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The interactions between biomolecules and material interfaces at the molecular level are complicated but
very important for the development of materials science, nanotechnology, biophysics, biomedicine, and
analytical science. Atomic force microscopy-based force spectroscopy (AFM-FS) is a useful technique for
directly measuring the interactions between biomolecules and diﬀerent material interfaces from the hard
inorganic surfaces to the soft bio-substrates. In this review, we summarize recent studies on how to
utilize AFM-FS to investigate the interactions between biomolecules and materials interfaces at the
single-molecule level. Furthermore, we highlight the typical cases on applying AFM-FS for imaging DNA,
proteins, antibodies, bacteria, and cells on one side, and for label-free sensing of DNA, RNA, proteins,
enzymes, small molecules, and metallic ions on the other side. The key aspects of the modiﬁcation of
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probes, the preparation of material interfaces, and the construction of the AFM-FS measurement system
are introduced and discussed in detail. We expect that this work will be helpful for researchers to
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understand fundamental molecular interactions and to gain insights into the biological functions of
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various bio-hybrid materials.

1. Introduction
Understanding the interactions between biomolecules and
materials interfaces (MI) is very important for the development
of materials science, nanotechnology, biophysics, biomedicine,
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and analytical science.1,2 Atomic force microscopy (AFM) is
a powerful surface analytical technique with high vertical and
lateral resolutions, and it can be operated under a variety of
environmental conditions, especially for biomolecular investigation.3 Besides its well-known imaging ability, another significant application of AFM is to detect the interactions between
biomolecules and MI (including organic and inorganic interfaces) at the single-molecule level by using AFM-based force
spectroscopy (AFM-FS or AFM-SMFS).4–6
In a typical AFM-FS operation process of biomolecules, one
biomolecule is attached onto the tip of an AFM cantilever and
pure inorganic/organic material or fabricated inorganic/organic
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material is used as the sample surface.7 The AFM tip is programcontrolled to approach onto and retract from the sample
surface, and the rupture of the molecule–MI bridge is recorded
by measuring the deection of the cantilever spring. The unique
advantages of AFM-FS are the abilities not only to measure the
inter- and intra-molecular interactions with piconewton (pN)
sensitivity, but also to image those so biomolecules and
structures such as cells by using the specic biomolecule–MI
recognition.8,9
AFM-FS has wide applications, as shown in Fig. 1. It has been
used to study the folding and unfolding of single proteins and
nuclei acids with repeated units, as well as the interactions
between molecule–molecule or molecule–MI.10–12 It can also be
utilized to investigate the cell mechanics and to image cells and
biomolecules.13,14 In addition, quantitative analysis and detection are also possible using AFM-SMFS.15 According to a statistic
with the SciFinder Scholar by searching the open publications
using the keyword “force spectroscopy”, it was found that nearly
two thousands relative papers have been published every year in
the past ve years.
Previously, the progress reports and advances of AFM-FSbased studies have been presented by some famous research
groups.16–22 For example, the Dougan group provided an

Typical bio-related applications of AFM-FS and AFM-SMFS
techniques.

Fig. 1

informative and representative review on polyproteins using
AFM-SMFS, in which two main operation modes of forceextension and force-clamp were explained.19 The group of
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Dufrêne described the principles and applications of AFMSMFS for getting the molecular elasticity and localization by
stretching single polysaccharides and proteins.20 The Müller
group summarized recent studies on characterizing G-proteincoupled receptors by AFM-SMFS.21 Recently, the Wang group
presented the progress regarding the structure and function of
cell membranes examined by using in situ AFM and FS.22 We
realized that it is necessary to present recent advances of AFMFS and AFM-SMFS techniques for measuring the interactions
between biomolecules and MI, and the potential applications in
bioimaging and biosensing as SMFS have shown powerful
abilities in both elds.
In this review, we summarize recent studies on how to utilize
AFM-FS and AFM-SMFS to investigate the interactions between
biomolecules and MI at the single-molecule level. Furthermore,
we highlight typical cases in which AFM-FS is used for imaging
DNA, proteins, antibodies, bacteria, and cells. Finally, we review
applications for label-free sensing DNA, RNA, proteins,
enzymes, small molecules, and metallic ions. Key aspects of the
modication of probes, the preparation of material interfaces,
and the construction of AFM-FS measurement system are
introduced and discussed in detail. We believe that this review
will: (i) extend the understanding of the interactions between
biomolecules with diﬀerent MI, and promote the development
of novel nanomaterials and biomaterials; (ii) promote the
understanding on structure and functions of so bio-interfaces;
(iii) provide an synopsis of the state of the art and new ideas for
the design and applications of AFM-FS-based biosensor architectures; and (iv) be the driving force for theoretical studies of
biomolecule–material interactions at the atomic and molecular
level.

2. AFM-SMFS for biomolecules–MI
interactions
Biomolecules, such as proteins, peptides, DNA, and polysaccharides play important roles in the metabolism, control,
sensing, communication, growth, and reproduction. More and
more studies with various methods have been performed, in
which a very important part is to study the interactions between
biomolecules and MI. Among all the methods, SMFS is
a directly and eﬀective tool for measuring the interactions
between biomolecules and MI. Here we would like to present
the main cases on the interactions of biomolecules (proteins,
peptides, DNA, polysaccharides, antigens, and antibodies) with
MI.
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protein and inorganic MI have been performed by using SMFS.
For example, Botello et al. investigated the mechanical unfolding of the I27 domain from human cardiac titin under thermal
and chemical denaturing conditions.23 Several of the Ig
domains, particularly, the I27 domains, have been studied
extensively with the AFM. By connecting one end of the individual titin molecule to the gold substrate, the other end to the
silicon nitride cantilever (Fig. 2a), they used force as a physical
parameter under the traditional chemical and temperature
denaturing environment to alter the protein folding energy
landscape and compared the change in the unfolding freeenergy barrier of the I27 domain of human cardiac titin. They
found that the trends in protein unfolding free-energy barriers
are consistent for single-molecule force measurements and
bulk chemical and temperature studies. The results suggest that
the information from single-molecule pulling experiments are
meaningful and useful for understanding the mechanism of
folding of titin I27.
In another case, Krasnoslobodtsev et al. used AFM-SMFS to
study the formation of a dimer by measuring the interactions
between alpha-synuclein (a-Syn) proteins.24 In their study, one
end of the a-Syn was attached onto AFM probe and the other
end was xed onto the mica surface via maleimide–cysteine
coupling, as shown in Fig. 2b. They investigated the formation
of a dimer by analysing the rupture force values and distribution of contour length of force–distance curves, and proved the
pathogenic mutations A30P, E46K, and A53T do not increase
the propensity of a-Syn to misfold but rather change conformational preferences of a-Syn. This SMFS method was used to
study the formation of a dimer, which can be extended for
understanding the aggregation process of proteins.
2.1.2. Protein–ligand
interactions.
Protein–ligand
(including protein–protein) interactions play essential biological roles in every aspect of living systems and show important
applications in biomedicine and nanotechnology.25 The development of AFM-based SMFS technique made it possible to

2.1. Protein–MI interactions
Detecting the interactions between protein-attached tip and
special MI, SMFS becomes a very useful tool to study the folding
and unfolding of proteins.23–25 As the aggregation and misfolding of the proteins may lead to diseases or even cancers, SMFS
may also have promising application in the biomedical eld.24,25
2.1.1. Protein–inorganic MI interactions. Inorganic materials like gold substrate and mica are usually used as substrates
for the SMFS experiments. Studies on the interactions between

This journal is © The Royal Society of Chemistry 2016

AFM-SMFS studying for (a) unfolding of the I27 domain from
human cardiac titin (reprinted with permission from ref. 23. © 2009,
American Chemical Society); (b) formation of a dimer (reprinted with
permission from ref. 24. © 2013, American Chemical Society); (c) the
scheme of the tip modiﬁed with lectin and the AFM amplitude image of
Hela cell (reprinted with permission from ref. 31. © 2013, Royal Society
of Chemistry).

