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The structure of DNA by direct imaging and related topics
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Summary. — Super-hydrophobicity is a well-known and studied phenomenon in
the field of surface sciences. In this review we report a novel approach that exploits
micro-fabricated super-hydrophobic surfaces for the oriented and self-organized de-
position and suspension of DNA filaments and other macromolecules of biological
interest. The self-assembled structures obtained with this approach can be used
for the characterization of the biological compounds with several methods such as
electron microscopy, X-ray diffraction, Raman and SERS spectroscopies. Besides
imaging, the described method has been applied in several fields such as the sens-
ing of few molecules in diluted solutions and innovative templating growth. We
will focus in particular on the direct imaging of DNA molecules by Transmission
Electron Microscopy with the capability to resolve structural details of the double
helix down to a resolution of 1.5 A. The review starts with a brief historical note on
the discovery of the DNA structure and continues with the results obtained by our
group along the last 10 years of activity.
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Fig. 1. — Nucleotides, the DNA monomers, are composed of three main parts: a phosphate
group, a 5-atoms carbon sugar and a nitrogenous base (a). The first attempt to give a correct
order to these three moieties was performed by Leven in the early 1900s but it is only in the
50s that the four bases where distinguished and divided in (b) purines (A, G) and pyrimidines
(T, C) (c).

1. — DNA: from the 1860s to “Photo 51”

The story of the DNA starts in 1869, when the Swiss physiological chemist Friedrich
Miescher identified the “nuclein” while working with human leukocites (white blood
cells). In its attempt to isolate and characterize the proteic component of the white
blood cells, he discovered a new substance; what he called “nuclein” nowadays is known
as nucleic acid, deoxyribonucleic acid or, with its acronym, DNA.

50 years later the Lituan physician and chemist Phoebus Levene, pointed out that
that the nucleic acids have a sugar component: the ribose, discovered in 1909 [1] or the
deoxyribose (1929) [2]. Levene by working on the hydrolysis on nucleic acids extracted
from yeast, suggested that DNA is constituted by nucleotides, each one formed by one of
the four bases containing nitrogen, a carbohydrate-based component, and a phosphate.
Levene contributed to give a proper order to the three DNA backbone building blocks,
proposing the correct spatial sequence phosphate-sugar-base.

In 1944 Avery, McLeod and McCarty demonstrated that inheritage is driven by genes,
which are DNA fragments [3]. This achievement inspired the Austrian biochemist Er-
win Chargaff to investigate the chemical properties and features of nucleic acids. He
isolated and fractionated DNA from cells nuclei using an optimized paper chromatogra-
phy method, suitable for the separation of small organic molecules. He separated two
substances on the basis of their solubility, solving the two types of bases: purines (A
and G) and pyrimidines (T and C). The extracted substances were then exposed to UV
light and the differences in absorption allowed determining the quantity of each base
present in the tested DNA. Chargaff concluded that DNA base sequences vary among
the belonging strands but some rules on the DNA composition remain fixed: no matter
which specie was tested, the amounts of adenine (A) and thymine (T) are similar and
the same happens for the amounts of cytosine (C) and guanine (G). The total amount
of pyrimidines and the total amount of purines are usually very close to each other; this
became a rule named “Chargaff’s rule” (1950s) that strongly contributed years later to
the final determination of the DNA structure (fig. 1) [4].
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Fig. 2. — X-ray diffraction patterns for the two forms of DNA: (a) A-form and (b) B-form.
Readapted from [8].

Fig. 3. — Watson and Crick’s original 3-D demonstration model of DNA.

Among the physical methods, X-Ray diffraction had the most important role in ob-
taining structural information about the polynucleotide. It was in 1952 that Rosalind
Franklin, Maurice Wilkins and Raymond Gosling took two sets of high-resolution photos
of crystallized DNA fibers from calf thymus. In presence of a humidity lower than 75%,
the fiber showed an X-Ray diagram as a scatter with distinct spots. The X-ray pattern
turned in to a striking X shape [5-8] while the addition of the moisture to the atmosphere
allowed a humidity over 75%. This “X-shaped” feature, characterized in 1950 by Linus
Pauling and identified as the a-helix secondary structure of proteins [9], was suggesting
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A-DNA

Fig. 4. — Models of a DNA double helix in the A- (in green) and the B- (in blue) form. Forty
arbitrary bases extracted from the A-DNA sequence were used to simulate the DNA in the A-
and B-forms (left and right, respectively). The hydration state (less than 75% in the A-form,
higher than 75% in the B-form) affects period length, diameter of the helix, tilt of the bases and
turn of the helix.

that DNA was arranged as a helix as well. In addition, the two patterns demonstrated
the existence of two possible DNA conformations: the A-form and the B-form. The
A-form, obtained with humidity lower than 75%, can be reverted to the B-form changing
the molecule hydration status and increasing the humidity over 75%. This interchange
represents an adaptation of the DNA conformation to the environment, without effects
on the bio-chemistry of the polynucleotide (fig. 2).

