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Atomic Force Microscopy for Microbial Cell
Surfaces

Muhammad Raza Shah and Muhammad Ateeq

8.1 Introduction

Binnig et al. invented atomic force microscope (AFM) in 1986. It is a scanning tool

for nanostructure investigations. It is now considered to be one of the landmarks of

modern sciences, for citations of the first article increase more than 13,500 times

[1]. The AFM has come up as a new addition to macroscopic and microscopic

techniques since it has benefits in sample preparation and the ability of high-

resolution imaging in both liquid and air environment if compared to standard

light microscopy techniques. This sophisticated instrument has successfully been

used in all branches of science like material science [2], food science [3],

nanofabrication [4], and microbiology, for nearly two decades after its invention

[5]. The microbiology field has been revolutionized by AFM. It has enriched the

realm of sample preparation and microbial surface analysis in particular during the

last two decades [6].

AFM has basically initiated as imaging instrument and provides topographic

analysis of microbial surfaces in air with three-dimensional structural details with

high resolution [7]. It was reformed in such a way that it can image the microbial

surfaces in their natural environmental conditions [8] and to determine the interac-

tive forces of these biological systems within 4 years of AFM invention [9]. For

performance optimization, the AFM instrument has been continuously modified

M.R. Shah (*)

International Center for Chemical and Biological Sciences, HEJ Research Institute

of Chemistry, University of Karachi, Karachi 75270, Pakistan

e-mail: raza.shah@iccs.edu

M. Ateeq

Department of Chemistry, Abdul Wali Khan University, Mardan-23200, Pakistan

International Center for Chemical and Biological Sciences, HEJ Research Institute

of Chemistry, University of Karachi, Karachi 75270, Pakistan

© Springer International Publishing AG 2018

M.J. Jackson, W. Ahmed (eds.), Micro and Nanomanufacturing Volume II,
DOI 10.1007/978-3-319-67132-1_8

203

mailto:raza.shah@iccs.edu


with improved sensing and originating features. Its basic purpose is to emerge new

techniques like single-molecule force spectroscopy (SMFS), single-cell force spec-

troscopy (SCFS), and chemical force microscopy (CFM) [10].

It has thoroughly been observed that the AFM-based methods are sensitive

enough to allow detection of forces ranging from �5 pN, that is approximately

equal to the bond strength between a single receptor and ligand, to �100 nN,

approximately equal to the force with which cells are stuck together [5, 11]. The

spatial resolution of AFM approaches to �1 nm by using immobilized and

extracted cell membranes patches [12], whereas AFM resolution is limited to

�10 nm for dynamic and crenelated microbial surfaces [13].

The morphology and physicochemical properties of microbial systems are

important in characterization of microbial interactions with different interfaces

and surfaces. The surface morphology of microbial systems is determined with

conventional microscopic techniques which require considerable sample prepara-

tion as a result of which the sample surface morphology can damage and produce

various defects. In addition to it, the macroscopic techniques used for the determi-

nation of physicochemical properties of cell surface like contact angle measure-

ments and zeta potential. These techniques provide averaged data on wide

assemblages of cells. Fluorescence imaging is influential technique used for local-

ization of single cells in intricate microbial systems [14], but it should be kept in

mind that image resolution is dependent to the wavelength of light source. High-

resolution images of microbial systems are obtained from electron microscopy

techniques. In particular, images of the whole bacterial cells are acquired with

three-dimensional electron microscopy or cryo-electron tomography at higher

resolution up to two times higher than light microscopy [15]. High-resolution

images of microbial systems can also be provided with transmission electron

microscopy and scanning electron microscopy techniques, no doubt they are

advantageous to some extent, but their limitations may not be neglected ever

regarding complex sample preparation including metal coating, dehydration, chem-

ical fixing, and ultrathin section can significantly deteriorate the sample. The above

given limitations were mostly required to be elaborated with sophisticated tech-

nique so that its consequence may be clear and obvious. It was the need of the

researchers to start getting their questions and answers with the invention of AFM.

It is known that the AFM images were obtained through direct contact between the

sample and the tip, for no or less sample preparation is required. Moreover, true

three-dimensional images are provided with AFM, but it only focuses on the limited

ranges in heights at one time. AFM is considered to be one of the most important

techniques for biological applications, besides the microbial systems can be exam-

ined in buffer solution, which are very important for keeping an eye on the live cells

in real-time scanning.

