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A B S T R A C T   

In recent years, the coevolution of microorganisms with current antibiotics has increased the mechanisms of 
bacterial resistance, generating a major health problem worldwide. Bordetella pertussis is a bacterium that causes 
whooping cough and is capable of adopting different states of virulence, i.e. virulent or avirulent states. In this 
study, we explored the nanomechanical properties of both virulent and avirulent B. pertussis as exposed to 
various antibiotics. The nanomechanical studies highlighted that only virulent B. pertussis cells undergo a 
decrease in their cell elastic modulus and height upon antimicrobial exposure, whereas their avirulent coun-
terparts remain unaffected. This study also permitted to highlight different mechanical properties of individual 
cells as compared to those growing in close contact with other individuals. In addition, we analyzed the presence 
on the bacterial cell wall of Filamentous hemagglutinin adhesin (FHA), the major attachment factor produced by 
virulent Bordetella spp., under different virulence conditions by Force Spectroscopy.   

1. Introduction 

The rapid spread of multi-drug resistant (MDR) pathogens is one of 
the main public health issues of the 21st century (Li and Webster, 2018; 
Ventola, 2015). Although the failure of antibiotic treatment was 
generally attributed to resistance, other mechanisms such as tolerance 
and persistence can also help bacteria to survive to antibiotics exposure. 
In addition, it is widely demonstrated that cells that are part of bacterial 
communities like biofilms are less susceptible to the antibiotic effects 
compared to those grown planktonically (Balcázar et al., 2015; Coster-
ton et al., 1995; Donlan, 2000, 2000; Mishra et al., 2005; Patel, 2005; 
Singh et al., 2017). 

Bordetella pertussis is a gram-negative bacterium that colonizes 
human airways producing pertussis or whooping cough, a highly con-
tagious infection of the upper respiratory tract. The capacity to alternate 
between different virulence phases during which specific genes are 

expressed is characteristic of B. pertussis. This phenomenon known as 
phenotypic modulation, is depending on the environmental conditions 
(such as temperature or the presence or absence of modulating agents) 
(Deora et al., 2001; Jones et al., 2005; Merkel et al., 2003), and could be 
a bacterial strategy for immune evasion and persistence within the host. 

Although most pathogens rapidly develop resistance to antibiotics 
among Bordetella spp. the frequency of acquired resistance to the anti-
microbial agents used in clinical has been notably low. However, in the 
last years some reports mention the emergence of erythromycin resis-
tance (Guillot et al., 2012; Li et al., 2019; Shahcheraghi et al., 2014). 
Particularly, China has experienced an increase in 
erythromycin-resistant B. pertussis isolates since they were first reported 
in 2013 (Liu et al., 2018; Wang et al., 2014, 2013). 

Atomic force microscopy (AFM) permits to monitor bacterial adhe-
sion, the cell wall structural dynamics, its topography as well as its 
mechanical properties at a nanometric scale under different 
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environmental conditions (Abu-Lail and Camesano, 2003; Alsteens, 
2012; Auer and Weibel, 2017; Dufrêne, 2014; Eaton et al., 2008; For-
mosa et al., 2012; Formosa-Dague et al., 2018; Hassan et al., 2019; 
Viljoen et al., 2020). It is therefore a very promising tool to rapidly 
assess the effects of antibiotics on isolated bacteria. 

It is well known that some bacteria modify their roughness, height or 
elastic modulus (Alves et al., 2010; Laskowski et al., 2018; Longo et al., 
2013; Perry et al., 2009; Pogoda et al., 2017) after exposure to antibi-
otics. Unfortunately, it is not known if such modifications also occur in 
B. pertussis. In this work we monitored the impacts of ampicillin and 
macrolides on the morphological and nanomechanical properties of 
B. pertussis in two different virulence states. Virulence states were 
analyzed by monitoring the presence of Filamentous hemagglutinin 
adhesin (FHA), -which is absent during the avirulent phase of the 
microorganism-, by Force Spectroscopy. We also assessed the effect of 
antibiotics as a function of the “social” situation of B. pertussis. This study 
highlighted striking differences between the chemical/physical proper-
ties of virulent and avirulent phenotypes. It demonstrated that isolated 
bacteria are more susceptible to antibiotic treatments which modify 
their mechanical properties than those growing in groups. This study 
finally confirms that the use of AFM can be a valuable tool to assess 
bacterial sensitivity to antibiotics in real time at a single cell level. 

