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ABSTRACT: Despite being widely recognized as of paramount
importance in molecular biology, real-time monitoring of structural
transitions in DNA complexes is currently limited to complex
techniques and chemically modified oligonucleotides. Here, we
show that nanomechanical resonators made of different DNA
complexes, such as pristine dsDNA, ssDNA, and DNA intercalated
with dye molecules or chemotherapeutic agents, are characterized
by unique fingerprint curves when their flexural resonance
frequency is tracked as a function of temperature. Such frequency
shifts can be successfully used to monitor structural variations in
DNA complexes, such as B-to-A form and helix-to-coil transitions,
thus opening implications in both environmental studies�for
example, trucking the effects of heavy metal exposure on human or vegetable DNA molecules�and in vitro experiments for the
evaluation of the effects of drugs on patient DNA.
KEYWORDS: DNA−ligand complexes, DNA structure, structural transitions, mechanical nanoresonator, nano-biosensing

■ INTRODUCTION
The peculiar double-helix architecture gives DNA unique
mechanical properties in terms of structural flexibility and
enhanced stiffness, which are of fundamental importance in
many biological processes. For example, a structural helix-to-
coil transition is an unstacking event of the base pairs, with the
breaking of H-bonds, typically involved in transcription and
replication. Another example concerns the transitions from B
to A form with peculiar bending and twisting properties, such
as supercoiling, necessary for DNA packaging in cells and
interaction with proteins.1 For these reasons, DNA mechanical
properties have been widely investigated by biologists and
physicists, both from a theoretical and experimental point of
view.2−6

The advancement in nanofabrication and force evaluation
techniques led to the establishment of DNA manipulation and
force measurements as tools for DNA mechanical inves-
tigation. In techniques such as magnetic/optical tweezers,7−11

optical traps, DNA rulers,12 and atomic force microscopy
(AFM) force spectroscopy,13−16 one extremity of DNA
molecules is immobilized onto a treated surface, while the
other one is anchored to a metallic nanoparticle, bead, or AFM
tip. By moving the anchoring object, the DNA molecule is
stretched while the applied force is measured. Alternatively,
AFM peak force measurements can be performed on DNA
molecules adsorbed on a surface, to recover the extent of
deformation as a function of the applied pressure.17

All of these techniques successfully provide important
information on DNA conformation and elastic parameters,
but show several limitations such as strong dependence on the
substrate, on the necessity to chemically modify the DNA for
surface anchoring, and on DNA perturbation when pulling
from surface anchoring. Moreover, the usual DNA length is
limited to oligonucleotides (max 200 base pairs), resulting in
mechanical information that would be hardly valid for long
genomic DNA involved in real biological processes.
A different strategy was followed by Domińguez et al. to

acquire information about the mechanical properties of 2D-
DNA film grafted on the surface of a gold-coated microcanti-
lever resonator. The authors tracked simultaneously the static
bending and the dynamic change of resonance frequency of the
grafted microcantilever as a function of the room humidity,
thus reconstructing the elastic parameter of the DNA film.18,19

In a previous study, our group evaluated the mechanical
properties of DNA complexes by a novel approach based on
the measurement of the resonance frequency of suspended
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DNA nanobundles.20 With a well-established method,21−23

DNA complexes were suspended between superhydrophobic
silicon micropillars acting as double-clamped nanomechanical
resonators. Remarkably, the flexural behavior of these
structures can be directly correlated to the elastic parameters
of the corresponding DNA complexes composing the bundles,
as verified by comparing the experimental results to the
simulated behavior of single double-helices. In this framework,
vibrometrical analysis overcomes the limitations of the
traditional single-molecules technique, since it is real time,
contactless, and no functionalization of DNA molecules is
needed, thus widening the possible range of applications to
genomic nucleic acids.
In this work, we show that DNA nanomechanical resonators