Atomic force microscopy has brought great changes in the way the researchers

probe the microbial systems. AFM measures the small forces acting between the

sample and a sharp tip instead of an incident beam of light [10, 16]. The tip is

attached to a cantilever by using a piezoelectric scanner that bends under force and

is moved in three dimensions to generate a topographic image. Cantilever’s bending
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is measured by a laser beam focused on the free end of the cantilever and reflected

into a photodiode at the time of scanning the sample surface. In contrast to other

microscopy techniques, three-dimensional images of microbial membranes and

cells are acquired without fixation, staining, or labeling at high resolution, so in

physiological conditions. The microbial systems comprise of highly complex cells

which are present in heterogeneous systems. Normally, microbial cells are divided

into subclasses which reveal different resistance to stress and growth rate [17]. Fur-

thermore, these subclasses of cells are spatially organized in such a way that they

can perform different key functions [18]. To understand such complex microbial

systems required single-cell analysis techniques in microbial research. The

mechanical and spatial properties of the molecules present on the surface of

individual microbial cell are measured by AFM through single-molecule force

spectroscopy, in which the cantilever deflection is recorded to be a function of

the vertical displacement of the scanner (as the sample is pressed toward the tip)

[16]. As a result, it is observed that there is a cantilever deflection versus scanner

displacement curve and is transformed into a force distance curve by using suitable

modifications. The distinctive adhesive forces between sample and tip are deter-

mined during retraction which is used to probe the mechanics and distribution of

single molecules like microbial cell surface receptors.

Besides topographic imaging, AFM can also be operated in force spectroscopy

mode to determine the physical properties and interactive forces of the microbial

systems. A force distance curve is obtained in this operational mode, in which the

force signal is determined by recording the cantilever deflection as the AFM tip

reaches the sample and then withdraws from it. Furthermore, having generated a

force volume image through obtaining force distance curves at different locations,

spatial resolution can be accomplished. To study protein folding and unfolding

mechanisms and to determine which molecular groups are present on microbial cell

surface, functionalized AFM tips are being used [5, 19].

To comprehend cell surface interactions, these innovative AFM techniques are

used for analyzing microbial cell walls and providing new opportunities for better

understanding of microbial systems. In this chapter, a flavor of the different

applications of AFM in microbiology is provided, and the key breakthroughs in

pathogen research have been highlighted. This chapter will facilitate the reader and

researcher in multidimensional disciplines.

8.2 Atomic Force Microscope: Instrumentation

The AFM instrument comprises of four major parts including a tip, a piezoelectric

scanner, an optical deflection system comprising of photo detector and laser diode,

and an electrical feedback system. The probing tip (made from silicon or silicon

nitride) mounting at adjustable cantilever’s end is the heart of the AFM. High-

resolution three-dimensional images are obtained by movement of either the sample

or the cantilever mounting on a piezoelectric scanner by using AFM.
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The basic principle of AFMmicroscopy technique is a sharp AFM tip raster over

the surface during scan, at the time of sensing the interaction between the tip and the

sample. The optical deflection system detects the cantilever deflection, and canti-

lever deflection is a result caused by small interactions forces between the AFM tip

and the sample. The backside of the cantilever reflects the laser beam and stored

into a four-quadrant photodetector, to record the position of the reflected laser

beam. The interactive forces between the tip and the sample are responsible to bring

changes in magnitude of deflected laser beam. The deflection signals are automat-

ically administered to restructure an interaction force profile or a topographic image

of the sample. To obtain a high-resolution image with simple protocol for sample

preparation of the microbial systems, both in liquid and in air environments, AFM

topographic analysis has emerged as an essential instrument in addition to standard

electron and light microscopy techniques in the past years.

AFM images are generated in three different operational modes like contact,

noncontact, and intermittent or tapping modes. The tip movement across the sample

during analysis is the only difference among all these operational modes. In the

analysis of biological samples, the contact and intermittent or tapping modes are

mostly applied. Contact operational mode is most widely used in AFM analysis. In

this operational mode, the tip of cantilever directly touches the sample during

analysis. Contact mode generates two different types of images, height and deflec-

tion. The cantilever deflection is recorded to generate height image when the tip

moves across the sample during scanning. Height image gives information about

surface roughness and height of the analyzed samples. The sample height is

adjusted by using feedback loop in order to keep constant the cantilever deflection

when the tip moves across the sample during scanning to generate the deflection

image. It is very difficult to keep constant the cantilever deflections as the feedback

loop is not perfectly adjusted, so a constant signal error is always present in the

deflection image. The deflection image is more sensitive to the fine surface

information.

