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The ability to evaluate structural–functional relationships in real time has allowed
scanning probe microscopy (SPM) to assume a prominent role in post genomic
biological research. In this mini-review, we highlight the development of imaging
and ancillary techniques that have allowed SPM to permeate many key areas of
contemporary research. We begin by examining the invention of the scanning
tunneling microscope (STM) by Binnig and Rohrer in 1982 and discuss how it
served to team biologists with physicists to integrate high-resolution microscopy
into biological science. We point to the problems of imaging nonconductive
biological samples with the STM and relate how this led to the evolution of
the atomic force microscope (AFM) developed by Binnig, Quate, and Gerber, in
1986. Commercialization in the late 1980s established SPM as a powerful research
tool in the biological research community. Contact mode AFM imaging was soon
complemented by the development of non-contact imaging modes. These non-
contact modes eventually became the primary focus for further new applications
including the development of fast scanning methods. The extreme sensitivity of
the AFM cantilever was recognized and has been developed into applications
for measuring forces required for indenting biological surfaces and breaking
bonds between biomolecules. Further functional augmentation to the cantilever
tip allowed development of new and emerging techniques including scanning ion-
conductance microscopy (SICM), scanning electrochemical microscope (SECM),
Kelvin force microscopy (KFM) and scanning near field ultrasonic holography
(SNFUH).  2010 John Wiley & Sons, Inc. WIREs Nanomed Nanobiotechnol 2010 2 618–634

INTRODUCTION

Gerd Binnig and Heinrich Rohrer published
the first images taken with a scanning probe

microscope (SPM) in 1982.1 Their new invention,
the scanning tunneling microscope (STM), was able
to resolve atomic structure by raster scanning a
sharp, conductive tip over a conductive sample.
The obvious implications of this high-resolution
microscope capable of imaging in air was not lost
on biologists who quickly teamed with physicists to
develop techniques for imaging biological samples
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including DNA,2–8 proteins,9–14 viruses15,16 and
components of bacterial surfaces.12 Although STM
was used to image biomolecules, images were difficult
to reproduce and not necessarily representative of
the biological system of interest due to the need for
a conductive sample. Nevertheless, the STM was
responsible for establishing a fresh new focus on
microscopy and marked the development of a new
family of SPMs. The most popular member of this
family, with regard to biological research, is the
atomic force microscope (AFM). This instrument was
first described in 198617 and became commercially
available in 1989. The AFM is related to the
STM, but, instead of using a conductive probe to
electronically map a surface, a sharpened tip mounted
on the end of a flexible cantilever is used (Figure 1).
The first instruments imaged in contact mode by
monitoring the deflection of the cantilever caused
by the interactions between the tip and the sample
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FIGURE 1 | The scanning tunneling microscope (STM) and the atomic force microscope (AFM) differ primarily in the manner in which they sense
proximity to the surface. The STM senses changes in surface topography electronically by monitoring a tunneling current, between a conductive tip
and a conductive sample, as the surface is scanned. The AFM senses the surface by contacting or near contacting a surface with a sharp tip on the
end of a microcantilever. With AFM, height information is gained by reflecting a laser beam off the back surface of the cantilever onto a photodiode.
As the sample is scanned, feedback electronics raises or lower the tip, in response to changes in surface topography, to maintain a constant position
where the laser strikes the photodiode. The voltages applied to raise or lower the tip serve as the height input for the image. Both instruments use the
same control electronics so that only the surface sensing device is different. This allows for the instrument to be operated as either an STM or AFM.

during scanning.17 This interaction with the sample
created a significant amount of lateral force and in
many cases required immobilization techniques for
holding biological samples to surfaces.18–21 Later,
two types of intermittent contact imaging modes were
developed, acoustic drive22 and magnetic ac mode23,24

in which the cantilever tip is oscillated at its resonance
frequency. During scanning, the oscillating tip is
brought proximal to the sample surface. Interactions
between the tip and the surface dampen the oscillation
thereby identifying the surface. As the AFM did not
require conducting materials for imaging, images of
proteins,25–28 DNA,18–21,29 and even whole living
cells30,31 quickly appeared in the literature as scientists
embraced this new instrument.

There are advantages and disadvantages for
using AFM over conventional microscopes for bio-
logical imaging (see Table 1). Since staining, labeling
or coating of samples is not required for AFM imaging,
direct imaging of biological structures with minimal
pretreatment is a significant advantage. Importantly,
the AFM can then present these images in a three-
dimensional format. By far the greatest advantage of
AFM is that cells and biomolecules can be imaged
in physiologically relevant environments. In solutions
at controlled temperatures, live cell imaging is pos-
sible, allowing for dynamic biological events to be
studied, at the nanoscale, in real time. Although
emerging optical and scanning electron microscopy
(SEM) techniques allow structural investigations of

biological systems at the nanoscale in physiological
environments, the range of imaging techniques avail-
able for AFM allow a far more detailed investigation of
functional properties. The time required to record an
AFM image previously prevented the capture of bio-
logical reactions and events that happen in fractions
of seconds. However, commercially available fast-
scanning AFMs are beginning to address the need for
better temporal resolution. Another perceived disad-
vantage of conventional AFM includes its restriction
to imaging the sample surface, which unlike optical
and transmission electron microscopes can look inside
cells. Again, emerging techniques such as scanning
near field ultrasonic holography (SNFUH) are being
developed to overcome this limitation. One limitation
of conventional AFM that has yet to be addressed is
the limited scan range, in both 2D and height. Typi-
cally, scanners are limited to roughly 100 × 100 µm in
X and Y and most importantly are restricted to around
10 µm for most AFMs in the vertical dimension.

