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Higher Harmonic Atomic Force Microscopy: Imaging of Biological Membranes in Liquid
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The contribution of higher harmonics to the movement of a dynamic force microscope cantilever
interacting with a sample in liquid was investigated. The amplitude of the second harmonic has been
found to be an order of magnitude higher in liquid than in air, reflecting an increased sensitivity to local
variations in elasticity and interaction geometries. A theoretical model of the tip-sample interactions in
liquid was introduced and shown to be consistent with experimental findings. Second harmonic amplitude
images were recorded on soft biological samples yielding a lateral resolution of ~0.5 nm.
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Since its invention in 1986, the Atomic Force
Microscope (AFM) [1] has been widely used for the in-
vestigation of soft matter and biological samples. Dynamic
AFM modes (MAC mode [2], tapping mode [3,4]) have
been found to be more gentle compared to contact mode
AFM, since the lateral forces acting on the sample during
scanning are dramatically reduced [5]. With these tech-
niques, material properties using the phase [6—8] or anhar-
monic contributions [9] of the cantilever movement when
interacting with a sample in air or vacuum can be achieved.

In this Letter, we investigate the motion of a cantilever
interacting with a sample under highly over-damped con-
ditions in liquids. The nonlinearity of the interaction forces
gives rise to complex dynamics in the tip motion, which
can be utilized to obtain information about the elastic
properties of the sample. We show that for low quality
(Q)-factors of the cantilever oscillation, higher harmonics
(i.e., integer multiples of the excitation frequency) signifi-
cantly contribute to the motion. A simple point mass model
was introduced, to qualitatively explain the origin of these
contributions and compared to experimental findings.
Furthermore, the second harmonic amplitude was recorded
during scanning a bacterial surface (S)-layer and a layer of
human rhinovirus serotype 2 (HRV2) revealing a lateral
resolution of ~0.5 nm under physiological conditions.

The equation of motion of a cantilever tip immersed in
liquid can be approximated by a one-dimensional forced
harmonic oscillator with damping, yielding the nonlinear,
second order differential equation [10]

m
mx + %X +kx = FO COS((UI) + thd(dls) + Fts(dts)'

(D

Here, x(z) is the transverse displacement of the cantilever at
time t; m, Q, wq, and k are the mass, the quality factor,
angular resonance frequency, and force constant of the free
cantilever, respectively. On the right of Eq. (1), F, and w
are the amplitude and the angular frequency of the (mag-
netic) driving force, respectively. F,yq(dy) is the additional
hydrodynamic force acting on the cantilever when oscil-
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lating at a separation d,, to a surface in liquid. The origin of
this force is the liquid, which is squeezed out between the
cantilever beam and the surface [11]. Fyy4(d,) varies sig-
nificantly only at separations d; comparable to the length
scale of the cantilever (~100 pum), but it is essentially
constant at separations where the nonlinear tip-surface
interactions F(d,) dominate the dynamic behavior of
the cantilever. F, is the sum of an attractive van der
Waals force and the repulsive force due to elastic interac-
tions between the tip and the surface [10]. Alternatively,
other models could be used to account for the attractive
interaction, but would lead to qualitatively similar dynam-
ics [12]. Since in our experiments physiological salt con-
centrations were used (150 mM PBS), the debye length is
short enough for the electrostatic double layer force to be
neglected. The attractive van der Waals force for a sphere-
flat geometry is

Funldy) = =g for dy=ay @)
ts

where H, R, and a, are the Hamaker constant, the tip
radius, and an intermolecular distance which is usually
introduced to avoid unphysical divergence of F, [13],
respectively. The elastic interaction of the tip in contact
with the surface can be described in the framework of the
Derjaguin-Muller-Toporov (DMT) [14] contact mechan-
ics, yielding