Fig. 2
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directly probe the ligand binding with proteins. Recently, Hu
and Li provided an overview of protein–ligand interactions as
studied by AFM-based SMFS technique,26 in which many recent
examples on how to apply SMFS to investigate the mechanical
stability and protein folding/unfolding dynamics that modulated by protein–ligand interactions have been introduced. It is
highly recommended for the authors to read this literature to
understand the protein–ligand interaction. Here we would like
to present another interesting work on the protein–protein
interactions studied by Schoeler et al.,27 who measured the
interactions between X-modules (XMod) protein and binding
modules dockerins:cohesins (Doc:Coh) with AFM-SMFS technique and steered molecular dynamics simulations. They found
that the XMod-Doc:Coh complex withstands forces of 600–700
pN, making it one of the strongest bimolecular interactions
reported. This work on the cellulosomal network components
may help in the development of biocatalysts for production of
fuels and chemicals form renewable plant-derived biomass.
2.1.3. Protein–RNA interactions. Protein–RNA interactions
are fundamental for understanding the aspects of molecular
biology such as gene expression, assembly of biomolecular
complexes and macromolecular transport. Andreev et al. for the
rst time investigated the molecular interactions between
a plant virus movement protein (MP) and RNA molecules with
AFM-FM technique.28 They found that the minimal unbinding
forces determined for individual interactions of the MP–MP and
MP–RNA were estimated to be 70 and 90 pN, respectively. This
work provides the physical ideas for further study to understand
the formation mechanism of movement-specic RNA complexed by MPs. In another case, Liu and co-worker reported the
pulling genetic RNA molecules out of the tobacco mosaic virus
(TMV) protein by using AFM-SMFS technique.29 In this study,
RNA molecules were bound onto the AFM tip and the cysteineadded TMV particles were immobilized onto a gold substrate.
By the SMFS experiments, they found that the interaction
between RNA and TMV is approximately 400  50 pN. The
presented results demonstrate the possibility to study the
nucleic acid–protein interactions in more complicated systems
using AFM-SMFS technique. In a further study, they studied the
mechanism of RNA disassembly in TMV by using AFM-SMFS
technique under diﬀerent pH and Ca2+ concentrations.30
2.1.4. Protein–cell interactions. Using SMFS to study the
interactions between protein and cell, especially cancer cells,
gained more and more attention.31–35 By comparing the forces
between proteins and special cells, it will help us to develop the
potential anti-tumor drugs. In a typical example, Zhao et al.
investigated the interactions between lectins and carbohydrates
on cancer and normal cells using SMFS.31 Lectins were modied
on AFM tip, while Hela and MDCK cells were selected as the
typical cancer and normal cells (Fig. 2c), which were attached
onto the cover slip, respectively. They found that the carbohydrate–lectin complex on cancer cells is less stable than that on
normal cells. This SMFS method opens a way to study the
specic interactions of receptor–ligand systems and metastasis,
progression and invasion of tumor.
In another study, Zhang et al. used AFM to real-time and in
situ detect epidermal growth factor receptor (EGFR) expression
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levels on living MCF-7 cells for evaluating the anticancer activity
of resveratrol.32 The inhibition eﬀect of resveratrol on the
expression of EGFR on MCF-7 cells was probed by epidermal
growth factor (EGF) functionalized AFM tips. Unbinding forces
between the EGF functionalized tip and cell surface decreased
aer adding the proper concentrations of resveratrol, which
prove the inhibition eﬀect of resveratrol. This SMFS technique
was used to investigate potential targets for anti-tumor drug, is
expected to be used as a promising tool for screening of drugs.

2.2. Peptide–MI interactions
Peptides are biologically occurring short chains of amino acid
monomers linked by peptide (amide) bonds. Peptides can
specically bind with many materials, for example, polymers,
proteins, and inorganic materials. The study of the interactions
between peptide and MI will help to understand the specicity
of peptide binding to the surfaces, thus possibly lead to a better
design of composite nanomaterials and nanodevices. SMFS is
also a helpful tool to study the interactions of amino acid–
inorganic surface, peptide–inorganic surface, peptide–DNA,
and peptide–cell membrane.
2.2.1. Amino acid–inorganic surface. Because of the high
complexity concealed in the interactions between peptides and
inorganic surfaces, the interactions between individual amino
acid and inorganic surface have been studied by AFM-SMFS
technique previously.36–39 Recently, one review paper on the
insights into the interactions of amino acids and peptides with
inorganic materials with AFM-SMFS has been presented,36 and
therefore we will only provide a few typical examples here.
Razvag et al. measured the interaction of individual amino
acid with inorganic surfaces using SMFS.37 Five diﬀerent kinds of
amino acid residue (lysine, glutamate, phenylalanine, leucine,
and glutamine) were bounded to the AFM tips respectively, the
interaction between the tips and a silica substrate in aqueous
solution were recorded and analysed, the results showed hydrophobic forces dominate the adhesion between the amino acid and
the inorganic substrate, and the electrostatic interactions also
play a role at the organic–inorganic interface. These results might
help to understand the interactions between biomolecules and
inorganic surfaces, which will improve the design of biosensors
and composite materials of new organic–inorganic interfaces.
In another study, Li and co-workers studied the interactions
between 3,4-dihydroxyphenylalanine (DOPA) and wet surfaces
by AFM-based SMFS.38 In their approach, multiple DOPA
molecules were attached onto a single polymer chain, hyaluronan (HA), and the stretching each HA-DOPA molecule resulted
in many rupture events of single DOPA-surface bridges, which is
similar to the stretching of polyproteins shown in Part 2.1.1.
This method could increase the eﬃciency to obtain high-quality
SMFS data and reduce the nonspecic interactions and
multiple unbinding events.
2.2.2. Peptide–inorganic surface. AFM-SMFS has been
extensively used to investigate the single-molecular interactions
between peptide and inorganic interactions.40–43 For instance,
Krysiak et al. combined SMFS and the equilibrium theory of
polymer desorption under terminal pulling to study the
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intrinsic monomeric desorption rate k0 of polytyrosine and
polylysine homopeptides that were covalently attached to an
AFM probe from hydrophobic self-assembled monolayers on
glass slides (Fig. 3a).40 By tting the results from the experiments in the constant-pulling and waiting-time protocols with
simple two-state kinetic polymer theory, they disentangled the
model parameters corresponding to polymer contour length L,
Kuhn length a, adsorption free energy l, and intrinsic monomeric desorption rate k0, which was about 105 Hz to cooperativity in the desorption process of single polymers.
In another case, Landoulsi et al. investigated the interaction
between D-Ala-D-Ala peptide and a stainless steel (SS) surface by
SMFS.41 Force–distance curves were recorded between D-Ala-DAla modied tip and the SS surface in NaHCO3-enriched
medium (Fig. 3b). Based on the dynamic force measurements of
unbinding forces, which linearly increased with the logarithm
of the loading rate in two regimes, revealed the presence of
multiple energy barriers in the energy landscape. The results
from SMFS showed a new way to study the adsorption mechanism of peptide on inorganic oxide surfaces and to understand
the origin of peptide-specic binding.
Our group (Colombi Ciacchi Group in UB) combined metadynamics and steered molecular dynamics simulations, to
probe the selectivity of the binding motif RKLPDA peptide for Ti
and Si surfaces, and the obtained adsorption free energies and
adhesion forces were found to be in quantitative agreement
with the corresponding AFM experiments.42 Recently, we further
utilized molecular dynamics simulations and AFM-SMFS
experiments to measure the interactions between GCRL
peptide and amorphous SiO2 surface.43 By the obtained rupture
force of peptide from the surface, we estimated the free energy
of adsorption of the GCRL peptide, which agreed well with the
computer simulation data of adsorption free energy.
2.2.3. Peptide–nucleic acid interaction. Understanding the
mechanisms of interaction between peptide and nucleic acid or

RSC Advances

other polyanions is very important to discover the aggregation
process of protein for the formation of several human diseases
like Alzheimer's and Parkinson's diseases. The interaction
between peptide and DNA molecules can also be detected by
AFM-SMFS technique.44–47
In a typical case, Camunas-Soler et al. investigated the electrostatic binding and hydrophobic collapse of peptide–DNA
aggregates by using AFM-SMFS, as shown in Fig. 3c.45 In their
work, the formation of peptide–DNA complexes can be directly
observed with AFM and dynamic light scattering measurements, and the driving thermodynamic forces within the
binding process can be quantitatively determined with AFMSMFS technique. In another study, Chung et al. investigated
the interactions between DNA and miniature (39 residues)
engineered peptide at the single-molecule level by using AFMSMFS.47 Direct force measurements between the DNA-modied
mica surface and peptide-functionalized AFM probe were performed in 10 mM PBS, the rupture force versus the logarithm of
the loading rate was tted with a single linear plot, suggesting
there is a single barrier between bound and unbound state.
Using SMFS to study the sequence-specic peptide–DNA interaction has a potential to design well-dened peptide–DNA
hybrid nanostructures for the further applications in biomaterials and nanodevices.
2.2.4. Peptide–cell membrane interaction. Investigations
on the interactions between membrane-active peptides and cell
membranes are getting more and more attention, because
certain antimicrobial peptides show anticancer activities and
even strong specicity against cancer cells.48 The high sensitivity of AFM-SMFS makes it possible to detect pN forces,
therefore it is becoming a promising method to detect the
interaction within peptide–cell binding.22,49–52 For instance,
Shan et al. studied the binding of single anticancer peptides
with HeLa cell membranes by SMFS.50 Interaction forces
between the anticancer peptide-functionalized AFM tip and the
lipid bilayer of HeLa cell membranes were successfully detected
(the mechanism is shown in Fig. 3d), and it was found that the
interaction increased with the increase of peptide hydrophobicity, but the interaction force was dependent on the binding
sites of peptide on the cell membranes. This result implied that
SMFS can be used to provide more insights into the interaction
mechanism of anticancer peptides with biomembranes.

2.3. DNA–MI interactions

Fig. 3 AFM-SMFS for measuring the interactions between (a) peptide–
SAM (reprinted with permission from ref. 40. © 2014, American
Chemical Society), (b) peptide–SS (reprinted with permission from ref.
41. © 2011, Wiley), (c) peptide–DNA (reprinted with permission from
ref. 45. © 2013, American Chemical Society), and (d) peptide–Hela cell
membrane (reprinted with permission from ref. 50. © 2012, Royal
Society of Chemistry).