The objective of this review is not to offer a
comprehensive description of either AFM instrumen-
tation or applications. A number of excellent review
articles and books serve this purpose.38–47 Instead,
we focus on the application of the AFM to the study
of biological systems. Unraveling biological systems
requires experimental techniques that can identify,
localize, and quantify interactions between compo-
nent molecules. New and improved instruments con-
tinue to address new research challenges. Improved
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TABLE 1 Biological Imaging Techniques

Microscopy Resolution Limit Specific Features and Characteristics

Light microscopy ∼0.2 µm Samples can be imaged in liquid or air. Resolution is limited by the
wavelength of visible light

Fluorescence microscopy ∼0.2 µm Samples can be imaged in liquid or air. Fluorescence labeling is a
well-developed technique that can be used to localize molecular
components. Confocal scanning microscopy further enables
three-dimensional studies of biological objects. Resolution is traditionally
limited by the wavelength of light although super resolution techniques
that break the optical resolution barrier are becoming available32–35

Scanning electron
microscopy (SEM)

Nanometer level For SEM imaging, the sample is placed in a vacuum. Sample coating may be
needed, as the technique generally requires an electron conductive sample.
The electron beam is used to probe the surface and techniques for heavy
metal labeling of surface molecules are often used

Transmission electron
microscopy (TEM)

Nanometer level Image contrast depends on impeding electrons as they pass through the
sample, usually by heavy metal staining. Operates under vacuum with
resolution depending primarily on image contrast through staining. New
advances allow imaging samples in a liquid cell36,37

Atomic force microscopy
(AFM)

Nanometer level Imaging is accomplished by monitoring the position of a sharpened tip
attached to a micro-cantilever as it is scanned over a sample surface.
Samples can be imaged in liquid or air with nanometer resolution at
atmospheric pressure enabling dynamic studies. AFM provides
3-dimensional surface visualization and measurement of nanomechanical
properties of the sample

SPM imaging techniques and other ancillary tech-
niques developed within the SPM platform can assume
a benchmark role in the post-genomics era by provid-
ing linkages between structure and function and by
offering new approaches to biomolecule screening.
In this short review, we cannot begin to cover all
who have contributed to this development and for
this we apologize to the many contributors that have
advanced the development of SPM.

LIVE CELL IMAGING

The first image of a live cell, a plant cell, imaged in
water appeared in the literature in the early 1990s.48

There was a general concern that the delicate cell
membrane of living cells would not withstand imaging
by AFM and that the cell membrane would rupture
due to the forces exerted by the cantilever tip. This
fear was unfounded as a number of laboratories soon
published contact mode images of a variety of living
mammalian cells.30,31,49–54 Most of the early work
on AFM imaging of cells focused on the imaging of
mammalian cells. This is in part due to the fact that
mammalian cells generally adhere well to surfaces
they are growing on and therefore are not removed by
forces exerted by the scanning tip. Conversely, smaller
bacterial and yeast cells require immobilization on
surfaces before imaging via AFM. Various techniques,

involving entrapment in membrane filters55–60 or
tethering via surface modifications61–67 have been
developed to facilitate imaging of microbial cells
(Figure 2).

Contact mode AFM imaging with vertical forces
on the order 10–30 nN typically do not damage
the cell, though these forces are sufficiently high to
push the pliable membranes into taut underlying
structures, making them visible. The fact that the
cytoskeleton network could be observed by AFM was
initially a surprise. It is routinely observed that the cell
membrane conforms to the rigid cytoskeleton when
contacted with the cantilever tip at scanning forces of
2–20 nN.30 By applying a force of 100 nN, a hole
could be punched through the cell membrane without
apparent damage to the cell.30 Subsequent research on
mammalian cells indicates that tip forces depress the
membrane to allow imaging of the cell nucleus and the
actin network. Imaging Madin–Darby canine kidney
(MDCK) cells in liquid, Hoh and Schoenenberger
observed that the outline of the cell nucleus could be
clearly imaged by increasing the imaging force on the
cell even to the point of moving the nucleus without
rupturing the cell.52,68 Although structures beneath
the cell membrane could be imaged by AFM there was
a marked absence of these structures when imaged by
SEM. It was also determined that, fixing the cell with
glutaraldehyde caused the membrane to harden so that
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FIGURE 2 | AFM images of African green monkey kidney cells (CV-1) taken in contact mode using a Nanoscope III atomic force microscope (AFM)
(Veeco Instruments, Santa Barbara, CA). In Image (a) the scale bar is 10 µm with a Z range of 8 µm. By adjusting the scanning force to 20–50 pN
high-resolution images (b) of the cell surface reveal globular structures (black arrows) and elongated particles (white arrow) with lateral diameters of
∼20 nm with heights of ∼10 nm. The CV-1 images were kindly provided by Dr. Christian LeGrimellec, INSERM/UNIV-MONTP 1/CNRS, Montpellier,
France. The (c) image taken in contact mode, on a PicoPlus AFM (Molecular Imaging, Tempe, AZ), shows several E. coli bacteria mounted on a gelatin
surface and imaged in water.67