2. Materials and methods 

2.1. Bacteria, culture conditions and AFM sample preparations 

Bordetella pertussis Tohama I strain (Collection of Pasteur Institute, 
Paris, France -CIP8132-) and B. pertussis 537, a mutant strain blocked in 
avirulent phase derived from B. pertussis Tohama I, lacking the expres-
sion of the FHA protein and other virulence factors expressed on the 
surface and regulated by the BvgAS system (Relman et al., 1990), were 
used throughout this study. B. pertussis strains were grown in 
Bordet-Gengou Agar (BGA) plates supplemented with 1% w/v of Bac-
topectone (Difco Laboratories, Detroit, MI, USA) and 15% v/v of defi-
brinated sheep blood, for 48 h at 37 ◦C. The colonies were sub-cultured 
for others 48 h and then inoculated in 100 mL Erlenmeyers flaks con-
taining 30 mL of Stainer-Scholte (SS) liquid medium adjusting the initial 
optical density at 650 nm (OD650) to 0.20 and incubating the flasks for 
24 h at 37 ◦C with shaking at 160 rpm. Then, the culture was centrifuged 
at 8000 g for 5 min and washed 4 times with sterile Phosphate-buffered 
saline (PBS). After that, the culture was concentrated in fresh SS liquid 
medium until DO650: 5 in order to achieve that the bacteria cover the 
surface of the Petri dish (35 mm) intended for cell adhesion during AFM 
sample preparation process. To modulate B. pertussis cells from virulent 
phase to avirulent phase, Magnesium sulfate (MgSO4) was added to 40 
mM final concentration to BGA plates, as well as to cultures with SS 
liquid medium (Scarlato and Rappuoli, 1991). The Escherichia coli 
strains were cultivated in Luria-Bertani (LB) agar and LB broth 
over-night at 37 ◦C. Then, the cultures were centrifuged at 8000 g for 5 
min and washed 4 times with sterile PBS. 

2.2. Antibiotics and viability test 

We used the antibiotics erythromycin (Sigma-E6376) and ampicillin 
(Sigma-A0166), in a concentration of 5 µg/mL and 160 µg/mL, respec-
tively. These concentrations correspond to the minimum bactericidal 
concentrations that were calculated using the Antimicrobial Suscepti-
bility Testing procedure recommended by the Clinical & Laboratory 
Standards Institute (CLSI) (“CLSI Publishes 2012 Antimicrobial Sus-
ceptibility Testing Standards”, 2012). 

The bacterial viability was checked by LIVE/DEAD® BacLight Bac-
terial Viability Kit and the mortality rates were calculated by the ratio of 
the surface covered by dead bacteria (red: propidium iodide) over the 
surface covered by all bacteria (green: SYTO9), using the software 
ImageJ. At least six independent samples were analyzed in the exposure 

to each antibiotic for each case. 

2.3. Bacteria AFM sample preparations 

For AFM studies, attachment of planktonic bacteria to Petri dishes 
(35 mm) was carried out through an adaptation of the protocol previ-
ously mentioned by Oh and Hinterdorfer (2018), using commercial 
0.01% poly-L-lysine solution (PLL) (P4707, SIGMA). Initially, Petri 
dishes were incubated with 100 µL of PLL for 20 min at 37 ◦C until the 
surface was dried. Then 200 µL of the DO650: 5 bacterial suspension was 
incubated on the functionalized plate for 45 min at 37 ◦C, it was even-
tually washed with sterile PBS and mounted into the AFM. 