High lateral forces are associated in contact operational mode, as a result soft

biological samples can be removed from substrate or damaged. Therefore, to

prevent the sample damage, it is necessary to minimize the lateral forces generated

from AFM tips. The lateral forces are minimized by using the tapping or intermit-

tent operational mode. In this AFM operational mode, phase and amplitude of the

cantilever are administered when the probe of AFM is externally excited around its

resonating frequency when AFM tip moves across the sample surface during

scanning. In intermittent mode, the tip of AFM comes in contact with surface

periodically when the tip moves downward, and as a result sample damage is

minimized. The three types of different images can be obtained in intermittent or

tapping operational mode including height amplitude, and phase images. Topo-

graphic information like contact mode are obtained from height image. Fine

structural details and main features of the edges of the sample surface are obtained

at the sacrifice of height information in amplitude image which is just like deflec-

tion image in contact operational mode [20]. The phase image is generated by

recording the phase lagging of cantilever oscillation relative to driving signal. It
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provides information about difference in properties and sample composition like

adhesion and elasticity [21].

AFM force spectroscopy offers new and exciting opportunities to probe the local

properties and ultrastructure of biological samples in physiological environment

along with positional precision and high force sensitivity. In this operational mode,

deflection of cantilever is monitored as a function when sample is vertically

displaced and the tip is pushed forward toward the sample and then pushed back

from it. This force curve is useful to gain observations about different surface

properties like cell surface charges, cell surface, cell surface hydrophobicity, and

cell wall elasticity. Remarkably, the curve between force and distance is recorded at

different locations of the x-y plane which gives spatially resolved maps of physi-

cochemical properties of microbial systems with lateral resolution in nanometer

scale [22]. The data obtained in this way are then represented either in elasticity

maps [22] or in adhesions maps [23].

The force spectroscopy has emerged into three different force modes including

single-molecule force spectroscopy (SMFS), chemical force microscopy (CFM),

and single-cell force spectroscopy (SCFS) over the years. The AFM tips are

functionalized in all these techniques with biological molecules, viruses, chemical

groups, or a living cell or replaced by particle. The key parameter which gives

information about a specific ligand-receptor interaction (SMFS) [24], on the chem-

ical group’s distribution (CFM) [25], about interactional forces which control cell-

substrate and cell-cell interrelations (SCFS) [5, 11] is the characteristics force

involve in unbinding of AFM tip which is observed during retraction of AFM tip

from sample. CFM is used to probe charges of individual cells and local surface

hydrophobicity. CFM operational mode of force spectroscopy gives a means for

resolution of the interactions of living microorganisms and local chemical proper-

ties with nanoscale resolution [26]. The AFM tips chemically functionalized with a

specific functional group give naval approaches for better understanding of struc-

ture activity relationship of the biological cell surfaces. This technique has also

provided new avenues for interactions between the antimicrobial drugs and the

microbial cell surfaces [27].

A pivotal provocation in cell biology is to understand how molecules bound to

the cell surfaces are organized and interact with their surrounding environment

[28]. Answers to these questions are provided by SMFS, which is used to analyze

the complex biological systems with individual molecules by simultaneously

manipulating and localizing single molecules present in live microbial cells,

which then reveal properties and proceedings that on other hand would be

unattainable. The AFM tip binds to molecule of interest through the complimentary

pair and distensible cross linkers to the substrate in SMFS technique [29]. The force

involved in the unbinding of the AFM tip on retraction from attached molecule

present in the substrate is recorded in real time [30]. In SMFS the force curve is

recorded to show a force with nonlinear elongation which reflects stretching of

flexible molecules present on the AFM tip and on the sample, until the “full-off”

force of adhesion is observed. The worm-like chain (WLC) [31] model and freely

jointed chain (FJC) [32] model from statistical mechanics are used to describe the
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elongation force. Polymers are described as an irregular curved filament in WLC

model as a linear on the scale of persistence length, which shows the stiffness of

molecules. While, as polymers are described in FJC model as an array of rigid

independent statistical segments (Kuhn), arranged via flexible-joints [33]. WLC

model generally well describes the proteins which function as a continuous deform-

able rods [34], while FJC model is useful in describing polysaccharides which

behave as a series of loosely connected segments [35]. Instead of AFM tip,

microbial cell is fixed on cantilever in SCFS technique and force between the cell

present on the probe and other cells present in the substrate is determined [36].