the outline of the nucleus could not be seen by AFM.
In contrast to the nucleus, microvilli that cover the
surface of the MDCK cells were clearly seen by SEM
but were absent when imaged by AFM.52 When cells
were fixed, their surfaces became markedly rough,
potentially due to the stabilization of the microvilli,
allowing these structures to be imaged by AFM. The
results obtained from imaging mammalian cells in
contact mode, where typical forces of 2–20 nN are
exerted on cells, raises two important questions.

The first question concerns the quality and relia-
bility of images that result when imaging with applied
forces that deform the plasma membrane to the extent
reported. Hoh and Shoenenberger,52 using force curve
measurements on MDCK cells, calculated that contact
with the apical cell membrane, which caused the can-
tilever to deflect 35 nm, caused the cell membrane to
be pushed in approximately 1000 nm. This translates
into the cell membrane having a spring constant of
0.002 N/m, which is less than 1/10 of the cantilever
spring constant of 0.06 N/m. This finding is very close
to what Weisenhorn et al. reported on a lung cancer
cell line where a force of 1–10 pN resulted in a 1 nm
deformation in the plasma membrane.69 When the
tip is pressing into the cell there is a greater area of
contact between the tip and surface and therefore the
resolution is adversely affected.53,70,71 Using silicon
nitride cantilevers with measured spring constants of
either 0.01 or 0.03 N/m, LeGrimellec et al. found that
the engagement force before any adjustments were
made using contact mode AFM was between 5 and
15 nN. This force, exerted on a sample of cultured
CV-1 African green monkey kidney cells, resulted in
the removal of the cells from the mounting surface. By
measuring force curves prior to imaging, the engaged
tip was retracted incrementally from the surface until
forces less than 100 pN, and often in the range of

20–50 pN, were obtained with tip indentation of the
surface generally in the 10 nm range. This allowed
routine imaging of these cells with lateral resolu-
tion of better than 20 nm and occasionally 10 nm
resolution (Figure 2). Low-resolution images showed
a smooth surface with very little indication of the
submembrane cytoskeleton. Higher resolution images
revealed a more granular surface packed with particles
that were likely proteins or protein–lipid complexes.72

Unlike green monkey kidney cells, MDCK are rich in
microvilli. The surface of these cells, imaged in con-
tact mode with scanning forces of 2 nN and above,
shows a smooth surface. However, by decreasing
the force to less than 300 pN microvilli are promi-
nently displayed.73 These experiments establish that
by reducing the imaging force on cells the magnitude
of indentation of the cell surface is reduced resulting
in improved resolution.

The second question concerns the effect that
such forces might have on the vitality of the cell
being imaged. By increasing the force of the cantilever
on the cell surface, holes are created in the cell that
repair over a period of time.30 Glial cells have been
manipulated with the AFM cantilever and even had
cellular processes severed without killing the cells.74

However, the question is still open as to what effect
both normal and extreme imaging conditions have
on the overall metabolic activity of cells. Instrument
induced changes by applied scanning forces of 1–5
nN are hard to separate from normal intracellular
cytoskeletal changes and other biological reactions
and cellular processes that may be promoted or
inhibited by the AFM tip. Living cells are also generally
imaged at room temperature in a buffer rather than
growth media. By returning cells to growth media
after AFM imaging, depending on the cell type, cells
have remained viable for at least 24 h.68,75
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FIGURE 3 | Sensing forces with the atomic force microscope (AFM) cantilever is a non-imaging application of AFM. As shown in (a), the number 1
position on the figure shows that the cantilever is not yet on the surface but moving toward the surface (red arrow). The red line on the force curve is
the approach while the blue line is the retraction of the cantilever. As the cantilever touches the surface it begins to deflect, as indicated by position
2. This serves as the signal for the cantilever to retract, position number 3 (blue arrow). When force curves are done in air there is a water bridge that
can form between the cantilever tip and the surface that causes an adhesion event requiring force to break this contact, as the cantilever tip abruptly
jumps off the surface (position number 4). By knowing the spring constant of the cantilever and determining the slope of the cantilever deflection,
one can calculate the spring constant of the surface. In (b), the same process was repeated in water, notice that the water bridge between the
cantilever tip and surface does not form and therefore no adhesion event. In (c), a specific probe (biotin) is attached to the cantilever tip, by a
polyethylene glycol tether, while the surface is covered with avidin. In a liquid environment the tip approaches the surface makes contract, is
retracted, moves off the surface, and an adhesion event occurs due to the biotin/avidin interaction. The force required to break this interaction can
also be calculated and since the biotin is tethered to the cantilever the adhesion event will occur at approximately the length of the tether.

