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Abstract

The evaluation of epigenetic features such as DNA methylation is becoming increasingly
important in many biochemical processes like gene expression and transcription, as well as in
several diseases like schizophrenia or diabetes. Here we report that self-assembled
nanomechanical resonators entirely composed of DNA molecules can be used to explore gross
change in DNA methylation levels (0-25-50%), while a careful control of tensile stress is needed
to reduce the variability of resonance frequency for rigorous quantification. The effect of the
tensile stress retained by the suspended DNA nanoresonators, on application of the technique, is
extensively explored using a combination of laser Doppler vibrometry and atomic force
spectroscopy. DNA nanoresonators are real time, label free sensors, and could avoid chemical
functionalization and sample amplification. Therefore, they may represent a key enabling
technology for future massive epigenetic studies needed for example to evaluate the consequences

on human genome of a prolonged exposure to heavy metals in a contaminated industrial site.

Introduction

DNA epigenetic features are nowadays largely defined as modifications of the gene functions
which are mitotically or meiotically heritable, but do not affect the DNA sequence'. Nevertheless,
they are of fundamental importance in the diversification of gene expression of different cells and
tissues in multicellular organisms’>. Among the most well-known epigenetic features, DNA
methylation consists of a covalent modification of the cytosine nucleotide at the 5’ carbon position,
where a hydrogen atom is substituted with a methyl group. In humans cells, 70%-80% of all CpG
dinucleotides in the genome are affected by this modification®, which can alter the structure and
stability of chromatin, an essential step for transcription. Physiological levels of DNA

methylation
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are therefore essential to guarantee many biological functions* including genome stability,
imprinting, and the overall correct mammalian development®. The role of methylation is
particularly crucial in brain development since changes in methylation levels are associated with
brain plasticity, as well as learning and memory processes®’. Furthermore, it is well known that
aberrant methylation levels are associated with several severe diseases. For example,
hypermethylation of CpG islands in genes promoter regions is the most widespread epigenetic
modification occurring in human neoplasms since it is linked to incorrect transcriptional
suppression of genes®. Other conditions characterized by hypo or hyper-DNA methylation include
but are not limited to schizophrenia* and immune diseases like multiple sclerosis’ and type 1
diabetes, for which a substantial enrichment of DNA methylation has been found in monozygotic
twins affected by the disease, contrarily to their unaffected twin siblings!®.

While the genetic information stored by the base-pairs stacking is fixed from birth, the DNA
methylation level and more in general DNA epigenetic features can vary through a lifetime, due
to interaction with the environment. This eventuality is reported for exposition to heavy metals!!
or pesticides’, as well as for the development of Post-Traumatic Stress Disorder (PTSD) !2.
Furthermore, environmental-determined epigenetic modifications can be inherited by offspring,
even if the driving stimuli occur before conception, as verified in Ref. 13. In that study, the authors
exposed mice to odor fear conditioning prior to conception and the two following generations
showed an enhanced behavioral sensitivity to the conditioned odor used to treat their ancestor. The
outcome of the experiment was found to be dependent on CpG hypomethylation in the Olfri51
gene of the first and second generation of mice sperm DNA.

In light of this evidence, it is clear that having an accessible tool for the investigation of DNA

methylation levels would be of fundamental importance in early diagnosis of a large number of
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diseases, for which this modification can be used as a biomarker. The techniques commonly used
to evaluate genomic methylation levels, as pyrosequencing and methylation specific High
Resolution Melting Analysis, rely on the definition of appropriate primers, quantitative PCR and
bisulfite DNA conversion!. They can provide single base methylation resolution. However, a
rapid, cheap, and sensitive tool for large studies of potentially clinically relevant methylation level

alteration in genomic DNA is missing.