8.3 Cell Fixation

One of the most important difficult encounters in the microbial research which limit

the AFM application is how to fix microbial cells without changing the variability

or surface properties to flat surface. Firm fixation of the live microbial cells on the

flat solid surface is obligatory for fruitful AFM topographic analysis and the force

determinations. The method used for cell fixation should be selected in such a way

that the cells should be fixed strongly enough to tolerate the lateral frictional forces

applied by AFM tip without degrading microbial cell surfaces during scanning

[37]. Analysis of microbial samples in liquid faces a major problem as microbial

cells are flexible and soft, causing an additional hurdle in fixing. In such condition,

to ensure firm fixation of microbial sample, surface modification of the substrate is

necessary. One of the primary challenges in analysis of microbial sample is

therefore microbial cell fixation.

In the beginning studies, AFM images of microbial cells were recorded after

drying, as microbial sample preparation was easy in dry condition, but dried

microbial cell can generate misleading information. A tremendous progress has

been seen in the past two decades, in improving the existing and developing new

protocols for cell fixation procedures of microbial cells. One of the most interesting

applications of AFM in biological analysis deals with topographic analysis of the

living cells in their native liquid environment, where microbial cell interaction with

their surrounding environment can be studied [38].

Some of the most commonly used cell fixation techniques which do not require

drying of the microbial cells include physical confinement of cells in a porous

membrane; aluminum oxide filters; fixation of cells to surfaces coated with posi-

tively charged substances including gelatin [39], polyethyleneimine (PEI) [40], or

poly-L-lysine [22, 41], by electrostatic interactions which are covalently bound to

carboxyl- or amine-terminated surfaces [42]; and adsorption to coated surfaces with

adhesively polyphenolic proteins [43]. All these cell fixation methods are used for

cell immobilization, but cells attached via electrostatic interactions are generally

detached during scanning, whereas reagents used for cross-linking and reactive

groups used for covalent binding are known to affect the cells activity. Adsorption
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and entrapment techniques are effectively used for viable cell fixation. However,

coccoid cells are physically confined in membranes effectively.

In physiological conditions, the living microorganisms are successfully

immobilized using adhesively polyphenolic proteins, which strongly fix the micro-

organism without affecting cells’ viability [43]. A universal method for the cell

fixation of living microorganism reported by Dague et al., where the living cells are

assembled within the arranged microstructured, using capillary/convective deposi-

tion with functionalized poly-dimethysiloxane (PDMS) brands. The results of

Dague et al. demonstrate the great potential for assemblance of microorganism on

microstructure, by using capillary/convective deposition with functionalized

PDMS brands for performing precise and accurate experimentations on the living

microbial cells using AFM [37].

8.4 Functionalized AFM Tips

Silicon or silicon nitride-made tips are often used as probe in AFMmicroscopy. The

AFM probe may be bare or chemically functionalized and often attached with a

fixed cell or particle onto an AFM tip or tipless cantilever. The colloidal probe

technique is introduced by Ducker et al. in 1991, consisting of the AFM tipless

cantilevers to an attached micron-sized spherical particle, after that it measures the

force between the sample and the sphere [44]. Though this protocol provides

controlled surface geometry and chemistry, but to get images with high resolution

and to map heterogeneous chemical surfaces, application of this large colloidal

probes is not useful [45].

Vakarelski and Higashitani used the colloidal probe technique remarkably well

by functionalizing the AFM tips with nanoparticles by using wet chemistry appli-

cation. They successfully submitted a single-gold nanoparticles of the size

10–40 nm at the end of AFM tip, to avoid the limitation applied by either glue

contamination or micromanipulation [46]. A new protocol for microbial cells

fixation is reported by Razatos et al. involving coating of silicon nitride cantilevers

with connecting bacterial layer, followed by covalent crosslinking between the tip

and the cells via glutaraldehyde [47].

