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ABSTRACT 
 

Coldren, Faith M. 
 

THEORETICAL AND EXPERIMENTAL ATOMIC FORCE MICROSCOPY 
INVESTIGATIONS OF STAPHYLOCOCCUS AUREUS 

 
Dissertation under the direction of David L. Carroll, Ph.D., Associate Professor of 

Physics 
 
 Staphylococcus aureus causes many infections that affect the human population. The 

majority of infections are caused by S. aureus strains that express either serotype 5 or 8 

capsular polysaccharides. Atomic force microscopy (AFM) was used to investigate three 

serotypically different S. aureus strains, two of which express capsular polysaccharides, 

in air and phosphate buffered saline. Adhesion and compliance were determined through 

normal force spectroscopy measurements on individual bacteria. Non-specific adhesion, 

in both air and solution, was higher for a clinically isolated serotype 8 strain, than a 

capsule negative strain or serotype 2 strain. After removal of capsular polysaccharides, a 

lower adhesive force was measured by AFM for the strains that express capsular 

polysaccharides. Therefore, greater non-specific adhesion could be a virulence factor. 

Theoretical calculations were carried out to develop a fundamental understanding of the 

nature of the AFM-bacterial measurements for bacteria expressing capsular 

polysaccharides. Compliance calculated from normal force spectroscopy measurements, 

using a two spring model, showed that the clinically isolated serotype 8 strain is more 

compliant than the non-capsulated strain and serotype 2 strain. The two spring model is 

not applicable in the non-linear force versus displacement regime, and surface forces 

were not able to account for the long range repulsive behavior. Neither surface forces nor 

steric forces explain velocity dependence.  A force curve model was developed by 



 x 

expanding the two spring model to a four spring model to account for extracellular fluids 

by considering them as fluids undergoing squeeze flow. The four spring model was 

validated theoretically with a more complex, two-dimensional Newtonian and 

viscoelastic (Phan-Thien Tanner) finite element model.  The models were capable of 

predicting force curves, and experimental force curves with tipless cantilevers suggest 

that a viscoelastic description more accurately describes the results. The results presented 

in this dissertation suggest that mechanically characterizing bacteria may provide insight 

into infection pathology. 
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CHAPTER I 

INTRODUCTION
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Staphylococcus aureus 

 

 A common bacterial culprit involved with infection and displaying broad 

spectrum antibiotic resistance is Staphylococcus aureus.1 S. aureus is a Gram-positive 

bacterium with a spherical shape that is present alone or in grapelike clumps (Figure 

1.1A) and can grow in a variety of oxygen conditions and over a large temperature 

range.2 The typical golden color observed in the colonies, which measure 1-3 mm, is due 

to the presence of carotenoids.3 The major areas of an individual S. aureus cell are the 

cytoplasm, membrane, and peptidoglycan, also known as the cell wall. Cell wall, in 

general, is a structural component that consists of glycan strands with peptide crosslinks 

and has pores with a diameter of 2.2 nm.4 Staphylococcal cell wall is typically 85-90 % 

crosslinked, much more than Gram-negative bacteria.5 The cell wall maintains the 

structure of bacteria against turgor pressure. Other components are incorporated within 

the membrane and peptidoglycan. Water soluble teichoic acid can be covalently anchored 

to the cell wall or membrane and gives a negative charge to the surface. Also present on 

the surface are cell wall associated proteins. A thorough treatment of bacterial cell wall is 

provided in ref. [4]. Bacterial surface proteins that bind with high specificity and affinity 

to host proteins in the extracellular matrix have been given the name microbial surface 

components recognizing adhesive matrix molecules, MSCRAMMs, which recognize 

fibronectin, collagen, laminin, vitronectin, thrombospondin, elastin, bone sialoprotein,  

and fibrinogen.5, 6 
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Figure 1.1  Scanning electron micrograph of S. aureus (A). Transmission electron 
micrograph of S. aureus (B). The presence of a cross wall in the cell shown in the 
transmission electron micrograph demonstrates that the cell was in the process of 
dividing. Cells that are not in the process of dividing do not have a cross wall. 

 

 

S. aureus is implicated as a causal agent in a variety of infections, and the 

occurrence of these infections continues to rise along with increasing resistance to 

antimicrobials in both humans and livestock populations.7-9 In cattle, S. aureus is a cause 

of mastitis which is very difficult to eradicate once established and causes a reduction in 

milk yield.10 Infections in humans caused by S. aureus include bacteremia, endocarditis, 

pneumonia, septic arthritis, osteomyelitis, skin infections, metastatic infections, sepsis, 

toxic shock syndrome, and food poisoning.7 S. aureus infections account for the majority 

of hospital acquired infections and increase the average cost of hospitalization.3 

However, infections are increasingly acquired outside of hospitals. Around 10-20% of 

healthy individuals are persistently colonized with S. aureus, mainly in the nasal 

openings and face area.2, 3, 8 Colonization does not necessarily lead to an infection, but 

can be the first step of an infection. Perhaps, even scarier, has been the tendency for S. 

aureus to develop resistance to all available antimicrobials.  Penicillin resistance in S. 
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aureus isolates as high as 80-93% has been described.3 In 1946 almost all strains of S. 

aureus were susceptible to pencillin.2  

The more commonly mentioned resistant strains, of late, have been methicillin 

resistant S. aureus (MRSA). MRSA was previously associated with nosocomial 

infections, but increasing is present outside of hospitals.9 Recently, community acquired 

MRSA (CA-MRSA) has been observed in several susceptible populations: children in 

daycare centers, athletic teams, Native American communities, military personnel, and 

prison inmates.3 Now, vancomycin resistance is showing up at an intermediate resistance 

level. Vancomycin resistance is associated with cell wall thickening.11 Resistance can be 

derived from the VanA resistance gene acquired from an enterococcal species.3 Even 

though in vitro results suggest vancomycin is still effective, treatment failure rates higher 

than 40% have been reported for S. aureus bacteremia. 

S. aureus possesses many virulence factors, one being capsular polysaccharides 

(CP). CP are the building blocks of the S. aureus extracellular matrix and are frequently 

associated with S. aureus infection. Collectively, there are at least eleven 

immunologically distinct strains of S. aureus, five have chemically characterized CP and 

surface polysaccharide.12, 13 Encapsulated S. aureus are categorized into two groups: 

mucoid and microencapsulated. Mucoid strains, serotype 1 and 2 were shown to be more 

virulent than microencapsulated strains, but mucoid strains are rarely isolated 

clinically.12, 14 Two microencapsulated strains, serotype 5 and 8, account for the majority 

of S. aureus isolates from humans and livestock.12, 14, 15 One study demonstrated that the 

remainder of clinically isolated strains were typeable as 336 PS.16 Type 336 PS expresses 

a cell surface polysaccharide, but has lost the ability to express CP.13 Production of CP in 
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quantities similar to mucoid strains masked cell wall specific complement,17 but 

phagocytosis occurred with CP specific antibodies due to distribution throughout the 

capsule.17, 18 CP5 negative mutants had similar virulence as CP5 parent strain suggesting 

that presence of CP for microencapsulated strains does not increase virulence.19 

Additionally, CP5 expression is heterogeneous within a bacterial population and reduced 

S. aureus adhesion to endothelial cells.20 The role of CP in infection on 

microencapsulated strains is perplexing. 

Several studies have addressed the ability of CP to act as a permeability barrier to 

antimicrobial agents.21-24 Mucoid S. aureus, serotypes 1 or 2, displayed time dependent 

killing by disinfectants, on the order of 10 minutes.21 In a separate study, non-mucoid 

CP5 and CP8 expressing S. aureus did not show greater resistance than CP negative 

strains to several antibiotics and biocides.25  

S. aureus infectivity and invasiveness is influenced by expression of virulence 

factors. Expression of CP is dependent on environmental conditions. Growth on a solid 

surface in vivo or in vitro enhanced expression of CP for serotype 8 and serotype 1, but 

enhanced CP expression did not increase virulence.26 The mucoid strain was more 

virulent than serotype 8. 

 Exposure of CP8 S. aureus to the interior of an osteoblast for 12 h yields 

bacterial cells that are resistant to erythromycin, clindamycin, and rifampin.22  Antibiotic 

resistance developed by S. aureus was correlated with a possible structural change in the 

extracellular matrix/capsule, as observed by TEM. Structural changes accompanied by 

antibiotic resistance may be due to changes in CP physical properties. Clearly, the surface 

properties of the particular strain of S. aureus permitted sufficient interaction between the 
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bacterium and osteoblast. Internalization of other strains of S. aureus has not been 

demonstrated. 

The importance of S. aureus infections is emphasized by the ongoing efforts to 

develop an effective therapy. CP 5 and 8 and PS 336 have been investigated as a vaccine 

under the name StaphVax by Nabi Biopharmaceuticals. However, in two Phase III 

clinical efficacy trials reduction of S. aureus bacteremia was not observed, and clinical 

trial development has ceased until completion of further assessment.3 An independent 

study funded by Nabi Biopharmaceuticals of the adjunctive therapy Altastaph, a 

polyclonal human immunoglobulin G with high levels of antibody to capsular 

polysaccharide 5 and 8, suggested that Altastaph was maintained at an effective 

preventative concentration for at least 28 days and appeared to be safe for use in humans, 

giving rise to mild to moderate side effects.27 Reasonable treatments have not been 

developed, and in the more severe cases, treatment options can dramatically decrease the 

quality of life for a patient. Characterization beyond what has been completed will aide in 

understanding infection pathogenesis and may provide information for developing a 

therapeutic. 

 

Atomic force microscopy of S. aureus 

 

 AFM28 is used more and more to characterize bacteria that are important to the 

human population. In the past, studies have been biochemical in nature. High-resolution 

images, comparable to those of a scanning electron microscope, are obtainable with 

minimal sample fixation and staining. Fixation has been shown to alter the mechanical 
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properties of bacteria29 and cells.30 AFM is a non-destructive and dynamic technique that 

makes possible investigating individual bacteria. Topographical images of bacteria and 

single molecule studies are possible. Details of the AFM set up and operation are covered 

in several texts.31-33 Working on hard surfaces in air is usually straightforward, unless 

atomic resolution is desired. However, using AFM to investigate soft systems, especially 

cells is more difficult. The various problems associated with AFM of bacteria will be 

discussed first, followed by a review of AFM investigations of S. aureus. 

In order investigate bacteria with AFM, bacteria must be immobilized on a 

surface. Working in air does not provide a problem. Air drying a suspension of bacteria 

provides sufficient immobilization. However, capillary forces will be present and can 

vary with relative humidity.34, 35 Properties can be different in air than in solution.36 

Polysaccharides have been shown to collapse onto the bacterial surface,37 and overall 

stiffness was higher in air than in an aqueous buffer.36 Working in solution mitigates 

large capillary forces, and solution is a natural environment for bacteria. However, 

imaging in solution can reduce image quality.29 Several bacteria have appendages that 

permit motility. Thus, they could move out of the area of investigation. S. aureus does 

not have any appendages, and thus this is not a problem. However, there is a problem 

with adherence to a surface since S. aureus does have the ability to grow in biofilms. 

Phenotype has been shown to vary for biofilm growth versus planktonic growth of S. 

aureus.38, 39 Thus, growth directly on a substrate will not be representative of S. aureus 

state in the human body for some types of infections. Various immobilization techniques 

have been developed, such as covalently attaching bacteria to a surface,40 filtering a 

suspension and then imaging the bacteria that plug the holes,41 or using a polymer coated 
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surface (e.g. polyethyleneimide or poly-L-lysine).31 Microscope slides without any 

preparation have been used. However, the low surface density of bacteria would require 

long working times to locate a bacterium without the aide of an inverted microscope. 

Thus, the immobilization techniques provide higher bacterial densities allowing operation 

on a time scale under which the bacteria can be expected not to change phenotypically. 

 There have been various AFM topographical investigations of S. aureus. Touhami 

et al. investigated morphological cell wall changes and adhesion differences during 

division, discovering that newer portions of the cell wall display polymer extension 

behavior with maximum adhesion forces of approximately 375 pN.42 Boyle-Vavra et al. 

demonstrated that vancomycin resistant S. aureus have two or three septa, while 

methicillin resistant S. aureus did not display similar features.43 Multiple septa for 

vancomycin resistant strains were observed by transmission electron microscopy, also.11 

Tollersrud et al. demonstrated with tapping mode AFM that a mucoid (CP2) S. 

aureus strain was topographically distinct from a microencapsulated (CP5) strain.37 The 

mucoid strain exhibited a bumpy appearance with material visible between cells, while 

the microencapsulated strain was smoother in appearance.37 This study did not extend to 

probing the adhesive and mechanical properties of the CP. Morphological differences 

correlating with surface structure expression, polysaccharide or other, has also been 

observed for other bacteria.29 

Adhesion, and the work of adhesion, between a wild-type strain of S. aureus and 

glass and polystyrene beads was measured using a colloidal probe.44 An adhesion force 

was observed in 40% and 50% of the retraction curves for glass and polystyrene, 

respectively, with adhesion forces in the range of a few pN to more than 0.5 nN. Most of 
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the adhesion events were judged to be non-specific from the “jump from contact” shape 

of the retraction curve.  2-3% of the curves exhibited a sawtooth-like pattern, suggestive 

of specific bonding. Both the adhesion force and work of adhesion were greater for 

polystyrene than glass. 

The first AFM study of S. aureus that provides promising clinical implications 

investigated binding between a fibronection coated silicon nitride cantilever and S. 

aureus isolates from healthy individuals (control) or individuals with a confirmed cardiac 

prothesis infection (invasive).45  Multiple binding events were observed for invasive S. 

aureus strains, while a single binding event was observed for control S. aureus strains. A 

higher frequency of binding was observed on invasive isolates. Furthermore, the control 

isolates had, on average, a lower binding force than invasive isolates, and the binding 

force was successfully used to distinguish between control and invasive isolates. A small 

population of control isolates had a high frequency of binding, suggesting that the strains 

may be potentially invasive. Similarly, immunoglobulin G functionalized V-shaped 

silicon nitride probes were used to measure the binding force with protein A on S. aureus 

D2H surface.46 Sawtooth-like adhesion (64 pN) was observed, and binding was observed 

over the entire staphylococcal surface. 

In addition to AFM, optical trapping has been used to measure interaction forces 

between S. aureus and various surfaces. In a measurement very similar to a force curve 

obtained with an AFM, an optical trap was used to capture and move a single S. aureus 

cell, while separation between the bacterium and soda lime glass surface was monitored 

using evanescent wave light scattering intensity.47 Using this setup, long range repulsive 

forces were observed for Smith Diffuse S. aureus, while the capsule-free isogenic Smith 
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compact did not display such forces. The same measurement on another S. aureus strain, 

ATCC 27660, displayed similar repulsive forces in 1 mM NaCl while attractive surface 

forces allowed the bacterium to attach to the glass surface in PBS.48 In this study, the 

maximum axial force applied was 4 pN. 

 

AFM on Bacteria with CP 

 

In normal force spectroscopy experiments, vertical cantilever deflection is 

measured as function of tip-sample separation. From the resulting force versus 

displacement curve, adhesive, elastic, and viscoelastic properties of systems can be 

determined. Various types of forces can be manifested in a force curve: electrostatic, van 

der Waals, steric/electrosteric, hydrodynamic, adhesive, and deformation forces. For 

bacteria, electrostatic and van der Waals forces are explained using Derjaguin-Landau-

Vervey-Overbeek theory, modified for soft particles. When DLVO theory fails for CP 

expressing bacteria, a steric model is used to explain the results.49   

 Polymer grafted surfaces have been shown to give rise to long range forces in the 

approach curve of a force versus displacement plot. The steric repulsion model for force 

measured by an AFM probe interacting with a polymer grafted surface is modeled as an 

exponentially decaying function 

 ( )
0

23
0

2exp50 LDTRLkF
B

π−Γ=  (1) 

where kB is the Boltzmann constant, T is temperature, R is the radius of curvature of the 

AFM probe, L0 is the equilibrium thickness of the polymer, Γ the grafted polymer density 

in units of m-2 and  D is the separation between the polymer grafted surface and probe.50 
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The force equation for an AFM interacting with a polymer surface is derived from scaling 

arguments used to arrive at the force for two equal surfaces with adsorbed or grafted 

polymers.51, 52 In a set of experiments measuring forces between polymer brushes and 

AFM probes in an aqueous environment, covalently anchored polystyrene was well 

described by a single decaying exponential representative of the steric model while 

adsorbed poly(ethylene oxide)/poly(methacrylic acid) was well described by two 

decaying exponentials.50 The authors suggested lateral shifting for the case of the 

adsorbed polymer. In the case of bacteria presenting surface polymers, steric repulsion 

has been used to explain long range forces in approach curves.49, 53-55 

AFM is well suited to elucidating local adhesive properties, thereby measuring 

any heterogeneity instead of averaging over all adhesive behaviors to yield an “effective” 

value. The adhesive force is commonly used to quantify adhesion in force spectroscopy 

experiments. Adhesion force, sometimes referred to as rupture force, is the minimum in 

the retract trace of force versus displacement. For example, Touhami et al. reported 

adhesion over a new part of S. aureus cell wall and no adhesion over old portions of the 

cell wall.42 Instead of only reporting the adhesive force, the work of adhesion can be used 

to quantify adhesion. The work of adhesion is the reversible free energy change due to 

the separation of two unit areas.56  

Bacterial adhesion is commonly quantified on a macroscopic scale. One type of 

macroscopic experiment utilizes a parallel flow chamber to monitor adhesion of single 

cells, where deposition can be monitored with a phase-contrast microscope.57 Vadillo-

Rodríguez et al. attempted to reconcile microscopic and macroscopic adhesion for 

Streptococcus mitis strains by relating force-spectroscopy data to data obtained from 
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parallel flow experiments.57 These types of experiments average over the component 

properties of the system. Mechanical behavior of surface molecules has been investigated 

since the bacterial surface interacts with all other surfaces. Forces were measured 

between silicon nitride cantilevers and bacterium Pseudomonas putida KT2442, 

investigated for its use in bioremediation of substituted aromatic compounds.58  

 

Elasticity 

 

Interpretation of mechanical studies requires using mechanical models appropriate 

for the cell being investigated. Simple mechanical models for linear elasticity and linear 

viscoelasticity can be fit to force measurements or used to predict force curves. 

 A linear elastic material has the behavior in which stress is proportional to strain, 

through a constant of proportionality called the modulus. Before using AFM, mechanical 

properties of bacteria had to be investigated for a large population of bacteria at once. 

Bacterial threads of Bacillus subtilis, a Gram-positve bacterium, had a tensile strength in 

axial direction of 300 MPa and modulus of 13 GPa when dry and 13 MPa and 30 MPa 

when wet.36 

 In AFM, a bacterium can be modeled as a linear elastic spring, with a 

characteristic force constant kb. The slope of this portion is the effective force constant of 

two linear springs, cantilever and bacterium, coupled in series. Two springs coupled in 

series have an effective force constant of 

  
bceff kkk

111
+=  (2) 
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where kc is the force constant of the cantilever. A value of kb for several bacteria has been 

determined from the linear portion of the approach curve.41, 59-63A major advantage of the 

coupled spring analysis is that a contact point does not need to be chosen for completing 

analysis. However, the overly simplistic analysis does not take into account any 

geometrical effects of the cantilever or bacterium and is not able to account for the non-

linear portion of the force curve. Additionally, bacterial turgor pressure is related to the 

value of kb.41, 64-66 Therefore, osmotic conditions must be the same when comparing kb 

values. A study of E. coli and E. coli invaded by Bdellovibrio bacteriovorus very clearly 

demonstrated a correlation between increasing the ionic strength and a decreasing spring 

constant.66   

In the absence of adhesion and surface forces, geometrical effects of contact in 

force curves are accounted for in Hertz models. Hertz models assume small indentations 

on an isotropic elastic medium of infinite thickness, without adhesion.59, 67 The model 

relating force F to indentation δ originally proposed by Hertz for a sphere indenting a 

plane was extended to arbitrary geometries by Sneddon.68 The most relevant geometries 

in AFM measurements are that of a spherical, parabolic, conical, and pyramidal indenter. 

Based on the assumptions in developing the Hertz models, the applicability to cells is not 

immediately evident. For example, the bacterial cell wall in S. aureus is generally 

accepted to be 20-40 nm thick. Interior to the cell wall are different materials. Clearly, a 

bacterium is not an infinite or isotropic medium, disregarding a key assumption of the 

Herz model. In fact, there are demonstrated situations in which the Hertz model breaks 

down. Domke and Radmacher showed that thin (120 nm) gelatin films have a higher 

calculated Young’s modulus at all forces except very low, than a thick (1.1 µm) film 
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which has a calculated Young’s modulus independent of applied force when Young’s 

modulus is >20 kPa.67 The non-linear portion of the force curve is also attributed to van 

der Waals and electrostatic forces via DLVO theory or a steric interaction with surface 

polymers. 

 

Viscoelasticity 

 

Non-linearity in a force curve could arise from viscoelastic effects. Many systems 

display a combination of the two simple approximations of Hookean elasticity and 

Newtonian viscous flow. Simple models that capture the physics of the problem can be 

useful in understanding AFM measurements.  

 A standard solid model was fit to time-dependent AFM tip displacement (creep) 

on Pseudomonas aeruginosa PAO1 cells.62 Based on the standard solid model, 

experimentally observed creep was fit with the equation 

  ⎥
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where Z(t) is the piezo position as a function of time, F0 is the magnitude of the loading 

force, k1 and k2 are spring constants, and η2 is the viscosity characterizing the cell surface. 

The value of k1 was found to be the same as the linear spring constant on P. aeruginosa 

when measured with colloidal probes. A fast elastic response was observed when loading 

over 0.2 s. Creep of the bacteria was observed over a time period of seconds, and 

observed to be a delayed elastic response. These authors show force curves with both 

pyramidal probes (r = 20 nm) and colloidal probes (r = 300 nm) which clearly have 

different force versus indentation profiles, but fail to present too much support for their 
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claim that colloidal probes would be better for determining linear viscoelastic properties. 

Calculations for indentation with pyramidal probes show that the induced strain at low 

forces, as low as 20 pN, can give rise to strains outside the limit of linear elastic theory 

and that sharp probes overestimate elastic modulus.69 

Laminar flow experiments on S. aureus microcolonies, composed partially of 

polysaccharides, reveal viscoelastic characteristics in both the stress-strain curve and 

creep curve for the microcolony.70 Individual components giving rise to viscoelastic 

behavior was not determined. Indentation rate dependence was investigated on 

poly(dimethylsiloxane), where a Zener model was utilized to explore the results.71 The 

Zener model has also been applied via best fits of force curves on collapsed collagen 

networks in order to determine the relaxed elastic modulus and relaxation times for 

constant strain and stress.  

Whether or not the structural components of a bacterium display viscoelasticity, 

collections of extracellular polymers could display viscoelastic behavior on the 

appropriate time scale, as all macromolecular fluids display such complex viscoelastic 

behavior fluid, such as shear thinning.72  In a theoretical investigation of hydrodynamic 

effects during AFM imaging, fluid interior and exterior to an elastic, infinitely thin cell 

membrane were found to mimic slope changes observed on biological samples.73 Interior 

and exterior fluids were assumed to be incompressible Newtonian fluids of the same 

density and viscosity. The analysis was extended to accommodate viscosity differences in 

interior and exterior Newtonian fluids.74  

 Isolated anionic and neutral extracellular polysaccharides of Pseudomonas 

atlantica were absorbed onto cantilevers with silica spheres and silicon substrates.75 
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Force versus distance profiles supported collapse of the anionic polymer at 10-1 M KCl, 

consistent with the smaller hydrodynamic radius measured by light scattering. Neutral 

polysaccharides did not collapse and displayed adhesion. Force versus distance plots 

suggested polymer bridging for the anionic polysaccharide only. While these studies were 

not completed in situ, the result of this work demonstrates the complications of in situ 

AFM studies of bacterial exopolysaccharides. Exopolysaccharides can have a distribution 

in both charge and size. Any in situ measurements will probe all polysaccharide species 

present, and thus provide a distribution of behaviors. 
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CHAPTER II 

ENCAPSULATED STAPHYLOCOCCUS AUREUS STRAINS VARY IN 

ADHESIVENESS ASSESSED BY ATOMIC FORCE MICROSCOPY 

 

In this chapter, adhesion of S. aureus was investigated in air before and after 

removal of capsular polysaccharides. Comparison with results in Chapters 4 and 5 

demonstrates qualitatively that S. aureus is stiffer in air than in solution. 