For the experiment involving grouped bacteria an inoculum of 
OD650: 1 was incubated for 4 h in a Petri dish, (without PLL), at 37 ◦C in 
a static condition; then the culture medium was replaced with fresh 
medium and the culture was shacked at 160 rpm for more 4 h. Finally, 
the Petri dish was washed with sterile PBS and inserted into the AFM 
equipment. 

2.4. Sample preparation for protein-antibody interaction 

A freshly cleaved mica disc was used as substrate for these experi-
ments. It was functionalized with 50 µL 1% 3-aminopropyltriethoxysi-
lane (APTES) ethanolic solution for 1 min and washed three times 
with Milli-Q water. Eventually the mica was dried under N2 and incu-
bated with a 0.5% glutaraldehyde (GA) aqueous solution for 15 min. A 
new wash with Milli-Q water and drying with N2 was carried out. The 
mica disks were incubated for 15 min in 30 µL of a 10 ng/µL purified 
FHA solution (Sigma, St. Louis, MO, USA) diluted in a PBS buffer. As a 
control we performed an antibody blocking experiments in which the 
FHA functionalized mica disks were incubated with an anti-FHA 
monoclonal antibody (NIBSC, London, England) solution (10 ng/µL) 
for 1 h before performing the force spectroscopy experiments. 

2.5. Functionalization of cantilever with antibodies 

For these experiments we used silicon nitride (DNP-10, Bruker) 
triangular cantilevers with a nominal spring constant of 0.06 N/m - 
range: 0.03 N/m and 0.12 N/m (DNP-D)-. Their spring constant was 
calibrated by the thermal noise method. 

The functionalization of the cantilever was carried out by incubation 
with an aqueous solution of 0.05% w/v GA for 15 min, followed by three 
washes with ultrapure water and an incubation with the anti-FHA so-
lution (70 ng/µL) for 30 min at room temperature (Arnal et al., 2015). 
Finally, the probe was washed with sterile PBS and mounted on the AFM 
tip holder. 

2.6. Single molecule Force Spectroscopy (SMFS) 

Data acquisition of the antigen-antibody interaction was performed 
using a JPK NanoWizard III (JPK Instruments, Bruker, Germany). 
Interaction measurements between protein and antibody were recorded 
in a PBS buffer. The maximum force applied was 1 nN and the Z length 
was 0.5 µm. 500 force curves were acquired for each retraction speed 
analyzed (50, 100, 500 and 1000 nm/s), keeping the contact time on the 
surface at 500 ms. The loading rate (ld) was calculated as the product of 
the retraction speed and the force constant of the cantilever (Xu and 
Siedlecki, 2009; Lee et al., 2006). 

Data acquisition of the bacterium-antibody interaction was taken 
from bacteria attached by PLL in the bottom of a Petri dish, as mentioned 
before, incubated in SS culture medium at room temperature. For each 
case were analyzed at least 3 individual bacteria from independent 
cultures and experiments. For each bacterium analyzed, 30 force curves 
were acquired before and after a period of 5 h. The force curves were 
recorded in the direction perpendicular to the surface with a Z length of 
1000 nm and duration of 5 s for each stage, including an intermediate 
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pause at the surface (also 5 s). We noticed that the concentration of the 
protein was much higher on the mica surface than on virulent bacteria, 
therefore a pause of 5 s permitted to increase the chances to observe 
binding-unbinding events. In cases where it was desired to follow the 
virulence change, 40 mM MgSO4 solution was added to the SS medium 
of the Petri dish where bacteria are located and the data recording was 
carried out. 

Finally, the data analysis was carried out using the JPK Data Pro-
cessing software (Version spm-5.1.4). The number of antigen-antibody 
interactions was counted manually. The average number of events for 
3 bacteria was considered. Only interaction events with specific values 
that correspond to an antigen-antibody interaction (range between 50 

pN and 900 pN) (Arnal et al., 2015; Moreno et al., 2011; Schwesinger 
et al., 2000) were considered. 

