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ABSTRACT          
 
  
 

Atomic Force Microscopy Measurements of Type IV Pili and the Nanomechanical 
Response of Bacteria to Cationic Antimicrobial Peptide 

 
  
 
     Shun Lu       Advisor: 
     University of Guelph, 2014    Professor John R. Dutcher 
 
  
      

      We have used an AFM-based creep deformation technique to measure changes to the 

viscoelastic properties of individual Pseudomonas aeruginosa PAO1 cells after exposure to two 

cationic peptides: polymyxin B (PMB), and polymyxin B nonapeptide (PMBN), which are 

structurally-related compounds. These measurements provide a distinctive signature for the loss 

of integrity of the bacterial cell envelope following exposure to the peptides. Measurements 

performed before and after sufficiently long exposure to the peptides, as well as time-resolved 

measurements following the introduction of the peptides, revealed large changes to the 

viscoelastic parameters that we can attribute to different components of the bacterial cells. 

Differences between the results for exposure to the two peptides are consistent with the 

difference between their membrane permeabilizing effects. Large differences were also observed 

for exposure to high and low concentrations of PMB. These measurements provide new, unique 

insight into the kinetics and mechanism of action of antimicrobial peptides on bacterial cells.  

        We also applied AFM as a single molecule force microscopy (SMFM) to study the 

mechanical properties of type IV pili (T4P) filaments on P. aeruginosa bacterial cells as polar 

appendages. Force-separation curves, obtained during retraction of AFM tip away from 

underlying surfaces, show two different behaviours: stretching T4P with a fixed contact point 

(described by the Worm-like chain (WLC) model) and a forced desorption of T4P filaments off 

the underlying surfaces (indicated by a force plateau). The results can provide valuable insights 

on questions difficult to answer in previous studies. We showed that T4P filaments can bind to 

surfaces with multiple adhesins distributed along the pili instead of a single adhesin located at 

the distal end. Moreover, different rupture forces on gold and mica surfaces suggest that the 

 
 



breakage in force curves is due to the failure of adhesion between the pili filaments and 

underlying surfaces. A more accurate persistence length of 1.4 nm was measured for type IV pili 

filament, using a 600 nm colloidal probe to reduce AFM tip height effect in force curves. Our 

study can shed new light on bacterial pili adhesion mechanism and its role to sustain external 

forces in flows.    
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1. Introduction and Background 

1.1. Bacterial Cell Structure 

1.1.1. Gram-Negative and Gram-Positive Bacteria 

Bacteria can be divided into two major groups, which are called Gram-positive and Gram-

negative, respectively. This division was originally based on a special staining procedure, the 

Gram stain, which was developed by Christian Gram in 1884 to stain cells and increase their 

contrast under the bright-field microscope. After Gram staining, Gram- positive bacteria appear 

purple and Gram-negative bacteria appeared [1]. The difference in reaction to the Gram stain is 

due to the different cell envelope structures in Gram-positive and Gram-negative bacteria cells, 

which can be resolved by transmission electron microscopy using special techniques such as thin 

sectioning [2]. The Gram-negative cell wall is a multilayered structure consisting of two 

membranes, the inner membrane (IM, or cytoplasmic membrane) and the outer membrane (OM, 

or periplasmic membrane), which are separated by the periplasm containing a 3-8 nm thick 

mesh-like peptidoglycan layer [3]. In contrast, Gram-positive cells have a much thicker 

peptidoglycan layer (thickness from 20 - 50 nm) surrounding the outside of the IM [4]. For both 

Gram-negative and Gram-positive bacteria, the cell envelope is a unique structure that allows 

them to take up nutrients and to exclude certain waste or toxic compounds. The cell envelope 

also enables bacteria to withstand high internal turgor pressures (3-5 atm in Escherichia coli, ~ 

25 atm in Bacillus subtilis) due to the high concentration of soluble materials such as salts, 

sugars, amino acids, vitamins, and coenzymes inside the IM of bacterial cells [1]. Thus, the 

mechanical stiffness of the bacterial cell envelope plays an important role in maintaining cellular 

shape.  

 

1.1.2. Gram-Negative Cell Envelope: Structure and Function  

In Gram-negative bacteria, the IM is a symmetrical phospholipid bilayer, whereas the OM is an 

asymmetrical lipid bilayer consisting of phospholipids in the inner leaflet and 
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lipopolysaccharides (LPS) in the outer leaflet [5]. Although the two membranes have different 

structures, both have incorporated transmembrane proteins. In general, proteins with α-helical 

membrane spanning segments are found in the IM, whereas amphipathic β-barrel proteins are 

located in the OM [6]. The space located between the IM and the OM is called the periplasm, 

which contains large amounts of degradative enzymes and transport proteins, such that it is more 

viscous than the cytoplasm [4]. The peptidoglycan layer in the periplasm is a network made up 

of polymeric sugar strands that are cross-linked by flexible peptide molecules. The 

peptidoglycan layer is relatively rigid and is primarily responsible for the mechanical strength of 

the bacterial cell wall [1].  

 

Figure 1.1: Schematic diagrams of the cell envelopes of Gram-negative (left) and Gram-positive 

(right) bacteria. 

1.1.2.1. Inner Membrane (IM) 

The inner membrane is a phospholipid bilayer with a thickness of 8 nm, serving as a highly 

selective barrier that separates the cytoplasm from the periplasm. The hydrophilic (glycerol) 

head groups of the phospholipids in the IM associate with the cytoplasm and periplasm, and the 

hydrophobic (fatty acid) lipid tails form a hydrophobic region [1]. Lipids account for 2% - 20% 

of the dry weight of bacterial cells and 20% - 40% of the dry weight of the IM, and the majority 

of lipids found in the IM are negatively charged [7].  

The proteins residing in the IM are either integrated into or peripheral to the membrane and 

they constitute about 7% - 15% of all cellular proteins. The integrated proteins span the IM with 

α-helical transmembrane domains that have very hydrophobic external surfaces in contact with 

the highly nonpolar fatty acid chains [1]. Peripheral proteins are lipoproteins that are anchored to 

the outer leaflet of the IM by lipid modifications [8]. The overall structure of the IM is stabilized 
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by hydrogen bonds and hydrophobic interactions between the lipids and proteins. Many of the 

IM proteins perform key functions in energy production, lipid biosynthesis, protein secretion and 

transport, which are functions that are performed by intracellular organelles in eukaryotic cells 

[4].  

Most chemical compounds do not move passively through the IM, but instead are 

transported by proteins that are associated with the IM. Because of this, the IM is selectively 

permeable with specific carrier proteins that participate in the transport process. 

        

Figure 1.2: Schematic diagram of the structure of the cell envelope in Gram-negative bacteria 

cells, which includes LPS, the OM, the periplasm, and the IM. The peptidoglycan layer is located 

in the periplasm and is connected to the OM by lipoproteins [9]. 

1.1.2.2. Outer Membrane (OM) 

The OM is located on the outside of Gram-negative cells, providing its key role as a permeability 

barrier. The inner leaflet contains phospholipids, whereas the outer leaflet contains 
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lipopolysaccharide (LPS) molecules, which in general consist of a lipid head group and a 

polysaccharide tail.  

The lipid portion of LPS is referred to as lipid A, which consists of two glucosamine 

(carbohydrate/sugar) units with six or seven attached acyl chains (fatty acids), and each 

carbohydrate normally contains one phosphate group [10]. Fatty acids commonly found in lipid 

A include caproic, lauric, myristic, palmitic, and stearic acids [1]. Lipid A serves an important 

function to tether LPS into the hydrophobic region of the OM. The lipid A structure exhibits a 

considerable amount of diversity in different organisms [11]. 

The polysaccharide part of the LPS molecules consists of two portions: the core 

oligosaccharide and the O-polysaccharide that can have various lengths. The core 

oligosaccharide is attached to the lipid A head group, and contains 3-deoxy-D-manno-oct-2-

ulosonic acid (ketodeoxyoctonate, KDO), heptoses (seven carbon sugars), and hexoses [11]. The 

O-polysaccharide is attached to the core region, and typically contains galactose, glucose, 

rhamnose, and mannose (all six-carbon sugars) as well as other unusual sugars. When the sugar 

sequences are repeated a large number of times, a long or branched O-polysaccharide is formed. 

It extends outward from the OM, interacting directly with the environment or host. Moreover, 

the O-side chains of LPS in different strains of bacteria have their own unique set of sugars, and 

can therefore react with specific antibodies [7]. Some bacterial strains can lack O-

polysaccharides or have differences in the core region [12]. However, the lipid A and the inner-

core KDO segments are essential for the viability of Gram-negative bacteria.  

The core oligosaccharide region contains a cluster of phosphate moieties plus KDO units that 

are highly ionized and hydrophilic at neutral pH. In the native cell wall structure, divalent 

cations, especially Ca2+ and Mg2+, are intercalated between LPS molecules and can prevent 

repulsion between the negatively charged phosphate groups in adjacent LPS molecules [4]. Both 

the bridging of LPS molecules by divalent cations and the saturation of the acyl chains in the 

lipid A head group can facilitate tight packing of LPS molecules to form a relatively rigid barrier 

for hydrophobic molecules [13]. Some antibiotic agents act by displacing the cations and 

removing LPS molecules, which causes the OM to become permeable.  
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Figure 1.3: (a) Schematic diagram of the structural organization of lipopolysaccharides in Gram-

negative bacteria. (b) Schematic diagram of the structure of a typical lipid A head group in P. 

aeruginosa PAO1 strains grown in laboratory media [12].  

1.1.2.3. Peptidoglycan Layer in Periplasm 

The periplasm is the compartment between the outer surface of the IM and the inner surface 

of the OM in Gram-negative bacteria. It has a thickness of 12-15 nm, making up ~10% of the 

cell volume, and it is highly viscous, forming a gel-like aqueous compartment [14]. The 

periplasm contains a peptidoglycan layer and has a high density of soluble proteins, which 

participate in small-molecule transport, and enzymes [4].  

The peptidoglycan layer is thought to be primarily responsible for the strength of both Gram-

negative and Gram-positive bacteria cell walls. It is a single cross-linked molecule made up of 

long glycan chains and short peptide segments. The glycan strands consist of alternating repeat 

(a) 

(b) 
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units of two sugar derivatives of N-acetyl glucosamine (GlcNAc) and N-acetyl muramic acid 

(MurNAc), with MurNAc residues in adjacent rows that are cross-linked by short peptide 

segments, consisting of L-alanine, D-alanine, D-glutamic acid, and either lysine or 

diaminopimelic acid (DAP), which are called glycan tetrapeptides [1]. In Gram-negative 

bacteria, the cross-links typically occur directly by a peptide linkage between the amino group of 

DAP at position 3 in one tetrapeptide and the terminal D-alanine at position 4 in another 

tetrapeptide. 

The tightly cross-linked arrangement of glycan chains and peptide segments provides rigidity 

for the sacculus along different directions, especially when it is stretched due to turgor pressure. 

Variations in the cross-linking within the peptidoglycan layer can result from different growth 

conditions such as the growth phase, the composition of the medium, and the presence of 

antibiotics [15]. 

 
(a)                                                                         (b) 

 
Figure 1.4: Structure of the peptidoglycan monomer (a) and layer (b) of Escherichia coli. The 

greenish labelled part in (b) represents the basic disaccharide tetrapeptide monomer, written with 

the conventional amino acid and hexosamine abbreviations [16].  

In the periplasm, there are also proteins called Braun’s lipoprotein (Lpp) associated with the 

sacculus that anchor the peptidoglycan layer to the outer membrane of bacterial cells to enhance 

the mechanical strength of the cell. Lipoproteins not only have hydrophobic “lipid” domains (N-

terminal N-acyl-diacylglycerylcysteine) that anchor into the inner leaflet of the OM, but they 

also have “protein” portions that bind to the peptidoglycan layer either covalently or 
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electrostatically [2]. Approximately one third of the lipoproteins are covalently linked between 

the OM and the peptidoglycan layer, which can help to prevent the release of the OM from the 

cell. 

1.1.3. Bacterial Appendages 

Bacteria commonly extend protein filaments from their outer surfaces. These extracellular 

filamentous structures are used by the cell for various biological functions such as swimming, 

cell motility, surface attachment, protein or DNA transport across membranes, and even biofilm 

formation. The appendages play an important role in allowing the bacteria to adapt to different 

environments. Two types of appendages are described in this section: flagellum and pili, while 

pili are described in more details in this section. 

        Bacterial flagella are long (~ 10 μm) and thin (~ 20 nm in diameter) helical protein 

filaments that project out from the bacterial cell surface. The flagella have a helical structure that 

is turned by a rotary motor at its base that is anchored in the bacterial cell wall. Rotation of the 

flagella enables cells to swim, searching for food or a more hospitable environment [17]. Flagella 

from Gram-negative and Gram-positive bacteria are essentially the same, except that flagella are 

embedded in both inner and outer membranes in Gram-negative cells rather than just the inner 

membrane in Gram-positive cell. The flagella can occur at one or both ends of the cell (polar 

flagellation) or can occur over the entire cell surface (peritrichous flagellation) [18]. 

        Nonflagellar appendages were first observed on bacterial cell surfaces in the early 1950s 

and were initially referred to as fimbriae (Latin for “thread” or “fiber”) and as pili (Latin for 

“hair-like structure”) [7]. As the use of the term fimbriae has declined over the years, “pili” is 

applied more widely to denote surface appendages found not only on Gram-negative bacteria but 

also on Gram-positive bacteria. Filamentous pili are often involved in the initial adhesion of 

bacteria to a surface. There are several distinct types of pili identified with different structures 

and functions within different bacterial species: chaperone-usher (CU) pili, type IV pili (Tfp), 

curli pili, type III secretion needle and type IV secretion pili in Gram-negative bacteria [19]. The 

pili are typically assembled from major pilus protein subunits called pilins by non-covalent 

homo-polymerization [20]; in Gram-positive bacteria, pili filaments are formed by covalent 
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polymerization of major adhesive pilin subunits added with minor pilins [21]. The different types 

of pili are described below.   

1.1.3.1. Chaperone-Usher Pili (CU pili)  

Among the five classes of pili, the most extensively studied are the chaperone-usher (CU) pili, 

which play an important role in host-pathogen interactions. CU organelles are heteropolymers 

that consist of several hundreds to thousands of pilins belonging to a group of proteins that range 

in molar mass from ~ 12 kDa to ~ 20 kDa [19]. CU pili can differ widely in morphology, with 

189 known CU systems that range from thin fimbriae (2-3 nm thick) to thick rods (7-10 nm 

thick) composed of a helically wound cylinder [22]. CU pili are named after their pathway of 

pilus biogenesis, which utilizes the chaperone and usher to assemble CU pili at the OM of 

bacteria. Located in the periplasm, the chaperones can bind to pilins that are secreted into the 

periplasm from the cytoplasm via the general secretory pathway, and facilitate their protein 

folding; chaperones can also inhibit pilins from premature assembly (or polymerization) in the 

periplasm [23]. The pilin-chaperone complex is then recruited by the pore-forming protein called 

the usher on the OM, which acts as a pilus assembly platform [20]. The usher protein forms a 

pore in the outer membrane that allows pilin subunits (not the assembled protofilament) to pass 

through [24]. The best studied chaperone-usher pili are the Type I pili and the P pili commonly 

found on isolates of uropathogenic Escherichia coli (UPEC) in urinary tract infections [22].  

P pili consist of six different subunit types encoded by 11 pyelonephritis-associated pili (pap) 

genes [20]. These subunits are arranged into two distinct domains in each pilus, a flexible distal 

tip fibrillum of ~ 2 nm in diameter and a rigid pilus rod of 6.8 nm diameter, assembled by 

periplasmic chaperone (PapD) and OM usher (PapC) proteins [19]. The pilus rod is a right-

handed one-start helical cylinder, composed of more than 1000 copies of a homopolymer of 

PapA subunits, with 3.28 subunits per turn and a 2.5 nm pitch [19]. The tip fibrillum is 

composed of a tip adhesion PapG and three minor pilus proteins: a single copy of PapF, 5-10 

copies of PapE, and one copy of PapK, serving as an adaptor between the PapG and PapA pilus 

rod [25]. The tip adhesin of PapG of P pili can have three different variants (PapI, -II, and –III) 

that have different receptor specificity. The pilus rod is anchored to the OM of the bacterium by 

a subunit of PapH that serves as a terminator, halting pilus growth at the basal end, because it is 
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lacking the initiation point for donor-strand exchange used for incorporating PapA into the 

growing fibre of P pilus [26].  

Type I pili have a structure that is similar to P pili, consisting of 6.9 nm thick and 1-2 μm 

long helical rods (500-3000 copies of FimA subunits), connected to a short 3 nm wide linear tip 

fibrillum consisting of one copy each of FimH (adhesin), FimG and FimF [27]. The type I pili 

assembly utilizes the chaperone subunit FimC and the usher protein FimD. Nishiyama et al. 

showed that the usher FimD acts as a catalyst to accelerate the ordered assembly of FimA 

subunits in vivo, where the efficiency of FimD is triggered by the adhesin subunit FimH [28]. 

FimH has a pilin domain linked to a lectin domain that recognizes terminal mannose residues 

that are present in a wide range of host cells; the two-domain structure enables FimH adhesion to 

act as a catch bond exhibiting shear-enhanced adhesion [29]. For type I pili and P pili, both PapA 

and FimA pilin subunits have an incomplete immunoglobulin (Ig)-like fold, and are assembled 

into a helical quaternary structure that is held together noncovalently by hydrogen-bonding and 

hydrophobic interactions [30]. External mechanical force can unwind the helical quaternary 

structure, which results in a dramatic extension of the pili (becoming 2-4 four times longer) [31]. 

This spring-like change provides a meaningful mechanism for absorbing physiological shear 

forces on bacteria to facilitate adhesion and colonization during urinary tract infection [32].  

1.1.3.2. Type IV Pili (T4P) 

Type IV pili (T4P) are highly flexible and retractable protein filamentous structures (5-8 nm in 

diameter, 1-4 μm long) produced by many Gram-negative bacteria, including Pseudomonas 

aeruginosa, Neisseria gonorrhoeae, Neisseria meningitides, Vibrio cholerae, Salmonella 

enterica, Myxococcus xanthus, enteropathogenic Escherichia coli (EPEC), and Legionella 

pneumophila, which are mostly human pathogens [33-35]. Recently, T4P were found on Gram-

positive bacteria such as Clostridia and Ruminococcus [36,37]. A summary of the key 

components in T4P biogenesis is given in Table 1.1. 

In addition to the common role of pili in adhesion to surfaces as a first step in biofilm 

formation, T4P possesses a unique function known as twitching motility, which is a flagellum-

independent form of movement utilizing the retraction ability of T4P [38,39]. Twitching motility 

9 
 



occurs by utilizing the processes of pili extension, tethering to surface, and then retraction, 

during which a retraction force of as much as 100 pN for a single pilus is generated to pull the 

bacterial cell body forward [40]. For spherically shaped N. gonorrhoeae, T4Ps are distributed 

over the entire cell body, and the twitching movement is relatively smooth, whereas T4Ps are 

located at the poles of rod-shaped P. aeruginosa, and the cell movements are jerky, dominated 

by the rupture of contact between the T4Ps and the surface [41]. T4P have also been shown to be 

related to DNA binding and DNA uptake during natural genetic transformation [42]. 

Bacteriophage can attach to T4P and use their ability to retract for phage infection on the host 

bacterial surface [43]. Moreover, T4P in Geobacter sulfurreducens have been found to be highly 

electrically conductive, which shows that T4P can serve as biological nanowires [44]. In addition 

to these diverse functions, T4P also mediate another surface motility mechanisms of a vertically 

oriented “walking”, which has a low directional persistence that promotes detachment of bacteria 

from the underlying surface [45,46].  

As shown in Fig. 1.5 (a), T4P filaments are assembled from thousands of copies of pilin 

subunits, each of which is a 15-20 kDa homopolymer. Although the pilin protein can vary in 

sequence and length from one species to another, they share a few common features of sequence 

motifs including an N-methylated N-terminus, a conserved hydrophobic N-terminal residue, and 

a carboxy-terminal disulphide bond formed between two cysteines [33]. In fact, T4P subunits are 

first synthesized as precursors (prepilins) with a hydrophilic leader peptide ending with a 

glycine, which is later cleaved by a leader peptidase [20]. In mature pilins, the first 20-25 

residues are hydrophobic, with the fifth residue almost invariably a glutamate [47]. Depending 

on the lengths of the leader peptide in the prepilin and mature pilin sequences, T4P can be 

divided into two subgroups: type IVa and type IVb. Type IVa pilins have a short leader peptide 

with 5-6 amino acids and a length of 150-160 residues, whereas type IVb pilins contain a longer 

leader peptide of 15-30 amino acids and a longer pilin length of 180-200 residues [33,35]. The 

N-methylated N-terminal residue of type IVa pilins is phenylalanine, whereas it can be 

methionine, leucine, or valine in type IVb pilins [48]. Type IVa pilins are usually found on 

bacteria with broad host ranges such as Pseudomonas aeruginosa, Neisseria gonorrhoeae, and 

Myxococcus xanthus, whereas the type IVb pilins are found almost exclusively on enteric 
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pathogens such as Vibrio cholerae, enteropathogenic Escherichia coli, and Salmonella typhi 

[34]. 

Despite the difficulty in crystallizing fibre-forming pilin proteins, atomic-resolution 

structures of several type IVa (Figs. 1. 5(b) and (c)) and type IVb pilins have been successfully 

obtained using cryo-electron microscopy [49,50]. These structures show that type IVa and type 

IVb pilins share some common features including an N-terminal α-helix (α1-N), a C-terminal 

globular head composed of α1-C and an anti-parallel four- to five-stranded β-sheet, and a αβ-

loop connecting the N-terminal α-helix to the β-sheet [33]. D-region of a pilin is located in the C-

terminus of the subunit, and it is a region bound by two conserved cysteines forming a disulphide 

bridge [20]. Both the αβ-loop and D-region are highly variable and form the opposite outer edges 

of the globular head domains, and are predicted to interact with neighbouring pilin subunits in 

the assembled pilus filament [49]. The length of the D-region is usually larger in the type IVb 

pilins (~55 amino acids) than in the type IVa pilins (~22 amino acids). The D-region of P. 

aeruginosa has only 12 residues [33].  

EM imaging of pili and X-ray fiber diffraction were used to analyze the assembly of the 

pilin subunits into a pilus, and the results indicated that the hydrophobic α1-N helix parts are 

buried in the core of the filament, while the αβ-loop and D-region are packed up the outer pilus 

surface to form a three-start helix bundle [34]. The extensive hydrophobic interaction among the 

N-terminal α-helices of adjacent pilins is the major force holding the pilus fiber together [47]. 

Meanwhile, the globular domains are more loosely packed, which enables the pilus surface to 

have cavities and grooves providing compression spaces to allow bending of the pilus [34]. This 

pilin assembly structure guarantees not only the stability of the filament but also the flexibility to 

facilitate pili adhesion and twitching. Craig et al. showed that T4P in Neisseria gonorrhoeae 

have alternating negatively and positively charged regions, in which the positive patches are 

formed by basic residues and the negative patches are formed by acidic residues in the αβ-loop 

and C-terminus of one subunit [49]. The positive patches along the grooves of the T4P can 

interact with negatively charged DNA helices and facilitate DNA binding and uptake in natural 

transformation.      
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Table 1.1: Summary of key components in T4P biogenesis, including the Type IVa and Type 

IVb pilins [34]. 

     

Even though they are assembled by similar subunit interactions, pili from different bacterial 

strains may have slightly different structures, arising from differences in the sequences and 

structures of the pilin subunit. Folkhard et al. showed that P. aeruginosa K (PAK) strain and O 

(PAO) strain pili with type IVa pilins (PilA) are hollow cylinders with a 5.2 nm outer diameter, a 

1.2 nm inner diameter and a 3.1 nm diameter ring of hydrophobic residues [51]; Neisseria 

gonorrhoeae (type IVa pili, PilE) have an outer diameter of 6.0 nm and a narrow central channel 

of 0.6-1.1 nm [49]; and V. Cholerae toxin coregulated pili (TCP) of type IVb pilins (TcpA) are 

thicker filaments with a diameter of 8.0 nm. Correspondingly, the left-handed three-start helix 

has a 12.3 nm pitch in PAK pili and a 13.5 nm pitch in V. cholerae TCP [50]. Moreover, Biais et 

al. demonstrated that T4P in Neisseria gonorrhoeae became roughly 40% narrower and 3 times 

longer when these filaments were subjected to an external force of 100 pN, and that these 

filaments return to their original conformation when the external force is removed [52]. This 
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structural diversity may imply that bacteria can utilize the unique mechanisms of T4P to adapt to 

diverse environments.   

For P. aeruginosa, T4P adhesion is proposed to be a tip-associated event in which the distal 

end of a pilus serves as a nonspecific adhesin to surfaces [53]. This tip adhesin is thought to be 

the D-region (disulfide-loop region) of the C-terminus of the pilin subunits exposed on the distal 

tip end, which is otherwise buried along the filament length [33]. T4P of Neisseria gonorrhoeae 

and Neisseria meningitidis have the protein PilC at the pilus tip that serves as a specific adhesin 

to human mucosal epithelial cells [54].  

       Pilus assembly has been proposed to occur through machinery that is common to all 

bacterial strains involving 12 or more proteins such as prepilin peptidases, nucleotide-binding 

proteins and outer membrane proteins, as shown in Fig. 1.6. Individual prepilins are synthesized 

in the cytosol and translocated across the inner membrane by the Sec machinery followed by 

folding of the pilin globular domain and stabilization through intramolecular disulfide bonds 

[55]. The N-terminal leader peptide of type-IV pilin precursors is then cleaved by a prepilin 

peptidase PilD, which is also responsible for the second posttranslational modification of pilin by 

adding a methyl group to the N-terminal amino acid [56]. The pilin subunits are then assembled 

on a molecular platform that consists of an inner membrane protein (PilG) and an assembly 

ATPase (PilB in P. aeruginosa and PilF in N. gonorrhoeae) using ATP hydrolysis [20], PilB and 

PilF are hexameric proteins essential for filament extension and polymerization.  

Craig et al. proposed an assembly-disassembly model in which pilin subunits are 

simultaneously added to each strand of the left-handed three-helix filament bundle, and the 

filament is then moved by 10.5 Å out of the cell due to a piston-like motion in an associated 

membrane binding partner (MBP) caused by ATP hydrolysis in PilB/PilF [49]. A retraction 

ATPase (PilT) is required for rapid depolymerisation of the pili filament to produce a retraction 

force utilized for twitching motility of T4P. Satyshur et al. studied the crystal structures of the 

ADP- and ATP-bound Aquifex aeolicus PilT retraction motor at 2.8 and 3.2 Å resolution [57]. 

They suggested that the different binding states can exist in a single PilT hexamer and ATP 

binding can lead to dramatic PilT domain motions, affecting neighbouring subunits cooperatively 

to cause pili retraction. T4P extension and retraction can occur at rates as large as 0.5 μm/s 
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corresponding to the assembly and disassembly of more than 1000 copies of pilin subunits per 

second [53]. The pili filament is translocated across the OM through PilQ, which is an outer 

membrane protein complex with a cage-like structure with four-fold symmetry [58]. Collins et 

al. suggested that PilQ may not function solely as a passive gate channel but is also actively 

involved in mediating pilus assembly or modification [59]. 

 
Figure 1.5: (a) Model of T4P structure assembled by the N. gonorrhoeae GC pilin; (b) Structure 

of a N. gonorrhoeae PilE pilin subunit (Protein Data Bank code 1AY2) obtained using X-ray 

diffraction at 2.6 Å resolution. It shows that the PilE pilin has conserved N-terminal α-helices, a 

β sheet, and a αβ-loop connecting the α-helices and β sheet; (c) Structure of P. aeruginosa PAK 

PilA pilin subunit (PDB code 1DZO), in a N-terminal truncated form, obtained using X-ray 

diffraction at 1.63 Å resolution. Figures were generated using Pymol (DeLano Scientific) [35]. 

1.1.3.3. Curli Pili 

 Curli pili are proteinaceous extracellular fibers that can be expressed on enteric bacteria such as 

Escherichia coli and Salmonella spp. that are involved in the colonization of inert surfaces, cell 

aggregation, and biofilm formation [60]. Curli pili are flexible fibers of ~4-7 nm diameter and 

have a structure similar to eukaryotic amyloid fibers related with neurodegenerative diseases 

(a) (b) (c) 
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such as Alzheimer’s, Parkinson’s, and prion diseases [61]. The major curli subunit protein is 

called curli specific gene A (CsgA), which shares no structural similarity with other known pilin 

proteins. CsgA is nucleated into a fiber by a membrane-associated minor protein CsgB as a 

nucleator, facilitated by other accessory proteins CsgE, CsgF, and CsgG, which is a highly 

regulated extracellular nucleation/precipitation pathway [20]. Both CsgE and CsgF are 

periplasmic accessory proteins that interact with the outer membrane lipoprotein CsgG to 

facilitate CsgA secretion and assembly [62]. Curli are bacterial amyloid and represent a unique 

model system to study amyloid fibrils formation, which was once thought as a result of off-

pathway protein misfolding [60].  

