooth mica sheet 2 to 

4 µm thick was cleaved and glued using an epoxy resin (Epon 1004, Shell Chemical Co.) 

onto a cylindrically polished silica disk.  The diameter of the silica disk is 1 cm and the 

radius of curvature is 2 cm.  For the deposition either the flat mica sample or the 

cylindrically curved mounted mica sample was placed in the bacterial solution for 1 hour, 

carefully removed and dried on an incline (~45o) in a laminar flow hood.  In the case of 

the cylindrically mounted sample the cylindrical axis was oriented in the direction of the 

incline (see Figure 1).  The last step in film deposition was the removal of excess water 

through evaporative deposition.  It was possible to observe the three phase contact line as 

it moved from the top (highest elevation) to the bottom (lowest elevation) of the surface 

depositing bacteria at the drying front.  In some cases, in order to increase the speed of 
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the contact line and hence the deposition rate a Kimwipe was gently placed in contact 

with the lower edge of the surface thus employing capillary action to remove excess 

bacterial solution.  In the case of the samples mounted on the silica disk it was only 

necessary to use the Kimwipe to contact the side of the silica disk thereby completely 

avoiding contact with the mica surface.  The total drying time was approximately 1 

minute.  Given that the sample dimension in the drying direction is approximately 1 cm 

the drying rate is estimated to be between 100 and 200 µm/sec although it was not 

measured directly.  This procedure produces incomplete patterned monolayer bacterial 

films which are more generally known as honeycomb patterns or cellular films.16

RESULTS AND DISCUSSION

Figure  2  shows  an  SEM image  of  a  portion  of  a  P.  aeruginosa PAO1  film 

deposited by dip coating and subsequent evaporative deposition on mica as described 

above.   The light regions are the bacteria and the dark regions correspond to the bare 

mica surface.  Individual bacteria which are about 1  µm in length are not visible.  A 

honeycomb or cellular two dimensional film covers the surface.  Close inspection shows 

that the films are one bacterial layer thick over large regions of the sample.  Regions 

thicker  than  one  layer  are  rare.   Drying  the  sample  on  an  incline  and  mechanically 

wicking excess water are key to forming incomplete films.  A similar drying system was 

also used by Micheletto  et al.12  There is  variation between samples  in  the bacterial 

surface  coverage  and therefore the  size of  holes but  this  procedure always results  in 
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cellular films.  Higher surface coverage leads to smaller holes.  Surface coverage and 

hence the number of bacteria that are deposited depends on the speed of the drying front 

and the amount of water that is wicked off during the drying process.  The samples were 

dried in a laminar flow hood with a fixed air speed but the amount of water wicked off 

during drying likely varied substantially between experiments.  Despite this, remarkable 

regularity in the cellular patterns within samples was achieved.  Figure 3 shows SEM 

images from four different samples.  As can be seen, all the films are cellular however the 

samples on the top are less connected than those on the bottom.  In samples produced 

using 108 cfu/ml bacterial solutions much of the sample is covered by less connected 

networks such as those in the top two panels.  If the bacterial solution is 109 cfu/ml fully 

connected networks result.  Figure 4 shows the height distribution in a portion of a poorly 

connected cellular film.  Black tones correspond to near zero heights whereas red tones 

represent heights of 400 nm.  Roughness appears on two length scales.  First the bacterial 

film is rough due to the fact that it is incomplete.  The regions covered by bacteria have 

an average thickness of approximately 400 nm as evidenced by height profiles extracted 

from AFM images.  Within the bacteria coated regions there is roughness on a smaller 

scale which is unavoidable due to the discreteness of the bacteria.    Figure 5 is an optical 

microscope  image  of  a  portion  of  a  film  which  shows  that  the  cellular  patterns  are 

uniform over large areas.  In this particular case the lower right portion of the image 

shows a sharp discontinuity between a  region with high density and small  holes and 

region  with  a  much  lower  density  and  hole  sizes  on  the  order  of  50  mm.   This 

discontinuity was likely caused by a sudden change in the three phase contact line speed 
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possible caused by application of the Kimwipe to remove excess solution during drying. 

Factors giving rise to variations in hole size are concentration and preparation of the 

bacteria, solution composition, drying front speed (air flow, fluid removal rate), bacterial 

motility, bacterium-bacterium interactions and bacterium-surface interactions.  Since we 

only controlled air flow speed during the drying process variation in the films between 

experiments was observed.  Further work to control other experimental variables will 

improve the ability to produce bacterial cellular films of desired connectivity and hole 

size.  Honeycomb patterns with similar shape  can be  also found in nanoparticle films 

after evaporation of liquid such as Au nanoparticle on silicon13 and polystyrene layer spin 

coated from solution in toluene14.  The difference in the size range of the holes is related 

to the size of colloidal particle.  Since the size of bacterial colloid is approximately 1 μm, 

the  size  of  holes  in  the  honeycomb  patterns  is  larger  than  the  honeycomb  patterns 

produced with  nanoparticles.   The  average  size  of  the  holes  in  nanoparticle  films  is 

usually less than 1 μm.15-18  The barrier in the image is their drying front direction, which 

is affected by three drying factors as mentioned earlier; airflow from the laminar flow 

hood, gravity of bacterial solution and water removal with a Kimwipe.