The bacteria were attached to 3-MPTS-coated glass beads, and furthermore,

cell-coated beads were also attached to a tipless cantilever by Lower et al. using

epoxy resin [48]. The silicon nitride cantilevers were pretreated with poly-L-lysine,

followed by coating these cantilevers with bacterial layer by Touhami et al. [49]

Various strategies have been reported for cell probe preparation, to analyze a single

cell of bacterium after the pioneer work of above research groups.

It is worth noting that some limitation exists in cell probe method like attach-

ment of cell with AFM probe may either results in denaturation of cell or may

change the cell structure and properties which limits high lateral resolution during

analysis via AFM [50]. Avoiding these shortcomings, a novel preparation protocol

for live single-cell probe using adhesive bioinspired polydopamine is introduced by
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Kang and Elimelech [51]. Their findings manipulate that after performing force

measurements following the bacterium attachment to tipless cantilevers, bacterium

was still alive. Single molecules are fixed to the AFM tips by universally available

cross-linkers like polyethylene glycol to prevent denaturation of sample and

motional freedom [52]. Primarily, the AFM tips were functionalized with amino

groups which were then reacted with benzaldehyde functional groups carrying

polyethylene glycol cross-linkers which via lysine residues attach directly to

proteins [53].

Self-assembled monolayers (SAMs) of alkanethiols on gold-functionalized

AFM tips are attached to single molecules [54]. At molecular level, alkanethiolate

SAMs functionalized with gold are well defined structurally. The alkyl chain

residues play a vital role in the stabilization through its lateral hydrophobic

interactions.

8.5 Microbial Cells Imaging

AFM imaging is an influential supplementary tool if compared to electron micros-

copy, offering new paradigm for visualization of supramolecular organizations of

the microbial systems in liquid or air, in actual time [55].

Primarily, the AFM was used predominantly to encounter the difficulties

involved in air, by fixation of delicate samples of microbes on different substrates.

In air, the AFM imaging is also useful to minimize the contact area between the

substrate and the cell as a result of tumid state of the living cell of bacterium. While

scanning, the AFM probe detaches the cell from the substrates [56].

Hayhurst et al. present an interesting AFM imaging of broken sacculi in Bacillus
subtilis (Fig. 8.1) in air with very high resolution [57].

According to Gillis et al. , air AFM imaging is simpler and more reliable

approach than liquid AFM imaging to monitor morphologies of bacterial surfaces

and to measure dimensions and densities of bacterial flagella. Figure 8.2 focuses on

the deflective images in air of mutant strains of Bacillus thuringiensis elaborating
different levels of flagellation [58].

Having the ability to image specimen in liquid, a new era has been opened by

AFM to observe live cells in the nanoregime, and as a result various structural

informations can be achieved surpassing the electron and optical microscopy.

An interesting AFM analysis showing images in real time, in liquid is

represented by Plomp et al. in a dynamic way of Bacillus atrophaeus spore

germination; which reveals changes in spore coat structure and topography induced

by germination as shown in the Fig. 8.3.

Diaz et al. claimed that AFM analysis of Pseudomonas fluorescens on organized
substrates is a useful tool in air with (70%) humidity contents, to observe orienta-

tion of flagella on substrates containing metal without the use of any chemical

during the primary level of the biofilm formation. They reported a random
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Fig. 8.2 AFM deflection images in air showing different flagellation stages in four

B. thuringiensis H14 strains

Fig. 8.1 AFM image of B. subtilis broken sacculi in air, (a) height, and (b) phase
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orientation of flagella on noble surfaces, like organized gold with sub-

microtrenches (Fig. 8.4a) and nano-oriented gold with random arrangements as

shown in Fig. 8.4b. Flagella are used for different functions like like movements,

keeping cells in contact, oscillating them, possibly involving in signaling functions,

and furthermore, it facilitates the accumulating process at initial stage of biofilm

formation [59].

Andre et al. have figured out by using AFM topographic imaging in buffers that

mutant Lactobacillus plantarum cells lacking in wall-teichoic-acids (WTAs) which

reveals rough morphology of cells surfaces (Fig. 8.5 a and b), However, strains of

Lactococcus plantarum showing WTAs, the surface morphology was highly polar-

ized, according to AFM images the side walls were less smooth than the pores (Fig.