F. M. Coldren designed and carried out AFM measurements, contact angle 

measurements, and data analysis under the supervision of D. L. Carroll. E. L. Palavecino 

assisted with bacterial culturing and manuscript editing. N. H. Levi-Polyachenko 

contributed in discussions and editing. W. D. Wagner, T. L. Smith, B. P. Smith, L. X. 

Webb, and D. L. Carroll contributed in an advisory and editorial capacity. 

This chapter is composed of the manuscript [F. M. Coldren, E. L. Palavecino, N. 

H. Levi, W. D. Wagner, T. L. Smith, B. P. Smith, L. X. Webb, D. L. Carroll. 

Encapsulated Staphylococcus aureus strains vary in adhesiveness assessed by atomic 

force microscopy. Journal of Biomedical Materials Research Part A, accepted], 

Copyright © 2008 and is reprinted with the permission of John Wiley & Sons, Inc. 

Stylistic variations are due to the requirements of the journal. The chapter was arranged 

into an appropriate dissertation format by implementing layout modifications.  
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Abstract 
 
 

Staphylococcus aureus capsular polysaccharides are believed to play a role in 

adhesion to surfaces and may contribute to their antimicrobial resistance, thereby 

increasing rates and severity of associated infections. The purpose of this study was to 

compare the adhesiveness of distinct S. aureus capsular polysaccharides to determine if 

adhesiveness was a general or specific feature across different S. aureus strains. Atomic 

force microscopy was used to confirm the presence or absence of capsular 

polysaccharides and measure adhesive forces on a non-capsulated, serotype 8, and 

serotype 2 strain of S. aureus. Serotype 8 displayed a larger range of adhesive forces (1-

19 nN) than the non-capsulated (0-4 nN) and serotype 2 (0-4 nN) strain. The majority of 

adhesive forces for serotype 8 were in the 10-15 nN range.  Removal of capsular 

polysaccharides gave a marked decrease in adhesive forces measured for serotype 8 and, 

to a lesser extent, a decrease for serotype 2. Non-capsulated, serotype 8, and serotype 2 S. 

aureus had water contact angles of 23.8 (± 8.9), 34.4 (± 2.5), and 56.7 (± 11.2) degrees 

(mean ± standard deviation), respectively. For the first time, capsular polysaccharides 

from serotype 8 (clinically common) and serotype 2 (clinically rare) were demonstrated 

to have different physical properties, which may account for variations in studies where 

clinical isolates are utilized and explain the conflict in proposed roles for capsular 

polysaccharides on S. aureus. 

 

KEYWORDS: Staphylococcus aureus, adhesion, atomic force microscopy, capsular 

polysaccharides 
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Introduction 

 

The bacterial species Staphylococcus  aureus  is an important human pathogen 

implicated as a causal agent in a variety of minor diseases as well as severe invasive 

infections. Infections such as endocarditis and osteomyelitis, generally associated with 

cardiovascular and orthopaedic device implantation, affect almost 150,000 patients per 

year in the U.S.1 The steady increase in the occurrence of antibiotic resistant organisms 

and virulence in hospital-acquired infections over the past twenty years, and more 

recently community-acquired infections, is a disturbing trend in staphylococcal 

infections.2-4 As more antibiotics are rendered therapeutically ineffective, the outcome of 

bacterial infections is more severe and treatment options become fewer, more costly, and 

can end catastrophically, in amputation or death.5,6 Therefore, new approaches to 

understanding the pathogenesis and virulence of this organism are needed in an effort to 

decrease the number of infections caused by S. aureus. 

One virulence factor of S. aureus is the ability to express capsular polysaccharides 

(CP). On individual cells, CP compose a glycocalyx which can have distinct or diffuse 

borders. Possible roles of CP in infection include mediating bacterial adherence to 

surfaces, masking surface antigens from the immune system, and promoting indolence of 

these infections.7-10  Eleven antigenically distinct S. aureus strains (serotypes) have been 

demonstrated, four of which have CP of known chemical composition.11 

Microencapsulated strains include serotypes 5 and 8 and account for approximately 75% 

of  S. aureus isolated from patients.11,12 These strains produce a layer of CP that is not 

visible by negative staining. Mucoid serotypes 1 and 2 produce a layer of CP, visible by 
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negative staining, and are virulent in mice.11 The mucoid serotypes are often stated to 

rarely be isolated from patients. However, in at least one study all serotypes other than 5 

and 8, accounting for 19% of isolates, were listed as non-typeable.12 The fraction of 

serotype 1 and 2 isolated could account for all of the non-typeable isolates or only a 

fraction. In general, all serotypes other than 1, 2, 5, and 8 are generically described as 

non-typeable. 

In the absence of proteins to which adhesins can bind or when adhesins are 

completely masked by CP, S. aureus adhesion will be non-specific and mediated by the 

surface characteristics of the bacterium. Adhesion, quantified with safranin staining, of 

20 nare isolates of S. aureus to polystyrene was shown to vary five-fold among the 

isolates; for one strain adherence was greater to silicone than polyurethane while for 

another adhesion was below detection levels.13 Transfer of S. aureus between operating 

room surfaces has demonstrated that under dry conditions, less than 50% are 

transferred.14 Even though several studies focus on surface characteristics of various 

strains of S. aureus,15,16 there has not been a microscopic mechanical surface 

characterization of this medically important pathogen. A basic characterization could lead 

to understanding the types of surfaces various strains of S. aureus will adhere to and why 

some strains are not observed clinically. 

 The increasing difficulty with treatment and increase in infections due to this 

pathogen motivates a greater understanding of virulence factors of S. aureus at this level. 

Atomic force microscopy (AFM) offers a non-destructive and dynamic technique to 

image individual bacteria expressing differing surface characteristics, without sample 

fixation.17 Deflection of a sharp probe, physically contacting the surface, during raster 
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scanning across the sample generates topographical images. AFM has two fundamental 

modes for rendering real topographical information: non-contact and contact. Non-

contact mode minimizes lateral forces on the bacterium, and thereby provides high 

resolution, real topographical information. Contact mode, while providing lower 

resolution images, is well suited for testing materials properties at the nano-scale, such as 

elasticity or adhesion, by measuring probe deflection as a function of sample 

displacement. In this manner, the adhesive properties of individual bacteria with differing 

surface characteristics can be characterized.  

The purpose of this study was to compare the surface characteristics of a non-

capsulated, serotype 8, and serotype 2 S. aureus strain. Results of topographical 

observations, adhesion before and after CP removal, and water contact angle 

measurement are correlated to understand the role of CP in adhesion. 

  

Materials and Methods 

 

Bacterial strains and materials 

All S. aureus strains used were obtained from the American Type Culture 

Collection (ATCC). Non-capsulated (non-typeable, ATCC 10832, Wood-46), serotype 8 

(ATCC 49230, UAMS-1,), and serotype 2 (ATCC 13709, Smith Diffuse) S. aureus were 

investigated. ATCC 10832 was selected because it is non-capsulated,18 while ATCC 

49230 and ATCC 13709 were selected because the CP for these serotypes have been 

chemically characterized previously and are structurally different.11 Additionally, ATCC 

49230 is a serotype that is frequently isolated from patients, while ATCC 13709 is not. 
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Strains were maintained on freezing medium (15% glycerol/85% nutrient broth) and 

stored at -70° C until use.  Bacteria were cultured on Columbia blood agar plates for 24 h 

at 37°C and subsequently refrigerated for 24 h to ensure that the bacteria were in the 

stationary growth phase, a period of maximum CP production.19-21  

Preparation for atomic force microscopy 

One to three colonies were transferred to 100 µl of deionized water and gently 

pipetted to suspend the colonies. S. aureus were immobilized by transferring 20 µl of the 

suspension to a freshly cleaved piece of muscovite mica, and only preparations in which 

the drop spread uniformly were used for experimentation.  The suspension was air dried 

for approximately thirty minutes and exposed to an argon stream to ensure adequate 

removal of excess water. S. aureus was suspended in de-ionized water instead of isotonic 

saline to prevent increases in salt concentration that would occur during drying. This 

preparation method allows for bacteria to be studied in an unsaturated, yet hydrated state, 

which is not available with critical point drying, frequently utilized in electron 

microscopy preparations. 

Atomic force microscopy 

All AFM measurements were made using a JEOL-SPM 5200 in a room with 

climate control. Temperature in the room was 20.2 ± 0.7 °C, and relative humidity was 

44 ± 3 %. Non-contact AFM experiments were conducted under ambient conditions on 

prepared S. aureus samples using silicon probes (MikroMasch) with resonant frequencies 

of 105 kHz and force constants of 2 N/m (manufacturer’s specifications). Contact mode 

imaging and force spectroscopy measurements were completed with silicon probes 

(MikroMasch) terminating with a radius of curvature of 10 nm and having typical force 
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constants of 0.02-0.08 N/m, as determined by the Sader method 22 and beam 

mechanics.23,24 These soft cantilevers were chosen to minimize indentation and maximize 

deflection. Topographical imaging in contact mode was utilized to locate a bacterium. 

Once located, a force spectroscopy experiment was carried out by positioning the probe 

over the bacterium and measuring probe deflection as a function of the vertical position 

of the substrate. 

Force spectroscopy analysis 

Adhesive force, obtained from the force vs. displacement curve, was taken as the 

difference between the force at zero deflection and the force measured immediately 

before probe-bacterium separation. The number of adhesive force events was counted by 

choosing a bin width of 1 nN.   

Bacterial Surface Hydrophilicity 

Hydrophilicity of the three S. aureus strains was determined by measuring the 

water contact angle on mats of each strain. Bacterial suspensions in deionized water were 

vacuum filtered through aluminum oxide membranes (Anodisc) with a pore size of 0.2 

µm. A uniform lawn of bacteria was visible on each membrane. Each membrane was 

placed in a desiccator for 30 min. An image of a 2 µL drop of deionized water on the mat 

was captured at 2.5× magnification using a setup consisting of a free standing optical 

microscope attached to a digital camera (NTSC Digital, LCL-211H, Watech America 

Corp) situated horizontally, level with the location of the bacterial mat. Contact angles 

were analyzed with the Contact Angle plug-in for ImageJ (NIH). Each angle given is the 

average of six measured angles.  
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Polysaccharide removal  

Bacteria were removed from agar with a wire loop, and surface polysaccharides 

were extracted with 4 M guanidine-HCl (containing 0.05M sodium acetate (pH 5.8) and 

0.5% CHAPS). Extraction occurred for 18 h at 4°C while agitating the bacteria with a 

rotator. Bacteria were sedimented by centrifuging at 800×g for 20 minutes, washed once 

in phosphate-buffered saline, twice in deionized water,  and then resuspended in 

deionized water in preparation for atomic force microscopy. 

 

Results 

 

Comparison of surface topography 

 Previous work has demonstrated the ability to distinguish between encapsulated 

and non-capsulated strains by AFM,18 and we used this technique to confirm CP 

expression. Surface topography of each S. aureus strain was characterized using non-

contact mode AFM. As expected, all strains exhibited close to spherical geometry, 

characteristic of cocci. The non-capsulated strain exhibited distinct cellular borders and a 

smooth surface, lacking surface protrusions (Fig. 2.1A). The borders between cells for 

both encapsulated strains were not as clear as the non-capsulated strain. Additionally, 

material was observed spanning the intercellular space of serotype 2 and 8. Serotype 8 

often presented surface protrusions (Fig. 2.1C). These surface protrusions were absent on 

serotype 2. The topographical observations were consistent with previous AFM 

observations and the electron microscopy observations, which demonstrated CP spanning 

the space between adjacent bacteria.11,15,18,25  
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Morphology with and without capsule 

Contact mode AFM was used to locate bacterial cells for force spectroscopy 

measurements. In order to compare the effect of CP on adhesion, CP were 

disassociatively removed from the bacterial surface. The removal process was completed 

on non-capsulated S. aureus to observe the effects of the process on the whole bacterium. 

Non-capsulated S. aureus were observed to have distinct borders, a smooth round 

geometry, and a diameter of approximately 750 nm. After processing this strain for CP 

removal, the bacteria still had distinct borders, but presented a dimpled surface and 

smaller size (~600 nm in diameter) (Fig. 2.2B). Serotype 8 in the native state (Fig. 2.2C) 

is approximately 850 nm in diameter with obscured intercellular borders and clumpy 

material that appears as small surface protrusions and larger aggregates. After CP 

removal, serotype 8 (Fig 2.2D) had very distinct intercellular borders and lacked surface 

protrusions, or larger aggregates. This strain also presented a dimpled surface and smaller 

diameter. In the native state, serotype 2 did not display the close proximity of cellular 

borders observed for the non-capsulated strain, and even displayed areas where the 

intercellular space was completely spanned by an aggregation of material (Fig 2.2E). 

Serotype 2 S. aureus in the native state exhibited diameters greater than 690 nm. After 

CP removal, serotype 2 no longer formed a solid pellet during centrifuging and was more 

difficult to image in contact mode. In all of the contact topography images, this strain had 

diffuse borders.  
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Figure 2.1  Topographical images of S. aureus strains and models. High resolution 
topographical information was obtained in non-contact mode AFM. (A) Non-capsulated 
S. aureus had a smooth surface with distinct cellular borders. (B) The model proposed for 
the non-capsulated strain is based on observation of 25 bacteria, of which all displayed 
distinct borders and a smooth surface. (C) Serotype 8 was observed to have surface 
protrusions in 12 out of 14 observations and always displayed distinct borders between 
cells. (D) Based on our observations, a model of encapsulation is proposed in which areas 
of the cell wall may be exposed along with variations in capsule thickness. (E) Serotype 2 
displayed a smooth surface, but always lacked distinct cellular borders and close cellular 
borders like those demonstrated for non-capsulated S. aureus. (F) Based on observations 
of 8 serotype 2 cells, a model of heavy encapsulation masking the surface and borders 
between the cells is proposed. 
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Figure 2.2 AFM contact mode topographical image of (A) native non-capsulated S. 
aureus and (B) post-CP removal process non-capsulated S. aureus. A representative 
topographical image of native serotype 8 S. aureus is shown in (C). Regions of 
streakiness were always observed in topographical images for serotype 8, probably due to 
the interaction between the silicon probe and CP. After CP removal for serotype 8 S. 
aureus (D) regions of streakiness were no longer observed. Native serotype 2 S. aureus 
(E) had more distinct borders than post-CP removal serotype 2 S. aureus (F). All images 
are unprocessed except for adjusting brightness and contrast. 
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Force Curves 

A representative example of cantilever deflection vs. sample displacement on 

each strain of S. aureus is given in Fig. 2.3. During approach of the probe to the sample, 

snap to contact is observed followed by linear deflection of the cantilever. In the 

approach plots (Fig. 2.3 A,C,E), a theoretical hard surface is also displayed. A theoretical 

hard surface is one on which cantilever deflection is equivalent to piezo displacement 

(i.e. no indentation). Indentation was not observed on non-capsulated or serotype 8 S. 

aureus, and this is represented by the overlap of the theoretical hard surface line with the 

cantilever response over the bacterial cells. On serotype 2 S. aureus, indentations of less 

than 5 nm were observed initially, but vanished at larger displacements. Thus, it can be 

expected that the contact area is approximately constant for all three strains, which means 

that any differences observed in adhesive force are not a result of increased contact area. 

Negative cantilever deflection was observed (Fig. 2.3 B,D,F) during probe retraction. 

Cantilever deflection occurs until the restoring force of the cantilever is large enough to 

overcome the interfacial interaction energy (adhesion) between the silicon probe and 

bacterial surface, leading to rupture. In the sample curves, rupture occurred at deflections 

of -50, -190, and -40 nm for non-capsulated, serotype 8, and serotype 2, respectively. 

Force vs. displacement plots, the right axis in Fig. 2.3, were obtained by multiplying the 

cantilever deflection by the force constant of the cantilever. Force at rupture occurs at 

maximum negative cantilever deflection and is generally accepted as the adhesive force 

between the AFM probe and bacterial surface. 
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Figure 2.3 Example deflection vs. displacement (left axis) and force vs. displacement 
(right axis) curve is displayed for each strain of S. aureus in the native condition. A 
theoretical hard surface line is plotted in each of the approach plots. Approach (A) and 
retract (B) over non-capsulated S. aureus. Approach (C) and retract (D) over serotype 8 
S. aureus. Approach (E) and retract (F) over serotype 2 S. aureus. Negative deflection 
occurs during retraction when there is an adhesive force between the AFM probe and 
bacterium. Maximum negative deflection is the last point at which there is adhesion 
between the probe and bacterium. The force at this point is accepted to be the adhesive 
force. 
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Adhesion 

Adhesiveness of the S. aureus surface was calculated from AFM force vs. 

displacement plots of measurements made in contact mode over single bacteria. Non-

capsulated S. aureus, before processing for CP removal, displayed adhesive forces from 0 

– 4 nN, with the majority occurring in the 1– 2 nN range (Fig. 2.4A). After the CP 

removal process, 0–2 nN adhesive forces were observed, with the majority still in the 1-2 

nN range (Fig. 2.4B). A change in adhesion was not expected since this strain does not 

express CP. Serotype 8 S. aureus exhibited adhesive forces from 1-19 nN before CP 

removal (Fig. 2.4C), peaking in the range 12-13 nN. After CP removal, lower adhesive 

forces were observed ranging from 1-8 nN (Fig. 2.4D). Serotype 2 S. aureus displayed 

adhesive forces from 0-4 nN in the native state (Fig. 2.4E), with the majority occurring in 

the range 1-3 nN (Fig. 2.4F). After CP removal, the same adhesive force range was 

observed, but the majority of adhesive forces occurred in the 0-2 nN range. 

Contact Angle 

Water contact angles were measured on mats of all three strains of S. aureus to 

characterize hydrophilicity. Non-capsulated and serotype 8 were observed to be more 

hydrophilic than serotype 2. Non-capsulated, serotype 8, and serotype 2 had water 

contact angles of 23.8 (± 8.9), 34.4 (± 2.5), and 56.7 (± 11.2) degrees, respectively. 

 



 

 36

 

Figure 2.4 Adhesive forces are plotted before (native condition) and after CP 
removal. Distribution of measured adhesive forces for non-capsulated S. aureus in the 
native state (A), non-capsulated post-CP removal process (B), native state serotype 8 S. 
aureus (C), serotype 8 after CP removal (D), native state serotype 2 S. aureus (E), and 
serotype 2 after CP removal (F).  
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Discussion 

 

Surface topography and adhesiveness were evaluated with AFM for three well-

defined strains of S. aureus before and after processing for removal of CP. Previous AFM 

studies of the surface of S. aureus have investigated the topographical features of 

extracellular materials,18,26 the effects of antibiotic treatment on surface morphology,27 

and the morphological changes during division.28 However, none of the previous studies 

directly measured adhesive forces on CP.  

 Several studies have demonstrated the capability to detect variations in surface 

morphology of bacteria using AFM.18,26-28 The effect of growth conditions on CP 

expression has been investigated,20,21 but not exhaustively. However, presence of 

intercellular material and surface protrusions for serotype 2 and 8 suggest that the 

culturing method utilized in this investigation does not inhibit expression of CP. Removal 

of CP was demonstrated for serotype 2 and 8 through the lack of visible extracellular 

material. Encapsulation schemes of the three S. aureus strains were developed from 

topographical observations. The non-capsulated strain can be envisioned as a well-

defined sphere with a smooth surface. The serotype 8 strain may have areas of exposed 

cell wall, continuous CP, and clumps of CP. The observation that serotype 2 strain may 

have complete coverage of the cell wall with capsular polysaccharide is consistent with 

the uniform capsule coverage seen in electron microscopy studies of the capsule of this 

strain.15,25 

Water contact angles measured for the three strains of S. aureus varied. The 

clinically common serotype 8 strain and non-capsulated strain were more hydrophilic 



 

 38

than serotype 2, which is isolated from patients less frequently.11 Since serotype 8 and 2 

expressed CP, this suggests that serotype 2 CP is more hydrophobic than serotype 8 CP. 

The CP produced by the two serotypes are different. Serotype 2 expresses 2-acetamido-2-

deoxy-D-glucuronic acid and 2-[(N-acetylalanyl)amino]-2-deoxy-D-glucuronic acid 

linked by β-(1→4) linkages,29 and serotype 8 expresses →3)-β-D-N-

acetylmannosaminuronic acid (4-O-acteyl)-(1→3)-α-L-N-acetyl fucosamine-(1→3)- α-D-

N-acetyl fucosamine-(1→).30 Thus, it is reasonable to expect that these two CP will have 

different properties. While serotype 2 has demonstrated virulence in mice, 11,31 to the best 

knowledge of the authors, a reason for its absence in humans has not been suggested. 

Hydrophobicity may be a factor in the lack of serotype 2 isolated from patients. Materials 

in the human body are overwhelmingly hydrophilic. Therefore, transfer of the 

hydrophobic serotype 2 to the human body is energetically unfavorable. In fact, Knobben 

et al. observed lower transfer from glove to broach, where the broach is more hydrophilic 

than the glove, for the S. epidermidis than S. aureus strain, where S. epidermidis was 

more hydrophobic than S. aureus.14 

 A role for CP in adhesion is frequently disagreed upon. Adhesion of S. aureus to 

surfaces where recognizable protein motifs are present, such as in collagen, is mediated 

by adhesins.32 Often suggested is that CP will inhibit adhesion because it can mask 

adhesins. Indeed, several works demonstrate masking of adhesins for mucoid strains.16,33 

We were interested in non-specific adhesion phenomena, which occur in the absence of 

adhesins or ligands and are mediated by surface characteristics of a bacterium. While 

previous studies investigated the ability of S. aureus to adhere to certain types of 

materials, none quantitatively assessed adhesion.  In a study measuring the transfer of S. 
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aureus between four types of surfaces, the relative adhesiveness of S. aureus to a given 

surface was evaluated by whether it remains on a surface or is transferred.14 In our study, 

adhesion of S. aureus strains was quantified under dry contact. Adhesion between two 

solid surfaces is generally governed by the surface energy of those surfaces.34 Even in air, 

where water condenses on surfaces giving rise to a capillary force, the surface energy of 

probe and surface are important. When measuring adhesion between gold, silicon nitride, 

and paraffin coated probes and mica, gold, the most hydrophilic surface, displayed an 

adhesive force more than four times larger than paraffin.35 Pietak et al. have 

demonstrated that hydrophilic natural fibers display a larger adhesive force than 

hydrophobic fibers, as measured by AFM.36 Serotype 8 was expected to display a larger 

adhesive force than serotype 2 because it is more hydrophilic, and a larger adhesive force 

was observed. The lack of indentation during force spectroscopy measurements means 

that the adhesive force can be compared directly, without normalizing for contact area.  

The variation in adhesion observed by Balaban et al. for twenty clinical isolates of S. 

aureus to polypropylene may be the result of isolating both serotype 8 and serotype 2 like 

S. aureus. 

 One discrepancy in the link between hydrophilicity and adhesive force is with the 

non-capsulated S. aureus strain investigated. The water contact angle suggested that non-

capsulated S. aureus would be similar in hydrophilicity to serotype 8. However, as 

measured by AFM, adhesive behavior of the non-capsulated strain was similar to 

serotype 2. The difference may arise in encapsulation. On the surface of serotype 2 and 8 

are polysaccharides which may travel through the water capillary that forms on contact 

between the AFM probe and bacterium, perhaps, effectively wetting more of the probe 
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with polysaccharide. The transfer of molecules via capillary transport has been 

demonstrated and is the basis of dip-pen nanolithography.37 However, increased 

interfacial area is not considered in this discussion as transfer of CP could not be 

confirmed for every measurement. After removing CP, a shift to lower adhesive forces 

for serotype 2 and a larger decrease in adhesive force for serotype 8 was observed. This 

suggests that CP does provide a method for adhering to surfaces.  

