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Introduction
Ligand molecules for a particular
receptor can be attached to the tip
of an AFM probe, transforming the
probe into a sensitive, chemically
selective biosensor for that recep-
tor [Riener et al. 2003]. Molecular
recognition force microscopy
(MRFM) is a single-molecule AFM-
based technique that relies heavily
on nanoscale surface chemistry,
nanoscale biochemical immobiliza-
tion chemistry, and bioconjugation
chemistry. In MRFM, single-mole-
cule unbinding interactions
between AFM probe-bound ligands
and substrate-bound receptor
pairs are observed and quantified
one by one as the AFM cantilever
approaches and then is subse-
quently withdrawn from the sur-
face many times. The nanoNewton-
scale molecular unbinding events
are generally detected by measur-
ing the optical deflection of the
flexible AFM cantilever. These
force spectroscopy (FS) experi-
ments can provide valuable infor-
mation about the structure and
dynamics of molecular unbinding
events at the single-molecule level
[Noy et al. 1997]. In addition to
intermolecular interactions, this
technique has also been effectively
applied to gain an understanding
of the intramolecular forces
involved in protein folding and

polymer elongation [Allison et
al.2002].

Topography and recognition imag-
ing (TREC) is another single-mole-
cule AFM technique that utilizes
probe-bound ligands and sub-
strate-bound receptor pairs
[Hinterdorfer 2004]. TREC is a
dynamic force microscopy (DFM)
method in which the ligand-coated
AFM probe is scanned and oscillat-
ed over a biological surface in
magnetic AC (MAC) Mode in order
to resolve recognition maps of lig-
and-receptor interactions. Specific
interactions between the ligand
attached to the AFM probe and
receptor molecules on a substrate
are resolved during scanning as
small changes in the MAC Mode
signal [Kienberger et al. 2004b]. 

TREC imaging is a powerful tech-
nique with many potential applica-
tions because it allows a specific
type of molecule to be identified in
a compositionally complex sample,
a characteristic that is common to
many biological materials. Using
an Agilent AFM equipped with
PicoTREC, which resolves the
TREC AFM signals, the lateral
positions of functionally active
receptors on a cell or other biolog-
ical surface can be resolved with
nanometer resolution [Stroh et al.
2004a, Stroh et al. 2004b].
PicoTREC has been used to image,



map, and analyze the chemical
compositions of a variety of sam-
ples, including molecular interac-
tions between nucleic acids and
proteins [Lin et al. 2006], antibod-
ies and antigens [Marcus et al.
2006], and small ligands and their
receptors [Ebner et al. 2005].

There are many biochemical immo-
bilization and bioconjugation
chemistry schemes that have been
applied to the investigation of lig-
and-receptor interactions by
MRFM and TREC imaging. In such
studies, biological ligands are typi-
cally bound to the tip of an AFM
probe while corresponding recep-
tor molecules or whole cells are
bound to a flat substrate, such as
mica, silicon, flat glass, or a gold-
coated substrate. We will not con-
cern ourselves here with the
immobilization of receptors on
substrates, instead we will focus
our attention on the immobiliza-
tion of ligands on the tips of AFM
probes.

Tethers: PEG
Single-molecule interactions have
been studied with the AFM by
covalently attaching ligands direct-
ly to the tip of the AFM probe
[Chtcheglova 2004, Lee et al. 1994,
Lin et al. 2005, Sekiguchi et al.
2003, Vinckier et al. 1998] or by
absorbing molecules on the probe
tip [Lehenkari et al. 1999,
Wojcikiewicz et al. 2004]. This
strategy often leads to a high den-
sity of ligand molecules on the tip
area, though many of the ligands
may not be oriented properly for
optimal binding to their comple-
mentary receptors. Consequently,
in most MRFM and TREC studies,
it is advantageous to attach the
biological ligands (nucleic acids,
antibodies, small ligands, and so
forth) to a tether that is in turn
attached to the tip of the AFM
probe. The tether imparts more
freedom to the ligand than it
would have if it were attached
directly to the tip of the AFM

probe because the tether allows
the ligand to diffuse within a
defined volume of space
[Kienberger et al. 2004a]. The teth-
er also imparts to the ligand the
ability to reorient its position as it
approaches or comes in contact
with the target so that it may bind
more efficiently to a complementa-
ry receptor that has been immobi-
lized on a substrate [Kienberger et
al. 2000].

