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Chapter 6 

Nano-scale Cell Wall Deformation Impacts Long-range Bacterial 

Adhesion Forces to Surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

(reproduced with permission of American Society for Microbiology from Chen, Y.;  

Harapanahalli, A. K.; Busscher, H. J.; Norde, W.; Van der Mei, H. C. Nano-scale cell 

wall deformation impacts long-range bacterial adhesion forces to surfaces. Appl. 

Environ. Microbiol. 2013, doi:10.1128/AEM.02745-13)   
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ABSTRACT 

Adhesion of bacteria occurs on virtually all natural and synthetic surfaces, and is 

crucial for their survival. Once adhering, bacteria start growing and form a biofilm, 

in which they are protected against environmental attacks. Bacterial adhesion to 

surfaces is mediated by a combination of different short- and long-range forces. 

Here we present a new, atomic force microscopy (AFM)-based method to derive 

long-range bacterial adhesion forces from the dependence of bacterial adhesion 

forces on the loading force, as applied during using AFM. Long-range adhesion 

forces of wild-type Staphylococcus aureus parent strains (0.5 and 0.8 nN) 

amounted to only one third of these forces measured for their, more deformable 

isogenic Δpbp4 mutants that are deficient in peptidoglycan cross-linking. 

Measured long-range Lifshitz-Van der Waals adhesion forces matched those 

calculated from published Hamaker constants, provided a 40% ellipsoidal 

deformation of the bacterial cell wall was assumed for the Δpbp4 mutants. Direct 

imaging of adhering staphylococci using the AFM PeakForce-QNM mode 

confirmed height reduction due to deformation in the Δpbp4 mutants by 100 – 

200 nm. Across naturally occurring bacterial strains, long-range forces do not vary 

to the extent as observed here for the Δpbp4 mutants. Importantly however, 

extrapolating from the results of this study it can be concluded that long-range 

bacterial adhesion forces are not only determined by the composition and 

structure of the bacterial cell surface, but also by a hitherto neglected, small 

deformation of the bacterial cell wall, facilitating an increase in contact area and 

therewith in adhesion force. 
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INTRODUCTION 

Bacteria adhere to virtually all natural and synthetic surfaces,1,2 as adhesion is 

crucial for their survival. Bacterial adhesion to surfaces is followed by their growth 

and constitutes the first step in the formation of a biofilm, in which organisms are 

protected against antimicrobial treatment and environmental attacks. Accordingly, 

the biofilm mode of growth is highly persistent and biofilms are notoriously hard 

to remove, causing major problems in many industrial and bio-medical 

applications with high associated costs. On the other hand, biofilms can be 

beneficial too, as in bio-remediation of soil, for instance. Surface thermodynamics 

and (extended) DLVO approaches have been amply applied in current 

microbiology to outline that bacterial adhesion to surfaces is mediated by an 

interplay of different fundamental physico-chemical interactions, including 

Lifshitz-Van der Waals, electric double layer, and acid-base forces.3–5 Assorted 

according to their different "effective" ranges, these different fundamental 

interactions can be alternatively categorized into two groups: short-range and 

long-range forces6 that act over distances of a few nm up to tens of nm, 

respectively.  

Long-range adhesion forces are generally associated with Lifshitz-Van der 

Waals forces and can be theoretically calculated7 for the configuration of a sphere 

with radius R0 versus a flat surface (Fig. 1) using  
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in which A is the Hamaker constant,8 z is distance and D indicates the separation 

distance between the sphere and the substratum surface. The Hamaker constant 

in equation 1 accounts for the materials properties of the interacting surfaces and 
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the medium across which the force is operative. Since long-range adhesion forces 

result from the summation of all pair-wise molecular interaction forces in the 

interacting volumes, any deformation that brings a bacterial cell surface closer to 

a substratum surface and extending over a larger contact area, will increase the 

long-range adhesion force (see Fig. 1).  