 
Figure 1.6: (a) Assembly of T4P from the major pilin subunits PilA in P. aeruginosa. The signal 

peptide of PilA is cleaved by the prepilin peptidase PilD and secreted into the periplasm from the 

IM. The conformational change during ATP hydrolysis of the assembly motor PilB can push the 

formed pilus filament out of the cell membrane to produce a gap that is available to the next PilA 

subunit. (b) The proposed PAK pilus structural model, in which the pilin subunits PilA are 

arranged as a left-handed three-start helix with a 123 Å pitch. It can also be viewed as a right-

handed one-start helix with a 41 Å pitch [33,49].   

      Type III secretion system-associated pili were observed in several pathogenic bacteria such 

as S. typhimurium, Pseudomonas syringae [63]. The assembly of this type of pili utilizes a 

(a) (b) 
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flagellum-like secretion nanomachine known as the type III secretion system (T3SS), which 

functions to secrete effector proteins across bacterial and host cell envelopes [64]. Pili were also 

found assembled by the type IV secretion systems (T4SSs) that are used to secrete virulence 

factors such as DNA or proteins into host cells by pathogens [65]. T4SS pili are conjugative 

surface organelles with an outer diameter of 8-10 nm and a central hydrophilic lumen of 2-3 nm 

[66]; they can be either F-like pili produced by Inc-F, -H, -T and –J systems or P-like pili 

produced by Inc-P, -N, -W systems, which appear more rigid than F-like pili [67]. 

 

1.1.4. Pseudomonas aeruginosa Bacteria 

Pseudomonas aeruginosa is a rod-shaped, polarly flagellated Gram-negative bacterium with a 

relatively large genome (6.3 Mb). P. aeruginosa bacteria can survive in dilute aqueous solutions, 

and they even grow in deionized or distilled water because of minimal nutritional needs [68]. P. 

aeruginosa is a major opportunistic pathogen that causes diseases to humans with compromised 

natural defenses [12]. It is responsible for 10-15% of the nosocomial infections worldwide [69]. 

P. aeruginosa presents no threat to healthy individuals but is a potential pathogen for patients 

whose health is already impaired. Hospital-acquired infections from P. aeruginosa involve the 

urinary and respiratory tracts, wounds, or the bloodstream. These infections can be in the forms 

of colonization in patients with cystic fibrosis, pneumonia, meningitis, corneal ulcers from 

contaminated contact lens solution, skin infections from swimming pools and hot tubs [70].  

Once infected by P. aeruginosa, the patients are hard to treat due to several reasons: it can 

utilize a broad range of nutrients for its growth in hospital drains, sinks and even disinfectant 

solutions; it is intrinsically resistant to many antibiotics because of a low permeability of the 

outer membrane, combined with a large number of multidrug efflux pumps; it also is able to 

acquire further resistance mechanisms via mutations against other antibiotics [71]. Specifically, 

the permeability of P. aeruginosa OM is estimated to be 100-fold lower than that of Escherichia 

coli K-12 for small hydrophilic solutes [72]. The efflux pump proteins are highly homologous, 

and each efflux system consists of three components: a cytoplasmic membrane-associated drug-

proton antiporter of the Resistance-Nodulation-Division (RND) family, and outer membrane 
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channel-forming protein (also called outer membrane factor (OMF)) and a periplasmic 

membrane fusion protein (MFP) [73]. This RND-MFP-OMF type multidrug efflux pumps in P. 

aeruginosa include four genetically different systems: MexAB-OprM, MexCD-OprJ, MexEF-

OprN, MexXY-OprM, which export the antibiotic molecules such as tetracyclines, trimethoprim, 

macrolides, sulphonamides that attack the bacterial cells [71]. Step-by-step accumulation of 

multiple mutations can also significantly reduce drug uptake, increase efflux, or alter antibiotics 

targets within the cell, all of which can directly reduce clinical efficacy of many antibiotic drugs 

[12]. In P. aeruginosa, the major mechanism of acquired resistance to β-lactam antibiotics of 

penicillins, cephalo sporins, carbapenems, and monobactams is enzyme production such as 

inducible chromosome-encoded AmpC β-lactamase and enzymes that inactivate 

aminoglycosides [71]. These antibiotic resistance factors can be encoded into bacterial plasmids, 

transposons and integrons to pass on, which make P. aeruginosa a uniquely problematic 

nosocomial pathogen.      

  Lipopolysaccharide (LPS) is an important virulence factors in P. aeruginosa, which are 

defined as pathogen components and products that enable bacteria to cause disease. The three 

domains of LPS have different biological significance in pathogenesis: lipid A can mediate 

inflammatory response-induced endotoxicity [74]; core oligosaccharides mediate epithelial-cell 

internalization of P. aeruginosa in cystic fibrosis infection [75]; O polysaccharides protect P. 

aeruginosa bacteria from phagocytosis and confer resistance to complement-mediated killing 

[76]. Interestingly, P. aeruginosa can produce two types of LPS that have O polysaccharide 

distinct structurally in the same cell, which are called A-band (Common O Polysaccharide) and 

B-band (O-Specific Antigens) [12]. The shorter A-band homopolymer consists of repeating D-

rhamnose (D-Rha) approximately 70 sugar long, while the long B-band are heteropolymers in 

which tri- to pentasaccharide sugar are organized into repetitive O units that vary among the 20 

serotypes of P. aeruginosa from O1 to O20 [77]. The structures of different O-antigen repeating 

units in strains from O1 to O20 are highly immunogenic, and can be recognized by O-specific 

antibodies [12]. Modifications of A-band or B-band of LPS in P. aeruginosa under 

environmental control were shown to change surface characteristics, such as charge or 

hydrophobicity, thereby affecting cell adhesion to inert surfaces for survival [78].  
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P. aeruginosa is also studied as a model biofilm organism, especially for elucidating 

biofilm development, biofilm regulation, and biofilm interaction with external entities [79]. The 

first step of P. aeruginosa biofilm formation is the attachment of planktonic bacteria to a surface 

facilitated by type IV pili, flagellum, and LPS. The formed micro-colonies will then evolve into 

mature biofilm, which is a complex bacterial community with an extracellular polymeric 

substance (EPS) matrix consisting of components of polysaccharides such as Pel, Psl and 

alginate, extracellular DNA (eDNA), and proteins, including the Cup fimbria (mediate bacterial 

attachment during initial biofilm formation), type IV pili, and lectins [80]. Being the 

predominant model of microbial growth in nature, biofilms of P. aeruginosa are more resistant to 

antibiotics than planktonic cells, because biofilm polymeric matrix can delay diffusion of 

antibiotics into the biofilm, and bind to the antibiotics to reduce its activity [12].  

 

1.1.5. Antimicrobial Peptides  

Because of the important structural and functional roles, both the inner membrane and outer 

membrane of the gram-negative bacteria cell can be major targets for antimicrobial peptides, as a 

class of antibiotics that rarely induce bacterial resistance. Antimicrobial peptides (AMPs) are a 

unique group of molecules with a small molecular weight (12 to 100 amino acids) and an overall 

positive charge (+2 to +9) that are produced by many living organisms of invertebrate, plant and 

animal species [81]. These peptides demonstrate potent antimicrobial activity to kill a broad 

range of micro-organisms including bacteria, viruses, protozoa, yeast, fungi, and even tumour 

cells [82]. AMPs are considered part of the host innate immune response, which is the principal 

defence system for the majority of living organisms [83]. With the growing phenomenon of 

antibiotic resistance, especially for Gram-negative bacteria to conventional antibiotics, AMPs 

have gained more and more attention as a new family of antibiotics to serve as new therapeutic 

options due to their broad range of activities on infections caused by multidrug-resistance 

bacteria [84].  

In spite of the diversity of AMPs discovered so far, AMPs can be divided into four groups 

based on the secondary structures: β-sheet, α-helical, loop, and extended peptides [83]. The 

18 
 



structures of AMPs and their amino acid composition are closely related to their interactions with 

bacterial membrane and their actions of intracellular killing, which tends to divide AMPs into 

two mechanistic classes: membrane disruptive and intracellular targets killing [85]. Specifically, 

how cationic AMPs interact with Gram-negative bacterial envelope has been largely studied, and 

it shows the initial association of AMPs with the bacterial membrane is facilitated by the 

electrostatic interactions between the cationic peptide and anionic LPS components in the outer 

membrane of Gram-negative bacteria [83]. As the peptide-lipid ratio increases with peptide 

aggregation to a threshold concentration, peptides will start orienting perpendicularly to the 

membrane and insert into the bilayer, forming trans-membrane pores [85]. For membrane 

disruption from different peptides, several models including carpet model, barrel-stave model, 

and toroidal-pore model, as shown in Fig. 1.7, were proposed as mechanisms for membrane 

permeabilization [81]. For the barrel-stave model, peptide-peptide interactions can facilitate 

peptide helices to form a bundle in the membrane with a central lumen as a transmembrane pore 

(1-2 nm in diameter) [86], hydrophobic regions of the peptides align with the lipid tail core 

region of the bilayer, while the hydrophilic regions form the interior surface of the pore. In the 

toroidal model, AMPs associate with the lipid head groups and form a continuous bend of the 

inner and outer lipid leaflets to induce an aqueous channel type pores (3-10 nm in diameter) [85]. 

In the carpet model, the peptides cover the membrane in parallel in a carpet-like manner, at high 

concentrations, where peptides can behave like detergents to lead to formation of micelles, which 

results in membrane disintegration and disruption (larger than 10 nm defects size) [87]. These 

different mechanisms represent different modes of action, where the barrel-stave and toroidal 

pores are membrane-spanning channels, while the carpet model is a non pore-forming 

mechanism. 
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Figure 1.7: Mechanisms proposed for the AMPs insertion into the bacterial membrane. (a) The 

barrel-stave model of membrane disruption, in which the attached antimicrobial peptides 

aggregate and insert perpendicularly into the membrane bilayer to form pores; (b) The toroidal 

model, in which the aggregated antimicrobial peptides can induce the lipid monolayer to bend 

continuously in such a way that the pore lumen is partly lined by peptides and partly by 

phospholipid head groups; (c) the carpet model, in which the peptides adsorbed parallel to the 

bilayer can form an extensive layer or carpet to produce a detergent-like effect that disintegrates 

the membrane, after reaching sufficient coverage [85,87]. 

(a) 

(b) (c) 
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    Leakage of ions and metabolites caused by increased bacterial membrane permeability does 

not necessarily result in bacterial death. AMPs translocated into the cytoplasm can further bind 

to cellular polyanions such as DNA and RNA, inhibit cell-wall synthesis, inhibit nucleic-acid 

synthesis, inhibit enzymatic activities such as protein synthesis or chaperone assisted protein 

folding [85], which render AMPs a promising class of therapeutics in clinical applications. 

    Polymyxins are antimicrobial peptides produced by the soil bacterium Bacillus polymyxa. 

They were discovered more than 50 years ago, and abandoned in clinical trials due to their high 

toxicity [88]. Because of the prevalence of multidrug-resistance of Gram-negative bacteria, 

polymyxins and their novel derivatives have been used as the last resort since the 1990s [89]. 

The two commonly used polymyxin peptides - polymyxin B (PMB) and colistin (polymyxin E) 

are both pentacationic (+5) cyclic lipodecapeptides possessing a cyclic heptapeptide portion, a 

linear tripeptide, and a fatty acyl tail [90]. The action of PMB and colistin is restricted to Gram-

negative bacteria, and Gram-positive bacteria are typically resistant to polymyxins. Polymyxin B 

nonapeptide (PMBN) is a cationic (+4) cyclic peptide obtained from PMB by removal of its fatty 

acyl tail through enzymatic processes [91]. PMBN is an extremely poor antimicrobial compound 

compared to PMB, when tested at equivalent concentrations [92]. 

   The mechanism of polymyxin antibacterial activity has been primarily investigated using 

PMB, which acts on both the outer and inner membranes of Gram-negative bacteria, and is 

considered to be one of the most efficient cell permeabilizing agents [93]. Polymyxin B contains 

two hydrophobic domains (the N-terminal fatty acyl chain and the D-Phe6-L-Leu7 segment) 

separated by segments of polar and cationic residues, which makes PMB an amphipathic 

molecule [89], as shown in Fig. 1.8. The five positive charges due to L-α,γ-diaminobutyric acid 

(Dab) enables PMB peptides to accumulate at the negatively-charged bacterial OM. The 

electrostatic interaction between the positively charged Dab residues of PMB and the negatively 

charged Lipid A phosphates of LPS is believed to displace divalent cations of Ca2+ and Mg2+ that 

normally bridge and stabilize the LPS on the OM [83]. Displacements of the ions by PMB 

peptides facilitate the formation of destabilized membrane areas, which further facilitates the 

insertion of the hydrophobic fatty acyl chain of PMB peptides into the OM. The net effect is to 

weaken the packing of adjacent lipid A head groups, causing expansion of the OM monolayer 

[89]. This insertion leads to a translocation of PMB molecules to the periplasm through a self-
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promoted uptake mechanism [94]. Electrostatic and hydrophobic interactions are both important 

for polymyxin B antimicrobial action. Subsequently, the polymyxin B molecules can disrupt the 

integrity of the phospholipid bilayer of the IM [89]. 

 

Figure 1.8: Schematic diagram of the molecular structure of polymyxin B (PMB) [91].  

Even though PMB has been studied since the 1970s, its killing mechanism is still under 

debate. Dixon et al. proposed that the bactericidal activity of PMB should be a result of its ability 

to release cytoplasmic proteins caused by IM permeability [95]. However, by monitoring the 

fluxes of tetraphenylphosphonium (TPP+), phenyldicarbaun- decaborane (PCBˉ), and K+ and H+ 

ions, Daugelavičius et al. found that PMB did not cause depolarization of the cytoplasmic 

membrane of E. coli cells at concentrations between 2 and 20 µg/ml, with the bactericidal effect 

taking place at concentrations below 20 µg/ml [96]. Zhang et al. also concluded that 

depolarization of the IM by PMB did not correlate with bacterial cell lethality, whereas 

concentrations of PMB that caused rapid killing of P. aeruginosa cells did not result in 

depolarization of the IM, which was probed by the release of a membrane potential sensitive 

fluorophore, diSC35, from the IM [97]. Liechty et al. observed that PMB can block plasmolysis 

induced by hyperosmotic shock to E. coli cells, which can be monitored by an increase in the 90˚ 

light scattering as water efflux occurs [98], and they proposed that PMB can form molecular 

contacts between the periplasmic leaflets to promote phospholipid exchange between the two 
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membrane leaflets. This would result in the loss of phospholipid composition specificity of the 

membrane leaflets and thus cause cell death [98].   

                   

Figure 1.9: Schematic diagram of the molecular structure of polymyxin B nonapeptide (PMBN) 

[91]. 

        Compared with PMB, its analogue PMBN (Fig. 1.9) lacks the hydrophobic fatty acid chain 

to insert into the OM, but it is still capable of binding to LPS with a high affinity and 

permeabilizing the OM, although it does not kill the bacteria [91]. It was shown that E. coli cells 

released periplasmic proteins and LPS when treated with PMBN [99,100], while exposure of E. 

coli cells to PMB at a concentration of 5 µg/ml resulted in release of LPS, periplasmic proteins 

and cytoplasmic proteins [100]. Thus, the action of PMBN correlates with the early effects of 

PMB on the OM. In fact, the release of LPS fragments is an important marker of membrane 

disruption that results in leakage of periplasmic proteins for many membrane-active agents [3]. 

PMBN was shown to cause E. coli IM permeability to free amino acids, uracil and K+ which all 

have smaller molecular weights than substances released by PMB [95]. PMBN provides an 

important example that shows that OM permeabilization does not necessarily kill bacterial cells. 

This is likely due to the inability of PMBN to translocate across the OM due to its lack of a fatty 

acyl chain. 
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1.2. Mechanical Measurements of Bacterial Cells and Type IV Pili (T4P) 

1.2.1. Early Measurements of the Mechanical Properties of Bacterial Cell 

The early experiments of bacterial cell mechanics involved inferring the mechanical properties 

from indirect measurements of cell wall change induced by pH and ionic strength. In 1968, 

Marquis found that cell volume (in terms of dextran-impermeable volume) of Gram-positive 

bacteria Bacillus megaterium (KM strain) can be decreased as much as 26.5% by salt (NaCl) 

solutions with a greater osmolality, while similar contraction did not occur in sucrose solutions 

of equivalent osmolality. Marquis concluded that the salt-induced cell shrinkage was caused by 

electrostatic interactions in cell wall, rather than any osmotic response of the cells [101]. Koch 

studied the immediate response of growing Escherichia coli cells (strain AX655, a derivative of 

E. coli K12) to decreased osmotic pressure caused by adding pentoses and other sugars in 

growing culture. They calculated the mean surface area change of the stress-bearing 

peptidoglycan layer from the stopped-flow turbidimetric measurements in a narrow-beam 

spectrophotometer, and found the surface area decreased with a decreasing osmotic pressure 

differential [102]. Later in 1992, using low-angle laser light scattering, Koch et al. determined 

how the surface area of purified peptidoglycan layer of Escherichia coli B/r H266 strain (i.e., 

sacculi) was changed by stress, caused by the net charge on the sacculi at different pH values of 

L-alanine medium [103]. A maximum 300% increase of saccular surface area above the isoionic 

sacculi, suggested electrostatic repulsion in peptidoglycan can cause sacculus expansion [103], 

which is consistent with that proposed by Marquis [101]. 

       In 1985, Thwaites et al. used conventional textile engineering techniques to make more 

direct measurements on bacterial thread (with a diameter in the range of 24-115 μm, up to 20,000 

cell filaments) of Bacillus subtilis, utilizing its separation-suppressed (lyt) FJ7 mutant of the 168 

strain of B. subtilis [104]. The asymptonic elongation response of the threads at a constant load 

confirmed the bacterial thread is a viscoelastic material. Tensile strength and Young’s modulus 

of cell-wall material showed a great variation with humidity, and they concluded the 

peptidoglycan of cell wall behaves like a glassy polymer when dry, and becomes weaker and 

much less stiff when wet [105]. Later in 1991, Thwaites et al. tested the effects of ions and 

lysozyme on the mechanical properties of bacterial threads of the Bacillus subtilis FJ7 strain in a 
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subsequent set of experiments [106]. Bacterial threads were washed a second time in water of 

various pH values, in solutions of (NH4)2SO4 and NaCl at different concentrations, or in 

lysozyme solutions, before they were subjected to tensile tests. They found no significant change 

to tensile strength, initial modulus, and stress relaxation behavior of the threads with either 

change in pH or by lysozyme treatment. However, high salt concentration can decrease both 

strength and modulus significantly at high humidity (65-82% room humidity) [106].  

     A novel micromanipulation technique was used by Shiu et al. in 1999 to directly measure the 

bursting forces of bacteria by squeezing a single cell between a single optic fibre and a flat slide 

[107]. They found the Gram-positive bacteria of Staphylococcus epidermis ATTC5885 strain had 

an average bursting force of 13.8 μN (with a standard error of 0.8 μN), while the Gram-negative 

bacteria of Escherichia coli NCIMB 10214 strain had an average bursting force of 3.6 μN (with a 

standard error of 0.4 μN), at high compression speed of 6.2 μm/s. Partially squeezed cells with 

their deformation maintained, showed a relaxation in force with a time constant ranged from 0.6 

to 1.6 s, which was thought as possible viscoelastic response. This study was the first time when 

micromanipulation technique was used to measure mechanical strength of single cells with high 

spatial and force resolution [108].   

 

1.2.2. Mechanical Measurements of Bacteria Using Atomic Force Microscopy (AFM) 

Gaboriaud et al. used AFM force-indentation curves to probe the influence of pH (at two 

values of 4 and 10) on the mechanical surface properties of bacteria (Shewanella putrefaciens) 

[109]. They found that the Young’s modulus of the cell wall of the bacteria decreased from 0.21 

MPa at pH 4 to 0.037 MPa at pH 10, indicating a significant softening of the cells at pH 10. They 

proposed that the nonlinear regime in the force-indentation curves is associated with the surface 

polysaccharide polymers, and it can be changed by changing environment parameters such as 

pH. Cerf et al. used AFM to measure the Young’s modulus of E. coli DH5-α cells immobilized 

on a surface before and after heating at 45°C for 20 min, and they found that dead cells after 

heating have a higher Young’s modulus (6.1 ± 1.5 MPa) than that for living cells (3.0 ± 0.6 MPa) 

[110]. Francius et al. studied how the mechanical properties of Staphylococcus aureus bacteria 
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changed with time after the cells were exposed to lysostaphin, which is an enzyme that 

specifically cleaves the S. aureus peptidoglycan layer [111]. They found that Young’s modulus 

of the cells decreased dramatically from 1764 ± 218 kPa to 189 ± 49 kPa after 100 min of 

exposure to lysostaphin.  

       It has been proposed that the linear part of force-indentation curves used for extracting the 

effective spring constant of the cell kcell is induced by the progressive compression of the plasma 

membrane, which maintains the pressure difference between the cell interior and exterior 

[109,112-115]. Arnoldi et al. [112] measured the deformation of bacterial cells of 

Magnetospirillum gryphiswaldense strain MSR-1 when pressed by an AFM tip, and they 

proposed a model in which the mechanical equilibrium of the bacterial envelope is determined 

by surface tension, the bending elasticity of the cell wall, and the osmotic pressure inside the 

bacterium (turgor pressure), from which they determined the turgor pressure of 

Magnetospirillum gryphiswaldense bacteria to be in the range of 85 to 150 kPa. Yao et al. [113] 

also proposed a simple relationship between the indentation depth of a bacterial cell and the 

turgor pressure, which gave a turgor pressure value of 4-6 MPa for the spherical Gram-positive 

bacterium E. hirae (ATCC 9790) and 1.5-4 MPa for the rod-shaped Gram-negative bacterium P. 

aeruginosa PAO1 in deionized water. Deng et al. tried to separate the contributions of the 

elasticity of cell wall and turgor pressure to the overall cell stiffness by measuring intact and 

bulging E. coli K12 cells [116]. They measured the turgor pressure of individual bulging cells 

using AFM and fluorescence microscopy, for cells in which bulges were formed by penetration 

of the inner membrane through the peptidoglycan after exposure to vancomycin. Using this 

technique, the turgor pressure in living cells of E. coli was determined to be 29 ± 3 kPa. They 

also used a numerical model combined with the stiffness of intact cells measured using AFM 

indentation to estimate the turgor pressure in intact cells to be 35±7 kPa. They found that the 

elasticity of the cell wall increases with turgor pressure and can be described by a power-law 

relationship with an exponent of 1.22±0.12, corresponding to a stress-stiffening effect within 

the PG layer [116].       
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1.2.3. Study of the Action of Antimicrobial Peptides on Bacteria Using AFM 

AFM is particularly useful to visualize changes to the morphology of the bacterial cell surface 

caused by exposure to the antimicrobial peptides (AMPs), the majority of which induce cell lysis 

by permeabilization of the bacterial cell membranes. Changes in the mechanical properties of 

single bacterial cells were also studied by AFM by several groups using force measurements on 

single cells; these studies have yielded a wide variety of results.  

       Meincken et al. (2005) showed the presence of nanometer-scale damage on the surface of 

Escherichia coli HB101 cells caused by the antibacterial compound magainin 2 amide (Mag 2a), 

PGLa peptides, and the hemolytic bee venom melittin [117]. They used AFM to image dry 

samples in the ambient environment, and they found that exposure to each of the three peptides 

increased the surface roughness of the E. coli cells. However, the cell morphology changes were 

significantly different for these three peptides and only weakly dependent on the peptide 

concentration. Exposure of E. coli to melittin resulted in the formation of grooves, pore-like 

lesions, and the collapse of the cell structure at the apical ends with leakage of the internal 

material. Magainin 2a was found to induce “surface-bound vesiculation” of the LPS-rich outer 

membrane. The morphological change caused by PGLa was found to be intermediate between 

the changes induced by melittin and Mag 2a, causing striations with both vesicle-like appearance 

and large cell lesions. They ascribed the distinct morphological changes in the outer membrane 

to the different mechanisms of action of these peptides: melittin utilized a “detergent-like” 

mechanism to damage the negatively charged, LPS-rich outer membrane, while Mag 2a utilized 

carpeting of the outer membrane and vesicle release. They also proposed that the highly active 

PGLa could form small lesions as a gateway to self-promoted uptake to the inner membrane.       

      Eaton et al. (2008) used high resolution AFM imaging to study the effects of exposure to 

chitosan, which has antibacterial activity, on Gram-positive Staphylococcus aureus (NCTC 

8532) cells and Gram-negative Escherichia coli (NCTC 9001) cells with samples dried in air 

[118]. Cell lysis and surface roughening was more obvious for the E. coli cells. They also 

concluded that lower molecular weight chitosan had a higher antimicrobial effect on E. coli cells, 

whereas high molecular weight chitosan was more effective for S. aureus cells. Force-

indentation curves revealed that the cell wall stiffness was reduced after exposure of the S. 
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aureus cells to chitosan, despite little change in the cell surface morphology. A similar decrease 

in the effective spring constant and Young’s modulus of E. coli JM109 strain was observed by 

Chen et al. (2009) after M13 filamentous phage infection, and it was proposed that this was due 

to damage and release of the LPS from outer membrane of the E. coli cells [119].       

       Mortensen et al. studied changes to the surface morphology and nanomechanical properties 

of P. aeruginosa PA14 cells due to exposure to colistin, also known as polymyxin E, in a liquid 

environment [120]. Bacterial cells in LB medium were treated with colistin for a certain period 

of time and immobilized on a gelatin coated mica or glass for imaging and force measurements 

in a liquid cell. They showed that exposure to colistin not only decreased the average cell length 

and height, but also induced cell surface wrinkling. An increased spring constant of bacteria, and 

thus a larger bacterial cell wall rigidity, was also inferred from their force-distance 

measurements. Soon et al. (2011) studied the effects of colistin on the surface properties of live 

Acinetobacter baumannii cells (colistin- susceptible strain ATTC 19606 and colistin-resistant 

strain 19606R) using AFM in liquid [121]. Increases in the spring constants of bacteria were 

observed for both colistin-susceptible and colistin-resistant (due to complete loss of LPS due to 

the knocking out of the lpxA gene) A. baumannii strains after exposure to 32 mg/L colistin. 

Meanwhile, large adhesive peaks in force curves, which were not frequently observed for the 

colistin-resistant strain, were also significantly reduced after exposure to colistin, inferred as a 

result of release of LPS. An increase in cell stiffness or turgor pressure was also inferred by 

Liechty et al. for exposure of E. coli cells (wild-type RFM443 strain) to PMB that can block 

plasmolysis induced by hyperosmotic shock to the E. coli cells [98].   

        Francius et al. (2009) used AFM imaging to track the structural and physical changes of 

Gram-positive Staphylococcus aureus cells (methicillin susceptible strain ATCC 25923)  in PBS 

buffer, after being exposed to lysostaphin, which is an enzyme produced by Staphylococcus 

simulans to specifically cleave the peptidoglycan cross-linkages of S. aureus [111]. Cell swelling 

(increase in cell height of ~100 nm), splitting of the septum, and increased surface roughness 

were observed after exposure to lysostaphin, as a result of disruption of the peptidoglycan layer. 

Both the cell wall stiffness (inferred from the nonlinear portion of the force-indentation curve) 

and the bacterial spring constant (inferred from the linear portion of the force-indentation curve) 

were found to decrease after exposure to lysostaphin, which led to osmotically fragile cells [111].     
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      Formosa et al. (2012) used AFM to measure the morphology, surface roughness and 

elasticity of Pseudomonas aeruginosa multidrug-resistant strain (PaR3) under physiological 

conditions before and after exposure to antibiotics [122]. The Young’s modulus of the cell wall 

was found to decrease after exposure to ticarcillin, tobramycin and, most dramatically, CX1, 

whose mechanism of action is not yet clear. Ticarcillin belongs to the β-lactam family that 

inhibits peptidoglycan synthesis and cell division, and tobramycin belongs to the amino-

glycoside family that causes loss of cell wall integrity due to synthesis of abnormal proteins that 

are incorporated into the cell wall. Using a ConcanavalinA functionalized AFM tip, they 

observed multiple adhesion pulling events in the retraction part of force-distance curves obtained 

on the PaR3 strain, which were ascribed to the long glycan molecules from the peptidoglycan 

layer recognized by the lectin on the AFM tip. AFM images of POPE:POPG (2:1) supported 

bilayers as model membranes showed destruction holes after exposure to CX1. These results 

enabled them to conclude that the mechanism of action of CX1 is to destroy the bacterial outer 

membrane through the creation of holes.   

       The development of small AFM cantilever techniques has allowed the collection of AFM 

images with 13 s per frame time resolution (1024 × 256 pixels, at a rate of 20 lines·s-1), which is 

suitable to study dynamic processes [123]. Fantner et al. (2010) used high-speed AFM imaging 

to study the kinetics of the CM15 antimicrobial peptide activity on individual Escherichia coli 

bacterial cells (ATCC 25922 strain) in Millipore water [123]. A two-stage killing process of 

CM15 was proposed, consisting of a time-variable incubation phase and a rapid execution phase. 