The application of intermittent or non-contact
imaging modes, known in the literature as ‘tapping
mode’22 or ‘MacMode’,23,24 should prove valuable
for looking at cell surfaces. In these modes, where
the cantilever is oscillated at its resonant frequency,
dampening of the oscillation amplitude as the tip nears
the surface is used to register the surface. Because the
tip only makes intermittent contact with the surface,
the problems caused by tip deformation that result in
loss of resolution is minimized.76–79 Imaging in either
of these two modes also reduces the lateral forces
applied to the sample, by the tip during scanning,
thereby minimizing removal of samples that are not
well immobilized on surfaces.

FORCE MEASUREMENTS

Although the AFM was designed primarily as an
imaging tool, the sensitivity of the AFM cantilever to
forces has been developed into a unique and separate
application. Measuring the interaction between the
cantilever tip and a glass surface in water, Paul
Hansma’s group detected adhesive interaction forces
that they attributed to either the rupture of individual
hydrogen bonds or interaction with ordered water
layers near the surface.80 Since this early report, a
significant amount of research effort has been devoted
to using the AFM cantilever as a force sensing device
in biological research. Perhaps in its simplest form,
the AFM cantilever has been used to measure forces
by engaging the cantilever tip with the cell surface

and pushing on the surface to acquire a force distance
curve (Figure 3). By knowing the dimensions of the
tip and the spring constant of the cantilever, the
stiffness of the cell can be calculated. Vinculin is
one of the intracellular membrane adhesion proteins
that bind the cell membrane to the cytoskeleton.
Using a mouse F9 embryonic carcinoma cell line that
was vinculin deficient, Goldmann et al. performed
elasticity experiments by AFM to determine the spring
constant of the cell surface using force distance curves.
They found that a vinculin mutant was 21% less stiff
than the same cell line after transfection with a plasmid
that produced vinculin.81

The cell surface elasticity of bacterial cell
surfaces has also been determined after exposure
to various environmental conditions. For example,
the effect of the antimicrobial peptide colistin, on
Pseudomonas aeruginosa, a prominent cause of lung
infections in patients with cystic fibrosis has been
reported. In this study after 2 h of colistin treatment,
at concentrations not sufficient to cause cell death, a
significant increase in the bacterial spring constant,
compared to untreated bacteria, was observed.62

There is an extensive body of work that describes
AFM methods for measuring the rigidity of both
bacterial62,63,82–89 and mammalian cells.52,81,90–97

The extreme mechanical sensitivity of the can-
tilever can be exploited to measure forces both within
and between biomolecules. Forces required to rupture
bonds between complementary oligonucleotides have
been accomplished by attaching one single-stranded
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FIGURE 4 | The first atomic force microscope (AFM) image shows an isolated cell membrane from Deinococcus radiodurans with pores
structures. As the cantilever tip is brought in contact with the surface and retracted the force-extension curve shows six force peaks, of about 300 pN
each, required to extract all six protomers of a single bacterial pore from the surface. The distance between each of the protomer disruption events is
7.3 nm. The second image of the same surface shows that an entire bacterial pore was extracted from the surface. (Reprinted with permission from
Ref 109. Copyright 1999 National Academy of Sciences, USA).

DNA molecule to the cantilever tip and its comple-
ment to the surface.98,99 Experiments similar to these
have been done by attaching biotin to the cantilever
and either avidin100,101 or streptavidin102 to the sur-
face. During retraction of the tip from the surface, the
force required to pull the interacting molecules apart
can be measured (Figure 3). Another report describes
attaching a single eukaryotic cell to the cantilever and
interacting it with another cell growing in a petri
dish and measuring the force required to break the
bond of the adhesion protein CsA between cells.103

The forces reported to rupture interactions between
molecules depend on the force loading rate. Results
can be reasonably consistent when reported by dif-
ferent laboratories. For example, when a gold coated
tip and a gold coated surface were modified with 11-
mercaptoundecanoic acid by reacting the thiol groups
with the gold and allowing the carboxylic acid groups
to interact, the force required to break a single hydro-
gen bond was found to be 16.6 pN.104 In a similar
experiment, from a different laboratory, where hydro-
gen bonds were allowed to interact, the rupture force
was found to be 12 pN.80