 Water contact angle and adhesive force, considered together, suggest that serotype 

8 S. aureus can be expected to adhere to hydrophilic surfaces as well as be transferred 

from a hydrophobic surface to a more hydrophilic surface. Serotype 2 S. aureus will tend 

to adhere to hydrophobic surfaces, since hydrophobic tends to adhere to hydrophobic.38 

In order to determine the probability of transfer through microscopic means, probes of 

different materials would need to be used to measure the adhesive force. Such a method 

may be ideal for testing new biomaterials for the ability to present a non-stick surface for 

bacteria and for elucidating the motifs that mediated adhesion to the specific surface.  

 

Conclusion 

 

Adhesive force for three distinct, well-defined strains of S. aureus was quantified for the 

first time. Removal of CP from serotype 8 and 2 resulted in a decrease in measured 

adhesive force, suggesting that CP mediate adhesion. Additionally, for the first time 

differences between serotype 8 (clinically common) and serotype 2 (clinically rare) were 

demonstrated. Serotype 8 displayed a stronger non-specific adhesive force and was 

demonstrated to be more hydrophilic than serotype 2. These results are a step in fully 



 

 41

understanding the role of CP in S. aureus infections and may account for variations in 

studies where clinical isolates are utilized. 
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CHAPTER III 

MODELING THE EFFECT OF CELL-ASSOCIATED POLYMERIC FLUID LAYERS 

ON FORCE SPECTROSCOPY MEASUREMENTS. PART I: MODEL 

DEVELOPMENT 

In force curves, polysaccharides on bacteria are usually accounted for with a 

steric model. A hydrodynamic model was developed to account for velocity dependence 

in force curves. The steric model does not explain velocity dependence in force curves. 

Extracellular bacterial polysaccharides that are only loosely associated, such as slime, 

may be modeled hydrodynamically. A simple model, with no fitting parameters, was 

developed in Mathematica.  More complex finite element calculations were used to 

validate the simple model.  

F.M. Coldren, under the supervision of K. Foteinopoulou, solved the system of 

differential equations for the one-dimensional Newtonian model. F.M. Coldren was 

responsible for developing the one-dimensional Newtonian model Mathematica 

implementation and fitting a monomodal version of the Phan-Thien Tanner constitutive 

equation to published rheological data. K. Foteinopoulou implemented the Newtonian 

model and Phan-Thien Tanner model into finite element calculations. D.L. Carroll 

assisted in an advisory and editorial capacity. M. Laso assisted in an advisory capacity for 

this research and manuscript preparation. F.M. Coldren and K. Foteinopoulou contributed 

in an editorial capacity in manuscript preparation.  

This manuscript is reproduced with permission from Langmuir, 24 (17): 9575-

9587, 2008. Copyright 2008 American Chemical Society. Stylistic variations are due to 
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the requirements of the journal. The chapter was arranged into an appropriate dissertation 

format by implementing layout modifications.  
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Abstract 

 

The mechanical response, the force-indentation relationship, in normal force 

spectroscopy measurements carried out on individual polysaccharide encapsulated 

bacteria is modeled using three increasingly refined approaches that consider the elastic 

response of the bacterium and cantilever in combination with a fluid (hydrodynamic) 

model for the polysaccharide layer. For the hydrodynamic description of the 

polysaccharide layer, several increasingly realistic models are described in detail, 

together with numerical solution techniques. These models range from one-dimensional, 

Newtonian, to two-dimensional, axisymmetric, fully viscoelastic (Phan-Thien Tanner). In 

all cases, the models rigorously consider the time dependent rheological-mechanical 

coupling between the elastic and fluid viscoelastic physical components of the 

experimental setup. Effects of inherent variability in geometrical and material properties 

of the bacterium and polysaccharide layer on the measurable response are quantified. A 

parametric investigation of the force-indentation relationship highlights the importance of 

accurate knowledge of the rheology of the extracellular polysaccharides. We also draw 

conclusions about the design and evaluation of force spectroscopy experiments on single 

encapsulated bacteria. Supported by model calculations, we also point the way to 

methods of in vivo rheological characterization of the extracellular polysaccharide as a 

preferable alternative to characterization after its removal from the native environment. 
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Introduction 

 

The atomic force microscope (AFM)(1) is a useful tool for investigating individual 

cells. Materials properties of individual mammalian cells(2)-(7) and bacteria(8)-(13) have 

been investigated by using AFM to measure forces, a technique known as force 

spectroscopy. In a force spectroscopy measurement, cantilever deflection is measured as 

a function of sample position, measured relative to the initial position. Using appropriate 

calibrations for the cantilever, deflection is converted into force, and a force curve, a plot 

of force vs. sample position, is obtained. However, interpreting force curves can be 

complicated. Surface forces, such as electrostatic and van der Waals, and steric forces, as 

well as forces arising from deformation, and hydrodynamic forces can all be observed in 

a force curve. As a result, forces arising from sample deformation, needed to calculate 

materials properties, may not be distinguishable from other forces. The lack of an 

independent determination of absolute distance between the cantilever and the sample 

being probed complicates the situation further. Thus, accurate interpretation relies on 

understanding the contribution of all possible forces to measured forces in a force 

spectroscopy measurement. 

Using an AFM, linear elastic responses, with an initial non-linear (repulsive) 

region, have been observed on a wide range of bacteria, including gram-negative 

Shewanella putrefaciens,(14) Escherichia coli,(12) Pseudomonas aeruginosa,(13),(15) and 

Magnetospirillum gryphiswaldense:(8) micron-sized fungus Aureobasidium pullulans;(16) 

yeast Candida parapsilosis;(17) and gram-positive Staphylococcus epidermidis.(18) Many 
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cell types have surface-associated structures. Bacteria, in particular, have fimbriae, pili, 

fibrils, flagella, S-layers, and extracellular polysaccharides, which have been observed to  

give rise to long range forces (>10nm) in a force spectroscopy 

measurement.(10),(15),(17),(19),(20) In this manuscript, we are interested in bacterial 

extracellular polysaccharides, such as those that surround Staphylococcus epidermidis 

R12(21) or various strains of Staphylococcus aureus.(22) The steric repulsion model for 

force measured by an AFM probe interacting with a polymer grafted surface is modeled 

as an exponentially decaying function,(23) based on previous work for two polymer 

covered surfaces.(24),(25) However, bacterial extracellular polysaccharides are highly 

hydrated and not always covalently attached to the bacterial surface, as suggested by 

dissociative removal on two S. aureus strains. As such, they may be more appropriately 

treated as a fluid. (26)  

In the present work, extracellular material is treated as a fluid, and the effect of a 

polysaccharide layer on the force-displacement curve is explored a) with a finite element 

transient flow calculation and b) with a simplified 1D analysis based on estimating the 

forces arising from each fluid or elastic element of the device. The model developed will 

be valid in all cases of an elastic layer underlying a fluid layer, regardless of the material 

giving rise to the elastic response. Clearly, bacteria with surface appendages such as pili 

or fibrils will not be described by this model since they are not fluids. However, 

encapsulated or slime producing bacteria should be qualitatively described by the model 

we describe in the present manuscript. 

Removal of surface structures has the potential to prevent interference of surface 

structures with the determination of contact, but as with any treatment method, it has the 
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potential of introducing processing artifacts. Understanding the contribution of surface 

associated polymers may relax the need for removal of these components and could 

permit accurate determination of contact and materials properties. Hydrodynamic effects, 

arising from the liquid inside and outside a cell, coupled with Helfrich’s elastic 

membrane dynamics have also been studied previously with a boundary integral method 

and it was shown that these effects are important during an AFM experiment.(27),(28) 

For bacteria, the most commonly reported property is a linear spring constant or 

elastic modulus, even though it was recently demonstrated that P. aeruginosa undergoes 

creep and is well-fit with the standard solid model.(29) Elastic properties of biological 

materials are determined from force spectroscopy through analysis with appropriate 

mechanical models relating applied force to indentation. A simple model for elasticity is 

that of two linear springs in series. The cantilever and sample are the two springs and are 

described by Hooke’s law. The measured force is also described by Hooke’s law with an 

effective spring constant, ( ) ( )1 2 1 2effk k k k k= + . 

An advantage of this simple model is that an exact contact point does not need to 

be specified to determine the spring constant of the material being investigated. Only a 

portion of the contact region must be fit. However, this model does not capture geometry 

dependent effects or consider the effect of any non-linear elastic components. 

The Hertz model for elastic contact,(30) extended to several geometries by Sneddon,(31) is 

applicable for small deformations and an adhesive force much less than the applied load. 

For a cone indenting a planar surface, force F is related to indentation δ by 

 2
2

2 EF tan
(1 )

δ ϕ
π ν

=
−
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where E  is Young’s modulus, ν  is the Poisson ratio, ϕ  is the half opening angle of the 

indenting cone, and δ  is indentation. The original model was formulated for the 

deformation of an elastic material of infinite thickness. Even though the major 

assumptions are not met, the Hertz model is frequently applied. Error has been associated 

with determination of the contact point, a key parameter for applying a Hertz model, on 

thin deformable films when sharp tips are used.(32),(33) Further errors may occur in 

assigning contact when a polymeric fluid surrounds the elastic item. 

The goal of Part I of this work is to develop a model, which contains no 

adjustable parameters, that accounts also for forces in polymer layers, such as those 

present around encapsulated bacterial cells. We explore the possibility of using fluid 

dynamics to describe the polymer layers, as both a Newtonian fluid and non-Newtonian 

fluid, in order to understand forces that would arise from polymeric fluid flow. A 

simplified, one dimensional mechanical model, which uses constants derived from a two 

dimensional finite element model, for the normal force spectroscopy measurement is 

presented. In the present manuscript, model predictions are presented for force-

displacement curves measured with an AFM on encapsulated or slime producing bacteria 

together with the effect of the basic variable properties of the bacteria. In Part II, 

simulations using the one- and two-dimensional models are compared to experimentally 

obtained force curves on a micro-encapsulated strain of S. aureus. 
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Modeling 

The basic set-up in a normal force spectroscopy measurement is depicted 

schematically in Figure 3.1A and B: a spherical bacterium of radius bacR  with its 

surrounding polysaccharide layer is subjected to a compressive force by a sharp tip 

mounted on an AFM cantilever, typically by displacing the stage at constant velocity pz& . 

In simplified terms, the system can be described as consisting of an AFM tip mounted on 

a flexible cantilever, an upper polysaccharide layer (the “upper” film) weakly confined 

between the AFM tip and the upper part of the bacterial cell wall, an elastic, 

approximately spherical membrane (the bacterium), a lower polysaccharide layer (the 

“lower” film) strongly confined between the lower part of the bacterial cell wall and a flat 

mica surface. All aforementioned elements are to be considered in an AFM force 

spectroscopy measurement if the experiment is carried on individual bacteria which 

elaborate a polysaccharide layer around them which can be treated as a fluid.  

The mechanical behavior of these elements can be described qualitatively by four 

discrete elastic/dissipative mechanical components connected in series. Both the 

cantilever and the bacterium can be very accurately described by a linear spring each, so 

long as the deformation of the bacterium is small. Large deformation effects, possibly 

including buckling of the bacterial cell wall, are not considered here. The two fluid films 

are distributed-parameter systems whose rigorous description involves viscoelastic 

hydrodynamic field equations (partial differential equations). However, as will be shown 

below, for a Newtonian fluid they can be represented with excellent accuracy by 

nonlinear (generalized hyperbolic), velocity-dependent springs (Eq. (3) below). However, 
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if viscoelasticity of the polysaccharide layer is to be taken into account, reduction to a 

simplified, 1D model is not feasible. 

In general, these four elastic elements possess widely differing stiffnesses, the upper film 

being by far the softest, followed by the lower film. The purely elastic elements 

(bacterium and cantilever) are considerably stiffer. As a consequence of the very different 

stiffnesses, the force-indentation curve during a normal force measurement can present 

up to three overlapping characteristic phases (Figure 3.2).  

 

 

 

 

Figure 3.1 Schematic view of the four spring model for a normal force spectroscopy 
measurement on a spherical bacterium surrounded by a layer of polysaccharides (A). The 
bacterium-cantilever system is separated into four springs (B). Bacterium distortion 
greatly exaggerated in (B).  
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Figure 3.2 Idealized, qualitative force-indentation relationship during a normal force 
spectroscopy measurement.  Depending on the particular choice of cantilever, stages (c) 
and (b) can appear in reverse order. 

 

At small indentations, the weakly confined upper polysaccharide layer absorbs almost the 

entire deformation and reacts by exerting a very low force ((a) in Figure 3.2). Once the 

thickness of the upper film drops below a threshold of approx. 0.5-1 nm, the upper layer 

cannot rigorously be considered a continuum any more; the details of the contact between 

AFM tip and bacterial cell wall depend on factors which are beyond the resolution power 

in normal force spectroscopic measurements. However, independently of the nature of 

this contact (e.g. whether there is direct contact between the tip and bacterial membrane, 

or whether contact is mediated by trapped biopolymer molecules), the stiffness of this 

vanishing upper film increases dramatically once the film thickness drops below the 
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threshold, so that, from the macroscopic mechanical point of view, the tip and the 

bacterium can be considered to be in contact.  

From that point onwards, the tip and the bacterium behave, for all practical 

purposes, as a single rigid object, so that the most compliant element in the system is now 

the lower polysaccharide film. Upon further stage movement, a “squeezing” process 

takes places at the lower film just as it did in the upper film, except that the lower EP 

layer is more efficiently confined in this case. Due to this more severe confinement in the 

lower film, the force-indentation curve is now steeper ((b) in Figure 3.2). As stage 

displacement proceeds, the lower film thickness eventually drops below the 0.5-1 nm 

threshold. Its stiffness then increases markedly so that further displacement of the stage is 

absorbed by purely elastic deformation of the combined system bacterium / cantilever. In 

the small bacterial deformation regime, the combination of these two elastic elements in 

series behaves as a single elastic element whose stiffness is given by the Reuss mixing 

rule ((c) in Figure 3.2).  

Although both a real experiment and the exact solution of the model will of 

course depart from this idealized picture, the previous description captures the essential 

physics of the measurement. The quantitative determination of the exact evolution, i.e. 

curvature, smooth transitions between regimes (a) through (c), of the indentation-force 

curve requires rigorous numerical calculation. The goal of Part I is to develop such a 

quantitative description under plausible assumptions. 

It is important to emphasize at this stage that, depending on AFM sensitivity, the 

choice of cantilever, the viscoelastic nature of the polysaccharide layer and the 

mechanical properties of the bacterial cell wall in a given experiment, phases (a) through 
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(c) may all be observable, or one of them may dominate the experimental outcome to the 

point of obscuring the others. For example, in an experiment performed on a bacterial 

strain of high cell wall stiffness (i.e. high Young’s modulus), with a very stiff cantilever, 

and carried out to large forces, phases (a) and (b) will be hardly detectable, and the 

overall response will be very approximately linear, as corresponds to phase (c) in Figure 

3.2. Such an experiment, assuming the elasticity constant of the cantilever to be known, 

would primarily probe cell wall elasticity and would yield little if any information on the 

viscoelastic characteristics of the bacterial EP layer. In the previous paragraph, terms 

such as “cell wall stiffness” and “very stiff cantilever” are used in a purely qualitative 

fashion. Their exact quantitative meaning will be made precise below, in the Section 

devoted to the comparison of the one, and two dimensional Newtonian, and two 

dimensional viscoelastic models. In addition, typical numerical values of cantilever 

stiffness, cell wall Young’s (elastic) modulus are given in Table I. 

A key factor in developing a simple yet physically correct mechanical model for 

force spectroscopy is the elimination of inertial effects. For the typical experimental 

conditions and material properties encountered in normal force spectroscopy on bacteria, 

inertial forces (an upper bound which is given by the mass of the bacterium which is on 

the order of   10-15
kg

(34) multiplied by the maximal acceleration during the experiment, 

which is at most on the order of 103 nm/s2) are about ten orders of magnitude weaker than 

elastic and viscoelastic forces, a lower bound which is given by the stiffness of the 

polysaccharide layer confined between the AFM tip and the upper part of the bacterium, 

which are of the order of magnitude of the measured force: 
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( )
2

10
2 10bac

bac plate
d zM F O

dt
−⎛ ⎞

=⎜ ⎟
⎝ ⎠

, where bacz  is the vertical coordinate of the center of the 

bacterium and plateF  is the force measured in the experiment. 

Table I Physical properties and experimental conditions for base case calculation 

 

 1D-N 2D-N 2D-PTT 

bacR  500 nm 

pz& (nm/s) 31.2 

 ( )0Lh (nm) 50 

( )0Th  (nm) 50 

ck (N/m) 1.42 

Bk (N/m) 0.41 

*
Tk  (-) 

9 - - 

T (-) 0.4 - - 

E (MPa) 103 - - 

η (Pa.s) 
9.15 9.15 9.15 

(total, Newtonian 
contribution 20% of total) 

α  - - 0.2 

λ (s) - - 0.83 

ξ  (-) - - 0.0 

ε (-) - - 0.006 

 

It can hence be neglected entirely in all models. The absence of inertial terms guarantees 

that a quasistatic approximation is applicable with an error not greater than O(10-10).  

Thus, during indentation, the evolution of the entire system can be accurately described 
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as a succession of mechanical (force) equilibrium states. This assumption is by far the 

safest in the entire model.  

In addition to the complete, two dimensional, fully viscoelastic model, several 

simplifications could be made that represent a compromise between numerical effort and 

completeness of the physical description. Analytical solutions for the most simplified 

model are also given (Appendix A). Such simplified models are a useful alternative when 

only moderately accurate results are required, e.g. in the design of experiments, or 

measuring protocols. Presentation of computational details of the model is left for the 

Appendices. 

The full model, and its simplified versions share the following basic assumptions: 

the system is isothermal throughout, the bacterium is assumed to have spherical shape, its 

mechanical behaviour is that of an isotropic, linear elastic solid membrane at small 

deformations, the cantilever is a linear elastic element, the system is axisymmetric, with 

the symmetry axis passing through the tip and the center of the bacterium, i.e. the tip acts 

centrally on the pole of the bacterium, the EP layer is treated either as a Newtonian, or as 

a viscoelastic Phan-Thien-Tanner (PTT) fluid, the EP layer is incompressible, inertial 

effects are negligible. In the remainder of the main text we focus on dynamic predictions 

of the model, and on the impact of the various input parameters, and their uncertainties 

on those predictions. The quality and impact of these assumptions on the model 

predictions are discussed as required in the succeeding sections.  



 

61 

A) One-dimensional Newtonian (1D-N) model 

In the framework of the quasistatic approximation, the 1D-N dynamic model can 

be built easily by describing the force-displacement relationship for all elements in the 

system, and integrating the dynamic equations that describe force balance at every instant 

during indentation. 

In this spirit, both the AFM cantilever and whole bacterium are taken to be linear 

springs with spring constants ck  and Bk , respectively, as has been done previously(8),(12). 

The assumption of linear elastic behavior for the cell wall can be rigorously derived (in 

the small deformation regime) from classical membrane theory. Their force-deformation 

laws are given by Eqs. (4) and (6) below. 

In a normal force experiment, EP is subjected to squeeze flow at two locations 

with different geometries (the upper and the lower layers). The functional form of the 

force-displacement law for the upper layer is inspired by the analytical solution of the 

squeezing flow of a Newtonian fluid between two parallel disks(35),(36) and by Taylor’s 

solution(37),(38) for the squeezing flow of a Newtonian fluid between a sphere and a flat 

surface. In the first case the force necessary to squeeze a Newtonian fluid confined 

between two parallel circular plates is given by:(35),(36) 

 
( )4

3

3

8

R h
F

h

π η −
=

&
 (1) 

where R  is the radius of the disks, h is the separation of the disks, h& is the rate of change 

in the separation, and η  is the (zero-shear rate) viscosity of the fluid. For sphere-plane 

confinement, lower layer, the force law is(37),(38): 
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( )26 sphereR h

F
h

π η −
=

&
 (2) 

The squeezing surfaces are formed by the AFM tip and upper outer surface of the 

bacterial cell wall (upper layer) and the lower outer surface of the bacterial cell wall and 

mica substrate (lower layer). The fluid is thus confined in domains bounded by surfaces 

which are neither flat nor parallel. For the lower layer, the geometry very accurately 

corresponds to a sphere-plate squeeze flow and Eq. (2) will quantitatively be valid as the 

force-thickness law. 

Since the upper EP layer is constrained by a spherically terminated cone and a 

sphere, for which no analytical solution is known, it is to be expected that neither the 3h−   

(parallel flat disks) nor the 1h−  (sphere-flat disk) dependences will apply. On the other 

hand, creeping flow conditions in the layer guarantee that linear dependence on h&  will 

still be valid.  It is then reasonable to expect that, to at least first order, the upper EP layer 

will follow a general non-linear spring law: 

 x

hF k
h

=
&

 (3) 

Numerical factors resulting from the geometry of the squeezing surfaces (curvature radii) 

are absorbed by the spring constant k  and exponent x , which are determined from 

rigorous 2D FE calculations for the full geometry under the assumption that the EP is 

Newtonian (described below). 

Once the mechanical response functions of the four elastic elements are known, 

relationships between positions and forces can be described by a system of equations,  

one for each element (generalized springs), relating the force in that element to 
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coordinates in the system. In the following, z coordinates refer to heights with respect to 

a fixed reference point, typically the initial position of the flat lower surface (stage). The 

relevant vertical coordinates are: cantilever position Cz , upper portion of the cell wall 

directly under cantilever BTz , lower portion of the cell wall directly under the probe BLz , 

and substrate (plate, stage) position pz  (Figure 3.1A). The resulting expressions for the 

forces in each element are: 

 ( ) ( ) ( )( )0C C C CF t k z z t= −  (4) 

 ( ) ( )
( )

( ) ( )
( ) ( )

(0) (0)

T C BT
T T TT T

T C BT

T T

h t z t z t
F t k k

h t z t z t
h h

−
= =

−⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

& & &
 (5) 

 ( ) ( ) ( ) ( ) ( )( )0 0B B BT BL BT BLF t k z t z t z z= − − +  (6) 

 ( ) ( )
( )

( ) ( )
( ) ( )

2; 6L BL P
L L L L bac

L BL P

h t z t z t
F t k k k R

h t z t z t
πη

−
= = =

−

& & &
 (7) 

where EP film thicknesses are denoted by h  and computed as height differences: h z≡ ∆ . 

In the quasistatic regime, forces exerted by the four mechanical components must be 

equal at all times. Eqs. (4) through (7) form a non-autonomous differential-algebraic 

system of equations (DAE), driven by ( )Pz t& , for which efficient integrators exist. 

Alternatively, Eqs. Eqs. (4) through (7)can be used to eliminate all but one of the position 

variables so as to obtain a single, higher order differential equation for the dynamics of 

this variable. In this alternative, a convenient choice is the position of the lower part of 

the bacterium BLz . It is also convenient to work with dimensionless variables, obtained by 

dividing lengths, velocities, accelerations, forces and times by: 
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( ) ( ) ( ) ( ) ( )

2

0 0 0 ; 0 0 ;

; ;
L BL P L PL h z z V h z

A V L F V L T L Vη

≡ = − ≡ =

≡ ≡ ≡

&% % &

% % % % % % % % %
 (8) 

respectively. The dimensionless force constants are: 

 * * * *
2; ; ;

(0) (0)
CB T L

B C T L
LP P L

kk k k
k k k k

hz z hηη η η
≡ ≡ ≡ ≡

& &
 (9) 

Dimensionless variables have magnitudes O(1), which is numerically favorable. The 

dimensionless evolution equation for the lower EP layer thickness is then: 

( ) ( ) ( )( ) ( ) ( ) ( ) ( )

( ) ( )
( ) ( ) ( ) ( ) ( )

( ) ( )
( ) ( )

* *
* * * * * * * *

* * *

2* ** * *
* * *

* * * * *

0 0 0
(0)

L
BL P BL P C BT BL BLT

T T

T
BL PBL P

BL P BL
BL P L BL P

K k
z z t z t z t z z z z t

k h K

z t z tz t z t K
z t z t z t

z t z t k z t z t

⎧
= − − − + − −⎨

⋅ ⎩

⎡ ⎤−⎫− ⎪ ⎣ ⎦⎡ ⎤− − +⎬ ⎣ ⎦− −⎪⎭

&& && & &

& && &
&

(10) 

with
* *

*
* *

B C

B C

k kK
k k

≡
+

. Eq. (10) can also be rewritten so that the dependence on the lower EP 

layer thickness is explicit: 

 ( ) ( ) ( ) ( )
* * * * *2

* * * * * * * *
* * * * *0 2

T

L L L
BL P L C bac BL L BL

T L L L

K k h K hz z t h z R z t h z t
k K h k h

⎫⎧
= − − − − − +⎨ ⎬

⎩ ⎭

& &
& &&& && &  

where the equality of the initial thicknesses of the upper and lower liquid films 

( * *(0) (0) 1T Lh h= = ) is implied, and will hold for all the results presented in the present 

manuscript. 