The bond between the bacterial film and the mica surface is not strong enough to 

resist  disruption in the presence of water.  Both the bacteria and mica are negatively 

charged  so  in  an  aqueous  environment  electrical  double  layer  forces  should  lead  to 

repulsion.   Because  of  this,  in  high  humidity  the  bacterial  film  can  be  modified  if 

capillary condensed water is present.  In some experiments a bacterial film was brought 

into contact with a bare mica surface in a crossed cylinder geometry.  At high humidity a 
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capillary condensed annulus forms around the contact area.  Near 100% relative humidity 

was  achieved  by  injecting  5  ml  of  nanopure  water  into  the  bottom of  the  chamber 

containing the surfaces.  After one day, the water was removed with a Kimwipe.  An N2 

gas stream was connected to the chamber, and while the surfaces were in contact digital 

images were recorded of the contact zone every 10 or 20 minutes.  The time evolution of 

the contact zone was observed during the drying process.  Figure 6(a) shows an SEM 

image of the bacterial film at the end of the experiment.  The oval region is a collection 

of bacteria and other surface materials that were reorganized by the capillary condensed 

water.  The dark ring is the area from which the film was removed by capillary action and 

the filled oval with dimensions of approximately 300 μm by 200 μm is  the bacterial 

condensation.  The bare mica surface was also imaged in the contact zone (Figure 6(b)). 

It is clear that material from the coated surface was transferred to the bare surface.  The 

shape  and size  of  both areas  perfectly  correspond to  each  other.   This  suggests  that 

patterned  bacterial  films  can  be  modified  by  design  by  local  application  of  surface-

surface contact.  Capillary condensation in AFM experiments produces a similar result. 

This may be useful for further work involving controlled deposition of bacteria for living 

materials applications.

CONCLUSION

P. aeruginosa PAO1 was coated on the mica and was dried on an incline for 5 

minutes.  After drying, the bacterial film showed honeycomb-like 2-dimensional 
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patterning formation, which is also found in the other colloidal film after evaporation of 

liquid.  This 2-dimensional incomplete patterned formation was occurred by some 

factors such as airflow rate from a laminar flow hood, gravity of bacterial solution on an 

incline, removing water with a Kimwipe, and interaction acting between bacterium and 

bacterium or bacterium and surface.  Bacterial film was easily transferred to the bare 

mica surface in the high relative humidity.  This bacterial film modification with 

transferring in the high humidity only happened in the contact area, and these film 

modification and film transforming to the target surface are thought easier and more 

useful in the much smaller surfaces such as AFM tip.  Controlling the patterning film 

consistently will be a useful and important future project.
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FIGURE LEGENDS

1. Diagram for bacterial film drying process.

2. SEM image of a 2-dimensional patterned P. Aeruginosa PAO1 film.

3. SEM images of cellular films of various connectivity produced by evaporative 

deposition.

4. AFM image with 2-dimensional incomplete film formation.

5. Optical microscope image shows surface uniformity in the similar-size range of 

holes.

6. Film modification through capillary action at high humidity.
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Figure 1. The diagram for bacterial film drying process
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Figure 2.  SEM image of a 2-dimensional patterned  P. Aeruginosa PAO1  film.  Light 

regions are bacteria and dark regions are the bare mica surface.
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Figure 3.  SEM images of cellular films of various connectivity produced by evaporative 

deposition.  Light regions are bacteria and dark regions are the bare mica surface.  Scale 

bar is 50 µm.
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Figure 4. AFM image
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Figure 5. Optical microscope image shows surface uniformity in the similar-size range of 

holes, where the scale bar is the 500 µm.  The lower right portion of the image on the left 

shows a sharp discontinuity between a region with high density and small holes and a 

region with a much lower density and hole sizes on the order of 50 µm.

Figure 6. Film modification through capillary action at high humidity, where scale bar is 

the 100 μm.  The top SEM image is the bacteria coated surface and the lower SEM image 

is the bare mica surface with bacteria transferred due to capillary condensation in the 

contact zone.
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ABSTRACT

Biofilm formation affects our lives and environment both positively and 

negatively.  Because biofilm formation is initiated by the attachment of bacteria to a solid 

surface, it is a complicated issue.  Understanding biofilm formation and degradation is 

important for controlling bacteria-related diseases and soil and groundwater 

contamination.  Bacterial adhesion is the first step in biofilm formation and is critical to 

numerous ecological, medical, and industrial problems and solutions.  A Surface Force 

Apparatus (SFA) was used to measure adhesive and elastic properties of a P. aeruginosa 

PA01 incomplete monolayer on a mica surface in ambient humidity.  Force 

measurements with Atomic Force Microscopy have been conducted for several decades, 

but this is the first time this type of measurement has been performed with an SFA.  Hertz 

contact mechanics theory is used to estimate an elastic constant for the bacteria.  The 

surface morphology of the bacterial coating through AFM and SEM showed a specific 

pattern as a result of the drying process.
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INTRODUCTION

Biofilm  formation  on  surfaces  affects  our  lives  and  environments  in  many 

different ways.  In some cases biofilm formation is beneficial while in other cases it may 

be  detrimental.   To  understand  the  events  of  biofilm  formation  is  important  for 

controlling bacteria-related disease and soil  and groundwater contamination.   Biofilm 

formation is a complicated process, initiating by the attachment of bacteria to a solid 

surface.  Bacterial adhesion is one of the most important events that retards movement of 

bacteria in soils.  In addition to the formation process biofilms also degrade particularly 

under hydrodynamic flow.  This releases biofilm bacteria into a flow stream resulting in 

transport and opportunity to colonize new surfaces.  In order to accurately predict biofilm 

formation, development and degradation it is necessary to have an understanding of the 

material properties of the film from initial attachment through mature development and 

decay.  There is very little information on the adhesive and elastic properties of bacteria 

or biofilm communities.  

