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Mapping of the protein structural flexibility with sub-2-nm spatial resolution in liquid is achieved by

combining bimodal excitation and frequency modulation force microscopy. The excitation of two

cantilever eigenmodes in dynamic force microscopy enables the separation between topography and

flexibility mapping. We have measured variations of the elastic modulus in a single antibody pentamer

from 8 to 18 MPa when the probe is moved from the end of the protein arm to the central protrusion.

Bimodal dynamic force microscopy enables us to perform the measurements under very small repulsive

loads (30–40 pN).
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Ultrahigh resolution, sensitive, and minimally invasive
characterization techniques are needed to understand hy-
brid surfaces integrated by organic, inorganic, and biologi-
cal structures in air or liquid. Atomic force microscopy
(AFM) [1] has enabled molecular resolution images of
packed arrays of biomolecules [2–5], sub-2-nm images of
individual biomolecules [6], and studying biomolecular
interactions in liquid [7]. Single force spectroscopy mea-
surements are already an established tool to measure
intermolecular and intrabiomolecule forces [8]; however,
those measurements are not compatible with high resolu-
tion imaging.

Recently, several multifrequency AFM schemes have
been proposed to improve high resolution imaging, con-
trast, and quantitative mapping of material properties
[9–21]. Generically, those schemes exploit the nonlinear
character of the tip-surface forces to either activate or
detect higher eigenmodes or harmonics and to open new
channels to improve imaging and composition sensitivity.
Sahin and coworkers [22] have been able to image the
protein flexibility of packed two-dimensional bacteriorho-
dopsin layers by implementing a force time inversion
method that exploits the presence of higher harmonics in
torsional harmonic cantilevers.

In this study, we propose a different dynamic force
microscopy approach to image and measure the protein
flexibility withmolecular resolution. Themethod combines
bimodal excitation with frequency modulation AFM (FM
AFM) which allows separating the topography from the
protein flexibility mapping. The combined experimental
and theoretical findings show that high resolution imaging
and protein flexibility mapping can be achieved under the
application of extremely low forces (� 40 pN). Thus, high
resolution imaging of isolated proteins in liquid is achieved.
The agreement obtained between the nominal height of the
protein subunits as determined from diffraction techniques
and those reported here implies that the proteins are imaged
in liquid in a noninvasive manner.

Bimodal dynamic force microscopy involves the me-
chanical excitation of two cantilever eigenmodes [11,23];
then the cantilever deflection as measured in the photodi-
ode can be expressed as

zðtÞ ¼ z0 þ A1 cosð!1t��1Þ þ A2 cosð!2t��2Þ þOð"Þ;
(1)

where z0 is the mean deflection and Oð"Þ includes other
high order terms which are usually very small. They have
been neglected here. In bimodal AFM, the amplitude
(frequency shift) of the low frequency eigenmode A1

(�f1) is used to track the topography of the system while
the amplitude and phase shift of the high frequency com-
ponent (A2, �2) contain contributions from mechanical,
electrical, and magnetic interactions. The parameters of the
second mode (amplitude and phase) are free to map the
conservative (virial) and nonconservative components of
the tip-surface interaction in a way that increases the
material properties contrast under very small forces [23].
Bimodal AFM operation was first proposed to be used in
combination with amplitude modulation AFM methods
[6]. There the feedback parameter is the amplitude of the
cantilever oscillation. Bimodal AFM operation is compa-
tible with the presence of a variety of interaction forces
such as mechanical [10,24], electrostatic [21], or magnetic
[25]. Kawai et al. have demonstrated that bimodal excita-
tion and detection are compatible with frequency modula-
tion AFM operation in an ultrahigh vacuum [26,27]. They
have showed an improvement in atomic-scale contrast
while imaging layers’ materials. In FM AFM the main
feedback mechanism is provided by the shift introduced
by the interaction force in the resonant frequency [28,29].
The combination of bimodal excitation and detection

with FM AFM in liquid provides the simultaneous
determination of both the topography and the local elastic
modulus of proteins. The signal of the lower frequency is
used to establish the feedback mechanism as in regular FM
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AFM while the higher frequency signal is sampled to
provide the elastic modulus. The projection of the continu-
ous beam deflection over the cantilever eigenmodes pro-
vides the framework to extract quantitative information on
material properties in bimodal AFM [24]. By applying
energy conservation requirements and the virial theorem
to the free eigenmode (the second), two independent equa-
tions are deduced,

