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Chapter 5 

Short- and Long-range Forces Involved in Bacterial Adhesion 
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ABSTRACT 

Bacterial adhesion forces are considered to be the result of an interplay between 

long-range Lifshitz-Van der Waals and electrical double layer and short-range 

Lewis acid-base interaction forces. Surface thermodynamic separations of force 

contributions as widely reported in the literature to describe  bacterial adhesion, 

often fail due to their macroscopic nature. An established Poisson analysis of 

bacterial adhesion forces measured using atomic force microscopy allows to 

decouple the short- and long-range contributions to the adhesion force. An 

alternative method for the same purpose based on an elastic deformation model, 

is proposed here; it involves a linear relationship between the adhesion force and 

the applied loading force in atomic force microscopic measurements, as is 

consistent with experimental data. Poisson analysis and analysis of the relation 

between adhesion force and the loading force applied mostly yield attractive 

short- and long-range contributions to bacterial adhesion forces. The long-range 

forces are generally not stronger than -1 nN, while significantly larger short-range 

forces are found for bacterial strains with slime or fibrils. Our finding suggests that 

structural features at bacterial cell surfaces mainly impact the short-range 

contribution to the total adhesion, as they provide additional contact area at close 

approach. 
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INTRODUCTION 

At various natural and synthetic surfaces, bacteria tend to organize themselves 

into well-structured communities, known as biofilms.1–3 Being held together by an 

extracellular matrix, typically composed of exopolysaccharides, nucleic acids, and 

proteins, bacteria within biofilms are well protected against environmental 

attacks, such as antibiotics, thermal shock, or physical impacts.4–9 Biofilm 

formation starts with adhesion of single bacteria to a substratum surface, which 

makes investigation of the forces involved in bacterial adhesion highly relevant.  

Although a great deal of work has been reported in the literature on 

bacterial adhesion forces, the nature of the adhesion forces remains largely 

unknown.10–13 Surface thermodynamic methods, using contact angles with liquids 

and zeta potentials of the interacting surfaces, are widely applied to evaluate the 

initial adhesion force in terms of long-range Lifshitz-Van der Waals (LW) and 

electrical double layer (EDL) forces, as well as short-range Lewis acid-base (AB) 

interaction forces.14–17 However, due to their macroscopic nature, thermodynamic 

methods are often critically reviewed, since the role of various appendages at the 

bacterial cell surface is generally ignored.18–22 Atomic force microscopy (AFM) 

provides another possibility to determine the bacterial adhesion force in a more 

straightforward manner. In combination with statistics-based Poisson analysis, the 

adhesion force between a bacterium and a substratum surface, measured by AFM, 

can be separated into a long- and short-range contribution.10,18,23–27 Assuming 

discreteness in the short-range bonding, i.e. independence of the short-range 

bonds from each other, the method can even estimate the force magnitude of a 

single short-range bond. For bacterial adhesion, the assumed independence in 

short-range bonding is questionable, which complicates the interpretation of the 

data. 
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Figure 1.  
(a) 3D-schematics of a Gram-positive bacterium, consisting of intracellular 
cytoplasmic fluid contained within a hard-core, composed of a lipid bi-layer or 
membrane covered by a thick and rigid, cross-linked peptidoglycan layer. The 
softer, outermost cell surface may consist of a combination of proteinaceous 
surface appendages combined with EPS. 
(b)  Bacterium upon initial contact with a substratum surface, in absence of an 
external deformation force. The contact volume is represented by a cylinder with 
an initial area S0 and height h0. 
(c)   Deformation of the bacterial contact cylinder upon application of an external 
force Fld to an area S and height h. 

 

In this chapter, we propose a new analysis of the AFM data to reveal the 

long- and short-range contributions to bacterial adhesion forces. In order to 

identify the effects of various bacterial cell surface structures (see Fig. 1a) on the 
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adhesion force, four bacterial strains were examined that allow pair-wise 

comparisons with respect to the features summarized in Table 1. 

 

Table 1. Cell surface structural features of two pairs of bacterial strains included in 
this study. 

