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Invention of Atomic force 
microscope



Atomic Force Microscope (AFM)

(The AFM is the younger brother of the STM)



Atomic force microscopy (AFM)



Atomic force microscopy (AFM)

Resolution:
STM on Metals:     1 Å (X,Y,Z)
AFM on Proteins:  5 Å (X,Y), 1Å (Z)

AFM force = F = 100 pN

Signal Source:
STM: Electric current between tip and sample.
AFM: Physical bending of the cantilever.
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Atomic Force Microscopy





Atomic force microscopy (AFM)



World of Cantilevers

H. P. Lang, M. Hegner, and C. Gerber. 
Nanomechanics from atomic resolution to 
molecular recognition based on btomic force 
microscopy technology. Nanotechnology, pages 
R29–R36, 2002.



Atomic force microscopy (AFM)

Sharp Tip Double Tip



AFM Modes

• Constant Height Mode
• Constant Force Mode
• Friction mode
• Tapping Mode, vibrating 

mode



Tip-Sample Interaction 
in Air



Tip-Sample Interaction 
in Water



Charting and unzipping the S-layer of
Corynebacterium glutamicum

with the AFMThe S-layer forms the protective cell wall of bacteria

______



Charting and unzipping the S-layer of
Corynebacterium glutamicum

with the AFM

The S-layer is the protective “armor” of bacterial



Native S-layer adsorbs double layered
And can be dissected with the AFM tip
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1: triangular surface
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2: flower-shaped surface



Native S-layer adsorbs double layered
 and can be dissected with the AFM tip

1: triangular surface
2: flower-shaped surface

1 minimal force (~100pN)

2 +600pN

force applied to the AFM tip



AFM overview topograph of the proteolyzed sample
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1: triangular surface
2: flower-shaped surface



Raw data topographs diffract to 1nm resolutiuon



Section analysis
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Section analysis
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Native sample Proteolysed sample (Trypsin)

Localization of the C-terminus and sidedness assignment

difference



The Conformational Energy 
Landscape of Aquaporins

The tetrameric aquaporin has four 
channels through which water can 

very easily traverse the cellular 
membrane. 

No other molecules or ions can 
traverse, not even hydrogens!



Simon Scheuring
simon.scheuring@curie.fr

http://perso.curie.fr/Simon.Scheuring/

E. Coli Waterchannel AQPZ

AFM raw data topograph

AFM average topography

Molecular surface
X-ray structure (2.8Å)

Extracellular surface

Cytoplasmic surface

Topography and molecular surface
The bacterial aquaporin AQPZ is here in an 

artificial membrane, where it is arranged in a 2D 
crystalline formation.



Conformational space of the AqpZ surface

Similarity ranked images
are assembled into a movie

position probability

AFM



AqpZ: energy landscape

pd(r) 
peak position probability 
of domain d 

Fd = -kT ln pd(r)
Relative free energy

Scheuring et al., Europ. Biophys. J., 2003

6 kT

AFM



Imaging
Native Membranes



Hu, X., Ritz, T., Damjanovic, A., Autenrieth, F. & Schulten, K. (2002).
Photosynthetic apparatus of purple bacteria. Quart. Rev. Biophys. 35 (1), 1-62.

The Bacterial Photosynthetic Apparatus

The core-complex : reaction center (RC) & light harvesting complex 1 (LH1)



Scheuring, S.*, Seguin, J., Marco, S., Lévy, D., Robert, B. & Rigaud, J.L. (2003)
Nanodissection and high-resolution imaging of the Rhodopseudomonas viridis photosynthetic core-complex in native membranes by AFM. 

PNAS, 100, 1690-1693.
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Scheuring, S.*, Seguin, J., Marco, S., Lévy, D., Robert, B. & Rigaud, J.L. (2003)
Nanodissection and high-resolution imaging of the Rhodopseudomonas viridis photosynthetic core-complex in native membranes by AFM. 

PNAS, 100, 1690-1693.

Blastochloris Viridis Core-Complex

Models
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AFM topograph
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Scheuring, S.*, Seguin, J., Marco, S., Lévy, D., Robert, B. & Rigaud, J.L. (2003)
Nanodissection and high-resolution imaging of the Rhodopseudomonas viridis photosynthetic core-complex in native membranes by AFM. 

PNAS, 100, 1690-1693.

Blastochloris Viridis Core-Complex

10nm

Isaacs group
http://www.chem.gla.ac.uk/protein/LH2/core.html

Schulten group
http://www.ks.uiuc.edu/Research/psu/psu_model.html

Computed models

Raw data AFM topograph

LH1 subunits distribution and RC orientation

The LH1 subunits around the RC



Scheuring, S.*, Busselez, J., & Lévy, D. (2005)
Structure of the dimeric PufX–containing core complex of Rhodobacter blasticus by in situ AFM.

JBC, 2005, 280, 2, 1426-1431.

Rhodobacter Blasticus Core-Complex

5nm

0nm

10nm

High-resolutionAFM topograph



Scheuring, S.*, Busselez, J., & Lévy, D. (2005)
Structure of the dimeric PufX–containing core complex of Rhodobacter blasticus by in situ AFM.

JBC, 2005, 280, 2, 1426-1431.

Rhodobacter Blasticus Core-Complex

10nmHeight: 8Å
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Scheuring, S.*, Busselez, J., & Lévy, D. (2005)
Structure of the dimeric PufX–containing core complex of Rhodobacter blasticus by in situ AFM.

JBC, 2005, 280, 2, 1426-1431.

Rhodobacter Blasticus Core-Complex
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Scheuring, S.*, Busselez, J., & Lévy, D. (2005)
Structure of the dimeric PufX–containing core complex of Rhodobacter blasticus by in situ AFM.

JBC, 2005, 280, 2, 1426-1431.

Rhodobacter Blasticus Core-Complex

Model & Data
QB

QB



Imaging of 
membrane protein 
supercomplexes



Hu, X., Ritz, T., Damjanovic, A., Autenrieth, F. & Schulten, K. (2002).
Photosynthetic apparatus of purple bacteria. Quart. Rev. Biophys. 35 (1), 1-62.

The Bacterial Photosynthetic Apparatus

The apparatus : light harvesting complex 2 (LH2) & light harvesting complex 1 (LH1 ) & reaction center (RC)



Scheuring, S.*, Sturgis, J., Prima, V., Bernadac, A., Lévy, D. & Rigaud, JL. (2004)
Watching the photosynthetic apparatus in native membranes.

PNAS, 2004, 101, 31, 11293-11297.

Rps. Photometricum Photosynthetic Apparatus 

10µm

1µm

Phase contrast light microscopy Thin section transmission electron microscopy

Rhodopseudomonas photometricum cells contain stacked intracytoplasmic membranes 



Scheuring, S.*, Rigaud, JL. & Sturgis, J. (2004)
Variable LH2 stoichiometry and core clustering in native membranes of Rhodospirillum photometricum.

EMBO J., 2004, 23, 21, 4127-4133.

Rps. Photometricum Photosynthetic Apparatus
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Scheuring, S.*, Rigaud, JL. & Sturgis, J. (2004)
Variable LH2 stoichiometry and core clustering in native membranes of Rhodospirillum photometricum.

EMBO J., 2004, 23, 21, 4127-4133.
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Rps. Photometricum Photosynthetic Apparatus

There is no fixed assembly unit



Scheuring, S.*, Rigaud, JL. & Sturgis, J. (2004)
Variable LH2 stoichiometry and core clustering in native membranes of Rhodospirillum photometricum.

EMBO J., 2004, 23, 21, 4127-4133.

Rps. Photometricum Photosynthetic Apparatus

20nm

EM thin section

AFM high-resolution topograph

There is no fixed assembly unit



Static assembly?

Or rather:

Dynamic Light Adaptation!



Simon Scheuring*, & James Sturgis (2005).
Chromatic adaptation of photosynthetic membranes.

Science, 2005, 309, 5733, 484-487.

Chromatic Adaptation

High-light adapted membranes Low-light adapted membranes



Simon Scheuring*, & James Sturgis (2005).
Chromatic adaptation of photosynthetic membranes.