can be successfully used for the real-time investigation of
structural transitions in DNA complexes, by tracking their
flexural resonance frequency as a function of temperature.
Pristine double-stranded DNA (dsDNA), dsDNA bisinterca-
lated with YOYO-1 or cisplatin, and single-stranded DNA
(ssDNA) were monitored and compared, revealing that each
DNA complex shows a unique fingerprint curve that can be
linked to its proper structural transitions. Furthermore, in the
case of pristine dsDNA, a sigmoidal melting curve can be
derived from vibrational characteristics, and the corresponding
melting temperature can be estimated.
Further studies could make this tool a valid alternative to

high-resolution melting analysis for the investigation of DNA
epigenetic features, such as methylation, or point mutations
involved in carcinogenesis or genetic diseases. Furthermore,
new implications will concern both environmental studies�for
example, trucking the effects of heavy metal exposure on
human or vegetable DNA molecules�and in vitro experiments
for the evaluation of the effects of new drugs on patient DNA.

■ EXPERIMENTAL METHODS
Suspended DNA nanoresonators were prepared by starting from four
different DNA solutions: double-stranded λ-DNA (48 502 bp
sequence, New England Biolabs (NEB), Ipswich, Massachusetts), λ-

dsDNA interacted with CisPt (Alfa Aesar, Karlsruhe, Germany, MW:
300 g/mol), λ-dsDNA bisintercalated with YOYO-1 (Thermo Fisher,
Waltham, Massachusetts; MW: 1.271 g/mol), and single-stranded
DNA of calf thymus (Sigma-Aldrich, St. Louis, Missouri).
For all of the samples, the DNA precursor was diluted in buffer

solution (PBS 1×) at a final concentration of 50 ng/μL, and it was
preheated at 65 °C for 10 min, to avoid any unwanted hybridization
event between partially complementary sequences. After 30 min of
incubation at 37 °C, 5 μL drops were deposited on the top of a
superhydrophobic substrate (SHS), prepared as previously reported
by Marini et al.,24 while in the case of DNA interacalated with a
saturating amount of YOYO-1 or CisPt, an additional incubation at 37
°C for 2 h is needed.
In any case, after the drop is positioned on the SHS, the solvent

evaporation in a controlled environment (21 °C and ∼50% RH) leads
to an uneven heat distribution inside the droplet, which provokes
circular convective flows.25,26 Thanks to this phenomenon, the
molecules in solution are constantly mixed, and during the droplet
volume reduction, the DNA strands are pulled between one pillar and
the proximal one.27 Schematic representations of the incubation
process in the case of YOYO-1 intercalant and of the evaporation and
suspension process are reported in Figure 1a,b, respectively.
The obtained suspended bundles were imaged by scanning electron

microscopy (Fesem Supra 40, Zeiss, Oberkochen, Germany) with a
working distance equal to 2.5 mm, acceleration voltage of 5 keV, and
aperture size of 30 μm; no metal coating was applied to the samples
(see Figure S1). The length and diameter of each bundle were
evaluated, respectively, through ImageJ and Gatan Microscopy Suite
Software, a free version from Ametek, as reported in Figure S2.
The vibrational analysis of the DNA resonators was performed

through a laser Doppler vibrometer (MSA-500, Polytec Gmbh,
Waldbronn, Germany), with nominal displacement and velocity
resolution, respectively, <0.4 pm/ Hz and <1 μm/s. The laser (633
nm) was focused roughly in the middle of the bundles by means of a
100× objective lens (PLAN Apochromat, 0.55 N.A., 13 mm WD,
Motic., Hong Kong) used also to collect the reflected light, whose
frequency is different from the incident one due to the Doppler effect.
Its interference with the reference beam gives the amplitude and
frequency of vibration of the resonating structure. The laser spot
focused on the bundle is approximately 1 μm wide, such that the
highest reflectivity of the laser is approximately 60%.