Strain 
Staphylococcus epidermidis Streptococcus salivarius 

ATCC 35983 ATCC 35984 HB-C12 HB-7 

Surface 
Structural 
Feature 

Poor slime-
producer28 

Strong slime-
producer28 

Non-fibrillated29 
Fibrillated 

(91 nm long)30 

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Two pairs of strains with different surface features were involved in this study: S. 

epidermidis ATCC 35983 and S. epidermidis ATCC 35984 are known as a poor and 

strong slime producer, respectively;28 and isogenic S. salivarius HB-7 and S. 

salivarius HB-C12 represent two strains that differ in their possession of fibrillar 

surface appendages.29,30 Staphylococci were pre-cultured from blood agar plates 

in 10 ml Tryptone Soya Broth (OXOID, Basingstoke, England), while streptococci 

were pre-cultured from blood agar plates in 10 ml Todd Hewitt Broth (OXOID). All 

pre-cultures were grown for 24 h at 37°C. After 24 h, 0.5 ml of a pre-culture was 

transferred into 10 ml fresh medium and the main culture was grown for 16 h at 

37°C. Bacteria were harvested by centrifugation at 5000×g for 5 min, washed 

twice with 10 mM potassium phosphate buffer, pH 7.0 and finally suspended in 

the same buffer. When bacterial aggregates or chains were observed 

microscopically, 10 s sonication at 30 Watt (Vibra Cell model 375, Sonics and 

Materials Inc., Danbury, Connecticut, USA) was carried out intermittently for 

three times, while the suspension was cooled in a water/ice bath. 
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Bacterial probe preparation 

Bacterial probes were prepared by immobilizing a bacterium to a NP-O10 tipless 

cantilever (Bruker, Camarillo, California, USA). Cantilevers were first calibrated by 

the thermal tuning method and spring constants were always within the range 

given by the manufacturer (0.03 – 0.12 N/m). Next, a cantilever was mounted to 

the end of a micromanipulator and under microscopic observation the tip of the 

cantilever was dipped into a droplet of α-poly-L-lysine with MW 70,000-150,000 

(SIGMA-ALDRICH, St. Louis, USA) for 1 min to create a positively charged layer. 

After 2 min of air-drying, the tip of the cantilever was carefully dipped into a 

bacterial suspension droplet for 1 min to allow bacterial attachment through 

electrostatic attraction and dried in air for 2 min. Bacterial probes were always 

used immediately after preparation.  

AFM force spectroscopy  

All force spectroscopy measurements were performed in 10 mM potassium 

phosphate buffer (pH 7.0) at room temperature on a BioScope Catalyst AFM 

(Bruker). In the method proposed, the bacterial probe was moved towards a glass 

microscope slide cleaned to a zero degrees water contact angle (Gerhard Menzel 

GmbH, Braunschweig, Germany) at a constant velocity of 1 μm/s, until the pre-set 

loading force Fld was detected, after which retract was initiated until the bacterial 

probe fully detached from the glass surface.  

In order to verify that a bacterial probe enabled a single contact with the 

surface, a scanned image in AFM contact mode with a loading force of 1 - 2 nN 

was made at the onset of each experiment and examined for double contour lines, 

indicative of multiple bacteria on the probe that are simultaneously in contact 

with the substratum. Any probe exhibiting double contour lines was discarded. At 

this point it must be noted however, that double contour line images seldom or 

never occurred, since it represents the unlikely situation that bacteria on the 
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cantilever are equidistant to the substratum surface within the small range of the 

interaction forces, which is unlikely because the cantilever is contacting the 

substratum under an angle of 15 degrees. 

Adhesion forces between the bacterial cell and glass surface were 

measured at multiple, randomly chosen spots. Before actual measurements, five 

force-distance curves of a bacterial probe toward a clean glass surface were 

measured at a loading force of 3 nN and the maximal adhesion force upon retract 

recorded. Next, the maximal adhesion forces were measured at loading forces 

increasing in 1 nN steps up to 9 nN. For each loading force, at least 20 force-

distance curves were recorded, and the maximal adhesion force under the loading 

force of 3 nN was always measured again. Whenever that force recorded differed 

more than 1 nN from the initially measured value, the bacterial probe was 

regarded damaged and replaced by a new one. 