A force extension curve is generated by
approaching a surface with the cantilever tip, touching
biomolecules immobilized on the surface with the
tip, and retracting the tip. If a biomolecule becomes
attached to the tip, the distance traveled to retract the
tip from the surface and the forces required to extend
the biomolecule can be determined. In the literature
this type of analysis is often called either dynamic force
microscopy (DFM) or dynamic force spectroscopy
(DFS). The mechanical proteins titin105–107 and
tenascin108 have been extensively studied with this
type of single molecule force spectroscopy. For titin,
reported maximum force peaks varied between 150
and 300 pN with a periodicity of 25–28 nm. The
expected distance to unravel a single titin Ig domain
is 31 nm.105 Results from other experiments of this

type are shown in Figure 4 where Müller et al.
demonstrated the unzipping of an entire bacterial pore
from an isolated membrane surface of Deinococcus
radiodurans. All six of the protomers in the pore
could be extracted with an average force of 300 pN
required for each of the protomers and with an average
distance of the disruption event between protomers
being 7.3 nm.109 In addition to proteins, AFM force
spectroscopy experiments have been performed on
polysaccharides110 DNA105 and alcohols.111

Receptor-ligand binding has been investigated
on whole cells using fuctionalized tips in a liquid
environment. In these experiments, antibodies, lectins,
and other biomolecules that specifically interact
with receptors on cell surfaces are tethered to the
cantilever tip through a linker molecule that is usually
2–10 nm in length.112 During the approach, the
tethered molecule has an opportunity to bind its
complement on the cell surface. Upon retraction, if
binding has occurred, the unbinding force is recorded
as a sudden change in force just as the tethered
molecule disengages and the cantilever returns to
its baseline position. This unbinding force can be
distinguished from nonspecific binding by a specific
adhesion interaction occurring at roughly the distance
of the linker from the point where the cantilever first
contacts the surface (Figure 3C). Gad et al. used gold
thiol chemistry to functionalize tips with concavalin
A, a lectin which recognizes mannose receptors on
yeast cell surfaces. They obtained force curves and
could resolve forces of 100–500 pN that indicated
specific interactions with the mannose receptors. To
determine that specific reactions between mannose
and concavalin A had been recorded, free mannose
was added to block access of tip-associated concavalin
to surface mannose. Under this condition, they did
not identify adhesion events.113 In a similar study,
Grandbois et al. used this AFM technique to type red
blood cells by probing a mixed monolayer of A and O
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FIGURE 5 | Simultaneous recorded atomic force microscope (AFM) images (A) topography and (B) recognition (TREC) on gently fixed MyEnd cells
acquired with a fibrinogen-coated AFM tip. In both images the outlined areas identify places where fibrinogen attached to the cantilever interacts
with vascular endothelial (VE)-cadherin. The topographic image is not affected by interaction of the fibrinogen on the AFM tip while the recognition
image shows dark spots where the interaction between fibrinogen and (VE)-cadherin occurs. This AFM capability, developed by the Hinterdorfer
group, separates the minimum and maximum peaks of an oscillating cantilever as it interacts with a sample surface thereby allowing simultaneous
acquisition of topographic and recognition images. The minima of the oscillating cantilever wave contributes the topographic information while the
maxima is the source of the recognition image. Scale bars on both images are 200 nm. (Images courtesy of Dr. Peter Hinterdorfer, Johannes Kepler
University of Linz, Linz, Austria.)

blood cells using a lectin, which binds to glycolipids
on Type A erythrocytes. Using force mapping they
could differentiate between A and O cells.114 This
is another active area of research where attaching a
specific probe molecule to the AFM tip can be used
to determine interactions with target molecules on
surfaces115 including bacterial,116,117 yeast118,119 or
mammalian cell112,114,120–124 surfaces.

The concept of imaging and simultaneously
localizing recognition events was realized with
molecular recognition force microscopy (MRFM)
or topography and recognition (TREC) microscopy.
Imaging is accomplished in a non-contact mode using
an oscillating tip to which a probe molecule is
attached through an 8–30 nm polyethylene glycol
tether. Images of a surface can be obtained
simultaneously with recognition force interactions.
This was first demonstrated by Hinterdorfer’s group
where an antibody to lysozyme was tethered to
the cantilever tip. Topographic images were taken
in liquid environment as the modified tip was
scanned over lysozyme immobilized on a mica surface.
The topographic image becomes distorted due to
the interaction of the tethered antibody with the
lysozyme coated surface. By adding free lysozyme
to the imaging solution, the antibody on the tip
was blocked and the distorted images of lysozyme
returned to undistorted topographic images.125 In
principle topographic and recognition images of any
surface can be acquired simultaneously by separating
information gained from the bottom (topography) and
top (recognition) of the oscillating cantilever wave as

the surface is scanned. This technology ‘TREC’ has
also been pioneered by the Hinterdorfer group122,126

using mouse myocardium (MyEnd) cells and a tip with
fibrinogen attached that interacts with (VE)-cadherin
on the endothelial cells as shown in Figure 5.