The X-Ray pattern of B-DNA, known as “Photo 517, provided fundamental infor-
mation on the double-helix arrangement and its dimensions. It strongly helped James
Watson and Francis Crick in the interpretation and finalization of the helical structure of
B-DNA [10] (fig. 3). Watson, Crick and Wilkins deserved the Nobel Prize in Physiology
and Medicine for the elucidation of the DNA structure in 1962.

The diffraction pattern interpretation determined the right-handed helical behavior of
the double-strand DNA and the characterization of its chemical arrangement as well. The
two hemi-helices of the double-strand DNA are anti-parallel, complementary and kept
in position by the hydrogen bonds naturally occurring between purines and pyrimidines.
Adenine is always paired with Thymine while Cytosine is always paired with Guanine,
as previously stated in Chargaff’s rule. The diameter of a helix in the B-form is around
20 A, with an interbases distance of 3.4 A and, consequently, a pitch of 34 A. The less
hydrated A-DNA form has a shorter pitch of 28.2 A with an interbase distance reduced
to 2.56 A (fig. 4). Detailed experimental measures on both conformations are reported
in table I. Despite the pivotal role of X-Ray diffraction in the achievement of the correct
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TABLE 1. — X-Ray accepted values for the main features of A- and B-DNA.

245

Structural characteristics®
Features A-DNA (A) B-DNA (A)
Diameter 23 20
Rise/BP along axis 2.56 34
Pitch/turn of helix 28.2 34
BP/turn 11 10.4
Minor groove Wide Narrow
Major groove Narrow Wide
Coils Right-handed Right-handed
Tilt of base pair relative to the axis 19° —6°

@) X-Ray accepted values as reported in [8,13,14].

structure of double-strand B-DNA, this worldwide known technique [11] faces critical
limitations. First, a crystal has to be obtained. It could require several months of
work [12] to reduce the desired molecule into crystals large enough to be suitable for the
downstream analysis and to cope with the repeated exposure to the X-Ray beam. The
starting material has to be extremely pure and of high quality and not all the biological
materials can successfully undergo to the crystallization process. Even though it has been
applied to most of the macromolecules of interest in biology, X-Ray crystallography gives
information only on the crystal configuration state as a function of the environment, not
on single molecules.

2. — DNA structural characterization: current methods

After its discovery the research related to DNA had an enormous break through. De-
spite the constant advances, there is still a strong need to improve the techniques for
structural studies at atomic resolution that spans from cellular and molecular biology,
genomics to the modern translational medicine research. Substantial improvements in
the characterization of the nano- and sub-nanoscale arrangement of molecular aggre-
gates, nucleic acids, transcription factors, repressor and activator proteins [15-17] are
still object of investigation. The elaboration of methods for the direct imaging of DNA
is strongly required since the diffusion of a wide range of native and synthetic nucleic
acid in therapeutic and drug delivery application. In details, DNA-based Therapeutics
(DbT) include plasmid-based [18], oligonucleotides for antisense applications [19,20] and
aptamers [21] solutions. Aptamers, double-stranded nucleic acid, by interacting with
proteins, have been broadly used as therapeutic mediators for the diagnosis and care
of human illnesses, the Macugen has been just approved for age-related macular de-
generation [22] and other aptamers are under evaluation for coagulation, oncology and
inflammation applications [23,24]. Advanced techniques for high-resolution background-
free DNA visualization are highly desired also for the study of circulating tumor DNA
(ctDNA) and circulating cell-free DNAs such as mitochondrial DNA [25,26].

In this context we propose a novel approach devoted to the direct imaging of DNA.
The method consists in the combination of the super-hydrophobic properties of a micro-
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fabricated surface and the spontaneous self-assembly that is driven by the device texture.
Due to the low friction coefficient characterizing such surfaces, they can be efficiently
used to manipulate solutions containing the molecules object of investigation. A drop
of the sample is deposited over the super-hydrophobic device and is let to evaporate
until it is completely dry. The moieties diluted in the solution become more and more
concentrated in a defined area while the dehydration process occurs. This mechanism
allows reducing a starting solution containing floating DNA molecules into oriented and
self-aligned bundles constituted by nucleic acid helices, suspended between the micro
asperities of the devices. The concurrent self-alignment and the particular architecture
achieved by the DNA helices, made them suitable for direct imaging in background-
free condition with the potential to achieve an unprecedented resolution of 1.5A. The
approach as well as the devices were conveniently modified from case to case, widening the
range of applicability from detection in diluted solutions to biomolecules characterization
by means of X-Ray diffraction, Raman spectroscopy and electron microscopy. The details
on the suspension and imaging method as well as the other applications are reported in
detail in the next sections.