Once the evolution of BLz  has been obtained by integrating Eq. (10) numerically, 

the evolution of all the other geometric variables is obtained by back-substitution in Eqs. 

(4) through (7). Integration of the second order ordinary differential equation (ODE) (10) 
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is entirely unproblematic using a stiff integrator, provided initial values are known for the 

function and its first derivative, and the law describing the displacement of the stage 

( )Pz t  is also known. Note that in most cases, the stage moves at constant velocity, so 

( )* *( ) 0 ; ( ) 0P P Pz t z t t z t= = =& && . In the present study the DE (10) is solved with implicit 

Runge-Kutta method as implemented in the Mathematica software package.(39)  

In addition, as soon as the upper (lower) fluid layer becomes thinner than the 

threshold (set at 1 nm), the corresponding equation for the upper (lower) film is removed 

and the reduced system of equations is further integrated. Force predictions are 

insensitive to the switch-over from the full to the reduced system as long as the thickness 

threshold is in the range [ ]5, 0.05C BTz z− ∈  nm (for the upper EP layer), and in the range 

[ ]1, 0.05BL Pz z− ∈  nm (for the lower EP layer). Lower values for the threshold lead to 

unnecessary numerical effort due to the force singularities at 0T C BTh z z≡ − =  and 

0L BL Ph z z≡ − = . 

When the upper layer becomes thinner than the threshold, Eq. (5) is no longer 

considered and the system is formed by Eqs.(4), (6) and(7). The resulting first order 

differential equation is: 

 ( ) ( ) ( ) ( ) ( ) ( )
*

* * * * * * * *
* 0 0 0 ( )BL C BT BL BL BL P P
L

Kz z z z z t z t z t z t
k

⎡ ⎤ ⎡ ⎤= − + − − +⎣ ⎦ ⎣ ⎦& &  (11) 

for which an analytical solution can be provided through one quadrature (the analytical 

solution is provided in Appendix A). 
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Finally, once the lower layer thickness drops below the threshold, Eq. (7) is 

eliminated, and the DAE system reduces to an algebraic one corresponding to two linear 

springs coupled in series, which has a trivial analytical solution: for ( ) const.pz t =& , 

namely force is linear in displacement with the overall stiffness given by a Reuss mixing 

rule. 

Several parameters appearing in Eq. (10) can be measured experimentally or set 

as operating conditions in the measurement.  The derivation of these constants is 

described in detail in Appendix B. The values of all parameters used here are listed in 

Table I. 

B) Two-dimensional model  (Newtonian, 2D-N, and Phan Thien Tanner, 2D-PTT) 

For the more correct, viscoelastic description of the EP fluid, the four-spring 

approach is not applicable. A better approximation to the dynamic behavior of the EP 

requires consideration of its non-Newtonian character. We have chosen the constitutive 

equation of Phan-Thien and Tanner (PTT)(40),(41),(42) to describe the viscoelastic 

contribution of the EP fluid to the stress field, and hence to the measured force.  The PTT 

constitutive equation relates a mixture of the upper- and lower-convected time derivatives 

of the stress to the velocity gradient. 

 In this case, fully viscoelastic, axisymmetric 2D, finite element(43) calculations 

for the Phan-Thien-Tanner model with adaptive remeshing were carried out. Additionally 

also 2D FEM calculations using a Newtonian liquid were performed. 

The 2D model involves the solution of the time dependent flow Navier-Stokes 

equations  in a 2D domain which includes all elements of the system: AFM tip, 
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bacterium, stage and a surrounding EP layer. Such a domain, together with a typical 

mesh, is shown in Figure 3.3, produced by mapping the domain onto a simpler 

computational mesh and solving subsequently a set of elliptic PDEs for the physical 

coordinates.(44),(45) The mesh shown in Figure 3.3 was produced by performing a mapping 

between the physical domain and a simple computational domain, with  

 

Figure 3.3 Initial ( 0t = ) axisymmetric mesh for FE solution of flow equations for the 
2D model. The integration domain includes the moving stage, the entire bacterium and 
the AFM tip. Notice the very small size of the tip with respect to the bacterium. 

 

the values of the physical coordinates in all boundaries of the computational domain 

being known. In particular, we solved a set of quasi-elliptic partial differential equations 

of the type proposed by Dimakopoulos and Tsamopoulos(45) developed to produce 

meshes for transient flow problems with free surfaces with high distortions. To produce a 
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mesh with a desirable distribution of elements for this rather complex geometry, the total 

domain is divided into four subdomains (which are evident also in Figure 3.3), the 

spherical bacterium being mapped onto a rectangle. 

Apart from the considerably larger calculation domain, a full 2D calculation 

involves the additional complication that the positions of the tip and bacterium are 

unknown and have to be determined concurrently and consistently with the fluid field 

equations at every time step. These unknown positions are obtained numerically by 

fulfilling the linear elastic force law for the tip and quasistatic approximation via the 

integral constraint that the net (vector resultant) force on the bacterium vanishes at all 

times. Details regarding the implementation of the numerical method are presented 

elsewhere.(46) The basic equations solved together with their boundary conditions are 

presented in Appendix C.  

Furthermore, when considering a viscoelastic model for the description of the EP 

fluid this complicates the solution further, since the solution of a differential constitutive 

equation needs also to be solved(40),(41). For a Newtonian liquid the extra stress exerted by 

the fluid is straightforwardly computed by the velocity field (Eq.(12)) while for the PTT 

model the solution of the PDE (13)  must be provided simultaneously with all other 

unknowns. Although more rigorous from the point of view of the correct description of 

the EP, the complication and computational effort of viscoelastic calculations are far 

greater than for the 2D-N model (see reference (47) for a comprehensive review, and a 

short description in Appendix C for the specific method used here). 

 ( )( )†u uτ ηγ η= ≡ ∇ + ∇&  (12)  
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  (13)                  

where EPτ  is the EP contribution to the total stress tensor, λ is a relaxation time of the 

EP fluid, sη is the Newtonian viscosity (its contribution to the total viscosity is given 

as 0
s

s p

η
α

η η
≡

+
), 0

pη  is the zero-shear-rate viscosity, 0
s pη η η= + is the total viscosity, γ&  

is the symmetrized rate-of-strain tensor (see Eq. (12)), u  is the velocity field, and ( )tr ⋅  

is the trace of a second order tensor. PTT is an advanced rheological constitutive 

equation that has been used in a variety of complex flows and is known to satisfactorily 

reproduce the behavior of highly elastic materials..(40),(41) The PTT constitutive equation 

contains four material-specific parametersλ , ξ ,ε  and 0
pη  which must be determined 

from rheological measurements. The parameters values used in the simulations 

presented here are also listed in Table I. 

A superposition of several PTT modes (13) can be used to give a better 

representation of real materials, with the total stress tensor τ  given by:  s
1

N

EPi
i

τ η γ τ
=

= +∑&  

where 
EPi

τ  given by Eq. (13),  and N the number of modes.      

In qualitative terms, EP viscoelastic behavior (whether described by the PTT 

equation or not) will correspond, at very short times, to that of a Newtonian fluid of 

viscosity sη . At longer times (on a scale set by the relaxation timeλ ) an increase in 

viscosity takes place, together with the appearance of elastic effects such as first and 
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second normal stress differences. Under steady shear, viscosity will increase continuously 

between the initial value sη  and the final value 0
s Pη η+ . The degree of departure from 

Newtonian behavior is often measured by the dimensionless ratio of a material relaxation 

time to a characteristic strain rate in the flow, the so-called Deborah number: 

bac

P

RDe
z

λ≡
&

, (for a single mode PTT model). The Newtonian fluid is recovered for  

0De =  in all flows. For non-Newtonian fluids, the higher the De , the more elastic the 

material behavior.  

It is essential to emphasize that one of the strong points of the rigorous 2D-N or 

2D-PTT models is that they contain no adjustable parameters. All numerical constants are 

measurable and are either geometric, device specific or material specific. The results to 

be presented in Part II have been obtained under these assumptions. Although improved 

fit to experimental results could easily be obtained by considering some constants as 

fitting parameters, such as EP viscosity or relaxation time, this procedure was 

deliberately avoided. 

The 2D-N model is, from the implementation and computational points of view, a 

great deal more demanding than the simplified 1D-N model. As the comparisons in Part 

II will show, the predictions of the 2D-N model are in most cases only marginally better 

than those of the 1D-N model. But it must be kept in mind that the 1D-N model relies on 

previous 2D-N calculations in order to determine the prefactor and exponent in Eq. (5). 

Finally, bacterial cell wall elasticity is not included in the 2D-N and 2D-PTT models. The 

reason is that the compliance of the bacterium is very much less than that of the EP, as 

shown below for realistic values of kB and typical experimental conditions. Hence, in an 
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experiment aimed at investigating the fluid mechanical behavior of the EP layers, the 

bacterium can be considered infinitely rigid incurring a force error no greater than 1%. 

Predictions for the response of the system - Comparison of 1D, 2D-N and 2D-PTT 

models 

As a first priority, a series of model calculations for a base case (input parameters 

reported in Table I) was performed in order to quantify the effect of simplifying the full 

2D-PTT model by eliminating viscoelastic effects (2D-N model), and by further 

simplifying the model down to the 1D calculation (1D-N). The base case is defined by 

the values of physical properties and experimental conditions listed in Table I. These 

values are representative of typical force spectroscopy experiments. 

Figure 3.4 presents the predicted dependences of force on stage displacement.  

 

Figure 3.4 Comparison of model predictions of force vs. time for base case 
calculation. Stage displacement is proportional to time with proportionality constant 

31.2nm/spz =& . Solid line: 1D-N, dashed line: 2D-N, dash-dot line: 2D-PTT. Physical 
properties and experimental conditions listed in Table I.  
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Figure 3.5 shows the variations of the thicknesses of the EP layers, and Figure 3.6 the 

change in bacterial diameter, and the deflection of the cantilever. Some general features 

can be observed in these plots. As far as film thicknesses and force are concerned, the 

predictions of the 1D-N, 2D-N and 2D-PTT models are very similar. The main difference 

stems from the incorporation of bacterial elasticity in the 1D-N model, which makes the 

overall system slightly more compliant. The squeeze flows for the upper and lower EP 

layers take place almost linearly in time and at very low force levels. The drainage of the 

upper EP layer takes place at forces <0.05 nN, less than the thermal noise level of 0.088 

nN for the cantilever spring constant used in the simulations.(48)  

In particular, the upper layer is almost completely squeezed out at a time 

(0)end
T T Pt h z≈ &  and the lower EP layer is squeezed out at ( )(0) (0)end

L T L Pt h h z≈ + & . Only 

when the thickness of the lower EP layer has dropped to less than ~ 4% of its initial 

thickness does the steady decrease in thickness slow down. Up to end
Lt  the two EP layers 

absorb the displacement of the stage almost completely and no appreciable bacterial 

deformation occurs.  

The stiffer elements in the system, bacterium and cantilever, deform very slightly 

while the EP layers are being drained. Bacterium diameter changes by 2 nm (0.2% of its 

initial size), and cantilever deflection is less than 1 nm when EP layer drainage reaches 

the 99% mark. In this regime, the force vs. time curve does indeed show the expected 

hyperbolic dependence characteristic of a EP-flow controlled response. But forces in this 

regime are still very low (<1 nN). At higher stage displacements, both EP layers have 

disappeared and the overall response is almost purely elastic. In this region, the 

experiment does not yield any further information on flow properties of the EP layers, but 
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 (A) 

 (B) 

Figure 3.5 Comparison of model predictions of EP upper layer (A) and lower layer 
(B) thickness vs. stage displacement for base case calculation. Stage displacement is 
proportional to time with proportionality constant 31.2nm/spz =& . Solid line: 1D-N, 
dashed line: 2D-N, dash-dot line: 2D-PTT. Physical properties and experimental 
conditions listed in Table I. 
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 (A) 

 (B) 

 

Figure 3.6 Change in bacterium diameter vs. time (1D-N model only) (A) and 
cantilever deflection (B) for base case. Physical properties and experimental conditions 
listed in Table I.  
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probes the combined elastic response of the cantilever and the bacterium. 

At strain rates that prevail in a typical experiment, viscoelasticity of the EP layers 

has a twofold effect: the initial response (hydrodynamic resistance to squeeze) is weaker 

than that of the Newtonian fluid; at later times it picks up much more steeply until EP 

layer drainage is completed. This qualitative picture is confirmed by the numerical results 

shown in Figure 3.4. For the base case, the maximum of the modulus of the strain rate 

tensor is in the range 1.4 13γ = −&  (in dimensionless units) for deformations from 10% 

up to 90% and 0.052De = . Thus, the EP layer does not behave as a strongly viscoelastic 

material unless very high stage velocities are used. The ratio of the compliances of the 

upper and lower EP layers is exactly independent of the viscosity of the fluid in the 

Newtonian case, and independent of viscosity to order ( )O De  in the viscoelastic base 

case. Therefore, the relative strength of the mechanical response of the two EP layers on 

force is chiefly a geometric issue that depends on the degree of confinement at the upper 

and lower layers, and that will remain unchanged in a range of about 2 3(10 10 )O −  (upper 

layer / lower layer compliance ratio) for other EP materials no matter what their 

viscosity, so long as geometric similarity is maintained. Force vs. indentation response in 

the non-linear part will therefore be determined almost entirely by the lower, more 

confined, EP layer. The response of the upper layer lies below the experimental noise, so 

long as confinement is weak, as it is between an AFM tip and bacterial cell wall. For this 

reason, the exact values of *,Tk T  parameters are not critical for the predictions of the 

model. Variations of up to 100% for *
Tk values have no discernible effect on the predicted 

force-indentation curve, as long as the order of *
Tk parameter value remains much smaller 
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than *
Lk . Furthermore, the values of ,Tk T parameters are independent of the ratio of 

bacterium size to film thickness ( (0)bac TR h ) but depend on the ratio of the relative size 

of the tip (probe) to bacterial size, reflecting its dependence on confinement of the upper 

fluid layer. 

The response at later stages is linear, with an observable, combined, elastic 

constant *K  defined by Eq. (11). Whereas cell wall elasticity is a characteristic of a given 

bacterial strain, the cantilever (constant) can be chosen. For the base case (Table I) the 

cantilever is approximately 10 times less compliant than the bacterial cell wall 10C Bk k≅ , 

making it the stiffest element of the system. 

Finally, the ratio of the combined compliance of the fluid elements (i.e. both EP 

layers) to the combined compliance of the elastic elements (bacterium and cantilever) is 

well approximated by ( )* * 310LK k O≅ ; except at short times and small indentations, the 

elastic response is overwhelmingly dominated by the purely elastic elements. 

Experiments performed on EP fluids of larger viscosity should show a larger EP-layer 

dominated region in the force-indentation curve, whereas the response of low-viscosity 

EP will be masked almost entirely by the response of the elastic elements. 

The previous observations are largely a consequence of the compliances of the 

four elements in the system being very different. In order of decreasing compliance, and 

relative to the softest element, their strengths can be ranked as: upper EP layer (1), lower 

EP layer (0.01), bacterium (10-5), cantilever (10-5-10-6). Factors such as viscoelasticity 

will not modify this picture significantly so long as 1De ≤ , implying that departure from 

Newtonian behaviour is small. 
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Effect of biologically variable parameters 

 

EP production is an intrinsically variable property of bacteria. EP layer thickness, 

viscosity and rheological behavior (e.g. relaxation time) may vary within a population of 

cells. Bacterial radius and stiffness is also subject to appreciable variability. All these 

intrinsic bacterial parameters serve as input parameters in our models. Therefore, in the 

following, we quantitatively discuss the expected impact of these inherently variable 

parameters on experimental results as predicted by the 1D-N, 2D-N and 2D-PTT models.  

Operating conditions (stage velocity and cantilever stiffness) are held constant 

and equal to 31.2nm/s and 1.42N/m respectively throughout the results. More details 

regarding measurement and variation of these properties for the case of encapsulated S. 

aureus together with the effect of operating conditions are presented in part II, where 

simulation results are also compared with experimental curves. 

Viscosity-Elasticity effects 

An inspection of published data shows that EP viscosity is subject to large 

variability.(49)-(52) Figure 3.7 illustrates the effect of changes in viscosity in the range 1-

200 Pa.s. As expected, all models predict a strong effect of EP viscosity on measurable 

force, larger viscosities leading to larger forces.  
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 (A) 

(B) 

(C) 
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Figure 3.7 Effect of liquid viscosity. In A) 1D-N and 2D-N predictions of force vs. 
time curves for EP viscosities in the range 1-200 Pa.s are compared. In B) 2D-N and 2D-
PTT predictions are compared. C) shows indentation (displacement- ( )cZ t - ( )0cZ ) for 
two different viscosities; 2D-N are compared with 2D-PTT predictions. Bk =0.4N/m, 

ck =1.42N/m, bacR =500nm, ( ) ( )0 0L Th h= =50nm, pz& =31.2nm/s and λ =0.83s, ξ =0, 
ε =0.006, α =0.2 for 2D-PTT. PTT parameters from fitting a single mode PTT model to 
data of Papageorgiou et al.(50) 

 

Although the dependence on viscosity is linear in the asymptotic drainage laws 

(1)-(2) overall dependence is weaker than linear, since the EP layers are embedded in an 

overall nonlinear elastic system. 1D-N and 2D-N predictions are virtually identical, 

whereas the inclusion of viscoelasticity has a moderate influence on force response. For 

the same value of total viscosity, the effect of the finite relaxation time is to make the 

force-time curves less steep (also shown in Figure 3.4). A finite relaxation time (as 

opposed to instantaneous Newtonian response) implies a progressive pickup in total 

viscosity, so that predicted force is less than that for the Newtonian fluid at a given time. 

Differences in predicted indentations (Figure 3.7C) amount to a softening of the “elbow” 

as viscosity is increased and deformation is more evenly distributed among all 

mechanical elements in the system. The values of the PTT parameters , ,λ ε ξ  used here 

were taken by fitting rheological data reported in literature(50) with PTT model 

predictions. However, the viscosity was varied in the same manner as in the Newtonian 

case to check the effect of elasticity on the predictions.  

Thickness of EP layers  

The thickness of the EP layer surrounding the bacterium is perhaps the 

experimental aspect most subject to biological variability, but also largely independent of 
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other fluid properties. However, the effect of liquid thickness, which serves as an input 

parameter in our models, does not significantly affect the results. For an initially thick 

film, the force-displacement curve will be almost identical to that of an initially thinner 

film that is still far from the strong confinement regime h « Rbac, but shifted along the 

time axis. This is evident in Figure 3.8, which shows the effect caused by a change in 

initial lower EP layer thickness from 20 to 50 nm on the measurable force.  

 

Figure 3.8 Effect of initial bottom EP layer thickness hL(0) on force values. Force is 
plotted vs. the displacement of the lower plate. In the inset the force is shown vs the 
shifted displacement, eliminating the effect of initial thickness. 1D-N results (not shown) 
overlap with 2D-N values. ck =1.42N/m, Bk =0.41N/m, bacR =500nm, ( ) ( )0 0L Th h= , 

31.2nm/spz =& ,η =9.15Pas, and λ =0.83s, ξ =0, ε =0.006, α =0.2 for 2D-PTT.  

 

An initially more confined EP layer yields a higher force level at all times, and 

reaches each maximum force earlier while this maximum value is independent of the 
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initial thickness. This is expected since as it was demonstrated in Figure 3.4 and Figure 

3.5, initially the squeezing of the upper layer takes place giving rise to almost zero values 

of the force. The force values become appreciable when the lower film has been 

considerably squeezed depending on the instantaneous thickness Lh . However, in an 

experiment the initial small force values are probably smaller than the noise level in 

measurements and the curves in Figure 3.8 would be traversed. (More details regarding 

the estimation of noise level in an experiment and the shifting procedure both for 

experimental and simulation results are given in Part II of the accompanied paper). The 

initial, almost flat force profile with values less than 0.07 nN is below the thermal noise 

level. Thus, this part would be invisible in an actual experiment. The curves would be 

shifted such that shifted displacement zero would correspond to force values greater than 

0.07nN. If this is done, then the curves for different initial thicknesses coincide (see inlet 

graph in Figure 3.8). Also shown in Figure 3.8 is that viscoelasticity causes a minor 

modification of the force-thickness curves.  1D-N (not shown) and 2D-N results are 

indistinguishable. Since this shift is cancelled in the evaluation procedure (more details 

presented Part II),(53) the measurable fluid response is not strongly dependent on initial 

EP layer thickness. This knowledge is key since an independent measurement of EP 

thickness is difficult and destructive, requiring extensive fixation after stabilizing the EP, 

sectioning, and observation in a transmission electron microscope. 

Bacterium radius and spring constant 

Another experimental parameter subject to large variability is the size of the 

bacterium. Its effect on the predicted force vs. time (stage displacement) dependence is 

shown in Figure 3.9A and B.  
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 (A) 

(B) 

Figure 3.9 Effect of bacterium radius and bacterial spring constant. , A) Force vs. 
displacement curves are presented for different bacterial radii in the experimentally 
measured range 200-750nm (the displacement is shifted subtracting hT(0)), Bk =0.2N/m, 

( )0 25bac LR h = , B) Force vs displacement curves (without any shifting) for two 
different bacterial radii 200nm and 500nm and (0) 20nmLh = . Effect of bacterial spring 
constant is also presented for the case of 2D-N and Rbac=500nm In all cases: 

ck =1.42N/m, ( ) ( )0 0L Th h= , pz& =31.2nm/s, η =9.15Pas, andλ =0.83s, ξ =0, ε =0.006, 
α =0.2 for 2D-PTT. 
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Three pairs of curves (Newtonian and viscoelastic) are shown in  Figure 3.9A for three 

different values of bacterium radii and for ( )0 25bac LR h = , all other parameters being 

identical. In this figure, a larger radius also implies a thicker EP layer, 

since ( )0 25L bach R= . As a consequence, the force response for smaller bacteria, with a 

thinner EP layer, starts at shorter times and picks up faster (steeper curves) than for large 

bacteria, since EP fluid confinement is greater. This results from the fact that the 

squeezing of upper liquid film of thickness ( )0Th , which gives almost zero force, takes of 

course more time when the thickness is larger.  To remove this “time effect” the curves 

have been shifted by removing the value of upper layer thickness ( )0Th from the 

displacement. Larger bacteria with proportionally thicker EP layers are expected to 

produce less steep force – indentation curves, i.e. smaller forces at a given value of the 

indentation. However, if EP layer thickness is assumed to be the same for all bacterial 

radii, the increased confinement achieved by the larger bacteria will lead to steeper 

curves (results shown in Figure 3.9B). In both cases, viscoelastic effects induce a delay in 

the force response but do not alter these conclusions. As a consequence, if the values of 

bacR  and ( ) ( )0 , 0L Th h  in a given experiment are not known, a less steep force-

indentation curve can be equally attributed either to a large bacterium with a thick 

Newtonian EP layer or to a smaller bacterium with a thinner viscoelastic EP layer. Hence, 

the importance of a precise knowledge of EP layer thickness and bacterial radius for 

quantitative comparisons cannot be overemphasized. In Figure 3.9B, the effect of 

bacterium spring constant is also shown using the 2D-N model and for the case of a 

bacterium with radius 500nmbacR = and ( )0 20 nmLh = . A stiffer bacterium gives a larger 
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slope in the linear part of the force-displacement curve at large displacements. This linear 

part of the curve appears when both upper and lower films have been squeezed and 

corresponds to the deformation of the system of the cantilever and bacterium with a 

combined elastic constant K . 