Science, 2005, 309, 5733, 484-487.

Chromatic Adaptation

LH1 - RC
core-complex

LH2
complex

LH?
complex

LH1 - RC
core complex

The complexes



Simon Scheuring*, & James Sturgis (2005).
Chromatic adaptation of photosynthetic membranes.

Science, 2005, 309, 5733, 484-487.
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Simon Scheuring*, & James Sturgis (2005).
Chromatic adaptation of photosynthetic membranes.

Science, 2005, 309, 5733, 484-487.
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Simon Scheuring*, & James Sturgis (2005).
Chromatic adaptation of photosynthetic membranes.

Science, 2005, 309, 5733, 484-487.
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20nm

Antenna and “photosynthetically active“ domains in low-light adapted membranes



(c) Simon Scheuring

Rsp. Molischianum Photosynthetic Apparatus

Atomic model of the photosynthetic complex assembly, based on AFM topography



Imaging modes

the sample9,48. Thus, topographs generated by dynamic- 
mode imaging can consist of a superimposition of sur-
face structure and tip–sample interactions that include 
stiffness, surface charge, chemistry and friction. The 
weight of these various contributing elements to such 
topographs is not always easily deciphered.

Multifrequency AFM imaging. More recently, mechan-
ical excitation of the cantilever at several superimposing 
frequencies has been introduced and broadly termed 
multifrequency AFM9. Multifrequency AFM relies on 
various approaches, including multiharmonic, bimodal 
and band excitation11,49,50. The imaging process of multi-
frequency AFM is as fast as that of conventional AFM, 
and the analysis of multiple cantilever frequencies allows 
the extraction of multiple properties of a biointerface. 
However, as a consequence of the conceptual complexity 
of the multifrequency system, sophisticated theoretical 
descriptions are required to extract sample properties 
such as topography, flexibility, adhesion, stiffness and 
electrostatic potential from observable parameters, such 
as the amplitude, phase or frequency shifts.

High-speed AFM imaging. For a long time, AFM imag-
ing suffered from a rather low time resolution that 
hindered its capability to follow dynamic processes. 
Nowadays, key technological advances enable a signifi-
cant increase in imaging speeds, leading to an opera-
tion mode called high-speed AFM10,51. These advances 
include the introduction of small cantilevers with 
superior response time, the suppression of mechanical 
vibrations, the development of fast and stable piezo- 
scanners and the use of a controller that dynamically 
tunes feedback gains during imaging10,52. Nowadays, 
these improvements make it possible to directly observe 
chaperones53, cytoskeletal motor proteins41, light-driven 
proton pumps36 and enzymatic rotary motors31 at work, 
collagen fibrillogenesis43 and enzymatic degradation54, 
protein assembly in supported lipid membranes40,55 and 
in membranes of living bacteria56, and the spatiotemporal  
dynamics of nuclear pore complexes57.

Molecular and cellular force spectroscopy
Probing mechanical properties of interfaces. In the 
force spectroscopy mode, AFM acts as a versatile tool-
box to probe nanomechanical properties and to extract 
quantitative parameters of biological systems, including 
from tissues, cells, proteins and nucleic acids, and of non- 
biological systems, such as functionalized surfaces or 
matrices. In AFM-based force spectroscopy, a stiff AFM 
stylus is driven onto a sample and retracted while the 
force deflecting the cantilever and the distance travelled 
are recorded in so-called force–distance curves (FIG. 2a). 
The inter- and intramolecular forces acting on the stylus 
and biointerface are dependent on their physico-chemical  
properties and on the buffer solution58. Since the early 
years of AFM, force–distance curves have been used 
to measure the mechanical properties of interfaces and 
quantify van der Waals interactions, hydrophobic and 
-philic properties, charges of ion layers and electro-
static double-layer interactions13,58. During approach, 
the sharp-tipped AFM stylus interacts locally with the 
biointerface, which it indents until a defined maximum 
force is reached. Analysis of the approach force–distance 
curve, and in particular the region describing indentation, 
allows properties including deformation, elasticity and 
dissipation to be determined. The retraction curve quan-
tifies the adhesion force between the stylus and sample.  

200 nm

Contact mode

F

x

Dynamic mode

A

x

a b

c d e

f g h

200 nm 2 µm

10 nm 100 nm 10 µm

Figure 1 | AFM imaging principles and applications characterizing biointerfaces. 
a|̂ |2rinciRNe QH atQOic HQrce OicrQscQR[ 
#(/� cQntQWring 
FasJeF Nine� DiQinterHaces  
(an example of a cellular membrane is shown here). The stylus of the cantilever is raster 
scanned across the sample to record topographic information. Depending on the AFM 
imaging mode, a feedback loop keeps the force interacting between the stylus and 
sample at a minimum to prevent distortion of the soft biological sample. 
b|̂ |%Qntact�OQFe #(/ MeeRs tJe cantiNeXer FeHNectiQn cQnstant 
cQnstant HQrce� D[ 
adjusting the distance between the stylus and sample. Dynamic-mode AFM oscillates 
the cantilever close to or at resonance frequency, while the stylus only touches the 
sample surface intermittently. Topographic features affect cantilever oscillation, which is 
used to adjust the tip–sample distance. F is force, A is amplitude and x is lateral distance. 
c|̂ |α-Synuclein aggregates stimulated by the interaction with phospholipid membranes. 
d|̂ |/iceNNi\atiQn QH RJase�seRarateF OeODrane aHter eZRQsWre tQ N[sine JeZacJNQriFe 
dendrimers. e|̂ |5eNH�asseODN[ QH 40# stranFs� f|̂ |/NQti-� RQtassiWO cJanneNs� InFiXiFWaN 
monomers of the tetramers show high structural variability as they can undergo 
conformational changes that are propagated to the gate of the channel. g|̂ |/QNQne[ 
murine leukaemia viruses budding from the surface of an infected 3T3 cell. h|̂ |(iDrQDNast 
grQYn Qn a HiDrQnectin�cQateF sWDstrate� 2aneN c is reproduced with permission  
from REF. 197� /acOiNNan 2WDNisJers .iOiteF� 2aneN d is reproduced with permission from 
REF. 198� #Oerican %JeOicaN 5Qciet[� 2aneN e is reproduced with permission from REF. 199, 
/acOiNNan 2WDNisJers .iOiteF� 2aneN f is reproduced with permission from REF. 37� 0atiQnaN 
Academy of Sciences. 2aneN g is reproduced with permission from REF. 25, American 
5Qciet[ HQr /icrQDiQNQg[� 2aneN h is reproduced with permission from REF. 47,  
American Society for Microbiology.
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D. Alsteens, H. E. Gaub, R. Newton, M. Pfreundschuh, C. Gerber, and D. J. Müller, “Atomic force microscopy-
based characterization and design of biointerfaces,” Nature Publishing Group, vol. 2, pp. 1–16, Mar. 2017.

Review:



Toshio Ando,Takayuki Uchihashi, Noriyuki Kodera,  Annual Review of Biophysics 42, 393-414 (2013)

High-Speed AFM



Toshio Ando,Takayuki Uchihashi, Noriyuki Kodera,  Annual Review of Biophysics 42, 393-414 (2013)

High-Speed AFM shows myosin walking along actin

Processive movement of myosin V (M5-HMM). The 
dynamic process in 1 µM ATP was captured at 7 fps. 
Scan range, 130 × 65 nm2 with 80 × 40 pixel.

Hand-over-hand movement of myosin V (M5-HMM) 
including foot stomp of the leading head. The 
dynamic process in 1 µM ATP was captured at 7 fps. 
Scan range, 150 × 75 nm2 with 80 × 40 pixel.

