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Generation of nanomechanical cantilever motion from biomolec-
ular interactions can have wide applications, ranging from high-
throughput biomolecular detection to bioactuation. Although it
has been suggested that such motion is caused by changes in
surface stress of a cantilever beam, the origin of the surface-stress
change has so far not been elucidated. By using DNA hybridization
experiments, we show that the origin of motion lies in the
interplay between changes in configurational entropy and inter-
molecular energetics induced by specific biomolecular interactions.
By controlling entropy change during DNA hybridization, the
direction of cantilever motion can be manipulated. These thermo-
dynamic principles were also used to explain the origin of motion
generated from protein–ligand binding.

Understanding the mechanisms of how biological reactions
produce motion is fundamental to several physiological

processes (1–3). Although most past effort (4–6) has focused on
studying single molecular motors (7–9), recent experiments (10,
11) by using microcantilever beams have led to observations that
multiple DNA hybridization and antigen–antibody reactions can
collectively produce nanomechanical motion. The promising
prospects of interfacing molecular biology with micro- and
nanomechanical systems can best be exploited if we learn how to
control and manipulate nanomechanical motion generated by
biomolecular interactions. Although an understanding of the
origins of this motion would allow such control, it has so far
remained elusive. It has been suggested (11) that the motion is
induced by changes in surface stress of the cantilever caused by
biomolecular binding. Although this may be true, the origin of
surface-stress change is not understood. In this paper, we show
that cantilever motion is created because of the interplay be-
tween changes in configurational entropy and intermolecular
energetics induced by specific biomolecular reactions. The en-
tropy contribution can be critical in determining the direction of
motion. By using thermodynamic principles in conjunction with
DNA hybridization experiments, we demonstrate that both the
direction and magnitude of cantilever motion can be controlled.
These thermodynamic principles are also used to explain the
nanomechanical motion created by protein–ligand binding.

Materials and Methods
Experimental Setup and Approach. Fig. 1 illustrates the experiment
we used for studying nanomechanical motion created by multiple
specific biomolecular reactions. The experimental setup con-
sisted of a transparent fluid cell, within which a gold-coated
silicon nitride (AuySiNx) cantilever was mounted. The fluid cell
and the V-shaped micromechanical silicon nitride cantilevers
were purchased from Digital Instruments (Santa Barbara, CA).
The cantilevers used were 200 mm long and 0.5 mm thick, and
each leg was 20 mm wide. The gold films originally coated on
cantilevers were etched away, and a fresh 25-nm-thick gold
coating was deposited. For good adhesion between gold and
silicon nitride, a 5-nm-thick chrome film was deposited on the
nitride cantilever before the gold deposition. When the fluid cell

was clamped down on a glass slide with a Teflon O-ring, the cell
formed a liquid reservoir about 100 ml in volume that was
connected to an inlet and an outlet f luid port. To detect
cantilever deflections, a low-power ('1-mW) laser beam was
reflected off the cantilever and was focused onto a position-
sensitive detector. Such a setup is commonly used in atomic force
microscopes. To eliminate thermomechanical motion of the
Au-SiNx bimaterial cantilever caused by temperature fluctua-
tions, the glass slide and fluid cell were mounted on thermo-
electric coolers so that the temperature of the fluid cell could be
controlled to 25 6 0.05°C.

The experiment started by first placing a AuySiNx cantilever
in a fluid cell and then injecting a solution of sodium phosphate
buffer (PB) at pH '7.0 (always with the same pH but possibly
different ion concentrations for different experiments) into the
cell. The cantilever was equilibrated in the PB until a stable
baseline was obtained. The next step was to immobilize the probe
molecules, which were resuspended in the same PB used to
equilibrate the cantilever, on the cantilever surface. After the
immobilization was completed (typically about 2 hours at room
temperature), the fluid cell was washed thoroughly with the PB
to be used for hybridization. Then the cantilever was equilibrated
in the same PB (as that to be used for hybridization) again until
a stable baseline was obtained. Finally, injection of a solution of
target molecules (resuspended in the same PB) followed. The
cantilever motion was optically monitored at both the immobi-
lization and probe-target-binding steps. For each experiment, a
new cantilever was used. The error induced by variations in the
geometry of the cantilever (length, width, and thickness) and the
position of the focused laser spot at the end of the cantilever was
found to be within 65–10%. To address the effect of change in
the refractive index, experiments in which the laser was focused
on the cantilever substrate were carried out. When the ion
concentration of PB was changed from 0.05 to 1.0 M, no
significant change in the position-sensitive detector signal was
observed, which indicates that the effect of change in the
refractive index is negligible for our experiments.