To  date  work  in  this  area  has  been  primarily  focused  on  unraveling  the 

interactions  that  lead to  bacterial  adhesion  which is  necessary  for  biofilm formation. 

Several  groups1-4 have  studied  bacterial  adhesion  to  surfaces.   Force  measurement 

techniques such as atomic force microscopy (AFM) have made it possible to examine 

bacterial  interactions  with  surfaces.   Because  AFM gives  force  measurement  and  an 

image of surface at the same time, it  has been attractive for many research groups5-8. 

Recently,  Razatos  and  Ong  et  al.6-8 directly  measured  the  forces  between  AFM 
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cantilevers with silicon nitride (Si3N4)  tips and bacteria on glass and mica substrates. 

Beech  et al.10 discussed imaging as well as adhesion and elasticity measurement with 

AFM.  Touhami et al.13 imaged S. cerevisiae immobilized in porous membrane showing 

bd scar, collected force curves, and calculated elasticity.

Imaging is not possible with the Surface Force Apparatus (SFA) but since the 

instrument  was  designed  with  optics  to  measure  surface  separation  one  can  directly 

determine the shape and size of the contact zone during an experiment.  This makes it 

possible  to  quantitatively  compare  SFA  forces  theoretically  and  experimentally. 

Additionally, only the SFA can directly measure the surface energy of bacterial  film. 

Therefore, we were interested in the interaction by bacterial adhesion with a new method 

and used to the SFA to understand the bacterial interaction on the surface for the first 

time.

EXPERIMENTS

Mica sample preparation

The experiments were carried out using a modified Mark IV SFA with two 

muscovite mica surfaces mounted as facing, crossed cylinders.  One surface is coated 

with a bacterial film as described below.  The lower surface is mounted on a flexible 

double cantilever spring [k ~ 147 Nm-1], and the upper surface separation with an 

accuracy of 0.1 nm.  Coarse surface separation was controlled directly with a dc motor on 

the translation stage attached to the lower surface, and fine control was achieved with the 
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piezoelectric device attached to the upper surface.  The mica (S & J Trading, NY) which 

had been cleaved into molecularly flat sheets (2-6 μm thick) and then back silvered was 

glued to cylindrically polished silica discs using an epoxy resin (Epon 1004, Shell 

Chemical Co.).  The interferometer formed by the back-silvered surfaces transmits only 

certain discrete wavelengths that are passed through a diffraction grating and observed 

directly with an eyepiece as fringes of equal chromatic order at the exit slit of the 

spectrometer.  The fringes allow measurements of the surface separation and refractive 

index of the medium between the surfaces11.   Before coating one surface with bacteria, 

the contact fringe positions of the untreated mica surfaces were recorded for reference.

Bacterial coating process

P. aeruginosa PAO1 was precultured in 30 ml R2B at 24 oC in ambient air for 24 

hours.  The preculture was used to inoculate a second culture which was grown for a 

further  24  hours.   The  bacteria  were  harvested  between  late  exponential  and  early 

stationary phase. The cells were centrifuged for 15 minutes at 10,000 RPM (Beckman, 

model J2-21 Centrifuge).  The solution used to coat a mica surface for use in the SFA 

was prepared by first washing the cells in 15 mL of a minimal salts media (MSM, 0.15g 

NH4H2PO4, 0.1g K2HPO4, 0.00041g FeSO4·7H2O, 0.05g MgSO4·7H2O in 100 mL water) 

to remove extracellular  material  and organic media components.  The cells  were then 

centrifuged and resuspended in another of MSM. The ionic strength and pH of the MSM 

were 0.061 M and 6.6 respectively.  The MSM did not contain a carbon source in order to 

eliminate  changes  in  the bacteria  due to  growth during the force  measurements.  The 
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concentration of cells in the deposition solution was 108 cfu/mL. One of the mica samples 

was placed in 15 mL of bacterial solution for 1 hour, carefully removed and dried on an 

incline in a laminar flow hood with the cylindrical axis oriented in the direction of the 

incline.  The three phase contact line moved from the top to the bottom of the surface 

depositing  bacteria  at  the  drying  front.  In  order  to  increase  the speed  and hence  the 

deposition rate a Kimwipe was gently placed into contact with the side of the silica disc 

at  the  lower  edge  of  the  surface  thus  employing  capillary  action  to  remove  excess 

bacterial solution.  The total drying time was approximately 1 minute.  This procedure 

produced  incomplete  patterned  monolayer  bacterial  films  which  are  more  generally 

known as cellular films12.  This is important since complete bacterial films do not allow 

sufficient light passage for SFA measurements.  Patterned formation may also be useful 

in SFA experiments employing non-transparent films such as oxide and metal films.

