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Fast imaging and fast force spectroscopy of single biopolymers with a new
atomic force microscope designed for small cantilevers
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Small cantilevers allow for faster imaging and faster force spectroscopy of single biopolymers than
previously possible because they have higher resonant frequencies and lower coefficients of viscous
damping. We have used a new prototype atomic force microscope with small cantilevers to produce
stable tapping-mode imagé$ umXx1 um) in liquid of DNA adsorbed onto mica in as little as

1.7 s per image. We have also used these cantilevers to observe the forced unfolding of individual
titin molecules on a time scale an order of magnitude faster than previously reported. These
experiments demonstrate that a new generation of atomic force microscopes using small cantilevers
will enable us to study biological processes with greater time resolution. Furthermore, these
instruments allow us to narrow the gap in time between results from force spectroscopy experiments
and molecular dynamics calculations. 99 American Institute of Physics.
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I. INTRODUCTION namics calculations, thereby allowing for more confident ex-
) . trapolations between theory and experiment.
The atomic force microscoféFM) has proven to be a We report here the ability to take repeatee0) liquid

versatile tool for studying biological systems. For example

PIIYT > ) tapping-mode images of DNA adsorbed onto mica with an
the AFM has been used in liquid tapping mbde image

e, ’ > image acquisition time of 1.7 s. These short image acquisi-
dynamic biological processes such as transcriptant po- i times are possible because small cantilevers have both
!ymerlzatlon of f|br!n. More recently, AFM has been used, high-resonant frequencies in liquids100 kH2, which al-

in a completely different type of experiment, to perform o tor high-tapping frequencies, and low-spring constants
force spectroscopy of smgle biomolecufes.Force spec- (<0.5 N/m), which minimize sample damage. We also report
troscopy experiments provide a powerful method f?r charaCiegits of force spectroscopy experiments carried out on the
terizing the mechanical properties of single molecdiés. multidomain protein titi:®12in which we probe the force

Both of these methods, dynamic imaging and force specgenendence of unfolding at significantly higher rates than
troscopy, are limited by their respective time scales. In thgyge previously reported.

case of imaging, commercially available AFMs typically re-

quire a minute or more to acquire a single image. Since

many interesting biological processes occur in times shortef- EXPERIMENTAL METHODS

than a minute, there is much to be gained by increasing the imaging and force spectroscopy experiments were
image acquisition rate. In the case of force spectroscopy ®%erformed in the prototype AFM that is depicted in Fig. 1.
periments, it is possible to fit phenomenological models tOryis microscope is an improved version of an earlier proto-
force spectroscopy data taken over greatly varying timgyne AFM designed for small cantileveldAs in the prior
scales and obtain quantitative information about the energyersion, this microscope uses optical beam defletiom
landscape of the probed single molecuies.Increasing the  getect the cantilever motion. The optics were designed using
speed at wh|ch these experiments are perforrr_]ed should maﬁeray-tracing prografi and have a calculated effective nu-
new features in the energy landscapes of single moleculggerical aperture of 0.3. The focused spot on the cantilever
accessible to experimental detection. Furthermore, fast§{,c 4 measured & diameter(in air) of 3.4 um, which is
measurements will narrow the large gap between the timgy gt twice what we would expect for a diffraction-limited
scales of experiment and the time scales of molecular dyspot Note that two of the lenses are adjustable in order to
allow the user to refocus the laser onto the cantilever when
dCorresponding author; electronic mail: viani@physics.ucsh.edu operating in different mediésuch as air or water
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FIG. 1. Schematic of a new prototype AFM designed for small cantilevers.

Cantilever motion is detected via optical beam deflection. This is done by
using high numerical aperture optics to focus a laser beam in a tight spot
onto the cantilever.