DNA Samples. All single-stranded DNA (ssDNA) samples were
bought from Synthegen (Houston, TX). To form a self-
assembled monolayer of probe ssDNA on the Au-coated canti-
lever surface, the ssDNA was modified with thiol groups at-
tached to the 59 end. The thiol groups used for immobilizing
probe ssDNA were HS-(CH2)6 and were always attached to the
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59 end of the ssDNA. For the experiments discussed in Fig. 2a,
the 50-nt-long (sequence J) probe ssDNA sequences used were
59-TTGCTCTGCACCGACAATTTAGCGCCAGCTTACTG-
CTGGAATCGGTTCTG-39 (3.2 mM, 50 ngyml). The sequence
for the 40-nt-long ssDNA (sequence K-40) used for the data in
the Fig. 2 Inset was 59-TTAAGGTCTGGACTGGCCTGAATT-
TAGCGCCAGCTTACTG-39 (3.2 mM, 40 ngyml). The se-
quences for 30-nt-long (sequence K-30: 59-TTAAGGTCTG-
GACTGGCCTGAATTTAGCGC-39, 3.2 mM, 30 ngyml) and
20-nt-long (sequence K-20: 59-TTAAGGTCTGGACTGGC-
CTG-39, 3.2 mM, 20 ngyml) ssDNA used for the Fig. 2 a Inset were
the first 30 and first 20 nucleotide sequences from sequence
K-40, starting from the 59 end (see below). Sequence K-30 was
used for the data in Fig. 2b. For the data in Fig. 3a, the 20-nt-long
probe ssDNA used was sequence K-20. The complementary

target ssDNA sequences were 39-AATTCCAGACCTGACCG-
GAC-59 (20 nt long, 6.4 mM, 40 ngyml), 39-CAGACCTGAC-
CGGAC-59 (15 nt long, 6.4 mM, 30 ngyml), 39-CTGACCG-
GAC-59 (10 nt long, 6.4 mM, 20 ngyml), and 39-
TGACCGGAC-59 (9 nt long, 6.4 mM, 18 ngyml). The
noncomplementary sequence (sequence-NC20) used was 39-
CTATGACAGATCTACTCGTA-59 (6.4 mM, 40 ngyml). In all
of the hybridization experiments, the concentration of thiolated
probe ssDNA was 50 ngyml (8 mM). For Fig. 3b, sequence K-30
was used as the probe ssDNA, and the target ssDNA was
sequence K9-30 (39-AATTCCAGACCTGACCGGACTTA-
AATCGCG-59, 3.2 mM, 30 ngyml). For Fig. 5, sequence K-30
was used as probe ssDNA, and K9-30 was used as the target
ssDNA.

Biotin–Neutravidin Experiments. Biotinylation of AuySiNx cantile-
vers was accomplished by first functionalizing the SiNx surface
with a 1% solution (volume to volume) of 3-aminopropyl
triethoxysilane (Gelest, Tullytown, PA) in absolute ethanol for
1 h. Aminosilane surfaces were subsequently functionalized with
1 mM NHS-PEG-Biotin, MW 3400 (PEG, polyethylene glycol;
Shearwater Polymers, Huntsville, AL) in PBS (pH 7.5, 10 mM
phosphatey150 mM saline) for 1 h. Cantilevers were rinsed
extensively in PBS; all binding experiments were carried out
under flow (4 mlyhr) in PBS. Neutravidin, MW 60 Kd (Pierce,
Rockford, IL), 25 ngyml, was injected in-line by using injection
loops (Upchurch Scientific, Oak Harbor, WA). Silanized canti-
lever was exposed to 500-ml injection (12.5 mg of neutravidin),
and PEG–biotin cantilever was exposed to 20-ml injection (500
ng of neutravidin).