Polyethylene glycol (PEG) and
polyethylene oxide (PEO) refer to
polymers prepared from the linear
polymerization of ethylene oxide.
The two names are chemically syn-
onymous, but PEG generally refers
to relatively short polymers, while
PEO polymers tend to be longer.
Both PEG and PEO can be either
liquids or low-melting solids,
depending on their molecular
weights. PEG is a convenient link-
er in many force spectroscopy
applications in part because it
often can be purchased functional-
ized with a variety of useful end
groups to permit the attachment of
various molecular entities.

A linker made of PEG has been
shown to offer many advantages
over other tethers for attaching
biological molecules to AFM
probes. For example, the number
of PEG molecules on the tip of the
probe can often be controlled in
order to minimize the number of
ligand-receptor binding interac-
tions [Hinterdorfer et al. 1996,
Riener et al. 2003] and PEG link-
ers greatly enhance the resolution
of single-molecule unbinding inter-
actions from multiple unbinding
events or nonspecific interactions
[Hinterdorfer et al. 1996]. The
length of the PEG linker can be
controlled, confining the volume of
space about which the ligand can
diffuse, so the effective concentra-
tion of ligand molecules in the
experiment can be minimized and
largely controlled. Since the PEG
linker permits the ligand to diffuse
in a defined volume of space, it is

more likely to encounter receptors
on the substrate. Ligand-receptor
interactions that involve PEG link-
ers undergo less torque [Riener et
al. 2002]. Therefore, the ligand
molecules are more likely to reori-
ent in a manner favorable to opti-
mal binding when an encounter
with an immobilized receptor
occurs.  

Encounters between immobilized
receptors and PEG-tethered ligand
molecules are often very similar to
encounters involving freely diffus-
ing ligand molecules in solution.
As a consequence, the kinetics of
ligand-receptor interactions that
involve PEG-tethered ligands are
faster and more applicable to the
kinetics of ligand molecules in
solution. Furthermore, PEG is a
water-soluble, nonadhesive poly-
mer, so nonspecific interactions
between the ligand molecules and
the AFM probe as well as between
the probe tip and receptors on 
the substrate are minimized
[Hinterdorfer et al. 2000, Riener 
et al. 2002, Riener et al. 2003].

PEG Tether length
Short PEG tethers or linkers are
often used for spacing the ligand
just a few nanometers away from
the AFM probe tip. Long PEG teth-
ers allow ligand molecules to dif-
fuse into greater volumes of space
around the AFM probe tip than
shorter molecules, so linker length
can greatly impact the results of
MRFM experiments and TREC
imaging studies. For example, PEG
linkers with molecular weights of
3400 to 5000 Daltons, which corre-
spond to 25–50 nm in length, have
found utility in many force spec-
troscopy studies [Ratto et al. 2004,
Ray et al. 2007, Ros et al. 1998,
Schumakovitch et al. 2002,
Schwesinger et al. 2000], but it has
been demonstrated that shorter
PEG tethers, such as a PEG18 (800
Daltons), offer certain advantages
over longer PEG linkers. In force
spectroscopy applications shorter
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linkers can increase single-mole-
cule resolution and in TREC appli-
cations it is possible to achieve
much higher lateral resolutions
with shorter linkers. A PEG18
linker with a length of 8–10 nm
can achieve a lateral image resolu-
tion of 16–20 nm [Riener et al.
2002], thus it is certainly pre-
ferred over longer PEG linkers for
TREC imaging applications.

Overview of biomolecule 
immobilization steps

Figure 1 outlines a few of the
important chemical steps used to
immobilize biological molecules to
AFM probes:

1. Clean AFM probes. Gentle
cleaning methods are preferred
(exaple organic solvents, UV-
ozone).

2. AFM probe activation (amina-
tion). Most AFM probes must be
activated prior to use. Silicon
AFM probes should be silanized
with an aminosilane (APTES) or
esterified (ethanolamine). Silicon
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nitride AFM probes are silanized,
esterified, or used as is.