Th ntilever for h imagin nd for FIG. 3. Tapping-mode imagedsaken with small cantileveysof DNA on
e cantilevers used for bot aging and force Specmica in buffer solution(a) This image(256x 256 pixelg of pBluescript was

troscopy are nominally 100' nm thick, 3—m wide, and  (aken in 5.6 s, corresponding to a scan rate of 30.5 lines/s. The tapping
10—14 um long. These cantilevers have measured resonamequency was 130 kHzb) This image(128x128 pixel$ of Lambda BstE
frequencies in water ranging between 100 and 200 kHz antl Digest was taken in 1.7 s, corresponding to a scan rate of 73.2 lines/s. The
estimated spring constants of 0.1-0.2 N/m. Figure 2 Showglpplng frequency Yvas 191 kHz. In both of th_ese images the width of t_he
. L . NA appears large: 30—50 nm. These large widths are a result of blunt tips.
an array of cantilevers that are similar to those used in the
experiments. The cantilevers were made out of low-stress
silicon nitride using standard micromachining technidfies Nanoscope Iil controller and softwdfavas used to run the
and the tips were grown via electron-beam deposition. microscope during imaging. However, in order to increase
All images were taken in liquids via tapping mode. A the imaging bandwidth the deflection signal was bandpass
filtered around the tapping frequency, and fed to an external
rms-to-dc converter with a user set bandwidth of 5—10 kHz.
A setpoint was subtracted from the output of the external
rms-to-dc converter and this signal was fed back into the
AFM as the error signal. This technique has been described
in detail elsewheré®
Figure 3 shows two tapping-mode images of DNA ad-
sorbed onto mica in a buffer solutiA.Figure 3a) is a
tapping-mode height imagé256x256 pixelg of circular
DNA moleculed! and was acquired with a tapping frequency
of 129 kHz in a time of 5.6 s. The cantilever used had a
measured resonant frequency of 163 kHz in water. Figure
3(b) is a tapping-mode height imagd28x128 pixels of
FIG. 2. An array of small cantilevers fabricated using micromachining tech-inaar DNA molecule® and was taken with a tapping fre-
nigues. The cantilevers are made from low-stress silicon nitride and are 10(5 . .
nm thick, 5um wide, and 14—24:m long. The tips are grown by electron- quency of 191 kHz in 1.7 s. The Cantll_ever used had a mea-
beam deposition. Small cantilevers have much higher resonant frequenci&lred resonant frequency of 227 kHz in water.
than large cantilevers making them useful for large-bandwidth applications. Force spectroscopy data were taken using macros that

For example, a 1@m-long cantilever Wlth a measured spring constant of we wrote iniGoR PRQZ3 The software interfaced to the AFM
62 mN/m has a resonant frequency in water of 130 kHz. In contrast, a

200-um-long commercially available cantilever with a similar spring con- V_ia a data acquisition bogrd and allowed the user to apply a
stant has a resonant frequency in water of only 4 kHz. time-dependent voltage signal to control éenotion of the




4302 Rev. Sci. Instrum., Vol. 70, No. 11, November 1999 Viani et al.

Stretch Piczo Velosity (um/s) guency should also be less than the tapping frequency. For
- 1 stable imaging it is usually necessary to keep the tapping
’ ' Pawse 0 seconds) 1 Relax 0 frequencyf; less than or equal to the resonant frequency of
e 3 the cantilever. Therefore, an order of magnitude estimate on
B e ot Aokt g 30 the upper limit of the pixel frequency if<f;<fs. Since
o w ot small cantilevers have a much higher resonant-frequency-to-
E [ 400 pN e A D T e 100 spring-constant ratio than their larger counterparts, they can
A A P A AAP AN 201 be used to image faster without introducing extra sample
SR 2 e bt g . damage from increased cantilever stiffness.
IR A 50 In the images presented in Fig. 3, the pixel frequency
. e 0.07 [23.4 kHz in Fig. 3a) and 18.8 kHz in Fig. ®)] is signifi-
0 200 400 600 s cantly less than the tapping frequency. The cantilever tapped
Extension (nm) the sample an average of 5.5 times per pixel for the image in