Long tracking of myosin V (M5-HMM) walking along actin filament. This typical movie showing long 
processive runs in 1 µM ATP was captured at 7 fps. To chase the M5-HMM molecule, the scan area was 
moved. Scan range, 150 × 75 nm2 with 80 × 40 pixel; the whole imaging area, 560 × 120 nm2



Force spectroscopy AFM

Quantification of these mechanical parameters depends 
on the contact area of the stylus and sample, which 
with a soft interface, such as a cell or polymer cush-
ion, increases non-linearly with indentation depth and 
is difficult to determine. To circumvent this problem, 
either the depth of indentation can be limited so that 
only the very tip of the stylus interacts with the sample 

or a nano- or micrometre-scale bead can be attached 
to the end of the cantilever, which allows for a more 
accurate estimation of contact area and sample inden-
tation59 (FIG. 2b,c). Force spectroscopy has enabled the 
characterization of the mechanical properties of living 
cells, and has allowed these properties to be correlated 
with nanomechanical activity60, touch sensation61,62, 
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Figure 2 | AFM-based force spectroscopy from single molecules to cells. a|^|(Qrce sRectrQscQR[ inXQNXes an atQOic 
force microscopy (AFM) stylus that indents into and retracts from a sample to locally record interactions and sample 
properties. Approach and retraction force–distance curves characterize the sample deformation and stylus–sample 
adhesion, respectively. b|^|InFenting tJe st[NWs intQ a ceNN NQcaNN[ recQrFs OecJanicaN resRQnses D[ a HQrcesFistance cWrXe� 
c|^|InFenting a DeaF intQ a ceNN RrQDes tJe OecJanicaN resRQnse QH Narger areas� (QrcesFistance cWrXes sJQY cQrticaN 
stiffness of ectodermal, mesodermal and endodermal cells of the zebrafish embryo. d|^|%QnHineOent DetYeen tYQ 
parallel plates allows the mechanical response of a cell to be measured. The force–time curve shows the force generated 
D[ a *e.a ceNN RrQgressing tJrQWgJ OitQsis YJiNe cQnHineF tQ a JeigJt QH �� μm. e|̂ |/easWring tJe strengtJs QH receRtQrs
ligand bonds. Biotin is tethered to the stylus and streptavidin to the support. The force curve recorded upon separating 
receRtQr anF NiganF sJQYs tJe stretcJing QH tJe RQN[etJ[Nene gN[cQN 
2')� NinMer s[steO tetJering tJe RrQteins anF tJe 
rupture force of the bond. f|̂ |/ecJanicaNN[ stretcJing a tanFeO�reReat RrQtein� 'acJ HQrce ReaM cJaracteri\es tJe WnHQNFing 
of a single protein domain. g|̂ |/ecJanicaNN[ stressing tJe terOinaN enF QH a transOeODrane β-barrel protein leads to the 
stepwise unfolding of β-hairpins each detected by a force peak. Force peaks of the force–distance curve (red) are fitted by 
the worm-like-chain model (grey). h|̂ |#ttacJing a ceNN tQ tJe cantiNeXer aNNQYs ceNN aFJesiQn tQ a sWDstrate tQ De OeasWreF�  
The force–distance curve records the maximal detachment force whereas small force events represent the rupture of single 
receRtQrsNiganF DQnFs� 2aneN c is adapted with permission from REF. 63� /acOiNNan 2WDNisJers .iOiteF� 2aneN d is adapted 
with permission from REF. 123� /acOiNNan 2WDNisJers .iOiteF� 2aneN f is adapted with permission from REF. 98� ###5� 2aneN g 
is adapted with permission from REF. 200� 9iNe[�8%*� 2aneN h is adapted with permission from REF. 114� 'NseXier�
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Quantification of these mechanical parameters depends 
on the contact area of the stylus and sample, which 
with a soft interface, such as a cell or polymer cush-
ion, increases non-linearly with indentation depth and 
is difficult to determine. To circumvent this problem, 
either the depth of indentation can be limited so that 
only the very tip of the stylus interacts with the sample 

or a nano- or micrometre-scale bead can be attached 
to the end of the cantilever, which allows for a more 
accurate estimation of contact area and sample inden-
tation59 (FIG. 2b,c). Force spectroscopy has enabled the 
characterization of the mechanical properties of living 
cells, and has allowed these properties to be correlated 
with nanomechanical activity60, touch sensation61,62, 
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Figure 2 | AFM-based force spectroscopy from single molecules to cells. a|^|(Qrce sRectrQscQR[ inXQNXes an atQOic 
force microscopy (AFM) stylus that indents into and retracts from a sample to locally record interactions and sample 
properties. Approach and retraction force–distance curves characterize the sample deformation and stylus–sample 
adhesion, respectively. b|^|InFenting tJe st[NWs intQ a ceNN NQcaNN[ recQrFs OecJanicaN resRQnses D[ a HQrcesFistance cWrXe� 
c|^|InFenting a DeaF intQ a ceNN RrQDes tJe OecJanicaN resRQnse QH Narger areas� (QrcesFistance cWrXes sJQY cQrticaN 
stiffness of ectodermal, mesodermal and endodermal cells of the zebrafish embryo. d|^|%QnHineOent DetYeen tYQ 
parallel plates allows the mechanical response of a cell to be measured. The force–time curve shows the force generated 
D[ a *e.a ceNN RrQgressing tJrQWgJ OitQsis YJiNe cQnHineF tQ a JeigJt QH �� μm. e|̂ |/easWring tJe strengtJs QH receRtQrs
ligand bonds. Biotin is tethered to the stylus and streptavidin to the support. The force curve recorded upon separating 
receRtQr anF NiganF sJQYs tJe stretcJing QH tJe RQN[etJ[Nene gN[cQN 
2')� NinMer s[steO tetJering tJe RrQteins anF tJe 
rupture force of the bond. f|̂ |/ecJanicaNN[ stretcJing a tanFeO�reReat RrQtein� 'acJ HQrce ReaM cJaracteri\es tJe WnHQNFing 
of a single protein domain. g|̂ |/ecJanicaNN[ stressing tJe terOinaN enF QH a transOeODrane β-barrel protein leads to the 
stepwise unfolding of β-hairpins each detected by a force peak. Force peaks of the force–distance curve (red) are fitted by 
the worm-like-chain model (grey). h|̂ |#ttacJing a ceNN tQ tJe cantiNeXer aNNQYs ceNN aFJesiQn tQ a sWDstrate tQ De OeasWreF�  
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RBCs can be readily identified from their bright fluo-
rescent appearance. The contrast between the two
RBC groups was obtained by incubating the cell layer
with a fluorescein–labeled HPL. The high binding
specificity of that lectin for group A RBCs enables
them to be distinguished in a mixed A and O cell
layer. Such a technique is intensively used in his-
tochemistry, where it is very useful for characteriza-
tion of cell structures. However, this approach may be
somewhat destructive because the receptors used for
fluorescent contrast imaging are at least partly blocked
after the labeling procedure.

In Figure 3 the cell layer was affinity-mapped with
an AFM tip functionalized with HPL. The adhesion
image in Figure 3a shows several regions on the cell
layer in which adhesion events are observed with a
very high probability (see bright spots). The arrange-
ment of these regions can be directly correlated to the
presence of RBCs as observed on the topographic im-
age (Figure 3b). Moreover, the ratio of bright cells
seen on the affinity image (25% ) corresponds very
well to the number of group A RBCs present in the
cell layer (33% ). The small statistical discrepancy be-
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) Schemat ic of  the experiment . The HPL was covalent ly
at tached to an AFM t ip via a carboxymethylated amylose polymer.
This lect in is highly specif ic for galNAc-terminated glycolipids
(black circles) which are present  only at  the surface of  the group A
RBCs. The amylose polymer prevents undesirable nonspecif ic adhe-
sion events. (

 

b

 

) Opt ical image recorded with an inverted opt ical mi-
croscope mounted under the f luid cell of  an AFM. This image
shows the densely packed RBC layer and the the V-shaped AFM
cant ilever used to produce the af f inity image. The AFM t ip, not  vis-

ible here, is point ing towards the image. (

 

c

 

) Epif luorescence image
obtained f rom a typical RBC layer used for AFM af f inity imaging.
This image was obtained f rom a layer of  mixed (1:2) group A and O
RBCs. The imaging cont rast  between the two cells was obtained by
using a f luorescent ly labeled HPL with a high binding specif icity for
group A RBCs. Bars 
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Figure 2 Typical force curve recorded on group A RBCs with an
AFM t ip funct ionalized with HPL. Rupture events, such as the one
observed on the group A, were responsible for the cont rast  in the
af f inity image shown in Figure 4a. (a) The t ip is brought  into con-
tact  with the cell surface. (b) The bridge between the lect in and
the AFM t ip is st retched. (c) Rupture of  the lect in–sugar molecular
bridge.
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tween these two values can be explained by the rela-
tively small number of cells scanned in one image (24
cells). The distribution and number of group A RBCs
also correspond very well to the one observed on the
epifluorescence micrograph shown in Figure 1c. Hence,
the affinity image clearly shows that it is possible to
observe the receptors present at the surface of a given
cell. On the affinity image, it is impossible to extract
any information about the distribution of galNAc re-
ceptors on the surface of a single group A RBC. Be-
cause the lipid membrane receptors of the RBC are
well known to be homogeneously distributed and free
to diffuse in the experimental time scale, such local
distribution was not expected.