In the last few years, advancement in nanomaterials characterization and the exploitation of
engineered Super Hydrophobic Substrates (SHS) has enabled the self-assembly of mechanical
nanoresonators entirely composed of DNA molecules. The vibrometric analysis of these peculiar
suspended nanostructures has been recently used to successfully investigate the structural effects
of DNA-ligand interaction' and of temperature-dependent features such as melting temperature'®.
In this study, we show that the same approach could be efficiently used to explore gross change in
DNA methylation levels (0-25-50%), when certain working conditions are fulfilled. In particular,
the effect of the tensile tension retained by the suspended DNA nanoresonators on the applicability
of the technique is extensively explored thanks to the combination of laser Doppler vibrometry
and atomic force spectroscopy. Since DNA nanoresonators are real time, label free sensors, and
could avoid chemical functionalization and sample amplification, they may represent a key
enabling technology for future massive epigenetic studies. These are needed, for example, to
evaluate the consequences on the human genome of prolonged exposure to heavy metals in a

contaminated industrial site.

Experimental methods
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Suspended DNA nanoresonators were produced starting from solutions of ADNA molecules
(48502 bp sequence, New England Biolabs (NEB), Ipswich, MA, USA), at different levels of
methylation: approximately 50%, 25% (dam- ADNA), 0% (dam- dcm- ADNA). The DNA
precursor was diluted in buffer solution (PBS 1x, pH~7) at a final concentration of 50ng/uL. and
pre-heated for 10 minutes at 65°C to prevent any undesired hybridization between partially
complementary sequences. After 30 minutes of incubation at 37°C, a 5 uLL drop was deposited on
the top of an SHS and allowed to evaporate in a controlled environment (21°C and ~50% RH).
The SHS, produced as previously reported!”-'®, is composed of silicon micropillars (diameter of 6
um), uniformly distributed over the wafer in concentric circles. The edge-to-edge interpillar
distance in the radial direction is designed to be 12um. This geometrical pattern forces the drop to
reduce its volume by means of discrete jumps from one concentric circle of pillars to a closer
internal circle!'”!°. During these events, the DNA molecules in solution are dragged between one

external pillar and a proximal one?’

, resulting in self-assembly of suspended bundles made of
multiple DNA molecules (see Fig.1 and S1). The preferential orientation of the bundles is favored
by the direction of evaporation of the drop, but it is made possible by the interpillar distance which
is designed to be lower than the DNA length, in this case approximately equal to 16pum. The self-
assembled suspended DNA bundles, with no metal coating, are imaged by Scanning Electron
Microscopy (Fesem Supra 40, Zeiss, Oberkochen, Germany) with acceleration voltage of SkeV,
working distance equal to 2.5mm, and aperture size of 30um. The dimensions (diameter and

length) of each bundle are measured from the SEM images by means of ImageJ and Gatan

Microscopy Suite Software, free version from Amatek.
A laser Doppler vibrometer (MSA-500, Polytec Gmbh, Waldbronn, Germany, nominal

displacement and velocity resolutions of <0.4pm/v/Hz and <1pum/s, respectively) was used to
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perform the vibrometrical analysis of the DNA resonators in air. The laser is focused on the surface
of the bundles through a 100x objective lens (PLAN Apochromat, 0.55 N.A., 13mm WD, Motic.,
Hong Kong); its laser spot size on the DNA resonators is approximately 1pum in diameter, such
that highest reflectivity of the laser beam is roughly the 60%. No actuation is performed for the
measurements; the thermomechanical vibration spectrum is obtained using 500 averages, to
maximize the signal-to-noise ratio. The bandwidth is fixed at 10MHz with 204800 FFT lines and
a spectral resolution of approximately 48Hz.

The force curve analysis was performed using an Asylum Cypher ES Atomic Force Microscope
(AFM - Oxford Instrument). The tip used to perform the measurement was a Tap150A1-G (Budget
Sensor), a micromachined monolithic silicon AFM probe for soft tapping mode operation; the
nominal radius and spring constant were respectively Snm and SN/m. The bundles were firstly
imaged in tapping mode and then a force-curve map was performed in contact mode with a starting
distance of 2 um, scan speed 1Hz and trigger force equal to 10nN. The lines of the map (usually
6) probe the entire length of the image, from one pillar to the other by means of typically 32 points.
The aspect ratio of the net is further increased to 64x1, in order to be sure to probe the central part
of the beam through the central line. The contribution of cantilever bending during the force-curve
analysis was automatically removed by the instrument software. Further information about the
methodology of the AFM force-curve analysis can be found in the Supporting Information (Fig.