This journal is © The Royal Society of Chemistry 2016

DNA, the molecule of life, has been a fascinating research
subject since its discovery. The understanding the interactions
between DNA molecules with biomolecules (DNA, protein,
peptide, and others) and inorganic materials is very important
for the developments of DNA chips, biosensors, nanodevices
and functional biomaterials.53 In this section, the interactions
of DNA molecules with complementary DNA, peptide nucleic
acid (PNA), antibody, and various substrates detected with AFMSMFS will be introduced.
2.3.1. ssDNA–ssDNA interaction. Specic interaction
between ssDNA and complimentary ssDNA is important for the
storage, retrieval and modication of information in biological
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systems. SMFS can directly measure the forces and loading rate,
which can help to understand of the DNA hybridization
process.54–56 For example, Strunz et al. measured the unbinding
force between ssDNA and its complementary ssDNA strands
with AFM-SMFS by covalently immobilizing complementary
oligonucleotides with a 50 -SH modication via a cross-linker on
the tip of an AFM tip and a glass substrate, as shown in Fig. 4a.55
They studied the DNA duplexes with diﬀerent base pairs (10, 20,
and 30 bp, respectively) under diﬀerent loading rate (16–4000
pN s1), and found that the cooperative unbinding of the base
pairs in the DNA duplex leads to a scaling of the unbinding
force with the logarithm of the loading rate, which can be
explained as a single energy barrier along the mechanical
separation path. In another study, Sattin and co-workers presented a novel experimental design to observe the DNA
hybridization at a base pair resolution by using AFM-SMFS
technique.56 They could able to measure the interactions
between diﬀerent sequences under exactly the same conditions
of cantilever, probe and solution by using a microarray of short
oligodeoxynucleotides, which can achieve in the direct
comparisons with the minimal random error. Their results
indicated that base stacking made much more contributions to
the interactions within DNA hybridization than H-bonding.
2.3.2. ssDNA–PNA interaction. PNA is a DNA mimic in
which the normal DNA phosphodiester backbone is replaced by
a 2-aminoethyl-glycine linkage and the nucleotide bases are
connected to the backbone by a methylene bridge and
a carbonyl group.57 The interactions between ssDNA and PNA
are stronger than between ssDNA–ssDNA because uncharged
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PNA cause the lack of electrostatic repulsion. For example, Cao
et al. studied the interaction between PNA and DNA by AFMbased SMFS.58 The PNA sequence with only six thymine bases,
p(T)6 was tethered on the tip, while the complementary DNA
sequence of d(A)6 was attached to the silica surface, as shown in
Fig. 4b. Rupture force of p(T)6–d(A)6 hybrids was around 148 pN,
which was larger than the forces to unbind short DNA duplex.
The kinetic parameters were also obtained by the rupture forceloading rate function, which highlighted the stronger binding
aﬃnity between PNA and DNA than between DNA and DNA.
Thus, it is believed that PNAs as tools can benet for the singlemolecule sequence detection and manipulation.
2.3.3. ssDNA–antibody interaction. The antibody is a Yshape protein produced by plasma cells that is used by the
immune system to identify and neutralize pathogens such as
bacteria and viruses. Since some antibody can bind two 5methylcytidine bases of a surface-immobilized DNA strand,
research of attaching antibody to the cantilever to study the
DNA methylation pattern has been done.59,60 In a typical case,
Zhu et al. used SMFS to measure the distance between 5methylcytosine bases in individual DNA strands and determine
the methylation pattern.59 A monoclonal antibody specic for 5methylcytidine was conjugated via a exible poly(ethylene)
(PEG) cross-linker to an AFM cantilever, while a 5methylcytidine-containing ssDNA was coupled via its 30 terminus to a glass slide. The antibody is able to bind two 5methylcytidine bases of a surface-immobilized DNA strand,
thus there is a unique rupture signature reecting the spacing
between two tagged bases. Using SMFS in the system has the
potential at the single-molecule level to allow related chemical
patterns to be retrieved from biopolymers.
2.3.4. ssDNA–graphite interaction. As individual DNA
bases are known to bind a graphite surface through noncovalent p–p interaction, the ssDNA–graphite system will help
to understand the interactions between polyelectrolytes and
hydrophobic substrates.61 SMFS can be directly used to measure
the interaction force between ssDNA molecules with at solid
surface. For example, Manohar et al. measured the force by
peeling 50-mer ssDNA from graphite surface by AFM-SMFS
technique, and they further determined the binding energy of
oligonucleotide with graphite surface.62 With the same technique, Iliafar et al. investigated the interactions between DNA
oligomers and graphite surface (Fig. 4c).63 Table 1 showed the
peeling forces and binding aﬃnity of pyrimidine and purine
oligomers on a graphite surface. Their studies suggest that the
DNA chain length and its direction of attachment to a gold-

Table 1

Peeing force of diﬀerent DNA on graphite surface

Fig. 4 (a) Unbinding forces between complementary ssDNA strands

(reprinted with permission from ref. 55. © 1999, National Academy of
Sciences), (b) interaction between antibody modiﬁed tip and ssDNA
modiﬁed glass substrate (reprinted with permission from ref. 58. ©
2015, Elsevier B. V.), (c) frictionless peeling of a ssDNA from graphite
surface (reprinted with permission from ref. 63. © 2012, American
Chemical Society), (d) scheme of pulling ssDNA from a carbon
nanotube pore (reprinted with permission from ref. 69. © 2011,
American Chemical Society).
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Sequence

Force (pN)

Binding energy (kBT)

30 -Poly(dT50)
30 -Poly(dC50)
50 -Poly(dT50)
50 -Poly(dT100)
30 -Poly(dA50)
50 -Poly(dG100)

85.3  4.7
60.8  5.5
73.4  5.5
78.5  5.0
76.6  3.0
66.4  1.4

11.3  0.8
8.3  0.7
9.4  0.9
10.2  0.8
9.9  0.5
8.3  0.2

This journal is © The Royal Society of Chemistry 2016
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coated AFM tip have negligible eﬀects on the peeling forces of
homopolymers.
Moreover, from the table above, we can see the binding
energy determined from the peeling force data did not scale
with the size of the base. In a further study, they used Brownian
dynamics to study the peeling of a polymer molecule, represented by a freely jointed chain (FJC), from a frictionless surface
in an implicit solvent with parameters representative of ssDNA
adsorbed on graphite surface.64 They found in the limit of slow
peeling, the Brownian dynamics model replicates the results of
an equilibrium statistical thermodynamic model under both
force control and displacement control.
Recently, we studied the interactions between two heteropolymer ssDNA molecules and graphite surface using SMFS by
peeling ssDNA from graphite.65 We found that the peeling force
of heteropolymer ssDNA were diﬀerent from homopolymer
ssDNA, and there was a direct inuence of the precise DNA
sequence on the interaction with graphite. In addition, the
unbinding force decreased with the increase of the ionic
strength of the liquid environment. The unbinding force
increase d nonlinearly with the logarithm of the applied loading
rate, which can be tted with newly developed single-barrier
adsorption model.66
2.3.5. ssDNA–CNT interaction. Carbon nanotubes (CNTs)
are important in the biomedical applications such as sensing and
drug delivery due to the rich electrical, mechanical, and thermal
properties. The ssDNA–CNT system has made much progress in
the practical exploitation.67 SMFS is helpful to investigate the
interactions when ssDNA is encapsulated inside CNTs.
For instance, Iliafar et al. investigated the interaction of
ssDNA with single-walled CNTs (SWCNTs).68 They found that
forces are required to remove each of the four ssDNA homopolymers from surface-adsorbed SWCNTs and methy-terminated
SAMs. In addition, they found that the free energy of ssDNA
binding to both substrates decreased as the order of poly(A) >
poly(G) > poly(T) > poly(C), while the magnitude of the latter is
signicantly greater than the formers. The binding strength of
ssDNA to the curved SWCTs in 2–3 times higher than that to the
at graphite. Combined with replica-exchange molecular
dynamics, the enhancement is enhancement as from spontaneous curvature of ssDNA or preference of the ssDNA to adopt
highly curved conformation when adsorbed on nonpolar
surfaces. In another very interesting work, Lulevich et al. investigated the interactions between ssDNA and CNT pores by pulling
an ssDNA-modied AFM tip from a CNT membrane (Fig. 4d).69
They found the rupture forces decrease with the increase of salt
concentration, and it is diﬀerent from the measurement on
graphite by Manohar et al.,62 which indicates that the interactions
of ssDNA with the narrow CNT pore are signicantly diﬀerent
from its interactions with a at graphitic carbon surface. In
a theoretical study, Roxbury et al. used replica exchange molecular dynamics (REMD) to study the equilibrium sequencespecic structures formed by single strands of 12-mer oligonucleotides adsorbed on a SWCNT.70 They found the actual structural motif of the adsorbed strand depends strongly on the
sequence and composition of DNA molecules.
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2.4. Polysaccharide–MI interactions
Polysaccharides are polymeric carbohydrate molecule
composed of long chains of monosaccharide units bound
together by glycosidic linkages and on hydrolysis give the
constituent monosaccharides or oligosaccharides. They range
in structure from linear to highly branched, and they are
important in food technology to control structure, texture and
stability. Some protein molecules may be attracted or repelled
with the polysaccharide due to the electrostatic complexes.
SMFS is a useful tool to study the interactions of polysaccharide
and proteins, cells and so on.
2.4.1. Dextran–substrate interaction. Dextran is one kind
of polysaccharides, a polymer formed by glycosidic bonds
linking the carbon atoms number 1 and 6 of consecutive a-Dglucopyranose rings. The elasticity of dextrans can be studied by
SMFS, due to the force–extension curves can be obtained using
this technique. In a typical case, Rief et al. used SMFS to probe
the elastic properties by chemically binding dextran strands to
a gold surface and are picked up by an AFM tip through a bond
between streptavidin and biotin.71 They found that at low forces
the deformation of dextran was dominated by entropic forces,
which can be described by the Langevin function with a 6
angstrom Kuhn length; at elevated forces the deformation was
governed by a twist of bond angles, while and at higher forces it
was determined by a distinct conformation change.
2.4.2. Components of mixtures of polysaccarides. SMFS is
also helpful to identify the components of mixtures of polysaccharides because the force–extension curves can show the
ngerprints of elasticity of linear polysaccharides. For example,
Marszalek et al. investigated ngerprinting polysaccharides
with SMFS.72 They studied polysaccharides based on stretching
single molecules in solution with AFM. This method recorded
the molecular ngerprint of force-induced conformational
transitions within the pyranose ring, and has the potential to
identify specic polysaccharide molecules in the mixture
solution.
2.4.3. Polysaccharides on living cells. SMFS can be also
used to investigate the adhesive and conformational properties
for the polysaccharides on living cells, which help to understand their functions. For instance, Francius et al. used SMFS to
probe the adhesion and mechanics of polysaccharides and
proteins on live cells.73 They found the protocol to stretch
single-polysaccharide molecules on the bacterium Lactobacillus
rhamnosus GG (LGG) surface with lectin-modied tips, and it
can be easily modied for other cell types. This method will help
to understand the adhesive and conformational properties at
the molecular level.
2.5. Antigen–antibody interaction
The interaction of antigen–antibody is fundamental to many
immunochemical techniques. AFM-SMFS has been widely used
to investigate various specic interactions between antigens
and antibodies.8,74–77 For instance, Dammer et al. investigated
specic interaction between immunopuried polyclonal goat
IgG antibodies (anti-biotin antibodies) and biotinylated bovine
serum albumin (BBSA).76 They measured the rupture force
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between individual antibody–antigen complexes, it has been
estimated that only a very few antigen/antibody complexes
contributed to the measure force. Roy et al. studied the interaction between captured prostate-specic antigen (PSA) and
detection antibody (5A6) aer cross-linking during force
measurement.77 From the result of the number of the captured
antigens in a specic area, it is believed that the approach can
be applicable to the quantitative analysis of the antigen in
a sample, which can be extended to a sample of very low copy
numbers as long as the size of the microarrayed spot is reduced.