Force Measurement

The three reference contact wavelengths form the basis for all absolute distance 

and refractive  index measurements.   After  these  wavelengths  are  recorded the  upper 

surface  mounted  on  a  piezo  electric  crystal  is  removed  and  coated  with  bacteria  as 

described above.  A diagram of the orientation of the upper surface in the sample holder 

is made so as to ensure near the same orientation after the coating process.  After the 

reference contact wavelengths in air are measured, the optics such as the mirror which is 

under the SFA and the prisms which direct the light into the spectrometer are not touched 

(contact wavelength can be different by moving these optics).  After the  bacterial coated 

113



surface is returned to the SFA, the surfaces are left separated and the system is allowed to 

equilibrate for several hours.

Following equilibration the surfaces are brought into contact and three contact 

wavelengths which are labeled pλ , 1−pλ  and 2−pλ  are measured.  p denotes the number of 

fringes past the first fringe position in the reference contact. Using the reference contact 

wavelengths  and  these  three  contact  wavelengths  in  the  equations  for  a  three  layer 

symmetrical  interferometer  it  is  possible  to  determine  the  distance  between the  mica 

surfaces which corresponds to the bacterial film thickness.  The refractive index obtained 

from the measurement is “1”, because the light corresponding to the portion of the fringe 

used  for  measurement  passes  through  the  air  gap  between  bacterial  patches  in  the 

incomplete film.   The force between the surfaces is determined from the deflection of the 

cantilever spring and the application of Hooke's Law.  The spring constant which was 

0.116N/m  for  this  experiment  varies  slightly  between  experiments  due  to  slight 

differences in assembly during system setup and is measured after each experiment.

RESULTS AND DISCUSSION

Image

Figure 1 shows a portion of the incomplete honeycomb patterned film formed 

through evaporative deposition as described above.  The contact zone is near the center of 

this image.  The film is very uniform in terms of hole density over millimeter distances. 

Our previous work details the formation of incomplete two dimensional patterned cellular 
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films such as the one produced in this work.  While it is easy to prepare incomplete films 

surface coverage can vary between experiments and sometimes within samples.   It  is 

possible to view the contact zone through the microscope on the top of the SFA.  Figure 2 

shows the  contact  zone  as  viewed through the  microscope  containing  a  filter  in  the 

eyepiece.  Besides viewing the film it is also possible to see concentric interference rings 

known as Newton's rings which encircle the center of the contact zone thus allowing a 

direct  determination  of  the  area  of  the  bacteria  film involved  in  the  bacteria-surface 

contact.   Finding  this  pattern  requires  much  effort  because  of  the  thickness  of  the 

bacterial film. Thus, it is easier to find the contact zone for a low density film compared 

to a high density film.  In this particular case the large holes in the film near the contact 

zone simplified the process since the Newton's  rings are  easily viewed in these bare 

regions.  In many cases, finding a good contact position (where bacteria film coverage is 

low enough)  can  take  a  number  of  hours.   Thus,  one  needs  to  have  a  relaxed  and 

comfortable mind before and while searching for an appropriate contact area for force 

measurements.

Figure 3 shows the fringes of equal chromatic order imaged with the surfaces in 

contact.  Bright regions correspond to regions of the surface not covered by bacteria or in 

other words the holes in the film.  The dark regions or discontinuities correspond to the 

bacterial  patches.   The  breaks  in  the  fringes  exist  because  of  the  difference  in  the 

refractive index of the bacteria which is approximately 1.35 compared to the refractive 

index of the air gap which is 1.00.  On careful inspection it is possible to see a shadow 

fringe which accompanies each bright fringe.   The components of the shadow fringe 
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correspond to the breaks in the brighter fringe and are due to the light transmitted through 

the bacterial regions.  The reason they are so much dimmer is because intensity of light 

which is able to pass through bacterial film is smaller than that able to pass through air. 

The reason the fringes appear offset is due to the difference in the refractive indices of the 

bacteria and the air gap.  Figure 4 shows the inhomogeneous three-layer interferometry 

system and demonstrates how the passage of light through the film composed of discrete 

regions (bacteria and air) with different refractive indices leads to breaks in the FECO 

fringes.  Different width in arrows indicates the different light intensity passing mica-air-

mica or mica-bacterial film-mica, where  Light(i) is the incident light,  Light(o) is light 

passed through air, and Light(t) is the light transmitted by the bacterial film.

If the film was completely covered by bacteria the fringes would only be as bright 

as the shadow fringes here and thus would be very difficult to see.  Additionally, the 

brightness and contrast in this digital image have been adjusted to display the maximum 

amount  of  information.   Another  option  for  using  complete  films  is  to  reduce  the 

thickness of the silver layers which form the interferometer in order to allow passage of 

more light.  This however has the disadvantage of broadening the fringes and reducing 

resolution.

Force measurements

Figure 5 shows a series of force-distance curves measured as a function of time 

after the bacterial coated surface was removed from the deposition solution and allowed 

to dry.  The force measurement begins with the surfaces out of contact.  As the surfaces 
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approach the force increases indicating contact between the bacterial film and the bare 

mica surface.  The measured distance is the absolute distance between the mica surfaces 

and in the non-zero force region this corresponds to the thickness of the bacterial layer at 

the center of the contact zone.  The film is compressed slightly as the separation 

continues to decrease and then the process is reversed as the surfaces are pulled apart. 

Adhesion is measured as a negative force as the surfaces are separated.  In force profiles, 

closed symbols are advancing and open symbols are receding force profiles.  