2.7. Nanomechanical properties analysis of individual B. pertussis cells 

For these experiments we used a NanoWizard III microscope (JPK 
Instruments, Bruker, Germany) equipped with triangular silicon nitride 
cantilevers with a nominal spring constant of 0.06 N/m – range: 0.03 N/ 
m and 0.12 N/m (DNP-D). Data collection was carried out at room 
temperature using the Quantitative Image (QI) mode. Typical topo-
graphic images of 2 × 2 or 2.5 × 2.5 µm2 were taken for individual 
bacteria with a setpoint force of 1 nN (number of pixels: 64 × 64 or 128 

Fig. 1. A) Number of adhesion events between 
a cantilever functionalized with anti-FHA and 
B. pertussis cells: virulent and avirulent. The 
interaction was also analyzed over E. coli bac-
teria taken as a negative control. B) Number of 
adhesion events B. pertussis Tohama I – anti- 
FHA on virulent bacteria incubated during the 
data acquisition in 40 mM MgSO4, (conditions 
that induce a change towards the avirulent 
state), -“Virulent (in avirulent condition”), it 
means-. On the contrary, - “Avirulent (in viru-
lent condition)”-, represents an analysis of 
B. pertussis Tohama I avirulent bacteria (from 
over-night culture supplemented with MgSO4) 
under conditions that induce virulence, it 
means that the experiment begins with aviru-
lent bacteria that are incubated for 5 h in a 
medium without the presence of MgSO4. In this 
environmental condition bacteria are induced 

to change its avirulent state towards the virulent one. Error bars represent the standard error.   

Fig. 2. Mechanical properties of B. pertussis. A) Height and (B) Young’s modulus of virulent B. Pertussis Tohama I strain and avirulent B. pertussis 537 strain. (C) 
Height and (D) Young’s modulus of virulent B. pertussis Tohama I strain before and after antibiotic exposure. (E) Height and (F) Young’s modulus of avirulent 
B. pertussis 537 strain before and after antibiotic exposure. All the force curves were used as a single population to build the boxplot (number of cells: at least 3 for 
each mean value). 

M.I. Villalba et al.                                                                                                                                                                                                                              



Micron 155 (2022) 103229

4

Fig. 3. Elasticity images and their respective Younǵs modulus histograms of virulent B. pertussis cells before and after (0 h: left and 5 h: right) (A) ampicillin and (B) 
erythromycin exposure. C) and D) represent the elasticity image and their respective Younǵs modulus histograms of avirulent B. pertussis cells before and after (5 h) 
ampicillin and erythromycin exposure respectively. Dash line in 5 h histograms represent curves fit of the same bacterium at 0 h. Blue-white represents high and 
brown low elastic modulus values. Bacteria are attached to the Petri dish by 0.01% poly-L-lysine solution. Scale bar: 500 nm. 

Fig. 4. Left: Elasticity of virulent B. pertussis 
before and after antibiotic exposure according 
to the number of bacteria being part of the 
group and a representative height image 
(*represents significative differences, Student’s 
t-test: α = 0.05). Right: Height images of 
grouped and isolated bacteria in the same AFM 
field. B. pertussis cells were attached by a static 
incubation in Petri dish during 4 h followed of 
4 h under shaking with fresh medium.At least 5 
individual cells in each situation were 
analyzed. Error bars represent the standards 
errors.   
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× 128). The data of clustered bacteria were acquired in QI from 6 × 6 
and 10 × 10 µm2 images (typical AFM curves of virulent and avirulent 
B. pertussis are shown in Fig. A1). 