Figure 1. (a) Schematic representation of the DNA-YOYO-1 incubation. The solution containing λDNA and YOYO-1 molecules (whose fork
shape is shown in the upper box) is kept for 2 h in physiological solution at 37 °C; the counterions, shielding the negative DNA backbones are
represented by means of the symbols “+”. At the end of the process, the DNA is intercalated, with a YOYO-molecule each with four bases
(intercalation highlighted in the dotted box on the magnified scheme of the DNA intercalated molecule). (b) Scheme of the evaporation process:
the red points on the DNA molecules represent the interacted ligand since when the droplet is placed on the SHS, all of the chemical interactions
already took place during the previous incubation.
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The measurements were performed in air, with no actuation; the
thermomechanical vibration spectrum was obtained with 500
averages, to maximize the signal-to-noise ratio, with a bandwidth of
10 MHz and a spectral resolution of approximately 48 Hz. The
samples were mounted on a Peltier cell to perform the temperature
ramp. The temperature was changed each 5 °C between 25 and 80
°C. The vibrational spectra were measured 10 min after the
temperature was set to avoid temperature gradients in the samples.

■ RESULTS AND DISCUSSION
DNA nanomechanical resonators were fabricated by a
straightforward approach based on superhydrophobic sub-
strates (SHSs) with several concentric silicon pillars (diameter
of 6 μm, uniform all over the wafer). This geometrical pattern
guides the direction of evaporation of a drop of solution
containing the desired DNA molecules, which are pulled
between one pillar and the proximal one during the process
(Figure 2a). Such a technique allows the formation of a large
number of suspended DNA bundles on a single chip (Figure
2b), preferentially aligned in the radial direction; they have
different diameters depending on the distance from the center
of the chip, where the droplet evaporation residue is localized
(Figure S1). These bundles are composed of DNA strands
following a geometrical pattern and organized in shields
(scheme in the inset of Figure 2b), each one surrounded by
water molecules, as previously shown by transmission electron
microscopy (TEM) analysis.28 For this study, we analyzed

bundles with diameters in the range of 40−100 nm (Figure 2c)
and lengths between 6 and 14 μm. The variability in length is
ascribed to the different orientations of the bundle with respect
to the radial direction and to the final bundle anchoring points
on the pillar, as it is possible to appreciate in Figure S3. The
resonance frequency of DNA double-clamped resonators
depends on their geometry and their elastic parameter
according to eq 1

=f
L

ER
4n

n
2

2

2

(1)

where L, R, E, and ρ are, respectively, the length, the radius,
Young’s modulus, and the density of the bundles, while λn is
the modal factor (4.73 for the first resonance frequency). It
follows that for bundles with different sizes, different natural
resonance frequencies are expected.
A typical vibrational spectrum for a DNA nanoresonator

obtained in air at room temperature is shown in Figure 2d: the
thermomechanical peak is clearly emerging from the back-
ground noise, and the corresponding first flexural mode is
reconstructed in the inset, by measuring the out-of-plane
displacement in 10 different points along the dsDNA bundle.
The quality factor of these structures, computed as the ratio
between the resonance frequency and the bandwidth at −3 dB,
is in the order of few units (from 3 to 7), in agreement with
previous experiments.20

Figure 2. Scanning electron microscopy (SEM) pictures of (a) the SHS with a scheme of the evaporation process; the circular pattern of the pillars
guides the evaporation direction and leads to the formation of the DNA bundles; (b) DNA bundles suspended between silicon micropillars; the
inset shows the scheme of the geometrical organization of the strands inside the bundles; and (c) a single suspended bundle, with its diameter (49
nm) evaluated by Gatan software in the inset. (d) Vibrational spectrum of one dsDNA nanoresonator; the inset shows the reconstruction of the
vibrational amplitude, obtained using a laser Doppler vibrometer.
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The repeatability of these measurements was assessed by
acquiring the resonance frequency of several suspended
bundles, under fixed air conditions (constant T and RH),
once each 5 min for 12 times (∼1 h). The results are reported
in Table S1 and show a relative uncertainty of the resonance
frequency lower than 0.5% for all of the samples. This
variability increased to an average value of 1.6% repeating the
measurements after 3−5 h, which coincides with the typical
time scale of the experiments performed in this work. It follows
that, given stable environmental conditions, the resonance
frequency of the DNA nanoresonators can be considered
repeatable, within a relative experimental uncertainty lower
than 2%.
Temperature Dependence of dsDNA Nanoresona-