The absolute distance between the surfaces at the onset of a detectable force is 

between 390 and 465 nm.  This can be taken as measure of the thickness of the bacterial 

layer.  AFM images of the contact area (Figure 6) verify that film heights near 400 nm 

are  consistent  across  the  film.   The  force  curves  are  not  smooth.   There  are  steps 

indicating a process in which successive repulsive barriers are overcome as the surfaces 

are compressed together.  On retraction a similar sequence of steps is seen although there 

is hysteresis between the advancing and receding curves indicating local adhesion.  For 

days 2 through 10 the force curves shift to the right as a function of time.  This is likely 

due to surface modifications which occur as the surfaces are contacted and then pulled 

apart.  It is possible that a portion of the cell membrane adheres to the bare mica surface 

strongly enough that it is detached as the surfaces are pulled apart.  If the bacteria are wet 

enough it is plausible that the membrane could adjust to compensate for the disruption. 

On subsequent  approach the measured thickness increases.   The total  increase in  the 

surface separation at which a measurable force is detected is 75nm over the 9 days of 

measurements.  It is not possible without direct observation of the contact area during the 
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measurements to determine if this increase applies to a large part of the contact area or to 

a more localized patch of bacteria.  The two largest single shifts to the right between 

sequential  force  measurements  are  20nm  which  is  a  reasonable  length  for  a 

lipopolysaccharide molecule which is the primary component of the outer membrane. 

Interestingly, all other shifts are less than 10nm.  After day 10 shifts in the force curves 

are both to the left and right but in general are much smaller than those measured in the 

first  ten  days  suggesting  a  steady  state  has  been  reached  with  regard  to  film 

reorganization.  It is possible that this also marks a change in moisture conditions as it is 

expected the film should be more pliable when it is wet.

Elastic modulus

A key property important for understanding the material strength and robustness 

in dynamic environments such as are found in biofilms is the elastic modulus.  A plot of 

stress versus strain yields an elastic modulus as the slope.  With the current technique 

there is no direct measurement of the area in contact during the force measurements.  The 

quantity measured is the distance between the mica surfaces which corresponds to the 

film thickness.  If we view the bacterial layer as a homogeneous coating on a sphere in 

contact  with a  flat  surface Hertz  contact  mechanics can be used to extract  an elastic 

modulus.   An  assumption  is  that  only  the  film  is  compressed.   In  other  words  the 

underlying mica, silver, glue and silica disk composite is much harder than the bacterial 

film.  This is supported by the fact that the fringes maintain the same shape during the 

force measurements indicating no underlying deformation in the composite material.  In 
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order to calculate the stress it is necessary to estimate the bacteria-surface area in contact. 

According to Hertz contact mechanics 

Ra δ=2 (1)

Where a is the radius of the contact zone and δ is the decrease in film thickness due to the 

compression.   An  undeformed  film thickness,  D,  is  determined  from the  onset  of  a 

positive measured force in the force profile.  R is the radius of curvature of the sphere 

which for crossed cylinders is the geometric average of the two radii of curvature which 

in this case is 1.489cm.  Employing Hertz theory the stress at the center of the contact 

zone is 1.5*F/A.  The elastic modulus, K, is given by

D
K

R
F

A
Fstress δ

θ π δ
=== 5.15.1 (2)

A factor  θ multiplies  the  area  to  account  for  the  fact  that  the  surface  is  not 

completely covered.  For this data set θ is estimated to be between 0.33 and 0.5.  Figure 8 

shows stress versus strain data for day 13.  The elastic modulus is 715 for θ = 0.5 and is 

1073  for  θ =  0.33.   This  is  consistent  with  elastic  moduli  determined  from  AFM 

indentation  experiments  on  individual  bacteria.   Figure  9  show  the  elastic  moduli 

determined from the force curves as a function of time.  Only the data for  θ = 0.33 is 
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shown.  If the first point is not included the elastic constant obtained by averaging the 

remaining values is 1300 kPa.

CONCLUSION

P. aeruginosa PAO1 was coated on mica, then force measurements between a P. 

aeruginosa PAO1 coated mica surface and a bare mica surface were carried out.  The 

bacterial  film  was  an  incomplete  patterned  film  produced  through  an  evaporative 

deposition  process.   The  patterned  bacterial  film  caused  the  FECO  fringes  to  be 

discontinuous due to the difference in refractive index between the bacteria and air.  The 

film thickness was approximately 400 nm.  The fringes shifted to the right during days 2 

through 10 likely due to  film modification but  reached a  steady state  with regard to 

thickness (~440 nm) after day 10.  Hertz contact mechanics theory was used to estimate 

the area in contact and the applied stress at the center of the contact zone.  An elastic 

modulus of  ~ 1300 kPa was determined for  this  film which is  very similar  to  AFM 

indentation measurements.
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FIGURE LEGENDS

1. Optical microscope image of a portion of the bacterial patterned film on mica.

2. Newton’s ring after coating bacterial film.

3. Fringes of equal chromatic order imaged with the surfaces in contact.

4. Schematic diagram of inhomogeneous three-layer interferometer showing how 

FECO fringes show broken shape.

5. Advancing and receding force curves as a function of time.

6. Composite AFM image of a portion of the contact zone.  .

7. Hertz  contact  mechanics  theory  for  a  sphere  in  contact  with  a  flat  surface 

(equivalent to crossed cylinders).