is very important. In a recent work, Wolf et al. combined AFM-FS
with confocal microscopy to measure the stiﬀness of bulk
nuclear.88 With this method, they could visualize the cantilever–
nucleus contact and the fate of cells simultaneously, as shown
in Fig. 5a and b. Therefore, the nuclear compressibility to
complement concepts of limiting nuclear deformation in
cancer cell invasion and other biological processes could be
understood. In general, the information regarding the cell
physiological conditions can be extracted from the Young's
modulus of membrane.

3. AFM-FS for measuring the material
properties

3.2. Young's modulus of biopolymeric materials

Besides the biomolecular interactions, the elastic and viscoelastic properties of materials have also been estimated by AFMFS.78,79 Studying the micromechanical properties of living cells
will promote the understanding of cell architecture and other
important information related to the cell functions.80 In addition, understanding the mechanical elasticity of protein is
important for investigating the functions of proteins in cells
migrating and rolling.81 Previously, polymer thin lms have
been applied range from bioengineering in synthesizing cell
substrate to covering integrated circuits as insulating layers,82,83
and hence, knowing the mechanical properties of polymers is
cardinal in guiding the design of functional nanomaterials. In
this part, the FS-based methods and techniques that can be
utilized to measure the material properties like Young's
modulus and mechanical elasticity as well as the nanoneedle
operation on live cells will be introduced.

The elasticity property of biopolymers can be evaluated by
Young's modulus, which can also be measured with AFM-FS.
For instance, AFM-FS has been applied to investigate the
elastic properties of thin gelatin lms.89 The corresponding
results showed that the calculated Young's modulus, based on
analysing the recorded force curves with the help of the Hertz
model, is dependent on the local lm thickness and the applied
loading force of the AFM tip. Thus, the inuence of the hard
substrate on the calculated soness of the lm can be characterized as a function of indentation. In another work, Reynaud
et al. proposed a relative method for quantitative measuring the
Young's modulus E of a polymer surface by AFM indentation,90
involving a calibration step obtained from a set of standards
constituted by pure polymers with known modulus. Based on
this method, the elastic modulus can be quantied with
a spatial nanoscale resolution.
3.3. Mechanical elasticity of protein

3.1. Young's modulus of cell membrane
The pathological state and metastatic potential of the living cell
could be dened by its elasticity, and therefore the elasticity of
cells has been widely studied during past decades.84–86 For
example, Gimzewski et al. analysed the ex vivo mechanical
properties of several lines of cancer cells obtained from patients
by utilizing AFM-FS.86 In their work, they nd that the cell
stiﬀness of metastatic cancer cells is more than 70% soer than
the benign cells that line the body cavity, and diﬀerent cancer
types are displaying a common stiﬀness. Their results suggest
that the mechanical analysis can distinguish cancerous cells
from normal ones even when they show similar shapes, and the
nanomechanical analysis correlates well with the immunohistochemical testing currently used for detecting cancers.
In another work, Rotsch and co-workers investigated the
eﬀects of various drugs on the structure of cytoskeleton and the
elasticity of cells by the elasticity measurements with AFMbased AFM-FS.87 They found that the actin network plays
a crucial importance for the mechanical stability of living cells
instead of microtubules. During cell development, cell diﬀerentiation, the phases of high transcription activity, and the
rigidity of the nucleus could be altered.
Accordingly, the nuclear stiﬀness would change due to
disease-induced deregulation of cell function or tissue homeostasis. Hence, investigating the elastic properties of the nucleus
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The mechanical forces have been investigated at the singlemolecule level during the past years.91,92 These studies proved
that mechanical forces play an important role in biological
systems. The mechanical functions of most proteins are associated with elasticity of proteins. Titin, a muscle protein that
contains a large number of immunoglobulin domains, is the
rst protein performed by AFM-SMFS.93 In this experiment, Rief
and co-workers investigated the mechanical properties of

Fig. 5 Probing and visualizing nuclear compressibility by soft NP-S
cantilevers. (A) Principle of the microscope image registration and
overlay function. (B) Schematic and microscopic representations of
the vertical dimensions of cells and modiﬁed cantilevers. Reprinted
with permission from ref. 88. © 2013, American Institute of Physics.
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individual titin protein at single tertiary-structure element level
with AFM-SMFS technique. The extracellular matrix protein
tenascin, which has a FN-III domain, has also been studied by
Oberhauser et al.,94 who found that the force of unfolding one
FN-III domain is about 130 pN, and the distance of one domain
is about 25 nm, which is very similar to the titin protein.93 This
study discussed the mechanism of tenascin-ligand binding at
the single-domain level.
It should be noted that the SMFS experiments of titin and
tenascin was performed on the solid surface, but it would be
more important to study the mechanical elasticity of proteins on
membrane. Müller et al. detected the human b2 adrenergic
GPCR (b2AR) reconstituted into liposomes containing phospholipids and cholesterol by AFM-SMFS.95 The ligand binding
would change the mechanical properties of the structural
segments. In another way, quantifying the energetic, kinetic, and
mechanical parameters of the structural segments plays an
important role in explaining the mechanism of the structural
segments stabilize ligand-specic conformations of the receptor.
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Fig. 6 Single-cell manipulation by FluidFM. (A) Diagram showing
a microchanneled cantilever chip ﬁxed to a drilled AFM probe holder.
(B) SEM image of the aperture beside the apex of the pyramidal AFM tip
for the intracellular injection experiments as in (D). (c) SEM image of
the aperture at the apex of the pyramidal AFM tip for the cell staining
experiments by gentle contact as in (E). (F) Single cell was stained with
CellTracker green. Reprinted with permission from ref. 106. © 2009,
American Chemical Society.