 

 

Figure 1. Pair-wise summation of long-range, Lifshitz-Van der Waals molecular 
interaction forces in the bacterial cell and substratum yields the long-range 
adhesion force between the interacting surfaces. Deformation of the bacterial cell 
wall brings more molecules in the bacterium in the close vicinity of the 
substratum, which increases the adhesion force. In this schematics, the 
undeformed bacterial cell is taken as a sphere with radius R0, deforming under the 
influence of the adhesion forces into an oblate spheroid with a polar radius r and 
an equatorial radius R. D indicates the separation distance. 

 

So far, this aspect of long-range adhesion forces between bacteria and substratum 

surfaces has been largely neglected, because deformation due to adhesion forces 
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is small for naturally occurring bacteria, possessing a rigid, well-structured 

peptidoglycan layer. Nevertheless, it has recently been pointed out, that even 

small deformations can have a considerable impact on the metabolic activity of 

adhering bacteria, a phenomenon for which the term “stress-deactivation” has 

been coined.9 Thus, despite their small numerical values, minor variation in long-

range adhesion forces may still strongly affect the behavior of bacterial cells at 

substratum surfaces.    

In this paper we propose a method to derive long-range adhesion forces 

between bacteria and substratum surfaces, based on a previously published 

elastic deformation model.10 Through the use of two isogenic Δpbp4 mutants and 

their wild-type, parent strains (Staphylococcus aureus NCTC 8325-4 and ATCC 

12600), long-range adhesion forces could be related with the nano-scale 

deformability of the cell wall. Note that so-called Δpbp4 mutants are deficient in 

penicillin-binding-proteins that play an important role in cross-linking 

peptidoglycan strands and are therefore more susceptible to deformation than 

their parent strains,11 for which reason they are ideal to demonstrate the role of 

deformation in long-range adhesion forces between bacteria and substratum 

surfaces. 

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Two pairs of staphylococcal strains were included in this study. Each pair 

comprised a wild-type, parent strain and a so-called Δpbp4 mutant, deficient in 

penicillin-binding-proteins that play an important role in cross-linking 

peptidoglycan strands in the cell wall. The Δpbp4 mutant of S. aureus NCTC 8325-

4 was kindly provided by Dr. Mariana G. Pinho (Universidade Nova de Lisboa), 

while the Δpbp4 mutant of S. aureus ATCC 12600 was an own construct, prepared 
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as described by Atilano et al.12 Briefly, the strain was inoculated with the pMAD-

pbp4 plasmid by electroporation and grown on Tryptone Soya Agar (TSA, OXOID, 

Basingstoke, England) plates containing erythromycin (SIGMA-ALDRICH, St. Louis, 

Missouri, USA) and X-Gal (SIGMA-ALDRICH) for 48 h at 30°C. To obtain bacteria 

with a chromosomally integrated copy of pMAD-pbp4, blue colonies were used to 

inoculate overnight cultures in Tryptone Soya Broth (TSB, OXOID) medium. Next, 

10 ml TSB was inoculated with 100 μl of an overnight culture, grown for 1 h at 

30°C, and then transferred to 42°C for 6 h. To select bacteria with a 

chromosomally integrated copy of pMAD-pbp4, dilutions (1000×) of the culture 

were plated on TSA plates with erythromycin and X-Gal and incubated for 48 h at 

42°C. To subsequently obtain bacteria that had excised pMAD-pbp4 from the 

chromosome, blue colonies with integrated pMAD-pbp4 were used to inoculate 

overnight cultures in TSB medium at 42°C. Next, 10 ml TSB was inoculated with 10 

μl of the overnight culture and growth was continued for 6 h at 30°C. Dilutions 

(1000×) of the cultures were plated on TSA plates with X-Gal and incubated at 

42°C for 48 h. White colonies were tested for erythromycin sensitivity and 

checked for the presence or absence of pbp4 by colony PCR. 

