








CARBON NANOTUBE ATOMIC FORCE MICROSCOPY TIPS

Figure 2. Electron microscopy of CVD nanotube tips. (a) FE-SEM im-
age of MWNT tubes grown from a Si cantilever/tip assembly. (b) TEM
of a CVD MWNT tip. (c) Field emission/SEM image of SWNT bun-
dles grown from a Si cantilever/tip assembly. (d) TEM of several CVD
SWNTs comprising a bundle tip.

We have also investigated the growth of SWNT tips since SWNT
have the potential to produce robust probes with a resolution=0.5 nm.
To favor the growth of SWNTs, we have used colloidal FeO, CVD
catalyst that has particle sizes comparable to the desired nanotube
diameter. The gas flow was also reduced to values similar to those
previously reported to favor SWNT growth in bulk catalyst powders
(25). SEM images of the nanotube tips prepared by using these con-
ditions reveal that the nanotubes grow from the tips aligned perpen-
dicular to the flattened area and well positioned for AFM imaging
(Figure 2c). TEM images show that these nanotubes are SWNTSs, and
thus demonstrate that our choice of catalyst and reaction conditions
favor efficient SWNT growth from the tip ends (Figure 2d). Analysis
of the TEM images also shows that the individual nanotubes have ra-
dii of 1-2 nm, which is comparable to the starting catalyst size, and
that most of the tips consist of several SWNTSs in a bundle. In the fu-
ture, we believe that it should be possible to favor the formation of
individual vs. bundle SWNT tips by controlling the catalyst density.

We have used the force calibration mode of the AFM to charac-
terize the mechanics of the nanotube tips. In this mode, raster scan-
ning is disabled so that the tip oscillates near its resonance frequency
over one point on the sample. The z-piezo is used to bring the sam-
ple into and out of contact with the tip, while the tip oscillation am-
plitude and deflection are plotted versus the sample Z position. Typ-
ical plots obtained for a CVD nanotube tip are shown in Figure 3 a
and b. Both MWNT and SWNT tips show similar characteristics. As
the tip approaches (from right to left), it begins to contact intermit-
tently the sample and the amplitude decreases as expected (region A).
Upon further approach, the nanotube buckles as seen in both curves:
the amplitude begins to increase again and the deflection increases
to the Euler buckling force and then remains relatively constant with
further approach (region B). Curves such as these have been numer-
ically simulated for nanotube tips to confirm the nanotube-buckling
behavior (18). The tip-sample adhesion can also be measured from
these curves as the hysteresis in the deflection plot; it was typically
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Figure 3. Force calibration plots for a CVD nanotube tip. (a) Tip am-
plitude oscillation vs. height above the sample. (b) Tip deflection vs.
height above the sample. Regions A and B highlight the pre- and post-
buckling areas.

found to be below the noise level of the AFM, which corresponds to
a force of =100 pN. This is significantly smaller than that obtained
with silicon tips, and can allow gentler imaging (26).

Gold nanoparticles were imaged to evaluate the resolution of
CVD nanotube tips. The nanoparticles are good standards since they
are well defined spherical structures and are relatively incompressible
(27). As reported previously, MWNT tips produced by CVD were
used to image 5.7-nm gold nanoparticles. By measuring the width of
the particles in the image, the effective tip radius can be determined
(6, 14). Using this technique, we find that the radii of curvature of the
CVD MWNT tips were in the range of 3-6 nm, in good agreement
with direct measurements of the tip size by TEM. Analysis of AFM
images of gold nanoparticles taken with SWNT tips showed smaller
2- to 4-nm tip radii of curvature. This size range coincides with the
SWNT bundle diameters as measured by TEM. A summary of the
resolution data from both MWNT and SWNT CVD tips is shown in
Table 1.

