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Abstract : Cells and molecules present in the circulatory system must not adhere and 
activate on the surface of cardiovascular implants/devices to avoid thrombosis while 
cells of multicellular systems must maintain contact with biomaterial scaffold to 
proliferate and function properly in a tissue engineered construct. For bioengineers, the 
adhesion of cells and molecules are undesirable in the former and desirable in the later. 
Receptor molecules on cell surface and ligands present in extracellular matrix as well as 
soluble ligands in blood play important roles in mediating such adhesion phenomena. An 
improved understanding of receptor-ligand interaction is essential in cardiovascular 
engineering as well as in tissue engineering fields. The use of nanotechnology is on the 
rise to unravel the nanoscience involved in receptor-ligand interaction and single 
molecule imaging in action. The atomic force microscope (AFM) as a nanotool has been 
extensively employed to study such details of structure and functional interaction 
involved among receptors and ligands. This article focuses on the single molecule 
imaging by AFM and uses of this novel nanotools in determining interaction of 
biomolecules in terms of nanoforce involved between receptor-ligand pairs. 
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Introduction : 
Some of the most challenging and exciting issues facing modern science lie at the 
boundaries between traditional scientific disciplines.  The application of surface and 
interface-sensitive spectroscopies and microscopies to non-traditional systems such as 
cellular membranes or the aqueous subsurface holds the promise of revolutionary 
advances in our understanding of chemistry and physics at the solid-liquid and liquid-
liquid interfaces. The investigation and understanding of molecules at or in the vicinity of 
a surface is central to a variety of phenomena in the biological sciences. For example, the 
interaction of plasma proteins with foreign surfaces1, binding to and triggering cellular 
action by hormones and neurotransmitters, photosynthetic reactions, antibody-antigen 
interactions, and cell attachment to surfaces are all interfacial processes and as such are 
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different from bulk phase phenomena.  A specific example is the adsorption of proteins 
and enzymes to material surfaces.  It is known that when a foreign material contacts 
blood the initial response is adsorption of plasma proteins to form a secondary surface on 
top of the material.  The structure and composition of this layer determine the 
subsequently observed biological responses, so that the relationships between proteins 
and surfaces are of considerable importance in the development of blood and tissue 
compatible materials.  
 
Single Molecule Imaging : 
Imagine trying to understand an engine without visualizing the many moving parts 
working together in order to achieve a process.  Yet, biological processes involve far 
more complex components and reactions than does an engine.  Furthermore, these parts 
work together to perform more functions than an engine, whose sole task is to turn a 
shaft.  Understanding the implications of the three-dimensional coordinates for a 
molecule with several thousand atoms requires an understanding of and practice with 3-
dimensional imaging.  For many scientists, this means acquiring a whole new set of skills 
in order to achieve single molecule imaging of motions, chemical reactions and 
conformational states of biomolecules.  
 
Recent advances in the detection and manipulation of single molecules offer great 
promise for enhancing our understanding of the behavior of individual biological 
macromolecules in the living cell2,3.  Scanning probe techniques such as atomic force 
microscopy4,5 allow imaging of single molecules on surfaces, and specialized optical 
techniques such as total internal reflection fluorescence (TIRF) enable their 
characterization in complex environments6,7.  Single molecule biomechanical studies 
have been used to manipulate individual molecules and to measure the force generated by 
molecular motors8 or covalent bonds9.  The development of new probe technologies, such 
as quantum dots10 and high-resolution laser fluorescence microscopy11, allow real-time 
observations of molecular interactions and trafficking within living cells.  These tools 
enable individual members of a population to be identified, examined, and quantitatively 
compared within cellular sub-populations and substructures.  The goals of single 
molecule research are to observe the dynamic behavior of individual molecules, to 
explore heterogeneity among molecules, and to determine mechanisms of action.  Single 
molecule studies are uniquely designed to yield information about molecular motion, 
behavior and fluctuations over time and space.  Potentially any biological molecule is a 
target for a single molecule imaging study. Typical molecules include members of multi-
component systems that change in response to specific cellular signals.  Some examples 
of experimental systems are, protein structure and folding Enzyme catalysis, Ion 
channels, Signaling, DNA binding proteins, Membrane structure, Molecular motors, 
Complex cellular structures etc. 
 