3.4. Mechanical elasticity of viruses
The interaction between a viral capsid and its genome plays
important roles on the properties of a virus, such as assembly,
genome uncoating, and stability.96,97 The binding of some
proteins with virus can greatly aﬀect the mechanical stability of
virus. AFM-FS technique can also be utilized for measuring the
mechanical properties of viruses aer binding with proteins.98,99
For example, Ni and co-workers utilized a AFM-FS based
nanoindentation technique for measuring the stiﬀness of
brome mosaic virus (BMV) with diﬀerent RNAs,98 and they
found that the electrostatic interaction between BMV and RNAs
could increase the stiﬀness and stability of virus. In another
study, Hernando-Pérez et al. characterized the mechanical
stability of gpD-free and gpD-decorated bacteriophage lambda
capsids, and found that the cementing proteins provided extra
mechanical stabilization to the viral cages.99
AFM-FS measurements of single virus provide not only direct
information on their elasticity, but also allow for an estimation
of other physical properties like rigidity, viscosity, and adhesion.100–102 For example, Berne and co-workers studied the
binding force of Caulobacter crescentus holdfast with diﬀerent
surfaces with AFM-FS techniques.101 By the experiments, they
found that the morphology of holdfast is dependent on the
surface property and the aﬃnity of holdfast for a surface can be
adjusted by the buﬀer ionic strength and pH. In addition, the
adhesion of holdfast is strongly time dependent, involving
transformations on multiple time scales. This work provides
a framework for the molecular mechanistic studies of virus.

substrates and extracellular matrices (ECM), so it is important
to quantitate the aﬃnity between cell and substrate at single cell
level. With arrowhead nanoneedle, the adhesion force of single
cell has been successfully detected.104 In this study, Ryu and coworkers utilized a technique to improve the insertion eﬃciency
and prevent the cell membrane rupture during the detachment
process by reinforcing the cellular membrane with layer-bylayer nanolms composed of bronectin and gelatin to break
the stronger adhesions between cell and substrate. These
methods provide opportunity to evaluate true cell adhesion
forces in various cell types.
Recently, a kind of uidic force microscopy (FluidFM) has
been developed for single-cell manipulation.105 Aer the development of FluidFM,106 it has been applied for the accurate
delivery of bioactive compounds to single and targeted cells in
physiological medium and intracellular injection.106,107 For
instance, Meister et al. integrated a microsized channel (connecting the AFM chip holder and a delivery system) in an AFM
cantilever,106 thus creating a continuous and closed uidic
channel that can insert a selected solution to the target in
a liquid environment (Fig. 6a). The injection can be completed
through penetrating the cell membrane by an AFM tip with
a hole on the slide of the apex (Fig. 6b and d). The injection can
also be carried out through gentle contact with the cell
membrane by an AFM tip with a hole on the apex (Fig. 6c and e).
By this methods, the dye was indeed injected into the selected
cell without damaging the cell and aﬀecting the nearby cells.

3.5. Nanoscale operation of a living cell with a nanoneedle
Another important use of AFM is nanoscale operation of a living
cell with nanoneedle. This technique provides the opportunity
to transfer molecules of interest inside of a living cell at a known
time, which can modulate the cell activity while monitoring the
reaction of the cell in real-time.103 The functions and fates of
mammalian adherent cells are aﬀected by the properties of

This journal is © The Royal Society of Chemistry 2016

4. AFM-FS based molecular
recognition imaging
AFM does not require staining the sample and allows for
imaging under near-physiological conditions. Due to the high
resolution and easy sample preparation, AFM has been applied
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widely for imaging DNA, protein, bacteria, virus, antibody,
antigen and other cells.
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4.1. Imaging of DNA
Due to the high resolution and capability to detect the transitional states of micro/nano-molecules in real time, AFM has
become a powerful instrument to image structure and dynamics
of DNA complex. For example, by xing DNA molecule on the
APS (3-aminopropylsilatrane)-mica, Holliday junction, (HJ) and
branch migration could be continuously scanned in real time.108
It clearly shows the branch migration become possible when HJ
is unfolding. On the contrary, the folding state of HJ may
terminate branch migration. Unlike xing nucleosome with
glutaraldehyde in electron microscopy test, AFM could assess
the dynamic wrapping and unwrapping process of DNA to
histone (Fig. 7a) by measuring the blob sizes of nucleosome and
the length of DNA arms. In addition, the stability of DNA–
protein complexes could also be evaluated. For example, linking
the two DNA molecules immobilized on tip and substrate
respectively through SI restriction enzyme, the adhesive forces
and dissociation rate (koﬀ) in each rupture event between Sl
and DNA molecule could be measured.108
Except for the new strategy to x the DNA molecules onto
substrate and monitor their dynamics process, the development
of the instruments and probes also provide more opportunities
to unveil the mysteries of DNA.109 Standard AFM tip commonly
has a radius around 10 nm, and this sets the limitation on
measuring the small fragments of DNA. Recently, the extremely
ultra-sharp tip make high-resolution imaging possible to
demonstrate the ne structure in the DNA molecule, such as the
major and minor grooves (2–3 nm).110 The tiny structure alteration of DNA structure could also be recorded. Free oxygen
species (ROS), which could induce DNA damage, is one of the
core factors to induce aging, cancer or other diseases. As illustrated by Fig. 7b, AFM could sense the height change from
double-stranded DNA (5 Å height) to single stranded DNA (2

Fig. 7 AFM-FS for imaging (a) unwrapping process of DNA to histone
(reprinted with permission from ref. 108. © 2009, Elsevier Ltd), (b)
dsDNA splits into ssDNA due to the radical damage (reprinted with
permission from ref. 111. © 2014, American Chemical Society), (c)
conformation transition of ricin (reprinted with permission from ref.
120. © 2012, American Chemical Society), (d–f) 3D chemical speciﬁc
imaging of targeted chemical groups by ssDNA (reprinted with
permission from ref. 121. © 2015, Nature Publishing Group).
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Å height) caused by ROS. Via calculating the distribution of
single strand DNA, the eﬀects of diﬀerent strength of ROS could
be quanticationally evaluated.111
DNA has highly specic self-assembly ability to form periotic
patterns, and that is why it becomes an extraordinarily ideal
potential bottom-up materials for nanoelectronics, biosensors,
and programmable molecular machines. With the high resolution and sensitivity, AFM is used as one of the most important
instruments to characterize the unique self-assembly DNA
structure, especially the articial DNA. By adding three-pointstar motif and ssDNA molecules with diﬀerent number of
bases in one pot, variable types of symmetric supramolecular
polyhedral, such as tetrahedron, dodecahedron, and buckyball
could be created.112 Four armed DNA molecules with diﬀerently
redesigned sticky ends could form two kinds of structures,
nanoribbons and two-dimensional nanogrids. The further
experiment proved that nanogrids was an ideal template for
deposition of silver, gold, copper or other metal to form a highly
conductive nanowires.113 Nowadays, DNA origami has become
a hot topic, since it is developed by Rothemund et al. in 2006.114
The designed shapes were imaged by AFM. DNA origami was
realized by choosing a long ssDNA as scaﬀold and a short
oligonucleotide as staple strands to x the scaﬀold. Now, DNA
origami is no longer only famous for its aesthetic, but also for
its potential applications, such as biomolecules, nanoelectronic
or photonic components or moving DNA machines. By loading
DNA origami onto the mica under diﬀerent ionic conditions.
Rothermund and co-workers proved that DNA origami lattices
can be controlled not just by the concentration of divalent
cations like Mg2+ and Ni2+, but also inuenced by the ratios of
surface concentrations of the monovalent and divalent
cations.115 This work also shows the heterogeneities of mica
may lead to variable DNA lattices.