8.5 d and e) [60].

Fig. 8.3 AFM dynamic imaging showing germination of B. atrophaeus spores. Initially imaged in

water, then germination solution was added to it. Scale bars are equal to 500 nm
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Dorobantu et al. pictured the Acinetobacter venetianus RAG-1 surface using

chemically functionalized AFM tips and AFM imaging terminating in hydrophilic

and hydrophobic groups in buffer [42]. It can be witnessed in Fig. 8.6a, obtained

with hydrophilic AFM tip, the existence of the cell surrounded by pili that are thin

fibrils, in contrast to image shown in Fig. 8.6b, obtained with hydrophobic AFM tip,

where no extracellular structure is seen around A. venetianus RAG-1 cell.

The thin fibrils (pili) are clearly visible in AFM analysis carried out with

hydrophilic AFM tips, but when the AFM analysis is carried out with hydrophobic

AFM tips, these thin fibrils are not visible. Such investigations potently propose that

these thin fibrils are totally hydrophobic in nature. As soon as the hydrophilic tip

reaches near these thin fibrils, their structure remained fixed on substrate, and

hydrophilic AFM tips record their morphologies. In opposite to it, as the hydro-

phobic tip touches the structures, they stick to the hydrophobic AFM tip and move

along it. Specially, regarding this case, the AFM tip gets failed to search the

presence of these structures [42].

AFM imaging of Staphylococcus aureus trapped in filters is used by Turner et al.
(etched for 4 h having 990� 20 diameters). To draw the AFM image of the division

of microorganism with high respect, it is absorbed in brain heart infusion broth

(BHI) (Fig. 8.7) [61]. They presented the dynamic way for higher molecular

resolution which can be practiced in those cases where microorganisms are fully

fixed on the substrate.

The surface of mycobacteria was analyzed by Alsteens et al., with four antimi-

crobial drugs prior to and after incubation [62].

Shah et al. reported recently the antibacterial potential of silver and gold

nanoparticles stabilized with ceftriaxone against Escherichia coli ATCC 8739

with respect to kinetics and surface roughness. Conjugation of ceftriaxone with

silver and gold nanoparticles improves the kinetics of antibiotics, and cell

Fig. 8.4 AFM images in contact mode of P. fluorescens (a) sub-micro-trenches and (b) nano-
oriented gold substrates. Flagella orientation was shown by arrows pointed toward neighboring

microorganisms
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morphologies were completely disrupted in just 2 h of incubation, which was far

better than the bare ceftriaxone (Fig. 8.8) [63].

8.6 Force Spectroscopy

The AFM instrument’s force measurement potential compounds the importance of

AFM spectroscopy; it keeps on going to avail unique visions into the interactions

and mechanical property of microbial world.

Fig. 8.5 AFM topographic images of cells of mutant L. plantarum. (a, b) Deflection images in

sodium acetate buffer of single WTA-deficient cells, showing rough surface morphology, lateral

(a) and polar (b) regions. (d, e) Deflection images in sodium acetate buffer of cell wall

polysaccharide-deficient cells, showing polarized surface morphology
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SMFS used by Gad et al. for the first time in the domain of research points to

specific interaction forces between pairs of receptor ligand. The credit also goes to

the research group to draw the position of polysaccharide on the live cell surface of

microbes. Gold-coated AFM tips fuctionalized with concanavalin-A made possible

to determine binding forces between mannan polymers and concanavalin-A on the

yeast Saccharomyces cerevisiae surface [64].
Next to them Lower et al. is one of the successful scientists who used SCFS to

determine the interactive forces between goethite (a-FeOOH) and Shewanella
oneidensis: anaerobic and aerobic conditions were used for the above given pro-

cess. From the force measurements energy value was derived, it showed that in

anaerobic conditions S. oneidensis gives response to the surface of goethite with the
help of rapid developing stronger adhesive allergies at boundary if compared to the

aerobic environment [65].