Results and Discussion
Fig. 2 a shows the cantilever deflection as a function of time for
a 50-nt-long probe ssDNA. Here, negative deflection indicates
the downward bending of the cantilever with the probe mole-
cules immobilized on the top surface. Also shown are the
deflection profiles after the injection of PB alone and of
unthiolated ssDNA, which represent the control experiments.
The injection of PB alone produces almost no change in deflec-
tion, and the injection of unthiolated ssDNA produces very small

Fig. 1. Specific biomolecular interactions between target and probe mole-
cules alter intermolecular interactions within a self-assembled monolayer on
one side of a cantilever beam. This can produce a sufficiently large force to
bend the cantilever beam and generate motion. The origin of this nanome-
chanical motion lies in the interplay between changes in configurational
entropy and intermolecular energetics.

Fig. 2. (a) Change in AuySiNx cantilever deflection as a function of time for three different experiments: (i) exposure to 0.1 M PB; (ii) exposure to unthiolated
probe ssDNA; (iii) exposure to probe ssDNA thiolated at the 59 end. Concentrations of unthiolated and single-end thiolated ssDNAs were all 50 ngyml or
approximately 3.2 mM. Unthiolated ssDNA and pure PB solutions did not produce any significant deflection. Inset shows the steady-state cantilever deflection
as a function of length of the probe ssDNA thiolated. Results indicate that immobilization of probe ssDNA produces compressive stress bending the cantilever
down. (b) Steady-state cantilever deflections caused by immobilization of ssDNA (sequence K-30) at different PB concentrations.
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downward deflection because of nonspecific binding of ssDNA
to the gold surface. Fig. 2 a Inset shows the steady-state cantilever
deflection as a function of the length of the probe ssDNA. Fig.
2b shows the cantilever deflection as a function of PB concen-
tration after immobilizing 30-nt-long probe ssDNA. The con-
centration used for all probe ssDNAs was 3.2 mM. Surface
plasmon resonance spectroscopy measurements (14, 15) have
shown that under conditions similar to our experiments, the
surface density of thiol-tethered ssDNA on the gold surface is
around 6 3 1012 chainsycm2. It is clear from these experiments
that regardless of the length of ssDNA or ionic strength used in
the experiments (0.05–1.0 M), repulsive interactions between
immobilized ssDNA created a compressive stress to bend the
cantilever downwards. Change in surface stress with respect to
change in cantilever deflection can be obtained from Stoney’s
formula (12) or by using the model developed in ref. 13:
DsyDh 5 Et2y4L2 (1 2 n) ' 0.375 MJym2, where Ds is change
in surface stress, Dh is change in deflection, E 5 180 GNym2,
t 5 0.5 mm, L 5 200 mm, and n 5 0.25 are the elastic modulus,
thickness, length, and Poisson’s ratio of the cantilever material,
respectively.

After immobilizing the probe ssDNA, a solution containing
complementary target ssDNA was injected into the fluid cell at
the same PB concentration used to immobilize the probe ssDNA.
Fig. 3a shows the deflection profiles for hybridization reactions
where the probe ssDNA was 20 nt long, and the complementary
target ssDNA were of four different lengths (20 nt, 15 nt, 10 nt,
and 9 nt) and were chosen to be distally complementary. The
cluster plot of multiple experiments (2 for 15 nt and 20 nt, 3 for
9 nt and 10 nt) for each case has been included in Fig. 3a Inset,
which shows reasonably good repeatability (within 610–15%).
On the basis of reasonably good repeatability, it is suggested that
the nanomechanical signal was sufficiently sensitive to detect
single-nucleotide length differences. We have also performed
hybridization experiments by using 30- to 50-nt-long DNA, and
the results have shown very similar trends. The observation that
the cantilever bent upward in all cases suggests that hybridization

relieved the compressive stress created during immobilization of
thiolated probe ssDNA. To confirm that the signals were caused
by hybridization, a solution of a noncomplementary target
ssDNA was used and was found to produce no deflection, which
eliminates the possibility of false-positive signal because of
nonspecific binding. Fig. 3b shows the steady-state deflection
signal for the hybridization reaction under different PB concen-
trations. An optimum PB concentration of 0.2–0.4 M was seen
to produce maximum deflection.