4.2. Imaging of protein
Another important application of AFM is to reveal the details
about the structure and function of proteins. For instance, the
“amyloid bril” involved a number of self-assembly proteins or
peptides such as heptapeptides, a-synuclein, Ab(1–42), insulin,
b-lactoglobulin, lysozyme, ovalbumin, tau protein, and bovine
serum albumin, has attracted numerous scientists, for their
association with a lot of neurodegenerative diseases. Though
these brils possess diﬀerent morphologies, varying from
twisted ribbon, helical ribbon to nanotube-like structures, their
Young's moduli all fall into the range of 2–4 GPa.116
The facile sample preparation required by AFM makes it
possible to monitor the dynamic change of protein, because the
scanned proteins could retain their native properties. In our
group, we aligned human prion protein 23-231 (PrP23-231) to
Au (111) surface via Au–S bonds and monitor the prion protein
aggregation process under diﬀerent pH values in real time.117
The experimental results showed that the bril only formed
under acidic environment. And the basic aggregation units are
monomer, dimer and trimer in the rst layer, and the second
layer of PrP23-231 aggregation formed via non-covalent interactions with rst layer.118 In order to discover the details about
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the interaction between ricin and aptamer or antibody, we
immobilized ricin protein on Au(111) surface using a Nhydroxysuccinimide (NHS) ester which enables the specic
binding to lysine residues on the ricin B chains.119 Then the
conformations of ricin were scanned by aptamer-modied tip.
From the topographical images and recognition signals, we
found out 9 congurations of ricin and divided them into four
groups according to the simulation results of lysine residues
locations. All the 9 congurations are presented in Fig. 7c.120
Previously, studies were always focused on imaging the
topmost surface of sample. But, recently, Kim et al. produced
a new strategy to test the three-dimensional position of chemical groups inside a protein complex.121 They labelled the targeted group with a short ssDNA, and then tested that with AFM
probe whose T shaped tip was modied with complementary
ssDNA. The extracting force on the target molecules may result
in negative peaks in the force–time waveforms. By analysing the
distinct force–time waveforms obtained from the varying
distance between the two complementary ssDNA molecules, the
3D distribution of the targeted chemical group could be constructed upon the corresponding topography images of the
protein complex. The detailed principle is shown in Fig. 7d. The
resolutions in horizontal and vertical directions are respectively
0.47 nm and 0.58 nm. Appling this method, they attached 6base-long ssDNA to the carboxylic groups of biotin, and then
mapped the location of carboxylic acids of biotin in the biotin
and streptavidin complex. The location of targeted chemical
group and the predicted crystal images are represented in
Fig. 7e and f respectively.
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subtilis.124 In addition, the cross-linked peptidoglycan is second
guarantee for maintaining the cell wall stability.
The modication of AFM tip with diﬀerent compounds
could be used to recognize a certain compound on the surface
of cell wall. For example, the tips modied with vancomycin and
peptidoglycan have been proved to be located on the equatorial
rings of Lactococcuslactis.125 Moreover, the AFM tip modied
with lectin identied has been used to identify polysaccharide
chains.126 Also, the breakthrough in high-speed AFM instruments provides high opportunities to observe the cell wall
remodeling. For instance, the positively charged colistin has
been observed to have damage to the Gram-negative bacteria by
the electrostatic interaction,127–129 and peptide tricokonin VI has
been found to led to intracellular materials leakage from the cell
wall of B. subtilis, and then killed the bacteria.130 In a recent
work, Ido et al. found that the disruption of the cell membrane
may result from the water loss by testing the interaction
between chrysophsin-3 with Bacillus anthracis.131 In another
work, Dover and co-workers recorded the changes of cell wall
structure and elasticity in live Group B Streptococcus (GBS).132
The peptidoglycan on the surfaces displays as band with a pole
center (Fig. 8a and g), and discontinuous bands forming a netlike structure (Fig. 8b, d and f) or arranged in parallel to form
a divided plane (Fig. 8c and e). The height and width of the band
are 2 nm and 25.4 nm in average as shown in Fig. 8h. In addition, they observed the rearrangement of peptidoglycan when
subjected to turgor pressure.132 By sensing the cell wall alteration induced by antibody, drug or the environment, AFM will
provide substantial information for designing antibody, drug or
vaccine for bacteria.

4.3. Imaging of bacteria
Nowadays there is a new AFM approach called peak-forcetapping mode AFM (PFT-AFM), which could provide topography images and map the nanomechanical properties, such as
elasticity, adhesion, modulus, and deformation simultaneously.122 Compared with the conventional AFM imaging
mode, PFT-AFM could scan at a very low-force level, reducing
lateral force and the damage to susceptible biological sample.
With the help of this technique, Dufrêne group rstly used
a chemical specic hydrophobic CH3 modied AFM probe to
test hydrophilic domains of SiO2 surrounded by a hydrophobic
layer of dimethylmethylsilane.123 They found that this novel
mode could provide much higher resolution and faster scanning (8 min for 512 pixels  512 pixels). They further utilized
this kind of chemical specic tip to scan Aspergillus fumigatus
spore that immobilized on the polycarbonate membrane, and
the obtained result indicated a strong adhesion force of 4273 
586 pN for the hydrophobic patches and only 01000 pN for the
neighbouring hydrophilic areas.
Cell wall architecture is the most essential organization for
maintaining the cell shape and mechanical strength. However,
its composition or structure, especially the 3D structure is still
unknown. In the most recently, the protection role of glycan
strands has been revealed that they are arranged as hoops or
helices along the short axis of the cell, paralleling to the
membrane cell wall peptidoglycan architecture in Bacillus
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4.4. Imaging of virus
Viruses are wildly existing pathogens and have been proved to
be associated with a variety of organisms from animals, plants
to bacteria and even other viruses. AFM with its advantages of
high resolution and high speed, become a promising tool to
help people descend into this mysterious world by revealing the
basic information of virus such as images, properties, and
dynamic replication or infection progress including cell
binding, entry, and release.133
AFM-FS based imaging could resolve the capsomere organization of icosahedral herpes simplex virus type 1 (HSV1)
capsids, even the ne structures of pentons or hexons.134 The
nano-indentation experiment showed that the empty HSV1 and
DAN-containing ones have similar stiﬀness, proving the existence of DNA is not the factor for inuencing the mechanical
properties of mature capsid. In addition, the nano-indentation
technique also proved the existence of residual pressure when
measuring the global stiﬀness of bacteriophage f29. It is
demonstrated that the stiﬀness along the short axis is two-times
bigger than that of long axis. Recently, with the application of
frequency modulation AFM (FM-AFM), smaller virus particles,
parvovirus minute virus of mice (MVM) (20–50 nm) could also
be imaged.135 FM-AFM is considered as non-invasive technique
due to the sense force can be down to 20 pN. In theory, cantilevers should oscillate at its resonance frequency. However, the
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and elasticity map, they found that the site of bacteriophage
assembly and extrusion is at the bacterial septum which area is
soer than the surrounding stiﬀ cell wall.
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4.5. Imaging of antibody and antigen

Fig. 8 (a–h) AFM-FS for studying the structure and elasticity of cell
wall in live GBS. (a, c and e) High resolution imaging of peptidoglycan
architecture. (b, d and f) Net-like surface topography from height
images. (g) Zoom in image of marked place in (a), and (h) cross-section
height proﬁle in (g) (upper), and histogram of band width (lower).
Reprinted with permission from ref. 132. © 2014, Nature Publishing
Group. (I and J) AFM-FS for imaging His labelled bacteriophages via
Ni2+–NTA modiﬁed tip. Reprinted with permission from ref. 137. ©
2013, Nature Publishing Group.

real oscillation frequency may alter when the tip is approaching
to the sample. Then the frequency shi would be interpreted to
get the high-resolution image. The mechanical properties map
such as stiﬀness and adhesion via dissipation channel are obtained with topography simultaneously.135 In a word, AFM-FS
based techniques can be used to quantify the structural transition of engineered virus, measure the mechanical eﬀects of
genome encapsidation, sense the capsids properties, test the
interaction between the infected cells and virus, and provide the
virological insight for designing viral vector.
AFM could also be used to track the infection process. For
example, Gladnikoﬀ et al. observed retrovirus budding in real
time.136 They found two distinct kinetically pathways, 74%
virion in slow process (>45 min), and the rest are in the fast
process(<25 min). The budding was not restricted to a specic
site. Combining the AFM-FS with biochemically sensitive tips,
Alsteens et al. observed the His6 labelled bacteriophages by
using the AFM probe functionalized with Ni2+–NTA (Fig. 8i).137
The adhesion map could show the exact positions where the
bacteriophage assembly and extrude. At the same time, the
elasticity maps would represent the heterogeneous elasticity of
a single bacterium (Fig. 8j). By comparing the adhesion map
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AFM could not only show the topography image of the sample,
but also be used to recognize a specic types of molecules.
Unlike labelling the targeted substance with uorophore tags in
optical microscopy, AFM-FS based molecular recognition
imaging is a label-free technique, which could reduce the
inuence to sample. The molecular recognition studies can be
performed by applying a force to break the bonds between
antibodies and antigens. Therefore, the AFM probe should be
modied rstly with antigen or ligand (or vice verse). Usually,
the antibody will be thiolated and attached to a PEG linker
tethering on the end of an AFM probe.16 For example, Stroh et al.
scanned the antigens deposited on the substrate twice with a tip
modied by polyclonal anti-histone H3 antibodies, which could
specically recognize the whole histone, especially N-terminal
tails of histone 3.138 Comparing the topography and recognition images, the recognition eﬃciency for the rst scan was
determined as 96  2%, and eﬃciency for the second scan is 92
 2%. Then the researchers deposited Swi-Snf, which is an ATPactivated nucleosome remoulding protein complex, and nucleosome together. The change of the congurations of nucleosome was conrmed by comparing the topography and
recognition images scanned by H3 antibody tethered before and
aer adding ATP.
Except for the simple and straightforward recognition study,
the high-resolution FM-AFM helps researchers to nd out the
details about how antibody works. Ido et al. successfully
observed the Y-structure of antibody IgG, as shown in Fig. 9a.131
In addition, they found IgG could self-assemble into both hexamer and 2D crystals patterns. It was found that IgG remained
its immunoactivity to interact with specic antigens, even
though it has already aligned into a highly ordered 2D crystallization. This unique phenomenon shows that the 2D structure
antibody may be applied as the basic materials for biotechnological platforms.
By using the high speed AFM, the antibodies binding to their
cognate antigen on the surface of S-layer protein of Lysinibacillus sphaericus CCM 2177 carrying the carboxyl-terminally
fused peptide Strep-Tag II and HRV-A2 viral capsids, have been
investigated.139 The antibodies are not stationary and adhere to
one certain antigen. The mismatching in the geometry of
epitope and paratope, strain impacting, or non-optimal
distance of movement of Fab may result in the dissociation of
antibody form antigen. With continuously dissociating or reassociating, the antibody seems to randomly walk on the
surface of the cells, as shown in Fig. 9b. This result may shed
light on design vaccines by exploiting or inhibiting the dynamic
interaction between antigen and antibody.
4.6. Imaging of cell
Besides the structural information such as the bacteria cell wall
talked in the above part, AFM-FS based techniques could also
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Fig. 9 AFM-FS for imaging (a) anti-HAS mouse monoclonal antibody (reprinted with permission from ref. 131. © 2014, Nature Publishing Group),
(b) antibody “walking” on Sendai PM (reprinted with permission from ref. 139. © 2014, Nature Publishing Group), (c, d) CBM3a binding to
crystalline cellulose, in which (c) is the schematic presentation of the binding mechanism and (d) is the typical topography (upper) and
recognition (bottom) images of CBM3a–cellulose binding (reprinted with permission from ref. 142. © 2014, American Chemical Society).