$3-S7).

Results and discussion

Vibrational properties of DNA nanoresonators
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DNA nanoresonators were obtained by means of a well-established self-assembly technique

described in details elsewhere!”?22, The process requires deposition of a solution droplet,
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Figure 1. a) SEM image of the central part of an SHS showing the geometrical distribution of
39 the silicon micropillars. b) Outcome of the suspension process: the central residue contains the
41 non-suspended materials surrounded by the suspended bundles; in the inset, a cartoon of the
suspension. ¢) Tilted SEM image of 4 bundles with their supporting pillars: on their surface it is
46 possible to see that the suspended bundles are composed of several sub-fibers attached to the pillars
48 at different points and then merged in a main suspended body. d) Typical vibrational spectrum of
a DNA nanoresonator acquired in air environment. The blue points are the raw data, while the red
53 line represents the smoothed spectrum; a baseline is subtracted before performing the Lorentzian

55 fit of the square amplitude of the signal.
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containing the desired DNA molecules, on the surface of a SHS, composed by concentric circles
of silicon micropillars, Teflon coated to increase their hydrophobicity (Fig. 1a).

At the end of the drying process, the non-suspended materials precipitated in the middle of the
SHS, forming a visible residue surrounded by all the radially distributed DNA bundles. The
bundles have lengths approximately equal to the inter-pillar distance (12 um) and diameters
ranging from 20 nm to 180 nm (Fig. 1b). A cartoon of the suspension process is shown in the
inset of Fig. 1b. As previously proved by means of HRTEM?!-%3, the DNA molecules inside the
bundles are distributed in concentric shells, divided by solvation layers. Fig. 1c reports a tilted
SEM image of four bundles together with their supporting pillars, whose patterns on the
surface provide evidence of the suspension mechanism. It is noteworthy that several DNA
molecules first attached to the pillars in different locations, and then merged into the main
bundle. This is due to the drop partial evaporation from one pillar circumference to the inner one
(inset in Fig. 1b and Fig. S1). Furthermore, Fig. 1c clearly shows that the DNA suspended
bundles can be viewed as double-clamped nanoresonators. A typical vibrational spectrum of
such a nanostructure, obtained in air environment, is reported in Fig. 1d: despite the fact that the
first and second mode resonance peaks, centered respectively in 2.10 and 5.46 MHz, have
amplitudes as low as few picometers, they clearly emerge from the background thermal noise.
The quality factors of these structures are in the range of 1 to 5 and the experimental uncertainty
associated with the resonance frequency is in the order of 2%, as detailed in previous work!'®,

In this work, the vibrational analysis was performed on 117 nanoresonators, with diameter
ranging from 40 to 130 nm, composed of ADNA molecules with a methylation level equal to
50%, 25% and 0%. They were all produced starting from solutions containing the buffering
agent PBS, pH = 7, which mimics the cellular environment. The three sample sets contained

respectively 44,
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49 and 24 bundles; the latter one is less numerous since the totally unmethylated DNA
molecules provide less stable bundles. Tables S1, S2, S3 report each bundle sizes (L, D) and
first mode resonance frequency (f7), while the average values of these parameters for each

methylation level are reported in Tablel.

Table 1. Average length L, diameter D and resonance frequency f; for the 3 classes of analyzed

samples. The uncertainties correspond to the standard deviations.