The length of the incubation phase varied considerably from cell to cell, lasting from seconds to 

minutes, during which the bacterial cell surface remained smooth. The execution phase was 

identified by a rapid surface corrugation and cell lysis, caused by pores formed in the outer 

membrane of the cells. This study revealed the heterogeneity of bacterial cell response to 

exposure to AMPs.  

 

 

 

29 
 



1.2.4. Mechanical Measurements of Type IV Pili (T4P) Filaments 

As bacterial appendages, Type IV pili (T4P) play important roles in cellular motility, DNA 

transformation, and virulence. The relationship between these biological functions and the 

mechanical properties and force production of the T4P filaments has been studied by several 

groups using optical tweezers, AFM, and elastic pillar-arrays. In this chapter, we review previous 

efforts to perform force measurements on T4P filaments and the associated twitching motility 

using different techniques.   

 Skerker and Berg [53] used total internal reflection fluorescence (TIRF) imaging to estimate 

a persistence length of Lp ~ 5 µm for T4P filaments of P. aeruginosa, based on thermal 

fluctuations in the shape of the filaments, for isolated pili with one end anchored to a glass 

surface in liquid. This very large value of Lp suggested that pili are almost as stiff as actin 

filaments [124]. In this measurement, the fluctuation of the T4P filaments could be influenced by 

the forces exerted by the glass surface, and it was not clear that the T4P filaments were single 

filaments or bundles of filaments from the fluorescence images.   

       Merz et al. used laser tweezers to study pilus retraction in Gram-negative bacteria for the 

first time in 2000 [125]. They showed that Neisseria gonorrhoeae cells immobilized on a 3-μm 

diameter bead anchored to a glass coverslip could produce pili that adhered to a 1-μm diameter 

latex bead trapped using optical tweezers, as shown in Fig. 1.10 (a). Pulling forces as large as 80 

pN were measured, and it was proposed that these forces were powered by T4P retraction. 

Moreover, PilT mutant cells (cells in which the PilT protein was knocked out) were able to form 

static tethers between the two beads, which suggested that pilus retraction is generated by T4P 

filament disassembly that is powered by the ATPase protein motor of PilT. 

      In 2002, Maier et al. used a similar optical tweezers system to investigate the dependence of 

the retraction force on the number of pili and the ATPase motor PilT at the single molecule level 

[40]. They found that the pili retraction velocity was 1200 ± 200 nm/s at low forces (F < 80 pN) 

and that it dropped dramatically at higher forces. A stalling force of 110 ± 30 pN provided by the 

optical trap was shown to be large enough to overcome the pilus retraction force to decrease the 

retraction speed below a set-point value of 40 nm/s. They also controlled the number of pili 
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expressed in a PilE mutant strain of N. gonorrhoeae bacteria by changing the concentration of 

isopropyl β-D-thiogalactoside (IPTG), which can induce PilE pilin expression in this mutant. 

They showed that the pili retraction velocity and stall force do not change with the number of pili 

at different IPTG concentrations, which enabled them to conclude that each retraction event 

observed was due to a single pilus retraction. They also used a PilT mutant strain in which the 

number of PilT molecules per cell was regulated by IPTG concentration to study the dependence 

of pilus retraction on PilT concentration. The retraction events at the lowest IPTG level were 

found to have the same stall force and retraction velocity as the wild-type strain and the PilE 

mutant strain, which suggested that the retraction of a single pilus is induced by a single PilT 

protein motor powered by ATP.  

In 2004, Maier et al. reported a force-dependent elongation process using optical tweezers 

that was observed at a reduced level of PilT [126]. For a PilT mutant strain with a derepressible 

PilT gene that can be induced by IPTG, its pilus retraction rate decreased to zero once the stall 

force was reached, and pilus elongation was observed as a slow drop of force and a restoration of 

the bead back to the centre of the optical trap. This force-induced elongation was common in the 

derepressible PilT mutant, but not in the wild-type strain, and the frequency of this phenomenon 

coincided with the inverse level of PilT induction, which suggested that this force-induced pilus 

elongation required a reduced level of PilT. They found that both pilus retraction and elongation 

can be modeled by chemical kinetics with a step length that is the same as for a rate-limiting 

translocation step. Thus, Maier et al. proposed that PilT is a force-dependent motor switch that 

can reverse type IV pilus retraction to elongation.  

In all of the optical tweezers experiments described above, a pilus retraction event was often 

terminated by the release of the latex bead into the laser trap. The release events caused by high 

forces beyond the stall force were ascribed to the breakage of the T4Pfilament along its length or 

at the basal body, or dissociation of the pilus tip from the trapped latex bead. However, the exact 

location for the breakage was not clear in these experiments.  
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 (a)  

                              (b)   

Figure 1.10: Schematic diagram of experimental setups for pili force measurements using (a) 

optical tweezers and (b) a hydrogel elastic pillar force sensor array. In (a), Neisseria bacteria 

were immobilized on a 3-μm diameter bead fixed on a glass slide, and the force generated by 

T4P was monitored by the displacement of a 1-μm diameter bead from the centre of the optical 

trap, which had a stiffness of about 300 pN/μm [40,126]; (b) The pulling force on a pillar exerted 

by the T4P was calculated from the displacement of the pillar tip. The pillars had a stiffness of 

either 100 ± 30 pN/μm or 500 ± 100 pN/μm [52,127].   

Using optical tweezers, Castelain et al. observed distinctly dissimilar biomechanical 

responses between T4P-like T4 pili (open coil) expressed by Gram-positive Streptococcus 

pneumonia, and helix-like Type I and P pili expressed by Gram-negative uropathogenic 

Escherichia coli (UPEC) [128]. Unlike the unfolding behavior of the helix structure of Type I 

and P pili of UPEC, the open coli-like T4 pili could be described by a worm-like chain (WLC) 

model with a large degree of flexibility (persistence length of 2.1 ± 1.7 nm). A single T4 pilus 

was found to possess multiple adhesins along its length, which can detach sequentially, serving 

as zipper-like multi-anchoring points that can withstand external forces. This multi-adhesin 
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mechanism was used to explain observed discontinuities in the force-elongation curves, for 

which the contour length of the pilus increased without a change in persistence length.     

In 2008, Biais et al. used a micropillar assay system made of polydimethylsiloxane as a 

force sensor to measure type IV pili retraction forces in N. gonorrhoeae bacteria, as shown in 

Fig. 1.10 (b) [127]. The pillar sensors allowed them to record retraction events of T4P with 

forces up to 1 nN, which is 10 times higher than the force of 70-100 pN for a single T4P filament 

measured in the same experiment and by optical tweezers [40]. They ascribed the high force 

events to a coordinated retraction of multiple T4P filaments. Thin-section and scanning electron 

microscopy were used to examine the T4P filamentous structure. They found T4P bundles 

containing up to 8-10 T4P filaments, which were proposed to be responsible for the high forces 

during pili retraction. They also found that T4P bundling can be prevented by addition of bovine 

serum albumin (BSA) and promoted by adding positively charged polylysine molecules, 

implying that the pili bundle formation is caused by noncovalent protein-protein interactions 

between T4P filaments. On the basis of these measurements, Biais et al. proposed that T4P 

retraction can be synchronized through bundling in which bundle retraction can produce 

nanonewton forces [127]. 

       In 2010, Biais et al. showed that the T4P filament of Neisseria gonorrhoeae could change to 

a new conformation that was roughly 3 times longer and 40% more narrow when subjected to a 

100 pN force [52]. They studied this force-dependent polymorphism using various techniques 

such as optical tweezers, magnetic tweezers, SEM, and fluorescent microscopy. When a T4P 

filament tethered between an optically trapped silica bead and an elastic hydrogel pillar was 

subjected to high force pulling, a sudden decrease of force was followed by a second stage of 

increasing force with a larger bead/pillar distance, which suggested a quaternary structural 

transition within the T4P filament. A similar experiment was also performed on a T4P filament 

stained with carboxytetramethylrhodamine succinimidyl ester, which showed a decreased 

fluorescence when the T4P filament was pulled between two hydrogel pillars with a magnetic 

bead attached to one of the pillars. The elongated T4P filament recovered to its original length 

and fluorescence intensity after the pulling force was removed. T4P filaments were also stretched 

on EM slot grids using molecular combing and imaged with EM, which showed that stretched 

T4P filaments along the combing direction have a diameter that is 40% more narrow (3.9 ± 0.6 
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nm) than that of unstretched T4P filaments (6.2 ± 0.5 nm) in the perpendicular direction. 

Moreover, they showed that T4P filaments that were locked in the “stretched” form could be 

recognized by SM1 monoclonal antibodies at EYYLN epitope in pilin monomers, which is 

otherwise buried in unstretched T4P filaments. The force-induced exposure of residues that were 

hidden in the unstretched form implied a quaternary structural change for T4P filaments. This 

result may call into question the measurement performed by Maier et al. [126], which proposed 

that PilT was a motor switch that is responsible for force-dependent pilus elongation at reduced 

levels of PilT.      

  AFM was used to study type IV pili in both imaging and force pulling by Touhami et al. 

[129]. They attached live Pseudomonas aeruginosa bacteria to AFM tips, and stretched the type 

IV pili filaments extended by the bacteria and adhered to an underlying mica surface, as shown 

in Fig. 1.11. Force-distance curves obtained with constant pulling speed (3.0 μm/s) showed 

linear increases with pili extension before rupture occurred, showing little variation with pilus 

length. The force curves could not be fit with the basic WLC model, and it was necessary to 

include an additional term having an extra elastic spring constant 𝑘𝑠: 𝐹 = 𝑘𝑏𝑇
𝐿𝑝
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]. They found a best fit value for the persistence length of Lp = 0.8 nm 

for the type IV pili filament and a best fit value of the elastic spring constant 𝑘𝑠 = 0.002 N/m, 

which they suggested could be ascribed to the cell wall to which the pilus was attached. A mean 

rupture force of 95 pN was also obtained from the force-distance curves on mica surfaces, and it 

was assumed to correspond to the rupture of contact between the pili and the mica substrate.   

      Biais et al. used AFM to collect force-extension curves on purified T4P filaments, instead of 

pili on live bacteria which can still actively retract during AFM pulling [52]. They found that, for 

a constant AFM tip retraction speed of 1.0 μm/s, a sudden nonlinear increase in the force was 

followed by a linear force increase from ~20 pN up to 100 ± 20 pN, which is similar to the 

behavior observed in the force-distance curves measured by Touhami et al. [129]. They ascribed 

the linear force-extension part of force-distance curves to a force-induced elongation of the type 

IV pili filaments, which has also been observed using optical and magnetic tweezers, molecular 

combing, and electron microscopy [52]. The transition to a more elongated structure observed in 

[52] occurred at at a pulling force of 100 pN, which is comparable to the average rupture force of 
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95 pN measured by Touhami et al. [129].    

 

Figure 1.11: Schematic diagrams showing how T4P pili can extend from cells adhered to an 

AFM tip and tether to an underlying surface and be stretched by tip retraction. (a) The tip 

contacts the mica surface, and pili adhere to the surface at the distal ends; (b) the tip is retracted 

from the surface applying a stretching force to the pili; (c) pili break contact with the mica 

surface, and the force jumps back to zero; (d) another possible model in which the type IV pili 

are uncoiled to a longer chain length by AFM pulling, similar to that for type I pili; (e) collection 

of force-distance curves collected with bacteria-coated AFM tips over mica surfaces. Adapted 

from [129].  

 

1.3. Scope of Thesis 

This thesis is comprised of three parts. The first part is a description of atomic force microscopy 

(AFM) as our experimental technique; I also cover its application in single molecule force 

microscopy (SMFS) and in creep deformation experiments. The second part is on the 

nanomechanical response of bacterial cells to cationic antimicrobial peptides. The third part is an 

AFM study of the mechanical properties of type IV pili (T4P) filaments of P. aeruginosa. 

       In Chapter 2, I describe the basic principles of AFM, imaging modes of AFM (contact and 
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tapping), and the analysis of force-displacement curves. I then introduce the freely-jointed chain 

(FJC) model and the worm-like chain (WLC) model for a single polymer chain. A review of 

single molecule pulling experiments is then given on polyelectrolyte chains, protein unfolding, 

and protein filaments. Forced desorption of polymers from surfaces and membrane or lipid 

nanotube tethers are discussed later as further interesting studies of single molecule force 

microscopy (SMFS). The measurement of force-indentation curves as a means of studying the 

mechanical properties of bacterial cells is then described. 

      Chapter 3 contains a detailed description of the creep deformation experiment and 

viscoelastic models, i.e., the Maxwell model, the Kelvin-Voigt model, the standard linear solid 

model, and the four element Burgers model. A summary of past studies of the viscoelastic 

properties of bacteria is then given to illustrate the application of viscoelastic models to bacteria.    

       The nanomechanical response of P. aeruginosa bacterial cells to PMB and PMBN is 

presented in Chapter 4.  We describe the growth of the bacteria, their immobilization on glass 

slides, and imaging and force measurements on bacterial cells in liquid, both before and after 

exposure to PMB or PMBN. Long-term effects and time-resolved response of bacterial cells are 

described in detail, at high (50.0 μg/ml) and low (5.0 μg/ml) concentration of PMB or PMBN. 

The interpretation of the parameters in the viscoelastic models is discussed.  

       In Chapter 5, I describe the modification of AFM cantilevers with P. aeruginosa bacterial 

cells, and AFM pulling of type IV pili (T4P) filaments. Two behaviors of the T4P filaments were 

observed: pulling on filaments with a fixed contact point with the substrate, and forced 

desorption of extended lengths of T4P from the substrate. A detailed statistical analysis of the 

mechanical properties of T4P filaments, the effect of AFM tip heights on the persistence length, 

and the effect of a non-zero attachment angle of the T4P filaments are discussed to gain insight 

into the mechanisms of T4P stiffness and adhesion.  

        The last chapter of thesis contains a summary and the conclusions of the present study, as 

well as suggestions for future work. 
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2. Experimental Techniques 

2.1.  Introduction to Atomic Force Microscopy (AFM) 

Since the invention of atomic force microscopy (AFM) by Binnig et al. in 1986 [130], AFM has 

been widely used to study the topography of both conducting and insulating surfaces with high 

nanoscale resolution and, in some cases, with atomic resolution. A distinct advantage of AFM is 

that it can be used to image samples under physiological conditions, i.e., in aqueous media. This 

makes it a very useful technique to study biological samples, including living cells and biological 

molecules. Moreover, AFM can be used to measure very small forces between the AFM tip and 

the sample, which has been utilized to probe hydrophobicity, surface charges, and mechanical 

properties of biological samples. In the last two decades, AFM has evolved from merely an 

imaging technique into a powerful multifunctional tool for probing a variety of surface 

properties.   

2.1.1. Basic Principles of AFM 

A typical AFM apparatus consists of four major components: an AFM cantilever probe, a 

piezoelectric scanner, an optical deflection system (laser diode and photo-detector), and an 

electrical feedback system [131]. AFM utilizes the forces between a sample surface and a tip, 

which is mounted on the end of a micro-fabricated cantilever as a force sensor, to construct the 

surface topography. When the AFM tip is scanned over the surface, the force between them 

bends the cantilever, and the deflection of the end of the cantilever is measured to calculate the 

local sample surface profile. A topographic image of the sample is then constructed by plotting 

the height or deflection of the cantilever versus its position on the sample.   

Most AFM instruments use a beam-deflection method to detect the small bending of the end 

of the cantilever due to the tip-sample forces, as shown in Fig. 2.1 (a). A laser beam is reflected 

from the top surface of the end of the cantilever onto a split photodiode position-sensitive 

detector (PSD). The voltages on each of the four different quadrants of the PSD (A, B, C, and D 

in Fig. 2.1(a)) are proportional to the intensity of the light incident on that quadrant. The vertical 

and lateral deflections of the cantilever can be calculated from the voltages on the PSD 
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quadrants, [(A+B)-(C+D)]/[A+B+C+D] represents the degree of vertical deflection, while 

[(B+D)-(A+C)]/[A+B+C+D] represents the degree of lateral deflection [132]. A large 

amplification is obtained because of the large distance between the cantilever and detector, and 

this makes it possible to detect sub-nanometer deflections of the cantilever. The motion of the 

AFM cantilever relative to the sample surface is controlled very precisely in the X, Y, and Z 

directions by using piezoelectric ceramic elements to translate the base of the cantilever. The 

typical sensitivity of piezoelectric element is about 2.5 nm/V, in term of piezo deformation vs. 

voltage change [133].  

The AFM tip can be deflected by different forces acting between the AFM tip and the 

underlying surface, e.g., electrostatic, van der Waals, and hydration forces in liquid [134]. 

Electrostatic forces will act between a charged surface and localized charges on insulating AFM 

tips [135]. van der Waals forces, resulting from the dipole-induced-dipole dispersion interaction 

between the atoms in the AFM tip and the atoms in the underlying sample surface, give rise to an 

attractive interaction. For AFM measurements performed in air, there can be a substantial 

capillary force between the AFM tip and the underlying surface due to capillary condensation 

[136]. This gives rise to a snap-on force during the approach of the AFM tip to the surface, as 

well as a significant adhesion force during retraction of the tip. For measurements performed in 

liquid, the capillary force does not act, since the sample and the AFM tip are both immersed in 

the liquid such that there is no air-water interface that can give rise to capillary effects. Within an 

aqueous medium, according to the DLVO theory, the interaction between two particles consists 

of the van der Waals attraction and an electrostatic double-layer (ions and charged surface) 

repulsion, which arises from surface charges at interfaces. A hydration force can also exist 

between interfaces in water, which is due to more hydrated cations such as Mg2+ and Ca2+ 

producing stronger short-range repulsive forces than the less hydrated monovalent ions such as 

K+ and Cs+ [137]. Moreover, a liquid meniscus between the AFM tip and the surface can be 

formed by condensation of water vapor in the surrounding air. This results in a capillary force, 

due to surface tension, which makes the AFM tip jump into contact with the sample surface (plus 

adhesion). If we neglect the electrostatic and hydration forces, the tip-sample forces can be 

simply described by a Lennard-Jones potential [138], which has a form as following:       
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where ε is the potential well depth and σ is the hard sphere radius, which can both be determined 

from experimental data. In the potential, the attractive (negative) term is due to the van der 

Waals interaction, and the repulsive term is due to the short-range Pauli repulsion force. In most 

applications, the AFM image contrast is obtained by applying a force that lies within the short-

range repulsive regime, in which the electron orbitals of the AFM tip and the sample overlap.        

   
(a)                                                          (b) 

Figure 2.1: (a) Schematic diagram of the basic principle of AFM, with an optical lever method 

for detection of the cantilever deflection, where the photodetector has top quadrants of A and B 

and bottom quadrants of C and D; (b) Scanning electron microscopy (SEM) images of a V-

shaped silicon nitride cantilever with a pyramid-shaped sharp tip (10 nm tip radius). 

 

2.1.2. Contact Mode and Tapping Mode in AFM Imaging 

By translating the AFM tip across the sample surface, it is possible to image the sample surface 

using two different imaging modes: contact and non-contact modes. Here we will only consider 

static DC (contact mode) and dynamic AC (tapping mode), which are usually used in visualizing 

the topography of biological samples and soft materials. For imaging in both modes, a pyramid-
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shaped sharp tip is used,  as shown in Fig. 2.1 (b).    

In contact mode, the AFM tip remains in continuous contact with the sample surface as the 

tip is scanned over the surface either at a constant small height above the surface or, more 

commonly, under a constant force in the repulsive force regime of interaction. In constant force 

mode, a feedback system is used to maintain a constant deflection of the cantilever and therefore 

constant force applied by the AFM tip, while the motion of the scanner in the vertical Z-direction 

is recorded during X-Y scanning. The most common feedback system uses PID (Proportional P, 

Integral I, and Derivative D) control, which processes the error signal using 𝑧𝑣 = 𝑃 × 𝑍𝑒𝑟𝑟 + 𝐼 ×

∫𝑍𝑒𝑟𝑟𝑑𝑡 + 𝐷 × 𝑑𝑍𝑒𝑟𝑟
𝑑𝑡

, where zv is the output signal of the feedback controller for the z-piezo, and 

Zerr is the error signal. The scan rate is therefore limited by the time response of the feedback 

circuit. One issue related to contact mode is that a high shear force is applied by the AFM tip to 

the sample that, for soft biological samples, can damage samples or remove material from the 

sample if it is not sufficiently immobilzed [139]. Two types of images can be acquired in contact 

mode: height image and deflection image. The height image is generated from the feedback 

signal output for which the motion of the scanner in the vertical direction is used to adjust the 

sample height to maintain constant deflection of the cantilever. Accurate measurements of the 

height of surface features and surface roughness can be obtained from the height image [140]. 

Since the operation of the feedback loop is not perfect, small cantilever deflections can occur and 

the resulting error signal is used to produce deflection images, which do not reflect true height 

variations [131]. The deflection image allows enhanced visualization of the outline of features in 

the deflection image relative to those that are visible in the height image.   

In tapping mode imaging, the AFM cantilever is oscillated near its resonant frequency, and 

the probe lightly taps the sample surface at the bottom of its downward motion in the oscillation. 

The use of tapping mode can also greatly reduce the lateral force applied to the sample, which 

can eliminate damage to soft and biological materials. In tapping mode, the oscillation amplitude 

and phase of the cantilever are monitored, and the feedback loop signal is used to adjust the z-

piezo movement in the vertical direction to maintain constant oscillation amplitude. This allows 

imaging of the sample topography. Imaging in liquid in tapping mode can be very challenging 

due to hydrodynamic effects that can significantly change the oscillatory behavior of the 
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cantilever. For example, resonance frequencies of cantilevers in water are 2 to 5 times lower than 

those in air, while quality factors decrease about two orders of magnitude in water (about 1), due 

to the increased hydrodynamic damping (9-24 times higher) in water [141].   

    

2.1.3. Measurement and Analysis of Force-Displacement Curves 

Another major operating mode of AFM is force spectroscopy, in which the AFM tip is pressed 

into the sample surface and then retracted from the surface, allowing the collection of force-

displacement curves. This technique is used to measure the elastic stiffness of the sample during 

the approach of the tip to the sample surface, as well as adhesion forces exterted on the AFM tip 

by the sample surface during retraction of the tip. Strictly speaking, a force-distance curve is a 

plot of the deflection of the cantilever obtained from the position sensitive detector (PSD) signal 

(in volts) versus the extension of the z-piezo (in nanometers). A schematic diagram of the 

relative positions of a hard AFM tip and a hard sample surface due to the displacement of the z-

piezo and the corresponding cantilever deflection is shown in Figure 2.2, along with the 

corresponding force-displacement curve. The displacement of the cantilever relative to the 

sample surface can be controlled either by vertical translation of the sample or the cantilever. In 

the absence of long-range interactions between the AFM tip and the sample surface due to, e.g., 

electrostatics, the shape of the force-displacement curve during approach is very simple. The 

force experienced by the AFM tip will be close to zero until just before the tip touches the 

surface, and then the force will increase linearly with further vertical translation toward the 

sample, deflecting the cantilever according to Hooke’s law, as shown in Figure 2.2. If the spring 

constant k of the cantilever is known, the measured cantilever deflection ΔZc can be converted to 

the corresponding force F = k∙ΔZc that is experienced by the tip, as plotted in Figure 2.2.  

From the retraction part of force-displacement curves, the adhesion or pull-off force can be 

determined as the force needed to break the contact between the tip and the sample surface. AFM 

imaging in contact mode is achieved by applying a positive force to the sample surface, 

corresponding to a positive vertical deflection (volts) on PSD in region (3) of force-displacement 

curves.  
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To quantify the force experienced by the AFM tip, it is necessary to calibrate the 

relationship between the change in cantilever deflection, as determined by the PSD voltage (ΔV), 

and the z-piezo displacement (ΔZ) to obtain the force-displacement curve. The calibration 

includes two steps of determining the optical lever sensitivity C and the spring constant k of the 

cantilever, respectively.  

The optical lever sensitivity C is defined as the ratio between the position sensitive 

detector (PSD) output voltage (ΔV) and the cantilever deflection (ΔZc), which corresponds to the 

slope of the line in region 3 of the force-displacement curve in Figure 2.2, which can be 

determined experimentally by measuring an force-displacement curve on a hard substrate. 

Assuming that there is no deformation of the hard substrate, ΔZc is equal to the displacement of 

the z-piezo (ΔZp), and the measured value of C is calculated using the relationship ΔZc =ΔZp = 

ΔV/C.  

                          

Figure 2.2: Schematic diagram of force-displacement curves measured using an AFM tip on a 

hard surface in liquid. During approach of the AFM tip to the surface in regime (1), the force 

experienced by the tip is zero. As the tip is pressed into the hard surface in regime (2), it 

experiences a force that varies linearly with piezo displacement. As the cantilever is translated 

away from the sample to the point at (3), the force decreases linearly with displacement, and 

eventually becomes negative until it exceeds the maximum attractive force (adhesive force) 

between the tip and the sample surface. The force experienced by the tip then abruptly drops to 

zero in the regime of (4) as contact between the sample and tip is lost.  
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The corresponding value of the force can be calculated using F = k∙ΔZc, where k is the 

spring constant of the AFM cantilever, which is determined using the thermal oscillation method 

[142]. The cantilever is modeled as a damped simple harmonic oscillator that fluctuates in 

response to the thermal noise. The cantilever will oscillate with an amplitude x0 at temperature T 

according to the equipartition theorem:  

                               1
2
𝑚𝜔0

2〈𝑥02〉 = 1
2
𝑘𝐵𝑇                      (2.2)

   
 

where m is the effective mass of the cantilever, ω0 is the resonant frequency, kB is Boltzmann’s 

constant, and <x0
2> represents the ensemble average of the mean square cantilever displacement. 

Since ω0
2 = k/m, the spring constant of the cantilever k is obtained as k = kBT/<x0

2>. In practice, 

the value of <x0
2> for the cantilever is determined from the noise power spectrum of the 

cantilever, which has peaks at the resonance frequencies of the cantilever [142]. The peak of the 

first vibration mode is then fit to a Lorentzian curve, and the power spectral density under the 

curve is integrated to obtain the value of <x0
2>. The resulting value of the spring constant k of 

AFM cantilevers used for imaging and force measurements in liquid of biological samples is 

typically quite small (0.02-0.2 N/m).  

A force-displacement curve is often converted into a force-distance curve to study the force 

experienced by the AFM tip as a function of the separation distance between the tip and sample 

surface. The determination of zero distance is identified on the force-distance curve as the 

transition from the non-contact to the contact regime, as shown in Fig. 2.3. In the simplest case 

of a hard probe pressing on a hard surface (Fig. 2.3(a)), the zero distance is easily identified as 

the point at which the zero deflection line intersects the linear increasing portion of the curve. 

For long-range repulsion between the hard tip and the surface, as shown in Fig. 2.3(b), the zero 

distance is determined from the extrapolation of the portions of the force-distance curve 

corresponding to zero deflection and linearly increasing force. When a sample surface is “soft” 

and deformable, the contact regime is complicated by a nonlinear increase in force with 

indentation δ into the sample, which is equal to the total z-piezo displacement minus the 

cantilever displacement. The indentation and contact area between the AFM probe and sample 

can both increase with the increasing loading force. Thus, it is better to use “distance” before 

contact, and to use “indentation” once contact has been established [143]. Moreover, if the 
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material is viscoelastic, its deformation can lead to a hysteresis between the approach and 

retraction portions in the contact regime of a force-distance curve, where the hysteresis is 

indicative of dissipation within the sample [132].  

 

 

Figure 2.3: Schematic plots illustrating the relationship between force-displacement curves (top) 

and force-distance curves (bottom) for (a) a hard tip and a hard sample in the absence of surface 

forces; (b) long-range repulsion between a hard sample and a hard tip; (c) deformable sample in 

the absence of surface forces, measured using a hard tip. Adapted from [143].  
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2.2. Introduction to Single Molecule Force Spectroscopy (SMFS) 

Intermolecular forces play a fundamental role in biological processes from cellular motility to 

replication and segregation of DNA. These forces are typically so small that they cannot be 

measured using conventional bulk experimental methods. The investigation of intermolecular 

forces has only become possible after the emergence of techniques such as atomic force 

microscopy (AFM), optical tweezers, and magnetic tweezers. These single molecule techniques 

have different force sensitivities: forces ranging from 0.1 pN to 200 pN can be measured using 

optical tweezers; forces ranging from 0.01 pN to 100 pN can be measured using magnetic 

tweezers; and forces from 10 pN to 104 pN can be measured using AFM with a spatial resolution 

of 0.5-1 nm [144]. The high spatial resolution and large force range of AFM-based single-

molecule force spectroscopy (SMFS) have made this technique a very popular choice to 

investigate the mechanical properties of single polymer chains, force-induced protein unfolding, 

and rupture of molecular bonds, most of which occur at relatively larger forces (hundreds of pN 

to nN) [32,145-151].  