3. PEGylation. Attach PEG linkers
to activated AFM probes.

4. Bioconjugation. Many biological
molecules must be functional-
ized (example thiolated oligonu-
cleotides, antibody Fab frag-
ments, His-tagged proteins, 
thiolated antibodies, and so
forth). The modified biological
molecules are attached to the
PEG tethers.

5. Characterization. The number
of ligand molecules on the sur-
face of the AFM probe must be
determined.

Individual steps
1. Clean AFM probes

Many contaminants can become
physisorbed to AFM probes during
manufacture, shipping, storage, or
handling. Therefore, all AFM
probes must be thoroughly cleaned
before attempting any surface
chemistry. Strong acids, such as
nitric acid, H2SO4, HF, or piranha,

are often used for this purpose
[Chtcheglova 2004, Hinterdorfer et
al. 1996, Hinterdorfer et al. 1998,
Lin et al. 2005, Riener et al. 2003,
Ros et al. 1998]. However, harsh
conditions can damage many
probes. For example, optically
reflective metal coatings, such as
gold or aluminum, on the backside
of cantilevers can be damaged by
acid. Minor damage to the reflec-
tive coating will lead to an
increase in electronics noise over
the deflection signal. Even rela-
tively minor damage to the reflec-
tive coating can render an AFM
probe unusable. In addition, MAC
levers, which are necessary for
TREC, contain a paramagnetic film
that is easily removed in harsh
conditions. Consequently, relative-
ly gentle cleaning methods, includ-
ing solvent rinses [Riener et al.
2003, Schumakovitch et al. 2002],
plasma cleaning [Lee et al. 2007],
or ozone cleaning procedures
[Chtcheglova 2004, Lohr et al.
2007, Vig 1993] are recommended.
Vig 1993 describes the method for
ozone cleaning semiconductor sur-
faces in greater detail.

Figure 1. AFM probes can be aminated and
then PEGylated with heterobifunctional PEG
linkers and used directly or further conjugated
with proteins for AFM molecular recognition
studies.



2. AFM probe activation

Most AFM probes are made from
silicon or silicon nitride. Passive
absorbtion has been used to immo-
bilize biological entities to these
AFM probes either directly
[Lehenkari et al. 1999] or by incu-
bating the AFM probe with a layer
of biotinylate BSA, which then is
bound to another biotinylated enti-
ty via a streptavidin intermediary
[Wojcikiewicz et al. 2004].
Although seemingly simple and
straightforward, absorbtion can
add significant mass to the tip of
the probe, so it may be too bulky
for TREC applications and other
MRFM experiments that require
high resolution and accuracy. In
other cases, the tips of AFM
probes are coated with a layer of
gold, which can form a strong
bond with thiolated molecules
[Burns 2004, Hugel et al. 2005, Lee
et al. 1994]. Unfortunately, gold
adds approximately 20 nm or more
to the probe tip radius, which
often results in a loss of resolution
and accuracy.

Other methods of immobilization
have proven particularly useful in
AFM applications. Silicon nitride
films are typically produced by the
nitridation of silane materials
using ammonia, which produces a
mixed film containing Si-NH2
groups whose density is deter-
mined by the pH of the process
[Lee et al. 1996]. Consequently,
PEG linkers with amine reactive
end groups can often be anchored
directly to silicon nitride can-
tilevers without any activation
[Riener et al. 2003, Chtcheglova
2004]. Also, when both silicon and
silicon nitride surfaces are
exposed to air or water they will
naturally oxidize. Therefore, the
surface silicon and silicon nitride
materials are covered in an oxide
layer that contains numerous reac-
tive SiOH entities. The pKa of
SiOH is approximately 6.8
[Hubbard 2002], so it is slightly
acidic, and various reactions have

been developed to cover surface
oxides in a thin layer of amine
groups. Silicon and silicon nitride
AFM probes can be easily esteri-
fied using ethanolamine in dry
DMSO to add a layer of amine
groups to the surface
[Hinterdorfer et al. 1996, Raab et
al. 1999, Ray et al. 2007, Riener et
al. 2003]. Molecular sieves are
added to the reaction mixture in
order to remove water and drive
equilibrium in favor of esterifica-
tion.