Methylation L (pm) D (nm) f1 (MHz)

0% 11.86 £ 0.50 96 + 16 1.83 +£0.67
25% 11.80 £ 0.63 90 + 20 2.67+0.41
50% 11.31+0.67 94 + 20 3.11+£0.70

The dependence of the fundamental resonance frequency of all measured DNA nanoresonators
(diameter D in the range 40<D<130 nm) as a function of different methylation levels is reported
in Fig. 2a: visibly, the average resonance frequency monotonically increases with the percentage
of DNA methylation. The average and median values for the three sample sets are clearly
identifiable, implying that the resonance frequency might be used as a reasonable figure of merit
to distinguish substantial variations in the methylation level of DNA molecules suspended in PBS
buffer solution, i.e. in physiological conditions.

Considering the DNA nanoresonators as stress-free double-clamped beams, their resonance

frequency is

g EI
f= s o (M
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where L, E, p, I and 4 are the length, the Young’s modulus, the mass density, the second moment
of area and the cross sectional area of the bundles, respectively, while 4,, is the modal factor
satisfying, cos A, cosh4,, =1, forn = 1,2,3, ... . Under this very common approximation, the
first mode resonance frequency can be used to estimate the resonator stiffness once the density and
dimensions are known. Therefore, the monotonic increasing relationship between average
resonance frequency and methylation level shown in Fig. 2a is consistent with theoretical and

experimental findings previously reported in the literature®>*

. These findings state that the steric
action of the methyl group on the main groove of DNA increases the relative intrastrand stacking

stability of the double helix, thus resulting in an enhanced stiffness of the entire structure.

5.0 1 5.0
K (40<D<130)nm 51 b (70<D<100)nm
- - X B
1 1 >
4.0 T 4.0 1
] x 1 X
3.5 7 3.54 -|-
] - 1 n
ﬁ3‘0_ « ﬁ3.0—- T
I ] T I
<5 Z,s] i:;:l
: I 1
% 2.0 . % = 2.0 -
1.5+ 1.5
1.0 1 1.0 _L
0.5+ 0.5—-
0.0 0.0

T T T T T T
0% methylation 25% methylation 50% methylation 0% Methylation 25% Methylation 50% Methylation

Figure 2. a) Resonance frequencies box plot of all the DNA nanoresonators (diameter D in the
range 40<D<130 nm) as a function of the methylation level. The boxes represent the 25th-75th
interquartile range, containing the average value and the median line, while the bars stand for the
5th and 95th percentiles, and the crosses show the maximum and minimum values. b) Resonance
frequencies box plot as a function of methylation level of the DNA nanoresonators with a
comparable diameter D (range 70<D<100 nm) to highlight the impact of bundles' geometrical

variability.
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Using the same approach, Stassi et al.!> measured a Young’s modulus on the order of 5GPa for
the DNA bundles composed of molecules at 50% of methylation. However, it is clear that no
rigorous quantification exists for the data shown in Fig. 2a since the interquartile ranges of 0, 25
and 50% methylated DNA bundles frequently overlap; due to the high intrinsic variability of the
resonance frequency in each set of samples, which can span ranges of even 2MHz. Looking at eq.
(1) and considering the typical irregularity of self-assembly processes, it is expected that the main
contribution to frequency variability could rely on the distribution of bundle dimensions. In
particular, while the variation in length can be neglected since it is limited by the fixed distance
between the pillars, the intrinsic variability in bundles diameter is much larger (relative deviation
of about 5% to 20%, respectively, from Table 1).

In order to explore the influence of the geometry, Fig. 2b limits the resonance frequencies box
plot as a function of methylation level for DNA nanoresonators with a comparable diameter D in
the range 70-100 nm (the most abundant class, as detailed in Fig. S2a,b,c).

The result is very similar to Fig. 2a: while the monotonic behavior of the average resonance
frequency as a function of the methylation is confirmed, the interquartile ranges remain large for
a quantitative analysis. The same conclusion holds for the less abundant class of diameters in the
range 100-130 nm, reported for clarity in the Supporting Information (Fig. S2d).