 

Conclusions 

 

A set of increasingly refined models for the quantitative analysis of force 

spectroscopy experiments has been developed. Special effort was devoted to the rigorous 

viscoelastic description of the polysaccharide layer that surrounds an individual 

bacterium. In addition, a simplified, one-dimensional Newtonian model was developed 

that does not require extensive numerical calculations and thus can be routinely used in 

the design and preliminary evaluation of experiments. When measuring with sharp 

probes, the squeezing of the upper fluid layer, confined between the probe and the upper 

part of the bacterium, takes place at exceedingly low forces, which are probably not 

detectable during an experiment. For this reason, the exact values of parameters related 

with the upper liquid film deformation and used in a 1D-N calculation, Tk and T , are not 

critical. Parameters related to the squeezing of the lower film, confined between the 

lower part of the bacterium and the lower plate of AFM apparatus, Lk  and L , can be 

determined analytically from Taylor’s force law, eliminating the need for a complex 

numerical scheme. Thus, the simple 1D-N model proposed here, can be conveniently 

used for rapid design and preliminary analysis of force spectroscopy experiments. 
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Full 2D viscoelastic calculations, which do not require any additional calculations 

or estimations for parameters, are computationally intensive but feasible. They may 

reproduce experimental force-indentation curves better than the 2D Newtonian model, 

since they generally describe more accurately the rheological properties of EP layers 

although experiments of high accuracy would be highly desirable to settle this issue.  

A parametric study indicates that accurate measurements of bacterial radius or 

cell wall stiffness have a great impact on predicting the force curve of encapsulated 

bacteria. On the other hand, small deviations in the thickness of the EP do not affect the 

force-displacement curve in the sense that the same force values would be predicted, but 

shifted in different times (displacements). Incomplete knowledge of these parameters 

makes it difficult to extract information on the rheological behavior of the polysaccharide 

layer from the overall mechanical response. The model predictions further indicate that 

experimental results of high accuracy with a reduced noise level and improved 

experimental reproducibility are required for extracting rheological properties of the EP 

layer from force spectroscopy measurements. 

 

Appendix A 

Analytical solution for the reduced 1D model  

Analytical solution can be provided for Eq. (11) through one quadrature:  
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where *
1t  is the time at which the upper liquid film has been totally squeezed, *

pz& is the  

constant stage advance velocity, and 1x  and 2x  are defined as: 
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 The solution can be rewritten so as to make explicit the evolution of the lower film 

thickness: 
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Appendix B 

Determination of 1D-N model parameters 

In this appendix we discuss the methods used to calculate the parameters included 

in Eq. (10), the solution of which provides the 1D-N model predictions. 

Stage velocity Pz&  is constant for each measurement and is set in the AFM. Several 

methods are available to experimentally obtain cantilever spring constants kc [see ref 



 

87 

(54)]. The bacterial spring constant kB used in the models corresponds to values obtained 

from normal force measurements on non-capsulated S. aureus, as measured 

previously.(8),(12) Alternatively, an analytical estimate of Young’s modulus for the 

bacterial cell wall based on an elastic membrane model relating the force F acting on the 

bacterium and change in its radius R is available:(55)  

 
5

20.362R R F
R w ER
∆ ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (B1) 

where w  is the thickness of the bacterial membrane, E is Young’s modulus and the 

formula is valid for a Poisson ratio of 0.3ν = . Hertz’ contact theory and Eq. (B1) yield 

values for E  which are in numerical agreement, but Eq. (B1) has the advantage that 

dependence on bacterial radius and cell wall thickness is made explicit, while Hertz’ 

theory is based on indentation of a solid elastic continuum. Finally, the thickness of the 

EP layer, which gives the initial values (0)Lh , (0)Th , is not known exactly. Furthermore, 

the diameter of bacteria is not constant across a population. The intrinsically variable 

nature of biological systems implies a range of possible values for the diameter of the 

bacterium and the thickness of the EP layer at the start of the experiment. Based on 

microscopic observations of microencapsulated S. aureus, EP layer thickness, and hence 

the initial values (0)Lh , (0)Th , is estimated to be under 200 nm.(56) The diameter of S. 

aureus is in the range of 500-1500 nm, with a typical value of 1000 nm. A bacterial 

radius of 500 nm was used in all calculations presented below, unless stated otherwise. 

Eq. (B1) suggests that bacterial flattening R∆  depends roughly linearly on its radius 

23.115 RR ≅− , other things being equal. A larger bacterial radius will hence show larger 

absolute indentation for a given force than a smaller one. 
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The uncertainty in the thickness of the EP layers is not critical for this model, 

since laws (5) and (7) have no dependence on acceleration, only on velocity and position, 

and are hence memory-less, i.e. the force for a given film thickness and squeeze velocity 

is the same, irrespective of the previous history of the flow. This will in general not be 

true for a viscoelastic description. However, in a confined flow, whether Newtonian or 

non-Newtonian, strong resistance to squeezing will appear when the aspect ratio of the 

film approaches 0, i.e. when bacRh << . Thus, the early stages of EP squeeze flow take 

place essentially at zero force, irrespective of the initial film thickness h , as will be seen 

in the following when the effect of initial liquid thickness is described in more detail.  

Regarding geometry, on the upper surface of the bacterium, the confining surfaces 

are a spherically tipped cone (curvature radius 10 nm, semi-aperture angle of the cone 

15º), and a spherical bacterium for which a radius of 500 nm is typical.  

Values of Tk  and T  are not intrinsic to the bacterium, but can be determined from 

the numerical solution of the squeeze flow problem of the upper layer, (Figure 3.1 

focusing on the film layer between upper part of bacterium and cantilever). 

The force exhibited by a Newtonian liquid under the conditions of imperfect 

confinement (meaning that deviation from parallelism of the confining surfaces is much 

less than a characteristic length of such surfaces) can be determined from finite element 

solutions (FE)(43) of the Navier-Stokes equations,(36) which describe the squeeze flow of 

the EP layer in 2D.: 

 0Du
Dt

ρ π+∇ ⋅ =  (B1) 
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 0u∇⋅ =  (B2) 

where D
Dt

 is the material derivative operator: 

 ( ) ( ) ( ) ( )D
Dt t

∂
⋅ = ⋅ + ⋅ ∇ ⋅

∂
 

u is the velocity field and π  is the total stress tensor field, which for a Newtonian fluid 

depends linearly on the symmetrized gradient of the velocity fieldγ& : 

 ( )†;p u uπ δ ηγ γ= − ≡ ∇ + ∇& &  (B3) 

The high curvature and very small size of the tip with respect to the bacterium imply 

almost vanishing confinement of the EP between tip and bacterium. In a similar manner 

as was done for the solution of the full problem a time adaptive mesh generation 

technique was also used here (45). In addition to axial symmetry, no-slip boundary 

conditions at the bacterial and tip surfaces were imposed and the kinematic condition 

applied at the free surface formed at the EP/air interface.  In order to obtain the values of 

the constants Tk  andT , the following procedure was followed: at every time step in the 

FE calculation, once the stress field in the EP layer domain is known, the force exerted by 

the EP fluid on the tip is obtained by integrating the z  component of the stress vector 

(i.e. nπ ⋅ with n  the local normal to the tip surface) on the surface of the tip. At the end 

of the run, force is thus available as a function of separation Th , and then the two 

constants Tk  and T  are  chosen so as to reproduce the numerically calculated force-

thickness dependence as closely as possible. Numerical results obtained from full 2D 

calculations conform well to the functional form postulated in Eq. (3) for the 
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values * 9; 0.4Tk T= = . Additionally, 2D finite element simulations were performed for the 

lower fluid layer confined between the bacterium and lower plate, and results for the 

force values are in good agreement with Taylor’s law described by Eq. (2) . Since Eq. 

(10) is written in dimensionless form, the pair of constants * 9; 0.4Tk T= =  is valid for 

other experimental setups as long as geometrical similarity is maintained (e.g. same ratio 

of cone tip radius to bacterium radius, and same semi-aperture angle).  

Comparing the forces predicted by Eqs. (5) and (7) for given EP layer thicknesses 

and squeeze velocities clearly shows that the upper EP layer is very weakly confined. The 

EP fluid exerts only a very small resistance to the advance of the tip. In addition, this 

force has a very weak dependence on separation. The ratio of the forces exerted by the 

upper and lower EP layers, when 90% of both EP layers has been squeezed out, for 

( )/ 0 10bacR h =  and for the same squeeze rate h& , is 0.0011, demonstrating that the upper 

layer is roughly 1000 times more compliant than the lower one. Thus, the assumption of 

the upper EP layer being, by far, the most compliant mechanical element in the system is 

amply justified. This conclusion is a consequence of the extremely weak confinement 

between tip and bacterium. It holds under very general conditions, irrespective of the 

value of the viscosity of the fluid and of the stage velocity, and has important 

consequences for the evaluation and design of normal force spectroscopy experiments.  

Appendix C 

Mathematical formulation for the 2D model 

The constrained problem, for the solution of full axisymmetric problem (Figure 3.3) can 

be stated as: 
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• determine velocity and total stress fields ( , , ), ( , , )u r z t r z tπ , 

• determine integration domain (through ( ), ( ), ( ), ( )P BL BT Cz t z t z t z t  such that: 

• 0 ; 0Du u
Dt

ρ π+∇ ⋅ = ∇ ⋅ = ,      (C1) 

• the free surface points defined by the position vector R  are given by the 

kinematic condition: DR u
Dt

=   (C2) 

• ( ) 0
bacS

n dSπ
∂

⋅ =∫     (C3) 

• ( )( (0))
c

c c c

S

k z z z n dSπ
∂

− = ⋅ ⋅∫ $  (C4) 

Where ( ) ( ) ( ) ( )D
Dt t

∂
⋅ = ⋅ + ⋅ ∇ ⋅

∂
 is the material derivative. 

Where the total stress tensor in Eqs. (C1), (C3) (C4) is given by 
EP

pπ δ τ= − . The extra 

stress tensor 
EP

τ  is calculated from Eqs.(12), (13) for the Newtonian and PTT liquid 

respectively. 

The surfaces in Eqs. (C3) (C4) bacS∂ , cS∂  are the entire bacterial surface 

surrounded by EP and the tip surface immersed in the liquid, respectively; n is the local 

normal to the surface and z$  the unit vector in axial direction.  In practice, only the 

z -component of the integral vector constraint (C3) needs to be checked, the r -

component being zero by symmetry. Axial movement of the bacterium and tip is imposed 

by conditions (C3) and (C4), respectively, assuming that both move as rigid bodies. The 
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projection at nodal points of the gradient of velocity G u= ∇  is also calculated as the 

values of gradients of velocity are needed in the boundaries of the tip and bacterium. Eq.  

(C2) controls the evolution of the free surface. As an additional consistency check, but 

not as additional constraint, the moduli of the (vector resultant) forces on the tip and the 

stage must be equal. Axial symmetry conditions are applied at r = 0, and no slip is 

assumed for the fluid in contact with the lower mica surface and in contact with the tip 

Figure 3.3. Continuity of the normal stresses at the liquid-air free surface is enforced by 

taking into account the instantaneous, position-dependent curvature of the free surface, its 

shape being calculated through the kinematic condition (C3). Since the fluid domain 

evolves in time, a system of PDEs giving the coordinates of the nodal points in the 

interior of the fluid domain is also solved at each time step. Implicit Euler is used to 

integrate in time.  

For the present study the DEVSS method (Discrete Elastic Viscous Stress 

Splitting) proposed initially by Guénette and Fortin(57) was used with the projection of the 

components of the velocity gradient tensor (G u= ∇ ) in nodal points(58) as additional 

stabilization unknowns. A stabilization term of the form ( )† †
a G G u uη⎡ ⎤∇ ⋅ + −∇ −∇⎣ ⎦ is 

added in momentum equation (C1) with
a

η ~ 0
p

η . Reference (46) gives a thorough 

description of the particular numerical techniques used in this study.  

As previously shown, the upper film layer is the most compliant of all elements 

present; thus it is expected that the liquid in this region will be first of all squeezed in the 

full 2D-N calculation (Figure 3.2). When the film thickness in the upper layer reaches the 

0.5 nm threshold Eq. (C3) is no longer used and the bacterium and tip move as a single 
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rigid body with its dynamics being given by an equation of the form of Eq. (C4) using a 

mixed elastic constant given by ( )c B c BK= k k k k+  .  

A robust and highly efficient Newton-Raphson method is used to solve the 

constrained 2D-N problem. It was possible to obtain converged solutions up to very high 

squeeze ratios (reduction of the EP layer thickness to less than 5% the initial 

thickness).(46)  

Although in an experiment the bacterium is surrounded by an almost unbounded 

fluid, in the 2D-N model it suffices to consider a computational domain of moderate size, 

like that shown in Figure 3.3. This procedure is numerically expedient and motivated by 

the fact that fluid velocity and stress fields are sharply peaked about the upper and lower 

confinement regions (Figure 3.3) and are almost zero everywhere else. Any fluid 

elements removed from the lower confinement points by more than ( )bacO R , or removed 

from the upper confinement point by more than ( )tipO R  are, for all practical purposes, in 

a state of zero stress. Hence, their contributions to the force response (integral of stress) 

are entirely negligible. Extending the characteristic size of the calculation domain beyond 

( )bacO R  is unnecessary. 
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CHAPTER IV 

MODELING THE EFFECT OF CELL-ASSOCIATED POLYMERIC FLUID LAYERS 

ON FORCE SPECTROSCOPY MEASUREMENTS, PART II: EXPERIMENTAL 

RESULTS AND COMPARISON WITH MODEL PREDICTIONS 

 An important question is whether or not the hydrodynamic description of the 

extracellular polysaccharides that was developed in the previous chapter is a reasonable 

model for a force spectroscopy measurement. A rigorous hydrodynamic model was 

developed, but not tested with experimental data. In this chapter, predictions from the 

hydrodynamic model are compared with experimentally obtained force curves on S. 

aureus. Using reasonable values for the parameters in the model, obtained 

experimentally, simulated force curves were able to predict experimentally observed 

behavior fairly well. Additionally, velocity dependence is observed experimentally, 

suggesting a viscous contribution. However, this chapter does not address the relative 

applicability of a steric model and hydrodynamic model. Typically, long range forces in a 

force curve are explained with a steric model when DLVO theory cannot be used to 

explain the data. As a supplement to this chapter, Appendix 1 contains the results of 

fitting a steric model to the 2D-PTT simulations and also to the experimental curves. The 

form of steric interactions fit simulations and experimental curves fairly well, but it 

should be noted that the steric model cannot account for velocity dependence. The similar 

form of the steric model and hydrodynamic model could make it difficult to determine 

which phenomenon occurs. However, the predictive ability of the hydrodynamic model 

makes it a useful tool for exploring the design of force spectroscopy experiments. 
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Abstract 

 

In this paper, experimentally obtained force curves on Staphylococcus aureus are 

compared with a previously developed model that incorporates hydrodynamic effects of 

extracellular polysaccharides together with the elastic response of the bacterium and 

cantilever. Force-displacement curves were predicted without any adjustable parameters. 

It is demonstrated that experimental results can be accurately described by our model, 

especially if viscoelastic effects of the extracellular polysaccharide layer are taken into 

account. Polysaccharide layer viscoelasticity was treated by means of a multi-mode 

Phan-Tien-Tanner (PTT) constitutive equation. Typical maximum relaxation times range 

from 0.2 to 2 s, whereas the corresponding zero-shear-rate viscosities are 6 to 9 Pa.s, 

based on published, steady-state rheological measurements on Staphylococcus aureus 

polysaccharide extracted from its native environment. Bacterial elastic constant is found 

to be in the range 0.02-0.4 N/m, corresponding to bacterial wall Young’s moduli in the 

range of a few hundred MPa. Repeatability of measurements performed on different 

bacteria is found to be only fair, due to large individuum variability, whereas repetitions 

of measurements on the same bacterium showed high reproducibility. Improved force-

indentation curve predictions are expected if transient rheological characterization of 

extracellular polysaccharides is available. More desirable however is the direct, in vivo 

rheological characterization of the extracellular polysaccharide. A model-based analysis 

of experimental force-indentation curves shows that appreciable further experimental 

improvements are still necessary to achieve this goal. 
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Introduction 

 

Mechanical properties of bacteria, specifically their components, may provide 

insight into the pathology of certain diseases and the development of novel therapeutics. 

Staphylococcus aureus is a gram-positve bacterium implicated in several diseases. Under 

appropriate growth conditions S. aureus expresses extracellular polysaccharides (EP). 

The most common types of S. aureus EP present in human infections are designated 5 

and 8.(1) S. aureus expressing these two types are described as microencapsulated because 

the capsule is not observable by optical microscopy using negative staining. With the 

increased occurrence of antibiotic resistant strains of S. aureus, especially methicillin 

resistant S. aureus (MRSA), and community acquired infections, a thorough 

characterization of this bacterium is needed to provide any information that could lead to 

a better understanding of infection pathology or development of a non-antibiotic 

treatment method. Additionally, little is known about the mechanical properties of S. 

aureus.  

Previous single cell studies on S. aureus have addressed several areas. The 

septum of S. aureus undergoing cell division, along with concentric rings in new cell wall 

area and a network of fibers in old cell wall area were observed with AFM.(2) The old cell 

wall region had a smooth region over which polymer adhesion was observed and a gel-

like region lacking adhesion.  Single molecule force spectroscopy has been used to 

demonstrate that protein A is distributed over the entire surface of S. aureus D2H(3) and 

that invasive clinical S. aureus strains have a higher average binding force with 

fibronectin.(4) Optical trapping and evanescent wave light scattering were used to 
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measure the interaction force between single S. aureus.(5) Smith diffuse displayed longer 

range repulsive forces and less adhesion to glass than Smith compact, even though both 

strains had similar contact angles and zeta potentials. 

A characterization of the mechanical properties of S. aureus and its components is 

possible using an atomic force microscope(6)(AFM) to measure the response of the 

bacterium under applied force, a technique known as force spectroscopy. In a force 

spectroscopy measurement, cantilever deflection is measured as a function of sample 

position, measured relative to the initial position. Using appropriate calibrations for the 

cantilever, deflection is converted into force, and a force curve, a plot of force versus 

piezo scanner displacement, is obtained. 

Information about mechanical properties is obtained from the response of the 

bacterium, interpreted with an appropriate model, which can be difficult. Surface forces 

(electrostatic and van der Waals), steric forces, hydrodynamic forces, and also forces 

arising from deformation can all be observed in a force curve. Lack of an independent 

determination of absolute distance between the cantilever and the sample being probed 

complicates the situation further. On bacteria, force versus displacement curves can 

appear to have an initial non-linear region followed by a linear region. One common 

characterization is analyzing the linear response region of force versus displacement and 

calculating a spring constant for the bacterium by treating the bacterium and cantilever as 

two linear springs in series. In this manner, spring constants have been published for both 

Gram-negative(7)-(10) and Gram-positive bacteria.(10) The non-linear region has been 

interpreted, up to now, as long range forces such as Van der Waals interaction and 

electrostatic interactions between charged surfaces through a liquid medium (DLVO), 
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electrosteric interaction between the AFM tip and cell polymers or as a non-linear elastic 

response of the bacterium. Force measurements with S. aureus ATCC 27660 using an 

optical trap were described well by DLVO theory, but the authors note this is not the case 

for S. aureus when electrolyte concentrations are greater than 2 mM.(11) In several 

instances, DLVO predictions have been inconsistent with AFM observations for Gram-

negative organisms.(12)-(14)  

Long range forces in force curves obtained on EP expressing organisms 

Pseudomonas putida and Burkholderia cepacia,(15) Aureobasidium pullulans,(16) 

Escherichia coli JM109,(12) Pseudomonas aeruginosa,(13) and Candida parapsilosis(13) 

were interpreted with an electrosteric model, which better explained the response than 

DLVO theory.(15) A recent investigation suggested that S. aureus type 8 polysaccharide 

could be removed from ATCC 49230 dissociatively, which means the polysaccharides 

are not covalently attached to the bacterial surface, but adsorbed.(17) In a set of 

experiments measuring forces between polymer brushes and AFM probes in an aqueous 

environment, covalently anchored polystyrene was well described by a single decaying 

exponential representative of the steric model while adsorbed poly(ethylene 

oxide)/poly(methacrylic acid) was well described by two decaying exponentials.(18) The 

authors suggested lateral shifting for the case of the adsorbed polymer. Two decaying 

exponentials proved a better fit for Pseudomonas aeruginosa(13) and Aureobasidium 

pullulans,(16) although two polymer populations rather than polymer shifting was 

suggested as the cause. 

In our companion paper, a new force curve model was developed in which EP 

layers were treated as a Newtonian or a non-Newtonian Phan Thien Tanner (PTT) fluid, 
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which requires solving numerically, for example with the finite element method in a 2D 

domain.(19) A simple one-dimensional model was additionally proposed in which the 

evolution of the system is described as a succession of force equilibrium states, given the 

force-deformation relationships for all elements of the experimental apparatus. In the 

same spirit as in the 2D model, EP response was described by the hydrodynamic force 

due to the squeeze flow and bacterium and cantilever were treated as linear springs. This 

model captures Newtonian behavior, as verified by its close agreement with a more 

rigorous finite element 2D calculations. However, to include viscoelastic effects requires 

a more complex finite element simulation in which the EP was modeled as a PTT 

viscoelastic fluid. In these models, EP flow leads to a non-linear region in the force 

versus displacement curve, which could represent observed non-linear response on 

bacteria expressing non-covalently attached extracellular molecules.  

In this manuscript, we compare experimentally obtained force curves on a 

microencapsulated strain of S. aureus with the models described in the companion paper 

(Part I) which identify the contributions of hydrodynamic interaction of EP. The 

hydrodynamic models were able to predict the magnitude of experimentally measured 

force without any adjustable parameters. In the context of the immobilization method 

used, a hydrodynamic description of EP may be more appropriate than fitting a steric 

model to the entire ‘long-range’ region. The paper is organized as follows: the 

experimental procedure is described for a force spectroscopy measurement on an isolated 

bacterium together with the techniques for growth and preparation of bacteria and the 

methods used to estimate all bacterium inherent parameters. Experimental results are 

presented together with the model predictions for the same experimental conditions.  
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Materials & Methods 

 

Force spectroscopy measurements and analysis 

Measurements on single bacteria were carried out with a JEOL-SPM 5200 

scanning probe microscope using rectangular silicon probe cantilevers (MikroMasch, San 

Jose, CA). Cantilever spring constants ck  were determined with the Sader method and 

beam mechanics.(20),(21),(22) Spring constants for the types of measurements described here 

are typically in the range 0.0216-1.42 N/m. However, as it will be shown, a relatively soft 

cantilever spring is preferred since the effect of the EP liquid layer is more pronounced 

for this case. For this reason, all experimental force curves shown were obtained using a 

cantilever with spring constant of 0.082 N/m. In a normal force measurement, the sample 

is moved vertically at a constant speed. The speed is set experimentally in WinSPM 

software (JEOL), and cantilever deflection is measured using the optical lever method. 

Resulting data, photodetector voltage versus piezo scanner displacement was converted 

to force by multiplying the photodetector voltage by a sensitivity factor and the cantilever 

force constant. The sensitivity factor was determined from a force curve on the substrate. 

Onset of contact is defined as the point at which cantilever deflection was consistently 

positive. The basic elements of the experimental set up are depicted in Figure 4.1. 
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Growth and preparation of bacteria for AFM 

 Force curves were obtained on the microencapsulated bacterium Staphylococcus 

aureus (American Type Culture Collection, 49230) and on a non-capsulated S. aureus 

strain (American Type Culture Collection, 10832). Strains were maintained on freezing  

 

Figure 4.1 Schematic view of the squeeze flow geometry in a normal force 
spectroscopy measurement, obtained with an atomic force microscope, on a cell 
surrounded by a polysaccharide layer. 