Aminosilanes are also commonly
used to prepare aminated AFM
probes. Traditional reactions of
alkoxy aminosilanes in solvents
such as toluene, ethanol, or ace-
tone are common [Lin et al. 2005,
Ros et al. 1998, Schumakovitch et
al. 2002, Schwesinger et al. 2000,
Vinckier et al. 1998]. However, one
drawback of this technique relates
to the propensity of alkoxy
aminosilanes to form polymers in
solution, which adds bulk and
roughness to the AFM probe [Lee
et al. 1996]. This drawback can
largely be circumvented by per-
forming silanization reactions in
the vapor phase using freshly dis-
tilled aminopropyltriethoxysilane
(APTES) [Lohr et al. 2007,
Kamruzzahan et al. 2006, Ratto et
al. 2004, Riener et al. 2003, Stroh
et al. 2004b, Wang et al.. 2002, Lee
et al. 2007].  

3. PEGylation

PEG-tethering reactions
(PEGylation) are a critical step in
immobilizing biological molecules
to AFM probes. Tethers can be
synthesized or purchased with var-
ious end groups to bind to activat-
ed AFM probes and anchor a mul-
titude of conjugate biological enti-
ties, including antibodies, pep-
tides, and nucleic acids. Table 1
lists some useful, commonly used,
relatively short X-PEG-Y linkers
that have been effectively utilized
in MRFM and TREC studies. The
table also includes the linkers’
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functional end groups, references
that describe their synthesis or
where they can be purchased.

Homobifunctional amine-PEG-
amine linkers and heterobifunc-
tional amine-PEG-COOH linkers
are utilized as intermediates in the
synthesis of various tethers that
are reactive for specific functional
groups. Haselgruber et al. 1995
describes the synthesis of a PEG18
tether from amine-PEG-amine that
contains an N-hydroxysuccinimide
(NHS) ester on one terminus and a
2-pyridyldithio (PDP) group on the
other terminus. The NHS-PEG18-
PDP tether was originally synthe-
sized to facilitate bioconjugation
reactions between antibodies and
liposomes, but it has also served
as the tether for many MRFM and
TREC imaging experiments.

Since the NHS ester group is very
reactive towards amines, such as
the ones found on APTES or
ethanolamine-activated AFM
probes, it is often used as a PEG
end group to enable PEG attach-
ment to AFM probes [Riener et al.
2002, Kienberger et al. 2000b,
Ebner et al. 2007]. Protein mole-
cules have also been anchored
directly to AFM probes by homobi-
functional NHS-PEG-NHS linkers
[Ratto et al. 2004].  

Both PEG-PDP and PEG-maleimide
are reactive towards sulfhydryl
groups. Cystine-terminated pep-
tides and proteins [Hinterdorfer et
al. 2000, Kamruzzahan et al. 2006]
as well as sulfhydryl-modified
oligonucleotides [Lee et al. 1996,
Lin et al. 2006, Schumakovitch et
al. 2002] can be linked directly to
PEG-PDP and PEG-maleimide link-
ers. Reactive sulfhydryl groups are
also made available by the reduc-
tion of proteins that contain disul-
fide bonds. Antibodies can be
reduced with DTT to generate Fab
fragments [Hinterdorfer et al.
2000, Raab et al. 1999, Riener et
al. 2002]. Most proteins can be
conjugated to sulfhydryl reactive
reagents to facilitate their attach-
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ment to PEG-PDP and PEG-
maleimide linkers [Bash et al.
2006, Baumgartner et al. 2000a,
Baumgartner et al. 2000b,
Hinterdorfer et al. 1998,
Hinterdorfer et al. 2002,
Kamruzzahan et al. 2006, Lee et
al. 2007, Riener et al. 2002, Stroh
et al. 2004a, Stroh et al. 2004b]. 