Edis;2 � �
Z T

0
dtFtsðdÞ _z2ðtÞ ¼ �k2A2

Q2

ðA02 sin�2 � A2Þ;
(2)

Vts;2 � 1

T

Z T

0
dtFtsðdÞz2ðtÞ ¼ � k2A02

2Q2

A2 cos�2; (3)

where Edis is the energy dissipated by the tip-surface
forces, Vts is the virial of the tip-surface forces, and Fts

represents the tip-surface forces. Equation (3) can be sim-
plified by noting that A02 � A01 and using Kawai et al.
approximations [26] to express the integrand in terms of
the force gradient; then

Vts;2 � 1
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2

��
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which leads to

F0
tsðdÞ � C

k2A02

Q2A2ðzcÞ cos�2ðzcÞ (5)

where A0i, ki,!i ¼ 2�fi, andQi are, respectively, the free
amplitude, force constant, resonant frequency, and quality
factor of the eigenmode i. C is a correction factor that
converges to a constant value for high A01=A02 ratios and
d ¼ zc � A1 � A2. The value of C is determined by re-
constructing the force curve from the dependence of �f1
on the tip-surface separation zc [30].

The experiments have been performed with a custom-
built fluid cell designed to suppress the presence of spu-
rious mechanical resonances in liquid [31] and a prototype
bimodal FM AFM instrument run with a commercial AFM
controller (Dulcinea, Nanotec electrónica S.L., Tres
Cantos, Spain). The first two fundamental eigenmodes of
the cantilever were excited simultaneously. The quantita-
tive data have been obtained by using a cantilever with
k1 ¼ 0:65 Nm�1, k2 ¼ 19:3 Nm�1, f01 ¼ 21:665 kHz,
f02 ¼ 116:715 kHz, Q1 ¼ 3, and Q2 ¼ 9. Antibody
preparation is described in Ref. [24].

Figures 1(a) and 1(b) show a scheme of the experimental
setup of bimodal FM AFM and the definition of the tip-
surface separations. Figure 1(c) shows an image obtained
in water of several pentameric IgM antibodies deposited on
a mica surface. The individual molecules show a nonpla-
nar, mushroom-shaped structure with a central circular

region �19 nm and several radial arms of about 10 nm
in length. The pentamer is made of five pairs of antigen
binding fragments (Fab) and five crystallized fragments
(Fc). In some cases the arms are broken or show the
separation of the two Fab chains. The present structure
agrees with recent data obtained by cryomicroscopies and
homology-based structural models [32]. As a benchmark
for the instrument we have obtained true atomic resolution
images of the mica surface in water [inset, Fig. 1(c)].
The topography profiles reveal a height difference be-

tween the flat mica and the central protrusion of the
pentamer of 6–7 nm (Fig. 2). This value is very close to
its nominal value �8 nm. The difference between the
observed and the nominal heights can be explained by

FIG. 1 (color online). Experimental setup and bimodal FM
AFM images of pentameric IgM (antibody) in liquid.
(a) Bimodal FM AFM scheme in liquid. (b) Relevant distances
in the experiment and theory. (c) Image of several antibody
complexes taken in water at �f ¼ 40 Hz. The peak force on
the protein was 40 pN. The pentamer has a central protrusion
surrounded by several arms (Fab domains). The apparent number
of arms depends on the protein complex. The inset of (c) shows
an atomic resolution image of the mica surface.
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the small deformation experienced by the subunits of the
protein complex due to its interaction with the mica
surface. This result emphasizes the noninvasive character
of the measurement. The maximum force applied to the
protein complex was about (40� 4 pN). We believe that
this is the first time that an AFM image of a single protein
exhibits its near-nominal height values.