The root mean square (RMS) roughness (Alves et al., 2010) was 
measured for each individual cell. Topographic images (contact point 
topographies) were flattened using zero order off set to remove the scan 
line misalignment, the contact point reconstructed topographies have 
been used for calculate this parameter. For each bacteria RMS was 
measured in at least three different center areas with fixed size of 140 ×
140 nm2 over three or more bacteria in each condition. Bacteria heights 
were quantified using the software JPK Data Processing. The mean 
Young’s modulus (E) was estimated individually for each bacterium 
based on the curves recorded according to the Hertz-Sneddon model 
applied to force-indentation curves (Eq. (A1)) (Arnal et al., 2012; Dewan 
et al., 2018). The Sneddon fit was done on the whole indentation. For the 

Fig. A1. A) AFM curves: vertical deflection vs Tip-sample separation of virulent 
B. pertussis Tohama I and avirulent mutant B. pertussis 537. B) Force vs 
indentation curves of virulent and avirulent B. pertussis. 

Fig. A2. Schematic representation of the analysis categories of each bacterium 
according to the number of bacteria that are part of the cell group to which they 
belong: A) individual bacteria, B) 2–4, and C) 5 or more grouped bacteria. 

Fig. A3. (A) Histogram of the distance values 
between the contact point and the interaction 
event found at the speed of 500 nm/s. (B) 
Histogram of the distribution of forces recorded 
at a speed of 500 nm/s on FHA sample. (C) 
Relationship of the mean interaction force for 
the 4 values of loading rate that were tested. 
Two different segments are observed, the 
segment determined by the last three points 
was fitted with a linear function, (linear 
adjustment with a R2 value: 0.92). The speed 
selected for the studies corresponds to one of 
the intermediate values of that linear segment. 
(D) Histogram of the distribution of forces 
recorded at a speed of 500 nm/s on FHA sam-
ple after blocked with anti-FHA purified.   

Fig. A4. Fluorescence microscopy images of B. pertussis cells attached to a Petri 
dish with 0.01% poly-L-lysine solution after 5 h of antibiotics exposure in 
virulent and avirulent phases. Staining: PI-SYTO9 (green: live and dead bac-
teria; red: only dead). 
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study of elastic modulus in grouped bacteria, each cell was selected and 
evaluated considering the number of bacteria that are in contact with it 
or are part of the bacterial group/cluster. In this way, Young’s modulus 
(E) of individual bacteria was studied comparatively in three different 
situations: i) individual bacterium, ii) bacterium being part of a group 
formed by 2–4 cells and iii) bacterium being part of a group formed by 5 
or more cells (Fig. A2). These properties were tested before and after of 
exposure to each antibiotic. The first QI was taken at the time considered 
as initial time: 0 h. Next, the antibiotic was added to the Petri dish where 
the cells were attached. After 5 h of incubation with each antibiotic a 
new QI was taken over the same imaging field preserving the acquisition 
parameter and the probe. 

JPK data processing software, Origin and MatLab 2013 were used to 

process the data. An average of 1500 curves per each bacterium was 
analyzed. The final results were represented as a mean ± standard error, 
at least 4 different cells from 3 replicates cultures were analyzed in each 
condition. The statistical significance was assessed using Student’s t-test 
(α = 0.05). 

3. Results 

B. pertussis express different membrane proteins in each virulence 
phase. For example Filamentous hemagglutinin adhesin (FHA) is a 
fundamental protein in the adhesion process for virulent phase, but it is 
non-expressed in avirulent phase (Jones et al., 2005; Relman et al., 
1990). The expression of FHA was analyzed before and after incubation 
of cells under different culture conditions that induce changes in viru-
lence phase by using single molecule Force Spectroscopy. As an initial 
step, an analysis of the interaction between the commercial monoclonal 
anti-FHA antibody and the purified FHA protein on mica was performed. 
The ramp velocity was set to 500 nm/s. The statistical median of the 
distribution of interaction forces and the mean value of the distance 
from the point of contact recorded at this retraction speed were ~ 160 
pN and 38.79 nm, respectively (Fig. A3). These values are within the 
range of values reported for antigen-antibody interactions (Arnal et al., 
2015; Dewan et al., 2018; Ido et al., 2014; Kajava et al., 2001; Moreno 
et al., 2011; Schwesinger et al., 2000). 