The rupture forces for all the adhesion events ob-
served in the affinity image (Figure 3a) were quanti-
fied and plotted in the histogram shown in Figure 4a.
This histogram shows a distribution of the rupture
forces between 30 and 140 pN, with a maximum cen-
tered at 65 pN. One should note here that the major-
ity of the higher rupture force values were observed in
the first force curves recorded on a group A RBC (see
the bright cell in the left lower corner of Figure 3a).
This effect is probably due to detachment of loosely
attached lectin. In fact, after the initial measurement
of some 50 adhesion events, the rupture forces are
found to be close to the maximum at 65 pN. This
maximal rupture force on cells compares very well to
the rupture forces measured on agarose beads. The

 

histogram in Figure 4b shows the rupture forces calcu-
lated from the force vs elongation curves measured on
agarose beads functionalized with galNAc. For this
experiment, the probability of observing a binding
event was approximately 10% . Such a low probability
makes it very likely to observe single binding–unbind-
ing events. The maximum at 35 pN can therefore be
attributed to the rupture of a single lectin–sugar pair.
All together, the values measured on group A RBCs
and on agarose beads strongly suggest that only a few
pairs are required to produce the contrast necessary
for affinity imaging.

The locus of failure of the lectin–sugar pair remains
an open question in our measurements with RBCs. In-
deed, the rupture of the lectin–glycolipid pair may oc-
cur at the receptor ligand binding site, or the mem-
brane receptor may simply be extracted from the cell
membrane like a carrot, as proposed in several previ-
ous studies (Bell 1978; Evans et al. 1991a,b; Leckband
et al. 1995). The low force required to pull the lipid
anchor of a specific receptor out of the membrane has
been proposed as a potential limitation for affinity-
imaging application. It is still unclear which of these
two mechanisms was measured in our affinity image.
Pulling the receptor out of the membrane may cer-
tainly contribute to the wearing out of the tip. How-
ever, the rather high off-rate (10

 

2

 

3

 

 sec) of the galNAc
group for the lectin, combined with the rather long ac-
quisition time for one picture (30 min) may contribute

Figure 3 (a) Adhesion image recorded on a layer of  mixed group A and O RBCs (1:2) adsorbed on a polylysine-coated glass surface with an
AFM t ip funct ionalized with HPL. The bright  regions observed in this image correspond to group A RBCs. This image was obtained f rom the
calculat ion of  the rupture force (when observed) for an array of  55 3 55 force curves similar to the one presented in Figure 2. Rupture
events, such as the one shown in Figure 2, are responsible for the contrast . (b) Topographic image of  the RBC layer scanned in a. Bars 5 5 mm.

5 µm

RB

Affinity imaging by AFM

(a) Adhesion image recorded on a layer of mixed group A and O RBCs (1:2) adsorbed on a polylysine-coated glass surface with an 
AFM tip functionalized with HPL. The bright regions observed in this image correspond to group A RBCs. This image was obtained 
from the calculation of the rupture force (when observed) for an array of 55 x 55 force curves. Rupture events are responsible for the 
contrast. (b) Topographic image of the RBC layer scanned in a.



bacteria with antibiotics. Although live bacteria induce 
nanometre-scale fluctuations in the motion of cantilevers 
to which they are attached, dead ones do not156 (FIG. 5e). 
Such applications provide fast and reliable diagnostics 
in the battle against multiresistant bacteria and help to 
quickly identify appropriate therapies for patients151,152,156.

Patterning and assembly of biointerfaces
Assays for the assembly of molecular systems. Progress 
in biointerface research and application depends on the 
ability to characterize and engineer them1,2. AFM is suited 
not only to imaging interfaces at the (sub-)nanometre 
scale, but also to manipulating surfaces, because AFM 
operates with a stylus in close proximity to or in contact 

with a sample. Scanning probe nanolithography (SPL) 
encompasses various approaches that either remove or 
add material with nanometre precision and relatively 
modest technological demands20,157 (FIG. 6). The range of 
SPL approaches stems from the wealth of nanoscale inter-
actions that can be manipulated by an AFM stylus. Such 
interactions can be mechanical, thermal, electrostatic 
or chemical in nature, or combinations thereof. Recent 
developments allow SPL to be performed in ambient 
atmosphere or in buffer solution, which allows manipu-
lation of soft matter such as organic molecules, polymers 
and proteins158,159. These capabilities make SPL appeal-
ing for research and engineering applications of bioin-
terfaces. Although numerous promising AFM-based 
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5#5��� Wsing a 0i2+-N�nitriNQtriacetate 
0i2+�06#� HWnctiQnaNi\eF atQOic HQrce 
microscopy (AFM) stylus. Topography and corresponding adhesion map correlate the specific (S) adhesion events encircled 
in white to the emanating arms of SAS-6. Unspecific (U) adhesion events are encircled in blue. Force–distance curves show 
selected specific and unspecific events. b|̂ |/aRRing NiganF DinFing tQ JWOan RrQtease actiXateF receRtQr � 
2#4�� Wsing a 
st[NWs HWnctiQnaNi\eF YitJ tJe natiXe 5(..40�ReRtiFe NiganF� 6QRQgraRJ[ 
JeigJt iOage� anF aFJesiQn OaR tQgetJer YitJ 
the force–distance curves show specific binding events that occur only at receptors. c|̂ |/aRRing QH XirWs�DinFing eXents Qn 
NiXing /&%- ceNNs� 6Je /&%- ceNNs eitJer eZRress 68# receRtQrs 
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were recorded of the area selected (enclosed in a white frame in the confocal image), including fluorescent and 
non-fluorescent cells. Only cells expressing the receptors show specific binding events of the virus (framed by white dashed 
Nines�� 2aneN a is adapted with permission from REF. 140� #Oerican %JeOicaN 5Qciet[� 2aneN b is adapted with permission 
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nanometre-scale fluctuations in the motion of cantilevers 
to which they are attached, dead ones do not156 (FIG. 5e). 
Such applications provide fast and reliable diagnostics 
in the battle against multiresistant bacteria and help to 
quickly identify appropriate therapies for patients151,152,156.
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actions that can be manipulated by an AFM stylus. Such 
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Controlled Unzipping of 
Proteins 



Single molecule force 
spectroscopy (SMFS)

T. Serdiuk, D. Balasubramaniam, J. Sugihara, 
S. A. Mari, H. R. Kaback, and D. J. Müller, 
“YidC assists the stepwise and stochastic 
folding of membrane proteins,” Nat. Chem. 
Biol., vol. 12, no. 11, pp. 911–917, Sep. 2016.



S. Scheuring, H. Stahlberg, M. Chami, C. Houssin, J.-L. Rigaud, 
and A. Engel, “Charting and unzipping the surface layer of 
Corynebacterium glutamicum with the atomic force 
microscope.,” Mol. Microbiol., vol. 44, no. 3, pp. 675–684, 2002.