Further evidence that the variability of the resonance frequencies cannot be ascribed uniquely
to the different sizes of the bundles is given by DNA nanoresonators that show very
different resonance frequencies, despite having comparable sizes. An example can be found in
Fig. 3, which reports the spectra of two bundles corresponding to bundles 32 and 27 in Table S1,
with the same 50% of methylation. They both have a diameter of approximately 100 nm (see the
insets in Fig. 3a,b), but their resonance frequencies differ by approximately 2MHz. This is clearly

shown in Fig.

11
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3¢, in which the vibration signals of the two resonators are normalized to the maximum amplitudes

to simplify the comparison.

Normalized Amplitude (a.u.)

C,. f 1 f 1 Bundle27 d |Stress-dominated Stress-free

Bundle32 1

] I
0.8 6 1 :
: I
0.6 - I |
3 44 | / |
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Figure 3. a) SEM image of DNA bundle 27 with 50% of methylation; the inset shows the
evaluation of the diameter performed through the software Gatan Microscopy Suite (98nm). b)
SEM image of DNA bundle 32 with 50% of methylation; the inset shows the evaluation of the
diameter performed through the software Gatan Microscopy Suite (99.5nm). ¢) Normalized and
smoothed vibrational spectra of bundle 27 and bundle 32: the first and second resonant modes are
indicated as f; and f>. d) Histogram of the modal ratio of the DNA bundles for which the second
mode was recorded; the dotted lines correspond to the two extreme cases: f>/fi = 2 (stress-

dominated resonators) and f>/f; = 2.76 (stress-free resonators).
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An interesting point to analyze in DNA bundles is the modal ratio between the first (f;) and the
second (f2) resonance modes, since it can give information related to the presence of stress in the
resonator. Such stress would affect the resonance frequency with respect to the values predicted
from eq. (1). Looking at the vibration spectra, the modal ratio of bundle 32 was 2.14, i.e. very
close to 2 which is the theoretical modal ratio of a doubly-clamped beam dominated by the
stress, 1.e. in the so-called string configuration. On the other hand, for bundle 27, the value of
this figure of merit is equal to 2.45, i.e. closer to 2.76, the value expected for perfectly double-
clamped beam which can be considered stress-free. The analysis of the modal ratio was
conducted for all the bundles for which also the second resonant mode was measurable: the
results are graphically shown in the histogram of Fig. 3d and are reported in the last columns of
Tables S1, S2, and S3. As a matter of fact, the modal ratio f>/f; spans from 2.1 to 2.6, strongly
suggesting that the DNA bundles retain a variable amount of intrinsic tensile stress o. Such a

configuration is analytically described by the following equation®:

fy =22 \/g 1+ %L%j . )

According to this equation, bundles with a higher retained/residual stress ¢ would show a higher
resonance frequency. This is consistent with bundle 32 which, with a modal ratio of 2.14, has first
a mode resonance frequency almost double that of bundle 27, which showed a larger f>/f;. For a
bundle with typical dimensions of D = 90 nm and L = 11.7 mm, and Young’s modulus fixed to
4.9 GPa (value found by Stassi et al.!®), a tensile stress roughly between 1 and 6 MPa would justify
the experimental modal ratio variation in the range 2.1-2.6. Further information about the
analytical relation between stress and modal ratio is reported in Fig. S3. To further elucidate the
mechanical properties of DNA bundles, an independent analysis for measuring £ and o is

needed.

13
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AFM force curve analysis of suspended DNA bundles

In order to estimate the retained/residual stress in the DNA nanoresonators, AFM force-
displacement (F-J) curves were performed on a new set of suspended DNA bundles at 50%
methylation. This technique has been widely exploited in the last few years to study the mechanical
elastic behavior of a variety of double-clamped nanowires (NWs) systems, by measuring their
bending response under the load of an AFM cantilever tip?$2. According to elastic-beam theory,

a point load F applied in the midpoint of a double-clamped beam induces a bending of the beam o
such that F = 192 f—; §.2% However, this simple model does not take into account the tensile force

that is induced by the stretching of the beam during its displacement and that can affect the beam
mechanical response, eventually leading to non-linearity of the F-§ curves!*2, A first solution to
this problem was developed by Heidelberg et al. 33, while the model was updated by Mills et al. 3*
in order to consider the presence of possible intrinsic tensile or compressive stress retained by the
NWs. As reported in Ref. 34, the force F applied in the center of the suspended beam is linked to

its deflection 0 according to:

F = 1925 f (@8 center (3)
with
a
= 4
f(a) 192 tanh<@) ( )
48 — =

where « is a parameter composed of two terms:

o) (14042) g

a=a,+a,= 350+3(%) =

)

14
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The first term () accounts for the stress induced by the measurement as a result of a finite
displacement that starts to play an significant role when & is comparable to the beam radius R.
The second term () is related to the intrinsic tension (T) held by the NW and is independent of
the AFM analysis. It follows that it is possible to perform a parametric fit of the contact part of

the F-

Experimental Force curve
—Fiteq. with T

F(nN)

i T T T — T T T T T T
! ! ! 400 -50 0 50 100 150 200 250
3(nm) 3(nm)

Figure 4. a) SEM and b) AFM imaging in tapping mode of bundle A (diameter 94 nm and length
11.67 pm) from pillar to pillar (color map range: 540 nm). c) Evolution of the force curves for
bundle A from the pillar to the midpoint of the beam: the curve color corresponds to the relative
position highlighted in a,b). d) Force-curve in the midpoint of the bundle together with the result

of the parametric fit with the corrected Heidelberg model.
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o0 curve in order to obtain the Young’s modulus of the structure and the intrinsic T;, which then,
divided by the bundle cross section, gives the stress o retained by the structure.

The acquisition of the force curves on the surface of the suspended DNA bundles is challenging
since it requires overcoming a series of methodological difficulties. Foremost is the necessity to
image a suspended biological nanostructure without breaking it. Key points about how to
experimentally succeed in such a delicate measurement are reported in the Supporting Information:
from the imaging procedure (Fig. S4) to the F-0 curve extrapolation (Fig. S5), post-processing
(Fig. S6) and fit (Fig. S7).

The analysis was performed on 7 bundles composed of DNA molecules at 50% of methylation,
suspended in PBS. Fig. 4a shows the SEM image of a bundle with D =94 nm and L = 11.67 um
(Bundle A in Table 2), while Fig. 4b reports the corresponding AFM image in tapping mode. As
described in Fig. S4, the convolution of the lateral part of the tip with the bundle when the tip scans
in the void prevents acquisition of a reliable image of the edges of the bundle. However, such
imaging was suitable for selecting the four different axial positions where force-deflection /-0
curves were acquired, starting from the pillar up to the midpoint (colored circles in Fig. 4b). As
shown in Fig. 4c, the force curve taken on the pillar is roughly vertical (green), as expected for a
non-deformable material. In contrast, the deflection of the bundle increases approaching the bundle
midpoint, where the highest bending deformation occurs for the same applied force (set to 10nN).
In the case of bundle A, the deflection of the beam in the midpoint was J = 265 nm, i.e. nearly
three times the diameter of the beam and thus fully justifying the onset of the non-linear behavior
of the curve. Fig. 4d reports the same F-0 curve in the midpoint, together with the parametric fit
of the contact portion. To take into account the uncertainty related to the definition of the contact

point (always arbitrary to some extent), the same procedure was repeated with three other contact

16

Page 16 of 26



Page 17 of 26

oNOYTULT D WN =

points and the values of £ and T extracted from each fit were averaged (+ their standard deviation).
More details are given in the Supporting Information (Fig. S7). The average Young’s modulus of
bundle A was 4.86 + 0.32 GPa , a value perfectly in line with the one found by Stassi et al.'> by
means of the vibrometric analysis in the case of unstressed DNA bundles. In contrast, the intrinsic
tension of the same bundle was 48.94 + 10.63 nN, almost five times the applied load and
corresponding to a tensile stress o of 7.10 = 1.5 MPa. Therefore, the AFM force curve analysis
confirms the expectation dictated by vibrational analysis, giving a clearly non-negligible value of
stress that is in line with extrapolation from eq. (2). As a further evidence for the presence of tensile
stress, inserting the diameter and length of bundle A along with the fitted values of £ and o, into
eq. (2), gives a theoretical resonance frequency for this nanoresonator of 3.20 + 0.34 MHz. Such
a value perfectly falls in the range of experimental resonance frequencies found for DNA bundles
at 50% of methylation reported in Fig. 2c.

