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ABSTRACT
The technical feasibility of monitoring DNA melting and cooling transitions using a microcantilever substrate has been
demonstrated and these results were compared with those measured in solution by circular dichroism. DNA hairpins
have been immobilized on the surface of gold-coated microcantilever surfaces and their DNA melting and cooling transitions were monitored by nanomechanical deflections. The hairpins comprised of a 16 base-pair GACA repeat motif
stem duplex with a 29 nucleotide variable region. Microcantilever deflection profiles, measured by the microcantilever
response as a function of temperature, were unique to different hairpins indicative of the molecules’ general stability
and denaturation characteristics. The major melting and cooling transition temperatures for all three immobilized oligonucleotides were between 41˚C - 52˚C. The composition and flexibility of the DNA stem loops were shown to influence the thermal transitions.
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1. Introduction
We have examined the changes in microcantilever bending
due to induced surface stress caused by the unfolding of
DNA hairpin molecules with specific molecular binding
[1,2]. Similar behavior has been observed in previous studies measuring macro-molecular interactions such as with
protein [3,4] and DNA [5,6]. Microcantilever responses
have also proven useful in label-free biodetection [6], quantitative binding assays [7,8] and proteomic analysis [9]. In
this study, we immobilized DNA hairpin molecules on the
surfaces of alkanethiol gold-coated microcantilevers and
observed the response as the coated microcantilevers where
systematically heated then cooled. The study indicates the
feasibility of examining other similar bio molecules such as
miRNA as a parallel study. Figure 1 depicts how the micromechanical motions of a microcantilever may be dependent upon the temperature-induced denaturation processes of DNA hairpin molecules.
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Figure 1. Image depicting microcantilever deflection resulting from changes in surface stress as molecules unfold
during melting. Hairpin molecules in (a) attached to microcantilever beam prior to heating. As heating begins (b),
expansion of molecules lead to downward bending of beam.
At (c) hairpins have expanded further and maximum deflection occurs. With continued heating, (d) hairpins open
and this results in upward deflection of beam.

2. Discussion
Three large DNA hairpin molecules of the same size
were synthesized (Phoenix BioTechnologies, Huntsville,
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AL) to examine the effects of loop flexibility on thermal
denaturation and renaturation profiles. Each oligonucleotide contained 62 nucleotides with a 5’ C-6 thiol modifycation that can fold back on itself to form DNA hairpin
structures. The thiol groups were used for immobilizing the
hairpins on gold-coated microcantilevers. The hairpins were
comprised of the same 16 base-pair stem duplex with a
GACA repeat motif and a 5’ adenosine residue. The remaining 29 nucleotides were variable and contained sequences that were reverse compliment to genomic regions
of the Satellite Tobacco Mosaic Virus, Borreliaburgdoferi,
and Rickettsia rickettsiiin hairpins HpSt, HpBb, and HpRr,
respectively. The theoretical secondary structures of the
entire hairpin were predicted using nearest neighbor thermodynamic rules with the nucleic acid folding package,
DNA MFOLD [10] (Figure 2).
The amount of hairpin DNA covalently bound on the
cantilevers was estimated by a radiolabeling technique using
P32-labeled thiolated DNA hairpins [1]. The surface density
for all three hairpins was approximately 6 × 1010 molecules/cm [2]. The average distance between adjacent DNA
molecules on the gold surface was calculated to be significantly bigger than its molecular gyration diameter.
Therefore, the thermal motion and conformational entropy force that contributes to the surface stress is not affected by the presence of neighboring molecules (calculation not shown). As such, the intramolecular forces arising
from the DNA hairpin unfolding is the primary molecular
process that contributes to the differential deflection observed as measured against a reference.
The bound DNA hairpins were separately heated in a sin-