Force spectroscopy of the native S-layer



Force spectroscopy of the native Corynebacterium glutamicum S-layer

Force spectroscopy of the native Deinococcus Radiodurans HPI-layer

Müller et al., 1999



Tissue characterisation (I)

for obtaining multiple stiffness maps across entire biopsies is
described in Fig. 1a. The tissue architecture and surface integrity of
the biopsies were confirmed by scanning electron microscopy
(SEM; Supplementary Fig. S1). Plotting a histogram of biopsy-wide
stiffness values from a healthy specimen reveals a unimodal stiffness
distribution of 1.13+0.78 kPa (Fig. 1b, top left). Healthy ducts define
the histological appearance in haematoxylin & eosin (H&E)-stained
sections of the mapped specimen (Fig. 1b, top right). The benign
fibroadenoma with its characteristic highly fibrotic content shows
an increased stiffness of 3.68+1.92 kPa (Fig. 1b, middle left). Softer
features (,2 kPa) presumably represent individual fibroblasts
embedded in the fibrotic stroma. Post-AFM histological examination
of the mapped specimen confirmed fibroblasts to be the dominant
cell type within the benign lesion23 (Fig. 1b, middle right).

In comparison, a representative cancer biopsy typically exhibits
a bimodal stiffness distribution with two prominent peaks at
0.57+0.16 kPa (‘peak 1’) and 1.99+0.73 kPa (‘peak 2’) (Fig. 1b,
bottom left). At values stiffer than 2 kPa, a broadening in the
distribution indicates a marked mechanical heterogeneity across
the sample, with ‘peak 3’ located at 5.75+1.62 kPa. Post-AFM
H&E staining confirmed the dominance of tumour cells that

infiltrate the stroma in a cord-like pattern (Fig. 1b, bottom right).
We also assigned individual stiffness peaks to specific tissue
morphologies by performing more detailed measurements within
defined regions of the biopsy (Fig. 2a), in particular in the core
(Fig. 2b) and at the periphery (Fig. 2c). The correlation of local
AFM data with matching histologies corroborated that the soft
peak is typical for cancer cells (Fig. 2b) that are surrounded by
stiffer peripheral stroma (Fig. 2c).

Individual biopsy-wide stiffness distributions for 30 human
biopsies (8 healthy, 8 benign and 14 malignant) are displayed in
Supplementary Fig. S2 and peak stiffness values are summarized
in Supplementary Table S1. In general, the nanomechanical signa-
ture of healthy breast tissue is characterized by a unimodal distri-
bution with peak stiffness from 1.13 to 1.83 kPa. The stiffness
distribution across benign lesions remains uniform; however, stiff-
ness values range from 1.91 to 3.68 kPa and thus indicate a stiffer
phenotype. All 14 biopsies with cancer exhibited a characteristic
stiffness profile with a dominant peak at 0.31–0.75 kPa, that is, at
least factor of two softer than healthy mammary gland epithelium
(P , 0.0001). The nanomechanical signature of cancer included a
second peak between 1.54 and 1.99 kPa. Another feature found in
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Figure 1 | Nanomechanical signatures of human breast tissue. a, Top: schematic of an ultrasound-guided biopsy from a patient with a suspicious lesion.
Middle: multiple stiffness maps (20× 20mm each) are recorded in a defined geometrical pattern across the entire specimen. Bottom: top view of an
oriented, immobilized biopsy in Ringer’s solution with the cantilever positioned for IT-AFM. Scale bar, 500 mm. b, Top left: stiffness distribution for normal
mammary gland tissue is unimodal. Top right: post-AFM H&E-stained section reveals the terminal ductal lobular unit of a normal mammary gland fenced by
interstitial connective tissue. Middle left: biopsy-wide histogram for a benign lesion reveals a unimodal but broader stiffness distribution with an increase in
stiffness compared with the healthy biopsy. Middle right: H&E-stained section reveals extensive fibrotic stroma interspersed with fibroblasts typical for
fibroadenoma. Bottom left: heterogeneous stiffness distribution with a characteristic soft peak for malignant tumour tissue is consistent with histopathology
(bottom right), revealing an invasive breast carcinoma with infiltrating nests of cancer cells that have evoked a dense fibrous tissue response. Scale bar
applies to all images, 50mm.
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Cancer biopsy and nanmochenical characterisation



Nanomechanical 
sensors



Two modes
Static mode Dynamic mode

Detects surface stress Detects mass increase



Static mode: DNA 
hybridisation

and by a fast relaxation process (interval II in
Fig. 3A). We assigned the latter to bimetallic
effects arising from a slightly different tem-
perature of the injected sample solution com-
pared to that of the buffer in the liquid cell.

These large, unspecific signals from indi-
vidual cantilevers can be removed by extract-
ing the differential signal from two cantile-
vers. Because all cantilevers of an array are
physically identical (16), the differential sig-
nal is sensitive only to the individual cantile-
vers’ ability to recognize complementary oli-
gonucleotides. Unspecific binding bends the
cantilevers in parallel, leading to no overall
differential signal.

The differential signal, starting from the
baseline level, displayed only a slight in-
crease with time and reached an equilibrium
value of 10 nm for the hybridization of the
16-mer oligonucleotide (interval II in Fig.

3B). Subsequent injection of the complemen-
tary 12-mer oligonucleotide that matches the
second cantilever decreased the differential
signal by 16 nm (interval III in Fig. 3B).
These observations are consistent with com-
pressive surface stress occurring on the func-
tionalized side of the cantilevers, where hy-
bridization on one cantilever increases the dif-
ferential signal (Fig. 2B), and subsequent hy-
bridization on the other cantilever decreases
the differential signal (Fig. 2C). The experi-
ments demonstrate that the differential bend-
ing is clearly sequence-specific and provides
an unambiguous “yes” or “no” response.

The transduction of molecular recognition
into surface stress occurs from electrostatic,
steric, and hydrophobic interactions whose
relative contributions depend on the mole-
cules under investigation (17). The curvature
stress in lipid bilayers has been attributed
principally to hydrophobic interactions mod-
ified by electrostatic interactions of mole-
cules in the bilayer (12). During hybridiza-
tion, the number of charges in the molecular
layer from the sugar-phosphate backbone of
the oligonucleotides and their surrounding

counterions is increased. Simultaneously, the
chain packing of oligonucleotides on the sur-
face also increases. Both interactions, electro-
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experiment. Each cantilever is functionalized on
one side with a different oligonucleotide base
sequence (red or blue). (A) The differential
signal is set to zero. (B) After injection of the
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Fig. 3. Hybridization experiment using two can-
tilevers functionalized with the sequences 5"-
TGCACTAGACCT-3" (12-mer oligonucleotide),
and 5"-TAGCCGATATGCGCAT-3" (16-mer oli-
gonucleotide). After taking a baseline (interval
I), the complementary 16-mer oligonucleotide
(1 ml, 400 nM in HB) was injected (interval II).
The liquid cell was purged 20 min later with 3
ml of HB. Then, the complementary 12-mer
oligonucleotide (1 ml, 400 nM in HB) was in-
jected (interval III). The liquid cell was again
purged 20 min later with 3 ml of HB. (A)
Absolute deflection versus time of two individ-
ual cantilevers covered with the 16-mer (red)
and the 12-mer (blue) oligonucleotide. (B) Cor-
responding differential signal.

Fig. 4. (A) Differential signal of a hybridization
experiment, showing detection of a single base
mismatch in 12-mer oligonucleotides. Two
cantilevers were functionalized with sequences
differing only in one base: 5"-CTATGTCAGCAC-
3" (first oligonucleotide), 5"-CTATGTAAGCAC-
3" (second oligonucleotide). The injection of
the first complementary oligonucleotide in-
creases the differential signal (interval II); injec-
tion of the second complementary oligonucle-
otide decreases the differential signal (interval
III). (B) Three successive hybridization experi-
ments with different 12-mer oligonucleotide
concentrations using one array. The concentra-
tion detection limit was calculated to be 10 nM,
on the basis of a deflection noise of 0.5 nm. (C)
Differential signal from a protein-protein inter-
action. One cantilever was functionalized with
protein A and the other with BSA as a refer-
ence. First, as a negative control, buffer and
then buffer containing goat IgG were injected.
In both cases (interval I), no change of the
differential signal was detected. In contrast,
injection of rabbit IgG increased the differential
signal by 12 nm within minutes (interval II). The
signal persisted after the liquid cell was purged
again with buffer.
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These large, unspecific signals from indi-
vidual cantilevers can be removed by extract-
ing the differential signal from two cantile-
vers. Because all cantilevers of an array are
physically identical (16), the differential sig-
nal is sensitive only to the individual cantile-
vers’ ability to recognize complementary oli-
gonucleotides. Unspecific binding bends the
cantilevers in parallel, leading to no overall
differential signal.