provide functional insights of the cells. Recently, Pan et al.
quantied the binding aﬃnity between SIPa and a signalling
receptor locating on the red blood cells CD37 by using the
signal-regulatory protein-a (SIPa) and AFM-FS.140 Tips bearing
lectin were used to gain the distribution map and adhesion
force to the polysaccharides on the cell surface. By comparing
the results with mutant strains, the role of polysaccharides
plays in bacterial adhesion has been unveiled.
In our group (Xu Group in UG), we modied the tip with one
kind of key anticoagulant factors antithrombin (AT) to image
endothelial cell surface or its mutated types. The wild and other
mutated types are distinguished for the structures, like N-, 2-Oand/or 6-O-sulfated, of heparan sulfate (HS), which are wildly
located on the cell surface and specically interact with AT. The
functionalized tip could also be used to recognize the specic
positions of HS and obtains more details about relationship
between the HS structure and AT.141 In the further studies, we
extended AFM to image the cell wall architecture of plant cells.
For instance, we mapped out the binding sites of family 3
carbohydrate-binding module (CBM3a) molecules to crystalline
cellulose brils on the cell wall of poplar and monitored the
fragmentation and solubilization of cellulose induced by
CBM3a in real time (Fig. 9c and d).142–144
Cell surface protein also possesses an essential role for
regulating the functions of cells. Take bacteria adhesin for
example, it could help bacteria append to other cells through
the conformational change induced by mechanical stimuli,145
and such changing process could be recorded by AFM. When
pulling on adhesins – LapA of Pseudomonas uorescens or Als5p
This journal is © The Royal Society of Chemistry 2016

of Candida albicans, it would result in multiple signature
peaks,145,146 which show the unfolding of the repeated domains
in these adhesion proteins. In addition, AFM could map a single
protein distribution, or even monitor the protein cluster
formation. For example, Heinisch et al. observed that Saccharomyces cerevisiae's cell integrity sensor Wsc1 formed 200 nm
clusters due to the external stress.147
One can also immobilize an intact cell on the cantilever to
study cell–cell interaction and cell–substrate interactions.148,149
The most common method for the tip modication is via ligand
and receptor binding on the cell surface. However, such kind of
interaction is too weak to hold the cell on the tip.150 Some
researchers tried to attach living bacteria to a polydopaminecoated colloidal probe to measure the adhesion force between
bacteria and substrate.151 Thus the anti-adhesion force could
also be gained by adding cranberry juice to prevent the interaction between P-mbriated E. coli and human uroepithelial
cells.152
AFM is always a powerful instrument to characterize biological sample. However, the prerequisite of the experiment is
to immobilize the bacteria or cell on the substrate without
inuencing the natural properties. The common chemical
methods, using glutaraldehyde or APTES, or immobilizing cell
on the gelatin-coated surfaces may interfere the biological
sample or pollute the tips. Trapping the cells in the pores of
polycarbonate membrane may exert an extra mechanical force
to the cell. For example, Formosa et al. developed a new strategy
to x the sphere cells onto the microstructured polydimethylsiloxane (PDMs) stamps without any chemical or
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physical denaturation.153 Firstly, they created a microstructured
silicon mask by photolithography, and then used deep reaction
ion etching to adjust the size of the trap. A 4–5 mm width and 4
mm depth pattern is suitable for yeast cells, whereas a smaller
size with 1.5–2 mm width and 2 mm depth could be made for
fungi or bacteria. Aer this, the silicon mask would be
immersed in the PDMS solution to make PDMS stamps. Finally,
the cells would be loaded by convective and capillary
deposition.

5.

AFM-SMFS based biosensing

Generally biosensors are composed of three parts: a sensor
device employing diﬀerent physical and/or optical principles,
a sample delivery system, and a sensor surface where one of the
interaction partners is immobilized. SMFS can be used in
molecule recognition based biosensor for DNA, RNA, protein,
antibody–antigen, enzyme, drug molecules, and metallic ions.
5.1. Sensing of DNA
SMFS can be used as DNA sensor because the DNA match and
mismatch will change the rupture forces which can be obtained
in the curves. In 2003, Gaub group for the rst time reported
a novel approach to design a programmable force sensor based
on AFM technique.154 In their setup, the cantilever spring was
replaced by a polymeric anchor and a known molecular bond
carrying a uorescence label. During the separation of two
surfaces, the polymeric anchor was stretched and the bonds
were ruptured to cause the uorescence signals. This technique
has very high sensitivity and can be used to detect single-base
pair mismatch in a DNA sequence and the antibody–antigen
interaction.
In the rst label-free sensing study with AFM-SMFS, Jiang
et al. used SMFS to investigate the interaction between pyrene
modied tip and fully matched or mismatched dsDNA which
was immobilized onto a gold substrate via a thiol–Au bond
(Fig. 10a).155 They found the introduction of mismatched sites

Fig. 10 (a and b) AFM-SMFS sensing of DNA by the interaction
between pyrene and DNA. Reproduced with permission from ref. 155.
©2010, American Chemical Society. (c and d) AFM-SMFS sensing of
DNA by the interaction between DNA and graphite surface. Reprinted
with permission from ref. 156. © 2013, Royal Society of Chemistry.
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into dsDNA reduces the interaction of pyrene binding to dsDNA.
This clear diﬀerence in rupture forces for pyrene to unbind
from matched and mismatched dsDNA opens a new way to
detect mismatches in dsDNA (Fig. 10b).
Recently, we demonstrated a novel single-molecule, labelfree bioanalytical system capable of sensing the presence of
specic ssDNA oligomer sequences with high selectivity and
sensitivity (Fig. 10c).156 As ssDNA has a strong interaction with
the graphite surfaces due to the p–p stacking, it is possible to
compare the force change when ssDNA hybridize with
complementary DNA. Specic sequence of ssDNA (D1) was
modied on AFM probe, and the binding force was detected on
the graphite surface in deionized water. Then D1-modied AFM
probe was immersed in 1 nM complementary target ssDNA
sequence (cD1) and a mismatched ssDNA sequence (mD1) with
one single base mismatch to hybridize or mis-hybridize,
respectively (Fig. 10d). They found the mean plateau force of
hybridized DNA (D1 + cD1) decreased about 35.5% while the
plateau force of mis-hybridized DNA (D1 + mD1) does not
change signicantly compared to that of D1, as shown in
Fig. 10d. In this study, an ssDNA concentration of 1 nM have
been detected, and it opened a possibility to detect DNA using
SMFS.
5.2. Sensing of RNA
RNA plays major roles in coding, decoding, regulation and
expression of genes, so it is important to use proper methods to
detect RNA. Jung et al. used AFM to detect hepatitis C virus
(HCV) RNA directly without labelling or amplication.157 The
capture probe DNA was covalently linked to the apex of the
dendron immobilized on the slide, while the detection DNA was
linked to the apex of the dendron immobilized on the AFM tip
(Fig. 11a). Aer HCV RNAs were hybridized with the capture
DNA on the slide, the interaction between the detection DNA on
the AFM tip and captured RNAs was measured. By utilizing

Fig. 11 (a) Schematic presentation of AFM-SMFS sensing of RNA. (b)

Force mapping detection of RNA. Reprinted with permission from ref.
157. © 2012, Oxford University Press.
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dendron self-assembly on the surface, it could be nd a mostly
1 : 1 interaction between the DNA on the AFM tip and the
captured RNA on the surface. This SMFS method can direct
detect RNA without labelling, modication, reverse transcription and amplication, which overcome the limitations of other
approaches. With this AFM-SMFS based force mapping technique, RNA sample with very low concentration about 5 fM can
be detected easily (Fig. 11b).
5.3. Sensing of protein
Protein detection is also an important part in the AFM-based
biosensors. Previously, Blank and co-workers reported the
fabrication of a force-based protein biochip.158 This assay for the
quantication of single-molecule binding forces was developed
based on diﬀerential unbinding force measurements where
ligand–receptor interactions are compared with the unzipping
forces of DNA hybrids. In their study, the DNA zippers enabled
not only distinguish the specic and non-specic interactions,
but also allowed the highly sensitive detection of proteins and
antibodies.
Recently, we used AFM-SMFS to detect lysozyme with high
selectivity and sensitivity, and the detect limitation of lysozyme
can reach 0.65 nM.156 By attaching the anti-lysozyme aptamer
(D2) on AFM tip, forces were detected and compared aer
adding lysozyme. The results showed that there was a very weak
detachment force (about 70 pN) of a D2-modied AFM probe on
an oxidized Si (SiO2) surface, while there were four peaks with
a detachment of about 500 pN force between a lysozymemodied AFM probe and SiO2 surface. The interaction force
between D2-modied AFM probe and SiO2 surface in the presence of 0.65 nM lysozyme showed lysozyme-characteristic
features and a strong detachment force of about 700 pN. This
method proved increase in the detachment force and the
appearance of lysozyme-characteristic peaks can be used as
force ngerprints to reveal the presence of lysozyme in the
solution system.
5.4. Sensing of antibody–antigen interaction
Antibody–antigen recognition is the primary event at the basis
of many biosensing platforms. Kienberger et al. combined highresolution AFM-FS imaging with topographical imaging, which
is called force–volume mode to study the interaction between
anti-lysozyme antibody-conjugated tip and lysozyme adsorbed
mica substrate.159 It was found that the imaging with the
antibody-modied tip gave strikingly diﬀerent images than with
a bare silicon-nitride tip. The binding sites on the lysozyme
layer were detected, and the unbinding forces are scaled in each
pixel with gray values. Aer blocking with antibody in solution,
the binding probability dropped signicantly which is quite
clear in the force–volume data.
Recently, Casalini and co-workers reported the multiscale
sensing of antibody–antigen interactions by combining organic
transistors and AFM-SMFS technique.160 In their work, they
used an antigen (interleukin-4, IL4) to modify the AFM probe
and an anti-IL4 to modify the substrate, as shown in Fig. 12a.
Fig. 12b shows the 2D histograms containing the number of