In traditional bulk measurements, the quantity of interest is averaged over an ensemble of 

molecules. Rare or transient phenomena occuring within a subpopulation of molecules can easily 

be obscured by this population averaging. In contrast, single molecule experiments can study the 

properties of individual molecules, allowing the capture of single events. Statistical distributions 

of the measured parameters can be constructed after performing single molecule measurements 

repetitively, which yield not only average values but also the detailed shapes of the distributions. 

Single-molecule techniques thus allow both the observation of individual events and the 

construction and analysis of distributions of large numbers of events.  

2.2.1. Single Molecule Experiments Using SMFS  

In single molecule experiments using AFM-based SMFS, a soft AFM cantilever with a spring 

constant typically in tens pN/nm range are typically used in contact mode. After allowing single 

molecules such as polymer or protein molecules to attach to the AFM tip, a stretching force is 

applied to the molecules by withdrawing the tip from the sample surface. In these experiments, 

the polymers or proteins in a dilute solution are first adsorbed (physically or chemically) onto a 
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solid substrate such as mica or glass such that they are sparsely distributed on the surface. The 

AFM tip is then brought into contact with the molecular layer on the surface, as illustrated by 

regime 1 in Fig. 2.4. Once a setpoint of repulsion force between the probe and surface is reached, 

the AFM tip is held in contact with the surface for a set time (regime 2) and then retracted from 

the sample surface (regime 3). During the time of contact between the tip and the surface, the tip 

might pick up a single molecule through nonspecific or specific interactions, and this molecule 

will be stretched during the retraction of the tip, as shown in Fig. 2.4. The probability that the 

AFM tip will to pick up a single molecule strongly depends on the density of molecules adsorbed 

on the substrates. By using a dilute polymer solution, the density of molecules adsorbed to the 

surface is sufficiently low such that it is much more likely that the AFM tip will attach to a single 

polymer chain instead of multiple molecules.  The signature for a single molecule pulling event 

is a negatively increasing force on the AFM tip due to the stretching of the polymer chain 

followed by a sudden drop in the force back to zero, due to the rupture of contact between the the 

molecule and either the AFM tip or the sample surface. 

           
Figure 2.4: Schematic drawing of the SMFS experiment corresponding to the pulling of a single 

molecule of force versus separation curves. Region 1 corresponds to the  approach of the AFM 

tip, region 2 corresponds to the contact of the AFM tip with the surface modified with polymer 

molecules, and region 3 corresponds to the retraction of the AFM tip during which a single 

molecule is pulled. 
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2.2.2. Mechanical Properties of a Single Polymer Chain  

The negatively increasing force in the retraction portion of a force-separation curve is caused by 

the reduction in the number of available configurations (entropy) of the polymer chain upon 

stretching, in the low force regime [143].   

Two theoretical models of polymer chains have been developed to study the elastic 

behavior of a single polymer chain under external stretching forces: the freely-jointed chain 

(FJC) model, and the worm-like chain (WLC) model. The concept of a single polymer chain 

covers not only synthetic polymers of polyelectrolytes [145,146,149,152], but also biological 

polymers such as double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) [147,153], 

and protein molecules [148,154-156]. Force-separation curves measured for polymer chains in 

SMFS experiments can be analyzed using the two polymer chain models to study the mechanical 

properties of the molecules as well as internal structural changes such as the dsDNA-ssDNA 

transition and protein unfolding, which can provide us with significant new insights into polymer 

properties at the molecular scale.  

A FJC model treats a polymer chain as an aggregate of many segments (N) connected 

through flexible joints without any long-range interactions [157]. Each segment has the same 

length of lk, which is called the Kuhn length, such that the contour length Lc of the polymer chain 

is given by Lc = N·lk. In this model, all segments of a chain are unrestricted in their respective 

orientations. Therefore, the angle between successive segments can be any value between -π rad 

and π rad with equal probability, as shown in Fig. 2.5 (a). The elasticity of a FJC mainly results 

from the entropic contribution, which describes the number of states that a FJC can have. Thus, 

the FJC model can be used to describe the elastic properties of a very flexible polymer chain 

such as polymethacrylic acid (PMAA) and single-stranded DNA (ssDNA) reasonably well 

[145,147]. The average end-to-end distance x corresponding to an external stretching force F can 

be obtained as the derivative of the free energy, and written in terms of the Langevin function L:  

              𝑥(𝐹) = 𝐿 �𝐹∙𝑙𝑘
𝑘𝐵𝑇

� ∙ 𝐿𝐶 = [coth �𝐹∙𝑙𝑘
𝑘𝐵𝑇

� − 𝑘𝐵𝑇
𝐹∙𝑙𝑘

] ∙ 𝐿𝐶                 (2.3)   

where lk is the Kuhn length, Lc is the contour length, and kB is Boltzmann’s constant, and T is the 
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temperature of the environment of the polymer molecules. 

  For a polymer chain that is not so flexible (semi-flexible), the FJC model can be used to 

describe its elastic behavior in the low force region, which is mainly governed by entropic 

contributions [158]. However, the FJC model cannot be used to describe the elastic behavior of a 

semi-flexible polymer chain in the high force regime, in which the force response is dominated 

by enthalpic contributions [157]. For a semi-flexible polymer chain, the worm-like chain (WLC) 

model provides a better description of the conformations and extension of the polymer chain. In 

the WLC model, a single polymer chain is treated as a continuous and homogenous string with a 

constant bending elasticity under the influence of random thermal fluctuations [157-159]. The 

persistence length Lp is an important parameter in the WLC model, and it is defined as the 

characteristic distance over which the tangent vector correlation (<t(s)∙t(0)> = exp(-s/2Lp)) 

decreases exponentially [124]. Thus, Lp is the distance over which the direction persists, and Lp = 

κ/kBT, where κ is the flexural rigidity of the polymer. In the limit of flexible polymer chains, for 

which Lc » Lp, and for small forces, the persistence length Lp is equal to one-half of the segment 

length lk of the FJC model [152]. 

 

Figure 2.5: Schematic diagrams of the (a) freely jointed chain (FJC) model and (b) worm-like 

chain (WLC) model. 

As shown in Fig. 2.5 (b), a polymer chain in the WLC model is treated as an isotropic, 

homogeneous rod whose trajectory varies continuously and smoothly through space, as opposed 

to a polymer chain with more jagged contours in the FJC model which allows for larger chain 
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flexibility [145]. In fact, Bustamante et al. showed that the FJC model can only describe the 

behavior of dsDNA in the limit of low forces (< 0.1 pN), whereas the WLC model agrees with 

dsDNA stretching data at low and intermediate forces (< 10 pN) [153]. The exact force-distance 

relation of a WLC molecule can only be given numerically. A useful interpolation form derived 

for the WLC model by Marko and Siggia in 1995 [159] has been used extensively to analyze 

force-distance curves in polymer pulling experiments, for which the force-extension relationship 

is given by: 

                   𝐹(𝑥) = 𝑘𝐵𝑇
𝐿𝑝

[1
4
�1 − 𝑥

𝐿𝐶
�
−2
− 1

4
+ 𝑥

𝐿𝐶
]            (2.4) 

where Lp is the persistence length, x is the end-to-end distance of the polymer chain, Lc is the 

contour length of a single polymer chain, and T is the temperature of the sample.  

 Both the FJC and WLC models imply a fixed contour length LC for the polymer chain, 

which doesn’t hold in the high force regime in SMFS pulling experiments. The deformation of 

bond angles and the stretching of covalent bonds will result in an effective increase of the 

polymer chain length at such high forces [152]. To optimize the FJC model, we need to consider 

the Kuhn segments as not being completely rigid, such that they can be deformed like a spring 

with segment elasticity K0. The extensible-FJC model has the following form: 

               𝑥(𝐹) = �coth �𝐹∙𝐼𝑘
𝑘𝐵𝑇

� − 𝑘𝐵𝑇
𝐹∙𝐼𝑘

� ∙ 𝐿𝐶 (1 + 𝐹
𝐾0

)                (2.5) 

The extensible-FJC model can give a very good description of stretching behavior of flexible 

molecules such as single-stranded DNA [153]. Similarly, the extensible-WLC model was also 

proposed to take into account the stretch modulus of semi-flexible polymer molecules, for which 

the elastic response is not merely entropic. It leads to the following formula [152]: 

               𝐹(𝑥) = 𝐿𝑝
𝑘𝐵𝑇

[ 𝑥
𝐿𝐶
− 𝐹

𝐾0
+ 1

4�1− 𝑥
𝐿𝐶
+ 𝐹
𝐾0
�
2 −

1
4
],               (2.6) 

where K0 is the segment elasticity of the polymer chain. The extensible-WLC model has been 

successfully applied to describe the stretching of dsDNA molecules in the high force region 
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[160].    

Although the FJC and WLC models and their extensible forms can fit a wide range of force 

curves for systems investigated with reasonable success, they fail to describe the elastic response 

of polymers containing complex structures, especially supercoiled DNA, ssDNA, or twisted 

dsDNA. Effects such as torsion, self-avoidance, and other interactions invalidate the use of 

simple polymer models such as the FJC or WLC models [152]. 

Protein fibers such as collagen, intermediate filaments (IF), and amyloid fibrils have 

hierarchical assembled structures: interwined protofilaments that interact with each other to form 

protofibrils, and intertwined protofibrils that are packed together to form the larger diameter 

protein fibrils. As a result, the protofibrils and fibrils can have a much higher mechanical 

stiffness than that of the protofilaments. For a multistranded fibril, there are two ways in which 

individual protofilaments can pack together: a close-packing filaments model and a ribbon-like 

packing model, as shown in Fig. 2.6 [161-163].  

When individual protofilaments, each with a cross-sectional area A0, are close-packed 

together as shown in Fig. 2.6(a), the multistranded fibril with n protofilaments has a total cross- 

sectional area A ≈ nA0 ≈ r2, where r is the radius of the fibril. The area moment of inertia I scales 

as r4, which gives I ≈ r4 ≈ n2. Since the persistence length Lp of a rod-like polymer is given by Lp 

= EI/kBT, where E is the Young’s modulus of the polymer, the dependence of Lp on the number 

of filaments n is given by Lp ≈ n2EA0
2/kBT [163]. Thus, the persistence length of a multistranded 

fibril increases as the square of the number of filaments close-packed in the fibril.    

In the ribbon-like packing model, a multistranded fibril is formed by n protofilaments lying 

side by side in ribbons with a twist along the shorter axis, as shown in Fig. 2.6(b). The cross-

sectional area can be approximated by a rectangular area of 2r0×2nr0, where r0 is the radius of a 

single protofilament. Because the persistence length Lp is proportional to the bending energy of 

the fibril, and this is determined by the lowest energy bending mode that has the smallest area 

moment of inertia, I ≈ (r0)3∙nr0, the scaling behavior of the persistence length can be written as Lp 

≈ nr0
4E/kBT [163]. Thus, the persistence length for fibrils assembled in a ribbon-like form is 

proportional to the number of protofilaments in the fibrils.    
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Figure 2.6: Schematic diagrams of helical fibrils from multiple (n = 4) protofilaments, (a) in a 

close-packing model, (b) in a ribbon-like packing model. The right side of (a) and (b) shows 

views of the cross-section area of the fibrils. Adapted from [161,163]. 

 

2.2.3. Review of Single Molecule Pulling Experiments 

In this section, I present a brief overview of recent success in single-molecule force spectroscopy 

experiments to measure the force-extension characteristics of different macromolecules ranging 

from single synthetic polymer chains, to protein molecules, to type I and type P pili filaments. 

Their force-extension behaviors can be used to determine their corresponding mechanical 

properties, as well as intermolecular and intramolecular interactions and how these relate to 

biological function.  

2.2.3.1.  Pulling Single Polyelectrolyte Chains 

Polyelectrolytes are polymer molecules whose repeating units contain an electrolyte group that 

can dissociate in aqueous solutions and impart a net charge to the molecule. Synthetic 

polyelectrolytes are widely used in industrial applications to precipitate small particles in a 

variety of processes such as mineral separation, flocculation, and retention, and as strength-

enhancing additives in paper production. Single polyelectrolyte polymer chains were among the 

first molecules to be studied using AFM-based single molecule force spectroscopy (SMFS).  

Ortiz et al. used SMFS to study entropic elasticity of individual polymer chains of poly 

(methacrylic acid) (PMAA) in a good solvent [145]. They frequently observed attractive force 
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peaks upon retraction of the AFM tip from the surface. They fit the force peaks to both the FJC 

and WLC models, and this yielded values of the statistical segment length or persistence length 

of ≈0.3 nm, which is about the length of a single PMAA monomer unit. Their results suggest the 

polymer chains are locally flexible, and that the entropic elasticity of the chains can be described 

by both the FJC and WLC models. Al-Maawali et al. used SMFS to study a surface that was 

grafted with poly (dimethylsiloxane) (PDMS) polymer chains of two different average molecular 

weights of 3000 and 15000-20000 [146]. They found that the distribution of measured contour 

lengths was bimodal, in which the two peaks of the distribution corresponded to the lengths of 

the two grafting polymer molecules.  

       Deviations from the simple FJC and WLC behavior in SMFS curves usually imply 

conformational and configurational transitions in polymer chains [152]. Rief et al. used SMFS to 

probe polysaccharides (dextrans) linked to a gold surface through epoxy-alkanethiols [149]. The 

deformation of the dextran molecules at low forces was well described by the extended Langevin 

function of the extensible-FJC model with a Kuhn length of 0.6 nm. Further stretching at higher 

forces resulted in a change in the chain elasticity, corresponding to the observation of a plateau 

in the force-distance curves followed by an increase in stiffness, and this stretching process was 

highly reversible. The strand elongation at higher forces corresponded to a purely elastic 

conformational change of the polysaccharide governed by a twist of bond angles. The stretching 

of stiffened polymer chains at higher forces was also dominated by the bending of bond angles. 

A kink in the force-distance curves usually reflects a conformational change between two states. 

The transition between two conformations was also observed for poly (ethylene glycol) [164], 

poly (vinyl alcohol) [165], and dsDNA [147].    

2.2.3.2. Force-induced Protein Domain Unfolding 

SFMS has also been used extensively to study the mechanical properties of proteins [158,166]. 

Intramolecular interactions between amino acids such as hydrophobic forces, ionic and hydrogen 

bonds help to faciliate protein molecules to fold into their native conformation in solution. 

Proteins can be unfolded through the application of a mechanical force in SMFS. The first 

mechanical unfolding experiment was done on the modular protein titin, which consists of 

repeating globular domains such as immunoglobulin (Ig) and fibronectin type III (fnIII) domains 
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[148]. The applied force was recorded as as function of the elongation of the molecule for 

constant retraction speed, and the force-displacement curves contained a fingerprint of a saw-

tooth pattern caused by successive stretching and unfolding of individual protein domains [154]. 

Each of these unfolding events were analyzed using the WLC model to obtain information on 

unfolding forces and domain contour lengths (∆Lc), as shown in Fig. 2.7. These studies can 

provide insight into intramolecular interactions and the role of protein secondary structural 

elements in conferring mechanical stability, especially for proteins such as titin, spectrin, and 

tenascin, which withstand significant forces in biological systems [166]. SMFS can also be used 

to study the refolding dynamics of proteins that have been unfolded by stretching using the 

force-clamp mode (using lower constant forces) [150].  

                        

Figure 2.7: Mechanical unfolding of a modular protein molecule using SMFS, showing a 

schematic diagram of the sawtooth pattern observed in force-extension curves. Each force peak 

can be fit to the Worm-like Chain (WLC) model. The sudden drop of force is caused by 

unfolding of the protein domain with the lowest mechanical stability, which increases the 

apparent contour length of protein. Repetition of this cycle on other domains within the protein 

molecule generates the characteristic sawtooth pattern in force-extension curves [154].   
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2.2.3.3. Pulling Protein Filaments 

Type I and type P pili are both helical rod structures that are produced by bacteria as appendages 

that mediate adhesion to surfaces. It is possible to study the mechanical properties of these 

filaments using SMFS. Miller et al. found type I and type P pili in uropathogenic Escherichia 

coli are highly extensible as a result of unwinding the pilus rod’s helical quaternary structure 

under high stretching forces [32,151]. The force-extension curve of type I pili in constant-

velocity pull mode, as shown in Fig. 2.8, contains three different force regions: the first region 

that corresponds to nonspecific interactions between the AFM tip and the surface for which the 

force increases with separation; the second region that corresponds to essentially a constant force 

(~60 pN) with increasing separation (for a range of a few micrometers in length), which 

represents the unwinding of the pilus structure [32,167]; and the third region that corresponds to 

the force increasing nonlinearly with separation, which can be analyzed quantitatively using the 

WLC model to obtain a persistence length value of Lp = 1.2 nm for type I pili [32]. Forero et al. 

also used the force clamp mode to obtain discrete length changes of individual uncoiling events 

for type I pili, with an average jump distance of 5.0 ± 0.3 nm, which is consistent with the 

structural model of the type I fimbrial rod in which each pilin subunit changes from 0.7 nm in 

length in the coiled phase to 5.7 nm in length in its fully uncoiled phase [167]. The subunits of 

type I and type P pili are held together noncovalently by hydrogen-bonding networks and 

hydrophobic interactions, which provides an important mechanism for pili to withstand 

physiological shear forces during bacterial adhesion and colonization [29].   

         As described in Chapter 1.2.4, T4P protein filaments have also been studied with AFM 

pulling experiments by different groups [52,129]. Touhami et al. studied the T4P filaments from 

live bacteria of P. aeruginosa PAO1 [129], wheras Biais et al. pulled T4P in a purified form as 

isolated filaments [52]. The force-extension curves obtained were interpreted in very different 

ways: one as a modified WLC behavior [129], and the other as a force-induced T4P structure 

transition [52].  
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Figure 2.8: SMFS measurements on type I pili of E. coli. (a) Schematic diagram showing the 

structural subunits of type I pili with the distal end adhesin FimH, and pilin subunits of FimA; 

(b) a typical force-extension curve for a single fimbrium measured at a constant velocity of 2.0 

μm/s, showing three distinct regions until the bond between the AFM tip and the fimbrium 

breaks. Adapted from [151].  

      

2.2.4. Forced Desorption of Polymers from Surfaces Using SMFS 

The adsorption and desorption of polymer molecules on surfaces play important roles in 

technologies such as coatings, adhesion, and lubrication. Using SMFS, force-induced desorption 

experiments can be performed to peel adsorbed polymer chains from surfaces to measure the 

interaction of polymer chains with surfaces at the single molecule level [168-171]. The polymer 

molecules usually appear tightly bound to a surface when imaged in air with AFM. However, a 

polymer chain adsorbed onto a solid-liquid interface can adopt “train”, “loop”, and “tail” 

conformations to minimize the free energy, as shown schematically in Fig. 2.9 [168].  

      When an adsorbed polymer chain is stretched by a AFM tip with a large force, the polymer 

can detach from the surface at the positions of the trains. Each desorption event would result in 

an instantaneous drop of force and an increase in the length of polymer that can be subsequently 

stretched by the AFM tip, which would produce a saw-tooth pattern in the force-extension curve 
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recorded in the stretching process, as shown in Fig. 2.10(a) [168]. However, if a long adsorbed 

train or tail is detached, a force plateau is expected due to progressive unzipping of bonds 

between the polymer chain and the substrate, for which the force should remain constant, as 

shown in Fig. 2.10(b) [169]. The height of force plateaus reflects the desorption force required to 

detach the polymer molecules and allows one to determine the polymer adsorption energies 

[170,171].  

 

Figure 2.9: For a flexible polymer molecule adsorbed onto a surface, the chain can be (a) tightly 

bound to the surface or (b) it can establish discrete contact regions with the surface with trains or 

tails of different lengths, and intervening loops that extend into the bulk solution.  

       

Figure 2.10: Force-induced desorption of polymer chains from a surface, studied using SMFS. 

(a) A sawtooth pattern in the retraction curve is observed due to the pulling of a polymer 

adsorbed onto the surface with short trains of contacts. The loop between two trains produces a 

measurable value of ΔLC in the force-extension curve; (b) a force plateau in the retraction force 

curve that is caused by pulling on a polymer chain adsorbed onto the surface with a long train or 

long tail.  
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2.2.5. Membrane or Lipid Nanotube Tethers Probed by SMFS  

Cell membranes, consisting of phospholipid bilayers with embedded proteins, are highly 

dynamic structures that are vital to many cellular functions, such as adhesion, migration, 

signaling, and morphology [172]. These functions are all affected by the mechanical properties 

of lipid bilayers, which can be easily probed using AFM by acquiring force-distance curves on 

supported lipid bilayers (SLBs) [173]. AFM can also directly measure the interaction between 

membranes, which plays an important role in processes such as endocytosis, intracellular 

trafficking, cell division, adhesion, fusion, and metastasis [174]. Both the approach and the 

retraction portions of a typical force-distance curve on a supported lipid bilayer can provide 

valuable information on the membrane properties.   

     In the approach curve, long-range forces, such as electrostatic and hydration interactions, 

influence the approach curve before contact is made between the AFM tip and the lipid bilayer. 

The region of elastic deformation is used to obtain the mechanical properties of lipid bilayers, 

according to the Hertz model and its derivatives [173]. After a threshold force value is reached in 

the contact region, the AFM tip penetrates the membrane layer and jumps into contact with the 

underlying substrate. Such jump-through events have been observed not only on several model 

lipid bilayer systems, such as DOPC, DOPS, and DOTAP on mica substrates [174], but also on 

living bacterial cells [175]. 

      In the retraction curve, a weak long-range attractive force was observed between two lipid 

bilayers, one on the substrate and the other on the AFM tip, as shown in Fig. 2.11 [176-178]. 

Maeda et al. observed separation-independent pulling force plateaus that persisted for more than 

400 nm during the retraction of a lipid bilayer (DPPC or DMPC) coated AFM tip from the same 

lipid bilayers on a mica substrate [176]. They ascribed the force plateaus to the formation of 

vesicular tubes that extended between the AFM tip and the sample surface at the expense of the 

lipid bilayers. Lorenz et al. obtained evidence for similar tethers of lipid nanotubes upon 

retraction of a lipid bilayer coated, 15 µm diameter collodial probe and a lipid bilayer coated 

silicon substrate [177]. Multiple tethers with different lengths were observed, resulting in a 

staircase-like retraction force profile. Lipid tethers can also be induced by local contact of the 

AFM tip with the plasma membrane of a variety of cells, including Chinese hamster ovary cells 
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(CHO-K1), human brain tumor cell line (HB) cells, human endothelial cells EA hy926 [178], 

and mesendoderm zebrafish embryo cells [179], for which nanotubes of lipid tethers were 

observed by either fluorescence or phase contrast imaging.  

 

Figure 2.11: Schematic diagram of approach and retraction force-separation curves performed 

on a supported lipid bilayer using SMFS. Long range electrostatic and hydration forces and a 

jump-through event are shown in the approach curve (black), and force plateaus due to the 

extension of lipid nanotube tethers and their rupture events are shown in the retraction curve 

(blue).  

       The force required to elongate the lipid tethers depends on the intrinsic mechanical 

properties of the bilayers according to 𝐹 = 2𝜋√𝜅𝜎 + 2𝜋𝜂𝑣, where κ is the bending modulus of 

the bilayer, σ is the interfacial tension, η is the shear viscosity, and v is the pulling speed of the 

AFM tip [179]. The radius of the lipid nanotube tether can be obtained from 𝑟𝑡𝑒𝑡ℎ𝑒𝑟 =

2𝜋𝜅/𝐹𝑡𝑒𝑡ℎ𝑒𝑟 [180]. In the pulling of lipid nanotubes from membranes, rupture occurs when the 

lipid reservoir is exhasusted or the bond between the tether and probe breaks [181]. The lifetime 

of lipid tethers can be calculated by dividing the tether breakage length by the AFM tip pulling 

velocity, and this should follow a single exponential function 𝑆(𝑡) = 𝑆0 exp (− 𝑡
𝜏
), where S is the 

stochastic rupture probability of the tether, and τ is the mean tether lifetime [177]. The mean 

tether lifetime should depend on both the pulling velocity and the tether rupture forces. By 

applying a constant force to extend the lipid tether, the strength and lifetime (dissociation rate) of 

fully functional receptor-ligand interactions on a live cell [179] and model membranes [177] 

were measured.  
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2.3. Force Indentation Curves on Bacterial Cells using AFM  

The instantaneous elastic response of bacterial cells can be determined from the force-

displacement or force-indentation curves. A simple model assumes that the AFM cantilever and 

bacterium are two ideal springs in series, such that the equivalent spring constant ktotal of the 

AFM cantilever and bacterium, as specified by the slope of the linear part of the force-

displacement curve, is given by [112]: 

                                                1
𝑘𝑡𝑜𝑡𝑎𝑙

= 1
𝑘

+ 1
𝑘𝑐𝑒𝑙𝑙

                             (2.7) 

Thus, the effective spring constant of bacterial cell kcell is given by: 

                                                 𝑘𝑐𝑒𝑙𝑙 = 𝑘𝑡𝑜𝑡𝑎𝑙∙𝑘
𝑘𝑡𝑜𝑡𝑎𝑙−𝑘

                             (2.8)                                                

  As illustrated in Fig. 2.12, the indentation of the AFM tip into the bacterial cell can be 

calculated as the distance between force-displacement curves collected on the bacterial cell and 

that collected on a hard glass surface at the same value of the applied force. The value of the 

indentation δ is obtained by subtracting the vertical movement of the z-piezo (Z) from the 

deflection of the cantilever (X) as the probe approaches the bacterial cell, which is also shown in 

Fig. 2.12(a). The values of F can then be plotted as a function of the indentation δ to obtain a 

force-indentation curve, for which the slope corresponds to the effective cellular spring constant 

kcell. 

To obtain the value of kcell, we have assumed that the force F increases linearly with 

indentation δ into the bacterial cell. However, this is not always the case, since the approaching 

force-indentation curves usually have a nonlinear regime at low forces, which can be analyzed 

using the Hertz model to extract Young’s modulus of the bacterial cell, as shown schematically 

in Fig. 2.13 [109,115,182,183]. To describe the elastic response of a deformable half space that 

is pressed by a non-deformable cone-shaped indenter with a half-opening angle of α (AFM tip), 

the Hertz model yields the following relation between the loading force F and the indentation 

depth δ [109]: 
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                                      𝐹 =  2
𝜋

𝐸
(1−𝜈2)

tan (𝛼)𝛿2                    (2.9) 

where E is the Young’s modulus and 𝜈 is the Poisson’s ratio of the deformable sample (bacterial 

cell). However, it is problematic to apply the Hertz model to heterogeneous living cells since the 

Poisson’s ratio is unknown and it varies over the cell surface due to the cell geometries (values 

between 0.3 and 0.5 were assumed [184]) [143].  

   

(a)                                                                  (b) 

Figure 2.12: (a) Schematic diagram showing that the indentation of the bacterial cell is smaller 

than the z-piezo movement, which is a result of deformation of the series combination of two 

springs with spring constants kcell and k (Z = X + δ); (b) Diagram of two force-displacement 

curves on different surfaces: a hard glass surface and a bacterial cell surface. The distance 

between these two curves at the same value of the force corresponds to the indentation δ of the 

AFM tip into the cell.  

For a spherical AFM probe, the Hertz model yields the following relationship between the 

loading force F and the indentation δ [182]: 

                                   𝐹 =  4
3
𝐸∗𝑅1/2𝛿3/2                          (2.10) 

where 𝐸∗ is the effective Young’s modulus of the AFM tip-cell system, which is calculated using 

the following equation: 

                                    1
𝐸∗

=
1−𝜈𝑡𝑖𝑝

2

𝐸𝑡𝑖𝑝
+ 1−𝜈𝑐𝑒𝑙𝑙

2

𝐸𝑐𝑒𝑙𝑙
                            (2.11) 
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where (Etip, vtip) and (Ecell, vcell) are the Young’s moduli and the Poisson’s ratios for the AFM tip 

and the cell, respectively. Since the AFM tip is non-deformable and much harder than the 

bacterial cell (Etip → ∞), Equation 2.11 simplifies to: 

                                      𝐸∗ ≈ 𝐸𝑐𝑒𝑙𝑙
1−𝜈𝑐𝑒𝑙𝑙

2                                (2.12) 

The relative curvature R in equation 2.10 can be calculated as:  

                                       1
𝑅

= 1
𝑅𝑡𝑖𝑝

+ 1
𝑅𝑐𝑒𝑙𝑙

                         (2.13) 

For an AFM tip with a parabolic shape, the loading force F and the indentation δ are related 

by the following equation, which has the same form as for spherical AFM tips [183]:   

                                   𝐹 =  4𝐸�𝑅𝑡
3(1−𝜈2)

𝛿3/2                    (2.14) 

where Rt is the radius of curvature of the rigid parabolic indenter (AFM tip), which is typically 

tens of nanometers, i.e., much smaller than the radius of the bacterial cell. The radius of the 

contact area between the AFM tip and the cell varies with δ according to 𝑎 = �𝑅𝑡𝛿.                                              

                                                                                                                           

Figure 2.13: Schematic plot of the deflection of an AFM cantilever with a colloidal tip (curve A) 

and a pyramid-shaped tip (curve B) as it is pressed into a bacterial cell surface [108]. The lower 

curve is analyzed with the Hertz model (Equation 2.9), and the slope of the upper linear curve is 

used to calculate the cell stiffness kcell. 
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3. Creep Deformation Experiments on Single Bacterial Cells Using 

AFM 

3.1. Creep Deformation Experiment  

The time-dependent mechanical properties of materials can be measured using several 

established techniques: stress relaxation, creep deformation, and dynamic testing. Stress 

relaxation refers to the time-dependent stress response to a step strain, during which the 

specimen deformation is held constant [185]. The step strain can be achieved by using a loading 

system with much larger stiffness than that of the sample; the strain is maintained constant either 

with robust load frame or via a servo control device using strain as a feedback signal. In creep 

deformation experiments, a stress is applied rapidly to a material, and then the stress is held 

constant as the resulting strain (deformation) of the material is measured with time. To achieve a 

constant stress in creep, the sample deformation should be sufficiently small that it does not 

change the cross-section of specimen appreciably [185]. In the dynamic experiment, the strain 

resulting from a sinusoidally varying stress on the material is measured as a function of time, and 

it is also sinusoidal, with the same angular frequency as that of stress, but with a phase shift. The 

driving frequency of stress is limited by drift in electronics and resonances in the specimen 

[185]. Creep deformation and stress relaxation provide a convenient way to study viscoelastic 

properties of materials at a long time scale (minutes to days), but dynamic testing is more 

accurate in studying “short-time” (seconds and less) response [186].  