That the cantilever deflections for both the immobilization
and hybridization steps were influenced by PB concentration
suggests that electrostatic repulsive forces between neighboring
DNA molecules must play a role in cantilever motion. The
percentage of the immobilized probe ssDNA molecules that
hybridize with the complementary target strands is around
60–80% (14, 16). Because each nucleotide carries a net negative
charge as a result of the presence of a phosphate group, one
would expect hybridization to cause even more repulsion as a
result of the presence of additional negative charge. However,
the data in Fig. 3 clearly indicate that regardless of the PB
concentration in the range of 0.05–1 M, hybridization always
relieved stress and produced upward cantilever motion. There-
fore, electrostatic or steric repulsion alone cannot explain the
behavior.

It is well known that, at the ionic strengths used in our
experiments (0.05–1 M), ssDNA is a highly flexible molecule
with a persistence length of 0.75 nm (17), which is approximately
the size of 2 nucleotides. In free solution, the configuration that
each ssDNA chain adopts is the one that maximizes its entropy.
When ssDNA chains are grafted onto a surface, however,
intermolecular interactions influence its configuration. If the
grafting density of ssDNA on the Au-coated cantilever surface
is sufficiently high, each ssDNA chain will be forced to occupy
a region of space smaller than its natural size because of
intersegment interactions resulting from steric or electrostatic
repulsion. This chain deformation reduces configurational en-
tropy. This entropic penalty can be alleviated by adsorption onto

Fig. 3. (a) Changes in Au-Si cantilever deflection caused by hybridization of a probe ssDNA (sequence K-20 at 50 ngyml or 8 mM concentration) in the distal end
with complementary target ssDNA of different lengths—20 nt, 15 nt, 10 nt, and 9 nt (40 ngyml or 3- to 6-mM concentration). Also shown is the absence of cantilever
deflection for a noncomplementary target ssDNA (sequence NC20). The data clearly suggest that differences in nanomechanical motion caused by a 1-nt
difference in length can be observed. (b) Steady-state changes in cantilever deflection for hybridization of 30-nt-long ssDNA (sequences K-30 and K9-30) at
different PB concentrations. Note that immobilization of probe ssDNA (sequence K-30) were at the same PB concentration (0.1 M) as the hybridization reaction
for both a and b.
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a convex surface, because the curvature allows each chain to
occupy a larger region of space as the distance from the surface
increases. This phenomenon leads to an entropic driving force in
addition to the intersegment energetics for forming a curved
interface. These forces are balanced by the strain energy of
bending the cantilever, leading to an equilibrium value for
curvature and cantilever deflection. At ionic strengths corre-
sponding to our experiments (0.05–1 M), the persistence length
of ssDNA is 0.75 nm (17), which is approximately 2 nucleotides.
In contrast, the persistence length of double-stranded DNA is
50–80 nm (18), which is approximately 150 base pairs. Thus, the
double-stranded DNA chains are effectively rod like, and the
configurational entropy gain by forming a curved interface is
insignificant compared with that of adsorbed ssDNA. Therefore,
cantilever strain energy and intersegment repulsion are balanced
at a smaller curvature (i.e., smaller deflection), which is illus-
trated schematically in Fig. 4.

A quantitative analysis corresponding to the thermodynamic
arguments described above is easy to carry out for sufficiently
long chains. Such an analysis would resemble that of refs. 19–21,
with the added strain energy caused by cantilever bending.
However, our experiments are carried out with relatively short
chains. Quantitative analysis is therefore somewhat more deli-
cate. A numerical calculation for short chains, which includes
polymer conformational statistics, intersegment interactions,
cantilever bending energy, and other minor effects, is currently
being carried out. These computations use a discretized Greens
function method (22) and should provide a quantitative descrip-
tion of the phenomena under consideration. Such an analysis
accompanied by more extensive experimental results will be
provided in a future longer account.