FIG. 4. Consecutive stretch—relaxation cycles of a single titin moIecuIe.Flg' 3(a) and 12 times per p|>§el for the 'mage.m Figbg
Note the sawtooth pattern; as the molecule is stretched the force increasddierefore, for both of these images, the cantilever was not
until it is reduced by the unfolding of a domain. Each “tooth” corresponds the limiting factor in the imaging speed. However, the pixel

to the successive unfolding of individual domains. After relaxing the mol-frequency of these images are larger than the resonant fre-
ecule to zero extension, it is possible to restretch the molecule and obtain

another sawtooth pattern. Here, we show a set of 13 consecutive stretcHUENCY O_f the piezotube in the di_reCtion (~15 kH2. In
relaxation cycles of a single titin molecule in which the piezo velogjfys ~ order to image faster, the bandwidth of the feedback loop

varied for each cycle, as indicated, over three orders of magnitude. Wgeeds to be increased. Even though the feedback was not

waited for approximately 30 s after the end of one cycle before beginningoptima| we were still able to obtain multiple>50) images
the next one so that the molecule was able to fully refold. Note Rfyais ’

defined as the unfolding force for an individual domain. ?n a singl_e scan SeSSion’ at fast imaging speeds s per
image, without substantial sample damage.

piezo while simultaneously monitoring the cantilever deflec- ake-;hies ipr):iteedd Vg'th”;'; hlccahntfi?er\C/Zr’ZpreeCst;%?rﬁpf): editjngana:;
tion and actual voltage at the piezo. Both channels Wer%‘\:oefficient of viscgus damping. The resonant freq uency sets
sampled at a rate of 100 kHz. pIng. q y

The force spectroscopy experiments were carried out atshe usable bandwidth of the cantilever. In the ideal measure-

follows. First, native titin was diluted by adding 25—g0of ment, the cantilever's resonant frequency should be much
. . greater than the frequency range of the measured forces. In
phosphate buffered saligH 7.4) to 2.5-5ul of titin (0.5 . . X : .
. o this case, the cantilever’'s amplitude response function can be
mg/ml) on a freshly cleaved mica surface. The titin was al-

lowed to adsorb onto the mica for approximately 30 min anqcon5|dereq frequ_ency mdgpendent and the dc_aflectlon. signal
f the cantilever is proportional to the force being applied to

then the sample was thoroughly rinsed to remove unboun ) .
P gnly B-\e cantilever. However, in the case where the resonant fre-

molecules. Next, the sample was mounted in our prototyp uency of the cantilever is comparable to the frequency of
AFM and more buffer was added. The tip of the cantilever” y P q y

was brought into contact with the sample for 1-60 s. In this
process, much like fly fishing, in a few percent of the at-
tempts the tip “catches” the amino acid chain of a single ¥ Molecule A
protein molecule. The molecule can then be stretched by # Molecule B
moving the sample away from the cantilever and relaxed by & 200
moving the sample back towards the cantilever.

In Fig. 4, the measured force-versus-extension curves for
13 consecutive stretch—relaxation cycles are shown for a

Ty fifg

single titin molecule. We waited for 30 s between cycles in i i
order to let the molecule fully refold. The stretch—relaxation } i i i
cycles were performed with piezo velocities varying over ]

three orders of magnitud®.07—-95um/s).

—
<
?

(= 2]

IIl. ANALYSIS AND DISCUSSION Small Cantilevers

Average Unfolding Force (p

_
) . . . 504
To a first approximation, the pixel frequendéy of an
image should be less than 1 over the time necessary for the N
cantilever to come to equilibrium. More specifically, this o1 1 10 100

meansfp<fc_/Q_ whergfc is the panulever re_sonant fre- Piezo Velocity (um/s)

guency and is its quality factor. Since the quality factor of

small cantilevers in liquid is of order @usually in the range FIG. 5. Average force of unfolding plotted as a function of the piezo veloc-
of 1.1-1.5, then the above inequality requires the pixel fre-ity. Each data set shown corresponds to a single molecule, which was re-
quency to be less than the cantilever's resonant frequency. fftedly stretched at different rates. The average unfolding {67 is

. . . calculated by averaging, for all unfolding events within a single stretch—

IS also necessary that the tip aCtl.Ja”y touch the samplle in th@jaxation cycle of the molecule. The data set labeled “molecule A” corre-
time necessary to acquire one pixel; therefore, the pixel fresponds to the raw data shown in Fig. 4.
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the force being measured, the cantilever deflection signdbecreasing the gap between experimental and theoretical
will be dependent on both the magnitudes of the force andime scales will allow for more confident comparisons be-
the cantilever's frequency-dependent amplitude respons®veen results.

function. In the data presented here the fastest stretch—

relaxation cycle was performed at 9om/s, which is 30 ACKNOWLEDGMENTS
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