In this section we focus on the most common methods used to image and charac-
terize macromolecules such as nucleic acids and proteins, pointing out the most recent
achievements in the techniques presented and the related limits.

2°1. Optical methods. — Optical methods used to visualize nucleic acids usually demand
systems labeling DN A-associated proteins or the use of small flag and nanoparticles that
could affect the native configuration and function [27]. Most efficient techniques are
required for viewing cellular components such as nucleic acids and chromatin in their
original conformation without the use of fluorophores or labels as required for most of
the super-resolution techniques as stochastic optical reconstruction, stimulated emission
depletion and photo-activated localization microscopy [28,29]. Sample preparation for
super-resolution microscopy techniques commonly uses different kinds of nucleic acids
conjugated-proteins [30] for indirect imaging of DNA, chromatin and condensed mitotic
chromosome structure at nanometer resolution [31].

2°2. Scanning probes: Atomic Force Microscopy (AFM) and Scanning Tunneling Mi-
croscopy (STM). — Since 1990s, AFM applied to biomolecules is a growing field. As
DNA is a material relatively easy to find, it has been widely used for AFM imaging
and non-imaging applications. AFM remains unique in its capability to provide height
information on samples and details on soft materials. The biopolymers dispersed in a
liquid solution have to be deposited on an atomically flat substrate (i.e. muscovite mica)
and the imaging can be performed in air (after complete sample drying) or in liquid [32].

The force sensitivity and its control have a central role in high-resolution AFM imag-
ing as it can cause sample deformation. The preparation needed is not straightforward
as well. The sample has to be immobilized on the substrate, procedure that usually
needs the use of salts containing mono- or di-valent cations (i.e. Mg?*, Ni**). In
both cases, imaging resolution can be severely compromised and lead to misleading data
interpretation.

AFM performed in fluid allowed reaching a molecular resolution down to approx-
imately 1nm of spatial resolution, attracting the attention of biologists interested in
elucidating systems behaviors in their physiological environment. In the plethora of the
nanoscale imaging techniques, AFM is an effective tool, characterized by less invasive
sample preparation without the need of heavy treatments as in standard Electron Mi-
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Fig. 5. — AFM topographic images of a DNA plasmid, captured in rapid force-distance mode in
a buffer solution containing Ni*T as divalent cation. (a-d) Three forces were applied for imaging
and the corrugations along the double helix, corresponding to the major and minor grooves, are
evidenced in the insets. (e, f) The forces applied affect the measured height and diameter of
the double strand. Reprinted from [38]. (© 2014 The Authors. Published by WILEY-2010VCH
Verlag GmbH & Co. KGaA, Weinheim.

croscopy analyses. Further, AFM demonstrated some success in static and dynamics
characterization of DNA and DNA /protein complexes [33-37]. A few examples of imag-
ing resolution, enough to solve some of the main features of dsDNA, have been recently
reported [38-40]. Hoogenboom’s research group used miniaturized cantilevers to image
DNA grooves depth related to the molecule in the B-form. Major and minor groove were
solved but the helix width was overestimated by 7-10nm (fig. 5).

In recent years scanning tunneling microscopy (STM) has been used to examine a
DNA sequence and to localize individual bases along the molecule. In STM, a voltage
is applied between a fine metallic AFM tip and a conductive substrate over which the
imaging scan is performed. A current (the “tunneling current”) can flow when the tip
is at a “tunnel” distance (few A) from the molecule; under the proper conditions the
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Fig. 6. — Bias voltage dependence on the STM imaging of M13mp18 DNA on a Cu(111) surface.
(a-b) Raw data at different bias voltage in which the guanine bases result as bright and distinct
features along the strand and (c) correspondent M13mpl8 sequence from nucleotide 2911 to
nucleotide 3011. White arrows indicate cytosine and yellow arrows the presence of contaminants.
Reprinted from [41], © 2009, Rights Managed by Nature Publishing Group.

topographic maps of the molecules fixed on the surface can be achieved. An attempt of
nucleic acid sequencing has been reported in 2009 in the work of Tanaka and Kawai [41],
where STM imaging and Scanning Tunneling Spectroscopy (STS) [42] were combined to
investigate single-strand DNA molecules adsorbed over a copper substrate. Along the
strand, the guanine base showed a characteristic electronic state that resulted in a larger
and brighter detail in the acquired images (fig. 6). The other bases were not identified
but knowing the used sequence, the researcher where able to guess the correspondence
between the partially sequenced strand and the real bases of the hemi-helix.