An analysis of interaction between bacteria and monoclonal anti-
body anti-FHA was done to analyze the virulence state. Our results 
showed that in bacteria blocked in avirulent phase (Bp 537) the number 
of adhesion events between FHA and anti-FHA is the smallest and has 
not significative difference with the number of adhesion events regis-
tered over E. coli (as a control having no FHA on its surface). B. pertussis 
Tohama I virulent strain has the highest number or adhesion events, 
which means that bacteria in virulent phase express extensively this 
adhesin (Fig. 1A). This is in agreement with the work previously pub-
lished by Arnal et al. (2012). The analysis of the bacteria in an envi-
ronment that induces a virulence variation suggests that FHA expression 
changes under these conditions (“virulent bacterium in avirulent con-
dition” and “avirulent in virulent condition”) (Fig. 1B). Counting the 
number of binding-unbinding events permitted to determine the viru-
lence status of the bacteria and then to correlate it to their mechanical 
properties. 

Virulent and avirulent B. pertussis cells exposed to two antibiotics 
with different effects on these bacteria were analyzed after 5 h exposi-
tion. The rates of bacterial mortality calculated for each treatment using 
LIVE/DEAD stain are not significantly different between virulence states 
(Fig. A4 and Table A1). The analyzes of the topography of B. pertussis 
single cells of each phenotype exposed to antibiotics revealed no sig-
nificant changes in the surface roughness for virulent and avirulent 
phases (Table A2). However, with higher resolution the topography at 
the molecular level would have shown a different result. These results 
are consistent with the poor efficiency of ampicillin over the thin layer of 
peptidoglycan of gram-negative bacteria, and with the mechanism of 
action of erythromycin: it acts on protein synthesis but does not affect 
the outer membrane roughness of bacteria. 

The analysis of the morphological properties of B. pertussis after the 
treatment with ampicillin and erythromycin showed a significative 
decrease in the height of virulent bacteria as well as a shift in the 
Young’s modulus towards lower values (Figs. 2 and 3). However, when 
carrying out the same experiment in avirulent B. pertussis no changes in 
height and Young’s modulus after antimicrobial exposure could be 
observed. The significant difference between Young modulus and height 
of virulent and avirulent bacteria could be related to a mechanism of 
better adaptation of the avirulent bacteria to the presence of antibiotics 
as it was shown in B. bronchiseptica where antibiotic-resistant mutants 
are associated with the loss of virulence (Dewan et al., 2018). 

It is well known that bacteria in clusters behave differently towards 
antibiotics than their isolated counterparts. Numerous hypothesis can 

Fig. A5. Fluorescence microscopy images of grouped B. pertussis (virulent 
phase), (attached to a Petri dish by static 4 h incubation followed by of a 
shaking 4 h incubation), after 5 h of antibiotics exposure. Staining: PI-SYTO9 
(green: live and dead bacteria; red: only dead). 

Table A1 
Rates of bacterial mortality of individual B. pertussis, dead bacteria over total 
bacteria, acquired from LIVE/DEAD images analysis (Fig. A4), after 5 h of 
antibiotic treatment. Cells were attached to a Petri dish with 0.01% poly-L-lysine 
solution. No significant differences between mortality rates of avirulent and 
virulent were detected (t-test P > 0.05).  

Phase Not antibiotic Ampicillin exposure Erythromycin exposure 

Avirulent 0.008 (± 0.002) 0.78 (± 0.03) 0.58 (± 0.17) 
Virulent 0.003 (± 0.0009) 0.85 (± 0.06) 0.79 (± 0.12)  

Table A2 
RMS Roughness mean values acquired by JPK Data processing software, for 
virulent and avirulent B. pertussis attached to Petri dish with 0.01% poly-L-lysine 
solution, before and after 5 h of antibiotic exposures. No significant differences 
between RMS values (t-test P > 0.05).  