IMAGING DYNAMIC PROCESSES

Perhaps the greatest advantage for using the AFM as
an imaging tool for biological research is that samples
can be imaged in liquid and therefore observing
dynamic processes is possible. The ability to image
DNA in liquid environments has led to a number
of dynamic studies.127,128 By limiting a transcription
buffer, containing double-stranded DNA and RNA
polymerase, to three nucleotide triphosphates (NTPs)
it was possible to stall transcription complexes. In
a flow through AFM cell RNA polymerase of the
stalled complexes was bound to a mica surface but
by adjusting the Zn2+ ion concentration DNA was
loosely bound so that by adding low concentrations
of the four NTP’s time lapse movies of DNA passing
through RNA polymerase could be documented
although the RNA transcripts were too short to be
seen.129 Radmacher et al. studied the fluctuation of the
enzyme lysozyme by absorbing the protein molecules
to a mica surface, and placing the AFM cantilever
tip on top of a monolayer of lysozyme.130 When the
tip was over bare mica no height fluctuations were
observed, but when the tip was over lysozyme, small
fluctuations were present. When an oligoglycoside
substrate was added, the fluctuations became more
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pronounced and could be eliminated by adding the
inhibitor chitobiose. The most logical interpretation
of these results would be that the height fluctuations
correspond to conformational changes in the enzyme
during the hydrolysis of the oligoglycoside. However
the authors did no rule out the possibility that
the changes in height were due to the transient
complex between the enzyme and substrate.130 Other
dynamic studies have shown that changes in protein
shape can be observed by AFM during enzymatic
activity.71,128,130 In another study Wang et al. showed
adenosine triphosphate (ATP) dependent remodeling
of mouse mammary tumor virus (MMTV) promoter
nucleosomal arrays that had been incubated with the
human Swi-Snf remodeling complex (Figure 6). AFM
Images of the nucleosome arrays, taken in liquid,
clearly demonstrated that changes occurred after ATP
was introduced into the wet cell and the same area
was imaged again.131

Dynamic studies have not been confined to
biomolecules. Structural changes in mammalian cells,
such as the destruction of the actin network in fibrob-
lasts by cytochalasin B have also been documented.132

A number of laboratories have followed changes in
normal cellular processes.30,68,74 Sequential images
to show extension and withdrawal of lamellipodia,
changes in cell shape, vesicular structures traveling

-ATP +ATP

FIGURE 6 | In this study ATP-dependent human Swi-Snf remodeling
complex was incubated with mouse mammary tumor virus (MMTV)
promoter nucleosomal arrays and deposited on mica surfaces
pretreated with aminopropyltriethoxysilane (APTES) activated with
glutaraldehyde.131 In the three AFM images taken before ATP and after
ATP was added changes (arrowheads) in the nucleosome complexes are
clearly seen. (Images courtesy of Dr. Stuart Lindsay, BioDesign Institute,
Arizona State University, Tempe, Arizona.)

along the cytoskeletal fibers, and rippled cytoskeletal
rearrangements propagating through cells have been
reported.68 Another study showed a series of images
where platelets were activated by contact with the
AFM tip. The normally ovoid shaped platelets were
seen to spread out into a flattened shape that resem-
bles a fried egg.53 Also recorded were a sequence
of AFM images showing exocytosis of a single pox
virus from an infected living monkey kidney cell
immobilized on a suction pipette.50,133 In another
dynamic imaging experiment, Bhanu Jena’s labora-
tory collected AFM images of the apical region of
cultured pancreatic acinar cells. They identified pits of
500–2000 nm diameter containing 3–30 depressions
measuring 100–180 nm in diameter. Stimulation of
the cells with secretagogue Mas7 caused release of the
starch digesting enzyme amylase. A time course AFM
study showed that the diameter of the depressions
correlated with the release of amylase. These results
suggested that the depressions were exocytotic fusion
pores.134 These studies represent only a fraction of
dynamic processes that have been recorded by AFM
in liquid environment, but demonstrate the power of
the AFM for capturing dynamic events.

EMERGING IMAGING TECHNIQUES

As already described, AFM has significantly con-
tributed to life sciences with high-resolution imag-
ing of molecules and cells. Also high fidelity mea-
surements of mechanical properties and physical
interactions have been reported. In addition, the
capability to record dynamic processes in liquid
environment, at high-resolution, is a unique fea-
ture of AFM. These well established techniques
are continuously augmented with emerging imple-
mentations of the AFM. With respect to imaging,
high-speed AFM is becoming available and facili-
tates the study of fast dynamic biological process
in real time.135 Imaging techniques such as scan-
ning ion-conductance microscopy (SICM),136 scan-
ning electrochemical microscope (SECM),137 Kelvin
force microscopy (KFM)138 and SNFUH139 are pow-
erful techniques that have been integrated into AFM.