Pseudomonas aeruginosa is attached to AFM tips by Touhami et al. The

bacterial cell is fastened on mica surface by thin fibril tethers. Soon after, it was

observed by them that interactive forces are associated with elastic properties of

thin fibrils between these thin fibrils and hard surfaces of mica. Force extension

curves of the thin fibrils obtained from P. aeruginosa were qualitatively determined

and were found to be similar to the different variety of biopolymers nonlinear

stretching curves [49]. To probe complexity in connection with two bacterial

surfaces, Rhodococcus erythropolis 20S-E1-c and A. venetianus RAG-1, Dorobantu
et al. practiced AFM tips derivatized with alkanethiols finishing at hydrophobic and

hydrophilic functional groups in CFM operational mode [42]. There was no differ-

ence in the connection involved for the two different species of bacteria observed at

the time of hydrophilic tips that were in action, distribution of interactive forces of a

patchy surface was clearly observed between two different cell surfaces, as well as

highest forces were collected with hydrophobic AFM tips in one end of cell for

R. erythropolis 20S-E1-c. In a nut shell, CFM with derivatized hydrophobic AFM

tips is allowed to differentiate between microbial surface adhesion differences that
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could have meaningful significance for the cell knitting to hydrophobic interfaces

or surfaces.

Recently, Alsteens et al. used single molecule force spectroscopy to unfold

single cell adhesion proteins (Als5p), found on Candida albicans surface

(Fig. 8.9) [66]. The WLC model elaborates the force extension curve which

shows saw-toothed pattern with well-defined force peak signals. The core purpose

Fig. 8.7 AFM phase

images of division of

S. aureus at room
temperature under BHI

broth
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of these single-molecule measurements is to avail inside into mechanical properties

of adhesive molecules. It will assist the researchers of the pure scientific community

to elaborate and elucidate their potential application and implications in different

kind of diseases.

SMFS is used by Andre et al. for the investigations to find out if peptidoglycan is

really concealed by polymers present in cell surface of Lactococcus lactis wild type
(WT) [67]. Andre et al. depict the proof of their hypothesis that L. lactis mutants

VES5751 and VES5748 which clarify confusion in the domain of research will

encode synthesis of polysaccharides present in cell wall. In the synthesis of cell

wall, the use of mutant strains is vital; polysaccharides (WPS) made it possible for

SMFS to manipulate original architecture of peptidoglycan present in cell wall.

Force curves analyzed spatially were obtained across surfaces of L. lactisWT cells.

Curves associated to interacting forces were obtained spatially by analyzing the

surfaces of L. lactis WT cells and the two mutant lacking cells WPS with the help of

lysine functionalized AFM tips. Lysin is basically a protein that specifically

attached to peptidoglycan in particular (Fig. 8.10).

Adhesion histogram, deflection image, and typical force curve are being showed

with the help of Fig. 8.10a–c, drawn on wild-type L. lactis with a LysM tip at low

applied forces (250 pN). No binding events were showed by most force curves. This

0
0 1 2 3 4 5

1

2

3

4

5
µm

0.5

1.5

2.5

3.5

4.5

0

5

10

15

20
µm

µm

2.5

7.5

12.5

17.5

350

300

200

100

0

250

150

50

0

5

10

15

17.5

20
µm

µmµm 0 5 10 15 20µm

0 5 10 15 20µm

2.5

7.5

12.5

0.55

0.45

0.3

0.2
0.15
0.1
0.05
0

0.5

0.35
0.4

0.25

µm

0.6

0.3

0.1

0

0.7

0.4

0.5

0.2

Fig. 8.8 E.coli after 2 h treatment with (a) 1 mg ceftriaxone, (b) 1 mg AgNPs, and (c) 1 mg

AuNPs

8 Atomic Force Microscopy for Microbial Cell Surfaces 217



experiment affirms that other cell wall components are involved in covering of

peptidoglycan. A considerable fractional curve having different behavior is

presented by the VES5751 WPS mutant (Fig. 8.10g–i), which shows single well-

pronounced maximum at 71 � 16 pN. The rupture of specific LysM peptidoglycan

complexes is reflected by this process.

The analysis of mutant VES5751 WPS shows the same conclusion, but binding

forces were regularly observed in 100–200 pN range (Fig. 8.10g–i), predicting that

concurrent detection at the same time of two or three molecules was more fre-

quently occurred. Finally, the detection of peptidoglycan on enriched mutant cell

surfaces reflects absence of outer polysaccharide layers. From these results, a new

era has been opened for understanding the assembly and architecture of peptido-

glycan in gram-positive bacteria [67].