Genetically engineered His6-tagged
proteins can be tethered to AFM
probes via PEG linkers containing
nitrilotriacetic acid (NTA) end
groups [Kienberger et al. 2000a,
Kienberger et al. 2000b,
Kienberger et al. 2005, Nevo et al.
2003, Riener et al. 2001, Riener et

al. 2002]. In addition, biotinylated
PEG linkers (PEG-biotin) can be
utilized in molecular recognition
applications involving avidin or
streptavidin without further modi-
fication [Ebner et al. 2005, Riener
et al. 2001, Riener et al. 2002,
Riener et al. 2003].  

The synthesis of a new PEG linker
that contains an amine reactive
aldehyde terminus was recently
described [Ebner et al. 2007]. The
aldehyde group of NHS-PEG-alde-
hyde can be reacted directly with
protein molecules (such as anti-
bodies) that contain lysine groups
available near the protein’s sur-

Table 1. Common X-PEGn-Y Molecules and Commercial Sources or Synthesis References

PEGn End Group X End Group Y Commercial Source/Reference

PEG11 -COOH -biotin Polypure (Oslo Norway)

PEG12 -NHS -biotin Quanta BioDesign (Powell, Ohio USA)

PEG12 -NHS -maleimide Quanta BioDesign (Powell, Ohio USA)

PEG18 -NH2 -NH2 Polypure (Oslo Norway), Sigma Aldrich
(St. Louis, MO USA)

PEG18 -NHS -PDP Haselgruber et al. 1995, Riener et al. 2002

PEG18 -NHS -biotin Riener et al. 2002, Riener et al. 2003

PEG18 -NHS -His6 Riener et al. 2002, Kienberger et al. 2000b

PEG18 -NHS -NTA Riener et al.. 2002

PEG18 -NHS -aldehyde Ebner et al. 2007

PEG27 -NHS -biotin Polypure (Oslo Norway)

PEG27 -NHS -maleimide Polypure (Oslo Norway)

face [Bonanni et al. 2005, Ebner et
al. 2007, Chtcheglova et al. 2007]
or even with virus particles [Ebner
et al. 2007]. Antibodies or other
biological molecules that have free
amine groups may be anchored to
PEG-aldehyde without laborious
protein preactivation and purifica-
tion steps.  

Various other PEG molecules with
assorted functional groups can
either be synthesized by those
skilled in the art of organic chem-
istry or by contracting with a ven-
dor that will perform custom PEG
molecule synthesis for a fee (e.g.,
Sensopath Technologies of
Bozeman, MT USA).
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4. Bioconjugation

A virtually endless list of biologi-
cal molecules can be attached to
AFM probes via PEG tethers in
order to map out molecular inter-
actions with PicoTREC or to quan-
tify ligand-receptor interactions in
MRFM studies. Before proceeding
with any reaction involving an
antibody or other protein, it is
important to first ensure that the
protein is active, stable, and
extremely pure. For example, all
proteins that are to be attached to
X-PEG-Y tethers should be free of
ammonium ions and amine buffers
(including Tris), BSA, gelatin,
azide or any other protein “stabi-
lizing agents” or contaminants
because these materials will inter-
fere with the coupling reactions. In
order to ensure activity, it is rec-
ommended that an ELISA be per-
formed on all antibodies before
performing the chemical reactions. 

Native sulfhydryl groups on pro-
teins, peptides, and other com-
pounds can often be utilized to
link them to PEG-maleimide or
PEG-PDP tethers that have been
anchored to aminated AFM
probes. However, in many cases,
free sulfhydryl groups are not
available near the surface of the
molecules of interest, so the mole-
cule must be activated with a thio-
lating reagent or reduced with a
reagent such as DTT in order to
prepare them for bioconjugation or
immobilization (Figure 2A).
Unfortunately, reduction of disul-
fides with DTT also runs a risk of
protein inactivation [Raab et al.
1999, Yoshitake et al. 1979]. 