8. Stress(kPa) vs strain for advancing force curve data from day 13.

9. Elastic moduli determined from the force curves as a function of time.
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Figure 1. Optical microscope image of a portion of the bacterial patterned film on mica. 

The darker color corresponds to the bacteria whereas the lighter color corresponds to the 

bare mica surface.  The scale bar is 200 µm.
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Figure 2.  Bacteria coated surface observed through the microscope in the SFA under 

monochromatic light.  A series of concentric rings known as Newton's rings are visible as 

indicated by the arrows.  The center of this system of rings is the center of the contact 

area which is encircled by the blue circle drawn based on the Newton's rings.  The blue 

circle is present to aid the eye not to define the limit of the contact area.
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Figure 3. Fringes of equal chromatic order imaged with the surfaces in contact.  Bright 

regions correspond to regions of the surface not covered by bacteria or in other words the 

holes in the film.  The dark regions or discontinuities correspond to the bacterial patches. 
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Figure 4. Schematic diagram of inhomogeneous three-layer interferometer showing how 

FECO fringes show broken shape, where 

Y =  total thickness of silver and mica

μm, μb and μa = refractive index of mica, bacteria and air, respectively

Light(i) = Incident light

Light(t) =  Transmitted light with reflection by bacteria

Light(o) = Transmitted light without reflection
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Figure 5. Advancing and receding force curves as a function of time.  Measurements 

conducted on days 2 through 10 are in the upper plot and measurements on days 11 

through 18 are in the lower plot.
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Figure 6. Composite AFM image of a portion of the contact zone.  The center of the 

contact zone as marked with the crossed lines was determined from the Newton’s rings. 

The outer  circle is  present  only to  guide the eye and is  not  definitively marking the 

contact zone.
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Figure 7.  Hertz contact mechanics theory for a sphere in contact with a flat surface 

(equivalent to crossed cylinders).
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Figure 8.  Stress(kPa) vs strain for advancing force curve data from day 13.  Hertz contact 

mechanics theory was employed to estimate the area in contact and to calculate stress. 

The slope is the elastic modulus, 1073 kPa.
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Figure 9.  Elastic moduli determined from the force curves as a function of time.  Only 

the data for q = 0.33 is shown.  If the first point is not included the elastic constant 

obtained by averaging the remaining values is 1300 kPa..
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ABSTRACT

Bacterial adhesion is the first step in biofilm formation which impacts numerous 

environmental, industrial and medical processes.  Examples of undesirable consequences 

of biofilm formation include metal rust, sewage sludge and bacteria-related diseases. 

Desirable consequences are biofiltration and bioremediation.  Bacteria are resilient and 

can survive in harsh environments.  A severe stress is desiccation since dehydration can 

damage DNA and change the properties of proteins.  Some bacteria protect against 

dehydration by accumulating sugars such as sucrose and trehalose while others undergo a 

transformation from an active to a dormant state.  Evaporative deposition of bacteria on a 

surface shows that some bacteria aggregate to form two dimensional patterns which may 

be important for nutrient sharing and survival in dry conditions1.  Since bacteria are 

increasingly being employed as components in biosensors and biofilm reactors, it is 

important to understand the material properties of bacteria in dry conditions for these 

applications.  For a decade, Atomic Force Microscopy (AFM) has been the primary tool 

used to study the adhesion and elastic properties of individual bacteria.  In this work we 

show it is possible to use a Surface Forces Apparatus (SFA) to measure elastic and 

adhesive properties of small collections of surface bound bacteria.  The measurements are 

conducted with incomplete, patterned bacterial films and we have developed a protocol to 

image the contact area with AFM after the experiment. Using the SFA, we measured the 

force profile between a P. aeruginosa PAO1 film and a bare mica surface.  P. aeruginosa 

PAO1 is a ubiquitous gram-negative soil bacterium and is also an opportunistic pathogen. 
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We repeated the measurement in the same contact position for six days to determine the 

effect of desiccation on the film material properties.
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INTRODUCTION

Bacterial attachment and survival on surfaces is important for understanding 

biofilm formation, transport of pathogens in the subsurface and disease transmission.  For 

several decades, many groups2-5 have worked to understand the mechanisms responsible 

for bacterial adhesion to surfaces.  Individual bacterial cells can be probed with atomic 

force microscopy (AFM).  Recently, Razatos and Ong et al.5 directly measured the force 

between AFM cantilevers with silicon nitride (Si3N4) tips and bacteria attached to flat 

glass and mica substrates.  In this study we developed a methodology to use a Surface 

Forces Apparatus (SFA) to measure forces between an incomplete bacterial monolayer 

and a mica surface.  The force profiles are used to discuss and interpret changes in the 

biofilm due to desiccation.

EXPERIMENT

Experiments were carried out using a modified Mark IV SFA6 with two 

muscovite mica surfaces mounted as facing, crossed cylinders. One surface was coated 

with a bacterial film as described below. The lower surface was mounted on a flexible 

double cantilever spring [k ~ 147 N m-1], and the upper surface was mounted on a 

cylindrical piezoelectric crystal, the expansion of which controls the surface separation 

with an accuracy of 0.1 nm. Coarse surface separation was controlled directly with a dc 

motor on the translation stage attached to the lower surface, and fine control was 
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achieved with the piezoelectric device attached to the upper surface. The mica (S & J 

Trading, NY) which had been cleaved into molecularly flat sheets (2-6 μm thick) and 

then back silvered was glued to cylindrically polished silica disks using an epoxy resin 

(Epon 1004, Shell Chemical Co.). The interferometer formed by the back-silvered 

surfaces transmits only certain discrete wavelengths that are passed through a diffraction 

grating and observed directly with an eyepiece as fringes of equal chromatic order at the 

exit slit of the spectrometer. The fringes allow measurements of the surface separation 

and refractive index of the medium between the surfaces.6  Before coating one surface 

with bacteria, the contact fringe positions of the untreated mica surfaces were recorded 

for reference.

