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Radial compression elasticity of single DNA molecules studied
by vibrating scanning polarization force microscopy
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The radial compression properties of single DNA molecules have been studied using vibrating scanning
polarization force microscopy. By imaging DNA molecules at different vibration amplitude set-point values,
we obtain the correlations between radially applied force and DNA compression, from which the radial
compressive elasticity can be deduced. The estimated elastic moduh®)is70 MPa under small external
forces(<0.4 nN) and increases t6-100—200 MPa for large loads.
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The elastic properties of single DNA molecules have atnot be extracted simultaneously with high accuracy. Using
tracted tremendous attention in the past 15 years because tapping mode AFM(TM-AFM), the radial deformability of
their importance to numerous biological proceddesd]. By some soft materials like carbon nanotubes has been success-
overstretching and overtwisting B-DNA, structural transi- fully studied thanks to the reduction of lateral ford@%].
tions from B-DNA to S-DNA and to P-DNA have been ob- Unfortunately, the typical tip-sample force in a conventional
served experimentalljp—10]. Many theoretical models have tapping mode is still too large for a DNA molecule and re-
been proposed to explain the mechanical responses of DN4y|ts in a severe deformation. The measured height of a DNA
under an external forcgl1-13. It has been recently recog- molecule in tapping mode is0.7—0.9 nm, far smaller than
nized that DNA responds to protein binding through athe normal valug~2.0 nm [26,27. Recently, we have de-
sequence-dependent kinking and intercalatibh15. While  yeloped a method called vibrating scanning polarization
a_t this stage t_he stretching _and twis_ting elasticit_y only proforce microscopy(VSPFM) [26,28. The biggest advantage
vide base-pairs-averaged information on a single DNAof vSPEM is its stable performance both in the noncontact
strand, the knowledge of radial compression properties ignd the tapping modes, which renders VSPFM potentially
necessary in order to provide local information along theyseful for imaging soft specimens with much smaller force.
DNA strands and to give new opportunities for understandysing this method, we have reliably measured the heights of
ing more deeply the biOIOgicaI functions such as gene regupjo-macromolecules deposited on mica Surfdm_
lation and DNA repaif16,17. On the other hand, as amodel | this Brief Report we report our study on the radial
molecule DNA’S radial compression elasticity is of great in- compressive elasticity of single DNA molecules with
terest and importance to polymer physj¢s]. VSPFM. Commercially availablaDNA solution with an

Radial compression is carried out by pressing on a DNAyriginal concentration of 450 ngd was purchased from
molecule lying on a mica surface where the compression igjno-American Biotechnology Comparighanghai, China
perpendicular to the DNA strand. The difficulty in exploring The solution was first diluted to 10 ngl with a TE buffer
the radial compressive elasticity of DNA is partially due to containing 100 ivi NaCl, 10 nM Tris (pH 8), and 10 nM
the challenge in applying a small and controlled forcegpTa. A drop of this diluted solution was then deposited on
(<0.5 nN with an accuracy of-0.1 nN) on such a small 5 mica surface pretreated by2Xi The sample was exten-
object(~2.0 nm while precisely measuring the resultant ra- sively washed with deionized watetMillipore water
dial deformation(<1.0 nm with an accuracy of-0.1 nm). 18.2MQ and dried in aif26].

Atomic force microscopyAFM) is perhaps a unique tech- e have modified a NanoScope llla SPM syst@feeco
nique that allows the measurement of both the force anghstruments, Inc., Santa Barbara, JAto VSPFM operation
resulting deformation at the nanometer s¢alg). The force- a5 described in Ref26]. A NSC12/Ti—Pt rectangular can-
distance curve(including force volume in contact mode tjlever (MikroMasch, Russiawas used with a typical force
AFM is widely used to reveal the local mechanical propertiessonstant of~4.5 N/m and a typical resonant frequency of
[20-23. Due to its intrinsic limitation$23,24, however, the  —170 kHz. The images were taken at the temperature of
applied load and the resultant deformation of the sample caps_30 °C under the relative humidity of 20—30 %. Although
the water layer may have a large effect on the AFM measure-
ment, in many cases, particularly in contact m¢ae], we
*Electronic address: jlsun@sjtu.edu.cn could avoid the water layer influence by using the tapping
"Electronic address: jhu@sijtu.edu.cn mode with a fast vibrating AFM tip under the above humid-
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FIG. 1. (Color) A schematic description of the tip/DNA interac-
tion at differentAgp, values(Agyiop, Asgi), andAgypotiom)-

ity environmen{23,28,30. The height of DNA was checked
with no change within this humidity range as well.