The decrease in tip radius in going from individual MWNT tips to
SWNT bundle tips demonstrates the potential control and improve-
ments in resolution that are possible with well designed catalysts.
Moreover, it is quite significant that the observed image resolutions
obtained with our nanotube tips are in good agreement with those ex-
pected from direct TEM measurements made on these tips. We be-
lieve that these results show that it is possible to make very high-res-
olution AFM probes that have predictable resolution. In addition, we
note that as smaller diameter, higher resolution nanotube tips become
available, the control of their length remains an important issue. Spe-
cifically, we estimate that an individual 0.5-nm radius SWNT will
need to be <20 nm to avoid compromising the resolution due, for ex-
ample, to thermal vibrations.

The small radii of curvature and low adhesion forces of nanotube
tips make them ideal for imaging soft biological structures. To eval-
uate the potential of CVD nanotube tips in biological AFM, two pro-
teins with known crystal structures were imaged in tapping mode:
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Table 1. Summary of CVD nanotube tip resolution data

MWNT tip number 01C 20E 38A 31G 38B
Radii £ 10, nm 3.7+0.7 44+05 57+17 32107 53107
SWNT tip number 51A 58B 61A

3.8+0.7 30+13 20x04

The tips are defined by a specific number and a capital letter. The number designates a particular tip and
the letter the growth cycle, whereA = 1. The resolution was calculated using a two-sphere model using
the full-width at half-maximum determined from the experimental images of 5.7-nm gold nanoparticles.

Radii + 10, nm

1gG and GroES. IgG is a 150-kDa antibody molecule that consists
of four polypeptide chains arranged in a'Y shape (28). Low and high-
resolution images of IgG (Figure 4 a and b) show many examples of
the characteristic Y shape. Because of the intrinsic conformational
flexibility of IgG, we do not expect all molecules absorbed from so-
lution to exhibit the Y shape. An indication of the high resolution
obtained with these tips can be readily observed by comparing the
image with the crystal structure (Figure 4c); that is, there is little tip-
induced broadening. IgM, which consists of five IgG-like monomers
arranged as a pentamer, was also imaged (17). The images clearly re-
solve its pentameric structure and show little broadening compared
with structural models based on electron microscopy and x-ray scat-
tering (29, 30).

GroES, which is a component of the GroEL/GroES chaperonin
system involved in protein folding, is a hollow dome shaped hep-
tamer that is approximately 8 nm in outer diameter (31). The seven
10-kDa subunits each consist of a core B-barrel with a B-hairpin loop
at the top and bottom. The top B-hairpins point inward to form the
top of the dome, while the bottom hairpins are disordered when not
in contact with GroEL (32). Low-resolution AFM images of individ-
ual, well separated GroES molecules on mica reveal two conforma-
tions (Figure 5a). One conformation shows a ring-like structure with
an 11-nm outer diameter and some features on the ring. The other
conformation simply looks like a dome of the same diameter. We in-
terpret these two conformations as the two sides of the GroES hep-
tamers. The domed image is the side with the ordered -hairpins cre-
ating the dome roof, and the ringed image is the disordered B-hairpins
open to the hollow cavity. The disordered hairpins have conforma-
tional flexibility, but it is possible to observe the seven-fold symme-
try, as shown in Figure 5b (32). For comparison, Figure 5¢ shows the
bottom view of the GroES crystal structure with the top of the dome
removed to make the pore visible. These results demonstrate clearly
the ability of the present CVD nanotube tips to achieve submolecular
resolution on isolated protein assemblies.

Figure 4.
shows several molecules that exhibit the characteristic Y shape. (b)
High resolution images of IgG reveal very little tip-induced broaden-
ing when compared with the crystal structure in c. [Bars = 50 nm (a),
20 nm (Inset), 10 nm (b), and 10 nm (c).]