The differential signal, starting from the
baseline level, displayed only a slight in-
crease with time and reached an equilibrium
value of 10 nm for the hybridization of the
16-mer oligonucleotide (interval II in Fig.

3B). Subsequent injection of the complemen-
tary 12-mer oligonucleotide that matches the
second cantilever decreased the differential
signal by 16 nm (interval III in Fig. 3B).
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Scheme illustrating the hybridization experiment. Each cantilever is functionalized on one side with 
a different oligonucleotide base sequence (red or blue). (A) The differential signal is set to zero. (B) 
After injection of the first complementary oligonucleotide (green), hybridization occurs on the 
cantilever that provides the matching sequence (red), increasing the differential signal Δx.
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detection using transmembrane proteins38,39, but this is the first time
that such studies have been reported in a micro-array format3. This
manuscript also presents a novel method (not only applicable to
cantilever-based techniques) for functionalization of sensor inter-
faces with transmembrane proteins.

We used T5 virus particles to validate every step during the
sensor preparation with functional membrane proteins (FhuA).
The advantage of using reconstituted proteoliposomes is that the
transmembrane protein can be stabilized in a native environment
directly after purification with a high density of receptor molecules.
Furthermore, these vesicles are relatively easy to handle and can be
stored. Our data show that the proteoliposomes bind in a native
manner to the underlying self-assembled monolayer (DSU crosslin-
ker), either as single membranes or as intact vesicles (see Fig. 3),
maintaining the function of the embedded transmembrane
protein. The additional protective SAM layer is needed for func-
tional membrane protein receptor immobilization and prevents
the membrane proteins from denaturation (Fig. 1e,f ).

The measurement technique reported here has not yet been
developed to its limits. To increase the sensitivity, we have measured
at high modes (modes 10–15)18,34,40,41 and fit the amplitude versus
frequency spectra using an advanced modelling approach, directly
evaluating the mass18. As we have already demonstrated, this
approach is less sensitive to noise than indirectly estimating the
mass from the eigenfrequency values18. Measuring at even higher
frequencies and using a quality factor enhancer42 could further
improve the signal-to-noise ratio. The noise level was found to be
to +0.5 ng in most of our experiments (using cantilevers of dimen-
sions 500 mm ! 100 mm ! 1 mm, see Methods), but much smaller
noise levels were also sometimes observed. As shown in Fig. 5a,
two cantilevers of the same array measured under the same con-
ditions can show variability in measurement noise. This behaviour
could be attributed to the current readout system (a vertical-cavity
surface-emitting laser composed of eight, non-steerable, lasers18).
Implementing a two-dimensional scanning laser system would
allow greater flexibility for choosing optimal positions (such as
best reflection, resonance) on each of the cantilevers11. Finally, the
ink-jet spotting can also be extended to functionalize both sides
of the cantilever, further increasing the concentration sensitivity.

To conclude, microcantilever-based sensors meet the key
requirements of a microarray technique: they are small size, they
only consume tiny amounts of immobilized material and analyte,
and they are capable of multiplexed detection. In the future these
sensors might also enable parallel detection of multiple aspects of
a binding event, such as mass adsorption (dynamic mode) and con-
formational changes (static mode). Finally, recent advances
in sensor fabrication43,44 and deposition techniques45 should
contribute to the future development of massive parallel
cantilever sensors as a tool for label-free and real-time functional
microarray analysis3.

Methods
Reconstitution of FhuA in liposomes. FhuA protein overproduced in E. coli was
solubilized and purified in the detergent n-octyl-b-D-glucopyranoside26. FhuA was
then complemented with E. coli lipid mixture (Avanti polar lipids, product
number 100600) using varying lipid-to-protein weight/weight ratios (LPR).
The protein–lipid–detergent mixture was dialysed against Tris-buffer (20 mM Tris,
100 mM NaCl, 0,03% NaN3, pH 8.0) using a continuous flow dialysing device27,28.
The proteoliposomes were washed by repeated sedimentation at 12,000 g for 20 min
at þ4 8C and finally resuspended in functionalization buffer (10 mM KH2PO4,
50 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH 8.2).

Phage binding assay in solution. FhuA (3 mg) reconstituted in liposomes was
resuspended in 10 ml of binding buffer (20 mM Tris, 100 mM NaCl, 5 mM MgCl2,
5 mM CaCl2, pH 8.0), sedimented for 20 min at 12,000 g and 4 8C, and resuspended
in 15.5 ml binding buffer containing 0.5 mg DNAse I and 0.8 ! 109 PFU of prepared
T5 phages46. After incubation for 2 h at room temperature, unbound phage particles
were separated from proteoliposome–phage complexes by repeated sedimentation.
Phage T5 binding was evaluated by TEM using negative stain.

Phage binding assay on surfaces. Gold-coated cantilever arrays (see below) were
immersed in 1 mM solution of di-thio-bis-succinimidyl-undecanoate (DSU,
Dojindo)31 in water-free dioxan (Fluka) for 1 h, rinsed three times with ethanol, and
dried under argon. This step was left out for the negative control without DSU layers.
The cantilever arrays were incubated in a proteoliposomes suspension (200 mg ml21

protein in functionalization buffer, see above) and incubated for 1 h at room
temperature. After rinsing with the buffer, the plates were incubated in 225 ml
binding buffer (see above) containing 8 ! 109 PFU of T5 phages for 2 h, rinsed in
the buffer and quickly in water, and dried under argon. Platinum (5 nm) was
sputtered and the arrays were imaged by SEM.

Functionalization of the cantilever surface. Microfabricated arrays of eight silicon
cantilevers (length, 500 mm; width, 100 mm; thickness, 1 mm; spring constant,
0.03 N m21) from IBM Zurich Research Laboratory were used in all experiments.
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Figure 4 | Schematic of the dynamic-mode measurement setup. A frequency generator sweeps the frequency by exciting a piezoelectric actuator located
beneath the base of the microcantilever array. The response of the cantilever is optically detected with a laser using a position-sensitive detector (PSD). The
frequency analyser compares the cantilever response with a reference signal from the frequency generator to determine the phase. The amplitude spectrum
is recorded with the corresponding phase values. The raw data are analysed by a post-processing software called NOSEtools, which allows the time evolution
of the adsorbed mass to be directly determined from the spectrum.
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FhuA–protein was reconstituted into liposomes and attached
in a functional form to the gold-coated side of cantilevers using
thiol crosslinking chemistry. The specific binding of T5 virus

particles (estimated Mw ¼ 7 ! 107 Da)25 on FhuA–protein was
measured. All experiments were performed in a functional micro-
array format, allowing differential measurements of the sensing
(FhuA-functionalized and casein-blocked) and reference (casein-
functionalized only) cantilevers, in parallel, under the same physio-
logical conditions. This allowed the sensitivity of the measurements
to be improved when temperature drifts or non-specific binding
were likely. (See Supplementary Information, Fig. S1, for an over-
view of the complete experimental workflow.)

Receptor preparation, stabilization and functionality test
FhuA–protein, solubilized and purified in the detergent
n-octyl-b-D-glucopyranoside26, was reconstituted in E. coli-derived
lipids by dialysis27,28. Figure 1a shows a transmission electron
microscopy (TEM) image of the reconstituted material.
Depending on the value of the lipid to protein weight/weight
ratio (LPR), we observed small vesicles with a diameter of
,200 nm (LPR . 0.5) or large vesicles with a diameter of
.200 nm (LPR , 0.5). With a LPR of about 0.1, sheets of vesicles
were instead obtained (these reconstitutions were not used for
sensor functionalization). Depending on the LPR and the reconsti-
tution experiment, the vesicles revealed partial (1 to 2 diffraction
orders) crystallinity, or high crystallinity in the case of sheets, in
the power spectra (data not shown). Figure 1b shows a sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE)
of the reconstituted material. The strong band at "70 kDa corre-
sponds to the nominal molecular weight of FhuA, indicating that
the protein was inserted into the vesicles. Further binding exper-
iments were performed with FhuA reconstituted in pure vesicles
rather than in sheets.