P. aeruginosa PAO1 was precultured in 30 ml R2B (Difco Laboratories, Detroit 

MI) at 24 oC in ambient air for 24 h. The preculture was inoculated (0.1% v/v) into fresh 

medium and grown for 24 h at which time the bacteria were between the late exponential 

and early stationary phase of growth.  The cells were harvested by centrifuging for 15 

min at 10,000 RPM (Beckman, model J2-21 Centrifuge). They were then washed once in 

15 ml of a minimal salts media (MSM, 0.15g NH4H2PO4, 0.1g K2HPO4, 0.00041g 

FeSO4·7H2O, 0.05g MgSO4·7H2O in 100 mL water) to remove extracellular material and 

organic media components.  The washed cells were centrifuged and resuspended in 15 ml 

of fresh MSM.  The ionic strength and pH of the MSM were 0.061 M and 6.6 

respectively.  The MSM did not contain a carbon source in order to eliminate growth 

related changes in the bacteria during the force measurements.  This protocol resulted in a 

reproducible solution of cells at a concentration of 108 cfu/ml.  One of the mica samples 
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was placed in the bacterial solution for 1 hr, carefully removed and dried on an incline in 

a laminar flow hood with the cylindrical axis oriented in the direction of the incline.  The 

three phase contact line moved from the top to the bottom of the surface depositing 

bacteria at the drying front.  In order to increase the speed of the contact line and hence 

the deposition rate a Kimwipe was gently placed into contact with the side of the silica 

disc at the lower edge of the surface thus employing capillary action to remove excess 

bacterial solution.  The total drying time was approximately 1 min.  This procedure 

produces incomplete patterned monolayer bacterial films which are more generally 

known as cellular films.7  This is important since complete bacterial films do not allow 

sufficient light passage for SFA experiments.  Figure 1 shows a portion of the film used 

in the experiment discussed below.  At the end of the experiment, the sample was 

removed from the SFA and SFA contact area, with the aid of a digital picture, was 

imaged using AFM.

DISCUSSION

Film formation

The left panel of Figure 1 shows a portion of a typical incomplete bacterial film 

used in SFA experiments.  The bacteria appear dark and the mica surface appears light. 

Individual Bacteria (~1 µm length) are not visible in this image.  The arrow indicates the 

direction of the drying front.  While the entire surface is patterned, in this case the pattern 

is composed of two regions with different densities separated by a sharp boundary.  This 

138



is likely due to a sudden variation in the speed of the drying front corresponding to the 

application of the Kimwipe during the drying process.  The square indicates the location 

of the contact area (diameter ~ 100 µm) corresponding to the force measurements 

discussed below.  The right panel is an AFM image of a portion of the contact area.  The 

cross marks the center of the contact area.

Force measurements

After the coated surface was inserted in the SFA chamber the system was allowed 

to equilibrate for ~ 24 h.  Following equilibration, the force as a function of the 

separation between the mica surfaces was measured at 25°C in ambient humidity (~ 

10%).  The force measurement begins with the surfaces out of contact.  As the surfaces 

approach the force increases indicating contact between the bacterial film and the bare 

mica surface.  The measured distance is the absolute distance between the mica surfaces 

and in the non-zero force region this corresponds to the thickness of the bacterial layer at 

the center of the contact zone.  The film is compressed slightly as the separation 

continues to decrease and then the process is reversed as the surfaces are pulled apart. 

Adhesion is measured as a negative force as the surfaces are separated.  

In the experiment described below advancing and receding force profiles were 

obtained in the same contact position beginning 29 h after the sample was introduced into 

the SFA chamber and continuing over a period of six days.  Figure 2(a) shows the first 

two complete force profiles measured at 29 and 37.5 h.  There is little difference in the 

advancing profiles and the shift to the left in the receding profile at 37.5 h can be 
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attributed to the higher compressive force applied in that run.  A comparison of the 

receding profiles shows no adhesion at 29 h while there is a small adhesion at 37.5 h.  In 

general little adhesion is observed throughout this experiment due to the low density of 

bacteria and significant surface roughness as verified by AFM.  Advancing profiles are 

shown in Figure 2(b) for the entire experiment.  On careful inspection it is seen that the 

profiles are not smooth but rather contain small discontinuities due to the surface 

roughness.  As the surfaces are pressed together the number of actual contact regions 

increases and the discrete regions of the film which are in contact are compressed.  In 

effect the advancing profile records the collective height distribution of the roughness 

features.

