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ABSTRACT Tapping-mode atomic force microscopy imaging under different cantilever vibration amplitudes has been used
to differentiate the host B-cyclodextrin nanotubes from retinal/g-cyclodextrin inclusion complex nanotubes. It was observed
that both compounds were deformed differently by the applied probe force because of their different local rigidity. This
change in the elasticity properties can be explained as a consequence of the inclusion process. This method shows that
tapping-mode atomic force microscopy is an useful tool to map soft sample elasticity properties and to distinguish inclusion
complexes from their host molecules on the basis of their different mechanical response.

INTRODUCTION

Atomic force microscopy (AFM) has been applied in bio-
logical studies since its invention (Binnig et al., 1986).
Several biological systems have been successfully imaged
(Yang et al., 1993; Hansma and Hoh, 1994) mainly in the
contact-mode. This method has the advantage of allowing
the mapping of the local elasticity properties of the sample
simultaneously with the topographic imaging, which could
be important in those cases where the effective stiffness of
sample and cantilever are comparable (Radmacher et al.,
1992). In this sense this contrast method has already proved
its applicability to give information on biological soft sam-
ples (Maivald et al., 1991; Radmacher et al., 1992).
However, some experimental problems limit to some
extent the range of applicability of contact-mode AFM to
image soft specimens (Yang et al., 1993; Hansma and Hoh,
1994). In particular, the existence of relatively large lateral
forces during constant-mode AFM imaging can lead, de-
pending on specimen stability, to sample removing or
nanocutting. This limitation has been largely reduced by
AFM imaging soft samples in the so-called “tapping-mode”
(Hansma et al,, 1993). In this mode the probe is gently
oscillating and taps the sample. In that way, the lateral
forces that push aside weakly adsorbed molecules are not
present and the loading forces are smaller than in contact
mode (Fritz et al., 1995). Thus, soft samples can be visual-
ized at very low forces either under ambient conditions
(Hansma et al., 1993) or in liquid environments (Hansma et
al., 1994; Fritz et al., 1995). However, in this mode the
information regarding the elasticity properties of the sample
imaged is lost. This fact is not usually as important as in
contact-mode AFM because the magnitude of the applied
force is much lower. In this paper we report on a simple way
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to differentiate relevant molecules with similar morpholog-
ical features and different elasticity properties by tapping-
mode AFM.

Cyclodextrin inclusion complexes (ICs) were selected as
a model systems for this study considering that IC and the
host molecule, B-cyclodextrin (8-CD), should exhibit the
same morphology, whereas their mechanical properties
change as a consequence of the inclusion process. A retinal/
B-CD complex was selected as a model of CD inclusion
complexes considering the chemical properties of the guest
molecule and its important biological role. 8-CD is a cyclic
polysaccharide in which seven glucose monomers are
linked, with a relatively hydrophobic cavity with the shape
of a truncated cone. It is known to form ICs with many
kinds of guest molecules by capturing them inside its cavity.
Cyclodextrin inclusion may protect the guest molecules
from their environment and several pharmaceutically inter-
esting compounds show increased stability in the presence
of cyclodextrins (Szejtli, 1982; Lerner et al., 1989). Retinal
is a member of the retinoid family of compounds (Frickel,
1984). Retinoids are biologically significant compounds
because of their roles as essential vitamins, in the photo-
chemistry of vision and in cellular differentiation and pro-
liferation. Because of their polyenic structure, retinoids are
virtually insoluble in water, hydrophobic, and chemically
labile, which makes their manipulation more difficult; these
problems may be alleviated by cyclodextrin inclusion. The
retinal molecule does not find any geometrical limitation to
be included inside the B-CD cavity because of the dimen-
sions of the B-CD (with a maximum external diameter of
~1.5 nm and an internal diameter of ~0.7 nm) (Le Bas et
al., 1987). Also, it is well known that both, B-CD and its
solid ICs can result in nanotube or filamentous structures
(Tsoucaris, 1987; Li and McGown, 1994).