tors. DNA mechanical properties are strongly dependent on
the temperature of the strands; thus, the resonance frequency
of our resonators varies accordingly. The vibrational spectra
measured at different temperatures (from 25 to 80 °C) for a
dsDNA nanoresonator are reported in Figure 3a, where a
nonmonotonic shift of the resonance frequency according to
the set temperature is clearly visible. The evolution of the
resonance frequencies of eight suspended bundles of dsDNA,
as a function of the temperature, can be appreciated in Figure
3b. The natural resonance frequency at 25 °C shows a
variability of 12%; it was evaluated as the standard deviation of
the eight bundles and can be ascribed to the slightly different
sizes of the resonators, as reported in Table S2. Despite that, a

clear fingerprint can be recognized in the frequency evolution
for all eight bundles, since all of them follow the same relative
variation trend.
The behavior of the bundles can be more efficiently tracked

by removing their geometrical dependence with the frequency
deviation f ′(T) calculated for each bundle as

=
°

=
°

°

=
°

°

f T
f T

f
f T f

f

E T
E T

( )
( )

(25 C)
( ) (25 C)

(25 C)

( )
(25 C)

(25 C)
( )

1
(2)

Assuming that the geometry is constant during the process, R
and L of each bundle simplify through the normalization with
f(25 °C) and f ′ is independent of them. In Figure 3c, the
average evolution of this new figure of merit is reported. Error
bars are taken as the standard deviation between the eight
examined bundles; it significantly increases with the temper-
ature, as a consequence of thermal noise. Despite that, the
highest value of the relative standard deviation at 75 °C is less
than 10%, thus confirming that all of the dsDNA nano-
resonators act in good agreement and that the frequency
variation at each temperature is well separated from the
previous one.
From 25 to 40 °C, the average frequency deviation increases

almost linearly with the temperature. As a first analysis, this
effect could be attributed to the mass loss by the suspended

Figure 3. (a) Normalized vibrational spectra of a dsDNA nanoresonator at different temperatures (the curves were translated in the y-axis for a
clearer comparison); (b) evolution of the resonance frequency as a function of temperature for eight dsDNA nanoresonators; (c) average relative
frequency deviation for bundles of the central family in panel (b); and (d) melting curve of the analyzed dsDNA nanoresonators.
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bundles through water desorption. In fact, the mechanical
resonators can be treated as one-dimensional (1D) harmonic
oscillators, whose resonance frequency is equal to

=f k
m

1
2 (3)

where k and m are, respectively, the spring constant and the
mass of the resonator. In the field of biosensing, the following
relationship can be deduced and widely used to track the
change in resonance frequency (Δf) due to the mass adsorbed
(Δm) onto the surface of inorganic micro/nanoresonators:

=f
f

m
m

1
20 0

.

However, such a relation is only valid if the added mass is
much smaller than the initial resonator mass and if the
resonator density and spring constant remain unchanged. In
our reported experiments, these two conditions may not be
verified since the water loss is distributed along the entire
length of the bundles, penetrating the inner shells. In fact, the
average normalized resonance frequency at 40 °C is
approximately 25% higher than the initial one at 25 °C and
this variation would require the evaporation of more water
than the one present at the beginning in the bundles, according
to the previously explained shell model. It follows that in the
first part of the curve, together with water desorption,
structural reinforcement of the suspended bundles is expected,
which can be attributed to the conformational transition of the
inner dsDNA molecules from B to A form. These are two of
the most widespread DNA conformations in nature, and they
differ for several structural parameters, such as the base pairs
per turn (bp/turn) and the rise/turn which are, respectively,
11 and 0.25 nm in the A-form and of 10 and 0.34 nm in the
other case. It follows that A-DNA is more compact than B-
DNA; moreover, it presents a larger helix diameter (2.3 nm
instead of 2 nm) since the base pairs are displaced from the
helix axis,29 which makes it stiffer with respect to the B-form
(Figure S4). Such forms can interchange according to the
DNA sequence, DNA functions (replication, DNA−protein
interaction), and environmental conditions: the A-form, in fact,
is the preferred conformation for humidity lower than 75%.30