Vadillo-Rodriguez et al. adapted the traditional creep deformation technique to the study of 

single bacterial cells using an AFM tip as a nano-indenter [108,187-189], utilizing the 

advantages of AFM for high spatial and force resolution in the measurement of micrometer-sized 

objects. Both colloidal and sharp pyramidal AFM tips were used. In the creep deformation 

experiment, as shown in Fig. 3.1, the AFM tip is brought into contact with the rod-like bacterial 

cell by translating the z-piezoelectric transducer that is attached to the base of AFM cantilever, 

and then the tip is pressed into the cell until a set point force F0 is reached. The force is then held 

constant at a value of F0 for a period of time ∆t, during which time the indentation of the AFM 

probe into the cell is observed to increase. Since the cantilever deflection is held constant during 
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the time ∆t, any displacement measured for the base of AFM cantilever is caused by the cell 

deformation during the time, tracked by the z-piezoelectric transducer. Thus, we do measure the 

time-dependent viscoelastic response of bacterial cells to the external stress.    

 

Figure 3.1: Schematic diagrams of the AFM force-time creep deformation experiment, in which 

the first part (force-indentation) corresponds to the force-loading process that occurs quickly (< 

0.05 s), and the second part (creep deformation) corresponds to the time-dependent creep curve 

collected with constant applied force F0 for a time Δt (typically 10 s) [188].  

The force loading process is performed relatively quickly yielding force-displacement or 

force-indentation curves that are generated by simultaneously recording the cantilever deflection 

and the vertical movement of the z-piezo element during the force loading process. The 

cantilever deflection is given by the applied force divided by the spring constant of the cantilever 

k, and the indentation values are obtained by subtracting the cantilever deflection from the total 

vertical movement of the z-piezo as the AFM tip is translated toward and pressed into the cell. 

These data provide a measure of the instantaneous elastic response of the bacterial cells.  

The creep deformation curves collected during the time ∆t show that the cells undergo a 

time-dependent deformation under the constant applied force F0. As for other materials that 
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undergo creep, bacterial cells can be described as viscoelastic, and the creep deformation can be 

analyzed using a suitable viscoelastic model consisting of springs and dashpots. The linear 

standard solid model was used by Vadillo-Rodriguez et al. to describe the creep deformation of 

Gram-positive cells of Bacillus subtilis and Gram-negative cells such as Pseudomonas 

aeruginosa PAO1, E. coli, and a E. coli lipoprotein deficient mutant [187,189]. These 

measurements allowed them to study the relationship between the viscoelastic response of the 

bacterial cell and the structural composition of the cell envelope [108]. 

In these studies, good reproducibility was achieved by carefully selecting the measured cells 

[188]. Cells were first imaged using AFM and only cells that were of typical dimensions (~2.0 

μm in length and ~0.5μm in diameter), ensuring that the cells were at the same stage of their 

growth cycle and physically separated from neighboring cells, were used for the creep 

deformation experiment.   

 

3.2. Viscoelastic Models to Interpret Creep Deformation Curves 

Although the Young’s modulus and the effective elastic spring constant of the cell are useful 

parameters to describe the mechanical properties of bacterial cells, they do not provide a 

complete description of live cells. Since cells consist of both solid and fluid materials, they can 

exhibit a time dependent response to an applied stress. If the creep deformation experiments are 

performed using relatively low forces (≤12 nN), linear viscoelastic models can be used to 

analyze the creep deformation curves obtained in the experiments. Linear viscoelastic models 

consist of arrangements of linear elastic springs and linear viscous dashpots, in which inertial 

effects are neglected [190]. These models have been used widely to explain viscoelastic 

phenomena such as creep deformation and stress relaxation in different materials, ranging from 

polymers to biological materials. For the specific setup in our AFM creep deformation 

experiments, we measure the time dependence of the cell deformation X for a constant force F 

applied to the AFM tip. 
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3.2.1. Maxwell Model 

The Maxwell model is a two-element viscoelastic model consisting of a linear spring and a linear 

dashpot connected in series as shown in Fig. 3.3. Spring undergoes an instantaneous strain upon 

loading, and restores to its oringinal conformation upon removal of the load, as shown in Fig. 

3.2(b); while dashpot can be thought as a piston-cylinder arragement, filled with viscous fluid, as 

shown in Fig. 3.2(c). The loosely fitting piston can be moved through the fluid by an external 

force F. The deformation of dashpot increases linearly with time continuously when subjected to 

a constant stress, as shown in Fig 3.2(d). Since the two elements in the Maxwell model are in 

series, the stress on them is equal, and the total deformation is the sum of deformations of the 

two elements: 

                     𝑋 = 𝑋1 + 𝑋2    or its time derivative form �̇� = �̇�1 + �̇�2      (3.1) 

Since 𝐹 =  𝑘1 ∙ 𝑋1,  or �̇�1 = �̇�
𝑘1

, and 𝐹 = 𝜂1�̇�2, or �̇�2 = 𝐹
𝜂1

, we can write 

                          �̇� = �̇�/𝑘1 + 𝐹/𝜂1                                                            (3.2) 

          

  (a)                       (b)                       (c)                       (d) 

Figure 3.2: Schematic diagrams and corresponding force-time and deformation-time plots for a 

linear spring (a,b) and linear dashpot (c,d) under a constant stress. 

The relationship between deformation and time for different applied forces can be obtained 
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by solving Equation 3.2. By imposing the condition that a constant stress F = F0 is applied at t = 

0 in the AFM creep deformation experiment, we obtain the following equation for the Maxwell 

model:                               

                                                         𝑋(𝑡) = 𝐹0
𝑘1

+ 𝐹0
𝜂1
∙ 𝑡                          (3.3)              

Physically, Equation 3.3 can be interpreted as an instantaneous response due to the linear 

spring (initial deformation of F0/k1 in Fig. 3.3(b)) and a delayed response due to the dashpot 

(linearly increasing curve in Fig. 3.3(b)). When the load is removed, the spring returns to its 

original length, but the deformation of the dashpot does not recover.  

                                        

(a)                               (b) 

Figure 3.3: (a) Maxwell model consisting of a linear spring and a linear dashpot in series; (b) 

The creep-recovery behavior as a function of time for the Maxwell model. 

3.2.2. Kelvin-Voigt Model 

The Kelvin-Voigt model is another two element viscoelastic model in which a spring and a 

dashpot are connected in parallel. This model assumes that the deformations of the spring and 

dashpot are the same at any time (X1 = X2 = X), since there is no bending in this parallel 

arrangement. This allows us to write: 

                                                𝑋1 = 𝐹1
𝑘1

, �̇�2 = 1
𝜂1
𝐹2, 𝐹 = 𝐹1 + 𝐹2                   (3.4) 
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Thus the constitutive equation for the Kelvin-Voigt model is given by: 

                                              𝐹 =  𝑘1𝑋 + 𝜂1�̇�                                               (3.5) 

The deformation X resulting from the application of force F0 can be calculated by solving 

Equation 3.5 using the initial condition X(0) = 0, which gives: 

     𝑋(𝑡) = 𝐹0
𝑘1

(1 − 𝑒−�
𝑘1
𝜂1
�∙𝑡), or 𝑋(𝑡) = 𝐹0

𝑘1
(1 − 𝑒−𝑡/𝜏), where τ = η1/k1       (3.6) 

The parameter τ is called the retardation time or characteristic time of the material, and it is a 

measure of the time scale over which the creep deformation accumulates; the shorter the 

retardation time, the more rapidly the material deforms. 

     When a Kelvin-Voigt system is suddenly subjected to a force, the force is at first carried 

entirely by the dashpot, since the spring cannot elongate or compress due to the constraint 

provided by the dashpot. Then the dashpot gradually transfers a greater portion of the load to the 

spring, until the entire load is carried by the spring when the system has its maximum 

deformation of F0/k1. This gradual transfer of the load to the spring is referred to as delayed 

elasticity. If the load is removed at a later time t1, the deformation of Kelvin-Voigt system during 

recovery is given by: 

 𝑋 = 𝐹0
𝑘1
𝑒−𝑘1∙

𝑡
𝜂1(𝑒𝑘1∙

𝑡1
𝜂1 − 1), t > t1                                                      (3.7) 

As t goes to infinity, the deformation of system decays to zero, as shown in Fig. 3.4(b). Thus, a 

material described by the Kelvin-Voigt model experiences a full recovery after the load is 

removed. 

 

3.2.3. Standard Linear Solid Model 

More complex material responses to external forces can be modelled using more complicated 

arrangements of springs and dashpots than in the Maxwell and Kelvin-Voigt models. For 
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bacterial cells, it has been shown that their creep deformation response can be described by the 

standard linear solid model shown in Fig. 3.5(a), which consists of a spring in series with a 

parallel combination of a spring and a dashpot (Kelvin-Voigt element). The spring k1 describes 

an instanteneous elastic deformation F0/k1, and the Kelvin-Voigt element describes a delayed 

elastic response with a maximum deformation of F0/k2, for deformation times much longer than 

the retardation time τ.  

                    

(a)                               (b) 

Figure 3.4: (a) Kelvin-Voigt model consisting of a linear spring and a linear dashpot in parallel; 

(b) the creep-recovery behavior of the Kevin-Voigt model as a function of time. 

The constitutive equation between load F0 and deformation X for creep deformation within 

the standard linear solid model is given by: 

𝑋 = 𝑋1 + 𝑋2, where 𝑋1 = 𝐹0
𝑘1

, and 𝑋2 = 𝐹0
𝑘2

(1 − 𝑒−𝑘2/𝜂2)𝑡                (3.8) 

Therefore, the total creep deformation is given by:  

                                  𝑋 =  𝐹0
𝑘1

+ 𝐹0
𝑘2

(1 − 𝑒−𝑘2∙𝑡/𝜂2)                                               (3.9) 

where the retardation time τ is given by η2/k2. 

As shown in Fig. 3.5(b), upon removal of the load F0, the deformation of the spring k1 will 
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return to zero instaneously. Recovery of the parallel spring-dashpot combination is described by 

the Kelvin-Voigt model, and the material will have a full recovery for sufficiently long times 

after the load is removed. 

                            

(a)                                    (b) 

Figure 3.5: (a) The standard linear solid model; and (b) its creep deformation response for an 

applied load F0. 

 

3.2.4. Four Element Burgers Model 

The Burgers model is a four element viscoelastic model in which a Maxwell and Kelvin-Voigt 

model are connected in series, as shown in Fig. 3.6(a). Under a constant load F0, the total 

deformation X at time t will be the sum of the deformations for the Maxwell element X1 and 

Kelvin-Voigt element X2, which are decribed above. With the initial condition X(0) = 0, we can 

write: 

                   𝑋1(𝑡) = 𝐹0
𝑘1

+ 𝐹0
𝜂1
∙ 𝑡, and 𝑋2(𝑡) = 𝐹0

𝑘2
(1 − 𝑒−(𝑘2/𝜂2)∙𝑡)         (3.10) 

The total deformation of the four element model can be written as: 

                  𝑋(𝑡) = 𝐹0
𝑘1

+ 𝐹0
𝑘2

(1 − 𝑒−(𝑘2/𝜂2)∙𝑡) + 𝐹0
𝜂1
∙ 𝑡                              (3.11) 
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Since the Burgers model has a dashpot η1 in series with the standard linear solid, an 

additional deformation is obtained that increases linearly with time under constant load F0. This 

additional deformation corresponds to a viscous flow. 

         

(a)                                       (b)                                                    

Figure 3.6: (a) Schematic diagram of the Burgers model; and (b) its creep deformation response 

for an applied load F0. 

 

3.3. Application of Viscoelastic Models to the Mechanical Properties of 

Bacteria 

Vadillo-Rodriguez et al. measured the creep deformation response of bacterial cells to externally 

applied forces, and their studies on different types of bacteria (Gram-negative vs. Gram-positive, 

wild-type vs. strains with mutant on cell envelope  component) can improve our understanding 

of the subtle relationship between the envelope structure and its function [108,187-189]. The 

force loading portion of these experiments allowed the determination of the effective cell 

stiffness k1. As shown in Table 3.2, Gram-positive Bacillus subtilis 168 bacterial cells have an 

effective spring constant k1 that is twice that of Gram-negative cells of P. aeruginosa and E. coli, 
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correlating the elastic stiffness of the cells with the thickness of the peptidoglycan layer [189]. 

Moreover, E. coli (lpp+) cells have a larger value of k1 than E. coli (lpp) mutant cells, which is 

missing lipoprotein that binds the peptidoglycan layer to either the inner or outer membrane; this 

result suggested that the peptidoglycan-lipoprotein complex contributes significantly to the 

elastic stiffness of the cell envelope [187,189]. They also found that the stiffness of the cell 

envelope k1 can be increased by adding glutaraldehyde, which is a compound that crosslinks the 

amino groups in outer membrane proteins [188]. 

   Vadillo-Rodriguez et al. found that they could describe the time-dependent creep 

deformation response for both Gram-negative and Gram-positve cells using the standard solid 

model, described above, in which the creep deformation are reversible without the presence of 

viscous flow. The best fit values of the k1, k2, η2, and τ parameters for different types of bacterial 

cells are listed in Table 3.2 [108]. They suggested that the delayed elastic response of the cells 

(as described by k2 and η2) likely arises from the fluidity of the cell membranes, which is related 

to the length of the LPS molecules and the presence of stabilizing cations [108]. Gram-positive 

Bacillus subtilis 168 cells, which do not have LPS molecules in the outer membrane, showed a 

viscous response with k2 (1.2 ± 0.3 N/m) and η2 (3.0 ± 0.6 Ns/m) values that were larger than 

those for Gram-negative P. aeruginosa PAO1 cells (k2 = 0.044 ± 0.002 N/m, η2 = 0.81 ± 0.08 

Ns/m) [189]. They also showed that E. coli K12 cells, which have LPS molecules that consist of 

lipid A and core oligosaccharide with no O-side chains, have smaller values of k2 (0.54 ± 0.13 

N/m) and η2 (0.36 ± 0.05 Ns/m) than P. aeruginosa PAO1 cells [187]. However, the difference 

between the k2 and η2 values measured for the E. coli (lpp) and E. coli (lpp+) cells is difficult to 

explain if the viscous response is determined by the LPS molecules, since these two strains 

should not have difference in the structure of their LPS molecules [189]. Alternatively, the gel-
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like periplasm, which has high viscosity, can be a possible source of the cellular viscous 

response.  

 

Table 3.1: Summary of the best fit viscoelastic parameters of bacterial cells studied using the 

AFM-based creep deformation experiment, obtained by fitting the creep deformation curves to 

the Standard Solid Model [187-189]. k1 is the instantaneous elastic stiffness, k2 is the delayed 

elastic stiffness, η2 is the delayed viscosity, and τ is the characteristic response time of the cells 

which is defined as the ratio of η2/k2 [108]. 
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4. Nanomechanical Response of Bacterial Cells to Cationic    

Antimicrobial Peptides (CAPs) 

The results in this chapter have been submitted to the journal Soft Matter. The text has been 

adapted and supplemented to fit into the context of this thesis without being entirely rewritten. 

Therefore, some redundancies are to be expected. Four authors contributed to the work, 

including Shun Lu, Grant Walters, Richard Parg and John R. Dutcher of the University of 

Guelph. 

STATEMENT OF CONTRIBUTION: The primary author, Shun Lu, prepared the samples, 

performed the experiments, analyzed the data and wrote the manuscript. Grant Walters and Shun 

Lu collected and analyzed the data shown in Fig. 4.1(c) and (d), Fig. 4.10, and Fig. 4.12. Richard 

Parg and Shun Lu collected and analyzed the data shown in Fig. 4.14, Fig. 4.15, and Fig. 4.16.  

John Dutcher advised on experimental design and assisted with manuscript preparation.  

 

4.1. Sample Preparation and Experimental Procedures 

4.1.1. Growth of Pseudomonas aeruginosa PAO1 cells  

Pseudomonas aeruginosa PAO1 wild type and wapR mutant bacterial cells were cultured 

on an LB agar plate from frozen stock. Bacteria were then grown overnight for 15-16 h in 

50 mL LB growth medium at 37 °C on a rotary shaker (150 rpm) to the late-exponential 

phase from a single colony on the LB agar plate. Bacterial cells were spun down in a 1.0 

mL Eppendorf tube (centrifugation, 2,200×g for 5 min), washed twice with ultrapure 

Milli-Q water (resistivity of 18.2 MΩ-cm), and re-suspended in water (note that only 

ultrapure Milli-Q water was used in the present study).  
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4.1.2. Immobilization of Bacterial Cells  

To immobilize the bacterial cells on glass slides, the slides were coated with either poly-L-lysine 

(Sigma, part number P8920) or polyphenolic mussel adhesive protein (MAP) from the mussel 

Mytilus edulis (Cell-TakTM, BD Diagnostics). Prior to the modification with poly-L-lysine, the 

glass slides were cleaned by sonication for 5 min in 2% RBS35 surfactant solution (Thermo 

Scientific, part number 27950), rinsed thoroughly with water, then with methanol, and then again 

with water [191]. After being dried in air for 20 min, the glass slides were covered with 0.02% 

(wt/vol) poly-L-lysine for 2 h and rinsed with water again. The glass slides were kept wet at 4oC 

for up to three days and air-dried immediately before the immobilization of the bacteria. Prior to 

modification with MAP, the glass slides were acid-cleaned for 2 h, rinsed with water, and air-

dried. The central 1 cm2 area of each glass side was treated with 60 μL of a solution of 10 μL 

Cell-TakTM, 285 μL 0.1 M sodium bicarbonate and 5 μL 1M NaOH immediately after the 

solution was prepared [192]. The slides were left in air for 20 min and rinsed with water. They 

were kept wet at 4°C for up to three days and air-dried immediately before the immobilization of 

the bacteria.  

The bacterial cells were immobilized on the coated glass slides using the following 

procedure. 1 mL of the suspension of the bacterial cells was diluted by a factor of five with 

water, and deposited onto a glass slide coated with either poly-L-lysine or MAP. After 5-10 min, 

the bacterium-coated glass substrate was gently rinsed with water three times to remove excess 

and loosely attached bacterial cells. The glass slide with the immobilized bacterial cells was 

transferred to the AFM fluid cell for imaging and force measurements in liquid.  

4.1.3. AFM Imaging in Liquid  

AFM imaging was performed using an Asylum MFP-3D AFM (Asylum Research, Santa 

Barbara, CA) on bacterial cells immobilized on glass substrates coated with either poly-L-lysine 

or MAP and placed in the AFM fluid cell. Three different types of AFM probes were used in our 

experiments: V-shaped silicon nitride cantilevers with a sharp tip (tip radius < 10 nm, spring 

constant of 0.08 N/m, PNP-TR, Nanoworld), V-shaped silicon nitride tipless cantilevers with a 

600 nm dia SiO2 colloidal tip (spring constant of 0.06 or 0.12 N/m, Novascan Technologies, 
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Inc.), and V-shaped silicon nitride cantilevers with a 1.0 μm diameter SiO2 colloidal tip (spring 

constant of 0.12 N/m, Novascan Technologies, Inc.).  

       The sharp AFM tips were used to collect high-resolution images of bacterial surfaces to 

observe the effects of exposure to PMB and PMBN on the morphology of the bacterial cells. 

AFM images were collected in contact mode using a low value of the applied force (~ 1-2 nN) 

and a scan rate of 1 Hz.  

 

4.1.4. Force Measurements on Bacterial Cells 

The colloidal AFM tips were used for both force and height measurements of the bacterial cells. 

Initially, AFM images were collected to identify isolated, immobilized bacterial cells for 

subsequent study. Prior to each set of force measurements, the deflection sensitivity of the AFM 

cantilever was determined on a clean glass slide by collecting a force-distance curve, and its 

spring constant was measured using the thermal oscillation method within the AFM software 

package. The AFM force experiments consisted of (1) rapidly loading the bacterial cell at a rate 

of 1.98 μm/s to a preset value of the applied F0 (force-indentation), followed by (2) holding the 

value of F0 constant and measuring the displacement of the AFM tip (creep deformation). The 

force measurements were performed as a function of time of exposure to PMB and PMBN, and 

alternated with rapid imaging of the bacterial cells (1 image per minute) to measure the 

corresponding change in cell height. 

 

4.1.5. Exposure to Polymyxin B (PMB) and Polymyxin B Nonapeptide (PMBN) 

Either polymyxin B (PMB, Sigma-Aldrich) or polymyxin B nonapeptide (PMBN, Sigma-

Aldrich) was dissolved in water to a concentration of 1 mg/mL and stored at -20oC until further 

dilution to 100 mg/mL immediately before the AFM experiment was performed. Approximately 

0.5 mL of water was carefully removed from the space between the AFM probe holder and glass 

substrate using the tip of a 1.0 mL standard micropipette (Fisher Scientific), and 0.5 mL of the 

75 
 



peptide solution (100 mg/mL) was introduced to achieve the desired concentration of 50 mg/mL 

for the liquid environment surrounding the AFM probe. This concentration was chosen to be the 

value recommended by Sigma-Aldrich for the clinical use of PMB, which is a factor of 25 higher 

than the MIC value for PMB [193], so that a definitive response could be observed, with all of 

the cells mechanically intact before exposure, and all of the cells mechanically compromised 

after exposure. The peptide solution was added carefully to ensure that the same bacterium that 

was measured before the peptide treatment could be measured after the peptide treatment. Using 

this procedure, we observed only a small lateral drift in the AFM image (1-2 μm) after adding 

the peptide solution so that the same bacterial cell was easily identified.  

       Measurements performed at a much lower concentration of PMB (5 μg/mL) showed that 1 h 

of exposure to PMB resulted in a small number of cells with compromised mechanical integrity, 

and most of the cells still intact. By increasing the concentration to 50 μg/mL, we observed that 

the mechanical integrity of most, if not all, of the cells was compromised by exposure to PMB 

and PMBN.  

4.1.6. Optical Microscopy Study of PMB and PMBN Effects on Bacteria 

Pseudomonas aeruginosa PAO1 bacteria were immobilized on poly-L-lysine-coated number 1 

glass cover slides (thickness of 0.15 mm) following the same procedure as for the AFM 

measurements. The glass slide was placed in a customized flow cell with temperature control, 

and bright-field microscopy images were collected using a 60× objective on an Olympus IX71 

inverted optical microscope. Prior to adding the antimicrobial peptides, the flow cell was filled 

with LB growth medium and heated to a temperature of 37°C, providing conditions that are 

favorable for bacterial growth and division. A small volume (~ 100 mL) of either PMB or 

PMBN dissolved in water to a concentration of 1 mg/mL was then added to the flow cell using a 

syringe to achieve the desired concentration of 50 μg/mL of the peptide, which was the same 

concentration as that used in the AFM experiment. After exposure to either PMB or PMBN for 

30 min and at subsequent 30 min intervals, the fluid in the cell was exchanged with fresh LB 

growth medium using a syringe pump (KD Scientific Pump 100) using a flow rate of 1 mL/min. 

For each experiment, a time series of the optical images was constructed using ImageJ. For cells 

exposed to PMB, no growth or motion of the cells was observed, whereas for cells exposed to 

76 
 



PMBN, the cells were observed to move, grow and divide. These observations verified that 

exposure to PMB renders the bacterial cells non-viable, whereas the cells remain viable after 

exposure to PMBN. 

4.2.  Results and Discussion 

As discussed in Chapter 1, the cell envelope of Gram-negative bacteria is a dynamic, 

multilayered structure that consists of an outer membrane (OM) and a cytoplasmic membrane 

(CM), with an intervening thin gel-like periplasm containing the peptidoglycan sacculus. The 

cell envelope fulfills many crucial roles: it maintains the cell shape, resists internal turgor 

pressure, and selectively transfers molecules in and out of the cell, while allowing the cell to 

grow and divide [4]. All of these functions rely on maintaining the mechanical integrity of the 

cell envelope and, because of this, many antimicrobial compounds target specific components of 

the cell envelope. In Chapters 2 and 3, we introduced the use of AFM force-indentation curves 

and creep deformation curves to measure the bacterial cell viscoelastic properties. In the present 

section, we describe our use of the creep deformation experiment to measure the effects of 

exposure to the two structurally related antimicrobial peptides of PMB and PMBN on the 

viscoelastic properties of Gram-negative P. aeruginosa PAO1 bacterial cells. The peptides 

produced a distinctive signature for the loss of mechanical integrity of the cell envelope, and 

differences in both the magnitude and time scale of changes in the viscoelastic properties. These 

results can provide valuable information on the mechanisms of action and the kinetics of action 

for the antimicrobial peptides. 

4.2.1. AFM Images of Bacterial Cells 

AFM images of P. aeruginosa PAO1 wild-type cells were collected before and after exposure to 

PMB or PMBN. Representative AFM deflection images, collected using a sharp AFM tip (radius 

of curvature R < 10 nm), are shown in Fig. 4.1, and the corresponding AFM topography images 

and representative line scans are shown in Fig. 4.2. The surfaces of the untreated PAO1 cells in 

Figs. 4.1(a) and (c) are relatively smooth (a root-mean-square (RMS) roughness of 1.3 nm 

averaged over a 100 nm × 100 nm area of the surface at the center of the bacterial cell, as 
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measured on the topography images). After exposure to either 50 µg/mL PMB or 50 µg/mL 

PMBN, the cell surface roughness increased significantly (an RMS roughness of 8.1 nm for the 

upper cell in Fig. 4.1(b) that was collected 11 min after exposure to PMB, and an RMS 

roughness of 5.0 nm for the cell in Fig. 4.1(d) that was collected 16 min after exposure to 

PMBN). This increase in the cell surface roughness occured quickly after exposure to the 

peptides, and could be due to the release of LPS molecules from the outer membrane as well as 

molecules from within the periplasmic (both PMB and PMBN) and cytoplasmic space (PMB) 

[100] that can produce a decrease in the turgor pressure of the cell.  

          

Figure 4.1: AFM deflection images of P. aeruginosa PAO1 bacterial cells (a) before and (b) 

after 11.4 min of exposure to 50 μg/mL PMB, and (c) before and (d) after 16 min of exposure to 

50 μg/mL PMBN. The arrows indicate the same cells in parts (a) and (b), and in parts (c) and (d). 

Figure adapted from reference [194].  

Accompanying the increase in surface roughness, there is a small but measurable decrease in 

the height of the PMB or PMBN-treated cells relative to their heights measured in water after 

long times of exposure. AFM topography images and representative line scans of P. aeruginosa 

PAO1 cells before and after exposure to PMB and PMBN are shown in Fig. 4.2. Line profiles 

across the cells showed the decrease of cell heights caused by both peptides. To track changes in 

(b) (a) 

(c) (d) 
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the height of the bacterial cells with exposure time, we imaged the cells using a colloidal AFM 

probe with a large tip diameter of either 600 nm or 1 μm. To characterize the changes in cell 

height with time, we fit the data to an exponential function for which we obtained a best-fit value 

of the characteristic time constant τ1, as shown in Fig. 4.3(a). This choice of tip also allowed us to 

measure the viscoelastic properties of the cells as a function of the exposure time to the 

antimicrobial peptides. 