Toshio Ando’s laboratory was the first to
develop a high-speed AFM by incorporating a high-
speed scanning mechanism capable of scanning at
60 kHZ and using cantilevers with high resonant
frequencies of 450–650 kHZ with low spring
constants of 150–280 pN/nm. This allowed the
capture of ‘tapping mode’ images of 100 × 100 pixels
in 80 ms leading to movies of dynamic processes.135

High-speed movies, taken at 100 ms/frame, of purple
membranes showing movement of bacteriorhodopsin
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trimers140 and images of human chromosomes have
recently been reported.141 Other high-speed imaging
systems have also been described from the Hansma142

and Miles143 groups.
A new adaptation of SPM called SICM was

first demonstrated by Paul Hansma’s laboratory. This
new technique used a micropipette that had been
pulled from capillary tubing so that only a small
aperture (0.05–0.1 µm) existed at the tip. Both the
pipette, mounted on a piezoelectric scanner configured
to move in the X, Y, Z directions, and a wet cell
containing the sample had electrodes installed and
were filled with 0.1 M NaCl. By applying a dc voltage
to the electrode in the wet cell a dc current was
established between the two electrodes. As the tip
approaches and nears contact with the surface, ion
flow through the tip is partially blocked and there is a
decrease in current flow. By applying voltages to the
Z piezo to raise or lower the tip, in order to maintain
a constant current while the sample is scanned, these
voltages serve as height input for the topographic
image. Alternatively, the tip can be scanned over a
surface at a constant height to measure differences in
ion currents coming off the surface.136

Another application of SICM involves operating
the instrument as an AFM in tapping mode where the
oscillation of the quartz pipette was found to vary
between 50 and 100 kHz. In this configuration the
instrument was operated as a combination of AFM
for imaging and SICM for sensing ion current.144

Further improvement in the application of SICM has
allowed for lower forces to be exerted on the specimen
during imaging. The Korchev group determined that
when SICM is operated with maximum sensitivity,
where the position of the probe is very close to the
surface and strongly influences ion current, the tip is so
close that the sides of the tip will exert excessive force
on neighboring structures on the sample. A scanning
algorithm, where the set point is adjusted to maintain
a tip distance greater than the tip radius, minimized
the forces exerted on the sample.145 In Figure 7 two

unpublished images provided by Dr. Yuri Korchev
illustrate the utility of the SICM imaging technique.
A recent publication using this technique has reported
images of proteins in living cell membranes.146 An
adaptation of the SICM technique called ‘hopping
mode’ allowed non-contact imaging of cultured rat
hippocampal neuron cell surfaces with resolution
better than 20 nm.147

The SECM developed by Bard’s laboratory is a
chemical microscope that is based on mass transfer
and electrochemical reactions occurring at the sample
surface and scanning tip. SECM experiments can
be performed in the so-called generation-collection
mode (GC mode), where the solution initially does
not contain any electroactive species,148 or the so-
called feedback mode (FB mode), where a redox
mediator is added to solution.149 In the feedback
mode, an ultramicroelectrode serves as the SPM tip
in an electrochemical cell equipped with a reference
electrode and an auxiliary electrode, containing
an electroactive species [for example Fe(CN)4−/3−

6
couple, Ru(NH3)2+/3+

6 couple] represented as Ox.
By adjusting the potential of the tip, using a bi-
potentiostat, to a negative value with respect to
the reference electrode the electroactive species Ox
is reduced at the tip and a Faradaic current flow
results, which is influenced by the presence and nature
of the investigated sample. The sample can be either
conductive or insulating in nature. So when looking at
insulating biological samples, the sample is positioned
beneath the tip and is not part of the electrode
set-up. Scanning the tip over the surface allows for
the detection of electroactive species generated at the
surface (GC mode). In these first experiments by Bard’s
laboratory, successful identification of enzymatic
activity in mitochondria at the micron level of
resolution was achieved.137 This technology has been
improved by the Kranz and Mizaikoff laboratories
where SECM has been combined with AFM by placing
an electrode above the contact point on the AFM tip.
This allows simultaneous AFM imaging and SECM

FIGURE 7 | Live cell imaging with scanning
ion conductance microscopy (SICM). The image
in (A) is an untreated human embryonic cell line
NCL-1 imaged in L-15 at room temperature.
This unpublished image is provided by Dr Julia
Gorelik. (Untreated amphibian kidney epithelial
A6 cell line (B) imaged in L-15 at room
temperature by Dr. Yuri Korchev.)