Figure 2. Secondary structureprediction of large DNA hairpins containing sequences that reverse complimentary to genomic sequences of Satellit Tobacco Mosaiv Virus (HpSt),
Borrelinahurgdorferi (HpBp) and Rickettsiirickettsii (HpRr).
These molecules will be represented in following figures by A,
B and C respectively.
Copyright © 2013 SciRes.
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gle cantilever system. Microcantilever motion was generated from the interplay between changes in configurational entropy and intermolecular energetics as described
by Alvarez et al. [1] and Wu et al. [2] Measuring the
deflection differences between a blank and DNA coated
cantilever as a function of temperature can produce a
thermal denaturation (or melting) profile that reflects the
molecular unfolding of a DNA hairpin. Figures 3(a)-(c)
shows the changes in cantilever deflection over a range
of increasing temperatures for the three DNA hairpins.
Denaturation and renaturation profiles were obtained at
heating and cooling rates at 1˚C/min. Each experimental
profile of the DNA functionalized cantilever represents
the average difference of nine reference and nine experimental deflection curves.
The hairpins were observed to undergo a multiple-state
transition that represents an equilibrium process between
the open random coil, partially opened hairpin, and completely closed hairpin states. The downward bending
revealed by the negative deflection of the cantilever may
be attributed to the unzipping process of internal stem
structures within the hairpin loops caused by base pairing
and stacking disruption. When the hairpins are completely opened, single-stranded DNA prevails having a
variety of molecular conformations. Consequently the
open state is characterized by high entropy and contributes to an upward cantilever bend resulting in a positive
deflection. In the case of hairpin HpSt, minor transitions
in the melting profile can be observed near 30˚C and
40˚C. The inflection point at 52˚C from downward to
upward bending can be considered to be the principal
melting temperature, Tm, where there exists an equal
population of the opened and closed hairpin base stem
region. A small transition temperature at 58˚C is finally
noticed near the highest temperature examined. Similarly,
the heating profile of HpBb had two minor temperature
transitions near 34˚C and 55˚C and one major transition
at 45˚C. Hairpin HpRr had only one major and one minor
transition at 41˚C and 56˚C, respectively.
The heat denaturation behavior of the DNA hairpins
was also observed by circular dichroism (CD) measurements to determine if oligonucleotides in solution have
similar transition profiles to those immobilized on a microcantilever. Ellipticity measurements were collected
between 200 and 320 nm wavelengths over a range of
temperatures from 10˚C - 80˚C (Figures 3(d)-(f)). The
characteristic wavelength for the DNA hairpins was empirically determined to be 282 nm and this data was plotted and fit using a non-linear squares fitting algorithm
(Figures 3(d)-(f)). All three hairpins exhibited biphasic
profiles, characterized by a possible duplex-hairpin transition at low temperature and a hairpin-coil at high temperature. We cannot conclude, at this point, any correlation to detailed hairpin structural changes with the temperature transitions observed. However, in the case of
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Figure 3. Thermal denaturation profiles measured by differential deflection of microcantilever immobilized with hairpin
DNA ((a), (b) and (c)) and optical ellipticity ((d), (e) and (f)) as a function of temperature. All experiments were compared to
a reference deflection curve obtained from averaging measurements of nine blank cantilevers heated between 15.0˚C to
70.0˚C at an average rate of 1˚C/min. The upper panels on ((a), (b) and (c)) are the microcantilevers prior to attachment of
hairpin molecules over the same heating range.

HpSt, the high temperature transition measured by CD
near 53˚C corresponded to the major inflection temperature at 52˚C measured with the microcantilever. It is
speculated that in this case, this transition temperature
corresponded to the putative hairpin-coil transition. The
major melting temperatures for all three immobilized
oligonucleotides were between 41˚C - 52˚C and their
variation may be influenced by the structural differences
in the duplex-hairpin. In contrast to immobilized HpSt,
cantilever bound HpBr and HpRr do not have any coincident transition temperatures with their corresponding
hairpins in solution. Immobilized hairpins may undergo
different unfolding mechanisms compared to the same
Copyright © 2013 SciRes.

molecules in free sution.
The temperature transitions for all of the hairpins result from the dynamic equilibrium between closed and
opened confirmations. HpRr appeared to be the most
kinetically active hairpin in this respect, resulting in easier opening transitions. It also appears that the loop configuration may, as it unfolds, impose a mechanistic molecular drive for the overall denaturation. The large loop
in HpSt may take a highly distorted globular shape with
very high entropy. As a result, the compact bulge would
prevent the initiation of stem opening of the closing base
pair closest to the loops, consequently raising the overall
denaturation temperature. In comparison, the loops of
OJAB
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HpBb are more rigid than those found in HpSt and do not
fluctuate as much as HpRr. Hence, the major transition
temperatures increase in the order of HpRr, HpBb and
HpSt, respectively.
Cooling transitions of the DNA hairpin can also be
observed using microcantilever deflection. Figure 4
shows the cooling profiles for the DNA hairpins. Microcantilever deflection profiles for denaturation and renaturation are different even though their starting and ending deflections are the same. Interestingly the major deflection, indicated by an upward cantilever bend, oc-

(a)

cur-red near the same temperature as the major deflection
point in the heating denaturation curves for all hairpins.
This is not observed in cooling experiments with the
same hairpins in solution measured by CD (data not
shown). The opening transition depends on the unzipping
energy of the hairpin while the closing transition depends
on a more intricate pathway involving multiple interacttions of the stem stalks and base pairing events. Thus a
stable closed hairpin configuration is only achieved after
it undergoes a sequence of folded and unfolded states.
Our investigation demonstrates that a micromechanical
cantilever is responsive to thermally induced local and
global conformational changes in DNA hairpins. This
technique may be useful in conducting, single molecule
experiments on folding and denaturation characteristics
of DNA hairpin formation. While the primary purpose of
this study was to demonstrate the technical feasibility of
monitoring DNA melting transitions using a microcantilever substrate, it was not our intention to explain the
mechanism of sequence-dependent formation of multimembered loops or provide any thermodynamic or kinetic detail on structural hairpin formation. However, our
results indicate that the composition and flexibility of
large DNA stem loops influence thermal transitions of
DNA hairpins, revealing general stability and denaturetion characteristics. Learning how DNA sequence affects
the stability and conformational flexibility of hairpin
structures is important in understanding regulation sites
of genomic sequences as well as potential binding regions for exogenous drugs and proteins. We have observed similar results with RNA molecules using this
technique and extensive studies are in progress.
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Figure 4. Cooling profiles for HpSt, HpBb and HpRr measured by microcantilever response. Top panels are heating
profiles for the same microcantilevers prior to attachment
of hairpin molecules.
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