The core concept in VSPFM is the utilization of polariza-
tion force during imaging in a dynamic vibrating mofdz6].
Briefly, a conductive tip is biased to a certain ac voltage so
that an electric polarization field can be induced in the
sample. Since the range of electrostatic force is much longer
than that of the van der Waals force, by carefully adjusting
the tip vibration amplitude set poirifs), VSPFM can per-
form in the far noncontact, the near noncontact and the tap-
ping regimes[26,28, achieving the control of tip-sample
interaction in a wide range. That is very crucial for the mea-
surement of compressive elasticity. By decreashggstep-
wise, the tip can be first adjusted to slightly touch the top of
a DNA molecule(defined as the top imagend then gradu-
ally lowered until the tip touches the substrate surfate-
fined as the bottom imageas illustrated in Fig. 1. The cor-
responding Ag, were labeled asAgyiop and Asypottom
respectively. In this fashion, a series of images corresponding
to different loads can be taken at differefy, values. The
heightD;; of a given point(i) on the DNA molecules after
compressingth step could be calculated by FIG. 2. (Color Images showing the processes of compressing a

Djj = Dijapp + a’(Asp(ij) _Asp(botton"))1 (1) single DNA molecule deposited on a mica surface at diffefegt

where Dij - denotes the apparent height of a DNA mol- Al-A4 and B1-B4 are, respectively, topographic and phase images

. . . . . . taken at Agp=0.934, 0.922, 0.910, and 0.934 V. Image size:
ecule, Ayyjj) is the amplitude of tip vibration, and is a 200 nmXx 200 nm. The horizontal bars at points 1, 2, and 3 specify

conversion coefficient31]. . _ _positions along the DNA molecule at which height-force curves
Figure 2 shows a series of images that illustrate the radialiscussed in later figures were taken.

deformation of a single DNA molecule at differeAg, val-
ues. A1-A3 were obtained with the VSPFM operated at seheight-force curves corresponding to three different sites on
quentially decreasing Ay, values (0.934V, 0.922V, one DNA molecule as indicated in Fig. (A3), where the
0.910 V). A4 was obtained by returning,to 0.934 V atthe force calculation is detailed if84]. The measured large ini-
end of the sequence. B1-B4 were the corresponding phasil height (~1.6 nm of DNA molecules demonstrates the
images, indicating the interaction is repulsive between tipadvantage of VSPFM in contrast to TM-AFM and makes the
and DNA moleculeq32]. These images show clearly the small compressive deformation measurement possible. Each
large deformation of DNA molecules under small forces ancheight-force curve for the DNA molecule in Fig(a83 com-
the deformation is remarkably reversible. For comparisonprises a process starting from the tip touching the top of the
we have also measured the deformability of a colloidal goldDNA molecule, then to compressing the DNA molecule step
particle. Its height changes very little with the changedgf by step with decreasings, and finally finishing with the tip
[Fig. 3@)]. touching the mica surface. The height-force curve for the
Unlike stretching or twisting, which measure the base-reverse process is also included in Fi¢p)3The height-force
pairs-averaged properties of a single DNA str@fd10,33,  curve for location 1, frequently observed in our measure-
we found that the compression properties of single DNAments, shows a typical radial deformation of a well-shaped
molecules strongly depend on the locations along the stran@NA molecule. The remarkable reversibility ove50% ra-
indicating that the radial elasticity entails much larger deviadial deformation in the height-force curves between the ap-
tions of the local structure. Figurg@ shows three typical proaching and retracting is in strong contrast to most solid
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FIG. 4. (Color) (a) Topography of two crossed DNA molecules
with A;;=0.810 V. Image size: 200 nm200 nm.(b) The height-