 

medium (15% glycerol/85% nutrient broth) and stored at -70° C until use.  Bacteria were 

cultured on Columbia blood agar plates for 24 h at 37°C to reach the stationary growth 

phase, a period of maximum CP production.(23),(24)  A drop (10 µL, 19.2 µM) of poly-L-

lysine (>300 kDa, Sigma-Aldrich) was deposited on freshly cleaved mica and permitted 

to air dry. One to three S. aureus colonies were transferred to 100 µl of deionized water 

and suspended by gently pipeting. Both strains of S. aureus grew on Columbia blood agar 
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after being suspended in deionized water, and therefore were considered viable. Bacteria 

were immobilized by transferring 20 µL of the bacterial suspension to poly-L-lysine 

coated mica.  The suspension was air dried for approximately thirty minutes before 

transferring it to the AFM wet cell. Without the poly-L-lysine layer or brief period of air 

drying, bacteria were easily displaced from the mica surface during contact imaging in 

solution. A low concentration of poly-L-lysine (19.2µM) was utilized to minimize any 

effect on the bacterial surface. Poly-L-lysine coated mica appears much stiffer than a 

bacterium; as such it does not mechanically affect any portion of the system and its 

corresponding model. Topographical imaging in contact mode was utilized to locate a 

bacterium. Once located, a force spectroscopy measurement was carried out by 

positioning the AFM probe over the center of the bacterium and measuring cantilever 

deflection as a function of the vertical position of the substrate. 

Isolation of S. aureus capsular polysaccharides  

ATCC 49230 was cultured under optimal conditions for expression of soluble 

extracellular polysaccharides.(25) Briefly, cultures in Columbia broth supplemented with 

0.1% glucose, 1% yeast extract, and 0.5% NaCl were shaken for 48 h. Bacteria were 

pelleted by centrifuging and the supernatant was removed and filter sterilized. 

Extracellular polysaccharides were concentrated and desalted in a Centriprep 30 

(Amicon). Desalting consisted of three concentrating centrifuges, each time 

reconstituting with deionized water. Proteins were removed by precipitating with 

trichloroacetic acid, followed by dialysis overnight against deionized water to remove 

trichloroacetic acid. 
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Repeatability of Measurement 

 Achieving high repeatability in measurements on single bacteria is extremely 

challenging. Figure 4.2A shows experimental force curves on 14 different cells, at 

different stage velocities. If the measurements were repeatable to high precision all 

curves of the same type would be expected to overlap. However, appreciable cell-to-cell 

variability is  

 

Figure 4.2 Repeatability of typical AFM experimental data: A) force curves on 14 
different cells. Stage velocity is coded by line type. B) A representative set of a series of 
three force curves over the same location of a bacterium. 

A

B
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observed. Even though culturing was carried out to stationary phase, it is conceivable that 

a measurement is carried out on a bacterium that may be in some stage of dividing. As 

demonstrated by Touhami et al.(2)  different regions of the cell wall have distinct 

morphology and physical properties. The variability we observe could encompass 

probing these different areas in addition to the variable parameters discussed below. 

Obtaining a series of three force curves over the same location of a bacterium gives far 

less variability. Triplicate measurement was carried out for seven bacteria. A 

representative set is displayed in Figure 4.2B. 

Determination of bacterial constants for simulations 

S. aureus is usually stated to have a diameter in the range of 500-1500 nm. Profile 

analysis (Scanning Probe Image Processer, Denmark) of bacteria in topographical AFM 

images obtained in phosphate buffered saline demonstrated an average diameter (± 

standard deviation) of 909 ± 142 nm (n = 24). The experimentally determined radius is in 

good agreement with the bacterial radius Rbac of 500 nm, average of accepted value, used 

in the simulations presented in this manuscript. 

A method was needed to estimate the thickness of the EP layer of S. aureus 

ATCC 49230 to provide reasonable values of liquid thicknesses hL(0) and hT(0) which 

are entered into the models developed.(19) This particular strain is microencapsulated, 

meaning that the capsule is not visible by negative staining, suggesting that the EP layer 

is less than 200 nm,(26) the approximate resolution limit of optical microscopy. Electron 

microscopy has been used to observe encapsulated strains. However, the preparation is 

extensive, including stabilization with antibodies and dehydration, which has the 
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potential to alter native structure. In our preparation of S. aureus for AFM, the only 

preparation step was to air dry a suspension. EP thickness was approximated by fitting 

the form of parallel plate squeezing to an experimentally obtained force curve. On several 

S. aureus strains expressing capsular polysaccharide type 5 (CP5), expression of CP5 was 

demonstrated to be heterogeneous across a single population.(27) Due to the variation of 

thickness across a population, knowledge of the minimum and maximum thickness 

provides a working range for simulations. However, as explained in more detail in part I 

of this work,(19) the uncertainty in EP thicknesses does not have a major negative impact. 

The value of hT(0) in particular does not play any role because of the low confinement of 

the liquid film between the tip and the upper part of the bacterium.  To first (Newtonian) 

order, the force recorded as the lower fluid layer is squeezed depends on the 

instantaneous value of the liquid thickness ( )Lh t  and not on its initial value. An initially 

thinner EP fluid layer gives rise to experimentally measurable force values earlier (i.e. at 

lower displacements) than a thicker layer. This effect is filtered out by the shifting 

method used to determine the contact point.  

Bacterial spring constants bk were measured as described elsewhere.(7),(9) Briefly, 

a linear fit of experimentally obtained force versus displacement curves over S. aureus 

was made. To avoid any interference of the EP layer, force curves on the non-capsulated 

S. aureus strain ATCC 10832 were obtained and fit to obtain a spring constant. The range 

of values is 0.00(9) – 0.95(4) N/m, with an average value (± standard deviation) of 

0.17(6) ± 0.249(6) N/m (n = 17). On ATCC 49230, the range of spring constants was 

0.020(3) – 0.688 N/m, with an average of 0.18(0) ± 0.192(3) N/m (n = 16).  Based on our 
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model predictions, we observed that in the presence of EP a linear fit can be made, but 

one must be careful to fit late enough in the curve.(19)  

In the simulation results presented in this paper, inherent bacterial parameters 

( bacR , bk ) are considered to be approximately equal to the mean measured values. The 

initial EP liquid thicknesses ( ) ( )0 , 0L Th h  are considered to be equal to 20nm in all 

calculations, since the forces become significant for thicknesses below this value (as was 

seen in Part I). The dependence of the force curves on the above mentioned parameters 

has been discussed in detail in Part I of this work.  

Polysaccharide Concentration and Viscosity 

Polysaccharide concentration was determined by assaying with anthrone(28). 

Anthrone reagent was prepared by dissolving anthrone in ice cold 75% sulfuric acid 

(JTBaker) at a concentration of 0.2% (w/v). While kept ice cold, 5 mL of anthrone 

reagent was added to 1 mL of sample. Assay samples were mixed thoroughly. All 

samples were simultaneously heated in a boiling water bath for 10 minutes and then 

returned to an ice bath. Absorption at 625 nm was measured, with water assayed as the 

blank. A calibration curve for polysaccharide content was made using glucose as the 

standard. 

Polysaccharide solution viscosity has a major influence on the results of force 

spectroscopy measurements and is a key parameter for simulations of force curves 

including EP(19). Viscosity of the polysaccharide was estimated from S. aureus 

extracellular polysaccharides isolated as described above. The amount of polysaccharide 

produced by a single bacterium was estimated by measuring the total polysaccharide 
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produced and the number of bacteria present in the culture, where bacterial concentration 

was determined by OD620. Intrinsic viscosity in the limit of zero shear was estimated 

using the Debye-Büche expression for non-free draining coils(29) 
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where AVN  is Avogadro’s number, WM  is the polysaccharide molecular weight, and HR  

is the z -averaged hydrodynamic radius. Static light scattering (ZetaNanosizer, Malvern) 

was used to determine molecular weight and z -averaged hydrodynamic radius of 

isolated polysaccharides. Polysaccharide concentration was estimated by assuming a 

density of 1400 kg/m3 and a thickness of 15 nm for the EP layer. Viscosity was then 

estimated by using the relationship between concentration c  and specific viscosity 

0spη (30)  
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The estimated value of viscosity with this procedure is 9.15 Pa s. 

Hydrodynamic Modeling 

All models are described in more detail in Part I,(19) but will be also briefly 

summarized here. In the hydrodynamic model, the system is assumed to be isothermal 

throughout; the bacterium is assumed to have perfect spherical shape; bacterium 

mechanical behaviour is that of an isotropic, linear elastic solid membrane at small 

deformations; the cantilever is a linear elastic element; the system is axisymmetric, with 

the symmetry axis passing through the tip and the bacterium center. 
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For the one-dimensional Newtonian model (1D-N), mechanical behavior of the 

model elements is described qualitatively by four elastic/dissipative mechanical 

components connected in series. Both the cantilever and bacterium are described by a 

linear spring each. Large deformation effects, possibly including buckling of the bacterial 

cell wall, were not considered. EP layers were treated as squeezing flows. The 2D 

Newtonian model involves the solution of the time dependent Navier-Stokes equations in 

a 2D domain with the Finite Element Method,(31) which includes all elements of the 

system: AFM probe, bacterium, stage and a surrounding EP layer. The cantilever is 

assumed to deform as a linear spring, while the bacterium is moving as a rigid body. 

When the upper fluid layer has been eliminated,(19) the bacterium and cantilever are 

moving as a spring with a spring constant ( )c b c bK k k k k= + . Finally, bacterial cell wall 

elasticity is not included in the 2D-N and 2D-PTT models because the bacterium is much 

less compliant than the polysaccharide layers. Hence, in an experiment aimed at 

investigating the fluid mechanical behavior of the EP layers, the bacterium can be 

considered as infinitely rigid with errors <1%.  Free surface effects are also considered, 

and the kinematic condition is invoked to determine the free surface position. An 

adaptive remeshing strategy based on an elliptic grid generation method is also 

incorporated to deal with the continuous change of shape and boundaries of the flow 

domain.(32) The predictions of the 2D-N model are only marginally better than those of 

the 1D-N model. However, the 1D-N model relies on previous 2D-N calculations. 

The axisymmetric 2D methodology was also extended to include the Phan Thien 

Tanner (PTT) viscoelastic model, which leads to more precise calculations that 

incorporate elasticity effects. The PTT constitutive equation contains four material-
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specific parameters , ,λ ξ ε  and 0
pη

(33),(34) which must be determined from rheological 

measurements.  

One of the strong points of the rigorous 2D-N or 2D-PTT model is that no 

adjustable parameters are present. All numerical constants are measurable and are either 

geometric, device specific, or material specific. Although improved fit to experimental 

results could be obtained by considering some constants as fitting parameters, this 

procedure was avoided.  

Parameters for Phan-Thien-Tanner model 

A literature search and fitting of published rheological data(30),(35)-(38) for 

polysaccharides was completed since no rheological data is available for EP from S. 

aureus ATCC 49230. For one-mode PTT, relaxation time was calculated from the 

inverse of the strain rate at the onset of shear thinning behaviour and zero shear rate 

viscosity 0
pη  was taken to be the viscosity at small shear rates (plateau region).  Using 

data reported by Papageorgiou et al.(36) the one-mode PTT parameters giving the best fit 

are λ =0.83 s, 0.006ε =  and 0ξ =  while data by Navarini et al.(38) give λ =2s, 

0.001ε =  and 0ξ = . In the simulations with a one-mode PTT model the total 

viscosity 0
s pη η η= +  was set equal to the experimentally estimated viscosity which is 

approximately equal to 9.15 Pa s. Additionally a multimode PTT model was used based 

on a fit(39) to rheological data reported by Papageorgiou et al.(36) Fitted three-mode PTT 

parameters are: 0
1 1 1 10.002s, 0.95, 0, 0.22Paspλ ε ξ η= = = = , 2 20.02s, 0.95,λ ε= = , 

0
2 20, 1.4Paspξ η= =  and 0

3 3 3 30.2s, 0.6, 0, 3.4Paspλ ε ξ η= = = = . In the simulations for 
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both one-mode and three-mode models solvent viscosity ηs was added 

( ( )0 0s s pa η η η= + ≠ ). Unless otherwise noted the parameters used in the models for the 

results presented here are given in Table II. 

 

Results and Discussion 

 

 In part I, a detailed description was given for the effect of all inherent to 

bacterium and EP layer parameters on the force-displacement curve. Additional input 

parameters to our models are the operating conditions such as stage velocity pz&  and 

cantilever stiffness ck , which can be selected within quite wide ranges. Before comparing 

experimental results with model predictions it is necessary, first, to quantify the effect of 

the cantilever spring on the relative importance of the  EP layer contribution to the 

overall response, and, second, to establish a reliable method to determine the force and 

displacement origins.  

Cantilever stiffness, ck , effect 

 While bacterial stiffness or dimensions and EP layer thicknesses cannot be 

modified at will in an experiment, it is possible to select the stiffness of the AFM 

cantilever within quite ample margins, 0.01-91 N/m. The effect of a large change in 

cantilever spring constant is shown in Figure 4.3. Cantilever deflection as a function of 

stage displacement is obviously dependent on its stiffness both for Newtonian and 

viscoelastic descriptions of the fluid. A stiffer cantilever will widen the gap between the 

most compliant (EP layers) and least compliant (bacterium and cantilever) elements of 
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the system and will obscure the part of the response attributable to the EP fluid. From this 

point of view, softer cantilevers are preferable for studying the response of EP layers and 

thus a soft cantilever with a constant 0.082 N/mck = was used in the experiments.  

Shifting data for comparison of experimental AFM data and model predictions 

 A comparison of models and experimental data requires the predictions of the 

model to be referred to a contact point, in a manner consistent with the shifting of 

experimentally obtained force curves. The exact value of the initial thickness of the 

extracellular polysaccharide layer in a force spectroscopy experiment is in general 

unknown. The contact point of an experimental force curve is determined by choosing 

the displacement and deflection value that is the initial point of a continuously increasing 

deflection. In the initial part of the experiment, where the tip is still far from the bacterial 

cell wall (non contact region), the force fluctuates around the reference (zero) value. For 

example, as shown in Figure 4.3, when a cantilever with a spring constant of 0.082 N/m 

is used, it produces an almost flat region in the force-displacement curve which would 

correspond to a noise of 0.259 nm in deflection and 0.0212 nN in force. The stiffer 

cantilever used in comparison in Figure 4.3 has a noise level of 0.0622 nm in deflection 

and 0.0883 nN in force. 

In order to determine the origin of force and displacement for a fair, reproducible 

comparison, force fluctuations were used to calculate the noise level of the measurement 

(one standard deviation Fσ ) and the zero force level (Figure 4.4).
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Table II Values of parameters used in simulations 

 Parameter Values Source/Method 

All models velocity 

kc 

Rbac 

Kb 

hL(0) 

hT(0) 

7.032-703.2 nm/s  

0.082 N/m 

500 nma  

0.2 N/mb  

20 nm 

20 nm 

Set in AFM software 

Sader method 

Experimentally confirmed 

From experimental values 

1D-Nc η 9.15 Pa.s Our estimate 

2D-PTT 

1mode 

(Papageorgiou et 
al.(36) 

rheological data) 

λ 

ε 

ξ 

ηd 

0.83 s 

0.006 

0 

9.15 Pa.s (a=0.2) 

Fitting to rheological data 

Fitting to rheological data 

Fitting to rheological data 

Our estimate 

2D-PTT 

1mode 

(Navarini et al.(38) 

 rheological data) 

λ 

ε 

ξ 

ηd 

2 s 

0.001 

0 

9.15 Pa.s (α=0.2) 

Fitting to rheological data 

Fitting to rheological data 

Fitting to rheological data 

Our estimate 

2D-PTT 

3mode 

(Papageorgiou et 
al.(36) 

rheological data:      

fitting values 
reported  by 
Verbeeten(39)) 

λ1, λ2, λ3 

ε1, ε2, ε3 

ξ1, ξ2, ξ3 
0

,1 3pη −  

ηd   

 

0.002s, 0.02s, 0.2s 

0.95,   0.95,  0.6 

0,   0,   0 

(0.22, 1.4, 3.4) Pa.s 

6.275 Pa.s (a=0.2) 

5.6 Pa.s (a=0.1) 

Fitting to rheological data 

Fitting to rheological data 

Fitting to rheological data 

Fitting to rheological data 

a range of Rbac values: (250-750)nm   

 b range of kb values (0.02-0.4)N/m 

c The 1D-N model parameters correlated to the geometry(19) are equal to the values 

reported in PartI for the Rbac, hL(0) values used here. 

dIn the viscoelastic cases 0
, , : number of modess p i iη η η= +∑ , sa η η=  
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Figure 4.3 Effect of cantilever spring constant. Results are presented for 2D-N and 
2D-PTT  and for two different cantilever spring constants. A) Force versus displacement 
curves and B) cantilever deflection versus displacement. [ pz& =31.2nm/s, other parameters 
as denoted in Table II]. 
 

 

Determining the zero force level of the experimental results allows matching the origins 

of the force scales (Figure 4.4B). Displacement origins are matched by determining when 

A 

B 
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the experimental measurement and the model predictions leave the 2 Fσ  band bracketing 

the zero force level, i.e. when force on the cantilever rises above the noise level and starts 

being detected by the AFM reliably and the simulation force gets greater than the 

standard deviation Fσ  (Figure 4.4C). This procedure makes it possible to compare 

results obtained  

 

 

Figure 4.4 Comparison between experimental force versus indentation response and 
model predictions. Indentation and force origins are defined through matching zero-force 
level and onset of measurable response. Solid line: experimental data, dashed line: model 
prediction 

 

with different AFM and model predictions. We used the noise in the non-contact regime 

of experimentally obtained force curves to define detectable force for the simulations. 
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Naturally, different experimental curves yield different noise levels Fσ  (for example due 

to variation of the stage velocity in a wide range, or to inherent fluctuation in bacterial 

characteristics). Although it implies some extra effort, using a single, common noise level 

for all results should clearly be avoided. It is of course also possible that if the noise level 

in a particular experiment is very large, then the contribution of the most compliant part, 

the EP layer, will be swamped by the response of the stiffer, elastic elements. The 

shifting procedure of  Figure 4.4 was used in all comparisons presented below. 

Comparison of experimental results with fluid model predictions 

In this section model predictions are compared with a set of experimental 

measurements. In all cases, force and displacement origins have been shifted and 

matched, as described in Materials and Methods, to make a quantitative comparison 

possible. The inclusion of viscoelasticity has a moderate influence on force response. For 

the same value of total viscosity, the effect of the finite relaxation time is to make the 

force-time curves less steep. A finite relaxation time, as opposed to instantaneous 

Newtonian response, implies a progressive pickup in total viscosity, so that predicted 

force is less than that for the Newtonian fluid at a given time.(19) 

In Figure 4.5 experimental results at a stage velocity 470nm / spz =&  are compared 

with predictions of the 2D-PTT model. The EP fluid was represented by a single mode 

(dashed line) and, more accurately, by a superposition of three modes (solid line). All 

model parameters were set to known operating conditions or to mean experimental values 

(bacterium radius, EP thickness). No parameters were adjusted in order to fit the 
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experimental curve. The agreement is only fair and is representative of typical 

experiments. 

 

Figure 4.5 Comparison with experimental results for 470nm / spz =& . Force versus 
displacement curves: Experimental results (open circles) are compared with 2D 
viscoelastic model results (one-mode, 2D-PTT represented by dashed line, and three-
mode 2D-PTT by solid line) and 1D-Newonian model (dotted line). One-mode and three-
mode PTT parameters are listed in Table II; 0.1α =  and 0 5.6Pass pη η η= + =  for three-
mode PTT. 

 

The three-mode PTT viscoelastic model gives somewhat better results in this case. In the 

same plot, the 1D-N model prediction (dotted line) is also presented. This simple model 

also gives reliable predictions with a significant accuracy for the force curve and it can 

thus used to give fast predictions. 
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 In Figure 4.6 two experimental force-indentation curves at 47nm / spz =&  are 

compared with (A) the most accurate three-mode 2D-PTT model predictions, (B) a 

single-mode 2D-PTT model and (C) a 2D-N model. In each figure, three curves for three 

different values of the bacterial elastic constant are included. The two experimental 

curves correspond to the same conditions, i.e. they are repetitions of the same 

experiment, and thus give an idea of the reproducibility achievable in practice. The more 

refined, three-mode 2D-PTT model gives a predicted force response that agrees better 

with experimental data than the one-mode 2D-PTT model. Although both viscoelastic 

models seem to be more realistic than the Newtonian model, an uncertainty in bk  has an 

even stronger effect. In addition, differences among the most and least accurate models 

are comparable with experimental reproducibility. Improved experiments would be 

highly desirable to settle this issue. A similar set of plots for the same experimental data 

is presented in Figure 4.7 for (A) the three-mode 2D-PTT model predictions, (B) a single 

–mode 2D-PTT model and (C) a 2D-N model. In each figure, three curves corresponding 

to three different values of bacterial radii are included. The effect of uncertainty in 

bacterial radius is quite significant. Again, the three-mode 2D-PTT model appears best to 

reproduce experimental results. Similar comparisons of experimental with simulation 

results are also made for stage velocities pz& equal to 70.32 and 703.2 nm/s (Figure 4.8 

and Figure 4.9 respectively) with the three mode 2D-PTT model giving best comparison 

with simulation results.   
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Figure 4.6 Comparison with experimental results for 47nm / sPz =&  and three 
different values of the bacterial elastic constant. Force versus displacement curves: 
Experimental results (open triangles and circles) are compared with three-mode 2D-PTT 
viscoelastic (A), one-mode 2D-PTT viscoelastic (B) and 2D Newtonian (C) models. In 
each plot, simulated curves are shown for three different values of the bacterial elastic 
constant kb. All parameters are as listed in Table II except kb, with values of 0.02, 0.2, 
and 0.4 N/m, and 0.1α =  and 0 5.6Pass pη η η= + =

 
for three-mode PTT. 

A 

B 

C
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Figure 4.7 Comparison with experimental results for 47nm / sPz =&  and three 
different values of the bacterial radius Rb (250, 500, 750 nm). Force versus displacement 
curves:  Experimental results (open triangles and circles) are compared with three-mode 
2D-PTT viscoelastic (A), one-mode 2D-PTT viscoelastic (B) and 2D Newtonian (C) 
models. All parameters are as listed in Table II except Rb and 0.1α =  and 

0 5.6Pass pη η η= + =
 
for three-mode PTT. 

A 

B 

C
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Figure 4.8 Comparison with experimental results for 70.32nm / spz =& . Force versus 
displacement curves: Two set of experimental results (open symbols) are compared with 
2D-simulation results: one-mode 2D-PTT from Papageorgiou (dashed line), one-mode 
2D-PTT in Table II from ref Navarini (dotted line), three-mode 2D-PTT results as in 
Table 1 with 0.2α =  and 0 6.275Pass pη η η= + =  (dash-dotted line) and 2D-Newonian 
model (solid line). 

 

 The comparison between experimental results and model predictions (Figure 

4.5-Figure 4.9) reveals the important parameters in a measurement and the aspects that 

need further investigation. Poor knowledge of several inherently variable biological 

parameters (bacterial radius, EP layer rheology, cell wall elastic modulus) has a strong 

impact on the evaluation of experiments by means of any model. Experiment evaluation 

will remain quite difficult unless specific values of these parameters for the bacterium 

used in a given experiment can be obtained. In the simulation results, we have considered 

that once the AFM tip contacts the bacterial cell wall, both tip and bacterium move as a 

single object  
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Figure 4.9 Comparison with experimental results for 703.2nm / spz =& . Force versus 
displacement curves: Two set of experimental results (open symbols) are compared with 
2D-simulation results: one-mode 2D-PTT from Papageorgiou (dashed line), one-mode 
2D-PTT in Table II from Navarini (dotted line), three-mode 2D-PTT results as in Table II 
with 0.2α =  and 0 6.275Pass pη η η= + =  (dash-dotted line) and 2D-Newonian model 
(solid line).  
 