FDMT(dts) = _g * gEK\/E(ao - dts)3/2 for dls <ayg,

0

3

E* being the combined Young modulus of the tip and the
surface and the first term accounting for the adhesion force.
Amplitude vs. distance curves were simulated by numeri-
cally solving the equation of motion, Eq. (1) at discrete
distances (step size 0.1 nm) between the tip rest position
d = d(t) — x(¢) and the surface. The integration was per-
formed using a fourth order Runge-Kutta algorithm [15].
At each step, the frequency spectra was calculated from the
solution x(7) using a Fast Fourier Transform (FFT) analysis
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Comparison between simulation and experimental data obtained for a silicon nitride tip interacting with a mica surface in

buffer solution. (a) Simulated amplitude vs. distance curve. (b) Measured amplitude vs. distance curve (Instrument: Pico Plus AFM,
Agilent Tec., Tempe Az, USA). (c) Simulated second harmonic amplitude vs. distance curve. (d) Experimental second harmonic
amplitude vs. distance curve obtained using an external Lock-in amplifier (SR 830 DSP, Stanford Research Systems, Sunnyvale Cal.,
USA). (e) Frequency spectra (normalized by the driving frequency) obtained from simulation for Ay, /Ay = 0.9. (f) Measured
frequency spectra (normalized by the driving frequency, recorded using a NI PCI-6013 data acquisition device).

[15]. For the cantilever properties in [Eq. (1)—(3)], values
obtained by fitting a Lorenzian to experimental tuning
curves of the free cantilever were used. The so determined
Q-factor, mass, and resonance frequency were 2.078,
353 ng, and 8.46 kHz, respectively. The tip radius was
assumed to be 20 nm, and the other parameters were
chosen from literature ([13,14]) for a silicon nitride tip

(k=0.1 N/m) and a mica surface interacting through
water (Hamaker constant H = 3.1 X 10721 J).

The simulated amplitude vs. distance curve is shown in
Fig. 1(a) for a free amplitude of Ap—_4 nm and a driving
frequency f, of 7.2 kHz. For comparison, Fig. 1(b) shows
an experimental amplitude vs. distance curve obtained for
the same A, and the same materials. At distances smaller
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FIG. 2. Dependence of the second harmonic amplitude (A,) on interaction parameters. (a) A, as a function of effective tip radius.
(b) A, as a function of the samples Young module.
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than A, the tip senses the tip-sample interaction forces,
which leads to the characteristic amplitude decrease. In
this region, energy is transferred into higher harmonics
(i.e., integer multiples) of the cantilever angular frequency.
The contribution of the second harmonic, A,, is shown in
Fig. 1(c) for the simulation and in Fig. 1(d) for the experi-
ment. In both cases, a qualitatively similar initial in and
final decrease of A, along the tip-sample distance can be
observed. Interestingly, the second harmonic amplitude
was about 1 order of magnitude greater than the values
reported from experiments performed in air [9]. The fre-
quency spectra for a relative amplitude reduction
Asp/AO = 0.9 is shown in Figs. 1(e) and 1(f), revealing
good accordance between simulation and experiment.
From the experimental spectra, an estimate for the mea-
surement noise of ~3 pm can be given. To show the
sensitivity of A, for variations in the sample elasticity
and the interaction area (in terms of different effective
interaction radii), the Young module and the tip radius
were varied in characteristic regimes, respectively, by as-
suming H to be constant. Figure 2 shows the dependence of
the calculated second harmonic amplitude on the Young
modulus of the sample [Fig. 2(a)] and on the effective tip
radius [Fig. 2(b)] for A, /Ay = 0.9. Since the experimen-
tally observed noise (~3 pm) is rather small compared to
the calculated dependencies of A, on these interaction
parameters, the simulation suggests the use of the second
harmonic amplitude for mapping the elastic and geometric
properties of the tip-sample interaction.