Tools for Single Molecule Detection in solution 
Single molecule detection under biologically relevant conditions has become an 
important tool.  Three optical detection methods have shown great potential in such 
applications: confocal laser (scanning) microscopy, wide-field microscopy, and near-field 
microscopy. Confocal microscopy yields a wealth of spectral information with high 
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temporal and spatial resolution; wide-field microscopy allows for the recording of 
complete images with single-molecule sensitivity; and near-field microscopy provides 
optical detection with the highest spatial resolution.  Complementary to optical detection 
and spectroscopy, force spectroscopy of single molecules has developed into a powerful 
technique for gaining insight into structure and dynamics of individual molecules. 
 
Here we describe atomic force microscopy as an example of the emerging scanning probe 
techniques and their relevance to single molecule imaging. 
 
 

 
 

Figure 1:  Typical AFM configuration for single moleculecule imaging.  The microscope is 
operated by the user at a computer and via a controller, which is responsible for generating 
signals sent to and received from the microscope itself. 
 
AFM as a Tool for Single Molecule Imaging : 
In the early 1980's two IBM scientists, Binnig & Rohrer12, developed a new technique for 
studying surface structure known as scanning tunnelling microscopy (STM).  The STM 
proved to be revolutionary, as illustrated by the awarding of the Nobel Prize in Physics to 
Binnig and Rohrer in 1986, a mere four years following the seminal paper on this 
technique.  This invention quickly led to the development of a whole family of related 
techniques, which together with STM are classified under the general category of 
scanning probe microscopies (SPM).  Among the wealth of scanning probe techniques, 
the most important of these in the biological sciences is undoubtedly that of atomic force 
microscopy (AFM).  The history of the AFM started in 1986 with the pioneering works 
of Binning, Quate & Gerber13.  Atomic force microscopy has the potential to investigate 
surfaces on a nanometer scale and is unique in that nearly all materials can be imaged by 
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AFM, unlike the STM which requires that the sample be conductive.  The basic principle 
of AFM is straightforward; the interaction of a probe with the sample of interest is 
monitored and used to generate a 3-dimensional map of the substrate.  Because 
acceleration of electrons is not necessary for generating the image, the technique can be 
utilized under aqueous conditions.  AFM technology has developed quickly and 
expanded well beyond simple measurements of the topography of surfaces so that a 
variety of other important material properties, e.g. electrical charge or mechanical 
properties, can be assessed with excellent lateral resolution.  Although AFM seemed 
ideally suited to the study of biological materials due to the ability to operate in buffer, 
problems with sample damage were reported when characterizing soft surfaces.  In 
response, novel techniques were developed such as non-contact mode and intermittent 
contact mode, as discussed in detail in the following paragraphs. The application of AFM 
to soft biological materials remains a rapidly growing field14-19.  A generic AFM includes 
the following components, and is depicted in figure 1. 
 
Scanning System :  The scanner is responsible for changing the position of the sample 
with respect to the probe in order to measure properties over an X-Y area.  The scanner 
may move the sample if it is small, or it may scan the probe over a larger sample 
depending on the design of that particular microscope.  A piezoelectric tube scanner is 
typically used to accomplish the precision required, and can be controlled to provide sub-
angstrom motion increments. 
 
Probe :  Perhaps the key component in the AFM system is the probe (or the tip as it is 
commonly known) and the associated cantilever that deflects in response to the sample 
properties.  As mentioned above, this probe is moved relative to the sample in order to 
generate an (X,Y,Z) triplet, where Z can be any measurable property of the sample. 
Sophisticated microfabrication technologies produce probe/cantilever assemblies at mass 
scale with consistently shaped, very sharp tips.  The probes are secured on the end of 
cantilevers, which have a wide range of properties designed for a variety of scanning 
technologies.  
 
Probe Motion Sensor : This unit senses the force between the probe and the sample and 
provides a signal to the microscope controller.  The most common design on commercial 
instruments is called an optical lever or beam deflection system.  This system has is the 
lowest noise, is the most stable and the most versatile system available.  This design uses 
a laser reflecting off the back of the cantilever and onto a multi-segmented photodiode to 
measure the probe motion. 
 
Controller Electronics : This unit provides interfacing between the computer, the 
scanning system, and the probe motion sensor.  It supplies the voltages that control the 
piezoelectric scanner, accepts the signal from the probe motion sensor, and contains the 
feedback control system for keeping the force between sample and probe constant. 
 
Vibration/Noise Isolation : Due to the small movements of the probe that are measured 
during scanning, the microscope must be isolated from its surroundings in order to 
achieve the highest resolution.  A variety of commercially available systems for isolating 
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the AFM from floor vibrations and from acoustic vibration sources are available, for 
example, passive and active vibration isolation tables as well as relatively simple 
vibration isolation tripods.  
 