(a) 

  

(b) 

 

Figure 4.2: AFM topography images and line scans of P. aeruginosa PAO1 bacterial cells 

before and after exposure to (a) 50 μg/mL PMB, and (b) 50 μg/mL PMBN. The distance between 

tick marks corresponds to 100 nm on the vertical axis, and 1.0 μm on the horizontal axis, 

respectively, for line profiles in both (a) and (b). Figure adapted from reference [194]. 
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Histograms of cell heights measured before and after more than 1 h of exposure to PMB are 

shown in Fig. 4.3(b). In both cases, the distribution of cell heights is well defined. Although 

there is a small fraction of bacterial cells with significantly smaller cell heights (cell heights less 

than the average value by more than 20%) after 1 h of exposure to PMB, there is only a small 

decrease of 21 nm in the average cell height for the whole population in Fig. 4.3(b). We observed 

that the average cell height decreased more significantly (by 104 nm) after exposure to 50 µg/mL 

PMBN, with a significantly broader distribution of cell heights, as shown in Fig. 4.3(c).  

(a)                                  (b)                                         (c) 

         

Figure 4.3: (a) Cell height h versus time after exposure to PMB for one representative cell, 

showing a fast decrease in cell height over a time of several min; (b) histograms of cell heights 

before (light purple, h = 480 ± 45 nm) and more than 1 h after (grey, h = 460 ± 50 nm) exposure 

to 50 μg/mL PMB. (c) Histograms of cell heights h before (light purple, h = 580 ± 20 nm) and 

more than 1 h after (grey, h = 470 ± 50 nm) treatment of 50 μg/mL PMBN. The overlap between 

the two histograms is indicated by the darker colour. Figure adapted from reference [194] . 

 

4.2.2. AFM Mechanical Measurements of Bacterial Cells  

In the AFM-based creep deformation experiment, the force is applied rapidly to the bacterial cell, 

which allows the measurement of its elastic stiffness (force-displacement measurement). The 

applied force F0 is then held constant and the displacement Z(t) of the AFM tip is measured, 

which allows the measurement of the viscoelastic properties of the cell (creep deformation 

measurement).  
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The effective spring constant k1 of the bacterial cells was obtained from the slope k of the 

linear portion of the force-displacement curve during rapid loading (1.98 µm/s) of the bacterial 

cell. The value of k1 was obtained by considering k to be the equivalent spring constant of the 

AFM cantilever (spring constant kc) in series with the bacterial cell (spring constant k1), such that 

k1 = k ⋅ kc/(kc - k), as introduced in Chapter 2.3. 

A typical creep deformation curve obtained for a P. aeruginosa PAO1 bacterial cell in 

water before exposure to PMB or PMBN is shown in Fig. 4.4(a). With F0 held constant, the 

displacement of the AFM tip increases monotonically with time, asymptotically approaching a 

constant value within several seconds. The mechanical response of the cell to F0 can be 

described by a very simple arrangement of springs and dashpots in Figure 4.4(c), known as the 

Standard Solid model (SSM) (Chapter 3.2.3). For the SSM, the displacement Z(t) is given by: 

𝑍(𝑡) = 𝐹0
𝑘1

+ 𝐹0
𝑘2

[1 − exp �−𝑡 𝑘2
𝜂2
�]                                            (4.1) 

where k1, k2 and η2 correspond to the elements shown in the inset to Fig. 4.4(c). The best-fit 

values of k1, k2 and η2 are obtained by fitting the creep deformation curves to equation (4.1). We 

note that values of k1 determined in this manner agree quantitatively with those values 

determined from the force-indentation curves [188]. The ratio η2/k2 defines a characteristic 

response time τ for the delayed elastic response. 

After exposure to either PMB or PMBN, the shape of the creep deformation curve 

undergoes an abrupt, qualitative change: instead of asymptotically approaching a constant value, 

the deformation continues to increase linearly with time (Fig. 4.4(b)). To describe this behaviour 

with a mechanical model, it is necessary to add another dashpot in series with the SSM in Fig. 

4.4(d), known as the Burgers model in Chapter 3.2.4 [190]. The displacement Z(t) is given by:  

𝑍(𝑡) = 𝐹0
𝑘1

+ 𝐹0
𝑘2
�1 − exp �−𝑡 𝑘2

𝜂2
�� + 𝐹0

𝜂1
𝑡                                          (4.2) 

which has the same form as equation (4.1) with an additional term on the right hand side that is 

determined by the viscosity η1 and describes a contribution to Z(t) that is linear in time. 
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(a)             (c)       

   
(b)             (d)  

 
Figure 4.4: (a) deformation curve measured for a P. aeruginosa PAO1 cell in Milli-Q water. The 

black curve is calculated using the best fit parameters obtained from a least squares fit of the data 

to the second term on the right hand side of Eq. 4.1. (b) A representative creep deformation curve 

measured for a P. aeruginosa PAO1 cell after 25 min of exposure to 50 µg/mL PMB. The black 

curve is calculated using the best fit parameters obtained from a least squares fit of the data to the 

second and third terms on the right hand side of Eq. 4.2. (c) Schematic diagram of the three 

element Standard Solid Model, with the corresponding equation for the displacement Z(t). (d) 

Schematic diagram of the four element Burgers model, with the corresponding equation for the 

displacement Z(t). Figure adapted from reference [194]. 

The linear increase in Z with time that is observed for times t > τ after exposure to PMB and 

PMBN occurs because the AFM tip continues to move into the cell with time. This is a definitive 

signature for the loss of integrity of the cell envelope due to the action of PMB and PMBN, 

which is consistent with the cellular surface roughening effect of pore formation observed in 

AFM images in Fig. 4.1. We can characterize the permeability of the cell envelope with the 

reciprocal of the viscosity η1. Before exposure, the membrane permeability parameter 1/η1 is 

essentially zero since the cell envelope is intact, and it increases following exposure, indicating 
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that the cell envelope integrity has been compromised. The loss of membrane integrity 

complicates the creep deformation experiment since pressing on the cell can release molecules 

from within the cell. As a result, the properties of the cell could change during the course of an 

experiment. To limit the number of molecules released due to pressing on the cell, we used 

forces that were as small as possible (< 4 nN) to obtain reproducible measurements of the 

viscoelastic properties after the exposure of PMB and PMBN. 

 

To further prove that the change in the shape of the creep deformation curves is related to 

cell permeability caused by the peptides, we compared the cell heights before and after a creep 

deformation measurement in Milli-Q water and in Milli-Q water containing either 50 µg/mL 

PMB or PMBN. Before exposure to the cationic peptides, we could analyze the creep 

deformation curves using the Standard Solid Model in which the deformation reaches a plateau 

value at long times. Vadillo-Rodriguez showed that complete recovery of the cell shape was 

obtained in AFM images following large deformations of P. aeruginosa PAO1 cells induced by 

large loading forces during AFM imaging. In Fig. 4.5(a), the cell height in Milli-Q water is the 

same to within the uncertainty of the measurement before and after a creep measurement at 6.0 

nN, as shown in the AFM line scans. Under these conditions, the deformation of the cells is 

reversible, since the integrity of the bacterial cell envelope is intact. However, after a sufficient 

time of exposure to 50 µg/mL PMB or PMBN, the application of a large force caused a 

significant irreversible decrease in the cell height. For example, the application of F0 = 6.0 nN 

for 6.0 s to cells that were exposed to PMB typically caused an irreversible decrease in cell 

height of 15 nm, as can be seen by comparing the line scans for the large cell centered at 2 µm in 

Fig. 4.5(b) (same cell as in Fig. 4.5(a)) measured before and after the creep deformation 

experiment. It can be seen in Fig. 4.5(b) that the line scans also include a second smaller cell 

centered at ~3.5 µm (not present in Fig. 4.5(a)). It is interesting to note that there is no 

measurable decrease in cell height between the two line scans for the smaller cell on which the 

creep deformation experiment was not performed. In Fig. 4.5(c), it can be seen that the decrease 

in cell height after the creep deformation experiment is even more significant at larger forces: the 

application of F0 = 20.0 nN for 6.0 s to cells exposed to PMB typically caused an irreversible 

decrease in the cell height of 45 nm. This decrease in cell height is likely due to molecules being 
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forced out of the cell by the applied force F0. Because of this, it is necessary to apply small 

forces (F0 < 4 nN) to measure the time-resolved mechanical response of bacterial cells to 

cationic peptides. 

 
Figure 4.5: (a) AFM line profiles across a bacterium in Milli-Q water before and after a creep 

measurement was performed at F0 = 6.0 nN for 6.0 s, showing no significant difference in cell 

height. (b) AFM line profiles across the same bacterium as in (a), before and after a creep 

measurement was performed at F0 = 6.0 nN for 6.0 s after 1.5 h of exposure to 50 μg/mL PMB, 

showing an irreversible decrease in cell height of 15 nm. (c) AFM line profiles across a different 

bacterial cell before and after a creep deformation experiment was performed at F0 = 20.0 nN for 

6.0 s after 2.2 h of exposure to 50 μg/mL PMB, showing an irreversible decrease in cell height of 

45 nm. For all images, the line scans were obtained from AFM topography images collected 

using a 600 nm dia SiO2 colloidal tip in contact mode with an applied force of 1 nN. The 

corresponding creep deformation curve is also shown above. Figure adapted from reference  

[194]. 
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Figure 4.6: (a) Creep curves sequentially collected on the same bacterial cell at 1 nN, 2 nN, 3 

nN and 4 nN using a 600 nm SiO2 colloidal AFM probe 1 h after the cells were exposed to 50 

µg/ml PMB; (b) Slope α of creep deformation curves in (a) obtained by fitting to Burger’s 

model, which increases linearly with the applied creep force F0, as shown by the best fit straight 

line; (c) Kelvin-Voigt indentation corresponding to the parallel spring and dashpot arrangement, 

which is obtained by subtracting the long time nonzero slope with time from the creep 

deformation curve (1) to obtain a creep deformation curve (2) with zero slope at long times; (d) 

Kelvin-Voigt indentations from the creep deformation curves collected with different values of 

the applied force at the indicated times before and after exposure to PMB, which increase 

linearly with the applied force F0.      

       After exposure to PMB and PMBN, we determined the best fit value of k1 from the force-

displacement curve, and then fit the creep deformation data to equation 4.2 to obtain the best-fit 

values of the delayed displacement δZ = F0/k2, the characteristic response time τ = η2/k2 and the 

slope α = F0/η1. Because the delayed elastic contribution to the total creep deformation described 

by equation 4.2 occurs with a characteristic time τ = η2/k2 that is much less than the total time for 

which the creep deformation is measured, it is possible to determine the τ and α values 

independently from the fitting procedure. As shown in Fig. 4.6 (b), the slope α, obtained by 
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fitting creep curves in Fig. 4.6(a) to equation 4.2, is proportional to the applied force F0 in creep 

curves. The delayed displacement δZ, contributed by the Kelvin-Voigt element (spring k2 and 

dashpot η2 in parallel), can be obtained by subtracting the slope to obtain a plateau at long times, 

which is the Kelvin-Voigt indentation in Fig. 4.6(c). We can see in Fig. 4.6(d) that the Kelvin-

Voigt indentation δZ increases linearly with the applied force F0 both before and after exposure 

to PMB, which is consistent with equations 4.1 and 4.2. In summary, the viscoelastic properties 

of the bacterial cell were obtained as follows: k1 (measured from force-displacement curves), k2 

= F0/δZ, η2 = k2*τ, and 1/η1 = α/F0.  

 

4.2.3. Long-Term Effects of Exposure to PMB and PMBN 

To evaluate the long-term effects of exposure to the cationic peptides, we measured force-

displacement and creep deformation curves on a large number of bacterial cells before and more 

than 1 h after exposure to either 50 µg/mL PMB or 50 µg/mL PMBN. The 1 h period was judged 

to be sufficient to observe long-term effects since the time of action of both PMB and PMBN 

was measured to be of the order of 10 min [100], and this time of action is consistent with the 

complementary AFM imaging measurements of changes to the cell surface roughness and height 

(Fig. 4.1 and Fig. 4.2) and the time-resolved measurements presented below. The viability of the 

cells was drastically affected by exposure to 50 µg/mL PMB: optical microscopy measurements 

of bacterial growth and motility revealed that almost all cells were immobilized and unable to 

divide (Fig. 4.7). In contrast, after exposure to 50 µg/mL PMBN, the cells still move and divide, 

as shown in Fig. 4.8, at rates that are indistinguishable from those measured before exposure.  

      Both before and after exposure to either PMB or PMBN, there are well-defined distributions 

for each of the viscoelastic parameters (Fig. 4.9 and Fig. 4.10, Table 4.1). The most striking 

result is the unambiguous signature of the loss of integrity of the bacterial cell envelope 

following exposure to either PMB or PMBN, which can be seen clearly in the histograms for the 

permeability parameter 1/η1 (Figs. 4.9(d) and 4.10(d)). Before exposure, the distribution of 1/η1 

values is very narrow and centred about zero, corresponding to intact cell envelopes. Following 

exposure to either PMB or PMBN, the 1/η1 distribution shifts considerably to nonzero values, 
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corresponding to permeable cell membranes, and is significantly broadened. Significantly, the 

shift in the distribution is considerably larger (by ~ 60%) for PMB than for PMBN. 

                       

Figure 4.7: A time series of optical microscopy images of P. aeruginosa PAO1 bacterial cells 

following the introduction of 50 μg/ml PMB at time t = 0. The time of exposure for each image 

is labeled in the figure. No growth or motion was observed for almost all of the cells, indicating 

that the cells were not viable after the PMB treatment. The bacterial cells appeared as dark 

objects in the images through adjustment of the objective lens.  

                  

Figure 4.8: A time series of optical microscopy images of P. aeruginosa PAO1 bacterial cells, 

beginning at 51 minutes after exposure to 50 μg/ml PMBN. The time between images is 1 min. 

An example of cell division that occurred in the PMBN solution is labeled with red circles. The 

cells on the glass surface were observed to move, grow and divide during the 1 h period after 

PMBN was introduced, indicating that there was no measurable change in the viability of the 

cells.  
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Before exposure, the peak in the k1 histograms, obtained from the force-displacement 

measurements, are narrow. Following exposure to PMB, the centre of the distribution shifts to a 

slightly larger value (by ~13%), corresponding to stiffening of the cells, and broadens 

significantly. Following exposure to PMBN, the centre of the distribution shifts to slightly 

smaller values (by ~10%), corresponding to softening of the cells, and also broadens 

significantly.  

For the delayed elasticity components k2 and η2, the distributions are quite broad before 

exposure to the cationic peptides, and shift to much smaller values following exposure to both 

PMB and PMBN. The relative widths of the distributions are approximately the same before and 

after exposure for both cationic peptides (Table 4.1).  

      

 

Figure 4.9: Histograms of viscoelastic parameters (a) k1, (b) k2, (c) η2, and (d) 1/η1 for P. 

aeruginosa PAO1 cells before and more than 1 h after exposure to 50 μg/mL of PMB. The 

viscoelastic parameters are defined in the schematic diagrams shown in Fig. 4.4. For each plot, 

the overlap between the two histograms is indicated by the darker colour. Figure adapted from 

reference [194]. 
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Table 4.1: Best-fit average values of the viscoelastic parameters obtained by fitting the 

histograms shown in Figs. 4.9 and 4.10 to Gaussian distributions. The quoted uncertainties are 

the half widths at half maxima of the best-fit Gaussian distributions. 

 k1 (N/m) k2 (N/m) η2 (Ns/m) 1/η1(m/Ns) τ (s) 

Before PMB1  

(N = 114) 
0.154 ± 0.024  0.86 ± 0.25  0.42 ± 0.11  0.006 ± 0.021  0.42 ± 0.08 

After PMB1 

(N = 135) 
0.174 ± 0.039  0.24 ± 0.08  0.13 ± 0.04  0.56 ± 0.13 0.49 ± 0.06  

Before PMBN2  

(N = 83) 
0.145 ± 0.012 0.87 ± 0.23 0.55 ± 0.22 0.011 ± 0.030  0.49 ± 0.21 

After PMBN2  

(N = 121) 
0.130 ± 0.027 0.19 ± 0.06 0.12 ± 0.03 0.34 ± 0.11 0.58 ± 0.11 

 
1 data shown in Fig. 4.9; 2 data shown in Fig. 4.10 

 

 

Figure 4.10: Histograms of viscoelastic parameters (a) k1, (b) k2, (c) η2, and (d) 1/η1 for P. 

aeruginosa PAO1 cells before and more than 1 hour after being treated with 50 μg/mL of 

PMBN. The viscoelastic parameters are defined in the schematic diagrams shown in Fig. 4.4. For 

each plot, the overlap between the two histograms is indicated by the darker colour. Figure 

adapted from reference [194]. 
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4.2.4. Time-Resolved Response of Bacterial Cells to PMB and PMBN 

 To investigate the time scale of action of the cationic peptides, we collected force-displacement 

and creep deformation curves continually after introducing the cationic peptides, providing a 

time resolution of 10 s. This enabled us to observe abrupt changes to the viscoelastic parameters, 

as can be seen in the plots of the time dependence of the viscoelastic parameters in Fig. 4.11 

(exposure to 50 µg/mL PMB) and Fig. 4.12 (exposure to 50 µg/mL PMBN) for representative 

cells.  

               

Figure 4.11: Viscoelastic parameters for a representative P. aeruginosa PAO1 bacterial cell 

versus time of exposure t to 50 μg/mL PMB, which was introduced at t = 0. (a) Instantaneous 

elasticity k1 and delayed elasticity k2 versus exposure time. The inset graphs are the 

corresponding creep deformation curves measured at the times indicated by the arrows numbered 

from 1 to 3, measured with a constant applied force of 3.0 nN. (b) Delayed viscosity η2 versus 

exposure time; (c) permeability parameter 1/η1 versus exposure time. Figure adapted from 

reference [194]. 
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For exposure to PMB, abrupt changes occurred in all of the viscoelastic parameters after a 

short time (~5 min in Fig. 4.11, and typically with an even shorter time scale of 2 min). In 

particular, a dramatic, abrupt increase can be seen in 1/η1 in Fig. 4.11(c), corresponding to the 

compromising of the integrity of the bacterial cell envelope. Therefore, the time-resolved creep 

deformation experiment allows the determination of the specific time at which the cationic 

peptide compromises the bacterial cell envelope. Large, abrupt decreases were also observed in 

k1, k2 and η2 (Figs. 4.11(a) and (b)). Following abrupt changes in each of the viscoelastic 

parameters, there was a gradual, partial recovery of k1 and 1/η1 with time, which occurred on a 

time scale of tens of minutes. 

For exposure to PMBN, changes in the viscoelastic properties also occured rather abruptly, 

but the changes were smaller and took place after a significantly longer time of exposure. A 

decrease of η2 in Fig. 4.12 (b) and an increase of 1/η1 in Fig. 4.12 (c) at an exposure time of 

about 20 min suggested that the mechanical integrity of the cell was compromised at this time. In 

Fig. 4.12(a), a gradual decrease in both k1 and k2 can be seen during the first 5 min of PMBN 

exposure, followed by an intermediate stage (5 min < t < 20 min) in which the cell integrity is 

intact (1/η1 ≈ 0). These results are consistent with the reduced antimicrobial efficacy of PMBN 

compared to that of PMB. Despite the small but nonzero loss of integrity of the cell envelope 

following exposure to PMBN, the cells remain viable, as shown in long-term optical microscopy 

studies of bacterial growth and motility (Fig. 4.8). 

 

 

91 
 



                        

Figure 4.12: Viscoelastic parameters for a representative P. aeruginosa PAO1 bacterial cell 

versus time of exposure t to 50 μg/mL PMBN, which was introduced at t = 0. (a) Instantaneous 

elasticity k1 and delayed elasticity k2 versus exposure time. The inset graphs are the 

corresponding creep deformation curves measured at the times indicated by the arrows numbered 

from 1 to 5, measured with a constant applied force of 3.0 nN  and with the interval between tick 

marks representing 10 nm along the y-axis and 2 s along the x-axis. (b) Delayed viscosity η2 

versus exposure time; (c) permeability parameter 1/η1 versus exposure time. The black dotted 

line is meant to guide the eye. Figure adapted from reference [194]. 

 

4.2.5. Force plateaus in Force-Separation Curves During AFM Tip Retraction  

In retracting the AFM tip from bacterial cells exposed to either 50 µg/mL PMB or PMBN, we 

measured long plateaus in the force-separation curves (Fig. 4.13(a)). In contrast, force plateaus 

were not observed for retraction of the AFM tip from cells before exposure to the peptides. For 

exposed cells, we defined two quantities: force step and breakage distance (Fig. 4.13(b)). The 
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distribution of force steps (Fig. 4.13(c)) measured on a single cell had peaks at ~80 pN and ~160 

pN; measurements on 20 different cells showed a similar distribution of force steps (inset to Fig. 

4.13(c)). A fit of the measured breakage distances between 30 nm and 500 nm (Fig. 4.13(d)) to a 

single exponential gave a best-fit decay length of 140 nm.  

 
Figure 4.13: (a) AFM force-separation curves measured during AFM tip retraction from the 

surface of P. aeruginosa PAO1 cells after exposure to 50 µg/mL PMB, showing distinct force 

plateaus. The top curve was measured on the same cell before exposure. (b) Representative 

force-separation curves for both approach to (black) and retraction from (blue) a P. aeruginosa 

PAO1 cell after exposure to 50 µg/mL PMB. Force steps and a breakage distance are indicated. 

Zero separation is defined as the point at which the AFM tip initially contacts the bacterial cell 

surface on approach. The force plateau steps were fit to a sigmoidal function, as shown by the 

red curves. (c) Histogram of force steps measured on a single P. aeruginosa PAO1 cell after 

exposure to 50 µg/mL PMB, showing discrete peaks at ~80 pN and ~160 pN. The inset is a force 

step histogram measured on over 20 different P. aeruginosa PAO1 cells exposed to either 50 

µg/mL PMB or PMBN, showing a similar distribution with a peak at ~90 pN; (d) Histogram of 

breakage distances measured on P. aeruginosa PAO1 bacterial cells exposed to PMB, showing 

an exponential decay with a characteristic decay length of 140 nm (bin size of 30 nm). Figure 

adapted from reference [194]. 
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Our observation of long force plateaus during retraction of the AFM tip from cells exposed 

to PMB (Fig. 4.13(a)) and PMBN is another indication that the OM of the cells has been 

disrupted, since this is consistent with the formation of lipid nanotube tethers between the AFM 

tip and the cell surface. Lipid tethers have been observed for AFM tip retraction from supported 

lipid bilayers [176,177], and from the plasma membrane of a variety of eukaryotic cells, as 

observed using fluorescence and phase contrast microscopy [178,179]. In these experiments, 

force plateaus were explained by the formation of lipid nanotube tethers that are pulled out of the 

lipid bilayers, with rupture occurring when the lipid reservoir was exhausted. The lifetime of the 

lipid tethers was estimated by dividing the breakage distance by the AFM retraction velocity 

[177]. In our experiment, we observed force plateaus in the retraction curves only after exposure 

to either PMB or PMBN, indicating that the peptides caused sufficient disruption of the OM 

through removal of LPS molecules to allow the formation of phospholipid nanotube tethers. We 

can interpret the main 80 pN peak in the force step histogram (Fig. 4.13(c)) in terms of a lipid 

tether of radius 6.4 nm [143]. The average breakage distance (Fig. 4.13(d)) corresponds to a 

mean tether lifetime of 70 ms [177]. Another possible mechanism for force plateaus is pulling 

hydrophobic molecules (e.g. membrane proteins) into bad solvent (water) from compromised 

membrane.  

 

4.2.6.  Effect of PMB at a Lower Concentration of 5.0 μg/ml 

The concentration of 50 µg/ml used in the previous measurements was recommended by Sigma-

Aldrich for clinical use of PMB, and it is a factor of 25 higher than the MIC value for PMB at 1-

2 µg/ml [193]. To test the PMB action at a significantly lower PMB concentration, we collected 

AFM images and creep curves on P. aeruginosa PAO1 bacterial cells before and after exposure 

to PMB at 5.0 µg/ml. AFM deflection images in Fig. 4.14 show that the roughness of the cell 

surfaces increased after the PMB treatment (compare Fig. 4.14(a) and (b) (before) and Fig. 

4.14(c)-(f) (after)). The corresponding AFM topography images also revealed a cell height 

decrease caused by PMB action. In addition, AFM creep deformation measurements performed 

at long and short times of exposure to 5.0 µg/ml PMB (Figs. 4.15 and 4.16) demonstrated that 

the creep deformation experiment was sensitive enough to reveal changes to the viscoelastic 
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properties at the low concentration of PMB, and also revealed important differences between the 

low and high PMB concentration results. Most notably, there was a significantly larger decrease 

in k1 and a significantly smaller increase in 1/η1 for the lower concentration of PMB. These 

differences are likely due to a different mechanism of action of PMB at low concentrations for 

which the cytoplasmic membrane is not depolarized [96,97]. A decrease in k1 at the lower PMB 

concentration indicated a reduced turgor pressure inside the cells. 

            

Figure 4.14: AFM deflection images of the same P. aeruginosa PAO1 cells before and after 

exposure to a concentration of 5.0 μg/mL of PMB, as measured with a sharp pyramidal tip (tip 

radius R < 10 nm). The cell height determined from the corresponding topography images for the 

top cell is 590 nm in (a) and (b), and it is reduced to a value of 505 nm in (c), (d), (e), and (f). For 

the bottom cell in the images, the cell height decreased from 610 nm in (a) and (b) to a value of 

530 nm in (c), (d), (e), and (f).   

Time-resolved creep measurements on a single cell after exposure to 5.0 µg/ml PMB (Fig. 

4.16) revealed qualitatively similar changes to the viscoelastic parameters as observed following 

exposure to 50.0 µg/mL PMB in Fig. 4.11, but with relatively higher level of noise in data. An 

increase in the values of k2 and η2 can be seen for t < 12 min, which was the initial response of 

cells to the stress caused by the PMB molecules on the cell. We also performed optical 
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microscopy measurements of P. aeruginosa PAO1 bacterial cells on a glass slide within a flow 

cell containing LB growth medium, before and after exposure to 5.0 µg/mL PMB. The optical 

microscopy measurements showed that the cells gradually lost their ability to move on the glass 

surface after the first few minutes of PMB exposure, however, a smaller amount of motion 

corresponding to a small amplitude vibration around one pole of the cells was observed for all of 

the cells after 30 min of PMB exposure; no cell division was observed after exposure to PMB. 

All of these results suggest the PMB compromises the bacterial cells at the lower concentration 

at 5.0 µg/mL, but with smaller change to their viscoelastic properties, compared with that at 50.0 

µg/mL of  PMB. 

                     
Figure 4.15: Histograms of viscoelastic parameters (a) k1, (b) k2, (c) η2, and (d) 1/η1 for P. 

aeruginosa PAO1 cells before and more than 1 h after being treated with a concentration of 5.0 

μg/mL of PMB, measured using cantilevers with a 1 μm diameter colloidal tip and a spring 

constant of 0.06 N/m. The viscoelastic parameters are defined in the schematic diagrams shown 

in Fig. 4.4. For each plot, the overlap between the two histograms is indicated by the darker 

colour. Figure adapted from reference [194]. 
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Figure 4.16: Viscoelastic parameters for a representative P. aeruginosa PAO1 bacterial cell 

versus time of exposure t to PMB at a lower concentration of 5.0 μg/mL, which was introduced 

at t = 0. (a) instantaneous elasticity k1 versus exposure time; (b) delayed elasticity k2 versus 

exposure time; (c) delayed viscosity η2 versus exposure time; (d) permeability parameter 1/η1 

versus exposure time. The cell was measured at a constant applied force of 3.0 nN, using a 1.0 

µm diameter SiO2 collodial tip.  

 

4.2.7. Interpretation of Viscoelastic Parameters 

In the present study, we have shown that creep deformation measurements of bacterial cells can 

provide a direct measure of the loss of mechanical integrity of the bacterial cell envelope. The 

permeability parameter 1/η1 reveals the transition from an intact cell envelope, corresponding to 

1/η1 = 0, to an envelope that is mechanically compromised or “leaky”, corresponding to 1/η1 > 0. 

Significantly, the increase in 1/η1 is approximately twice as large for exposure to PMB as it is for 

97 
 



exposure to PMBN (Figs. 4.9(d) and 4.10(d)). This is consistent with PMBN disrupting only the 

OM, and PMB disrupting both the OM and CM, as inferred from protein release studies [100]. 

This result suggests that the creep deformation experiment can provide quantitative information 

that can be used to discern differences between the mechanisms of action of different 

antimicrobial compounds.  

The results of the time-resolved creep deformation experiments (Figs. 4.11 and 4.12), show 

that the increase in 1/η1 corresponding to the compromising of the bacterial cell envelope occurs 

abruptly, particularly for exposure to PMB. Abrupt changes also occur in all of the other 

viscoelastic parameters at the same time. Both PMB and PMBN bind to the lipid A head group 

of the LPS molecules, disrupting their ordering and subsequently removing them from the OM 

[100]. It is likely that the cells can withstand the removal of some amount of LPS, replacing the 

molecules through synthesis and transport, but continued action and accumulation of the cationic 

peptides on the cell surface will eventually result in the cell being unable to maintain the 

integrity of the OM. Based on the abrupt changes observed in the experiments (Figs. 4.11 and 

4.12), this occurs in a catastrophic manner. The abrupt nature of the changes to the mechanical 

properties may indicate that the peptides need to accumulate to a critical surface concentration, 

corresponding to a sufficiently high peptide/lipid ratio, before the abrupt changes are observed. 