Staphylococci were pre-cultured from blood agar plates in 10 ml TSB. 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 a 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 were observed microscopically, 10 s 

sonication at 30 W (Vibra Cell model 375, Sonics and Materials Inc., Danbury, 

Connecticut, USA) was carried out intermittently for three times, while cooling the 

suspension in a water/ice bath. Note that staphylococci are coccal organisms, 

possessing a nearly perfect spherical shape.13–15  
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Dynamic light scattering (DLS) 

In order to account for possible differences in the size of the Δpbp4 mutants with 

respect to their wild-type, parent strains, hydrodynamic radii R0 of the 

staphylococci were determined using DLS (Zetasizer Nano ZS, Malvern 

Instruments Ltd., United Kingdom) in 10 mM potassium phosphate buffer. For 

each strain, three separate cultures were included, and the measurements were 

repeated on three different aliquots from one culture.  

AFM force spectroscopy 

Glass slides (Gerhard Menzel GmbH, Braunschweig, Germany) were sonicated for 

3 min in 2% RBS35 (Omnilabo International BV, The Netherlands), and 

sequentially rinsed with tap water, demineralized water, methanol, tap water, 

and demineralized water.  

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 0.01% α-poly-L-lysine with 

MW 70,000-150,000 (SIGMA-ALDRICH) 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 

staphylococcal suspension droplet for 1 min to allow bacterial attachment 

through electrostatic attraction and dried in air for 2 min. Successful attachment 

of a staphylococcus on the cantilever follows directly from a comparison of the 

force-distance curves of a staphylococcal probe versus the one of a poly-L-lysine 

coated cantilever (see Fig. S1, Supplemental Material). Although this attachment 

protocol is standard in the measurement of adhesion forces using AFM,16 it is 

possible that the attachment procedure disturbs the structure of the weakened 
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mutant strains and therewith affects the results. However, bacterial probes 

produce similar force-distance curves, regardless of the different drying times for 

the wild-type, parent strains and the  Δpbp4 mutants (see Fig. S2, Supplemental 

Material). Thus it can be ruled out that the attachment protocol disturbs the 

structure of the Δpbp4 mutants, with their weakened cell walls. Bacterial probes 

were always used immediately after preparation.  

All force measurements were performed in 10 mM potassium phosphate 

buffer (pH 7.0) at room temperature on a BioScope Catalyst Atomic Force 

Microscope (AFM) (Bruker). In order to verify that a bacterial probe had a single 

contact with the substratum surface, a scanned image in the 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. Double contour lines indicate that the AFM 

image is not prepared from the contact of a single bacterium with the surface, but 

that multiple bacteria on the probe are in simultaneous contact with the 

substratum. Any probe exhibiting double contour lines was discarded. At this 

point it must be noted however, that images containing double contour lines 

seldom or never occurred, since it represents the unlikely situation that bacteria 

on the cantilever are equidistant to the substratum surface within the small range 

of the interaction forces. This 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 of 

1, 3, 5, 7, and 9 nN, separately. For each loading force, at least 20 force-distance 

curves were recorded (Fig. S3, Supplemental Material for replicate measurements 
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with one probe) and, after this series, the maximal adhesion force under the 

loading force of 3 nN was always measured again. Whenever this force differed 

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

regarded damaged and replaced by a new one. Measurements for each strain at a 

single loading force typically include six bacteria and two probes, with bacteria 

taken out of three separate cultures. 

Derivation of the long-range contribution to the total adhesion force 

The long-range force FLR between a bacterium and the substratum arises from 

pair-wise attractive Lifshitz-Van der Waals forces between all molecules in the 

interacting bodies (see Fig. 1), and decays 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 can be approximated as 

a constant, while the short-range force FSR can be assumed to be proportional to 

the contact area S. Hence, 

 

SfFFFF SRLRSRLRadh                              (2) 

 

where fSR is the short-range force per unit contact area. Based on a previously 

proposed elastic deformation model,10 Fadh can be expressed as 

 

LR0SRld*
SR

adh FSfF
E

f
F                       (3) 
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Figure 2. The adhesion force Fadh as a function of the loading force Fld applied 
during AFM measurements for two wild-type S. aureus strains (NCTC 8325-4 and 
ATCC 12600) and their isogenic Δpbp4 mutants. Error bars denote the standard 
deviations over at least 100 force curves (six bacteria divided over two different 
probes and taken from three separate cultures). 
 