Computer : Commerical instruments utilize high speed PCs to drive the system and to 
process, display, and analyze the wealth of data produced by scanning probe 
microscopes.  These computers allow the user to control the areas to be scanned, the 
various operating parameters of the microscope, as well as to perform simple image 
processing routines. 
 
As mentioned previously, changes in the probe-sample interaction are often monitored 
using an optical lever detection system, in which a laser beam is reflected off of the 
cantilever and onto a position-sensitive photodiode.  A schematic illustrating the typical 
setup of the optical detection system is presented in figure 2.  In most of the scanning 
modalities, some user-selected operating parameter is maintained at a constant level, and 
images are generated through a feedback loop between the optical detection system and 
the piezoelectric scanners. 
 
 

 
 
 

Figure 2:  The AFM probe and optical lever detection system.  A laser reflects off of the back of a 
cantilever on which the AFM probe is mounted.  As the piezo scanner moves across the X-Y 
plane, changes in the interaction of the probe with the surface induce changes deflections in the 
cantilever.  These deflections are monitored by the change in the position of the reflected laser 
spot on the photodetector, and the signal is used either directly as a measure of the interaction or 
indirectly be feeding into a feedback loop which controls the z-position of the piezo in order to 
maintain a constant deflection. 
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All of the AFM imaging techniques are based upon scanning the probe just above a 
surface while monitoring some interaction between the probe and the surface.  The AFM 
can be operated in various modes, which are generally classified by the amount the probe 
contacts the surface.  In general, three imaging modes, contact mode, non-contact mode, 
and intermittent contact are used to produce topographic images of sample surfaces.  
However, a wide variety of techniques and modes of applications have been established; 
these will be briefly introduced after introducing contact, non-contact, and intermittent 
contact imaging. 
 
Contact Mode : In contact mode AFM a topographical image is produced by measuring 
the deflection of a small cantilever (a microscopic diving board) having a sharp probe 
attached to the bottom. Higher areas of the surface (peaks) cause the cantilever to deflect 
upwards, valleys cause the cantilever to deflect down wards, and the probe literally rides 
over the surface measuring the topography.  For most contact imaging applications, the 
deflection of the probe is adjusted by stepping the piezo up and down via a feedback loop 
so that the deflection value is maintained at a constant user-set value.  Using this 
feedback mechanism, the topography of the sample is mapped during scanning by 
assuming that the motion of the z-scanner directly corresponds to the sample topography, 
a valid assumption for nearly all sample types.  To minimize the amount of applied force 
used to scan the sample, low spring constant (k < 1 N/m) probes are normally used, 
however, significant deformation and damage of soft samples (e.g., biological and 
polymeric materials) often occurs during contact mode imaging because significant 
lateral forces are applied during raster scanning.  
 
Intermittent Contact AFM :  To reduce or eliminate the damaging forces associated 
with contact mode, the cantilever can be oscillated near its first bending mode resonance 
frequency as the probe is raster scanned so that the cantilever either does not contact the 
sample or only intermittently contacts the sample.  This mode of AFM eliminates nearly 
all shear forces normally present during contact mode imaging and is depicted in figure 3.  
Intermittent contact mode is now the scanning mode of choice for most biological 
applications, particularly for soft surfaces such as polymers, cells and proteins.  
Intermittent contact mode AFM, as well as non-contact mode AFM differs from contact 
mode in that the cantilever is oscillated near resonance frequency, and the amplitude of 
this oscillation is measured by the optical detection system.  As the probe approaches the 
sample, the amplitude of cantilever oscillation decreases due to interactions with the 
surface.  Similar to contact mode, a feedback loop adjusts the position of the probe 
relative to the surface in order to keep the amplitude of oscillation at a constant value, 
while the piezo position at each data point on the surface is recorded. The low force 
applied to the sample by this mode makes it particularly useful for imaging soft samples, 
such as proteins. We have acquired a number of images of supported lipid bilayers on 
mica surface and single molecule of proteins on model surfaces using this mode of 
operation as shown in figure 4.  
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Figure 3:  Intermittent contact mode AFM.  An oscillating signal is applied to the AFM probe 
during X-Y raster scanning in order to induce the cantilever into vertical motion.  As the probe tip 
strikes the sample on the downward portion of this oscillation, changes in the magnitude of the 
oscillation arte used to generate a topography image.  The use of intermittent contact AFM 
removes many of the lateral forces generated by the sliding probe in contact mode AFM, greatly 
minimizing sample damage and allowing for the imaging of soft samples such as polymers, 
proteins and cells. 
 