 

THEORY 

Elastic deformation model (EDM) 

It has been suggested that the adhesion force Fadh can be split up into a long-range 

and a short-range contribution.23,31–34 Because the long-range force FLR arises from 

attractive Lifshitz-Van der Waals interactions originating from the entire cell body, 

it decays relatively slowly with increasing distance between a bacterium and 

substratum surface. Therefore, as long as the bacterial cell surface is in contact 

with the substratum surface, FLR is approximately constant. In analogy to Poisson 

analyses of AFM adhesion forces,23,35 the short-range force can be regarded to be 

proportional to the contact area S and hence 

 

   SfFF SRLRadh                                                            (1) 
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where fSR is the short-range force per unit contact area. By combining equation 1 

with the previously proposed elastic deformation model, as illustrated in Figs. 1b 

and 1c, where the contact volume is assumed to be invariant with deformation,36 

Fadh can  be expressed as 

 

  
max0

0
0SRLRadh




h

h
SfFF                                                 (2)  

 

where δmax is the bacterial deformation when the force sensed by the cantilever 

equals the pre-set loading force Fld. According to Hooke's law, Fld is related to  

δmax, during deforming the elastic cylinder in Fig. 1c,36 as follows 

 

   
max0

max0
ld

*








h

SE
F                                                         (3)  

 

and by solving the above equation for δmax, 

 

ld0

ld0
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* FSE

Fh


                                                       (4)  

 

where E* represents the reduced Young's modulus of the deforming elastic 

cylinder at the bacterial cell surface, and S0 and h0 define the initial dimensions of 

the cylinder (Fig. 1b). 

Combining equations 2 and 4 yields 
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Poisson analysis of adhesion force  

Poisson analyses of bacterial adhesion forces were performed for each strain at 

each loading force, as described in the literature.23,27,34 The variance of the 

adhesion force 2
F  was plotted versus the mean of the adhesion force λF, and a 

linear regression was then performed (Fig. 2).  

 


F 

(/nN)

-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6


F

2
 (

/n
N

2
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Figure 2. Example of Poisson analysis of adhesion forces: 2
F  as a function of λF, 

yielding a straight line according to equation 6, from which the single-bond short-

range force P
SRf  and the long-range force P

LRF  can be calculated. 

 

According to the following equation 

  

P
LR

P
SR

P
SR

2 Fff FF                                                    (6) 
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the slope of the line represents the magnitude of the short-range single bond P
SRf , 

and from the Y-axis intercept the value for P
LR

P
SR Ff   is obtained. 

 

 
Figure 3. The adhesion force Fadh as a function of the loading force Fld for two 
staphylococcal (S. epidermidis ATCC 35983 and S. epidermidis ATCC 35984) and 
two streptococcal (S. salivarius HB-7 and S. salivarius HB-C12) strains. Gray dash 
lines indicate extrapolation and error bars denote the standard deviations of Fadh 
values over at least 100 force curves (six bacteria divided over two different 
probes and taken from three different cultures). 
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RESULTS 

Relationship between adhesion forces and external loading forces  

The maximal adhesion forces Fadh for the different strains involved in this study 

are presented in Fig. 3 as a function of the applied loading force Fld. Good linear 

relationships were observed for three out of the four strains (R2 ≥ 0.84), with 

different slopes for the different strains. Importantly, the slime-producing 

staphylococcus strain and the fibrillated streptococcus strain have larger slopes 

than their non-slime-producing and bald counterparts, respectively. The adhesion 

force in the absence of an applied loading force F0 can be obtained by 

extrapolation, as the intercept of the gray dash line with the Y-axis in Fig. 3. All 

four strains are attracted to the glass surface with F0 values that hover between -1 

nN and -2 nN. 

Decoupling the short- and long-range contributions to the adhesion force by 
EDM  

In Fig. 3, Fadh appears to vary linearly with Fld, in line with equation 5, but with 

different slopes and F0 values for the various strains. In combination with the 

parameters (i.e. E* and S0) derived according to the our recently proposed elastic 

deformation model for the same strains,36 equation 5 can be solved for FLR and fSR. 

The long-range forces derived appear relatively independent of the strain involved 

and hover between -1 nN and -2 nN (Fig. 3).  

Since FLR was assumed invariable over various loading forces, the short-

range contribution to the total adhesion, FSR = Fadh - FLR, can be calculated for each 

Fld, separately (Fig. 4). Short-range force contributions increase along with the 

loading force Fld, and are stronger than the long-range contribution (except for the 

S. salivarius HB-C12). Between the two S. epidermidis strains, FSR values from S. 

epidermidis ATCC 35984, which produces more slime at its cell surface than its 

staphylococcal counterpart, are generally twice as high as the ones for S. 
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epidermidis ATCC 35983 despite different loadings, while within the two S. 

salivarius strains, the fibrillated S. salivarius HB-7 has short-range forces at least 

one order of magnitude higher than the bald S. salivarius HB-C12, over external 

loadings ranging between 1 nN and 9 nN. 

