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Abstract

Alzheimer paired helical filaments (PHF) have been investigated with atomic force microscopy (AFM) under
physiological conditions. Dynamic mode (DM) and jumping mode (JM) AFM have been employed as imaging tech-
niques. Data obtained in solution have been compared to data obtained in ambient air with DM. In liquids, PHF
particles show distortion and irreversible damage when imaged with DM. On the contrary, JM images of PHF particles
are reproducible and out of apparent damage. Dimensions of the PHF particles measured with JM, are in agreement
with previously reported electron microscopy data. We have found that the forces involved in DM imaging are larger
than those involved in JM imaging and hence we believe that this is the main reason of the damage caused by the tip

when using DM in solution.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Atomic force microscopy (AFM) [1] makes it possi-
ble to image the surface of samples on a nanometer scale
in ultrahigh vacuum, ambient air and liquids. During the
past decade we have witnessed a spectacular growth of
the applications of AFM to the study of biological
molecules. AFM is, nowadays, a well-known technique
that routinely obtains images of biological samples like
DNA [2], DNA and proteins [3,4], viruses [5], protein
assemblies [6], antibodies [7], etc. In fact, AFM has been
used, not only to image a wide variety of biological
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samples but also, to perform single molecule experi-
ments [8—11].

Alzheimer’s disease (AD) is a senile dementia. Histo-
pathological analysis of the brain of AD patients have
indicated the presence of two aberrant structures:
extracellular senile plaques (SP) and intracellular neu-
rofibrillary tangles (NFT). NFT are composed of bun-
dles of filamentous structures [12] termed paired helical
filaments (PHF) [13]. Several groups have indicated that
the microtubule associated protein tau is the major
component of PHF [14-16] and that PHF-like polymers
could be assembled under different conditions by using
tau as the unique protein component [17-22]. PHF
structure have already been investigated with AFM in
ambient air [23,24].

We have used dynamic mode (DM) [25,26] and
jumping mode (JM) AFM [27-29] to study PHF under
physiological conditions. DM is the most used AFM
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imaging mode and its advantages for imaging a wide
variety of samples in ambient air are well accepted by
the scientific community. However, in liquids, the most
appropriate imaging mode is not clear yet. In this work,
we study which technique provides best results imaging
PHF particles in liquids under standard operating con-
ditions. Data obtained in solution have been compared
to that obtained in air using DM. PHF are described as
left handed helical structures with an average pitch of 70
nm and a variable width between 10 and 20 nm as re-
ported from electron microscopy images [30]. We have
found that, in liquids, best results are obtained using
IM.

2. Experimental
2.1. AFM sample preparation

PHF samples were prepared adapting the protocol
described in [24] for imaging in liquids. After an
adsorption time of 5 min, the mica was placed in a liquid
cell and filled with 1 ml of 0.01 M Phosphate Buf-
fered Saline pH 7.4 (PBS) (Sigma-Aldrich, Alcobendas,
Spain). Molecules imaged in liquid were never allowed
to dry.

2.2. Dynamic mode

When operating the AFM in DM, the cantilever is
oscillated near its free resonance frequency, then the
sample is approached to the surface until the amplitude
of the cantilever is reduced to the set point value. Tip—
sample interaction produces a strong amplitude reduc-
tion when the tip-sample gap is in the nanometer range.
The tip is then scanned over the surface while the feed-
back mechanism measures and keeps constant the
oscillation amplitude.

Olympus type cantilevers with a force constant of
0.75 N/m were used with DM. The resonance frequency
in liquid operation was 22 kHz. DM images were ob-
tained using typical amplitude oscillations of 10-80 nm
and scan rates of 3-7 lines per second.

2.3. Jumping mode

JM works by performing a sequence of force versus
distance curves at each point of the sampled surface with
a feedback time in between. First, the tip is in contact
with the surface while the feedback is keeping the canti-
lever deflexion at the set point. Then the feedback is
turned off and the tip is vertically moved away from the
surface. At maximum tip—sample separation, the tip is
moved laterally to the next point avoiding lateral forces.
Finally, the tip is brought again into contact with the
surface. Hence, in JM the feedback signal is the canti-

lever’s deflection. This situation can be contrasted with
DM where the feedback signal is the oscillation ampli-
tude of the cantilever.