The NHS ester of S-acetylthioacetic
and propionic acid (SATP reagent
from Pierce Biotechnology,
Rockford, IL USA) can be used for
the introduction of active
sulfhydryls into proteins, peptides,

and other molecules so that they
can be conjugated with PEG-
maleimide or PEG-PDP tethers
(Figure 2B). The reaction between
the NHS ester of the SATP reagent
and an amine group on the surface
of a protein creates a stable, cova-
lent amide bond. The reaction uti-
lizes a 10:1 molar ratio of SATP
reagent to protein and yields
approximately five moles of
sulfhydryl groups per mole of anti-
body or other protein (MW approx-
imately 150 kDa). 

The level of sulfhydryl incorpora-
tion may be altered by varying the
molar ratios of SATP and anti-
body. When larger molar excesses
of SATP reagent are utilized, more
complete acylation of primary
amine groups can occur. However,
these higher levels of acylation
generally correspond to a greater
risk of protein inactivation. A
desalting column is generally used

Figure 2. Antibodies and other proteins generally must be thiolated prior to conjugation with PDP-PEG linkers. (A)
Reduction of disulfides is a well-known pathway that is, unfortunately, not compatible with all proteins, including
many antibodies. (B) Conversion of lysine residues to active sulfhydryl groups with SATP reagent provides a path that
often preserves protein function, activity, and integrity.
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to purify SATP-modified proteins
from excess reagent and other
byproducts of the reaction.
Deprotection (deacylation) with
hydroxylamine generates the reac-
tive sulfhydryl group for final con-
jugation reactions with PDP-PEG
or maleimide-PEG modified AFM
probes (Figure 3).  

Thiolated oligonucleotides are gen-
erated by automated solid phase
synthesis and are readily available
from many oligonucleotide ven-
dors. The oligonucleotides can be
conjugated to sulfhydryl reactive
PEG linkers, such as PEG-
maleimide in a manner similar to
sulfhydryl reactive proteins
(Figure 4).  

As shown in Figure 5, antibodies
or other proteins can often be
attached directly to the PEG-alde-
hyde linker after the NHS-PEG-
aldehyde linker has been immobi-
lized on an aminated AFM probe
[Bonanni et al. 2005, Chtcheglova
et al. 2007, Ebner et al. 2007]. The
proteins do not require any preac-
tivation steps. Ebner et al. 2007
also attached a human rhino virus
particle to the PEG-aldehyde link-
er in order to investigate interac-
tions between the virus and
human receptor proteins. The
reaction between an amine and an
aldehyde generates a Schiff’s base
intermediate that is easily
hydrolyzed. However, the interme-
diate can easily be stabilized by
the addition of a Schiff’s base-spe-
cific, gentle reducing agent, sodi-
um cyanoborohydride (NaCNBH3).  

Many proteins of interest have
been genetically engineered to con-
tain His tags. His-tagged protein
molecules can be easily linked to
PEG-NTA linkers and utilized in
MRFM experiments [Riener et al.
2001, Riener et al. 2002].

Figure 3. Proteins with active sulfhydryl groups can be conjugated to
PEG-PDP linkers.

Figure 4. Thiolated nucleic acids can be conjugated to PEG-maleimide
linkers so that nucleotide-nucleotide or nucleotide-protein interactions
can be studied with the AFM.



5. Characterization

After the AFM probes have been
functionalized with the PEG link-
ers and ligand molecules, it is
imperative that steps be taken to
determine the density of the ligand
molecules on the AFM probe. In
most MRFM and TREC studies, it
is usually advantageous to opti-
mize the density of ligand mole-
cules on the tip of the AFM probe
that can have access to the recep-
tors. The methods described here
generally result in a ligand density
of 200–500 molecules per µm2,
which has been found to be well
suited for many single-molecule
unbinding studies because (for an
AFM probe with a tip radius of
20–50 nm) this corresponds to
approximately one molecule per
effective tip area [Hinterdorfer et
al. 1996]. Consequently, in many
cases, just one ligand on the AFM
probe will have access to the
receptors on the surface at any
given time. 