Table 2 reports the sizes of the other six analyzed bundles together with the measured
displacement d in the midpoint, found for an applied force of 10nN, and the fitted £ and o, spanning
respectively from 3 to 12 GPa and from 6 to 11 MPa. The last column of Table 2 reports the
calculated resonance frequencies for the DNA nanoresonators under investigation, which roughly
goes from 2.8 MHz up to 3.8 MHz. This is again in line with the experimental range of similar
methylation (last line in Table 1). It is worth noting that bundles B and C have approximately the
same dimensions, but bundle B retained a tensile stress 4 MPa higher than bundle C, thus resulting
in a theoretical resonance frequency of almost 1 MHz higher.

To summarize, the AFM analysis shed light on the high variability of the mechanical properties
of suspended DNA bundles, since it quantified the Young's modulus and residual tensile stress

from F-0 curves. Such results show that a careful control of tensile stress is needed to reduce the

17
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variability of resonance frequency that is currently hampering the application of DNA

nanoresonators to epigenetic studies.

Table 2. Geometrical parameters, AFM force-curve results and theoretical resonance frequencies

for seven DNA bundles at 50% of methylation.

Bundle L (pm) D (nm) 0 (nm) E (GPa) o (MPa) Calculated f; (MHz)
A 11.67 94 265 486+032 | 7.05+1.53 3.20+0.34
B 11.90 45 518 5.07+0.12 109+1.1 3.85+0.19
C 12.10 56 556 3.53+0.11 6.01 +0.67 2.82+0.15
D 12.00 56 560 299+0.07 | 7.43+0.76 3.16+0.16
E 11.40 88 235 12.06 £0.65 | 8.45+1.11 3.63+0.23
F 12.00 70 401 492+ 0.09 | 7.54+1.09 3.19+0.23
G 12.40 66 334 9.23+ 0.33 7.75 +£1.38 3.14+0.28

18
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Conclusion
The results of this investigation lay the groundwork for distinguishing large changes in DNA
methylation levels by means of vibrometric analysis. In fact, it is possible to distinguish three
different families of bundles composed of DNA at 50, 25 and 0% methylation according to their
average resonance frequencies. The method proposed here would solve issues inherent in the
current epigenetic approaches, since the SHS suspension process is able to concentrate the DNA
in solution to a well-defined region, up to the attomolar level, thus removing the necessity of
amplifying the desired DNA sequence. Furthermore, this method is real time, label free, and
designed to analyze long DNA sequences, such as the nucleic acids extracted from patient cells.

Even if the observed high variability of the resonance frequencies prevents further punctual
epigenetic studies, where a rigorous target quantification is foreseen, the nature of such
variability has been investigated and is now defined. By means of AFM force curve analysis, it
was verified that the resonance frequency of each bundle is influenced by the presence of a
residual and variable tensile stress retained by the DNA bundle. This tensile stress is a result of
the suspension process in which the DNA molecules are pulled between one pillar and the
proximal one.

In order to establish the vibrometric analysis of the suspended DNA bundles as an efficient tool
for large scale epigenetic studies, it is necessary to compare the resonance frequencies of a large
number of exemplars. This requires a method to tune the residual tensile stress in a controlled way.
Possible solutions could come from the semiconductor industry, where the residual stress in thin
films is typically tuned with ex post heating ramps and/or applying a mechanical bending to the
whole substrate. Alternatively, the DNA bundles could be pinned to the pillars, thanks to
nanodeposition tools (like Focused Ion Beam), and then put in contact again with solution drops

that have a different salt concentration and surface tension.
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