Conformational changes such as bending and molecule/molecule interaction can be de-
tected with these techniques. AFM was successfully used to investigate the DNA /protein
conformational changes as in the case of the MutS protein family. MutS has a weak
ATPase activity and it is involved in the repair of mismatches along a DNA sequence,
fundamental mechanism at the basis of genomic stability. MutS firstly recognizes the mis-
match on the DNA sequence then, upon ATP hydrolysis, bends the nucleic acid provoking
a unique conformational change leading the cascade of subsequent genomic reparation
events. By means of AFM technique, researchers clarified the non-specificity of the initial
DNA binding —and pointed out that the specificity is fundamental for the single-base
mismatch recognition event [43], causing the protein conformational changes [44]. The
MutS action mechanism has been further elucidated in 2011, when AFM images distin-
guished the MutS/DNA single-site binding and loop-binding complexes, driving to the
conclusion that MutS protein can act in a tetrameric conformation [45].

2'3. Transmission Electron Microscopy (TEM). — Biological material can be visualized
by TEM to produce 2-D images of an object. The negative and positive staining is a
widely used practice in imaging biological materials [46]; electron-dense heavy-atoms
such as lead citrate, osmium tetroxide and uranyl acetate, are dissolved in salt solutions
and then applied to enhance the contrast of the specimen. In negative staining, the
objects appear brighter than the stained background; vice versa, in positive staining,
the specimen interacts directly with the stain and becomes darker than the background.
Most of the biological studies involve the use of grids with a mesh size chosen on the basis
of the application. On top of the grid a thin carbon layer is deposited by evaporation of
carbon graphite to allow the sample adhesion.
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Fig. 7. — (a) Unstained single molecules of double-strand DNA hanging over the holes of a
super-microgrid are indicated by the arrows. (b) Enlarged image of the fiber indicated with
arrow A in panel (a), resembling the Watson-Crick DNA model (c) and the theoretical model
(d). Readapted from [48]. (© 1981 Published by Elsevier B.V.

In light molecular weight samples, high-resolution imaging with conventional support
systems and staining solutions cannot be achieved because the supporting film absorbs
and scatters the electron beam, producing a pretty strong background signal that in-
terferes with the fine details of the sample. To overcome this limitation, the group of
Uyeda prepared alumina super-microgrids (ASM) provided with holes (20-100 nm diam-
eter) [47] across which the DNA molecules hang without any carbon layer support. This
allowed the authors to obtain a molecular image of a freeze-dried DNA in the B-form,
accordingly to Watson-Crick model and to the computer simulations [48]. The improved
signal-to-noise ratio let the visualization of the double-helix features. Major and minor
grooves were recognized and two lengths were measured: the width of 2nm and the pitch
of 3.5nm (fig. 7).

2°'4. Cryo Electron Microscopy (Cryo-EM). — The use of cryo-EM started in the 1974
with the works on “electron diffraction of frozen, hydrated protein crystals” [49]. Its
extensive application in structural biology arised only after the recent technical advances
in microscopy such as the development of direct electron detectors, the beam-induced
motion correction [50], the computing clusters and 3-D image reconstructions [51, 52].
Briefly, the sample is flash-frozen at a temperature of —180° so that the objects under
analysis are randomly distributed with a random orientation in a layer of glass-like ice.
Thousands of 2-D projections of the object at different angles have to be acquired and
subsequently sorted and averaged by dedicated algorithms to reconstruct a final 3-D
structure [53].

Recently, resolutions ranging between 2.2 and 3 A were achieved for protein complexes
or single proteins with high molecular weight. A 2.2 A resolution was achieved in the
study of a complex between E. coli 3-galactosidase and an inhibitor [54]. A year after
a 2.3 A resolution for the structure of p97 ATPase was determined using similar strate-
gies [55]. Compared to X-ray crystallography, Cryo-EM shows major advantages as it
does not need the preliminary preparation of a 3-D crystal, but faces other limitations.
The number of images needed for the downstream reconstructions results in tens or
hundreds of imaged particles that have to be properly aligned before averaging, process
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that is severely affecting the quality of the final result. Furthermore, the low signal-to-
noise ratio, the resolution limited by the hydrated state of the frozen sample [56], its
relative “un-phisiological state”, and the beam-induced motion correction are still under
discussion [57,58].