This journal is © The Royal Society of Chemistry 2016

(a and b) AFM-SMFS for studying the antibody–antigen
interaction. Reproduced with permission from ref. 160. © 2015,
American Chemical Society. (c and d) AFM-SMFS for measuring the
enzymatic activity and kinetics. Reprinted with permission from ref.
162. © 2011, American Chemical Society.

Fig. 12

events with a ve unbinding force and unbinding length. The
statistical analysis of force–distance curves made it possible to
quantify the probability, the characteristic length scales, the
adhesion energy, and the time scale of the specic recognition.
This work proves that the specic molecular recognition events
in biosensors can be assessed, quantied, and optimized.

5.5. Sensing of enzyme and its activity
Enzymes catalyse various biochemical reaction types, and the
study is quite important. AFM-SMFS can be also one choice for
studying the activity and catalysis mechanism of enzymes.161–163
For instance, Ditzler et al. investigated the catalytic activity of
enzyme by forming a stable monolayer of active Escherichia coli
dihydrofolate reductase (ecDHFR) directly bound to an ultraat
gold surface.161 By detecting the rupture force between the
enzyme modied gold surface and a tight binding inhibitor
(methotrexate) modied tip, they indicated signicant rupture
forces upon dissociation of the inhibitor from the enzyme's
active site and also showed the viability of a simple and direct
enzymatic surface-functionalization without using spaces. This
method opens the door to further applications in the eld of
biomacromolecular force spectroscopy.
In another interesting study, Mori et al. presented how to
apply AFM-SMFS for studying the kinetics of enzymatic dextran
elongations.162 Dextransucrase (DSase) is a glucosyltransferase
that catalyse the transfer of a D-glucose unit in sucrose to a Dglucose at the nonreducing end of a dextran acceptor (Fig. 12c).
The elongation process from the shis of rupture peaks
between the dextran-immobilized probe and the DSasemodied mica surface in the presence of sucrose as a monomer (Fig. 12c). In order to monitor the real-time enzymatic
reaction dynamics, they further utilized the continuous FD
scanning to measure each second on a particular DSase molecule at the same point, as shown in Fig. 12d. The obtained result
indicated that the rupture force peak shied to the nm order for
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5.7. Sensing of metallic ions

Fig. 13 (a and b) AFM-SMFS sensing of AMP by the interaction
between DNA aptamers. Reproduced with permission from ref. 164. ©
2011, American Chemical Society. (c and d) AFM-SMFS sensing of
adenosine by the interaction between DNA aptamer and graphite
surface. Reprinted with permission from ref. 165. © 2015, MDPI.

every few seconds of contact time. By the statistical analysis,
a catalytic elongation rate constant (Kcat) of 2.7 s1 was
obtained.

Some metallic ions have the great threat to both the environment and human health, and SMFS is a newly developed
method to detect metallic ions. Recently, we fabricated a novel
aptasensor based on AFM-SMFS capable of detecting mercury
ions (Hg2+) with sub-nM sensitivity.166 Specic sequence of
ssDNA for Hg2+ was covalently attached on AFM probe, by
detecting the force between the ssDNA aptamer bounded tip
and graphite surface in water solutions with diﬀerent concentrations of Hg2+, we found the peeling force between aptamer
and graphite surface increased obviously aer adding Hg2+,
and detection limit of approximately 0.1–1 nM and also showed
very high selectivity of Hg2+ over other metal cations. This novel
technique will have wider applications for other polluting
metal ions.
In another recent work, Kuo et al. studied the crown–metal–
crown complexations by AFM-SMFS technique.167 In their work,
they used two crowns to modify the AFM probe and substrate,
respectively. The addition of metallic ions into the system could
create a crown–metal–crown bridge and the SMFS peeling
experiments could cause in clear unbinding force. Therefore,
the ionic selectivity by this AFM-SMFS based system can be
achieved. In addition, by using the isotherms of binding probability and dynamic force spectroscopy, the free energy landscapes and kinetic parameters for the dissociation of
complexations can be known by the Bell–Evans model.

5.6. Sensing of drug molecules
SMFS has also attracted much attention on detection of drug
molecules like adenosine and cocaine due to molecular recognition between ssDNA aptamers and drug molecules.
In a typical study, Nguyen et al. measured single small
molecule binding via rupture forces of a split aptamer by AFM to
detect adenosine monophosphate (AMP).164 To avoid the target
analyte interact with surface, they used a split, a bipartite
aptamer, in which one component was immobilized on AFM
probe, and the other on the sample surface (Fig. 13a). They
found that the rupture force between two oligos that were
immobilized on tip and gold substrate respectively, increased in
the presence AMP in comparison with the one measured in
absence of AMP. With this SMFS technique, a detection limit of
3.7 mM was obtained for sensing AMP (Fig. 13b). This method
showed potential applications to develop other drug sensors.
Very recently, we demonstrated a simple force-based labelfree strategy for the highly sensitive sensing of adenosine.165
This sensor took advantage of the specic molecular recognition between adenosine and an appropriate DNA aptamer, as
well as of the intrinsic SMFS sensitivity (Fig. 13c and d). We have
reached a relatively low adenosine detection limit in the range of
0.1–1 nM and very good selectivity against uridine, guanosine
and cytidine. This method without labelling makes the detection
much easier, and can be used in similar chemical detections. In
a further study, we utilized SMFS-based force mapping technique to colorimetric determine adenosine and cocaine samples,
and adenosine and cocaine with a concentration of 0.1 nM can
be sensed by visual observation of the color changes of force
maps before and aer adding analytes (unpublished data).
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6. Conclusions and outlooks
The above presented examples show that SMFS technique has
very strong power for studying the molecular recognition and
molecular interactions. By using the AFM high-speed scanning
and AFM-FS technique, it is possible to image the biomacromolecuels, bionanostructures, and biomaterials like DNA,
protein, antigen, antibody, virus, cell, and others. With the AFMSMFS technique, it is also possible to studying the molecular
interactions and fabricate some biosensor architectures for the
label-free sensing of DNA, protein, enzyme, small molecules,
metallic ions, and other analytes. The AFM-FS and AFM-SMFS
techniques will attract more and more interests for the bioimaging and biosensing applications in the future. The development of AFM in bioimaging and biosensing can be further
beneted from the combination and developments of nanotechnology, biomedical engineering, and materials science.
For the future developments of SMFS for bioanalysis and
bioimaging, there are some points should be noted. Firstly, the
modication of AFM probe should be developed. For example,
how to modify the AFM probe with biomolecules and make the
bound biomolecules have high activity for molecular recognition. Secondly, some new biomolecules should be used for the
modication of AFM probes for the understanding materials'
properties. For example, the selection of material-specic
peptide by SMFS will promote the synthesis of novel functional nanomaterials.
For the label-free biosensing, the attention should be
focused on these points like: (1) how to improve the sensitivity
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and detect limit of sensor architectures, (2) how to achieve in
the detection of drugs by studying the interaction of biomolecules with cell surface, (3) how to combine AFM-SMFS with
uorescent microscopy to detect analytes with higher sensitivity
and accurately, and (4) how to achieve in quantitative detection
of analytes.
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4 Y. F. Dufrêne, E. Evans, A. Engel, J. Helenius, H. E. Gaub
and D. J. Müller, Nat. Methods, 2011, 8, 123–127.
5 K. Liu, Y. Song, W. Feng, N. Liu, W. Zhang and X. Zhang, J.
Am. Chem. Soc., 2011, 133, 3226–3229.
6 E. M. Puchner and H. E. Gaub, Curr. Opin. Struct. Biol., 2009,
19, 605–614.
7 C. Wang and V. K. Yadavalli, Micron, 2014, 60, 5–17.
8 C. K. Lee, Y. M. Wang, L. S. Huang and S. Lin, Micron, 2007,
38, 446–461.
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