 
Figure 4:  AFM images of lipid bilayers and individual membrane proteins adsorbed on lipid 
bilayers.  All images were obtained by intermittent contact AFM.  (a) illustrates a region of the 
sample where bilayer has formed on bilayer.  This is more clearly illustrated in (b), showing two 
section plots, with each step being 5.8 nm in size.  Individual platelet integrin αIIbβIII molecules 
were visualized after adsorption onto the lipid bilayer (c).  Three domains are seen, it is believed 
that the two areas indicated by the arrows represent the intracellular tails, while the third domain 
is the extracellular binding head of the receptor. 
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Phase Imaging : In phase imaging mode, maps of the surface composition are based on 
differences in local properties of the sample.  This is a somewhat recent development in 
AFM imaging, and is based on changes in the phase angle of the cantilever probe during 
intermittent contact imaging.  The technique produces a second image concurrently 
during intermittent contact imaging, and this is often referred to as a phase contrast 
image.  These types of image have been shown to be sensitive to material surface 
properties, such as stiffness, viscoelasticity, and chemical composition.  Phase imaging is 
summarized in figure 5.  In general, changes in phase angle during scanning are related to 
energy dissipation during probe-sample interaction and can be due to changes in 
topography, probe-sample molecular interactions, deformation at the probe-sample 
contact, and even experimental conditions.  Depending on the operating conditions, 
different levels of applied force by the probe might be required to produce accurate, 
reproducible images on different samples.  Figure 8 demonstrates the power of phase 
imaging by illustrating the phase separation of cholesterol (5%) in a phosphilipid bilayer.  
Evidence of phase separation is not seen in the topography image (figure 6a) that shows 
an otherwise smooth bilayer.  The phase image, however, clearly demonstrates islands of 
a second material in the bilayer (figure 6b). 

 
 
 

Figure 5 :  Phase contrast AFM imaging.  During intermittent contact mode imaging, an 
oscillating probe contacts the sample to generate a topography image.  Simultaneously, the phase 
angle between the signal used to drive the to cantilever to oscillation and the signal recorded by 
the photodetector are used to generate a map of differences in the mechanical and/or chemical 
properties of the sample. 
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                              (A)                                                                    (B)        
 

Figure 6:  AFM phase contrast imaging of a heterogenous phosphatidylcholine: cholesterol 
(95%:5%) lipid bilayer.  Image (a) illustrates the topography of the sample, and shows a smooth 
and uniform bilayer with few surface features.  A phase image obtained at the same time (b) 
illustrates differences in the mechanical properties due to phase separation of the cholesterol in 
the bilayer. 
 
Non-contact Mode AFM :  This mode of AFM imaging measures topography by 
sensing the van der Waals attraction between the surface and probe tip; however, it 
provides lower resolution and is less stable than either contact or intermittent contact 
modes and suffers significant problems in aqueous media.  In non-contact mode, both the 
probe-sample separation and the oscillation amplitude are on the order of 1 nm to 10 nm, 
such that the probe oscillates just above the surface contamination layer, essentially 
imaging the surface of, for example, the adsorbed surface moisture. The resonance 
frequency and amplitude of the oscillating probe change as the sample topography 
changes through differences in van der Waals interactions and other long-range forces 
extending above the surface.  These types of forces tend to be quite small relative to the 
repulsive forces encountered in contact mode.  Either a constant amplitude or constant 
resonance frequency is maintained through a feedback loop with the scanner while the 
motion of the scanner is used to generate the topographic image, similar to contact mode.  
In order to reduce the tendency for the probe to be pulled down to the surface by 
attractive forces, the cantilever spring constant is normally much higher than contact 
mode cantilevers.  The combination of weak forces affecting feedback and large spring 
constants causes the non-contact AFM signal to be small, which can lead to unstable 
feedback and requires slower scan speeds than either contact mode or tapping mode.  
Also, the lateral resolution in non-contact mode is limited by the probe-sample separation 
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and is normally lower than that found in either contact mode or intermittent contact 
mode.  
 
Ligand-Receptor Interaction and Cell Adhesion : 
The rapid advances in cell biology have revealed that cells contain a highly organized 
network of molecular filaments.  This dynamic network underlies a variety of cellular 
functions, including cell adhesion and cell locomotion.  The mechanics of cell adhesion, 
cell migration and change in cell shape play an essential role in the function of cells.  For 
instance, aberrations in cell adhesion mechanisms can lead to uncontrolled cell division 
and/or transformation of cancerous cells into a metastatic phenotype.  An important 
problem in cancer research is to understand the mechanisms that regulate these changes 
in cell adhesion.  The mechanism of cell adhesion in relation to lymphocyte activation is 
a second example the importance of cellular mechanics in disease.  
 