For JM we have used Nanosensors type cantilevers
of constant force 0.02 N/m (NanosensorGmbH & Co,
KGQG). A comparison between DM and JM and a detailed
description of the experimental conditions used in both
imaging modes can be found in [31].

3. Results and discussion

PHF have been investigated using DM and JM in
ambient air and in solution. Data are shown in Fig. 1. In
ambient air, best results are obtained using DM (Fig.
1(A) and (B)). Filamentous structures can be identified
from AFM images. These structures are attributed to
PHEF particles. PHF appear as left handed filaments with
a pitch of 75 nm in agreement with previous electron
microscopy [30] and AFM results [23,24]. Straight fila-
ments are also possible [32] and can be also found in
DM AFM images (see arrow in Fig. 1(A)). A high
magnification image of a PHF is shown in Fig. 1(B). A
longitudinal profile of a PHF particle is depicted in the
inset. Typical heights of PHF are 15 nm for the highest
points and 10 nm for the lowest. The helical structure of
PHF is clear since the difference in height from top to
low points is high (about 5 nm). JM is useless for
imaging PHF in ambient air due to high adhesion forces
(~10 nN).

Imaging in solution is much harder than in air. There
is a set of technical issues which arise when working in
liquids. Samples are placed in a liquid cell that must
ensure isolation from piezoelectric voltages. Also, the
cantilever must be oscillated when using DM. This can
be done by moving the whole liquid cell where the
cantilever is held using a piezo-acoustic drive oscillator
(acoustic DM) [25] by moving the cantilever using a
magnetic field (magnetic DM) [33]. In the latter case a
magnetic material must be evaporated on the cantilever.
Data showed in this work were obtained using acoustic
DM. Sample preparation is probably the main concern.
Molecules must be firmly attached to the substrate in
order to be imaged but not too much in order to avoid
structure distortion. In addition tip-sample interaction
must be always weaker than sample—substrate interac-
tion.

DM and JM images of PHF in solution are shown in
Fig. 1(C), (D) and (E), (F), respectively. A few molecules
can be identified in the low magnification image ob-
tained with DM (Fig. 1(C)). Since sample concentration
was similar to that of the JM experiment we conclude
that most of the PHF particles were moved by the scan
when using DM. A high magnification image of a PHF
obtained with DM is shown in Fig. 1(D). The filament
shows irreversible damage and distortion. Maximum
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Fig. 1. AFM images of Alzheimer paired helical filaments. Images shown in (A) and (B) were obtained in ambient air using DM.
Images acquired in solution with DM are shown in (C) and (D) and with JM in (E) and (F). Characteristic PHF profiles for each
imaging mode and environment are displayed in the insets of (B, D and F).

height is 10 nm. This value is much lower than that
measured in air using the same technique. In addition,
longitudinal periodicity can be hardly resolved. In con-
trast with DM results, JM images of PHF particles in
liquids show an acceptable resolution and non-intru-
siveness. JM images are shown in Fig. 1(E) and (F).
PHF have a maximum height of 20 nm and a minimum
height of 15 nm. The maximum height is in agreement
with electron microscopy data previously reported [32].
Helical periodicity is 70 nm. Molecules in liquids appear
more compact than in air as expected.

In contrast with the situation in ambient air where
DM operation can be done in contact or non-contact
regimes, in liquids, contact between tip and sample
cannot be avoided [34,35]. Fig. 2 shows the normal force
(deflection) versus distance when operating DM and JM
in liquids.