MATERIAL AND METHODS

Solid retinal-B-CD complexes were prepared starting from 5 ml 3 X 1073
M hexane solution of retinal (Sigma, Saint Louis, MI). The solvent was
evaporated in a round-bottomed flask, leaving a thin film of retinal in the
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bottom. 5 ml 102 M solution of 8-CD in deuterium oxide were added. The
reaction mixture was magnetically stirred in the dark at 20°C (thermostated
bath). A fine precipitate appeared, which was collected by centrifugation
and lyophilized. These complexes were redissolved in water to obtain a
10~ M solution of the IC. The IC formation was verified by UV-VIS
ultraviolet-visible spectrophotometry, fluorimetry, H'- and C'>-NMR and
infrared spectrophotometry (Muiioz Botella et al., 1996). A 20-uL drop of
107 M aqueous solution of either IC (retinal/8-CD) or the commercial
B-CD (Rhéne-Poulenc, Melle, France; and Merck, Darmstadt, Germany)
was deposited on the surface of the substrate, which was a piece of freshly
cleaved mica, and the water was left to evaporate to dryness before AFM
imaging.

Tapping-mode AFM measurements were performed with a commercial
microscope (Nanoscope III, Digital Instruments, Santa Barbara, CA). The
cantilever was modulated sinusoidally at high frequencies (~300 Khz).
Silicon cantilevers with ~10 nm of a radius of curvature were employed.
For our experimental equipment, it was impossible to make the measure-
ments in a liquid environment. Thus, all the images were recorded under
ambient conditions. This is justified because we were mainly interested in
the solid complex. For studies in solution there are many others experi-
mental techniques available.

The quantitation of the probe force in tapping-mode AFM is not easy
(Fritz et al., 1995). However, for the experimental conditions used in this
work (see the Results section), it is true that imaging at low amplitude
implies lower probe force than imaging at high cantilever vibration am-
plitude. This was confirmed experimentally as samples harder than the
cantilever, such as diamond-like films, can be imaged at low amplitudes
but not at high ones (in this case the cantilever was clearly damaged).
However, when soft samples were imaged at high amplitude, they were
damaged or broken as was the case, in some instances, for the B-CD
nanotubes studied in this work. Therefore, the cantilever vibration ampli-
tude and the setpoint is given to describe the experimental conditions.

Imaging of the sample surface was made during the next 24 h in regions
close to the border of the mark left by the drop to avoid regions of high
concentration, and particular attention was paid to visualize features with
an elongated shape. None of the structures shown in this work have been
observed when imaging the mica surface.

RESULTS

Because of the nature of the inclusion complex, the nano-
tube dimensions for 8-CD and IC systems should be very
similar. The slight differences between them could not be
resolved in our measurements because of the broadening of
the measured sample features by the tip geometry (Keller,
1991). This fact was confirmed when several images of both
systems were compared (Figs. la—2a). After averaging
more than 40 B-CD and 40 IC nanotube profiles a nanotube
width of ~15 nm in both cases and an average B-CD height
of 1.2 * 0.2 nm and IC height of 0.9 = 0.2 nm were
determined. The measured width is consistent with the tip
broadening effects caused by a tip with a radius of ~10 nm
(Keller, 1991) and agrees with other reported AFM width
values of biological filamentous structures (Radmacher et
al.,, 1992; Yang et al., 1993; Hansma and Hoh, 1994).

To be able to differentiate both systems, another mecha-
nism of contrast, different from the simple topographic one,
has to be used. This mechanism could be devised taking into
account the different structure of both compounds. Thus,
B-CD nanotubes are composed by molecules with cavities
containing water molecules whereas in the IC nanotubes
these cavities are filled by the ~1.5-nm-long retinal mole-
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FIGURE 1 523 X 523 nm? top view tapping-mode AFM consecutive
images of a B-CD nanotube imaged under: low, ~40 nm (setpoint =~2.5 V)
(a), high, ~120 nm (setpoint ~7 V) (b) and again low, =~40 nm (setpoint
~2.5 V) (c) cantilever vibration amplitudes. All the images have the same
vertical and color scales (the bottom is dark blue and the top is fuchsia) to
help to distinguish height differences.



88 Biophysical Journal

cules. Thus the elasticity (i.e., rigidity) of both compounds
could be different.