In this work, all of the measurements were performed in air
(RH ∼ 50%). Under these conditions, or in vacuum, the outer
shells of the bundles have to be in the dehydrated A-form, as
observed by Marini et al. through high-resolution transmission
microscopy (HRTEM), which showed a structure of the helix
at the edge of the DNA bundle perfectly compatible with the
geometrical sizes of the A-form.24 dsDNA bundles were also
analyzed through nondestructive Raman spectroscopy, which
revealed the presence of both A-form and B-form in the same
bundles.31 The B-form contribution is related to helices inside
the bundles, which retained water molecules, rather than the
external dehydrated helices shells. We can thus argue that the
heating up of the samples causes a partial evaporation of the
water stored inside the bundles, allowing the previously
hydrated DNA molecules to transit from B-form to A-form.
This transition may increase the effective spring constant of the
resonator, since the A-form is stiffer than the B-form, thus
explaining the relatively large increment of resonance
frequency in the first part of the plot in Figure 3c. Another
possible effect of the heating process could be the loss or
segregation of counterions together with the water desorption,
which could cause electrostatic repulsion between the strands,
changing the mechanical response of the resonators. Other

effects that would soften the structure�thus decreasing the
frequency, such as premelting�could be present, but with a
minor impact.
For temperatures higher than 40 °C, while the water

desorption reasonably continues with a lower rate, a new effect
clearly rises, being then the dominant one in the range of 50−
80 °C, where the resonance frequency shows an almost linear
decrease with the applied temperature. Such an effect needs to
be associated with a progressive softening of the structure
since, as previously commented, the water desorption and the
transition from B to A form would continue to stiffen the
structure, thus increasing the resonance frequency, instead of
decreasing it. Thus, such a decrease in resonance frequency can
be straightforwardly ascribed to the signature of DNA
denaturation, i.e., of the helix−coil transition. During this
process, the energy provided to the molecules by heating is
used to break the hydrogen bonds between the bases and thus
to open the complementary strands of the double helices.
Denaturation changes several DNA properties, including
viscosity and optical activity, leading for example to hyper-
chromicity. In fact, one of the most reliable indicators of amine
base unstacking is the increase in UV absorbance,32 which is
efficiently used to reconstruct a typical melting curve. The
fraction of denatured base pairs ΘA(T) can be written as a
function of the normalized absorbance A, at each T and at the
initial and final ones (T0, Tfin)

=T
A T A T

A T A T
( )

( ) ( )
( ) ( )A

0

fin 0 (4)

This relation is commonly used to reconstruct the melting
curve of DNA in solution. In Figure 3d, it is possible to
appreciate the melting curve related to the DNA nano-
resonators analyzed in this work, found by substituting in eq 4
the absorbance with the average resonance frequency deviation

=T
f T f T

f T f T
( )

( ) ( )
( ) ( )f

in

fin in (5)

where Tin and Tfin are, respectively, 40 and 80 °C, when the
melting process begins and ends. The melting curve follows a
clear sigmoidal function (R2 of the fit equal to 0.99), typical of
the helix-to-coil cooperative transition, in which denaturation
bubbles initially appear in AT-rich regions and then gradually
grow in size and number with temperature.33,34 The number of
base pairs of the λDNA molecules (∼50k) allows obtaining
multiple denaturation sites, which propagate until the complete
denaturation of the double helix. As commonly reported in the
literature, the melting temperature is for convention chosen as
the temperature for which Θ = 0.5.35 The obtained value for
our suspended DNA bundles of roughly 50k bp is 64.75 °C,
i.e., lower than 94 °C, the value expected for the same DNA
sequence through traditional methods.36 Such a decrement is
expected since low-dimensional nanostructures generally tend
to have a lower melting point with respect to their related
bulks because of their drastically higher surface-to-volume
ratio. Furthermore, in traditional techniques, the DNA
molecules are in physiological buffer, where the ions in
solution dynamically shield the repulsive force between the
phosphate groups of DNA backbones, thus stabilizing the
structure and delaying the denaturation starting point. On the
contrary, the DNA molecules of the presented nanoresonators
are in an air environment; moreover, the evaporation process
produces a self-sieving effect such that the helices retain only
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the ions that effectively have interacted with the DNA strand in
solution.37