Such a critical concentration was also inferred by Fantner et al [123], using fast AFM imaging 

on E. coli cells, in which the cell surface remained smooth until an abrupt increase in roughness 

was observed at a specific time (between 1 and 6 min) following exposure to the CM15 peptide. 

The gradual decrease in cell stiffness k1 with time observed for exposure to PMBN (Fig. 4.12) 

may also indicate the gradual accumulation of PMBN on the OM before the rapid change in the 

viscoelastic parameters at an exposure time of ~ 20 min. Computer simulations of the interaction 

of cationic antimicrobial peptides with cell membranes have also indicated that peptides 

accumulate gradually on the membrane before an abrupt insertion into the membrane [195,196]. 

The changes in the viscoelastic parameters occur more quickly for exposure to PMB than 

for PMBN, which is consistent with the promoted uptake mechanism proposed for the 

translocation of PMB molecules across the OM [197]. PMBN lacks the ability to cross the OM, 

and this produces smaller changes in the mechanical properties of the cell that occur after longer 

times of exposure. 
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We can interpret the results of the present study by attributing the parameters in the 

viscoelastic models shown in Fig. 4.4 to different components of the bacterial cells. One might 

expect that permeabilization of the cytoplasmic membrane due to the action of PMB would result 

in a decrease in the turgor pressure and a correspondingly smaller value of the cell stiffness k1. 

However, the opposite effect, a small but measurable increase of k1 indicating a slight increase in 

cell stiffness, was observed on average after 1 h of exposure to 50 µg/ml PMB (Fig. 4.9(a)). In 

contrast, we observed a small but measurable average decrease in measured k1 values after 1 h of 

exposure to PMBN (Fig. 4.10(a)), as well as for exposure to 5.0 µg/mL PMB (Fig. 4.15(a)).  

The different effects produced by PMB and PMBN in high concentration on the stiffness of 

the cells revealed in our study lie in their different mechanisms of action. PMB does not only 

permeabilize the OM, as does PMBN, but it can also cause depolarization of the CM at high 

concentrations (> 20 µg/mL) [96,97]. The shift of the k1 distribution following 1 h of exposure to 

PMB shown in Fig. 4.9(a) also accounts for the recovery of the k1 values after initial sharp 

decreases (Fig. 4.11(a)). Following rapid damage to the OM, there is a slower secondary 

response of the cells that is likely related to penetration of PMB into the cytoplasm. This 

apparently leads to disruption of cytoplasmic processes, such as respiration, DNA, RNA, and 

protein syntheses that could result in an increase in the turgor pressure [198]. Another possible 

explanation is that exposure to PMB can create contact between the outer and inner membrane 

leaflets in the periplasm through an exchange of phospholipids, which could lead to an increase 

in the effective stiffness of the cells, as proposed by Liechty et al [98].  

We can also comment on the origin of the other viscoelastic parameters in the models 

shown in Fig. 4.4. The delayed elastic response is due to the more liquid-like components of the 

cell envelope, such as the hair-like O-antigen side chains of LPS molecules on the OM or the 

gel-like periplasm between the OM and CM. If the O-antigen side chains play an important role 

in the delayed elastic response, one might expect that cells with LPS molecules that lack O-

antigen side chains would have a significantly larger k2 value (corresponding to smaller creep 

deformation in equation (4.1)) than cells that have the O-antigen side chains. Previously, we 

have performed AFM creep deformation experiments on several E. coli strains, including a K12 

strain, which lacks O-antigen side chains, and a strain that has O-antigen side chains [187,189]. 

In these measurements, the k2 values were the same to within experimental uncertainty and the 
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η2 value was increased by only a factor of 1.6 in the presence of the O-antigen side chains. Since 

the differences were not very large, it is likely that the contribution of the O-antigen side chains 

to the delayed elastic response is not very significant.  

 
Figure 4.17: (a)-(d) Histograms of viscoelastic parameters of k1, k2, η2, and 1/η1 of P. aeruginosa 

PAO1 LPS O-antigen wapR mutant cells in Milli-Q water; and (e) plot of k2 versus 1/η1, which 

shows a negative correlation between the delayed elasticity k2 and permeability 1/η1 parameters. 

The viscoelastic parameters are defined in the schematic diagrams shown in Fig. 4.4. Figure 

adapted from reference [194]. 

To further investigate the LPS contribution to the delayed elastic response in P. aeruginosa 

cells, we performed AFM creep deformation experiments on P. aeruginosa PAO1 wapR LPS 

mutant cells, which lack the LPS O-antigen side chains [77,79]. As discussed above, if the 

delayed elastic response observed for wild type cells was due to the LPS O-antigen side chains, 

we would expect that the wapR LPS mutant cells would have a larger value of k2. However, we 

measured k2 and η2 values for the wapR LPS mutant cells (Fig. 4.17) that were significantly less 

(by roughly a factor of 2) than those values measured for the wild type cells (see Table 4.1). 

These measurements are complicated somewhat by the small, nonzero permeability of the wapR 

cells, which is perhaps due to their reduced ability to withstand a pure water environment relative 
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to that of the PAO1 wild type strain. This probably leads to some entry of water into the 

periplasm that, as for the wild type cells exposed to PMB or PMBN, results in reduced values of 

k2 and η2. This result is consistent with the delayed elastic response for P. aeruginosa cells being 

dominated by the gel-like properties of the periplasm.  

Very large reductions in both k2 and η2 were produced by exposure of the wild type P. 

aeruginosa PAO1 cells to either PMB or PMBN (reduction by factors between 3.3 and 5.9; see 

Table 4.1, Figs. 4.9 and 4.10). These large changes can be understood in terms of the 

permeabilization of the OM by the peptides that causes the release of periplasmic proteins 

[97,100]. The release of proteins is likely accompanied by the dilution of the periplasm by water 

entering through pores formed in the OM, which should decrease both k2 and η2 and make the 

mechanical response of the periplasm more water-like.  

    (a)                                               (b) 

                        
Figure 4.18: Best fit values of k2 versus 1/η1 for P. aeruginosa PAO1 bacterial cells before and 

after exposure to (a) 50 µg/mL PMB (same cells in Fig. 4.9) and (b) 50 µg/mL PMBN (same 

cells in Fig. 4.10). A negative correlation between k2 and 1/η1 is observed in both cases after 

exposure to the peptides, and it is not present before PMN and PMBN treatment. Figure adapted 

from reference [194]. 

We find that the measured values of the delayed elastic parameters and the permeability 

parameter are negatively correlated. In Fig. 4.18, we show a plot of the best-fit values of the 

delayed elastic parameter k2 versus the permeability parameter 1/η1 before and after exposure to 

PMB and PMBN. Before exposure, we observed values of 1/η1 centered narrowly about zero 
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(see Figs. 4.9 and 4.10). After exposure to either PMB or PMBN, we observed a well-defined 

negative slope in the plots shown in Fig. 4.18, which corresponded to smaller values of k2 and 

nonzero values of 1/η1. Similar correlations are observed between the delayed elastic parameter 

η2 and the permeability parameter 1/η1. This negative correlation implies that larger values of the 

permeability parameter correspond to a more water-like periplasm with smaller values of k2 and 

η2, which is consistent with the action of the antimicrobial peptides as permeabilizers of the OM.  

 

4.2.8. Possible Interpretation in Terms of Poroelasticity Theory 

We have interpreted the results of the present study in terms of a viscoelastic response to 

a constant applied force. Recently, the theory of poroelasticity [199] has been applied to the 

study of the mechanical properties of eukaryotic cells [200]. Poroelasticity accounts for the flow 

of solvent molecules in addition to the mechanical deformation of the underlying network 

structure, where solvent flow occurs over sufficiently large length scales that it is observed 

within the time scale of the experiment. However, for the present measurements involving 

nanoscale deformation of individual bacterial cells, a constant force, which can be varied 

between 4.0-10.0 nN, is applied by the AFM cantilever to the cell during a loading time tL ~ 50 

ms, resulting in a cellular indentation δ  of up to 100 nm. The timescale for the movement of 

water in hydrogels due to deformation by a probe of radius R is characterized by the 

characteristic poroelastic time tD ~ δR/Dp, where Dp is the poroelastic diffusion coefficient, 

which has been estimated as 1-100 μm2/s for cells [200]. Given that the radius of the AFM tip in 

the present study is R = 300 nm, the characteristic poroelastic time for the bacterial cells is tD ~ 

0.3-30 ms. Thus, the deformation is sufficiently small that solvent flow occurs much faster 

(typically within milliseconds) than the observed characteristic response times in the creep 

deformation measurements (of the order of a second).  

In contrast to the exponential relaxation of linear viscoelastic materials, which has the 

form, F(t) ~ F0 exp(-t/τ), and power law relaxations, which have the form F(t) ~ F0 (t/t0)
β, the 

characteristic relaxation time of force-relaxation curves for poroelastic materials depends on the 

length scale of the measurement. This means that the normalization of relaxation curves of 
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poroelastic materials to create a “master curve” requires scaling of both force (F/F0) and time 

(t/δ). However, as shown in Fig. 4.19, we find that the force-relaxation curves collected on P. 

aeruginosa PAO1 bacterial cells with different applied forces F0 can be normalized to a master 

curve by just scaling the force and not scaling the time. As a result, the force-relaxation 

behaviour can be characterized by a simple single exponential relaxation for the bacterial cells, 

and this further justifies the validity of the viscoelastic models that we have used to analyze the 

creep deformation curves in the present study.  

After exposure to PMB and PMBN, which compromises the mechanical integrity of the 

bacterial cell envelope, there is likely flow of molecules out of the periplasm and/or interior of 

the cell, and it is possible that this behaviour could be understood in terms of the poroelastic 

properties of the compromised bacterial cell envelope. This will be the subject of further study. 

 
Figure 4.19: Applied force divided by the set point force F0 (normalized force) versus time for 

force-relaxation experiments performed on the same P. aeruginosa PAO1 cell for different 

values of F0. The inset is an expanded view of the behavior measured for early times (t < 2 s). 

Figure adapted from reference [194]. 
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5. Characterization of the Mechanical Properties of Type IV Pili 

(T4P) of Pseudomonas aeruginosa using AFM 

5.1. Sample Preparation and Experimental Procedures 

5.1.1. Growth of Pseudomonas aeruginosa PAO1 

Wild type Pseudomonas aeruginosa PAO1 cells from frozen stocks were streaked on a trypticase 

soy agar (TSA) plate. After growing for 2 days at room temperature, the cultures were 

maintained on a TSA plate for less than two weeks. For use in AFM experiments, a single colony 

of PAO1 cells from the TSA plate was transferred to trypticase soy broth (TSB) medium. The 

bacterial colony was then cultured at 37 ˚C overnight (15-16 h) on a rotary shaker (150 rpm) to 

the late-exponential-growth phase. An equal amount of TSB medium was added to the bacterial 

culture, and the mixture was maintained under the same growth conditions for an additional 3 

hours to reach the mid-exponential growth phase of the bacteria. The bacterial cells were then 

harvested by centrifugation at 2200 × g for 5 min, and then re-suspended in phosphate-buffered 

saline (PBS, pH = 7.4, 0.01M phosphate buffered saline, NaCl-0.138M, KCl–0.0027M, from 

Sigma) or Millipore water (resistivity of 18.2 MΩ·cm). The washing procedure was performed 

only once for pili pulling experiments to avoid the loss of pili from the bacterial cells. For 

mechanical measurements of cells, the PAO1 cells were washed twice with Millipore water.  

Pseudomonas aeruginosa PAO1 hyper-piliated mutant (PilA PilT double mutant containing 

pBADGr-pilA) bacterial cells were prepared using the same growth and harvesting conditions as 

for the wild type cells with the following changes. Gentamicin (30 µg/mL) and L-arabinose 

(0.2% by mass) were incorporated into the TSA plates and the TSB medium used for growth, 

which helped to maintain the plasmid pBADGr, and to induce PilA over-expression, 

respectively. Because of the deletion of PilT, the pili of this mutant strain can extend but cannot 

retract.  
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5.1.2. Modification of AFM Cantilever with Bacterial Cells  

For the pili stretching force measurements, bacterial cells were immobilized either onto the sharp 

tips of silicon nitride V-shaped AFM probes (OTR4, Veeco Instruments), which have a tip height 

of 2.5 - 3.5 µm and a cantilever length of 200 µm, or onto V-shaped silicon nitride cantilevers 

with a 600 nm diameter SiO2 colloidal tip (spring constant of 0.06 N/m, Novascan Technologies, 

Inc.). AFM probes were incubated overnight in a 0.1% aqueous poly-L-lysine solution (Sigma 

Aldrich, St. Louis, MO). The probes were then placed onto Kimwipe tissue to dry in air for two 

h. After the drying process, the probes were immersed in freshly harvested PAO1 hyper-piliated 

mutant bacterial solution either with Millipore water or PBS buffer for an additional 2 h. The 

bacteria-modified AFM cantilevers were then transferred to the liquid cell of the AFM for 

pulling experiments without allowing the bacteria-modified AFM probe to dry. Additional AFM 

cantilevers were kept in PBS buffer solution at 4 ˚C for subsequent experiments.  

5.1.3. AFM Pulling of Type IV Pili Filaments 

AFM images of pili and force-distance curves were collected using a Multimode AFM (Veeco 

Instruments) with a Nanoscope IV controller. To obtain AFM images of cells with T4P the cells 

were dried onto mica surfaces and scanned in air using contact mode with a low value of the 

applied force (1.0~2.0 nN). To determine the mechanical properties of T4P filaments using 

AFM, force-distance curves were recorded in PBS buffer while translating the AFM tip toward 

(approach) and away from (retraction) the sample surfaces. The tip speed during approach and 

retraction was 7.9 µm/s and contact between the tip and surface was maintained for between 0.3 

and 5 s. The contact between the tip and surface allowed nonspecific bonding between the T4P 

filaments on the adhered bacterial cells and the underlying surface (through either a contact point 

or an absorbed segment), such that retraction of the AFM tip from the surface resulted in 

stretching of T4P, as shown in Fig. 5.1(a). The spring constant of the AFM cantilevers was 

measured before and after the AFM pulling experiments using the thermal tuning function of the 

Nanoscope software (Veeco Instruments). Since the AFM tip pyramid (Figure 5.1(b)) height is 

2.5-3.5 µm, which is significantly larger than the 0.5-0.6 µm height of the bacterial cells, direct 

contact between the bacteria attached to the cantilever and the underlying substrate could be 
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avoided in most cases. Two different surfaces of gold and mica were used as the underlying 

substrates for T4P adhesion in AFM pulling. These two surfaces are both hydrophilic, but have 

different surface morphologies, as shown in Fig. 5.2. The fresh-cleaved mica surface was 

atomically flat, while the flame-annealed gold (1, 1, 1) surface had well defined terraces with 

step height of several nanometers. They both provided an ideal flat surface onto which the pili 

filaments could adsorb, for use in the AFM pulling experiments.      

 

Figure 5.1: (a) Schematic diagram of the experimental geometry used for the study of the 

mechanical properties of T4P. P. aeruginosa PAO1 cells of a hyper-piliated mutant strain. 

Bacteria were anchored on the AFM probes using poly-L-lysine, and T4P filaments were pulled 

away from an underlying flat mica or gold surface through a contact point or an absorbed 

segment. (b) Scanning electron microscopy (SEM) image of a silicon nitride sharp AFM probe 

modified with PAO1 hyper-piliated mutant bacterial cells on the sides of the pyramidal tip and 

near the base of tip; (c) SEM image of a silicon nitride AFM probe with a 600 nm dia SiO2 

colloidal tip at the end, modified with bacterial cells on the base of the cantilever, showing less 

bacterial absorption than that in (b).  

 

5.2. Results and Discussion 

As introduced in Chapter 1, T4P are thin flexible filaments that extend from and retract into the 

cell membranes of certain Gram-negative bacteria such as P. aeruginosa, allowing the cells to 

(b) (a) (c) 
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interact with and colonize surfaces. We have used AFM to study the mechanical properties of 

T4P of a hyper-piliated mutant strain of P. aeruginosa PAO1 in which the T4P can extend but 

cannot retract. By adhering the bacterial cells to an AFM tip and retracting the tip from two 

different underlying surfaces (mica and gold), we have observed two key results: (1) mechanical 

stretching of a single pilus filament from the flat surfaces, where the measured force-separation 

curves can be fit using the wormlike chain (WLC) model; and (2) force-plateaus in the retraction 

portion of the force-separation curves that correspond to desorption of flexible T4P polymer 

chains being peeled from the underlying substrate. Our results provide valuable insight into the 

mechanisms of adhesion of T4P filaments that mediate bacteria-surface interactions during the 

initial stages of bacterial biofilm formation. 

            
Figure 5.2: Atomic force microscopy deflection images of (a) a freshly-cleaved mica surface 

and (b) a flame-annealed gold surface. (c) Line profile along line (1) in the corresponding 

topography image of (a) shows that the mica surface is atomically flat. (d) Line profile along line 

(2) in the corresponding topography image of (b) shows that the gold surface has terraces with 

step height of several nanometers. The particles observed in both images of (a) and (b) were due 

to a small amount of contamination.  
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5.2.1. AFM Imaging of Type IV Pili (T4P) 

In Figure 5.3, we show AFM topography images for both P. aeruginosa PAO1 wild type 

and hyper-piliated mutant bacterial cells, collected in air using contact mode. In these images, 

two different kinds of bacterial cell appendages can be seen: relatively thick (13-20 nm 

diameter), long flagella, and thin (2-6 nm diameter) T4P filaments. We observed that the wild 

type P. aeruginosa PAO1 cells grown on a 1% agar plate had many pili filaments that were up to 

4-5 µm in length, as shown in Figure 5.3(a), whereas the wild type P. aeruginosa PAO1 cells 

cultivated in TSB media had significantly fewer and shorter pili filaments, which were barely 

seen from our AFM measurements (as shown in Fig. 5.3(f)). For the PAO1 hyper-piliated mutant 

cells, the T4P filaments were more visible in the AFM images, with each bacterial cell having a 

large number of long (> 6.0 µm) pili, for cells cultured on both agar plates and in TSB media 

(Figure 5.3(b)). Pili from the hyper-piliated PAO1 mutant strain (Fig. 5.3(c)) were very similar to 

those measured for wild type PAO1 cells (Fig. 5.3(a)).  

The large number of long T4P observed for the hyper-piliated mutant strain, compared 

with that observed for wild-type cells, is due to the over-expression of the PilA protein, which is 

is the major pilin subunit of T4P filaments in Pseudomonas. Over-expression of PilA occurs 

during cell growth due to plasmid induction of pBADGr-pilA using L-arabinose. It has been 

shown that the PilT protein is an active motor that powers the retraction process of T4P. The 

deletion of the PilT protein motor in the hyper-piliated mutant strain prevents the retraction of 

the pili, giving rise to longer pili, on average, than observed for wild type cells. These differences 

observed between pili for the hyper-piliated mutant and wild-type strains are consistent with the 

widely-accepted genesis functions of PilA and PilT proteins in T4P assembly and disassembly. 

Since cells of the hyper-piliated mutant strain produce more pili which do not retract, they are 

good candidates for AFM probe modification in the T4P pulling study described below.  

In Fig. 5.3(c), it can be seen that some of the filaments are considerably thicker, 

corresponding to multiple pili that have formed into bundles. The presence of bundles of pili is 

also clearly shown in Fig. 5.3(d), where some of the adjacent T4P filaments are closely 

associated along part of their lengths (as indicated by the upper arrow in Fig. 5.3(d)), becoming 

separated into single pili filaments in the distal ends of the pili (as indicated by the lower arrow 
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in Fig. 5.3(d)). Some pili in Fig. 5.3(d) are highly curved, while other pili are relatively straight. 

Pili bundling can also be inferred from the difference between the heights of different filaments 

measured in line scans of the AFM topography images shown in Fig. 5.3(a)-(d). For example, in 

Fig. 5.3(g-i), some filaments had heights of 2.0 nm, and other filaments had heights of 4.0-6.0 

nm in line profiles.  

 
Figure 5.3: AFM topography images of Pseudomonas aeruginosa PAO1 bacterial cells 

deposited onto a freshly cleaved mica surface, measured in air. (a) Wild-type bacterial cells 

grown on a 1% TSA agar plate; (b) hyper-piliated mutant bacterial cells which have the 

retraction motor PilT gene knocked out (pilA-pilT/pBADGr-pilA), grown in TSB medium; (c) 

Cluster of hyper-piliated mutant cells showing bundling of T4P filaments to form thicker fibers, 

examples of bundles are indicated with white arrows ; (d) bundling of pili along part of their 

(a) (b) (c) 

(e) 

Line 0 

(d) (f) 

(g) (h) (i) 
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length in hyper-piliated mutant cells, the lower arrow points to isolated T4P filaments, whereas 

the upper arrow points to a bundle formed by pili; (e) fliC mutant bacterial cells with pili but no 

flagella. (f) AFM deflection image of P. aeruginosa PAO1 wild type cells grown in LB medium, 

deposited onto a mica surface in air. (g-i) Line profiles along lines 0 in (d), 1 and 2 in (e), 

showing that the T4P have heights of 2-6 nm, and flagella have heights of 13-15 nm.  

 

5.2.2. Single Molecule Force Spectroscopy Measurements 

    The pulling of T4P filaments resulted in force-separation curves that contained two 

qualitatively different behaviors: (1) curves containing sawtooth patterns of force peaks, as 

shown in Fig. 5.4 and Fig. 5.5, which correspond to the stretching of single or multiple T4P 

polymer chains; and (2) curves containing single or multiple force plateaus, as shown in Fig. 5.6, 

which we have interpreted as the forced desorption of single T4P polymer chains from the 

underlying substrate. These two different behaviors have allowed us to understand the 

mechanical properties of T4P filaments and their interaction with different surfaces.  

5.2.2.1.  Pulling T4P Filaments With a Single Contact Point  

As the AFM tip is brought close to the substrate and held in contact for a short time, some of 

the pili filaments extended from the bacterial cells on the AFM tip can adhere to the substrate. 

This contact could occur at a single point or along an extended length on the substrate. For 

contact at a single point, the pilus will be stretched between the AFM tip and the surface during 

retraction of the tip, which will give rise to an increasing force, as shown in Fig. 5.4. The single 

force peaks represent the stretching behavior of a single T4P polymer chain with a fixed contact 

point. The force curve can be fit to the WLC model without the need to include the spring 

constant term that was used by Touhami et al. [129]. This result indicates that the stretching of 

the pilus filaments occurs within the entropic elasticity regime. When the pulling force reaches 

its maximum value, contact is broken and the force returns abruptly to the baseline value. 

Contact can be broken by a breakage of the pili filament at some point along its length or at the 

contact point with the substrate.  
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Figure 5.4: Typical AFM force-separation curves for the pulling of a single T4P filament, 

recorded during retraction of the AFM tip from a mica surface (curves (1) and (3)) or from a gold 

surface (curve (2)). Curves (1) and (2) were collected from T4P filaments on P. aeruginosa 

PAO1 cells of hyper-piliated mutant, whereas curve (3) were for T4P filament on  P. aeruginosa 

PAO1 cells of fliC-PilT mutant. The solid blue curves were calculated as the best fit of the data 

to the worm-like chain (WLC) model. Best-fit parameter values of Lp= 0.3 ± 0.01 nm and Lc = 

4.071 ± 0.011 µm were obtained for curve (1), best-fit values of Lp= 2.1 ± 0.07 nm and Lc = 

6.649 ± 0.008 µm were obtained for curve (2), and best-fit values of Lp= 19.3 ± 4.8 nm and Lc = 

6.222 ± 0.039 µm were obtained for curve (3). The maximum stretching force is defined as the 

difference in force between the flat baseline and the force corresponding to the last data point 

collected during a stretching event before the force returns to the baseline. 

In the force-separation curves obtained during retraction of the AFM tip, it was common to 

observe multiple sawtooth peaks, as shown in both curves in Fig. 5.5. From the single pilus 

pulling curves in Fig. 5.4, we know that the pulling force increases significantly only when the 

separation between the AFM tip and the surface is close to the contour length of the T4P 

filament. Therefore, each sawtooth peak in Fig. 5.5 represents the stretching of a pilus with a 

different contour length. In Fig. 5.5, as the AFM tip was retracted from the substrate, the shortest 

pilus was stretched first, which gave rise to the first sawtooth peak (smallest separation distance); 

the second longest pilus was stretched next, which gave rise to the second peak (intermediate 
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separation distance); and the longest pilus was stretched last, which produced the last peak 

(largest separation distance).  

                          
Figure 5.5: Typical AFM force-separation curves for the pulling of T4P filaments, recorded 

during retraction of the AFM tip from a mica surface. Multiple peaks are observed in each curve. 

By fitting segments of the retraction curve corresponding to each peak to the WLC model, we 

obtained different values of the persistence length for each peak. The top curve contains pulling 

events on type IV pili filaments with persistence length Lp values ~ 1.0 nm, whereas the lower 

curve contains pulling events on stiffer filaments with persistence length Lp values that range 

from ~ 8 nm to ~ 40 nm (except the first force peak with a value Lp = 0.8 nm) . 

To make the fitting procedure more reliable, we chose to focus on force peaks that contained 

a relatively flat portion of the force-separation curve before the sharp increase in force. This 

provided sufficient separation between the force peaks such that the fit of each peak to the WLC 

model could be performed with a well-defined baseline before the measured increase in force. 

These fits yielded values of the contour length, persistence length and baseline of the rupture 

force. We expected to measure a common value of the persistence length Lp since this is a 

measure of the mechanical stiffness of the T4P filaments. However, we found that the values of 

the persistence length Lp varied considerably for the different sawtooth peaks even within the 

same force-separation curve, as shown in both curves in Fig. 5.5. The remarkable difference of 

Lp values, ranging from ~1.0 nm to ~40.0 nm, prevented us from fixing the value of Lp, which 

has been done in previous studies [129]. This large variation in the Lp values could be due to 

pulling on bundles of T4P filaments, or due to pulling simultaneously on multiple pili in parallel.  
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5.2.2.2.  Forced Desorption of T4P Filaments  

Occasionally, we observed distinct force plateaus in the force-separation curves when the 

AFM tip was retracted from the surface, as shown in Fig. 5.6(a). In these force-separation curves, 

an increase in the force was followed by an extended range in which the force remained 

essentially constant. The extent of the force plateaus ranged from tens of nanometers to several 

micrometers. The force plateaus can be understood as forced desorption of T4P filaments from 

the underlying surfaces of mica or gold, as observed using AFM for other semi-flexible polymer 

chains [168,171,201]. In addition to a single contact point between the distal end of the T4P 

filaments and the underlying surface as proposed by Skerker et al. [53], we propose that a T4P 

filament can also be adsorbed onto a surface along a single extended portion of its length or 

through a series of trains or tails with different lengths. For extended lengths of contact, 

retraction of the AFM tip will result in the peeling of the adsorbed segment from the underlying 

surface. Since the adhesive force between the T4P filament and the surface should be the same 

along the absorbed segments, the same peeling force should be observed over an extended range 

of tip-sample separations in AFM pulling, which would give a force plateau in the force-

separation curve, as shown in Fig. 5.6(a).  

In Fig. 5.6(b) we show a series of curves containing force plateaus measured on a gold 

surface, which occur in steps of ~ 200 pN. Curve (1) contains two force plateaus with a similar 

value of the constant force ~ 200 pN, showing that multiple absorbed T4P segments can be 

desorbed from the gold surface, one after the other. These two plateaus could be due to either 

two trains from the same polymer chain or single trains from two different polymer chains. We 

also measured curves that contained two different force plateau levels of ~200 pN and ~400 pN, 

indicating that two T4P filaments can be peeled from the substrate simultaneously such that the 

force is additive, as shown in curve (2) and (3) in Fig. 5.6(b). In this curve, the force plateau 

decreased from 400 pN to a lower level of 200 pN in Fig. 5.6(b), which is likely due to one 

polymer chain losing contact with the substrate, while another polymer chain was still 

undergoing the desorption process.   
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Figure 5.6: (a) Force-separation curves showing single force plateaus during retraction of the 

AFM tip from a mica surface, indicating that T4P polymer chains were peeled from the substrate 

with different contact lengths on mica; (b) Force-separation curves showing multiple force 

plateaus during retraction of the AFM tip from a gold surface. Two plateaus occurred in curve 

(1), one after the other; two force plateau levels of ~ 200 pN and ~ 400 pN were observed in 

curves (2) and (3), indicating that two T4P polymer chains with different contact lengths were 

peeled from the surface simultaneously. 