Figure 3 shows a series of dynamic force spectroscopy
curves taken, respectively, on the central region of the
protein complex and on a region on the mica surface
[both marked on the topography image, inset of 3(c)].
Figure 3(a) shows the �f1 dependence on the tip displace-
ment and Fig. 3(b) shows the mean deflection of the
cantilever. Those curves, in combination with a force
reconstruction algorithm, [30] allow us to obtain the force
and its gradient as a function of the tip-surface distance.
Figure 3(c) shows the reconstructed force curve. For the
protein complex, the force curve shows a negligible attrac-
tive force. Figure 3(d) shows the peak force (maximum
repulsive force) as a function of the frequency shift. The
marked region shows the range of values used to image the
protein complexes. For the same�f1, the force depends on
the material. Higher forces are observed on the harder
surface (mica). Forces below 50 pN are measured by using
�f1 below 50 Hz. By fitting the repulsive part of the force
curve [Fig. 3(c)] to the Hertz model [6] we can deduce a
value for the local Young modulus Eeff . Thus, the value on
the central protrusion is about 16 MPa while on the mica
surface it is 2 GPa. The measurements span about 3 orders
of magnitude. The average elastic modulus for muscovite

mica in the direction perpendicular to its basal plane is
above 10 GPa.
The proposed method is less accurate on stiff materials

such as the mica because the elastic moduli of tip and
sample are comparable and because of the use of very
small indentations. However, the method gives accurate
results for soft materials such as protein complexes. There,
it can be assumed that the indentation process does not
involve any tip deformation. In addition, the indentation
involves a contact radius of about 1 nm where hundreds of
atoms are present; then by deriving the Hertz force,

F0
ts ¼ 2Eeffa; (6)

where a is the contact radius. Its value is estimated from
the achieved spatial resolution [6].
Figure 4 shows a topography image of a single protein

complex and the corresponding flexibility map (local var-
iations of the elastic modulus) as determined by recording
A2ðx; yÞ and ’2ðx; yÞ and using Eqs. (5) and (6) to deter-
mine Eeffðx; yÞ. The flexibility map shows a maximum of
19:0� 0:1 MPa and a minimum value of 8:2� 0:1 MPa.
The comparison between the topography and flexibility
profiles taken along the line marked in Fig. 4(a) shows
that there are not correlations. This indicates that flexibility
maps carry additional and complementary information

FIG. 2 (color online). Bimodal FM AFM images of several
isolated IgM pentamers. (a) Topography. (b) Cross section along
the line marked in (a). (c) Topography. (d) Cross section along
the line marked in (c). The measured height (� 6 nm) is very
close to the nominal value of the relaxed molecule (� 8 nm).
This is indicative of the noninvasive character of the measure-
ment (peak force of 40 pN). FIG. 3 (color online). (a) Frequency shift on the mica and on

top of the central region of an antibody as a function of the mean
tip-surface distance. (b) Cantilever average deflection. (c) Force
versus distance curve. (d) Peak force dependence on the fre-
quency shift. The inset of (c) shows the points where the data
were acquired. (e) Second mode amplitude dependence on the
tip displacement. (f) Second mode phase shift.
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with respect to the topography. Thus, high elastic modulus
values are found at points of the protein complex with
different height values. More informative is the compari-
son between the flexibility map and the structure of the
protein complex. The uppermost part is stiffer as a conse-
quence of the presence of the j chain and the five Fc

elements of each arm. On the other hand, low elastic
modulus values are found in the last domain of the Fab

arms. The above findings are consistent with the orienta-
tion flexibility of the antibody complex when it binds a cell
surface antigen. Remarkably, the softer regions are found
at the end of the Fab arms. Those regions are closer to the
mica surface. This shows that the measurements are little
affected by the elastic modulus of the mica surface. The
close agreement obtained between the elastic modulus
derived from force curves (16 Mpa) and the one obtained
while imaging (18 MPa) confirms the validity of the
method to map quantitatively the elastic modulus with
bimodal dynamic force microscopy.
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FIG. 4 (color online). Topography and flexibility map of a
single IgM antibody. (a) Bimodal FM AFM image taken at
�f ¼ 40 Hz (peak force of 40 pN), A1 ¼ 4:5 nm, and
A02 ¼ 0:5 nm. (b) Flexibility map obtained simultaneously
with the topography image by recording the bimodal parameters
(A2, �2). (c) Pentamer structure of the IgM antibody [32]. The
locations of the lowest (L) and highest elastic moduli (H) are
marked. (d) Topography (grey) and flexibility (black) profiles
along the lines marked, respectively, in (a) and (b).
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