The atomic force microscope (AFM) has made it possible to directly measure changes in 
the adhesive forces generated by living cells at both the whole cell level and at the level 
of individual molecular complexes.  Within the field of nanoscopic hemorheology, 
researchers are addressing very challenging questions by manipulating and developing 
the prototypes of this AFM tool.  For example, 
 
a) Is the load equally distributed among the individual bonds for optimal adhesion, or 

does each bond act independently?  
b) Does bond distribution change following activation and during the cell de-attachment 

process? 
c) Whether there is simultaneous breakage of all bonds indicating cooperative binding, 

or if cell de-attachment is a sequential process indicating independent binding? 
d) Whether the conformational change in a receptor that occurs after cell activation leads 

to a subsequent increase in the strength of the individual receptor-ligand bond? 
e) If the basic adhesion unit is composed of monomers or dimers of receptor-ligand?  
 
The elucidation of the role of the cytoskeleton in modulation of adhesion is another 
concern in this area of research.  It is known that cell spreading, actin polymerization, and 
receptor clustering88 accompany enhanced adhesion upon activation.  This enhanced cell 
adhesion has been attributed to (i) clustering of surface receptors at the adhesion site, (ii) 
conformational changes of the surface receptor that change its binding affinity and (iii) 
structural changes in the cytoskeleton that alter surface receptor avidity.   Some of the 
problems to be addressed in this regard are the following :  
 
f) Does receptor clustering lead to enhanced cell adhesion?  

The answer may come from the use of atomic force microscopy (AFM) as it can 
directly measure adhesion energy between receptors on the cells and ligand-
functionalized AFM probes.  Pharmacological agents could be used to disrupt 
receptor clustering and observe its effect on cell adhesion. 

g) How do structural changes in individual adhesion receptors affect cell adhesion? 
Conformational changes in the surface receptor lead to an increase in its affinity for 
ligands following cell activation.  The unbinding of individual receptor/ligand 
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complexes by AFM can reveal the relationship between increased binding affinity 
and the strength of the interaction.  Moreover, a manipulation of Ca2+ and Mg2+ levels 
may be instrumental to change the basic adhesion unit from primarily monomeric 
interactions to dimeric ones with enhanced binding strength.  Measurements of 
viscoelastic properties of individual ligand-receptor interactions can also reveal 
information about how intrinsic receptor properties and cytoskeletal anchorage affect 
binding strength. 

h) What changes occur in the cytoskeleton following activation of cells?  
The use of video microscopy and reflection interference contrast microscopy allows 
studying changes in the organization of the cytoskeleton and its relation to cell 
attachment following cell activation. 

 
Future Applications for Single Molecule Imaging : 
Single molecule imaging has the potential to impact a variety of scientific areas.  This 
section describes some applications that seem likely to be affected by advances in the 
field of single molecule imaging and measurement.  Certainly one can envision a variety 
of applications where single molecule imaging will be important.  Among these is the 
goal of single molecule studies as a tool in the visualization of cellular processes in real 
time and at high resolution, as has been mentioned throughout in this chapter.  Many 
complex cellular processes, such as signaling, transcription, or translation, can be 
analyzed using single molecule methods. A better understanding of the spatial and 
temporal regulation of individual cellular events, movements and trafficking within the 
cell, can be achieved through single molecule studies as detailed in preceding sections. 
 
Conclusions : 
Single molecule studies have the potential to provide spatial and temporal information 
that is impossible to obtain using other more static techniques.  X-ray crystallography, 
nuclear magnetic resonance, and electron microscopy have provided a wealth of 
information on molecular structure, yet none of these methods can be used to make 
measurements on the in vivo dynamic movements of single molecules in intracellular 
space or to observe the behavior of single molecules over extended periods of time.  
Using single molecule methods, it will someday be possible to study time trajectories and 
reaction pathways of individual members in a cellular assembly without averaging across 
populations.  Cellular processes, such as exocytosis, flux through channels, or the 
assembly of transcription complexes, will be visualized and individual differences in the 
structure or function generated by allelic polymorphisms should be detectable at the level 
of the single molecule.  Monitoring the coordinated expression of a gene or group of 
genes in specific tissues, or at certain developmental stages, appears within reach using 
these technologies.  Thus, single molecule methods need to be recognized as an important 
new set of tools that can be applied to high-resolution studies in many areas of biology.   
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