Equation 3 indicates a linear relationship between Fadh and the loading force Fld 

(Fig. 2), while fSR, the reduced Young's modulus E* and the initial contact area S0 

are readily determined from our elastic deformation model.10 By fitting Fadh versus 
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Fld according to equation 3, the value of FLR can be resolved immediately from the 

intercept F0 by 

  

0SR0LR SfFF                     (4) 

 

Theoretical evaluation of the cell wall deformation from a comparison of 
Lifshitz-Van der Waals forces between a sphere and an ellipsoid 

The Lifshitz-Van der Waals force s
LWF  between a sphere and a substratum surface 

can be expressed as 

 

2
0s

LW 6D
AR

F                                 (5) 

 

where R0 is the radius of the undeformed sphere and D the separation distance 

between the sphere and the substratum surface (see also Fig. 1).7,17 Assuming that 

adhering coccal bacteria deform to an ellipsoid, with a shorter polar axis, and a 

circular equatorial plane, its Lifshitz-Van der Waals force e
LWF  can be calculated 

from 
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          (6) 

 

where R and r represent the lengths of the equatorial and polar radii, respectively. 

When the bacterial cell volume remains constant during the deformation,  

 

3
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Insertion of  equation 7 into equation 6 leads to  
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                         (8)  

 

The Hamaker constant of isogenic mutants can be considered similar to the one of 

their parent strains, and, possibly, invariant with bacterial strains involved.18,19 

Hence, dividing equation 8 as applied to the Δpbp4 mutant by equation 5, as 

applied to the parent strain, yields the ratio k of the Lifshitz-Van der Waals forces 

between an ellipsoidally deformed Δpbp4 bacterium and a undeformed, spherical 

bacterium of the parent strain: 
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where P
0R  and M

0R  represent the hydrodynamic radii of the undeformed bacteria 

for the parent strain and its isogenic Δpbp4 mutant strain, respectively. Equation 9, 

at close approach (D « P
0R , r),20  simplifies into  

 

2P
0

3M
0 )(

rR

R
k           (10) 

 

The ratio k can be readily determined from the Lifshitz-Van der Waals adhesion 

forces of the parent strains and their isogenic Δpbp4 mutants, as summarized in 

Table 1.  
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Table 1. Pairwise comparison of the hydrodynamic radii R0 of planktonic 
staphylococci, the long-range adhesion forces FLR, and the dimensions of the 
ellipsoidally deformed bacterial cells from matching experimental and 
theoretically calculated Lifshitz-Van der Waals forces (rLW and RLW), for the two 
wild-type S. aureus strains (NCTC 8325-4 and ATCC 12600) and their isogenic 
Δpbp4 mutants (for explanation of the dimensional parameters, see also Fig. 1). 
The deformation of the bacterial cell is expressed in terms of the difference 
between the hydrodynamic radius and the polar radius, i.e., (R0 - rLW) and (R0 - 
rHeight Image), in which rHeight Image is obtained from AFM imaging. Shaded blocks could 
not be calculated due to the assumption of undeformable wild-type strains. 

 

 Strain 

S. aureus NCTC 8325-4 S. aureus ATCC 12600 

Parent strain Δpbp4 Parent strain Δpbp4 

R0 (nm)a 618 ± 35 570 ± 38 678 ± 38 620 ± 33 

FLR (nN)b -0.8 ± 0.2 -2.7 ± 0.3 -0.5 ± 0.1 -1.6 ± 0.4 

kb 3 ± 1 3 ± 1 

rLW (nm)b  304 ± 97  327 ± 99 

RLW (nm)b  780 ± 202  854 ± 197 

R0 - rLW (nm)b  266 ± 135  293 ± 132 

 rHeight Image nm)c 638 ± 44 508 ± 40† 690 ± 31 583 ± 27† 

R0 – rHeight Image 

(nm)b 
 82 ± 78  49 ± 60 

a ± signs indicate standard deviations in hydrodynamic radii over nine aliquots 
taken from three separate bacterial cultures of each strain. 
b ± signs indicate standard deviations calculated by error propagation. 
c ± signs indicate standard deviations in the height of bacterial cells over at least 
60 staphylococci taken from three different cultures of each strain. 
† The polar radius rHeight Image determined in AFM PeakForce-QNM mode is 
significantly smaller than the hydrodynamic radius R0 measured by DLS, according 
to a one-sided Student's t-test (p < 0.05). 
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Subsequently, r can be calculated by 
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and substitution in equation 7 yields   
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Imaging of bacterial cell deformation using AFM in the PeakForce-QNM mode 