 

and cell wall deformation is a purely global elastic effect. No details of the contact point 

are considered. This may be an oversimplification. Local stresses in the cell wall at the 

contact point for a tip radius of 10 nm and forces of a few nN are on the order of 

magnitude of 1-10 MPa, more than sufficient to cause considerable local cell wall 

distortion by buckling. As a matter of fact, a bacterial cell wall such as that of S. aureus, 

if considered a homogeneous and isotropic continuum, would undergo snap-through 

buckling (40) for a point load of ~ 2 nN if it were a solid membrane with the same 
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Young’s modulus. Although the behavior of a dynamic biological structure may be quite 

different from that of an ideal elastic solid (in particular, a biological membrane can 

recover from a plastic event), it is conceivable that the largely unknown mechanical 

interaction between tip and membrane may introduce spurious effects in force 

spectroscopy measurements. Another potential source of spurious effects is the off-center 

location of the AFM tip. A basic tenet of the model presented is axisymmetry. The AFM 

used for the force measurements presented holds the cantilever tilted 10° towards the 

sample. A tip that does not act on the apex of the spherical bacterium will give rise to 

lateral forces that may shift the bacterium. In addition, off-center loads may lead to 

premature buckling. Both effects would result in an apparently more compliant behavior 

of the overall system. Additionally, a measurement in which the tip interacts close to the 

edge has been demonstrated to yield a force curve that shows a more compliant 

bacterium.(7) 

 Furthermore, an important source of uncertainty in the model predictions is the 

poor knowledge of the rheological properties of the EP. Available rheological data on 

polysaccharides show a great deal of scatter. Most of the information available(30),(35)-(38) 

is in the form of steady-state measurements, to which it is just barely possible to reliably 

fit a simple non-Newtonian constitutive equation, let alone an advanced one.(33) 

 The individual contributions to a force-displacement curve from the several 

elements in an AFM experiment (EP layers, cell wall, and cantilever) appear tightly 

entangled in the overall non-linear mechanical response. The experimental results 

however can be used to calculate various parameters related to the bacterium. The 

bacterial radius can be estimated from profile analysis of a topographical image and kb 
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can be calculated from the linear region of the force curve over that bacterium. The 

unknowns in the model then only correspond to properties of the EP layer: thickness and 

rheological parameters. Extracting (deconvolving) fluid EP layer properties is a difficult 

inverse problem for which high-quality experimental data must be available. However, it 

may be possible to extract hL, hT and its rheological properties as fitting parameters. We 

refrained from doing so in the present work in order to test the first principles predictive 

capability of the models. 

Velocity dependence 

 The key point in ascertaining the importance of viscoelastic effects in force 

spectroscopy is whether or not there is dependence (beyond the linear, Newtonian h&  

term) of measured force on velocity at which the measurement is performed, all other 

parameters being equal. Since the force measurements described here take place under 

creeping flow conditions, the telltale signature of non-Newtonian EP behavior is a 

dependence of the ratio 
0

Force
U

 on stage velocity. This statement holds independently of 

the particular viscoelastic constitutive equation used in the model. In Figure 4.10, the 

three-mode 2D-PTT prediction of the dependence of the ratio 
0

Force
U

 on displacement is 

plotted for velocities: A) 47, 470 nm/s and B) 7.032, 70.32, and 703.2 nm/s. For a given 

value of displacement, the measured force increases with increasing velocity, but the 

ratio 
0

Force
U

 decreases, i.e. the force grows less than linearly with stage velocity. This 

trend still holds when the force-displacement curves are shifted in a similar manner as in 
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Figure 4.5-Figure 4.9; shifted curves are shown in the inset of the graphs in Figure 4.10. 

For this plot, a common noise level of Fσ ~0.06nN was assumed for all cases (this value 

of noise level corresponds to the mean noise level recorded in the experimental results 

presented so far) and was used to define displacement origins. The experimental noise 

level is approximately three times the theoretical thermal noise of 0.02 nN for the 

cantilever. Similar plots for experimental curves obtained at several velocities are 

presented in Figure 4.11. Note that more than one measurement is performed for the same 

stage velocity on different bacteria (Figure 4.11A). The experiments plotted in this figure 

have noise levels below 0.1nN, since because otherwise the contribution of the EP layer 

to the force response would not be detectable. In order to reduce the variation of inherent 

bacterial parameters, we computed the averages of the curves for the same stage velocity 

and plotted in Figure 4.11B. Although there is still appreciable variability, a trend similar 

to thatfor the viscoelastic PTT fluid (Figure 4.10) is evident here as well. The fact that the 

curves for different velocities do not overlap is rather conclusive, independent 

confirmation of the viscoelastic nature of the EP fluid. Although far from trivial, further 

improvements in reproducibility would enable in situ rheometry: the material specific 

parameters of the EP layer could be determined from a sufficiently extensive set of 

curves like those in Figure 4.11. This procedure would have the decisive advantage of 

probing EP rheological behavior without any preparatory treatment or external influence. 
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Figure 4.10 Comparison of three-mode 2D-PTT results for stage velocities 0pz U=& of 
A) 47, 470nm/s and solvent contribution to viscosity a=0.1 B) 7.032, 70.32, 703.2 nm/s, 
and a=0.2. Results are presented as recorded from simulation, whereas in the inset of the 
graphs shifted curves are presented.  

 

 

A 

B 
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Figure 4.11 Comparison of force-stage velocity ratio versus displacement curves at 
several velocities (graphs focus only on relative small displacement values). A) results 
for 47, 70.32, 470, 703.2 nm/s with more than one experimental dataset for each stage 
velocity (experiment performed on different bacteria) B) computing from (A) plots the 
mean force for each stage velocity. [kc=0.082N/m] 

 

 

A 

B 
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Conclusions 

 

Force spectroscopy on single bacteria is a very challenging experimental 

technique. Although remarkably low noise levels in the measured force can be achieved 

nowadays, a further reduction is still highly desirable. Experiment evaluation by means 

of any reasonably sophisticated model will remain quite difficult unless specific values of 

these parameters for the bacterium used in a given experiment can be obtained. A model 

which takes into consideration the response of the EP fluid layer surrounding the 

bacterium was able to predict quite accurately, without the need of any adjustable 

parameters, the response during an AFM normal force spectroscopy experiment. The 

model also yields physical insight in the origin of the different regions (non linear and 

linear response) of the force-displacement curve. 

 Based on the analysis of a high-quality set of AFM normal force spectroscopy 

experiments, it seems that effort should be primarily directed at improving the 

rheological characterization of the EP layer rather than at implementing sophisticated 

constitutive equations. Perhaps the greatest difficulty in rheologically characterizing the 

EP is that it cannot be done in situ with traditional methods. These methods require the 

extraction of a sample and its characterization in a rheometer under a rheometrical flow, 

i.e. under a spatially homogeneous velocity gradient. Recently, however, there has been 

increased use of complex flows to characterize materials rheologically at the macroscopic 

level. This strategy could be applied to in situ microrheometry of EP materials with 

minor modifications of the normal force device. The simplest way would be to replace 

the sharp AFM tip with a flat disk, so that the bacterium would be symmetrically 
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squeezed, which guarantees that the lower and upper confinement regions are identical. 

This setup would a) eliminate the risk of buckling, and b) would allow non-

homogeneous, in situ rheometry. Force spectroscopy data would then be analyzed by 

means of a suitable viscoelastic dynamic model such as the 2D-PTT model presented 

here. Unlike in the present work, in non-homogeneous rheometry the PTT model 

parameters would be fitting parameters. Limited reproducibility of individual 

experiments still represents a major obstacle to the deconvolution of the EP fluid 

behavior from the overall mechanical response. 
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CHAPTER V 

COMPLIANCE AND ADHESION FOR THREE STAPHYLOCOCCUS 

AUREUS STRAINS 

 

 In this chapter, compliance and adhesion of three S. aureus strains was 

investigated. Both sharp AFM probes and tipless cantilevers were used. Tipless 

cantilevers provide a well-defined geometry for comparison with theory, such as the 

model developed in Chapter III. Comparing with Chapter II, general conclusions can be 

made regarding non-specific adhesion of S. aureus. 

 F.M. Coldren designed the experiments, carried out measurements, and completed 

preliminary data analysis under the supervision of M. Guthold and D.L. Carroll. 

Measurements with tipless cantilevers were completed with the assistance of C. Carlisle. 

C. Carlisle and M. Guthold assisted in an editorial capacity to the development of this 

manuscript. This chapter will be submitted as a manuscript for publication. 



 140  

Introduction 

 

 Staphylococcus  aureus infections have serious impacts on human and livestock 

populations.1, 2 Increased resistance3 to antibiotics is a driving force for investigating this 

organism. Basic physical characterizations could provide insight into the pathology of an 

infection or into treatment routes. Atomic force microscopy (AFM)4 has proven 

invaluable for investigating microorganisms at the level of the single cell. 

 Several approaches have been used to investigate mechanical properties of 

bacteria with AFM. Structural components of bacteria have been isolated, immobilized 

over a groove, and deformed with an AFM probe to investigate elasticity.5, 6 Such an 

approach, while a more direct manner of probing only the component of interest, may not 

represent the in vivo condition. Sharp probes have been used to investigate elasticity in 

vivo for bacteria. Published values for cell surface elasticity of microorganism ranges 

from 0.0009 N/m to 320 N/m.7 However, compliance has been demonstrated to vary 

significantly with loading force for pyramidal tips, but not for colloidal probes.8 

Compliance has been directly linked to turgor pressure.9-11 By varying sodium chloride 

concentration, the compliance of bdelloplasts and Escherichia coli was altered.12 

Adjusting sucrose concentration did not affect compliance for Magnetospirillum 

gryphiswaldense suggesting no change in turgor pressure.10 Mechanical properties of 

cells could be of use to the medical community. Live metastatic cancer cells were found 

to be more compliant than benign cells.13 

 S. aureus has been the focus of several AFM studies. AFM has been used to 

observe the morphology of dividing S. aureus. Different mechanical behavior was 
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observed on new and old areas of cell wall.14 Measurements made with fibronectin coated 

probes showed a higher binding force for invasive S. aureus strains than control strains.15 

Immunoglobulin G functionalized probes were used to measure binding forces with 

protein A on the surface of S. aureus.16 Force spectroscopy measurements between silica 

and polystyrene colloidal probes and a wild-type strain of S. aureus demonstrated a larger 

adhesive force for polystyrene than silica.17  

 The majority of clinically isolated S. aureus express either serotype 5 or serotype 

8 extracellular polysaccharide.18, 19 Strains expressing type 5 or 8 CP do not produce a 

polysaccharide layer thick enough to mask antigens,20 but appears to mask adhesins.21  

However, the polysaccharide layer of mucoid strains are able to mask antigens.20, 22 Using 

the optical trapping technique, Smith diffuse (type 2) and its capsule-free isogenic mutant 

Smith compact were shown to have different force versus separation profiles even though 

their contact angles and zeta potentials were roughly similar.23 The different profile was 

attributed to steric repulsion of the polysaccharides. Variability in single cell studies on 

encapsulated S. aureus can be expected for CP5 as CP expression is heterogeneous 

throughout a population.21  

 Recently, a model was developed to predict force curves in which forces arising 

from deformation of extracellular polysaccharides  were assumed to be hydrodynamic, 

and it was found to predict the shape of force curves and forces within the order of 

magnitude.24, 25 The theoretical investigation demonstrated that a typical AFM probe does 

not provide a high level of confinement, thus making hydrodynamic effects small.24, 25 

One way of using the same technique is to implement a probe with a larger and 

geometrically defined squeezing surface. Colloidal probes, in which a microsphere is 
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attached to the end of the cantilever, have been used to investigate viscoelastic properties 

of Pseudomonas aeruginosa.8 Alternatively, a tipless cantilever would provide even 

greater confinement, and an analytical solution is available for the case of squeeze flow 

between a sphere and a plane.26, 27 Thus, force curves could be compared directly with 

theory.  

 The goal of this work is to compare the mechanical behavior of three S. aureus 

strains using AFM. Compliance, adhesion, and velocity dependence in force 

spectroscopy measurements are compared. 

   

Methods 

 

Bacteria,  growth, and preparation for AFM 

 All S. aureus strains were obtained from the American Type Culture Collection 

(ATCC). ATCC 10832 (Wood-46) is a capsule negative strain. ATCC 49230 was isolated 

from a man with osteomyelitis and is serotype 8. ATCC 13709 is serotype 2. Bacteria 

were cultured on Columbia blood agar for 24 hours at 37 °C. Two to three colonies were 

picked from the agar with an inoculation loop and placed into deionized water, then 

dispersed using a vortex mixer. A small volume of the bacterial suspension (10-20 µL) 

was air dried onto either poly-L-lysine coated mica, freshly cleaved, or poly-L-lysine 

coated microscope slides. Microscope slides were precleaned by three successive sonic 

baths in acetone, isopropanol, and methanol. 
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AFM 

 Sharp probes were used to image bacteria and obtain force curves using JEOL-

SPM 5200 with the liquid-cell set-up. Sharp probes terminated in a radius of curvature of 

10 nm, and the cantilevers were coated on the backside with aluminum (CSC38 AlBS, 

MikroMasch). Imaging in contact mode was completed to locate bacteria prior to 

positioning the probe over the center of the bacterium. 

 Tipless cantilevers did not have a probe attached to the end and were not coated to 

enhance reflection (CSC12, MikroMasch, Wilsonville, OR). These cantilevers were used 

in  a combined AFM/inverted optical microscope. The instrument is based on an inverted 

Zeiss Axiovert 200 microscope (Zeiss, Germany), a Hamamatsu EM-CCD C9100 camera 

(Hamamatsu Photonics KK, Japan), IPLab software (Scanalytics, Fairfax, VA) and a 

Topometrix Explorer AFM (Veeco Instruments, Woodbury, NY). The microscope stage 

was designed to permit relative movement of the AFM tip, cell sample and objective lens, 

facilitating alignment of bacteria with the AFM tip and objective lens. For more details of 

the combined AFM/optical microscope see refs.28 and 29. Liquid-cells were made by 

attaching a glass ring to a cleaned microscope slide with optical adhesive (NOA-81, 

Norland Products). In this manner, solvent volume was approximately constant over the 

time of the measurements. The inverted optical microscope permitted positioning the 

tipless cantilever over a bacterium without much difficulty. All AFM work was carried 

out in Dulbecco’s phosphate buffered saline. 

Manipulation of cells 

 The AFM manipulation experiments were done with a nanoManipulator (3rd Tech, 

Chapel Hill, NC), a software program that interfaces the AFM with a force feedback 
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stylus (PHANTOM, Sensable Technologies, Woburn, MA) and a graphics computer. The 

nanoManipulator provides control over the x-, y- and z-movement of the AFM tip. 

Force constant calibration 

 Cantilevers with probes were calibrated with the Sader method. This technique is 

well suited for the cantilevers with probes since the backside is coated with aluminum. 

Thermal oscillations in the normal direction were measured with a LeCroy Waverunner 

(LT224), at a sampling rate of 500 kS/s. Each trace was transformed using the FFT 

function of the digital oscilloscope. To increase the signal to noise ratio, 1000 sweeps 

were averaged. This averaged power spectrum was approximated by a simple harmonic 

oscillator and fit with the equation 
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where Awhite, B, ωf, and Qf are fitting parameters.30 The cantilever spring constant kc is 

related to ωf and Qf  
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where ρf is the surrounding fluid density, b is the width of the cantilever, L is the length 

of the cantilever, and Γi is the imaginary part of the hydrodynamic function. The 

analytical expression of the hydrodynamic function for a rectangular beam was 

developed elsewhere and is implemented into a Mathematica routine developed by 
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Sader.31, 32 Cantilever dimensions were measured with an optical microscope. Fittings to 

determine ωf, Qf, and kc were completed in Mathematica using routines developed by 

Sader.32 

 Tipless cantilevers were calibrated using a beam mechanics approach. Cantilever 

dimensions were measured with an optical microscope. The force constant is related to 

beam dimensions as 
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where E is Young’s modulus of the cantilever material, and W, T, and L are the width, 

thickness, and length of the cantilever, respectively.33 Thickness is calculated from the 

resonant frequency using the relation 
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where all quantities are as previously defined, and ρ is the density of the material 

comprising the cantilever. 

Force curve analysis 

 All force curves were shifted to a zero force and zero deflection value. The zero 

value was set to the first detectable deflection. In the case of bacteria expressing 

polysaccharides and the cantilevers used in these measurements, first detectable 

deflection probably does not correspond to contact to the cell wall, but interaction with 
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the extracellular polysaccharides.24, 25 A linear fit of raw force curves from -5000 nm to -

3500 nm permitted visualizing onset of deflection. 

 Compliance was calculated from the effective spring constant determined from a 

linear fit of force versus displacement, in the noted range of applied force. Cantilever and 

bacterium were modeled as two springs coupled in series. Using the calibrated cantilever 

force constant kc and effective spring constant keff from the linear fit, the bacterial spring 

constant kb is calculated as ( )effceffcb kkkkk −= . 

Derjaguin-Landau-Verway-Overbeek  Model 

 Electrostatic and van der Waal force contributions to force curves were estimated 

using Derjaguin-Landau-Verway-Overbeek (DLVO) theory. Applying the Derjaguin 

approximation, the electrostatic interaction potential of two spheres is given by the Hogg-

Healy-Fuerstenau (HFF) expression 
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where ε0 is the permittivity of free space, εr is the dielectric constant,  r is radius, ψ is the 

surface potential, κ is the inverse Debye screening length, and h is the separation at point 

of closest approach.34 For sphere-plane geometry, one radius can be thought of as 

approaching infinity. Then the reduced radius value simplifies to the smaller radius value. 

Within the Derjaguin approximation, the unretarded van der Waals interaction potential 

for two spheres is 
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where A is the Hamaker constant. Once again, the reduced radius simplifies to the radius 

of the sphere for sphere-plane geometry. Force is obtained by differentiating the 
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interaction potentials with respect to separation h. In DLVO theory, the total force is 

given by the sum of electrostatic and van der Waals forces. Therefore, for sphere-plane 

geometry, DLVO theory predicts the force as 
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where all quantities are as previously defined. 

 The Debye length κ for phosphate buffered saline is 0.784 nm. The Hamaker 

constant A was taken from literature to be 10-21, a reasonable order of magnitude for 

bacteria interacting with surfaces in solution.35, 36 The zeta potential for the probe, silicon 

with a natural silicon dioxide coating, was taken as the value for glass (-24.9 mV) in 0.1 

M phosphate buffered saline.36 The radius of the bacterium (500 nm) was used as the 

sphere radius. The dielectric constant for water at 25 C (78.5) was used.34 As a starting 

point, the zeta potential measured for Smith Diffuse S. aureus of -7.18 mV was used.23 

Steric Model 

 Forces arising from steric interactions of two polymer grafted plates37 was 

modified and validated for an AFM probe interacting with a polymer grafted substrate.38 

The force is given by 

( ) ( )0
2

3
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where kB is Boltzmann’s constant, T is temperature, r is is tip radius, L0 is the equilibrium 

thickness of polymer layer, Γ is grafting density in units of m-2, and h is the separation 

between the probe and grafted surface. Force curves were shifted using the procedure 

developed by Camesano and Logan.39 
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Results 

 

Tipless cantilevers on substrates 

 A slope in the non-contact region of the approach and retract curves was observed. 

Comparing five different cantilevers (Figure 5.1), the slope appeared to be cantilever 

specific. 

 

Figure 5.1  Force curves were obtained on glass with five different cantilevers. Each 
color represents a different cantilever. Force versus displacement curves were shifted to a 
zero position, where zero was defined as first detectable cantilever deflection. 
 
 
 
Slopes observed in the non-contact region on glass were also observed on bacteria, 

suggesting that the slope is an artifact rather than real deflection. Further support that the 

slope is not real deflection is that force curves obtained over surfaces of opposite charge 

have very similar approach curves and the response is not velocity dependent. In Figure 
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5.2, force curves obtained on glass (negative charge) are compared with force curves on 

poly-L-lysine coated glass (positive charge). 

 

Figure 5.2  Deflection versus displacement is plotted for three curves obtained on 
glass and three curves on poly-L-lysine coated glass (A). Both approach and retract is 
shown. Zooming in on the approach curves shows very little difference in the approach 
curve until the tipless cantilever is almost in contact with the poly-L-lysine coated surface 
(B). 
 

Linear spring constant 

Initially, the compliance of ATCC 10832 was determined in the upper contact 

region as commonly done (see ref. 12 for one example), from force curves obtained using 

conventional probes. However, a large standard deviation was observed, and some 

measurements even gave rise to a negative bacterial spring constant. A negative spring 

constant would occur if the bacterium exerts an upward force on the cantilever, causing 

more deflection than would be possible from piezodisplacement only. This kind of 

upward force was predicted in hydrodynamic simulations for coupling of fluid motion 

inside and outside of biological membranes.40 However, a more careful analysis is needed 

to know if this is the cause. 
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The average bacterial spring constant ± standard deviation was 0.226 ± 0.268 N/m, 

when not including negative values. If negative values were included then the bacterial 

spring constant was 0.062 ± 0.348 N/m. Applying an elastic analysis at the larger applied 

forces for this system is counter-intuitive because indentations are fairly large, and 

structural damage would not be unreasonable. Although, we never observed permanent 

deformation in topographical observations or repeat measurements confirming that an 

elastic analysis is a reasonable approximation.  

 Previous comments suggest that long-range interactions should be sufficiently 

small above 0.5-1 nN of applied force and the measured force would be due to the 

deformation of the bacterium.11 On a 120 nm gelatin film, the calculated Young’s 

modulus increased as the applied force increased.41 A similar linear analysis was 

completed again for the force curves of ATCC 10832, fitting in increments of 0.5 nN up 

to 5 nN, one increment of 1 nN for 5-6 nN, and then an upper force range of 5-10 nN. 

ATCC 10832 was used for this analysis because it does not produce extracellular 

polysaccharides, and thus any steric or hydrodynamic forces should be minimal. In  

Figure 5.3, the average kb values ± one standard deviation are plotted versus the range of 

analyzed force. Kb values were calculated from measurements with sharp probes and with 

tipless cantilevers. The range of applied force 0-0.5 nN was usually not linear. For all 

ranges of analysis except 5-6 nN, kb values calculated from measurements obtained with 

sharp probes were greater than values from tipless cantilevers. 

 Compliance versus approach velocity is compared for three S. aureus strains in 

Figure 5.4. The range of analysis for calculating the compliance was 5-10 nN of applied 

force. At a velocity of 0.1 µm/s, the compliance for ATCC 13709 was negative and is not 
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shown in Figure 5.4. The average kb value over all velocities for ATCC 10832, 49230 

and 13709 was 0.091, 0.045 and 0.095 N/m, respectively. 

 
Figure 5.3  Comparison of force constant for ATCC 10832. Force constants were 
calculated over several ranges of analysis for cantilevers with conical probes and tipless 
cantilevers (A). The average value for the range of analysis (increments of 0.5 nN) is 
plotted with one standard deviation. The standard deviation for the calculated spring 
constant is shown in each range of analysis (B). 

 

Figure 5.4  The average compliance value calculated ± one standard deviation. 
Compliance was calculated over the range of applied force of 5-10 nN from force curves 
obtained with tipless cantilevers. At a velocity of 100 nm/s, the compliance for ATCC 
13709 was calculated to be negative, and is not shown in the graph. 
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In this range of analysis, all fits had a χ2 of at least 0.99. No velocity dependence is 

observed in the compliance.  

Adhesion and rupture 

 Three distinct types of adhesive behavior were observed in force curves on ATCC 

10832 at a velocity of 1000 nm/s and 10,000 nm/s. These three types of behavior are 

shown in Figure 5.5. Observed adhesion includes adhesion without rupture events (Figure 

5.5A), adhesion followed by immediate rupture (Figure 5.5B), and adhesion followed by 

multiple rupture events (Figure 5.5C). 

 

Figure 5.5  In these plots, one full approach-retract cycle is shown for force curves 
obtained on ATCC 10832 at a velocity of 10 µm/s with tipless cantilevers. Adhesion was 
never observed for cantilevers with probes. 
 



 153  

At the retract velocity of 100 nm/s every bacterium had more than one rupture event and 

all were like Figure 5.5C. On ATCC 49230, two types of rupture could be observed 

(Figure 5.6). A plateau followed by a rupture is one type of rupture, denoted 1 in Figure 

5.6. The other type of rupture has an increase in the force prior to rupture, denoted 2 in 

Figure 5.6. One or both types of ruptures were observed when rupture occurred. 