It is worth emphasizing once again that each analyzed DNA
nanoresonator is composed of several DNA molecules
organized and constrained in bundles. In this framework, the
melting curve of the DNA nanoresonator obtained through a
noncontact real-time vibrometrical analysis is a particularly
remarkable result since it strengthens the role of this technique
as a valid candidate toward real-time single-molecule structural
analysis.
Furthermore, in the Supporting Information (Figure S5), it

is possible to observe also the results of the experiments
conducted on a different day on the same set of samples. The
air humidity was 9% lower than that during the first set of
measurements, and the resonance frequency of the bundles
was an average 10% higher than that in the previous results.
Such an increment in the frequency is coherent with both an
associated decrease of water mass, according to eq 3, and a
larger fraction of DNA bundles in the dehydrated A-form, i.e,
the stiffer one. Despite this relatively large variability, the
fingerprint in temperature was clearly the same, thus providing
further proof that the information observed by this method is
structural and is not affected by the initial conditions of the
resonators; moreover, they demonstrate the reproducibility of
the measurements, which let us assess that both the transitions
observed above are reversible.
Similar measurements were also performed on bundles with

different lengths: L = 14.10 ± 0.12 μm and L = 7.11 ± 0.34

μm. The results are shown in Figure S6: despite the different
initial resonance frequencies, the fingerprint of the curve in
temperature is the same, proving that the observed transitions
are independent of the geometry (i.e., on the initial mass and
frequency of the resonators) and must be linked to structural
transitions of the molecules composing the bundles.
Temperature Dependence of Different DNA Nano-

resonators. The same analysis was performed on mechanical
nanoresonators composed of dsDNA intercalated with the
chemotherapeutic agent CisPlatin (CisPt). CisPt is an
inorganic compound with a platinum agent that covalently
bonds with N7 of purine bases, causing severe alteration of the
DNA double helix, as well as disruption of the base pair H-
bonds.38 As reported in Figure 4a,b, a similar fingerprint is
shown when resonance frequencies of individual bundles
(Figure 4a) and their average relative frequency deviation
(Figure 4b) are plotted versus temperature: first a monotonic
increase (attributed to water desorption and structural
transition from B to A form) and then a progressive decrease
due to DNA denaturation. Since parts of the base pairs are
already disrupted here by the CisPt ligand at saturation, clear
differences with respect to pristine dsDNA are expected for the
absolute temperatures of transitions. The helix-to-coil tran-
sition starts to affect the resonance frequency at a temperature
15 °C lower than that of the pristine dsDNA case, while the
melting temperature is lowered to 57 °C. These results
highlight the possible use of these analyses to investigate the

Figure 4. (a) Evolution of the resonance frequency as a function of temperature for dsDNA + CisPt nanoresonators; (b) average relative frequency
deviation for the bundles in panel (a); (c) evolution of the resonance frequency as a function of temperature for 10 dsDNA + YOYO-1
nanoresonators; and (d) average relative frequency deviation for the ten bundles in panel (c).