To verify the potential of this method, second harmonic
amplitude and topography images were simultaneously
recorded (A ~ 10 nm, Asp/AO =0.85, f;="17.3 kHz,
k= 0.1 N/m, BPS buffer) on the surface of S-layer
rSbpA-strep-tagll recrystallized on cleaned silicon [16].
The topography image [Fig. 3(a), left panel] reveals a
lattice with p4 symmetry and a periodicity of ~14 nm,
which is in agreement with the structure known from
literature [16]. In addition to this, the second harmonic
image [Fig. 3(a), right panel] shows detailed substructures
within the unit cell of the S-layer. Even at areas where the
topographical image is blurred due to the underlying
roughness of the silicon surface, the second harmonic
image clearly resolves the local properties of the protein
lattice. Frequency spectra were recorded on two distinct
positions of the sample, Fig. 3(a), showing the anharmonic
contributions to the tip motion [Fig. 3(b)] at a hole (posi-
tion 1) and at the position occupied by a protein (position
2) (note that the amplitude scale is logarithmic and the
spectra are shifted with respect to the normalized driving
frequency for better visibility). The corresponding second
harmonic amplitude values [Fig. 3(a), inset) of 0.72 (posi-
tion 1) and 0.78 nm (position 2) yielded a difference
(60 pm) well above the noise level (~3 pm). In accordance
with the simulations, different anharmonic contributions
were observed in the whole frequency range reflecting the

underlying variation of the tip-sample interaction. The
strong dependence of the second harmonic amplitude on
elasticity differences [Fig. 2(a)] and interaction geometries
[Fig. 2(b)] can be attributed to the significant amount of
energy transferred from the driving frequency to its second
harmonic, when nonlinear tip-sample interaction occur [9]
in a highly over-damped system. The enhanced lateral
resolution arising from this effect is demonstrated in
Fig. 3(c). An average of 55 unit cells (left panel) of the
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FIG. 3 (color). High resolution on a bacterial S-layer. Second
harmonic images were recorded using an external Lock-in
amplifier (SR 830 DSP, Stanford Research Systems, Sunnyvale
Cal., USA). (a) Simultaneous recorded topography (left panel)
and second harmonic image (right panel). Substructures within
the unit cell can be clearly observed (resolution ~0.5 nm).
Scansize: 210 X 175 nm?; color code: 0-0.9 nm, 0—-0.5 V.
(b) Frequency spectra recorded on positions 1 and 2 of (a).
The spectral contributions reflect the different properties of the
tip-protein (pos. 2) and tip-hole (pos. 1) interactions (note that
spectra are shifted with respect to the normalized driving fre-
quency for better visibility). Inset: Contribution of the second
harmonic amplitude in linear representation. (c) Average of 55
unit cells (left panel) from a (right panel) and a sketch of the
expected lattice structure (right panel) 16.
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FIG. 4 (color).

Measurements on human rhinovirus serotype 2
(HRV2). (a) Topography image of HRV2 layer on mica.
(b) Simultaneously recorded second harmonic amplitude image
clearly revealing substructures of the viral capsids (circle).
Scansize: 350 X 350 nm?; color code: 0—13 nm, 0-0.35 V.

second harmonic image [Fig. 3(a), right panel] clearly
reveals the structure known from literature [17], Fig. 3(c)
right panel. Second harmonic amplitude images were also
recorded (Ag ~ 15 nm, Ag,/Ag = 0.9, f, = 7.9 kHz, k =
0.1 N/m, Ni-Tris buffer) from human rhinovirus serotype
2 (HRV2) [18], electrostatically bond to a clean mica
surface [19]. A fairly dense layer of HRV2 (spherical
shape, diameter ~30 nm) can be observed in the topogra-
phy image [Fig. 4(a)], whereas the second harmonic am-
plitude image reveals details of the capsid structure (circle)
of the virus [Fig. 4(b)]. These substructures might reflect
the protrusions on the surface of the viral capsid known
from cryo-EM and x-ray imaging [18,20].

These examples demonstrate that mapping higher har-
monics of the cantilever motion under highly over-damped
conditions in liquids provides additional information on
the sample properties, since the sensitivity of these higher
harmonic amplitudes is strongly enhanced compared to the
operation in air.
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