1gG imaged by a CVD nanotube tip. Large scan area in a

Discussion

We believe that the direct synthesis of carbon nanotube probes by
CVD has great potential for high-resolution imaging of biologi-
cal systems. By controlling the catalyst properties and CVD con-
ditions, we have produced nanotube tips with radii of curvature
down to 2 nm. Furthermore, we believe there exists a straightfor-
ward path to follow—reducing catalyst density—that will enable
the growth of individual SWNT tips with radii <0.5 nm. The CVD
method is also a key step toward putting nanotube tips into wide-
spread use, since they can be easily grown in large quantities. More
importantly, CVD allows control over the type of nanotube tip pro-
duced, which is critical for different applications. For example, if one
wants a high aspect ratio tip to image trenches 1-pm deep, a rela-
tively large diameter nanotube must be used so that the buckling

50 nm

Figure 5. GroES imaged by a CVD nanotube tip. Large scan area in
a shows both “dome” and “pore” conformations, representing the two
sides of GroES facing up. (b) A higher resolution image of the pore
side shows the heptameric symmetry, which matches well with the
crystal structure (c).
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force and thermal vibration amplitude will be acceptable. Alterna-
tively, if one is imaging small biological structures or a membrane
surface and the highest possible resolution is desired, an individual
SWNT would be ideal. As we have demonstrated here, adjusting the
catalyst properties and growth conditions can control the nanotube tip
structure and size. This unique ability to specifically engineer nano-
tube tips makes CVD a powerful technique for their production and,
we believe, will enable the growth of identical tips having predict-
able and well defined resolution in the future.

The present generation of CVD nanotube tips have demon-
strated excellent imaging capabilities for biomolecules, allowing
higher resolution than commercial tips and mechanically assembled
nanotube tips under similar conditions. Early attempts to image 1gG
by AFM with commercially available tips simply showed the mol-
ecule as a featureless bump due to tip broadening (33). Shao and
coworkers imaged 1gG at cryogenic temperatures with commercial
tips and were able to discern the characteristic Y shaped structure of
1gG (34). This improvement was attributed to increased rigidity of
the molecules at low temperature, which allows more stable imag-
ing and thus higher resolution. Our IgG images clearly demonstrate
that sharper tips will also enable improvements in resolution of iso-
lated proteins at room temperature. As commercial tip production
techniques have improved, they have also been used to image 1gG
at high enough resolution to reveal a heart-shaped structure at room
temperature. However, this resolution is lower than that achieved
routinely in this study.

The images of individual GroES molecules obtained with CVD
nanotube tips clearly reveal the central cavity and heptameric sym-
metry, although the resolution is not as high as that obtained with
commercial AFM tips on densely packed arrays of GroES molecules
(35). Sub nanometer resolution has been reported for AFM studies of
packed arrays of a number of proteins when imaged in contact mode
(3, 4, 6, 35, 36). The mechanism that allows this level of resolution
is not clear since similar results could not be achieved on individual
molecules (36). We believe that reproducible, high-resolution imag-
ing of individual proteins (vs. packed arrays), which is made possible
with the CVD nanotube tips, is critical to many problems, including
structural investigations of large protein complexes and studies of the
dynamics of interacting proteins.

In addition to high structural resolution, CVD nanotube tips have
the potential for high-resolution functional imaging on biological
structures. Chemical modification of AFM probes allows one to dif-
ferentiate between various chemical groups on a sample due to vari-
ations in the tip-sample interaction (5, 15, 16, 37, 38). In the past,
modification of silicon and silicon nitride tips with monolayers has
been used for chemically sensitive imaging; however, the large radii
of such tips have precluded high-resolution functional mapping. We
have shown recently that carbon nanotube tips can be functionalized
with specific chemical and biological groups for functional imaging
and force measurements (15, 16). These functionalized nanotube tips
have the advantage of higher resolution and selective positioning of
chemical and biological probes at the very nanotube end. In the fu-
ture, we believe that modification of the new CVD tips will enable
the identification of specific binding sites and chemically distinct do-
mains of proteins.

In summary, CVD carbon nanotube AFM tips are ideal high-res-
olution probes for imaging biomolecules and other systems. The
CVD approach to producing such tips allows great control over
the tip structure and is an important first step toward making well
defined, ultrahigh resolution tips, which should also be useful for
functional mapping. In addition, we believe that our approach will
enable nanotube tips to be made widely available to the research
community.
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