Exposure 
time 

Virulent Avirulent 

Ampicillin Erythromycin Ampicillin Erythromycin 

0 h 9.59 
(± 0.77) 

10.53 
(± 0.78) 

10.33 
(± 0.55) 

11.17 
(± 1.25) 

5 h 9.67 
(± 0.95) 

9.41 (± 0.52) 10.82 
(± 1.25) 

10.49 
(± 1.62)  

Table A3 
Rates of mortality, (dead bacteria over total bacteria), of grouped virulent 
B. pertussis, acquired from LIVE/DEAD images analysis (Fig. A4), after 5 h of 
antibiotic treatment. Bacteria were attached to a Petri dish by static 4 h incu-
bation follow of a shaking 4 h incubation. No significant differences between 
mortality rates were detected (t-test P > 0.05).  

Control (without antibiotic) Ampicillin exposure Erythromycin exposure 

0.0025 (± 0.0002) 0.011 (± 0.0070) 0.025 (± 0.0080)  
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explain this phenomenon, among those we can cite some as the inability 
of the antibiotic to penetrate the cellular groups, the existence of mi-
croenvironments that antagonize the action of antibiotics, the activation 
of stress responses that cause changes in the physiology of the bacteria, 
or the appearance of a specific phenotype that actively combats the 
negative effects of antimicrobial substances (Singh et al., 2017; Stewart, 
2002). However, very little is known about the nanomechanical prop-
erties of B. pertussis growing in clusters and their differences with indi-
vidual isolates. In this part of the study, we measured the mechanical 
properties of individual and grouped cells and explored the dependence 
of their mechanical properties as a function of their neighborhood, i.e. 
the number of bacteria or size of the group to which they belong. 

As depicted in Fig. 4, changes in elasticity of isolated bacteria 
exposed to antibiotic are more pronounced than for those that are living 
in groups. Bacteria being part of a group of 5 or more cells has smaller 
changes of elastic modulus-elasticity than isolated ones. This observa-
tion of a cluster of few bacteria is consistent with the smaller mortality 
rates registered to grouped bacteria (Fig. A5 and Table A3) and the well- 
known tolerance of grouped bacteria against antimicrobials. 

4. Discussion 

Many works have studied the mechanical properties of individual 
bacteria under different environmental conditions focusing on the 
properties of cells surface and their behavior under stress conditions. 
Gaboriaud et al. (2005) investigated the nanomechanical properties of 
gram-negative bacillus Shewanella putrefaciens in aqueous solutions and 
observed that an increase in the pH of the culture medium causes an 
increase in cell height and a decrease in elasticity of the surface poly-
meric layer. Longo et al. (2013) characterized the mechanical properties 
of the outer membrane of E. coli and reported that the membrane has 
more rigid areas possibly associated with the intracellular structure. 
Bacterial cells may show significant local variations in elasticity due to 
the complex composition of their cell wall (Touhami et al., 2003). 

The mean values of Younǵs modulus of B. pertussis obtained in this 
work are similar with those previously reported (Arnal et al., 2012), as 
well as for other bacteria such as Staphylococcus aureus (Perry et al., 
2009) or E. coli (Longo et al., 2012). However, a specific software to 
exclude the boundary pixels could give a more robust estimation. Arnal 
et al. (2015) associated, in B. pertussis, the elastic modulus with presence 
of the outer membrane adhesin FHA, which is essential for adhesion to 
epithelial cells. Based on this and ours results, we can suggest that 
changes in the virulence phase and concomitantly the variation in the 
expression of outer membrane proteins affect the nanomechanical 
properties of cell cover. The phase variation process consists of a change 
in the expression of surface proteins and specific virulence factors as 
result of monitoring the physicochemical conditions of the environment 
that the pathogen is capable make in a specific niche. Overall nano-
mechanical properties of the bacterial surface during this adaptation can 
be quantified using atomic force microscopy. 