To test the validity of these predictions the following
experiment was planned: First, the cantilever was tuned at a
low setpoint (=~2.5 V) and low vibration amplitude (~40
nm). Then, the cantilever was engaged and imaging was
carried out at an amplitude on the sample of the order of a
93% of the free vibration amplitude. Large images (16 um?)
were imaged to localize a B-CD nanotube. When it was
located, it was imaged at higher resolution (=~0.25 um?
images). After the image was taken, the cantilever was
withdrawn from the sample surface and, with it ~5 pum far
from the sample, it was tuned, this time at high setpoint
values (=7 V) and high vibration amplitude (=120 nm).
Afterward, the tip was again engaged and large images (30
pum?) were taken, with an amplitude of a 93% of the free
vibration amplitude, to localize the same B-CD nanotube
previously imaged at low vibration conditions. Once located
it was then imaged at high vibration amplitudes. Finally the
cantilever was withdrawn, tuned, engaged, and operated at
the initial low setpoint and vibration amplitude settings,
being the same nanotube imaged at the low vibration am-
plitude. The cantilever vibration amplitudes were measured
by taking the corresponding force curves at the end of the
experiment. The same experiment was also carried out for
IC nanotubes. In Figs. 1 and 2 are shown the images
obtained under these conditions for 8-CD and IC nanotubes,
respectively.

It is evident from both figures that the 8-CD nanotube is
narrower and higher under the initial low amplitude imaging
conditions than under higher ones, whereas that this is not
the case for the IC nanotube as its dimensions are similar
under both conditions. This fact is clearly observed in Fig.
3, which displays a three-dimensional image of the same
region of a B-CD nanotube visualized at low and high
vibration amplitudes. In Figs. 4 a and 5 are plotted the
cross-sections of the same nanotube across the same spot at
the initial low amplitude (dashed line) and high amplitude
(solid line) for the host (Fig. 4 a) and inclusion complex
(Fig. 5). Considering the width of the nanotube as that at
half of the maximum height it can be concluded, after
averaging, that the B-CD nanotube experiences an incre-
ment of 40% in the measured width and a decrement of 25%
in height when imaged under high amplitude conditions
with respect to the values measured under low vibration
amplitude (Fig. 4 a). However, the IC nanotube (Fig. 5)
presents similar dimensions within the typical 10% range of
error in AFM imaging (Hansma and Hoh, 1994). These
results have been obtained after averaging more than 40
data from different nanotubes (8-CD and IC) on mica
measured with different silicon cantilevers. The measured
increment in the B-CD nanotube width (=6 nm) should
probably be affected by cantilever induced artifacts as the
actual sample diameter is much lower (=1.5 nm). However,
the fact that the compressed 3-CD nanotube is wider than
the uncompressed one is consistent with a deformation
without changing the quantity or density of the material of
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FIGURE 2 523 X 523 nm?® top view tapping-mode AFM consecutive
images of an IC nanotube imaged at: low, ~40 nm (setpoint ~2.5 V) (a),
high, =120 nm (setpoint ~7 V) (b) cantilever vibration amplitudes.

the sample. Also is important to note that, despite the
possible tip artifacts, the nanotube deformation is indeed
observed for the B-CD but not for the IC. It is important to
note that before a high resolution imaging of the nanotube is
taken, large sample areas containing it must be scanned.
This implies that every nanotube scanned has previously
been imaged under high vibration amplitude conditions in
its entirety. Thus, it was not possible to visualize at the final
low vibration amplitude, a nanotube only partially com-
pressed (i.e. with only part of it previously imaged at high
setpoint). This makes impossible to observe, on a given
nanotube, the changes induced by the tip action.
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FIGURE 3

150 X 150 nm? three-dimensional images of the same region
of a B-CD nanotube visualized at low, =40 nm (setpoint ~2.5 V) (a) and
high, ~120 nm (setpoint ~7 V) (b) cantilever vibration amplitudes. The
bar indicates 1 nm.

The observed different mechanical response to the ap-
plied probe force for both compounds can be related to their
different local rigidity as the softer compound will be more
easily deformed under high probing forces. From our data
the IC is more rigid than the B-CD. The IC could increase
its rigidity in such a high degree as measured in this exper-
iment because the retinal molecule, whose length is almost
twice that of B-CD, must link two of the host molecules.
This is supported by the 1:2 (retinal/3-CD) stoichiometry
found for the inclusion complex using other techniques
(Mufioz Botella, 1994).