In order to directly image possible deformation of staphylococci adhering to a 

surface, AFM was applied in the so-called PeakForce-QNM mode, providing the 

possibility to obtain images while applying a minimal imaging force through the 

precise control of the force response.  SCNASYST-FLUID tips (Bruker) for use in the 

PeakForce-QNM mode were calibrated as described above for NP-O10 tipless 

cantilevers. The tip radius was estimated by scanning the calibration surface 

provided by the manufacturer and image-analysis with the NanoScope Analysis 

software (Bruker). First a droplet of 0.01% α-poly-L-lysine was spread on a clean 

glass slide and air-dried to create a positively charged surface.21 Next, a 200 µl 

droplet of a staphylococcal suspension was put on the slide. After 30 min, the 

suspension was washed off and immobilized bacteria within an area of 25 μm2 

were scanned in 10 mM potassium phosphate buffer (pH 7.0) using a previously 

calibrated tip in the PeakForce-QNM mode on the BioScope Catalyst AFM, at a 

scan rate of 0.5 Hz and PeakForce set-point of 1 nN. The images were analyzed 

using Gwyddion v2.30.22 The height of each individual bacterial cell was 

determined from the extracted height profile (see Fig. 3). For each strain, images 
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were taken of at least 60 different staphylococci, representing three separate 

cultures. 

 

RESULTS 

Hydrodynamic radii of planktonic staphylococci 

Hydrodynamic radii R0 of planktonic staphylococci are presented in Table 1. 

According to a one-sided Student’s t-test performed at a significance level of p < 

0.05, Δpbp4 mutants are slightly, but significantly smaller than their wild-type 

parent strains. Importantly, hydrodynamic radii of the strains were not affected 

by harvesting procedures, as demonstrated in Fig. S5a (Supplemental Material). 

Long-range contributions to bacterial adhesion forces and bacterial cell 
deformation 

In Fig. 2, the adhesion force Fadh is plotted versus the loading force Fld applied 

during AFM measurements, as derived from force-distance curves under different 

applied loading forces (see Fig. S4, Supplemental Material). Three out of four 

strains show good linear relationships (R2 > 0.9) despite variations in slope and 

intercept. However, for S. aureus NCTC 8325-4Δpbp4, the adhesion force appears 

to be independent of the loading force. Table 1 also summarizes the long-range 

contribution FLR to the adhesion force for the two parent strains and their isogenic 

Δpbp4 mutants. All strains show attractive long-range forces. Interestingly, the 

ratios k of these two forces for the parent strains and their respective isogenic 

mutant are very similar around 3 for both S. aureus NCTC 8325-4 and ATCC 12600. 

Since the space separating the bacterial cell from the glass substratum is filled 

with potassium phosphate buffer of relatively high ionic strength (10 mM), 

electric double layer interactions may be considered negligible,23,24 and the ratio k 

between the long-range forces for parent and mutant strain can be considered as 

the ratio between their Lifshitz-Van der Waals forces. This consideration allows 
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for calculating the change in the dimensions of the Δpbp4 staphylococcal mutants 

under the influence of attractive Lifshitz-Van der Waals forces. Measured long-

range Lifshitz-Van der Waals adhesion forces matched those calculated from 

published Hamaker constants,18,19 provided an ellipsoidal deformation of the 

bacterial wall was assumed for the Δpbp4 mutants from its original undeformed, 

spherical shape with a radius R0 (for details see equations 11 and 12). Accordingly, 

it can be calculated that the deformation of the Δpbp4 mutants R0 – rLW amounts 

to 266 nm and 293 nm for  S. aureus NCTC 8325-4 and ATCC 12600, respectively 

(see also Table 1) due to the built-in deficiency in their cell wall rigidity.  