In the case of B. pertussis the virulence changes during the adaptation 
of the bacterium to the host environment represent a very important 
process for the understanding of the pertussis infection which could be 
analyzed by a nanoscale study. It has been important here to be able to 
determine differences in the level of cell cover elasticity between the 
virulence phases. This characteristic could be related to adhesion and 
infection capacity considering that FHA is a fundamental and specific 
virulencés adhesin. It suggests that there is a correlation between FHA 
expression and the increase in Young’s modulus, but it is important to 
consider that other causes could affect this mechanical property. 

Also, nanoindentation has been used to demonstrate the effect of 

antimicrobial agents on the cell wall of bacteria as well as to evaluate 
mechanisms of action of new antimicrobial agents on the cell wall of 
resistant strains (Gaveau et al., 2017). Several studies showed that 
bacteria treated with antibiotics have a lower Young’s modulus than 
untreated ones (Eaton et al., 2008; Gaboriaud et al., 2005; Gaveau et al., 
2017; Pogoda et al., 2017); that is, antimicrobial agents generate a 
softening of bacterial cell walls. In this work we observe the reduction in 
the elasticity of the virulent bacterial outer membrane (in this case of 
gram-negative bacteria) due to exposure to antibiotics, coinciding with 
previous works (Longo et al., 2013; Touhami et al., 2003). The changes 
can be attributed to the inhibition of the bridges between peptidoglycan 
and PBP (penicillin-binding proteins) by the ampicillin (a beta-lactam, 
interferes with the synthesis of the bacterial cell wall), and the 
restricted protein synthesis by erythromycin (it acts at the ribosomal 
level inhibiting the synthesis of proteins). It has been demonstrated that 
incubation of bacteria with macrolides decreases the adhesion capacity 
of B. pertussis to epithelial cells (Scaglione et al., 1994). Previously, it has 
been shown that the adoption of an avirulent state generates significant 
metabolic and gene expression changes that may be participating in 
bacterial survival, transmission, and/or persistence (Karataev et al., 
2016; Moon et al., 2017). An alternative explanation to the observed 
behavior would be differences in the turgor pressure between virulent 
and avirulent phenotypes. If we suppose that avirulent cells are less 
turgid, a treatment reducing their internal pressure would have a 
stronger effect on more pressurized bacteria than on already loose ones. 
The differences observed in height between virulent and avirulent 
phenotypes and its variation after antibiotic exposure, may support this 
hypothesis. Grouped B. pertussis cells, in the short period of time of 
analysis (5 h), demonstrated different response to the action of the an-
tibiotics tested. This way of life in groups allowed detecting a lower 
percentage of elasticity decrease in the elastic modulus after treatment 
with antimicrobials in cells that are part of these bacterial clusters with 
respect to cells that are isolated. 

5. Conclusions 

In this study we explored by using AFM mechanical properties of 
virulent and avirulent B. pertussis cells before and after exposure to an-
tibiotics. The study revealed significant differences in the surface 
properties of virulent and avirulent phenotypes and highlighted 
different mechanical responses of the two phenotypes to antibiotics. It 
also revealed that grouped bacteria react differently than isolated ones. 
In general, these results confirm the usefulness of AFM to study micro-
organisms and their reaction to different physic-chemical stimulus with 
unpreceded spacial and temporal resolution. 
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Appendix A 

A.1. Young modulus–Hertz-Sneddon model 

The theoretical model considers the shape of the probing tip, there the tip was modeled as a pyramidal-cone, thus, the relation between load force F 
and indentation depths δ is: 

F =
2 Etanα

π(1 − ν2)
δ2 (A1)  

where α: the open angle of the probing tip, in our case 18◦, E: E is the Young’s modulus of the sample and ν is the Poisson’s ratio of the sample (assumed 
as 0.5 for cells). 

A.2. Figures and tables 

See Figs. A1–A5. 

A.3. Tables 

See Tables A1–A3. 
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