Also, it is known that when a molecule interacts with
CDs, besides geometrical constrictions that do not preclude
the formation of the retinal-B-CD complex as commented
above, hydrophobic interactions are the main forces in-
volved in the inclusion of the retinal inside 8-CD (Amold et
al., 1989). This is confirmed by the high association con-
stant measured for the retinal-8-CD complex (log,, K =
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FIGURE 4 (a) Cross-sections of the same region of a 8-CD nanotube
imaged consecutively under low, =40 nm (setpoint ~2.5 V), (dashed line)
and high, ~120 nm (setpoint ~7 V), (solid line) cantilever vibration
amplitudes. (b) Cross-sections of the same nanotube spot of Fig. 3 a
imaged consecutively under high, ~120 nm (setpoint ~7 V), (solid line)
and low, ~40 nm (setpoint =2.5 V) (dashed line), cantilever vibration
amplitudes.

5.99) (Muiioz Botella, 1994), which is characteristic of
other B-CD inclusion complexes with hydrophobic guest-
molecules such as digitoxine (log;, K = 4.23) and proges-
terone (log,, K = 4.12) (Hirayama and Uekama, 1987). So,
binding of B-CD with the retinal through van der Waals
interactions and hydrogen bonding is accompanied by the
release of high-energy water molecules because of complex
formation and the release of the strain energy in the mac-
romolecular ring of cyclodextrin (Tan et al., 1995). Thus, IC
adopts a more compact structure, in agreement with the
lower IC measured height compared to that obtained for
B-CD. The favored hydrophobic host cavity-guest molecule
interactions lead to the high rigidity observed for the IC.
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FIGURE 5 Cross-sections of the same region of an IC nanotube
imaged consecutively under low, =40 nm (setpoint =~2.5 V), (dashed
line) and high, ~120 nm (setpoint =7 V), (solid line) cantilever
vibration amplitudes.
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The B-CD nanotube dimensions measured when it was
finally imaged again under the initial low cantilever ampli-
tude (Fig. 1 ¢) are very close to those obtained when high
amplitude was applied (Fig. 4 b). This means that the
induced deformation is plastic rather than elastic. To under-
stand this result it is important to consider the small length
scale involved in the measurement. In a previous report on
microelastic properties of biological material (a hydrated
cow tibia) measured by contact-mode AFM (Tao et al.,
1992) it was found that the deformation induced by the tip
was elastic when large areas (=16 um?) were scanned but
nonelastic when small areas were sampled (~2000 nm?).
Thus the rather local damage induced by the cantilever
could explain the plastic character of the deformation ob-
served at the nanometer level.

CONCLUSIONS

The main conclusion of this report is that the AFM operat-
ing in the tapping mode may be used as a tool to differen-
tiate ICs from their host molecules by qualitatively mapping
local mechanical properties of soft samples. For this pur-
pose the capability of the microscope to image the same
sample features at different cantilever vibration amplitudes
and analyzing the eventual corresponding sample deforma-
tion is used. Thus, we observe that the B-CD nanotubes
experience a nonelastic deformation when they are imaged
under high cantilever vibration amplitude conditions. In
contrast, the IC nanotubes have similar dimensions when
they are imaged at low and high amplitudes. This experi-
mental observation is interpreted in terms of the different
local rigidity of both compounds, which causes the different
mechanical response to the probe action. The IC nanotube
higher rigidity is explained as a consequence of the forma-
tion of the inclusion complex, whereas the plastic character
of the deformation observed for the B-CD nanotube is
understood as a consequence of the local nature of the
damage caused by the probe action. Also, it can be con-
cluded that for filamentous biological samples it is safer to
give as the filament width that obtained at low vibration
amplitudes. Finally, one further field of application may be
that of polymer compounds where ions or anions are incor-
porated inside the polymer structure (Vork et al., 1990) as
well as other compounds able to form inclusion complexes
like ciclophanes. This incorporation could change the elas-
ticity properties that would be mapped by AFM.
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