2.45 µm 1.85 µ

0.00 µm 0.00 µ40.0 × 40.0 µm 25.0 × 25.0 µ

(a) (b)
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imaging in GC or FB mode. In this configuration
the electrode is always at the same distance from the
surface and lateral resolution of the SECM is improved
by the size of the electrode and degree to which the
electrode can be placed proximal to the surface.150,151

An application of this technique included combining
AFM imaging of the enzyme horseradish peroxidase
immobilized on gold islands, dispersed on a silicon
nitride surface, with the AFM-tip integrated electrode.
Following the addition of hydrogen peroxide and
hydroxyl methyl ferrocene the SECM recorded
images of enzymatic activity occurring on peroxidase
immobilized on the gold islands152 during AFM
imaging. In Figure 8 immobilized glucose oxidase at
the AFM tip-integrated electrode, demonstrates how
a scanning amperometric micro-biosensor for glucose
was obtained.153

Kelvin probe force microscopy (KPFM) has
been integrated into AFM to measure differences in
electric potential on surfaces. In the Kelvin method
the contact potential difference (CPD) between two
surfaces arranged as a parallel plate capacitor is
measured. When applied to AFM one plate of the
capacitor is the conductive portion of the AFM tip
separated by a gap from the other plate of the
capacitor that is the sample. By applying an ac bias
between the tip and sample a current will flow. The
CPD, or with AFM, changes in surface potential, can

be measured by applying a compensating dc voltage
to the tip that nullifies the ac field between the tip
and sample. During scanning, changes in electrostatic
properties of the sample are identified and imaged
using a feedback loop that raises or lowers the dc
potential to maintain the ac current at zero during
scanning. This up/down adjustment of the dc voltage
serves as the height input for the KPFM image.138

The ability to measure surface potential on biological
samples has been reported.154–158 Leonenko and co-
authors have investigated organization and surface
potential of pulmonary surfactant using KPFM in
combination with AFM.155–157 One of their findings
using bovine lipid extract surfactant films, that
contain no cholesterol, was that introduction of
cholesterol disrupted the assembly of lipid bilayer
stacks in the monolayer leading to failure of surfactant
function. In the absence of cholesterol, AFM shows
the bilayer stacks to be highly structured while the
KPFM image shows a potential of up to 200 mV
for the large stacks and approximately 100 mV
for small stacks.156 The capability of KPFM to
measure electostatic surface potential of individual
biomolecules like DNA and avidin have also been
demonstrated, showing that single molecules of
negatively charge DNA measured −150 mV and
avidin +10 mV surface potential compared to the
substrate.158

Photodiode

Original AFM
cantilever

Glucose O2

4 µm

H2O2

O2H2O2

Laser

Insulation layer

GOD containing polymer
precipitate

Glucono-
lactone

Au sputtered wafer
working electrode
E = 650 mV (oxidation of H2O2)

Si3N4 layer, 450 nm

0 10 µm 0 10 µm

0 10 µm 0 10 µm

0 400 nm 0 200 pA

(a) (b)

(c) (d)

FIGURE 8 | Schematic cross-section of the experimental setup including the reaction scheme of the tip generation/substrate collection mode
experiment for imaging glucose with an AFM-tip integrated biosensor (substrate: periodically micropatterned silicon nitride/gold substrate with 1 µm
gold electrodes (Quantifoil, Germany). Simultaneously recorded height (a, c) and current (b, d) current image of glucose conversion with an AFM-tip
integrated glucose sensor recorded in AFM contact mode and SECM generator/collector mode. (b) current image in absence of glucose; (d) current
image in presence of 3 mM glucose in phosphate buffer pH 7.2. (Courtesy of A. Kueng, B. Mizaikoff, C. Kranz: unpublished results School of Chemistry
and Biochemistry, Georgia Institute of Technology, Atlanta, GA.)
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SNFUH is another emerging technique based
on AFM imaging. Conventional AFM is limited to
imaging surfaces. However, SNFUH has been demon-
strated to image structure deep within cells.139 This is
accomplished by launching a high-frequency acoustic
wave (megahertz), that does not interfere with the
resonance frequency of the cantilever from beneath
the sample. An additional high-frequency acoustic
wave (megahertz) of a slightly different frequency is
launched from the cantilever with the interference
between these two waves forming a surface acoustic
standing wave. Perturbations to phase and amplitude
of the surface standing wave caused by features buried
within the sample are recorded during scanning, via
a lock in amplifier, and a SNFUH image is recorded.
This technique has allowed simultaneous recording
of AFM topographic and SNFUH images of malaria
parasites within red blood cells139 and nanoparticles
within alveolar macrophages.159

CONCLUSION

In a relatively short period of time, scanning probe
microscopes have matured to a point where they

can assume an important role in biological research.
AFM is the most commonly used variation. Attributes
such as nanometer scale resolution and the ability to
operate in liquid environments are in line with key
biological imaging requirements. Further, the AFM’s
range of operation is well suited for characterizing
structures from the molecular to cellular scale, and
AFM has the unique ability to sensitively measure
molecular forces. These features have been exploited
for revealing structural detail and for defining the
molecular forces involved in a variety of biologi-
cal systems. In the process of AFM development
and adaptation to biological research, instrumentation
advances have been plentiful. Higher speed imaging,
measurement of electrical characteristics, and molec-
ular identification are just a few of the emerging
advances that are facilitating the analysis of vari-
ous biological structures. The need to understand
dynamic biological processes will persist and demand
new tools for understanding such processes at the
molecular level. Though the application of scanning
probe-based tools to this challenge has been brief,
they are likely to play an enduring role in biological
research.
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