Unfortunately, modified AFM
probes are extremely difficult to
characterize and evaluate by any
means other than functional

assays such as MRFM or TREC
imaging with PicoTREC. However,
the Hinterdorfer lab in Linz,
Austria, has developed three dif-
ferent methods to determine lig-
and density [Hinterdorfer et al.
2002] utilizing relatively larger sili-
con or silicon nitride substrates
(approximately 1 cm2) that are
treated in parallel under identical
reaction conditions along with the
AFM probes. The methods devel-
oped in the Hinterdorfer lab are
based on (a) direct fluorescence,
(b) fluorescently labeled secondary
antibodies, and (c) a horse radish
peroxidase (HRP) based assay
[Hinterdorfer et al. 1996,
Hinterdorfer et al. 1998].

(a) The ligands are fluorescently
labeled and attached to the
silicon or silicon nitride sub-
strates in the exact manner in
which the proteins are conju-
gated to the AFM probes. The
substrates are then placed
under a widefield epifluores-
cence microscope. The fluo-
rescence intensity is measured
and the surface densities of
the ligands are calculated
after calibration. 

(b) The ligands are attached to
the silicon or silicon nitride
substrates in the exact man-
ner in which the proteins are
conjugated to the AFM probes
and also to primary antibod-
ies. Fluorescently labeled sec-
ondary antibodies are then
used to label the surface-
bound primary antibodies.
The number of fluorescent
molecules on the surface is
determined as for (a) above.

(c) The ligands are attached to
the silicon or silicon nitride
substrates in the exact man-
ner in which the proteins are
conjugated to the AFM probes.
HRP antibodies conjugated to
the ligands are used to label
the ligands on the surface and
the enzyme activity is meas-
ured in a spectrophotometer.
Enzyme densities can be cal-
culated by calibrating the sys-
tem with anti-rabbit HRP anti-
bodies in solution.

Figure 5. Unmodified proteins can be conju-
gated directly to PEG-aldehyde linkers via
lysine residues on the surface of the pro-
tein. Chemical activation and final purifica-
tion of the protein are not necessary.
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Conclusion
Biomolecular interactions are
processes that are critical to most
biological phenomena. For exam-
ple, molecular interactions are
responsible for the initiation, mod-
ulation, and termination of DNA
replication, RNA transcription,
enzyme activity, infection, immune
response, tissue generation, wound
healing, cellular differentiation,
programmed cell death, and the
activities of drugs, hormones, or
toxic substances. AFM offers
unique advantages over many
other tools for the study of biologi-
cal processes at the nanometer
scale and has become an impor-
tant tool for studying the nanome-
chanical properties of biological
samples. 

AFM allows scientists to visualize,
probe, and analyze the structures
of biological molecules in their
native environments with unprece-
dented resolution and without the
need for extraneous labels or tags.
It does not always require rigorous

sample preparation techniques,
which are often required for high-
resolution imaging studies using
electron microscopy. However, as
described above, bioconjugation
chemistry and surface immobiliza-
tion chemistry certainly enhance
the power and utility of AFM. For
example, organic and inorganic
surface chemistries, bioconjuga-
tion chemistry, and AFM force
spectroscopy and imaging methods
have been combined and used to
quantify and map specific biomole-
cular interactions between a vari-
ety of biological molecules of sci-
entific interest and physiological
importance.  

Nanoscale chemistries have been
exploited to study ligand-receptor
interactions such as the prototypi-
cal ligand-receptor interaction,
biotin-avidin [Ebner et al. 2005,
Riener et al. 2001, Riener et al.
2002, Riener et al. 2003, Wong et
al. 1997], nucleotide-nucleotide
interactions [Lee et al. 1994, Lee
et al. 1996], DNA-protein interac-
tions [Lin et al. 2006], interactions
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with cell surface receptors and
adhesion proteins [Baumgartner
et al. 2000a, Baumgartner et al.
2000b, Chtcheglova et al. 2007,
Lee et al. 2007, Lehenkari et al.
1999, VanVilet et al. 2006], anti-
body-antigen recognition [Bash et
al. 2006, Hinterdorfer et al. 1996,
Hinterdorfer et al. 1998,
Hinterdorfer et al. 2002, Raab et
al. 1999, Stroh et al. 2004b,
Kienberger et al. 2005, Kienberger
et al. 2006, Lohr et al. 2007],
interactions between virus parti-
cles and human virus receptors
[Ebner et al. 2007], and many
other molecules of biological
importance.
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