FIG. 3. (Colon (a) Height-force curves taken at three different force curves taken at three different locations as indicate@)in
locations along a DNA molecule as indicated in Fig(AB8). The  The open and the corresponding solid square, triangle, and circle
open and the corresponding solid square, triangle, and circle denotenote approaching and retracting processes, respectively.
approaching and retracting processes, respectively. @atn the
top is for a colloidal gold particle(b) The height-force curve usu- With a slope of~0.4 nN/nm, indicating the softness of DNA
ally reaches a relatively flat region under a larger load. molecules under light compression in the initial deforming

stage. Other biomolecules are also found “soft” at room tem-
materials, for which the elastic compression regime only experature by neutron-scattering measurement in air, where a
tends to a few percent of deformation. The relatively highforce constant-0.1-0.3 nN/nm was deduc¢d7,3§, quite
stiffness(correctly speaking, we should compare the slope irsimilar to our value. It is likely that the forces maintaining
force-strain curve$35]) for location 2 may have to do with biological structures in this deformation regime are mainly
the sharp bending nearby, similar to carbon nanotubes fahrough hydrogen bonding, electrostatic, and van der Waals
which an abrupt bending would result in a much tighterinteractions. The energies associated with these “weak inter-
structure and lead to a sudden change in its local stiffnesactions” are comparable to the thermal energy at room tem-
[25]. Similar to other reports in the literatuf86], the local  perature and are expected to lead to a small force constant
morphology was found to vary greatly along a DNA strand(DNA is soft) [39]. As the average force is increasedRo
in VSPFM images. For example, the topography in Fig. 2>0.4 nN, the tip usually encounters a much stronger repul-
(A3) shows that the DNA strand at section 3 is somewhasive force and the height-force curve reaches a relatively flat
narrower in width and lower in height than that at section 1,region as more clearly showed in FiglbBin a large-force
suggesting that the molecule has a different local structurgegime. We speculate that the space between backbones is
Interestingly, this large morphological difference betweennow greatly reduced and the external force is mainly exerted
sections 1 and 3 only results in a small variation in the slop®n the much stiffer sugar-phosphate backbones.
of the height-force curves. From our above results, we find To investigate the influence of the substrate, we have
that the compressive elasticity of individual DNA molecules studied the compression properties of two crossed DNA mol-
varies from site to site, consistent with the phenomenon reecules, and the topography is shown in Fi@)4Figure 4b)
ported in a recent paper by Kellet al. that single-molecule plots the height-force curves corresponding to three different
measurements often yield scattered valigs. locations as indicated in Fig.(@. The measured height of

The height-force curve 1 in Fig(8 shows an interesting section 1(crossing point is ~1.0 nm in TM-AFM, but
nonlinearity of compression with applied loads. In the smallreaches~2.6 nm in VSPFM. We have not found a pro-
force region(F < 0.4 nN), the curve is approximately linear nounced difference in the slope of force-strain curves, espe-

Force (nN)
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cially in the small-force regimé<0.4 nN) between section 1 (~24 MP3. In the large-force region the effective elastic
and sections 2 and[35], suggesting that the radial compres- modulus can increase te-100—200 MPa, close to some
sive elasticity has not been significantly influenced by thepolymers like leathef~120—-400 MP#a The calculation on
substrate. 30 other DNA fragments agrees with these values within a
It is worthwhile estimating the range of the elastic modu-factor of 2—3.

lus for the purpose of making a comparison with other ma- |y symmary, with VSPFM we have studied the local
terials and of providing a direct description on the softness of,ia| compression properties of single DNA molecules, par-
a DNA molecule. Taking the nonlinearity of the height-force e, a1y in the small-force regime. Besides biophysical im-

curve into consideration, the effective radial elastic modulusportance our data may also be interesting to DNA “molecu-
's given by[40] E = (dF/dh)(h/S) (2) lar surgery” and DNA nanobiotechnology, where DNA is

whereF is the normal force applied on DN/ andh are,  used as a building block#2,43. In order to completely un-
respectively, the contact area and the molecular height at tHéerstand its deformation mechanism, a systematic experi-
given load. mental investigation in conjunction with theoretical simula-

To calculate the contact ar&between a spherical AFM tion is necessary on how the compression properties of DNA
tip and a DNA molecule, we follow the usual method whenare affected by humidity, temperature, and base-pair se-
determining the contact area between an AFM tip and a cyguence. It is obvious that our method opens a door to char-
lindrical nanotube[40,41. From curve 1 in Fig. @ the acterize the local elastic properties of many other single bio-
effective elastic modulus of DNA is estimated to be molecules such as RNA, proteins, as well as soft polymers.
~20-70 MPa in the small-force regiqf < 0.4 nN), which We gratefully acknowledge the financial support of the
is comparable to the Young’s modulus of human cartilageprojects by NSFC, CAS, MSTC, and STCSM.
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