Direct measurement of staphylococcal cell deformation 

Comparative, quantitative data do not exist for the deformation of Δpbp4 

mutants as compared to their parent strains. Although the above results from our 

elastic deformation model are intuitively reasonable, we also measured the 

deformation directly using the AFM in the PeakForce-QNM mode (Fig. 3). 

Importantly, the polar radii of the strains were not affected by harvesting 

procedures, as demonstrated in Fig. S5b (Supplemental Material). The height 

images and profiles of the respective wild-type, parent and mutant strains were 

expressed in terms of the polar radii rHeight Image and are also presented in Table 1. 

According to a two-sided Student's t-test performed at a significance level of p < 

0.05, the rHeight Image values of the wild-type, parent strains are not significantly 

different from their hydrodynamic radii R0 values.  
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Figure 3. Height images and profiles of individual staphylococci immobilized on a 
glass surface in the AFM PeakForce-QNM mode for two wild-type S. aureus strains 
(NCTC 8325-4 and ATCC 12600) and their isogenic Δpbp4 mutants. Five examples 
of height profiles are presented for each strain. The profiles plotted as solid lines 
are derived along the directions indicated by the dashed lines in the height images 
presented. 
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However, according to a one-sided Student's t-test performed at a significant level 

of p < 0.05, the rHeight Image values of both Δpbp4 mutants are significantly smaller 

than their hydrodynamic radii R0 values determined using DLS. These direct 

measurements confirm strong deformation of Δpbp4 mutants during adhesion to 

glass, although not to the extent as derived from our elastic deformation model.  

 

DISCUSSION  

Long-range, Lifshitz-Van der Waals adhesion forces between bacteria and 

substratum surfaces are of ubiquitous importance in facilitating adhesion of 

bacteria, since they cause attraction of bacteria from a large distance to a 

substratum surface while, they operate regardless of the details of the bacterial 

cell surface structure and composition. Moreover, in a long-range approach, 

surface appendages may be less important, as the concept of distance between 

bacteria and substratum surfaces is lost upon close approach. Long-range, Lifshitz-

Van der Waals adhesion forces can be derived from contact angles with liquids on 

the interacting surfaces and surface thermodynamic modeling25,26 or decoupling 

of AFM adhesion force measurements using Poisson analysis.27–30 However, long-

range adhesion forces vary considerably less among different strains than short-

range forces.27–30 Similarity in long-range adhesion forces is to be expected, 

because these forces arise from the entire bacterial cell, i.e. its DNA content, 

cytoplasm, cell membrane, peptidoglycan layer and outermost cell wall structures 

(see Fig. 1). Whereas the outermost cell wall structures may vary most across 

different strains, yet the overall composition of different bacterial strains is rather 

similar, which suggests that the variations observed hitherto in long-range 

adhesion forces may have other sources than differences in chemical composition. 

This is the first study to derive quantitative data on the nano-scale deformation of 

deformable Δpbp4 mutants and its relation with long-range adhesion forces 
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between these staphylococci and substratum surfaces. Long-range adhesion 

forces of the deformable mutants are three-fold stronger than of their rigid 

parent strains, which suggests that long-range, Lifshitz-Van der Waals forces 

between bacteria and substratum surfaces are strongly affected by the 

deformability of the bacterial cell wall. In this study, Staphylococcus aureus was 

used, since the undeformed bacterium is spherical and can be attached to the 

AFM cantilever without orientational preference. Evaluation of cell wall 

deformation based on the comparison of the Lifshitz-Van der Waals forces for 

other cell types, like rod-shaped organisms is possible, but this requires different 

equations to derive the theoretical values of the Lifshitz-Van der Waals force and 

moreover, precise control of the orientation of the organisms on the AFM 

cantilever.  