 

 
Figure 4. The magnitudes of the long-range (white) and short-range (emerald) 
adhesion forces revealed by both Poisson analysis (blank) and the elastic 
deformation model (hatched) for two staphylococci and two streptococci at 
different external loading forces. Error bars indicate the standard errors from the 
linear regression analyses over at least 7 spots.  

 

Decoupling the short- and long-range contributions to the adhesion force by 
Poisson analysis  

In Fig. 4, P
SRF  and P

LRF  for four bacterial strains, in two pairs, were presented at 

various loading forces ranging from 1 nN to 9 nN. The long-range forces derived 

are mostly attractive, and not stronger than 1 nN. Except for S. epidermidis ATCC 
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35983, the long-range forces P
LRF  tend to increase with increasing loading forces. 

The short-range force, P
SRF , is always attractive, and, for three out of four strains 

(with the exception of S. salivarius HB-C12), increases along with the loading Fld.  

Between the two S. epidermidis strains, the slime-producing S. 

epidermidis ATCC 35984 always produces significantly larger short-range forces at 

various loadings, compared to the non-slime-producer S. epidermidis ATCC 35983. 

Within the pair of S. salivarius strains, S. salivarius HB-7 with fibrils at its cell 

surface has short-range forces ranging from -1 nN up to -3 nN, while the bald S. 

salivarius HB-C12 always shows short-range forces less than -1 nN, despite various 

loadings. 

 

DISCUSSION 

We propose a new method to evaluate the short- and long-range contributions to 

bacterial adhesion forces measured by AFM. The method is based on a recently 

proposed elastic deformation model describing the deformation of an assumed 

cylindrical contact volume of unspecified volume under external loading.36  

Equation 5 presents a linear relationship between the applied loading 

force Fld and the measured adhesion force Fadh. The existence of a positive 

correlation between these two variables was expected, since Li et al.35 reported 

that the separation energy between a colloidal probe and a bacteria-coated glass 

slide increases with the loading force. One year later, Xu et al.37 observed that the 

maximum retraction force of a colloidal probe increased with applied loading 

force at biopolymer-coated surfaces. However, a linear relation between  

adhesion forces and external loading force has, to our knowledge, never been 

reported for bacterial probes and, more importantly, never been explained in 

terms of the elastic deformation of the bacterial cell surface. A linear relation 
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between adhesion forces and external loading force, is well met for three out of 

the four strains and somewhat less for the bald S. salivarius HB-C12 strain. 

Although such mutant strains are not naturally occurring, they were included in 

this study in order to be able to relate the resulting data to structural 

characteristics of the bacterial cell surfaces.  

Both our proposed method and the established Poisson analysis, allow to 

decouple the short- and long-range contributions to the adhesion force, based on 

AFM data. For the four strains included in this study, both methods report 

attractive long-range forces in most cases. However, the long-range forces 

evaluated from EDM are significantly larger than the results from Poisson analyses. 

Despite various assumptions involved in EDM and Poisson analyses, they 

both report significantly higher short-range forces for the slime-producing S. 

epidermidis ATCC 35984 and the fibrillated S. salivarius HB-7, compared to S. 

epidermidis ATCC 35983 and the bald S. salivarius HB-C12 strain, respectively. As 

widely discussed in the literature, surface structures play important roles in 

determining the adhesive properties of bacterial cell surfaces and consequently, 

affect their behavior at substratum surfaces.10,38,39 Our findings further suggest 

that the existence of extracellular features (e.g. slime, fibrils) impacts mainly the 

short-range contribution to the total bacterial adhesion force, as they may 

provide extra contact area between a bacterial cell and a substratum surface at 

close approach.10,36,38     

 

CONCLUSION 

We propose a new method, based on a previously proposed EDM, to reveal the 

nature of bacterial adhesion forces to substratum surfaces. Similar to the 

established Poisson analysis of bacterial adhesion forces, it allows to analyze the 

short- and long-range contributions to bacterial adhesion forces. For two 
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staphyloccocal and two streptococcal strains, both methods report similar results 

and suggest that the existence of extracellular features affects bacterial adhesion 

mainly by impacting short-range forces.  
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