Experiments indicate that hybridization-induced changes in
configurational entropy produce upward motion of the cantile-
ver, leading to the question: Can the direction of cantilever
motion on hybridization be reversed by controlling the change in
configurational entropy? To address this question, we immobi-
lized the probe ssDNA on the cantilever at 1.0 M PB concen-
tration and then reduced the PB concentration to 0.1 M. Because
of the higher PB concentration during immobilization, a higher
packing density can be achieved because of increased shielding
of the negative charges on the probe ssDNA. A subsequent
reduction in PB concentration increased the Debye length, which
resulted in increased repulsion between neighboring probe
ssDNA. Therefore, it is favorable for the ssDNA to further
stretch to reduce intermolecular repulsive energy even at the
cost of reducing configurational entropy. In effect, the ssDNA

molecules are expected to adopt a strongly stretched configu-
rations. Hybridization at low PB concentration should therefore
lead to relatively small changes in configurational entropy. Thus,
one expects the configurational entropic driving force for up-
ward cantilever motion to play a smaller role. Because hybrid-
ization introduces additional charge, intersegment repulsive
interactions are expected to increase. These arguments suggest
that on hybridization under these conditions, a net downward
deflection of the cantilever would be produced—exactly what we
observed (see Fig. 5), which further supports our hypothesis.
Also shown in Fig. 5, for comparison, are the data for immobi-
lization and hybridization at a PB concentration at 1.0 M, where
the cantilever deflection is in the upward direction. Our exper-

Fig. 4. Schematic diagram illustrating the mechanism of motion generation
caused by DNA immobilization and hybridization. Immobilization of ssDNA on
the top surface bends the cantilever down. The persistence length of ssDNA is
7.5 Å, and this flexibility provides an entropic driving force for forming curved
interfaces. Hybridization increases the persistence length to about 50 nm,
which significantly reduces the configurational entropic driving force, thereby
reducing the importance of curvature producing an upward cantilever
motion.

Fig. 5. Hybridization induced changes in cantilever deflection under two
conditions. The 30-nt-long probe ssDNA were immobilized at 1 M PB concen-
tration. In one case, hybridization occurred at 1 M PB concentration, which led
to upward cantilever motion. In the second case, the PB concentration was first
reduced to 0.1 M, after which hybridization occurred. In this case, the canti-
lever deflection was downward.

Fig. 6. Change in cantilever deflection on exposure to neutravidin. In one
case, the silicon nitride surface of the cantilever was coated with biotin and
polyethylene glycol, whereas in the other case, the same surface cantilever
was coated with a silane layer. Specific binding of neutravidin to biotin
generated a negative deflection, indicating generation of compressive stress
on the top silicon nitride surface, whereas exposure to silane produced no
appreciable deflection signal.
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iments demonstrate that configurational entropy changes and
intermolecular interactions can be tuned to control the direction
of motion in nanomechanical devices.

These thermodynamic arguments suggest that nanomechani-
cal motion would not be limited to only DNA hybridization
reactions but could occur for any specific biomolecular bind-
ing—DNA–RNA, antigen–antibody (10, 11), protein–ligand,
DNA–protein, etc. As a model system, we focused on the
biotin–avidin complex. Experiments (23) on forced unbinding of
biotin–avidin pairs have shown that the adhesive force depends
linearly on the enthalpy of the reaction and is uncorrelated with
the Gibbs free energy. This observation implies that the unbind-
ing process involves no configurational entropy changes, thus
suggesting that the unbinding force is purely conservative and
reversible. Therefore, one would expect that because of the
absence of configurational entropy changes, biotin–avidin bind-
ing on a cantilever surface would produce only repulsive inter-
molecular forces, which would bend a cantilever down. Fig. 6
shows the deflection profile for the biotin–neutravidin reaction,
where biotin was immobilized on the silicon nitride surface of the
AuySiNx cantilever, and neutravidin was then introduced in the
fluid cell. The cantilever, with the silicon nitride surface at the
top, displayed a steady downward deflection, as expected. When

a silane-only cantilever was exposed to neutravidin, there was no
change in the average cantilever deflection, indicating specificity
in the biotin–neutravidin reaction.

In summary, we have outlined some general thermodynamic
principles of how multiple biomolecular reactions can be con-
trolled and manipulated to produce nanomechanical motion.
These principles can now be used to design biomechanical
actuators, switches, or motors, which could have wide use in
nanotechnology. Likewise, micro- and nanomechanical devices
can also be designed for studying the thermodynamics of specific
biomolecular reactions. Finally, the ability to mechanically de-
tect biomolecules offers the promising prospects of developing
micromechanical arrays for high-throughput genomics and
proteomics.
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