An impact of bacterial cell wall deformation on long-range adhesion 

forces is new, as it is extremely difficult to reveal by other methods. Contact angle 

measurements with liquids on bacterial lawns for instance, most likely yield 

information on undeformed cell wall of the bacteria with the outer surface 

structures collapsed in a partly dehydrated state. Force values derived from 

combining contact angles on solid substrata and bacterial lawns using 

thermodynamic modeling therefore do not include an influence of deformation as 

a result of adhesion to a substratum surface. This implies that studies aimed to 

reveal an impact of deformation on long-range adhesion forces should one way or 

another include cell wall deformation combined with an appropriate method. At 

this point it should be admitted, that even in the current study using our 

previously published elastic deformation model,10 we conclude that bacteria 

slightly deform under the influence of adhesion forces from an extrapolation of 

results obtained for highly deformable Δpbp4 staphylococcal mutants to the 

situation as valid for rigid organisms.  
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Deformation of Δpbp4 staphylococcal mutants has never been quantified 

before, and hence we have no independent comparative data. Based on the 

ellipsoidal deformation (see Fig. 1), over forty percent deformation along the 

polar axis occurred for the Δpbp4 mutants under a loading as high as 9 nN, using 

the assumption that the wild-type parent strains remained spherical under the 

same load. When directly imaging bacteria immobilized at the poly-L-lysine-

coated glass slide, as mediated by attractive electrostatic interactions,16 the polar 

radii rHeight Image of the Δpbp4 mutants are smaller than their hydrodynamic radii R0, 

but the differences appeared much smaller compared to the deformation 

obtained from our elastic deformation model (compare  R0 – rHeight Image with R0 – 

rLW in Table 1). However, in AFM force spectroscopy the loading force also 

contributes to the deformation of the bacterial cell wall. In the AFM PeakForce-

QNM mode, the loading force hardly deforms immobilized bacteria and the cell 

wall deforms only under the influence of the adhesion force between the 

bacterium and the substratum surface. This difference in origin of external loads 

likely explains why the deformation calculated from matching measured and 

theoretically calculated Lifshitz-Van der Waals forces is larger than directly 

measured using the AFM in the PeakForce-QNM mode. Although quantitatively 

deviating, results from our elastic deformation model and AFM, support that 

Δpbp4 mutants are mechanically "softer" than their parent strains and deform 

significantly under loading, which is consistent with the lack of cross-linked 

peptidoglycan strands in their cell wall.11,12 At a first glance, from the 

independence of the adhesion force Fadh on the applied loading Fld, this may not 

seem true for S. aureus NCTC 8325-4Δpbp4 (Fig. 2). However, this particular 

mutant readily reaches a strong adhesion force at low loading forces, which may 

be indicative of deformation over the entire range of loading forces applied, i.e. it 

may possess an extremely soft peptidoglycan layer. 
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Due to the lack of sufficiently sensitive techniques, like the AFM 

PeakForce-QNM, it has hitherto been assumed that naturally occurring bacterial 

strains, including the parent strains of our isogenic mutants, do not deform during 

adhesion. Recent observations emphasize that de-activation of bacterial 

metabolism differs when bacteria adhere to different substrata.9,31 Assuming 

stress-deactivation is related to cell deformation, it is inferred that naturally 

occurring bacteria suffer small, nano-scale deformation upon adhesion, causing 

stress-deactivation9,32 and cell death as a fatal result when adhesion forces and 

accompanying deformation become too large.33–35 Yet, these studies do not 

provide direct evidence of bacterial cell wall deformation upon adhesion. Based 

on the results of this study, it can be concluded that minor differences in long-

range Lifshitz-Van der Waals forces may be considered indicative of potential 

bacterial cell wall deformation. 

Summarizing, differences in long-range Lifshitz-Van der Waals forces 

between adhering bacteria and substratum surfaces need not only be due to 

variation in composition and structure of the bacterial cell surface, but can also be 

caused by nano-scale deformation of the bacterial cell wall, facilitating an increase 

in contact area and therewith in adhesion force. Bacterial cell wall deformation 

has never been accounted for in bacterial adhesion studies and therewith the 

current paper paves the way for a better understanding of poorly understood 

phenomena like bacterial “stress-deactivation” upon strong adhesion of micron-

sized bacteria to a substratum surface.  
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SUPPLEMENTAL MATERIAL 

Control experiments to demonstrate effective bacterial probe preparation 

Effective attachment of a staphylococcus on a poly-L-lysine coated cantilever was 

demonstrated by comparing force-distance curves between a staphylococcal 

probe and a poly-L-lysine coated cantilever versus a glass surface (see Fig. S1). 