Thickness compressibility, K, was estimated from the force curves by using the 

relationship, K = σ/ΔD/D where ΔD is the film compression and D is the film thickness 

estimated from the onset of the repulsive force.  As a force approximation, the stress at 

the center of the contact (σ) and the area of the contact were estimated by applying the 

Hertz model.  Since the film is incomplete the calculated area in contact was reduced by a 

factor estimated from the optical image of the contact zone.  For all force measurements, 

the initial increase in force corresponds to a thickness compressibility on the order of 300 

to 500 kPa.  This is in the same order of magnitude as the compressibility measured by 

Arnoldi et al.8 of 85-150 kPa and Touhami et al.9 of 600 kPa.  For the measurement at 

148hr the force increases suddenly at a film thickness of ~425 nm.  The thickness 

compressibility estimated from this part of the curve is approximately 4 MPa which is an 

order of magnitude higher than the initial compressibility.  This is similar to the value 
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measured by Touhami et al.9 on a S. cerevisiae bud scar.  It is not clear what causes the 

sudden change in slope in our force curves.  It is possible there is a sudden increase in the 

number of bacteria in contact.  Another possibility is that the initial increase in force 

corresponds to a flattening of the film bacteria which changes the shape of the bacterial 

envelope and removes roughness and the steep increase occurs when the cell resists 

further shape change.  Further work will be needed to clarify this. 

The advancing profiles for 37.5 (filled circles) and 52 (filled squares) h are 

compared in Figure 3(a).  In the third measurement at 52 h, the force profile is shifted to 

the right by ~10 nm.  This suggests an increase in film thickness and is likely due to a 

physical modification of one or more regions of the contact zone.  A small jump (step) to 

the left at a distance of 475 nm is prominent in both profiles revealing that this surface 

feature is consistent between these two measurements, however, for the 52 h profile a 

greater force is required to compress the film to the same distance.  This suggests that one 

or more of the higher film features which are subjected to the most pressure during the 

compression at 37.5 h is slightly modified in such a way that its height is increased 

requiring more force to reach the same film thickness at 52 h.  To demonstrate this more 

clearly the 52 h profile was shifted along the y-axis by -0.8 mN/m to coincide with the 

37.5 h curve (open squares).  The shift shows that the two profiles are very similar with 

the major difference being an additional step in the 52 h profile at 490 nm.  

In addition to physical modification which may produce shifts in the force profiles 

to the left or the right it is also possible that the film thickness uniformly decreases due to 

water loss as the bacteria respond to the desiccating conditions.  This will result in a shift 
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in the profile uniformly to the left.  This is the case for the profile at 102 h which appears 

to the left of the profile at 89 h (see Figure 3(b)).  Alignment of the profiles was achieved 

by shifting the 102 h curve to the right by 9 nm.  The agreement is particularly good at 

separations between 440 and 470 nm.

In most cases it was possible to achieve good alignment between sequential force 

measurements by shifting one of the profiles along the x or y axis by a uniform 

increment.  Shifts along the x-axis to smaller separations correspond to uniform 

shrinkage of the film.  Since adhesion does not increase the shrinkage is likely due to 

water loss.  The mechanism causing the water loss may be either mechanical 

perturbations resulting from the compressive force or equilibration processes in the film 

due to desiccation.  Shifts along the y-axis appear to correlate with physical modifications 

of the film.  Figure 4 shows the adjustments in the x and y coordinates applied in order to 

align sequential force curves.  For instance at the time point 52 h, a shift of -0.8 mN/m 

along the y-axis is required to align the 52 h profile with the 37.5 h profile, as was 

explicitly shown in Figure 3.  This suggests the possibility of using force measurements 

to separate film changes resulting from physical modification due to mechanical 

perturbation from those due to water loss as the film responds to desiccating conditions. 

The exception was the force profiles from 102 and 125 h.  It was not possible to compare 

these profiles using a simple shift along an axis.  The reason for this is that there was a 

substantial barrier to compression at large separations that was not overcome during the 

force measurement (Figure 2).
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CONCLUSIONS

A protocol to use SFA to study bacterial adhesion and elasticity has been 

developed.  In these initial studies force profiles were measured on patterned P.  

aeruginosa PAO1 monolayer bacterial films.  The force profiles reflect the height 

distribution of roughness features.  Changes in the force profiles with successive 

measurements in the same contact location can be attributed separately to physical 

modification and uniform shrinkage likely caused by water loss.  Further work to link 

force profiles with the surface roughness distribution as detected with AFM will allow 

quantitative determination of elasticity properties of monolayer bacterial films. 
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FIGURE LEGENDS

1. Optical microscope image (left) of the patterned cellular film used in the SFA 

experiment and an AFM image of a portion of the contact zone (right).

2. (a) Advancing (closed symbols) and receding (open symbols) forces between the 

bacterial film and a mica surface for 29 h (squares) and 37.5 h (circles).   (b) 

Advancing  forces  for  days  1  to  6.   Forces  are  normalized  by  the  radius  of 

curvature of the mica surfaces, R, which is 2 cm.

3. Comparison  of  advancing  profiles  at  37.5  and  52  h.   Open  symbols  show a 

mathematical vertical shift of the 52 h curve by -0.8 mN/m.

4. Comparison  of  advancing  profiles  at  89  and  102  h.   Open  symbols  show a 

mathematical horizontal shift of the 102 h profile by 9 nm.

5. Shifts along the distance axis and the F/R axis required to align sequential force 

profiles.   A positive shift  along the distance axis  indicates uniform shrinkage 

whereas  a  shift  on  the  F/R  axis  corresponds  to  physical  modification  of  the 

bacterial surface.
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Figure 1
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Figure 2
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Figure 3
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Figure 4.
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