For the first time in literature, Park and Abu-Lail used AFM measurements and

published heterogeneities in the adhesive energies that can be measured between

bacterial cells and silicon nitride model surfaces which represent all species of

Listeria genus in water. Larger adhesive energies to silicon nitride characterize the

pathogenic species of Listeria as a result. More heterogeneities can characterize

them if compared to the nonpathogenic species [68].
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Fig. 8.9 The unfolding mechanism of adhesive cell proteins on C. albicans surface. (a) Repre-
sentation of an AlS molecule projecting outward from the C. albicans cell wall by means of the

stalk region and (b) principle of the SMFS experiments. Ig-T-TR6 fragments were attached on a

gold surface and stretched via their Ig domains using an Ig-T tip; (c) force extension curves

obtained by stretching single Ig-T-TR6 showed periodic features reflecting the sequential

unfolding of the TR domains (upper traces). Force peaks were well described by the WLC

model (inset, red line). Addition of urea dramatically altered the unfolding peaks (lower traces)
[66]
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AFM force measurements of two biofilm positive and two nonbiofilm forming

strains of Staphylococcus epidermidis in the pore confined state were measured

directly in aqueous media by Hu et al. To probe adhesion on living cells at the nano-

level was their core objective. They used AFM tips functionalized with hydropho-

bic functional groups in CFM operational mode. Their main objective was to list the

minute differences among the four strains of Staphylococcus epidermidis. No
detectable difference is shown by AFM topographic analysis. Bare hydrophilic

silicon nitride tips are used to perform force measurements. They disclose similar

adhesive characteristics for every strain; nevertheless, hydrophobic tip showed that

hydrophobic interactions are not the main operation in analysis of four different

strains of Staphylococcus epidermidis.
In a certain degree, the presence of modular proteins is observed as a result of the

effect of saw-toothed force distance arrangements on biofilm surface of positive

strains registered which may mediate the process of cell adhesion. This observation

is considerably remarkable, as the dynamic silent features are shown, which can
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offer more confirmation tests for the surface adhesion if compared to the static

effect that have been reflected in AFM analysis. [69]

8.7 Conclusion

A treasure of new opportunities is provided by AFM technique for imaging and for

using living microbial cells. AFM technique provides innovative intuitions into

structure-activity relationship of microbial cells and also images the microbial cell

up to single molecular resolution even in physiological environment. Modern

development in AFM technology in the field of microbiology has made the scien-

tists able enough to answer related questions concerning microbiology field, like

cell signaling and adhesion, shape, tissue and embryonic development, microbial

pathogenesis, and cell division [70]. AFM technique has facilitated the direct

observations of dynamic structural changes in live microbial systems. In addition

to it, the instrumental developments have made possible the dynamic interactions

between individual biological macromolecules and cells; they were not getable

with other visualization techniques [71].

In this chapter, the principle of AFM is described in detail and discussed in

outline; the successes of the present era have been made in AFM spectroscopy

regarding topographic analysis of microbial cells and force measurements.

Highlighting the core of this chapter is to ask how recent technology has enhanced

our view of molecular organization, interaction mechanics, and mechanisms of

microbial cell surfaces. The drawbacks and advantages of AFM techniques are also

presented in this chapter. Furthermore the challenges will be addressed in the next

research of microbial systems.

There is a need for high speed AFM instruments for topographic analysis of

microbial cells and to study interactions between the microbial cells in real time

with high resolution [72], and their intercommunications in actual time with high

resolution will be focused. The AFM ability to pave surface morphology of an

individual living cell at the time of growing or interacting with different drugs, for

instance, AFM imaging in actual time, discloses new opportunities for studying,

remodeling, and assembling of cell walls. It is also worth notable to understand the

mode of action of antibiotics [19]. High-speed AFM instrument is therefore

expected, which will revolutionize the biological world and will impact physiolog-

ical process in disease diagnosis and treatments [71].

The applications of SCFS are still under action; it has possessed too much

potentiality for betterment. The potential of SCFS is founded on multifunctional

applications. It has a magnificent variety of applications in medical as well as in

microbiology fields to which it is applicable [36].

The AFM instrumental developments are used to couple with other microscopic

techniques or scanning probe microscopy instruments, which will represent a way

for instrumental development in the future that will revolutionize the biological

sciences in multidimensions [73].
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