 

 

Figure S1. Examples of force-distance curves recorded for a poly-L-lysine coated 
cantilever (a) and a staphylococcal probe (S. aureus NCTC 8325-4) (b) on a glass 
surface taken in 10 mM potassium phosphate buffer (pH 7.0) under a maximal 
loading force of 3 nN. Note that the X-axes have different scales. 

 

The poly-L-lysine coated cantilever adheres weakly to the glass surface with a 

single, narrow, adhesion force in the retract curve, while the staphylococcal probe 

shows a stronger adhesion force with multiple peaks upon retract. 

A second control involves the possible disturbance of the bacterial cell 

wall upon air-drying the staphylococci to the cantilever, which might be especially 

important for the Δpbp4 mutants with their weakened cell wall. In Fig. S2, it can 

be seen that drying times up to 3 min do not systematically affect the force-

distance curves, neither of the wild-type, parent strains nor of the Δpbp4 mutants 
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within the reproducibility of the experiments. In neither case do the force-

distance curves resemble those of a cantilever without bacteria. 

 

 

Figure S2. Retract force-distance curves for staphylococcal probes prepared of S. 
aureus NCTC 8325-4 (a), S. aureus NCTC 8325-4 Δpbp4 (b), S. aureus ATCC 12600 

(c) and S. aureus ATCC 12600Δpbp4 (d) after different drying times. Note that 
panel b has a different X-axis scale than the other three panels. 

 

Replicate force-distance curves for a staphylococcal probe and influence of the 
loading force 

Force-distance curves between staphylococci and glass surfaces were generally 

reproducible (see Fig. S3), showing clear effects of the loading force (see Fig. S4). 
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Figure S3. Five replicates of retract force-distance curves recorded for a bacterial 
probe of S. aureus NCTC 8325-4 under a loading force of 3 nN at a same spot on a 
glass surface in 10 mM potassium phosphate buffer (pH 7.0). Different symbols 
represent five different replicates. 

 

 
Figure S4. Retract force-distance curves for a bacterial probe of S. aureus NCTC 
8325-4 on a glass surface under loading forces Fld of 1, 3, 5, 7 and 9 nN in 10 mM 
potassium phosphate buffer (pH 7.0). 
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Influence of centrifugation and sonication on the hydrodynamic radii of 
planktonic staphylococci 

In order to verify whether centrifugation and sonication affected the 

hydrodynamic radii of the staphylococci in their planktonic state, three additional 

harvesting protocols were applied other than the standard protocol described in 

the Materials and Methods section. Their hydrodynamic radii R0 and polar radii 

rHeight Image were determined using DLS and AFM PeakForce-QNM mode, 

respectively: 

 PROTOCOL 1: staphylococci were harvested by a single centrifugation at 5000 

× g for 5 min and directly suspended in 10 mM potassium phosphate buffer. 

 PROTOCOL 2: 10 s sonication at 30 W was carried out intermittently for three 

times for bacteria harvested using Protocol 1, while cooling the suspension in 

a water/ice bath. 

 PROTOCOL 3: the bacteria were harvested and suspended as described in the 

standard protocol, but no sonication was conducted afterwards. 

Fig. S5 summarizes the hydrodynamic radii R0 (Fig. S5a) the polar radii rHeight Image 

(Fig. S5b) of bacterial cells prepared by different protocols. Two-sided, one-way 

ANOVA indicated no significant differences in polar radii of staphylococci 

harvested according to different protocols (p > 0.05). 
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Figure S5. Hydrodynamic radii R0 measured by DLS (a) and polar radii rHeight Image 
determined using AFM imaging (b) for staphylococci harvested according to 
different protocols. Error bars in panel a denote the standard deviations over nine 
aliquots taken from three separate bacterial cultures of each strain, and error bars 
in panel b denote the standard deviations over at least 60 staphylococci taken 
from three separate bacterial cultures of each strain. 

 