Before using the FhuA-containing proteoliposomes for cantilever
measurements, we tested their ability to bind T5 phages in solution.
The results were visualized using TEM. The phage-binding assay
revealed a specific interaction between the virus particles and FhuA–
protein-containing vesicles (Fig. 1c)23, whereas only a few unbound
viruses were observed in the background. The more detailed Fig. 1d
shows the binding of the phage baseplate and the ample flexibility of
the phage tail (see also Supplementary Information). Some phages,
like the one indicated by an arrow in Fig. 1d, injected the DNA
into the vesicle as demonstrated previously29. Thus, these images
confirmed the functionality of the reconstituted FhuA–proteins.

Measurements of biomolecular interactions with sensors require
the ability to control the stability and activity of immobilized recep-
tor molecules on the sensor interface. We tested the attachment and
functionality of FhuA–proteoliposomes immobilized on gold-coated
cantilever arrays using T5 phages as reporters. These bacterial
viruses are sensitive to the general architecture of the protein30.
As such, these viruses not only provide evidence for the presence
of the membrane proteins (as would antibodies), but also directly
test their functionality. To this end, FhuA-containing proteo-
liposomes were either physisorbed directly on gold surfaces or
attached to them covalently using a crosslinking monolayer of
di-thio-bis-succinimidyl-undecanoate (DSU)31 molecules. After
subsequent in-batch incubation of cantilevers in a T5 phage suspen-
sion, the results were visualized by scanning electron microscopy
(SEM). We detected octahedral structures with the size of T5
heads only on the gold surface pre-functionalized with the DSU
monolayer (Fig. 1e). When the proteoliposomes were adsorbed
directly on the gold support, we observed only vesicle-like structures
but no viral capsids (Fig. 1f). This suggests that direct adsorption
of the proteoliposomes on the gold surface inactivates FhuA. In
contrast, the protecting DSU layer between the gold and the proteo-
liposomes maintains the ability of membrane-incorporated FhuA–
protein to bind phages. However, the in-batch functionalization of
sensors was inefficient in two ways: it consumed a lot of biological
material, and only a small portion of the interface revealed FhuA
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Figure 1 | Preparation of FhuA receptors for cantilever functionalization.
a, TEM image of reconstituted FhuA–proteoliposomes. b, Coomassie-stained
SDS-PAGE of reconstituted FhuA–protein (right lane), with molecular mass
markers shown in the left lane. c, Binding of T5 phages to FhuA-containing
vesicles (V) in solution (TEM). The background (carbon film) is labelled B.
d, Magnification of the region indicated in c. The arrow indicates the empty
head of a phage, which has most probably already injected the DNA into a
vesicle. e, Binding of T5 phage to FhuA-containing proteoliposomes
immobilized on a gold interface by means of a di-thio-bis-succinimidyl-
undecanoate (DSU) crosslinker (scanning electron microscopy, SEM, image):
gold-coated cantilevers were pre-functionalized with a self-assembled
monolayer of DSU by immersion in 1 mM DSU solution in dioxan.
f, Binding of T5 phages to FhuA-containing vesicles physisorbed on gold
cantilever interfaces (SEM): experiments were performed as described in e,
but without the pre-functionalization with the DSU layer. The immobilization
of FhuA–proteoliposomes in e and f was performed in batch and not by
ink-jet spotting.
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measurement reveals typical shapes for FhuA–proteoliposomes, as
observed in the TEM images of Fig. 1a. The corresponding AFM
height profile along the line indicated in Fig. 3b exhibits height
steps of 5 nm, consistent with the thickness of a protein-containing
membrane bilayer33. The ink-jet spotting enabled coverage of the
cantilever interface with proteoliposome of at least 64% as estimated
by height threshold and particle analysis. Note that a cantilever
covered with just casein is able to block unspecific binding (see
Supplementary Information, Fig. S5).

Binding mass measurements in dynamic mode
The dynamic mode method is based on measurements of cantilever
frequency shifts caused by mass adsorption on the cantilever surface
(Fig. 4; see also Methods). The setup enables maximal readout of
eight cantilevers in the array in a time-multiplexed manner, which
in turn allows a parallel monitoring of the sensing and reference
cantilevers in the array. To overcome the large damping of the canti-
lever movement by the liquid, we performed measurements at
higher harmonics, thus improving quality factors34 and sensitivity.
We also modelled the amplitude response spectra of the cantilever,
not only taking the immediate resonance frequency into account,
but also the complete peak region (see Supplementary
Information, Fig. S2).

We expect turbulent liquid flow for these frequencies34,35, also
providing a good mixing of the injected solution. The functionalized
cantilever array was placed into a liquid cell, with the volume of 5 ml
filled with binding buffer. All measurements were performed in
steady flow at a rate of 10 ml min21 and at a constant temperature
of 22 8C.

Figure 5a shows the results of an experiment with T5 virus par-
ticles injected for 1 h at a concentration of 3 pM (at a rate of
10 ml min21). Positive control cantilevers (coated with FhuA–pro-
teoliposomes) show evidence of a mass uptake of about 8 ng. These
changes are observed within minutes, a performance of the micro-
cantilever sensors suited to real-time quantitative bio-applications.
In contrast, negative control cantilevers (coated with casein only)
show no detectable mass uptake. This observation demonstrates
the high specificity of the sensing (FhuA) cantilever for detecting
T5 phages, as well as the capability of the casein layer on the refer-
ence cantilever to efficiently block unspecific interactions (see
Supplementary Information). An additional, independent exper-
iment performed with a solution of T5 virus particles at 1.5 pM
shows a mass uptake of about 4 ng ( for a 600 ml solution of T5
phages), illustrating the typical reproducibility of our measurements
(Fig. 5b). The adsorbed mass remained constant after rinsing the
chamber with buffer (similar behaviour was observed at 3 pM), in
agreement with previous studies, which have reported an irrevers-
ible binding of the T5 virus particles on FhuA23,36.

Finally, in Fig. 5c we present a measurement in which the
concentration of T5 virus particles was gradually increased
from 30 fM to 3 pM. Here, 600 ml of solution was injected at each
concentration. With a typical noise level of +0.5 ng, the sensitivity
of the instrument was found to be a few hundreds of fM for
T5 phages.

Measured bound mass values for T5 bacteriophages are about
8 ng for a 600 ml (3 pM) solution (Fig. 5). This mass uptake was
found to be reproducible for independent measurements, correlat-
ing with the high quality of the functionalization process ( for a
total of six independent experiments—using different arrays—at
different concentrations, data not shown). Previous studies have
shown that T5 phages irreversibly bind to FhuA in a 1:1 molar
ratio37. For a 600 ml solution at 3 pM, the total mass of T5 phages
(Mw ! 7 " 107 Da) is #130 ng. This means that every #16th
virus particle injected was bound to the sensor interface and that
13% of the accessible FhuA receptors on the cantilever surface
were occupied at the end of the experiment (see Supplementary
Information; note also that these numbers are roughly calculated
from estimated T5 masses and concentrations (plaque-forming
units, PFU)). Despite the high efficiency of phage binding, sterical
hindrance due to the large virus heads could limit the capacity of
the sensor to bind even more particles. The measured mass of the
specifically bound phages to the membrane protein receptors is 16
times higher than that calculated for an unspecific binding of hex-
agonal packed phage heads on the FhuA-functionalized area of
the cantilever (64%, Fig. 3b). The phage particles specifically bind,
by means of their long and thin tails, to FhuA (Fig. 1d), enabling
a three-dimensional arrangement of the phage head. Indeed, TEM
studies of phage binding to FhuA–proteoliposomes in solution
reveal that the ample tail of the phage enables binding of many
more particles on a certain area than the head size allows (see
Supplementary Information, Figs S3a, 4). These findings are
further proof of the specific binding of the virus particles to their
natural receptor in situ on the sensor surface.