 

5.2.3. Statistics of the Mechanical Properties of T4P Filaments 

Because of the statistical nature of the AFM force pulling experiment, the differences in 

contour length, persistence length and rupture force for individual peaks (Fig. 5.4 and 5.5), and 

the presence of force plateaus (Fig. 5.6), it is necessary to collect and analyze a large number of 

force-separation curves to obtain an understanding of the mechanical properties of T4P 

filaments. In Figure 5.7, we show histograms of the pili contour length, maximum stretching 

forces and force plateaus obtained from roughly a thousand force-separation curves collected on 

mica (Fig. 5.7(a)-(c), 980 curves) and gold (Fig. 5.7(d)-(f), 1060 curves) surfaces. 

(a) 

(b) 

114 
 



 

Figure 5.7: (a)-(c) Histograms of the (a) pili rupture length, (b) maximum stretching force, and 

(c) plateau force values measured by the forced desorption of T4P polymer chains from mica 

substrates. The histograms represent data obtained from 980 force-separation curves collected on 

the mica surfaces. (d)-(f) Histograms of the (d) pili rupture length, (e) maximum stretching force, 

and (f) plateau force values measured by the forced desorption of T4P polymer chains from gold 

substrates. The histograms represent data obtained from 1060 force-separation curves collected 

on the gold surfaces. The distributions in (b), (c), (e), and (f) were fitted with single or double 

Gaussians to determine their centre positions and widths, which are listed on the corresponding 

plots.   

The distributions obtained for the pili rupture lengths shown in Fig. 5.7(a) and Fig. 5.7(d) 

were quite similar for the mica and gold surfaces: both distributions were broad, ranging from 0 

to 10 μm, with a peak at a rupture length of 4 μm, which is consistent with the pili lengths 

estimated from AFM images (Fig. 5.3(b)). Given that the pili in the PAO1 hyper-piliated mutant 

strain cannot retract, the increased pili lengths measured in the present study for this strain (4 – 5 

µm) relative to those measured for PAO1 wild-type cells (1-2 µm) is a reasonable result.  

Furthermore, we also performed AFM force pulling experiments in which the AFM cantilevers 

were modified with PAO1 fliC-PilT mutant cells, which has several long pili but no flagella. The 

(c) 

(d) (e) (f) 

(a) (b) 
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absence of flagella for the fliC-PilT mutant strain ensured that the force peaks were due to 

pulling on pili, and the force-separation curves collected for this mutant strain were very similar 

to those recorded for the PAO1 hyper-piliated mutant strain, a representative curve is shown as 

the curve (3) in Fig. 5.4. This gave us confidence that the force peaks observed in the force-

separation curves for the PAO1 hyper-piliated mutant were also due to pulling on pili.  

 The histogram of the maximum stretching force measured on freshly cleaved mica 

contained two peaks at 91 pN and 167 pN, as shown in Fig. 5.7(b). In contrast, the histogram of 

the maximum stretching force measured on freshly flame annealed gold surfaces contained a 

single peak at 143 pN, as shown in Fig. 5.7 (e). The differences between the measured rupture 

force distributions for the two surfaces provide crucial information that can help to resolve the 

question: where does the rupture event occur? The location of the rupture event is an issue that is 

common to all single molecule pulling experiments. For example, in optical tweezers 

experiments, a retraction event is usually terminated by release of the bead from the bacterial 

pili, but the location of the rupture event is unknown [40,125]. Measurement of significant 

differences in the distribution of the rupture forces between pili and two different surfaces in the 

AFM pulling experiment tells us that the rupture events occur between the pilus and the 

underlying substrate. However, since the mica and flame-annealed gold surfaces are both 

hydrophilic, the nature of the adhesive bonds between the pili and the two surfaces requires 

further study. The maximum stretching forces measured in the present study is comparable to the 

rupture force measured in optical tweezers experiments with carboxylated latex beads [40,126] 

and previous AFM experiments performed by Touhami et al. [129].  

        It has been shown by Lee et al. [202] and Giltner et al. [203] that the C-terminal disulfide-

bonded loop (DSL) region of the pilin subunit of P. aeruginosa is exposed at the distal tip of the 

pilus, serving as a nonspecific adhesion site. However, the force plateaus observed in the force-

separation curves in Fig. 5.6 are not consistent with distal adhesion and clearly imply that the 

adhesion between the pilus and the underlying surface occurs for an extended length along the 

filament. The histograms of force plateau values obtained on mica and gold surfaces are shown 

in Fig. 5.7(c) and 5.7(f), respectively, with similar peak positions but significantly different 

distribution widths. Since we observed different distributions of plateau forces on mica and gold 

surfaces, this allows us to rule out the possibility of processive pilus extension that can be 
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induced by large forces at low levels of PilT (force-dependent switch), as observed by Maier et 

al. [126] for forces greater than 110 pN. If processive pilus extension induced by large pulling 

forces was responsible for the force plateaus, this would occur in a similar fashion for pulling on 

both surfaces, producing similar distributions.  

The distributions of measured force plateau lengths on mica and gold surfaces are shown 

in Fig. 5.8(a) and 5.8(b), respectively, with the distributions of the separation values 

corresponding to the start of the force plateaus shown as insets. Both of the force plateau length 

distributions had maximum values at the smallest plateau lengths and decayed with increasing 

plateau length. The distribution measured for the mica surface (Fig. 5.8(a)) decayed over a much 

smaller distance (decay length Ld = 0.758 μm) than the distribution measured for the gold surface 

(Fig. 5.8(b); decay length Ld = 1.703 μm). Since the plateau lengths measured in the force-

separation curves are equivalent to the lengths of T4P polymer segments adsorbed onto the 

underlying surfaces, each histogram of plateau lengths is equivalent to a histogram of the length 

of trains of T4P polymer filaments that adsorb directly to the underlying surface. The insets to 

Figs. 5.8(a) and (b) showed that the force plateaus can begin at any separation from the 

underlying surface between 0 and 10 μm, with distributions that are similar to those measured for 

the pili rupture lengths in Figs. 5.7(a) and (d). The lower graphs in Figs. 5.8(a) and (b) show that 

there was no significant dependence of the plateau forces on the length of the plateaus. 

The force plateaus observed in the present study are very different from the force plateaus 

observed in uncoiling measurements of type I pili and type P pili [32,204], in which the length of 

the force plateaus should be equal to the difference between the lengths of unstretched native 

forms and the unfolded forms of the pili. For the uncoiling measurements, a Gaussian 

distribution is expected, in contrast to the exponential decay in the force plateau distributions 

measured in the present study. We also note that the distribution for the start point of the force 

plateaus on the gold surface was skewed to smaller values (inset to Fig. 5.8 (b)), which could be 

due to the rougher and more corrugated surface of the gold substrate, as shown in Fig. 5.2(b), 

which can accommodate more adsorption of shorter pili filaments, while the mica surface is 

atomically flat over large areas, as shown in Fig. 5.2(a), and therefore has less surface area 

available for the adsorption of pili. This difference in the morphology of the two surfaces might 

also explain the shorter decay length of the plateau length distribution on the mica surface in Fig. 
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5.8(a) than that on the gold surface in Fig. 5.8(b), given that the magnitude of the forces required 

for T4P desorption were roughly the same for the mica and gold surfaces, as shown in Figs. 

5.7(c) and (f).  

 

Figure 5.8: (a) Histogram of the length of force plateaus obtained from peeling T4P polymer 

chains from mica surfaces, showing an exponential decay with a decay length of 0.76 ± 0.04 μm. 

The inset shows the distribution of the separation values of the beginning of the force plateaus 

for the mica surface. (b) Histogram of the length of force plateaus obtained from peeling T4P 

polymer chains from gold surfaces, showing an exponential decay with a decay length of 1.7 ± 

0.3 μm. The inset shows the distribution of the separation values of the beginning of the force 

plateaus for the gold substrate. The lower graphs in (a) and (b) show distributions of plateau 

force values versus plateau length for force plateau events obtained on mica and gold surface, 

respectively.   

 

 

 

 

(a) (b) 
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5.2.4. Determination of Pili Persistence Length   

As mentioned above in Section 5.2.2, the remarkable variation in the best-fit values of the 

persistence length Lp for force peaks prevented us from choosing a common value of Lp. In 

Figure 5.9, we show histograms of the pili persistence length Lp for the mica surface (Figure 

5.9(a)) and the gold surface (Figure 5.9(b)), measured for  bacterial cells adsorbed onto a AFM 

cantilever with a sharp pyramidal tip. The two histograms have very similar distributions, with a 

dominant peak at a small value of Lp (< 4.0 nm), and less prominent peaks at larger values of Lp 

(~ 4.5 nm, ~ 9 nm, ~ 17 nm, and ~25 nm). The insets in Fig. 5.9(a) and 5.9(b) show expanded 

views of the histograms for Lp values ranging from 0 to 6 nm using a smaller bin size of 0.1 nm. 

Both of these expanded histograms clearly show peaks at 0.5 nm, 1 nm, 2 nm, and 4.5 nm. The 

high degree of similarity of the Lp distributions validates our measurements of the mechanical 

properties of the T4P, since the persistence length is a parameter that is intrinsic to the filaments 

and should not depend on the nature of the underlying surface. The multiple discrete peaks 

within the Lp histograms suggests the existence of special bundling arrangements of the pili, 

forming higher order, stiffer structures with larger values of Lp, which is consistent with our 

observation of pili bundles in the high-resolution AFM images shown in Fig. 5.3(c) and (d).    

       In the determination of the persistence length values from the force-separation curves, there 

is an intrinsic drawback to the experimental setup that utilizes an AFM cantilever with a sharp 

pyramidal tip. Since the height of the tip is quite large (~3.0 μm), there is an inherent uncertainty 

in the value of the end-to-end distance of the T4P filaments stretched between the AFM 

cantilever and the underlying surface, which is different from the tip-surface separation value x 

in the force-separation curves. This difference is illustrated in Fig. 5.10(a). For a force-separation 

curve, x = 0 corresponds to zero separation between the AFM tip and the underlying surface, and 

this value of x does not include the extra distance x0 from the bacterial cell, in which the T4P 

filament is anchored, and the end of the AFM tip, resulting in a difference between the measured 

x values in the force-separation curves and the actual end-to-end distance of the T4P filaments. 

To correct for this AFM tip height effect, the force-separation curves should instead be fit to a 

modified version of the WLC model that incorporates the shift of the x values by an amount x0: 
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where the value x0 can vary between 0 and 3.0 μm of the AFM tip height, depending on the 

location of the adsorbed bacterial cell on the cantilever, as shown in Fig. 5.10(a). This correction 

of the end-to-end distance for the T4P filaments systematically increases the best-fit values of Lc 

and Lp. The best-fit value of contour length Lc would be increased by roughly the value of x0 (0 – 

3.0 μm), whereas Lp would be increased significantly by big offset values of x0, i.e., for the curve 

(2) in Fig. 5.4, the best-fit value of Lp would be changed from 2.1 nm (when x0 = 0 μm) to 4.3 

nm (when x0 = 3.0 μm). A 32% increase in best-fit value of Lp was estimated for every 

micrometer offset of x0 in our fitting. 

 

Figure 5.9: Histograms of the best-fit persistence length Lp values for type IV pili of P. 

aeruginosa PAO1 cells of hyper-piliated mutant for (a) mica surfaces and (b) gold surfaces, 

using a bin size of 1.0 nm, and collected using a sharp pyramid AFM tip. The insets in (a) and 

(b) are expanded views of the Lp distributions ranging from 0 to 6 nm using a smaller bin size of 

0.1 nm.   

To reduce the uncertainty of the AFM tip height effect, we have also performed the T4P 

pulling experiment using AFM cantilevers that have a colloidal tip of diameter 600 nm, which is 
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comparable to the height of the bacterial cells, as shown schematically in Fig. 5.10(b). For this 

experimental geometry, the value of x0 varies over a much smaller range (0 to 0.3 μm) than for 

the sharp pyramidal AFM tip. Histograms of the persistence length Lp and the maximum 

stretching force obtained using the 600 nm colloidal tip on mica surfaces are shown in Fig. 

5.10(c) and Fig. 5.10(d), respectively. The distribution of the maximum stretching force in Fig. 

5.10(d) has a single peak at 80 pN (the same as plateau force in this setup), which is comparable 

to the main peak at 90 pN in the corresponding distribution of the maximum stretching force 

measured on mica surfaces using a sharp AFM tip (Fig. 5.7(b)). Based on these two histograms, 

we can infer that the fundamental adhesion force between the T4P filament and the mica surface 

is ~ 80 pN, and that the larger adhesion force of ~ 160 pN, observed in Fig. 5.7(b), is possibly 

due to the existence of two contact points between the T4P filament and the mica surface in a 

bundled T4P filament. The distribution of the best-fit persistence length values obtained using 

the 600 nm diameter colloidal tips shown in Fig. 5.10(c) has less fine detail than the 

corresponding Lp distribution measured for the sharp AFM tip (Fig. 5.9(a)): there is a primary 

peak at 1.4 nm and a tail to higher values of Lp, with the possibility of a very small secondary 

peak at 5.5 nm. The absence of higher order peaks in the Lp distribution and the secondary peak 

in the maximum stretching force are consistent with a lower frequency of T4P bundling for the 

measurements performed with the colloidal AFM tip.  

         The effect of pili bundling on the measured persistence length depends on the packing 

geometry of individual filaments. Two packing mechanisms have been proposed for a multi-

stranded helical fibril: in the close-packing filaments model [161], the persistence length scales 

with the square of the number of filaments packed, according to 𝐿𝑝 = 𝑛2𝐸𝐴02/𝑘𝐵𝑇; for the 

ribbon-like packing model [163], the persistence length increases linearly with the number of 

filaments packed into a ribbon, according to 𝐿𝑝 = 𝑛𝐸𝐴02/𝑘𝐵𝑇, where E is Young’s modulus of 

the T4P filament, A0 is the cross-sectional area of a single pilus, kB is Boltzmann’s constant and T 

the absolute temperature. Given the peak values of 1.4 nm and 5.5 nm for Lp shown in the 

distribution in Fig. 5.10(c), we propose that the persistence length of a single pilus is 1.4 nm, and 

that bundling increases the value of the persistence length to 5.6 nm (22×1.4 nm), 12.6 nm 

(32×1.4 nm), and so on, with two or three pili bundled together in a closed-packed geometry, as 

shown in thin-section electron microscopy images of T4P bundles by Biais et al. (2008) [127]. 
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This observation of T4P bundling inferred from Lp values is consistent with the results of the 

T4P retraction force study by Biais et al. (2008) in which they found that up to 8-10 T4P 

filaments can bundle together to produce a retraction force as large as 1.0 nN that is more than 

ten times larger than the retraction force of 70 pN for a single pilus [127]. The processes of 

bundling and breakdown of the bundles of T4P filaments can be another plausible mechanism to 

explain the reversible force-induced transition between a longer and narrower quaternary 

structure and the natural state for N. gonorrhoeae T4P, observed by Biais et al. (2010) [52].  

 

Figure 5.10: Schematic diagrams showing the difference between the tip-surface separation x 

and the end-to-end distance of a T4P filament stretched between a substrate and (a) a sharp 

pyramid AFM tip with a height from 2.5 μm to 3.5 μm, and (b) a colloidal AFM tip with a 600 

nm diameter. (c) Histogram of persistence length (bin size = 0.5 nm) obtained by pulling T4P 

filaments from a mica surface with a 600 nm colloidal AFM probe. The inset is an expanded 

view of the Lp distribution from 0 to 8.0 nm with a smaller bin size of 0.1 nm. (d) Histogram of 

the maximum stretching force, obtained from the same set of force curves as that in (c), with a 

600 nm colloidal tip on a mica substrate, showing a single force peak at 80 pN. 

(c) 

(b) (d) 

(a) 
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5.2.5.  Effects of Non-zero Attachment Angle of T4P Filaments  

Given the fact that the length of T4P polymer chains is comparable to the maximum vertical 

separation (10 μm) in our force-separation curves, it is not necessarily true that the T4P polymer 

chain lies along a vertical line between the AFM cantilever and the underlying surface. The 

effect of a lateral offset between the attachment point of the T4P filament to the bacterial cell and 

to the underlying surface can be estimated as follows [205-207]. We can redefine our 

experimental schematic geometry by incorporating a nonzero attachment angle Φ, as shown in 

Figure 5.11. The vertical distance between the cantilever and the sample surface is shown as Rz, 

and the lateral distance is defined as Rx, with the total distance between the cantilever and the 

contact point given by 𝑅 = �𝑅𝑧2 + 𝑅𝑥2.  

 

Figure 5.11: Schematic geometry of a single type IV pili pulling experiment with a nonzero 

attachment angle Φ and a polymer segment S adsorbed on the substrate, which can be detached 

from the substrate by a pulling force Fz in the vertical direction exerted by the AFM cantilever. 

The contact point will move along the substrate as the polymer chain is peeled from the substrate 

during the retraction of the AFM cantilever.    

        In the presence of a vertical external force Fz exerted on the pilus by the AFM cantilever, 

the equilibrium extension of a pilus at a constant retraction speed is obtained by minimizing the 

total free energy E of the polymer chain. Setting 𝜕𝐸
𝜕𝑅𝑧

= 0 gives Fz/(kBT) = W'(Rzα)/α, where the 

geometric factor α related to the chain orientation is defined as α =1/cosΦ =�1 + 𝑅𝑥2 𝑅𝑧2⁄  
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= (1 − 𝑅𝑥2 𝑅2)⁄ −1/2, and W'(x) = əW(x)/əx is the spatial derivative of the elastic free energy of 

the polymer. For a worm-like chain characterized by a persistence length Lp, the force in the 

large-stretching limit is given by 𝑊′(𝑥) = 1/(4𝐿𝑝)(1 − 𝑥
𝐿𝐶

)−2, which yields the force-separation 

relation 4𝐿𝑝𝛼𝐹𝑧
𝑘𝐵𝑇

= (1 − 𝛼𝑅𝑧
𝐿𝐶

)−2 [205], and the geometric factor α can be understood as a 

renormalization of both the persistence length Lp (changed to α*Lp) and the contour length LC 

(changed to LC/α). As the adsorbed T4P filament is peeled from the substrate, the point at which 

the filament contacts the surface executes a random walk. For a polymer chain undergoing a 

random walk on a surface, α depends on the persistence length and the contour length according 

to  𝛼 ≈ 1 + 1
2

(2𝐿𝑝
𝐿𝐶

)1/2 [205]. Given the small Lp values (< 50 nm) and the large contour lengths 

(≈ 5.0 μm) of T4P, the geometric factor α ≈ 1.07, which produces only a small change in our Lp 

values. 

        Thus, we can conclude that the persistence length of a single pilus should be small in 

nanometer scale, which is comparable to the value of 0.7 nm obtained by Touhami et al. [129], 

and much smaller than the 5.0 μm value predicted from the results of TIRF microscopy studies 

by Skerker et al. [53]. A large persistence length value of T4P could be problematic, since it 

would imply a tremendous tension on the bacterial membrane that could change the cell shape 

dramatically. We did occasionally observe very abrupt force peaks corresponding to a 

persistence length of hundreds of nanometers in our force curves, which could be the result of 

the bundling of more than 10 T4P filaments. The possibility of observing pili bundles in the 

TIRF study by Skerker et al. might explain their large Lp values. The value of Lp = 1.4 nm 

determined in our study for a single type IV pilus is comparable to that of the uncoiled rod 

structures of type I pili (Lp = 1.2 nm) and type P pili (Lp = 1.6 nm) in the AFM study by Miller et 

al. [32]. With similar dimensions of the FimA subunits in type I pili and the PilA subunits in type 

IV pili, a weak stacking between PilA subunits could cause the extreme flexibility of T4P 

filaments, in a manner that is similar to the uncoiled structure of type I pili and type P pili [29]. 

From the different diameters of T4P filaments at 1.5-2.0 nm and 4.0-6.0 nm in AFM images, we 

suggest that the three strands in the left-handed three-start helix structure of type IV pili (123 Å 

pitch with four subunits per turn) in the model proposed by Craig et al. [49] should be able to 

exist as isolated filaments outside of bacterial cells, at least for the long pili filaments in the 
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PAO1 hyper-piliated mutant strain. Each of the strands (1.0-2.0 nm in diameter) has a 

persistence length of 1.4 nm; bundling of three strands would produce a 4.0-6.0 nm thick 

filament with a persistence length of 12.6 nm, which is the single pilus fibre that is referred to 

commonly in the literature [34,35,49].  

The ability of T4P to bundle depends on non-covalent protein-protein interactions 

between the T4P filaments, facilitated by the alternating positively and negatively charged 

patches along the filaments [49]. In contrast to the model proposed by Biais et al. (2008) for 

bundle formation [127], our study showed that T4P retraction is not required for nearby pili 

filaments to join together to form bundles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

125 
 



6. Conclusions 

6.1. Summary of Thesis 

In this thesis, I have presented detailed studies of the mechanical properties of bacterial 

cells and Type IV pili (T4P), utilizing the imaging and force measurement capabilities of the 

AFM technique.   

6.1.1.  Nanomechanical Response of Bacterial Cells to Cationic Antimicrobial Peptides 

We have evaluated the effect of two structurally related cationic antimicrobial peptides, 

polymyxin B (PMB) and its associated nonapeptide PMBN, on the viscoelastic properties of P. 

aeruginosa PAO1 cells. This is the first study in which AFM-based creep deformation 

experiments have been used to study the action of antimicrobial compounds. We find that the 

creep deformation experiment provides a distinctive signature of the loss of mechanical integrity 

of the bacterial cell envelope, and that this occurs abruptly at a certain time following the 

introduction of the peptides for both PMB and PMBN. By measuring large numbers of cells 

before and after 1 h of exposure to the peptides, we obtained detailed information on changes 

produced by the peptides to four different viscoelastic parameters (k1, k2, η2, and 1/η1). In 

addition, we have attributed each of the viscoelastic parameters to specific components within 

the bacterial cells, and we have determined the effect of the peptides on each component. 

Comparison of the permeability of the cells after 1 h of exposure to PMB and PMBN revealed 

that the magnitude of the change in permeability is quantitatively consistent with their known 

effect of compromising either the outer membrane (PMBN) or both the outer and cytoplasmic 

membranes (PMB). In addition, we observed significant differences between the effect of 

exposure to high and low concentrations of PMB that can be attributed to the depolarization of 

the cytoplasmic membrane, i.e. a different mechanism of action, at the high concentration. Time-

resolved creep measurements provided us with valuable information about the kinetics of the 

action of the peptides with high time resolution (~ 10 s). This allowed us to observe abrupt 

changes to all of the viscoelastic parameters at a specific time after introduction of the peptides, 

which suggests the existence of a critical concentration for accumulation of the peptides on the 

bacterial cell surface before they affect the cell dramatically.  
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By using specific peptides and bacterial cells, for which the effect on the outer and 

cytoplasmic membranes is known, we have illustrated that our technique yields quantitative 

information that is consistent with the action of these peptides. We note that the AFM creep 

deformation technique is versatile and holds great promise for providing unique, crucial 

information for identifying the mechanism of action of novel antimicrobials on a variety of 

bacterial cells. 

 

6.1.2. Mechanical Properties of Type IV Pili 

We have used single molecule force spectroscopy to study the mechanical properties of 

single Type IV pili (T4P) filaments that are extended from the cell surface of a hyper-piliated 

pilT mutant strain of Pseudomonas aeruginosa PAO1. For the PilT mutant strain, the pili can 

extend from the cell surface, but cannot retract since the PilT motor is missing. The advantage of 

using this strain for the AFM pulling experiments is that the pili cannot retract during the pulling 

experiment, and therefore the WLC model is sufficient to describe the force peaks observed in 

the force-separation curves. We found that the values of the persistence length Lp that were 

required to fit the force peaks varied considerably. Since the persistence length is a fundamental 

property of individual T4P filaments, we have interpreted our results in terms of the bundling of 

T4P filaments, each of which has a persistence length of 1.4 nm. For measurements performed 

using a sharp pyramidal AFM tip, we observed clear evidence for bundling of the T4P filaments 

by the observation of distinct peaks corresponding to different bundling combinations in the Lp 

distributions for both mica and gold surfaces. Because we measured significant differences 

between the rupture force distributions on the mica and gold surfaces, we have concluded that 

the rupture occurs primarily between the pili and the underlying surface.  

In addition to the presence of force peaks in the force-separation curves, we observed force 

plateaus that we attribute to the forced desorption of extended lengths of the pili from the 

underlying substrate. Histograms of the values of the steps in force corresponding to the plateaus 

contained single well-defined peaks corresponding to values of 195.0 pN (mica) and 176.6 pN 
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(gold). Multiple force plateaus were observed within some force-separation curves, with each 

step in the force in agreement with the well-defined peaks in the force plateau histograms.  

The small value of the T4P persistence length, and hence large flexibility of the filaments, 

obtained in our study contradicts some of the preconceived notions concerning the mechanical 

role of T4P filaments, such as their role in helping planktonic cells to locate and adsorb onto 

solid surfaces. However, flexible T4P filaments have several advantages over stiffer filaments, 

such as the ability to resist external mechanical stress (since force only increases dramatically 

when the end-to-end distance of pili approaches its contour length) and to improve their adhesion 

to a surface by adsorbing along an extended length of the filament rather than just at a single 

point. Bundling of T4P, which was inferred from AFM images and the measured mechanical 

properties in the present study, should occur more readily for flexible filaments and might 

provide a mechanism for bacteria to work cooperatively (as suggested by Biais et al. that 

bundling can synchronize multiple T4P retraction to cooperatively generate forces in the 

nanonewton range [127]).  

 

6.2. Future Work 

In the future, we can use the AFM creep deformation technique to gain insight into the action of 

other antimicrobial compounds. Since we have attributed each of the viscoelastic parameters (k1, 

k2, η2, and 1/η1) to specific components within the bacterial cells, we can adapt the creep 

measurements to determine the effect of other antimicrobial compounds on each cell component, 

which will provide us with fundamental knowledge on their targets of action and the underlying 

molecular mechanisms by which they compromise bacteria, e.g. membrane permeabilization. 

This technique is useful for evaluating the action of new antimicrobial peptides (such as 

Arenicin, IMX924, NVB302, etc. [208]). It can be used to test the effectiveness of new peptides. 

The creep deformation technique can be also used to evaluate the action of bacteriophage. 

Bradley demonstrated that the filamentous bacteriophage PO4 utilized T4P retraction to infect P. 

aeruginosa bacterial cells [43]. The reliance on the presence of T4P limits its infection to the 

poles of the bacteria, in contrast to the action of PMB and PMBN that act over the entire 
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bacterial surface. Creep curves collected on cells of P. aeruginosa PAO1 before and after PO4 

infection will provide insight into whether the polar infection can cause loss of mechanical 

integrity of the cell envelope. With the time-resolved creep measurements, we can study how the 

viscoelastic properties of the cell change at each stage of the infection cycle of the PO4 

bacteriophage. Moreover, Pang et al. recently demonstrated that a new class of holin proteins 

(pinholins) of the Lambdoid phage 21 can be triggered to form lethal holes that are less than 2 

nm in diameter in the cytoplasmic membrane, leading to peptidoglycan degradation by activated 

endolysins [209,210]. We can use the creep deformation technique to study changes to the 

permeability, stiffness, and viscosity of each cell compartment during this process, which will 

help us to understand the effect of holes in the cytoplasmic membrane on transport of 

cytoplasmic molecules to the periplasm. Time-resolved creep measurements will also provide 

insight into the time scale for the degradation of the peptidoglycan layer and cell lysis.          

        The T4P measurement technique can be applied to study the roles of minor pilins (PilX, 

PilE, PilV, PilW, and FimU) in P. aeruginosa. Giltner et al. showed that all of the minor pilins 

were incorporated throughout the growing pilus filament [211]. However, it is not known if the 

minor pilins have additional roles in adherence or other pilus-related functions. Performing 

SMFS measurements on T4P with a minor pilin mutant would allow the study of how stiffness 

and rupture forces (on both hydrophilic and hydrophobic surfaces) of T4P filaments are changed 

by the expression level of the minor pilins in T4P, which can provide useful insights into their 

roles in determining the mechanical properties of T4P. Instead of modifying AFM probes with 

hyper-piliated bacteria, we can also use the AFM tip to pick up isolated pili filaments (purified 

from bacterial cells) that are absorbed onto a surface to test the results by Biais et al., in which 

they found that force-extension curves of T4P of N. gonorrhea cannot be described by the worm-

like chain model, and that T4P showed a force-induced transition at 100 pN between two 

structures [52]. The experiment on isolated pili from both P. aeruginosa and N. gonorrhea can 

help us to test whether T4P filaments from different bacteria have different mechanical responses 

to large external forces. We can extend the mechanical measurements of T4P filaments to other 

less well-characterized pili, such as those from Gram-positive bacterial cells. The measurement 

of pili adhesion on biotic and abiotic surfaces will provide insights into the molecular 

mechanisms of cell adhesion to different substrates. Our study can also be extended to the 

mechanical measurements of other bacterial cell components, such as lipopolysaccharide, S-layer 
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proteins, and the peptidoglycan layer, which are all interesting candidates for single molecule 

force microscopy experiments. With more detailed mechanical studies on different bacterial 

components, we will be able to gain better understanding and appreciation of the complexity and 

subtlety of bacterial structure and function. 
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