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c05601
ACS Appl. Nano Mater. 2023, 6, 2249−2257

2254

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05601/suppl_file/an2c05601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05601/suppl_file/an2c05601_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05601?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05601?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05601?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05601?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c05601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mechanical alterations induced in DNA by drugs such as
chemotherapeutic agents.
A third case of study is dsDNA intercalated with YOYO-1

molecules. YOYO-1 is a bisintercalator with a fork shape
(Figure S2), which places itself between two base pairs each
four. The intercalation with YOYO-1 molecules affects the
pristine dsDNA molecule, increasing its turn length and
stiffness.20 In Figure 4c, the evolution of the resonance
frequency of 10 DNA + YOYO-1 nanoresonators as a function
of temperature is reported, and the corresponding average
frequency deviation is shown in Figure 4d. As in the previous
cases, all of the resonance frequencies show a similar
monotonic increase with temperatures lower than 40° for
which the same considerations about water desorption and
structural transition from B to A form can be done. However,
starting from 40 °C, we do not observe a maximum or the well-
definite signature of denaturation as in previous cases since the
curve reaches a plateau region. It can be concluded that the
presence of YOYO-1 stabilizes the mechanical properties and
thus the resonance frequency of the dsDNA nanoresonators:
the bisintercalant acts as a clamp and keeps in place the DNA
hemihelices, thus preventing the total opening of the DNA
molecules and thus the progressive softening of the whole
structure.
To conclude the analysis, the same measurements were

performed on ssDNA bundles with different lengths, reported
in Table S3, which can be effectively used as a negative control,
since such DNA molecules cannot undergo helix-to-coil
structural transitions. This hypothesis is verified by the absence
of a drop in the frequency or of a plateau region above 40 °C
(Figure 5a,b, where resonance frequencies of individual
bundles and their average relative frequency deviation are
plotted, respectively). On the other hand, the smooth
monotonic increase of the resonance frequency can be ascribed
to the base unstacking given by the thermal energy provided to
the system,39 which adds rotational and torsional degrees of
freedom to the nucleotides of the ssDNA molecules.

■ CONCLUSIONS
In this work, we established a new, contactless, and label-free
method for the real-time monitoring of DNA temperature-
dependent structural transitions, through the vibrometrical
analysis of mechanical nanoresonators made of different DNA

complexes. In the case of pristine dsDNA bundles, we can
clearly recognize a fingerprint in the resonance frequency
evolution that can be ascribed to the helix-to-coil transition. In
fact, even if the loss of water and counterions reasonably
continues after 40 °C, their contribution tends to increase the
stiffness of the structure, contrarily to the dsDNA denatura-
tion, which softens the bundles. Given the measured decrease
in resonance frequency, their effect above 40 °C has to be of
minor importance. We have also defined the melting
temperature of the dsDNA composing the bundles, opening
a way for the future use of this tool to investigate DNA
epigenetic features, such as, for example, methylation, which
strongly influence the DNA melting point and correlate to
several diseases. Moreover, different intercalating agents
induced clear alterations in the fingerprint curve, thus revealing
their specific structural role during the temperature-depended
structural transitions studied here.
The SHS-DNA system proposed here autonomously

concentrates the DNA molecules in a small and well-defined
region of the sample down to the attomolar level, overcoming
the limit of the need for an amplification process. Furthermore,
it is label-free, and it is tailored to evaluate and study long
DNA strands, such as nucleic acids extracted from cells:
analyzing the 50k bp long λDNA represents an important step
toward genomic DNA analysis. On the contrary, cutting-edge
fluorescence-based techniques, such as high-resolution melting
analysis, show high sensitivity and reliability of the results, but
face intrinsic limitations: they require the amplification of the
sequence of interest, which is typically limited to few hundreds
of bp long, and the intercalation of DNA with a fluorescent
dye.
We, therefore, envision that this method could have

important implications in both environmental studies�for
example, trucking the effects of heavy metal exposure on
human or vegetable DNA molecules�and in vitro experiments
for the evaluation of the effects of new drugs on patient DNA.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.2c05601.

Additional experimental results: SEM images of the
result of the suspension process, geometrical dimension

Figure 5. (a) Evolution of the resonance frequency as a function of temperature for ssDNA nanoresonators used as the negative control; and (b)
average relative frequency deviation for the bundles in panel (a).
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of the analyzed samples, and temperature dependence of
the sample on a different day; graphical representation of
the different DNA molecules composing the bundles
(PDF)
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