Conclusions
We have used micro-cantilever arrays to specifically and quanti-
tatively detect bacterial virus particles (T5) interacting with their
transmembrane receptors (FhuA) reconstituted in a native state
in proteoliposomes. A few reports have demonstrated label-free
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Figure 3 | Functionalization of the upper cantilever surface with FhuA–
proteoliposomes. a, Schematic of the cantilever functionalization: the gold
interface of the cantilever is pre-functionalized with a self-assembling DSU
crosslinker, which binds to the gold via a thiol group and reacts by a
succimidyl group with primary amines of FhuA–protein reconstituted in lipid
vesicles. b, Tapping-mode AFM image of the cantilever surface in the middle
of the cantilever bar. The line indicates the position of the recorded height
profile shown in the lower panel. FhuA-containing proteoliposomes are
clearly visible, similar to the one in Fig. 1a.
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Functionalization of cantilever with FhuA vesicles
a, Schematic of the cantilever functionalization: the gold interface of the 
cantilever is pre-functionalized with a self-assembling DSU crosslinker, which 
binds to the gold via a thiol group and reacts by a succimidyl group with primary 
amines of FhuA–protein reconstituted in lipid vesicles. b, Tapping-mode AFM 
image of the cantilever surface in the middle of the cantilever bar. The line 
indicates the position of the recorded height profile shown in the lower panel. 
FhuA-containing proteoliposomes are clearly visible, similar to the one in the 
image on the left.

Dynamic mode



The arrays were cleaned in Piranha solution (96% H2SO4 in 30% H2O2, 1:2) for
10 min, immersed in 30% NH3 (5 min), rinsed twice with water, and dried in air.
The upper sides of the cantilevers were coated with a 2-nm titanium layer (99.99%,
Johnson Matthey), followed by a 20-nm gold layer (99.999%, Goodfellow) using an
Edwards FL400 electron-beam evaporator (BOC Edwards) at evaporation rates of
0.033 nm s21 (titanium) and 0.07 nm s21 (gold). The gold-coated side of each
cantilever was functionalized with a self-assembled monolayer of DSU as described
above. FhuA–proteoliposomes (1 mg ml21) reconstituted in functionalization
buffer were dispensed on the pre-functionalized cantilever surface using a modified
ink-jet spotting system MDP705L (Microdrop). A humidity chamber maintained
the relative humidity at .95%, preventing the sample from drying (Fig. 2). Ten
droplets (!0.1 nl; nozzle size, 70 mm) were applied on every second cantilever (spot
distance, 50 mm) and incubated for 15 min at 22 8C. The array was subsequently
rinsed several times with functionalization buffer and incubated for 5 min in
1 mg ml21 of freshly prepared casein solution at room temperature. To dissolve the
casein, the protein was agitated at 37 8C for at least 2 h before filtering with a 0.2-mm
Watson filter. Note that proper preparation of the casein solution is crucial for
efficient blocking of the cantilever (see Supplementary Information). Finally, the
array was stored in Tris-containing binding buffer (see above) at þ4 8C. To
characterize the functionalization quality, the cantilevers were washed in water and
air-dried. Tapping-mode AFM (Nanoscope, Multimode 3a, Veeco) was applied to
visualize the FhuA–proteoliposome coverage directly on the cantilever. Imaging
cantilevers for tapping mode were purchased from Nanosensors (k ¼ 40 N m21).
These cantilevers were not used for binding measurements. The image processing
and analysis were carried out using Image SXM.

Dynamic-mode mass measurements. A schematic of the setup is shown in Fig. 4.
The functionalized cantilever array was installed in the measurement chamber
(5 ml), filled with binding buffer. A frequency generator was used to periodically
excite the piezoelectric actuator placed beneath the cantilever array chip body. The
cantilever response was read out using a beam-deflection technique as described in
previous work18,34,40. The mechanical response of the cantilever was continuously
compared with the excitation wave by a network analyser (Hewlett Packard, 4589A,
sweep time of 1 s) that recorded amplitude and the phase spectrum. To increase the
sensitivity, we measured at higher modes (modes 10–15)18,34,40. Depending on the
number of cantilevers used, a spectrum was recorded every 23 s ( for one cantilever)
or at least every 3 min for consecutive measurement of all eight cantilevers. During
the preparation process, it is possible that some cantilevers are pre-bent and
therefore have to be excluded from the measurements. A constant fluid flow rate of
10 ml min21 in the cell was maintained using a pressure-driven pump system as
described previously47. T5 phage solutions were suspended at specific concentrations
in binding buffer. Note that we ignore potential stiffening of the cantilever by
adsorbed T5 phages. This has been reported for experiments using dried bacteria
suspensions in air48. However, the current setup is very different from those
experiments, and we did not observe significant stiffening effects in experiments
with gold layers of precisely controlled thickness40.

Data analysis. All data-processing algorithms were implemented in IGOR Pro
(www.wavemetrics.com) in a package called NOSEtools49,50 (see Supplementary
Information).

Data recorded between the 10th and 15th modes were evaluated
(post-processing, Fig. 4). For the experiments presented here, the total mass
(cantilever, co-moving mass and mass load; see Supplementary Information,
equation (3)) was estimated from a fit of the amplitude versus frequency spectra
using established theoretical models18 (see Supplementary Information, equations
(5) and (6)). The eigenfrequency (defined as the point at which the phase has its
steepest slope) was determined from the total mass (see Supplementary Information,
equation (4)). During buffer injection at the beginning of the experiment, the virtual
mass co-moving with the cantilever sensor was determined and kept constant for the
rest of the experiment. This allowed the mass uptake (induced by binding of the
ligands to the cantilevers) to be determined (see Supplementary Information,
equation (3)). For all experiments, only one mode was chosen to estimate the
mass uptake.
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Figure 5 | Docking of T5 phages to FhuA-functionalized cantilevers.
a, A T5 phage solution (3 pM) was injected for 1 h at a rate of 10ml min21.
The uptake mass was measured simultaneously on four different cantilevers
on one array: two positive controls (FhuA-coated cantilevers, blue squares
and red triangles), two negative controls (casein-coated cantilevers, black
open circles and green open triangles). Upon the second injection of buffer
(after !80 min), the mass uptake remains constant, demonstrating the
irreversible binding of T5 phages on FhuA. b, The time evolution of the
eigenfrequency (14th eigenmode) of the cantilever (the point for which the
phase spectrum has its steepest slope) measured for a FhuA-functionalized
cantilever ([T5 phages]¼ 1.5 pM, injected at a rate of 10ml min21, black
crosses). Also shown is the corresponding adsorbed mass (red circles).
Both the mass and eigenfrequencies are evaluated from a fit of the
measured amplitude versus frequency spectra (see Supplementary
Information and also ref. 50). The increase in the noise level (at t¼ 80 min)
is most probably due to a small air bubble passing in the measurement
chamber scattering the laser light. In the inset is shown the response
(adsorbed mass) of a negative control cantilever (casein-coated, open
circles). c, A concentration series experiment, showing the typical
sensitivity of the instrument. Red circles and black open triangles
indicate the response of the positive (FhuA-coated) and negative
(casein-coated) control cantilevers, respectively. At each concentration,
a total of 600 ml solution (containing the T5 phages) was injected.
For all three independent experiments shown here, different arrays were
used. (The baseline of the shown experiments here has been adjusted
according to ref. 50.).

ARTICLES NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2008.398

NATURE NANOTECHNOLOGY | VOL 4 | MARCH 2009 | www.nature.com/naturenanotechnology184

Quantitative realtime virus binding
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Dynamic mode

A T5 phage solution (3 pM) was injected 
for 1 h at a rate of 10 µl min−1. The uptake 
mass was measured simultaneously on 
four different cantilevers on one array: two 
positive controls (FhuA-coated cantilevers, 
blue squares and red triangles), two 
negative controls (casein-coated 
cantilevers, black open circles and green 
open triangles).