Fig. 2(A) is related with DM operation. Tip is
oscillated near its resonance frequency which, in liquids,
is about 22 kHz at amplitudes ranging 10-80 nm. The
average normal force versus distance is also plotted.
Note that at soon as the amplitude decreases, a non-zero
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Fig. 2. Normal force versus distance plots at DM (A) and JM
(B) operating conditions in liquids. In (A), the amplitude signal
of the cantilever movement and the average normal force are
also displayed. DM images were obtained at 10% reduction of
the free amplitude (point «). This amplitude reduction corre-
sponds to an average force of ~1 nN (point f). In (B) several
force versus distance cycles are plotted together. Note the ab-
sence of adhesion force and the hysteresis of the cycle due to
viscous drag of the cantilever in the surrounding liquid. Point o
corresponds to the zero force level where tip is out of contact.
Point f§ corresponds to the set point. Images were obtained at a
fixed force of 150 pN.

average normal force appears. This is in contrast with
the situation in ambient air [36]. Images were taken at a
10% reduction in amplitude (point o) which corresponds
to an average force of ~1 nN (point f).

Fig. 2(B) shows a set of force versus distance curves
in liquids when operating JM. The cycle presents a
characteristic hysteresis due to drag of the surrounding
liquid by the cantilever. Lower loop corresponds to the
indentation movement of the tip and upper loop to the
retrace process. Tip is free of short-range interactions at
point «. At this point the measured normal force is zero.
When the tip is approached to the sample surface, a
continuous change in the normal force takes place. The
movement of the Z piezo continues until a selected force
is reached (point f). Images were obtained at a normal
force of 150 pN.

Biological material is characterized by its softness.
For this reason, imaging of bio-samples can only be
achieved at very low forces. It has been claimed that
forces larger than 100 pN are destructive when imaging
crystal polymers [37]. A main difference between DM
and JM is the control parameter. In DM, the feedback
channel is the amplitude of the oscillation and in JM, the
control channel is the normal force. In addition, the
absence of adhesion force in liquids allows small Z
excursions to move the tip in and out of contact. Note
that the oscillation amplitude in DM and the Z excur-
sion in JM in liquids are of the same order of magnitude
in contrast with the situation in ambient air. Typical JM
image time in liquids is 3 min. In ambient air, the
presence of capillary forces implies a much larger Z
movement of the piezo in JM operation. Large Z
movement increases time acquisition and hence JM in
air is slow which is a main drawback. Typical JM image
time in air is 6 min. In liquids, a precise control of the
applied force is essential and this is only done when
using JM.

PHF is a soft polymer of protein tau. Results show
that these filaments can only be imaged at high resolu-
tion in liquids using JM under the experimental condi-
tions described above. Fig. 2 shows that applied forces
in DM are much larger than those applied in JM. We
believe that this is the main cause of the low resolution
and the irreversible damage shown in DM images of
PHF. We have taken images with JM at larger forces
and then PHF particles are broken and cut (data not
shown). This happens at forces larger than 500 pN.

4. Conclusion

Alzheimer PHF, a polymer of the microtubule asso-
ciated protein tau, have been investigated with AFM.
Data obtained in air with DM show PHF particles as
left handed helical filaments with a variable height be-
tween 10 nm and 15 nm. PHF samples have been also
investigated in solution using DM and JM. DM data
show filamentous structures with clear degradation and
low heights. JM allows to obtain reproducible images of
PHF particles with high resolution. Measured heights
are in agreement with electron microscopy reported
data. A detailed analysis of the normal forces involved
in the process of image acquisition shows that the force
applied by the tip when using DM is larger than that
applied when using JM. The large normal force applied
with DM in liquids is the cause of the damage reported
in the PHF images. In principle imaging with DM at
lower forces is possible if softer cantilevers are em-
ployed. But then, scanning rate dramatically drops since
actual soft cantilevers have low resonance frequencies.
The resonance frequency can be increased by reducing
cantilever’s dimensions [38]. Future fast and soft imag-
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ing of biomolecules will be possible using small canti-
levers. Nowadays, JM can be superior to DM when
imaging individual isolated biological macromolecules
as have been seen when imaging Alzheimer PHF.
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