 

Figure 5.6  Zoom in on a force curve over ATCC 49230 which displays both types of 
ruptures observed on this strain of S. aureus. 
 

 

On ATCC 13709, two rupture types were also observed. In one type, the cantilever 

undergoes partial rupture followed by negative deflection and then complete rupture 

(Figure 5.7A). In the other type of rupture, the cantilever snaps off from a deflection 

plateau or from a decreasing deflection (Figure 5.7B). 
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Figure 5.7  Rupture behavior for ATCC 13709. Some ruptures displayed negative 
deflection, pulling of the cantilever down, before rupture (A). Other ruptures were a snap-
off without negative deflection (B). 
 

 

For all strains cantilever deflection returned to zero position after the last rupture, except 

at pulling velocity of 100,000 nm/s. A decrease in the percentage of bacteria displaying 

rupture events is observed with increasing approach-retract velocity for both ATCC 

49230 and ATCC 13709 (Figure 5.7A). As approach-retract velocity increases the time in 

which a bacterium is in contact with the cantilever decreases. To normalize for contact 

time, after applying a given load the cantilever should be held in contact for a given 

period of time and then retracted. 

 The rupture forces for each bacterium were sorted into bins of width 0.3 nN, and 

the number of events in each bin are shown in Figure 5.8B. ATCC 10832 has most 

ruptures from 0.3-0.6 nN. The majority of ruptures for ATCC 13709 occur for forces less 

than 0.6 nN. ATCC 49230 has a higher typical rupture force then the other two strains, 

peaking in the range 0.9-1.2 nN. 



 155  

 

Figure 5.8  The percentage of bacteria that displayed at least one rupture event is 
plotted for the velocities at which force curves were obtained (A). All rupture events 
were sorted into bins of 0.3 nN width. The number of events in each bin is shown for 
each S. aureus strain (B). 
 

 

 For each strain, we can then look at the rupture force as a function of velocity 

(Figure 5.9). In Figure 5.9, ATCC 49230 displays a positive slope with a linear 

relationship  between force and rate (χ2 value of 0.96673), where rate is kc·velocity. 

Using the binding model developed by Bell and Evans and Ritchie,42, 43 which has been 

applied to a variety of systems (for a review see ref. 44), an unbinding value of 2.86×10-

10 s-1 was determined for ATCC 49230. However, it should be noted that this binding only 

represents a subpopulation. Rupture occurred on 78% of ATCC 10832 cells (n=23), 33% 

of ATCC 49230 cells (n=33), and 32% of ATCC 13709 (n=50). 
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Figure 5.9  Rupture force is plotted versus force application rate, assuming linear 
force application. 
 

 

Velocity  effects  

 The effect of changing approach and retract velocity are shown in  

Figure 5.10. On ATCC 49230 force curves at velocities 100 nm/s, 1000 nm/s, and 10,000 

nm/s are typified with a low minimum force value in the retract curve and similar 

approach-retract shapes (Figure 5.10A). Upon increasing the velocity to 100,000 nm/s, 

the force minimum increases and the shape of the retract curve no longer resembles the 

shape of the approach curve (Figure 5.10B). 

 On ATCC 13709, a shape in the force curve is also observed as a function of 

velocity. Little hystersis and a jagged retract is observed for velocities of 100 nm/s and 

1000 nm/s (Figure 5.10C). At 10,000 nm/s hysteresis between the approach and retract 

curves appears and a smooth adhesion is observed (Figure 5.10D). At 100,000 nm/s, the 

force minimum in the retract curve becomes more pronounced and the retract deviates 

more from the approach curve (Figure 5.10E). 
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Figure 5.10  Force curves obtained with approach/retract velocities of 100 nm/s, 1000 
nm/s and 10,000 nm/s typically appeared as in (A). At a velocity of 100,000 nm/s the 
force curve was typically as shown in (B). Characteristic force curves on ATCC 13709 at 
approach/retract velocities of 100 nm/s and 1000 nm/s (C), 10,000 nm/s (D), and 100,000 
nm/s (E).Force curves shown in (A) and (B) are on ATCC 49230, and force curves 
shown in (C), (D), and (E) are on ATCC 13709. 
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 The approach curves obtained at each velocity, with the same cantilever, were 

averaged to observe velocity effects that could be due to hydrodynamic effects in 

extracellular polysaccharide flow or viscoelastic contributions from the whole bacterium. 

Additionally, averaging the curves averages out small dependences on natural cell-to-cell 

variations. Velocity dependence was observed in the approach curves for all three strains. 

 

 

Figure 5.11  Velocity dependence in the approach curves is shown by averaging all 
approach curves for a given approach velocity and cantilever force constant. Each curve 
is the average of at least three individual curves. The force constant of the cantilever used 
on ATCC 10832 was 0.034 N/m (A), on ATCC 49230 was 0.048 N/m (B), and varied on 
ATCC 13709 from 0.019 N/m to 0.047 N/m (C).  
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 In contrast to ATCC 10832 and 49230, several cantilevers were used to probe 

ATCC 13709 because bacteria could be observed adhered to the cantilevers after several 

measurements. Averaged approach curves on ATCC 13709 were obtained with more than 

one cantilever at the velocities of 10,000 and 100,000 nm/s (Figure 5.11C). Comparing 

the two curves at each velocity demonstrates that the shape of the observed approach 

curve is dependent on the force constant of the cantilever. Assuming realistic values for 

the bacterium and cantilever, classic DLVO theory does not explain the long range 

repulsive behavior in the force curves. Classic DLVO theory predicts nearly zero force at 

a probe-bacterium separation of 100 nm (Figure 5.12). The rapid fall-off in force is due to 

the small Debye length (0.784 nm) of phosphate buffered saline. 

 

 

Figure 5.12 Simulation of force predicted with classical DLVO model is displayed. The 
electrostatic and van der Waals contribution are shown separately. Summing the two 
components gives the total force, but the total force is not distinguishable from the 
electrostatic contribution for the simulations shown.  
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 A decaying exponential, representative of the steric model, was fit to the averaged 

force curves displayed in Figure 5.11. All of the curves were well-fit by a decaying 

exponential. The lowest χ2 was 0.92. Both the equilibrium polymer thickness and grafting 

density are calculated from the two parameter fit. The equilibrium polymer thickness is 

plotted versus velocity in Figure 5.13. 

 

 
Figure 5.13 Equilibrium polymer thickness versus force curve velocity is shown. For all 
three ATCC strains, the equilibrium polymer thickness appears to increase with 
increasing approach velocity. Calculated equilibrium polymer thickness was also found 
to be dependent on cantilever force constant. 
 
 

Even though the steric model does not have a velocity dependent term, calculated 

equilibrium polymer thickness was observed to increase with increasing approach 

velocity for all three strains (Figure 5.13). Calculated grafting density decreased with 

increasing approach velocity for all three strains (fit results for this parameter not shown). 

Several cantilevers were used to investigate ATCC 13709 due to aggregation of bacteria 

onto the tipless cantilever. As a result, at approach velocities of 10 µm/s and 100 µm/s 

cantilevers with two different force constants were used in force spectroscopy 
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measurements. The equilibrium polymer thickness was calculated to be greater for 

cantilevers with lower force constants. 

 

Discussion 

 

Assigning a cause-effect relationship of bacterial components in these measurements is 

difficult. However, a serotype that is commonly isolated clinically to a strain that is 

clinically rare and to a non-capsulated strain.  

Compliance 

Compliance was initially investigated with sharp probes. However, standard 

deviations were observed to be larger than those published for compliance of bacteria. 

After using tipless cantilevers, the calculated compliance was a lower average value. 

Compared to tipless cantilevers which will probe the global properties of a bacterium, 

sharp probes will access local areas. A greater standard deviation with sharp probes could 

be the result of a natural variation in mechanical behavior over the bacterial surface. 

Morphology and adhesion was shown to vary on the cell wall surface of S. aureus.14 

Force mapping, collecting an array of force versus displacement curves, on the bacterial 

surface would allow mapping of mechanical behavior. 

Determining elastic properties, such as compliance or elastic modulus, has proven 

to be error-prone on thin films41 and on the gram-negative bacterium Pseudomonas 

aeruginosa.8 On thin films, the underlying substrate is “felt”, and the determined elastic 

property is overestimated. With sharp cantilevers, the pressure in the contact region is 

much higher than with tipless cantilevers. Such a high pressure may cause the bacterium 
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to deform in a variety of ways, which would give rise to a larger observed standard 

deviation.  

 The average compliance was observed to be lower for ATCC 49230, than for the 

other two strains investigated. Turgor pressure has been linked to compliance 

theoretically. The relationship was confirmed experimentally. Thus, the lower 

compliance for ATCC 49230 suggests that it maintains a lower turgor pressure than the 

other two strains investigated here.  

Adhesion and Rupture 

Even though the rupture probed in this study was non-specific, it is logical that a 

larger adhesion was observed on ATCC 49230. This isolate was obtained from a man 

with osteomyelitis. Thus, it has demonstrated invasiveness. ATCC 13709 is of a type that 

is rarely isolated from patients, as well as ATCC 10832. In a previous study, invasive 

isolates were demonstrated to have stronger specific interactions with fibronection.15 

Stronger specific and non-specific interactions may be the basis for invasiveness. The 

stronger non-specific adhesion observed for ATCC 49230, CP8 strain, needs to be 

reconciled with observations that CP5 expression inhibited adhesion to endothelial 

cells.21 Variability may be expected in the ATCC 49230. CP5 expression was 

heterogeneous in a population for one strain of S. aureus21 and may also be for ATCC 

49230. 

Fibril over-production in Myxococcus xanthus correlated with an increase in the 

number of adhesion/rupture events as compared to the wild-type strain.45 Such a 

correlation between CP production and increase in rupture events was not observed in 

this study. Additionally, rate dependence was only weakly observed for one strain. Rate 
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dependence of rupture is predicted for specific interactions such as receptor-ligand42, 43 

and has been observed for rupture of fibrin fibers.46 Lack of rate dependence further 

suggests that adhesion observed in this study was non-specific. Rate dependence could be 

expected in studies such as those carried out with immunoglobulin G16 and fibronectin.15 

Nonlinearity 

DLVO theory fails to explain the long range forces observed on the three S. 

aureus strains investigated here. A force curve model was developed in which the 

deformation of extracellular polysaccharides was considered to be hydrodynamic in 

nature rather than resulting from steric interactions. A steric model is commonly used to 

explain nonlinearity in approach curves on bacteria with surface appendages and even 

polysaccharides. There is no velocity dependence for force in the steric model. Thus, a 

simple way to investigate if hydrodynamic effects are present is to look for velocity 

dependence. Any hydrodynamic effects will be stronger with tipless cantilevers due to 

increased confinement of the liquid in question.  

 Force pick-up in force curves occurred over longer distances as approach velocity 

was increased. While the steric model does not explain velocity dependence, a model that 

incorporates viscoelasticity could explain velocity dependence. Viscoelasticity of 

extracellular polysaccharides was incorporated into a predictive force curve model.24, 25 

Gram-negative Pseudomonas aeruginosa displayed creep,8 suggesting that viscoelasticity 

of the whole bacterium could give rise to velocity effects in the approach curve.  

 Velocity dependence appeared to be correlated with even small changes in the 

force constant of the cantilever. The greatest velocity dependence was observed for 

ATCC 13709, a mucoid strain of S. aureus, using a cantilever of 0.0257 and 0.0191 N/m. 
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When using a cantilever with a spring constant of 0.0468 N/m, which was similar to the 

force constant of 0.048 N/m used on ATCC 49230, there is virtually no difference 

observed for 1 µm/s and 10 µm/s. Similarly, a weak dependence on velocity is observed 

for ATCC 49230. ATCC 13709 strain produces more extracellular polysaccharide than 

either ATCC 10832 (no extracellular polysaccharide) or ATCC 49230, and a different 

polysaccharide than ATCC 49230.  

 While these strains are not isogenic, ATCC 10832 is a capsule negative strain and 

was used as a representative “bare” bacterium. Since the compliance of ATCC 10832 and 

13709 are similar, they can be considered mechanically similar, at least in the linear 

region. However, comparing velocity dependence is difficult at this stage as similar data 

(velocity and spring constant) is not available for the strains. Prior simulations 

investigating the effect of the spring constant on measured force clearly demonstrates 

spring constant plays an effect.  

 

Conclusions 

 

 Force spectroscopy measurements with sharp probes gave a higher variation in 

calculated compliance of S. aureus than tipless cantilevers. Compliance for ATCC 49230 

was lower than for ATCC 10832 and 13709. Non-specific adhesion was investigated and 

was greater for the clinically isolated ATCC 49230 than for the other two strains. Non-

specific adhesion may be a virulence factor. Approach velocity dependence was observed 

in the non-linear regime of the force curves on all three S. aureus strains. Neither DLVO 

theory nor steric interactions can account for velocity dependence. A model incorporating 
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viscoelasticity could explain the velocity dependence. Mechanical characterizations such 

as those carried out in this work may provide insight into infection pathology. 
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CHAPTER 6 
 

CONCLUSIONS 
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In my research, I have used AFM to characterize several strains of S. aureus. AFM is a 

useful technique for investigating bacteria because single cells can be observed. Several 

conclusions can be made from the research in its entirety. 

 

Adhesion 

Adhesion was measured in both air and solution for three strains of S. aureus 

using AFM. Measured adhesion forces were probably non-specific, as the cantilever was 

not functionalized and the shape of the retract curve did not suggest binding. Larger 

rupture forces for a strain of S. aureus isolated from a man with osteomyelitis than for a 

non-capsulated and mucoid strain were measured in both air and solution. Larger non-

specific adhesion would provide an advantage for invasiveness. After removal of capsular 

polysaccharides a lower rupture force was observed for the clinically isolated strain. 

Adhesion was not observed with sharp tips made of silicon. 

Elasticity 

Qualitatively, S. aureus was observed to be less compliant in air than in solution. 

In solution, elasticity was evaluated with both sharp probe and tipless cantilevers. Sharp 

probes are well-suited to measuring local properties while tipless cantilevers investigate 

global properties. Using tipless cantilevers, the clinically isolated strain was found to be 

more compliant than both the non-capsulated and mucoid strain. Variation in compliance 

could be the result of different turgor pressure or cell wall crosslinking. 

Viscoelasticity 

Viscoelasticity was investigated by collecting force curves at approach velocities 

varying over several orders of magnitude. With sharp probe tips, velocity dependence 
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was observed on the clinically isolated S. aureus strain. Using tipless cantilevers, velocity 

dependence was observed on all three S. aureus strains. Although, from investigations on 

mucoid S. aureus with cantilevers of three different force constants, viscoelastic effects 

were found to be very dependent on cantilever spring constant. Commonly applied 

models, such as DLVO or steric, cannot account for velocity dependence. 

Hydrodynamic model 

 A reasonable model for force curves was developed that treats deformation of 

extracellular polysaccharides as a fluid rather than polymer brushes. This model is 

predictive. The Newtonian model is helpful for designing experiments and qualitatively 

evaluating results. Viscoelasticity was incorporated by treating extracellular 

polysaccharides as PTT fluids. A viscoelastic component for the whole bacterium is 

needed of the velocity dependence does not originate from the extracellular 

polysaccharide layer. 

Future Work 

Investigations for this dissertation were confined to elastic and velocity dependent 

analysis of three control S. aureus strains. There are many areas to which these analyses 

could be expanded. Vancomycin resistant (and intermediate resistant) S. aureus were 

observed to undergo cell wall thickening. However, the mechanism of resistance is still 

unknown. AFM investigations could provide insight into the mechanism of resistance. 

Additionally, the kind of analysis used here could be expanded. Noise analysis of 

thermally induced cantilever fluctuations as completed previously for grafted polymer 

systems could be extended to CP expressing S. aureus. At least four types of S. aureus 
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CP have been well-characterized chemically and this analysis could provide a method for 

typing the strains. 

Furthermore, while a reasonable model was developed in this dissertation for 

modeling force curves on extracellular polysaccharides, by no means was it determined if 

the steric model or a hydrodynamic model is the correct model. Further investigations are 

needed to determine if steric interactions or hydrodynamic flow is the mechanism 

occurring during a force spectroscopy measurement. The hydrodynamic model should be 

developed to incorporate a viscous element for whole bacterial deformation. The 

hydrodynamic model can be refined from Chapters III and IV using experimentally 

determined parameters (Table III). Irregardless, the entire bacterium-tip system can be 

viewed as a set of two stiff elements, cantilever and bacterium, and the bacterium is 

surrounded by an EP layer that can by described with hydrodynamics (see Figure 6.1). 

 

Figure 6.1  Qualitative description of the force spectroscopy measurement. The 
cantilever and bacterium are stiff elements. Surrounding the bacterium is an extracellular 
polysaccharide layer that is much softer and can be described with hydrodynamics. 
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Table III Physical properties and experimental conditions for hydrodynamic simulations 
with sharp probe tips 

 

 1D-N 2D-N 2D-PTT 

bacR  500 nm 

pz& (nm/s) Variable, user defined 

 ( )0Lh (nm) 50 

( )0Th  (nm) 50 

ck (N/m) 0.03 

Bk (N/m) Less than 0.10 

*
Tk  (-) 

9 - - 

T (-) 0.4 - - 

E (MPa) 103 - - 

η (Pa.s) 
9.15 9.15 9.15 

(total, Newtonian 
contribution 20% of total) 

α  - - 0.2 

λ (s) - - 0.83 

ξ  (-) - - 0.0 

ε (-) - - 0.006 
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APPENDIX 1: STERIC FIT TO SIMULATIONS AND EXPERIMENTS 

 

In this appendix, the steric model that is usually fit to force curves on bacteria expressing 

extracellular polysaccharides was fit to force curve predictions by the model developed in 

chapter III and experimental force curves. Long range forces in force curves obtained on 

EP expressing Pseudomonas putida and Burkholderia cepacia covalently attached to 

glass were interpreted with an electrosteric model, which better explained the response 

than DLVO theory.1 A recent investigation suggested that S. aureus type 8 

polysaccharide could be removed from ATCC 49230 dissociatively, which means the 

polysaccharides are not covalently attached to the bacterial surface, but adsorbed.2 

In a set of experiments measuring forces between polymer brushes and AFM 

probes in an aqueous environment, covalently anchored polystyrene was well described 

by a single decaying exponential representative of the steric model while adsorbed 

poly(ethylene oxide)/poly(methacrylic acid) was well described by two decaying 

exponentials.3 The authors suggested lateral shifting for the case of the adsorbed polymer. 

In the context of the immobilization method used, a hydrodynamic description of 

EP may be more appropriate than fitting a steric model to the entire ‘long-range’ region.  

 

Electrosteric model 

 

The steric repulsion model for force measured by an AFM probe interacting with a 

polymer grafted surface is modeled as an exponentially decaying function 
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π−Γ=  (A1) 

 

where kB is the Boltzmann constant, T is temperature , R is the radius of curvature of the 

AFM probe, L0 is the equilibrium thickness of the polymer, Γ the grafted polymer density 

(m-2) and D the separation between the polymer grafted surface and probe.3 Force versus 

D was fit with a decaying exponential: 

 

 e DF A ν−=  (A2) 

 

The equilibrium thickness L0 and grafted polymer density Γ were used as fitting 

parameters. Force analysis for determining D for experimental curves was completed as 

done previously.1 Fitting to data from simulations will be described later. 

 

Results and Discussion 

 

Three mode 2D-PTT force curve simulations were fit with the steric model 

because these simulations predicted experimental force curves more accurately than the 

one-dimensional Newtonian or monomodal 2D-PTT (see Figure 4.5). One parameter in 

the steric model is the distance between AFM probe and the surface to which polymers 

are covalently bonded (grafted) or adsorbed D. Several methods were used for specifying 

D to fit data from simulations. First, to be completely true to the steric model for a probe 

interacting with polysaccharides on the upper surface of the bacterium, D should be 

chosen as the changing thickness of the polysaccharide layer hT(t). For simulations it is 
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possible to plot force versus hT(t) since the position of all components are known at all 

times in the simulations. However, such a plot for experimental data, based on results 

from simulations, may not be possible as the force arising from the upper layer is 

undetectable with sharp probes.4 

Similarly there is a second polymer surface, between the bottom of the bacterium 

and the substrate, where to follow the model one should fit force versus hL(t). However in 

this fit, the value of  R in Eq A1 is no longer the radius of the AFM probe as it is not the 

object interacting with a polymer surface. Here, the value chosen for fitting purposes was 

a bacterial radius, Rbac equal to 500 nm. Actually, the substrate, a flat surface is the object 

‘indenting’. In the third fit a method was chosen to more accurately represent the fitting 

routine for experimental data. The entire force versus displacement curve was fit with the 

decaying exponential since these simulations predict the force response until the entire 

EP layers are drained/squeezed, and indentation into the bacterial cell wall is minimal 

before complete squeezing of the polysaccharide layers. In the final method of fitting, the 

force response was considered to be linear after both EP layers were drained/squeezed, 

and data was shifted as described previously. In Table A1, the results of fittings to 

simulated force curves are listed. Experimentally obtained force versus displacement 

curves were also fit with the steric model. Results of these fittings are in Table A2.  

The steric model fit both 2D-PTT data and experimental data well . Equilibrium 

lengths calculated with the steric model were greater than those calculated from the steric 

model fit to 2D-PTT simulations. When using similar shifting procedures, fitting the 

whole response instead of separating out the hT and hL contribution, grafting densities 

were on the same order of magnitude for both simulated and experimental data. The 
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similarity in the form of squeezing flow and steric interactions may make it difficult to 

pinpoint which phenomenon is occurring in a force curve measurement.  

 
 

 
 
 
 

Table A1 Results of fitting steric model to three-mode 2D-PTT force response 
simulations 

 
Velocity 
(nm/s) 

R2 A (nN) ν (nm) L0 (nm) Γ (m-2), rc Γ (m-2), Rbac 

× 1015 
D 

7.032 0.956 1.28 10-4 3.86 24.24 1.87 1014 - hT 

70.32 0.865 8.85 10-4 4.03 25.31 6.61 1014 - hT 

703.2 0.882 6.31 10-3 3.42 21.51 2.73 1015 - hT 

7.032 0.916 8.53 10-2 5.65 35.48 - 0.817  hL 

70.32 0.948 3.36 10-1 7.86 49.40 - 1.63 hL 

703.2 0.968 1.20 8.95 56.21 - 3.50 hL 

7.032 0.952 9.42 10-2 6.49 40.78 1.08 1016 0.796 D=0 at 
hL(t)=0 

70.32 0.991 3.95 10-1 11.64 73.16 1.90 1016 1.40 D=0 at 
hL(t)=0 

703.2 0.984 1.27 22.95 144.20 2.64 1016 1.94 D=0 at 
hL(t)=0 

7.032 0.966 5.75 10-2 8.59 53.98 6.45 1015 0.475 linear 
response  
hL=0 

70.32 0.973 2.05 10-1 13.00 81.67 1.14 1016 0.842 linear 
response  
hL=0 

703.2 0.933 6.10 10-1 15.76 99.01 2.08 1016 1.53  linear 
response  
hL=0 
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Table A2 Results of fitting steric model to experimental force versus distance curves 
 

Velocity 
(nm/s) 

R2 A (nN) ν (nm) L0 (nm) Γ (m-2), rc 

× 1016 
Γ (m-2), Rbac 

× 1015 

7.032 0.948 2.50 67.03 421.17 2.02  1.49 

7.032 0.944 3.23 38.78 243.69 3.46  2.55 

70.32 0.948 1.72 60.70 381.39 1.68  1.24 

70.32 0.964 1.53 56.07 352.27 1.65  1.21 

70.32 0.950 3.79 58.46 367.32 2.93  2.16 

70.32 0.951 1.74 46.81 294.08 2.03  1.49 

70.32 0.979 1.73 35.94 225.84 2.40 1.77 

70.32 0.873 2.32 41.87 263.09 2.64 1.94 

703.2 0.822 0.76 21.72 136.49 1.94 1.43 

703.2 0.974 0.75 21.29 133.78 1.95 1.44 

703.2 0.889 2.45 54.69 343.62 2.29 1.69 

703.2 0.940 1.31 19.45 122.20 3.00 2.21 
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