Despite all the technical advances and the improvements in the preparation tech-
niques, cryo-EM still lacks of atomic resolution in particular for molecules and com-
plexes small in size, transient or asymmetric. The application of cryo-EM to single DNA
molecules, in fact, is still missing and the only achievements on these regards are towards
30 nm chromatin fibers reconstructions [59], far from the analysis of single point variation
or chemical alteration in a single helix of DNA.

3. — SHS for DNA imaging and characterization

3'1. SHS for biomolecules: working principle. — A droplet on a hydrophobic sur-
face, due to a peculiar combination of liquid/solid/air interfaces, can assume several
shapes (such as flat, hemisphere or spherical) on the basis of the surface tension, without
spreading. In the case of super-hydrophobicity, the droplet assumes a quasi-spherical
shape showing a contact angle with the surface greater than 150° [60]. This phenomenon
is spontaneously occurring in nature on some plant leaves (the so-called “lotus effect”)
and on several insects wings [60-62].

Super-hydrophobicity of rough surfaces has been explained by the Wenzel or Cassie
states. In the Wenzel state, the solution droplet adheres to the solid surface, showing
large contact and rolling angles [63]; in the Cassie state the solution is only in partial
contact with the solid and the droplet has large contact angles while the rolling angles
are small [64,65] (fig. 8).

This characteristic has stimulated researchers to design super-hydrophobic devices
mimicking what happens in nature. A variety of patterned surfaces and related tech-
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Fig. 8. — Evaporation of a droplet on a super-hydrophobic surface. (a) Model showing the high
contact angle and the drop deposited on a substrate; the solution is not in contact with the
lower part of the surface of the substrate during the dewetting process. (b) Microscopy image
of a vertical section of a solution droplet before and after evaporation, pointing out the droplet
sliding. Readapted with permission from [66]. (© 2011, Rights Managed by Nature Publishing
Group.
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Fig. 9. — Sketch of the device working principle. (a) A droplet of solution containing a diluted
molecules mixture is deposited on (b) the micro-patterned super-hydrophobic substrate. (c¢) The
de-wetting process (diffusion/convection/evaporation) causes the reduction of droplets’ volume
while keeping its semi-spherical shape. In the meanwhile, the material contained in the solution
is precipitated and concentrated into a defined area. Readapted from [74]. (© 2010 Elsevier B.V.
All rights reserved. (d) The mixture of molecules can be deposited on the top of functionalized
pillars, allowing the detection of diluted materials. (e) The droplet slides from one pillar to
another during the evaporation process and, with this natural movement drags the molecules
previously linked to the top of the pillars.

niques have been developed for the most different applications [67], including industrial
applications, self-cleaning surfaces, high-throughput lab-on a chip processes [68], mi-
crofluidics [69], membranes for water purification [70], separation of oil from water and
the biological characterization of diluted solutions [66,71-73]. A low amount of biopoly-
mers such as protein or DNA can be efficiently deposited on periodical arrays of micro-
pillars, offering promising routes to sensing technologies [71] and novel high resolution
imaging techniques [73].

In this review, the roughness ensuring a high contact angle is given by ordered arrays
of micro-pillars (fig. 9). Different patterns and materials of super-hydrophobic devices
were micro-fabricated in our group, on the basis of the downstream application; in all
cases reported, the high contact angle and low friction coefficient are maintained and
the suspension of materials between the micro-asperities of the substrate (fig. 9d, e) is
obtained.
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Fig. 10. — Super-hydrophobic devices. Silicon-based micro-fabricated devices showing a top view
of the (a) hexagonal and (b) circular patterns widely used and characterized in our works.

Several examples of the use of super-hydrophobic devices are reported in the bibliog-
raphy but the novelty in our approach is to combine the super-hydrophobic phenomena
with the suspension of long DNA fibers (several microns) with nanometric diameter in
order to achieve background-free TEM imaging. The technique is successful also with
DNA interacted with protein and cell membranes, but the results are not included in
this review.

The patterns of the super-hydrophobic surfaces (SHS) herein used, comprise micro-
fabricated cylindrical pillars with a precise diameter and pitch to guarantee with high
stability the hydrophobicity of the device. Two of the favored geometries proposed are
hexagonal (fig. 10a) and circular (fig. 10b), even if more complex designs in which the
periodicity is broken have been reported [75]. Micro-pillars were fabricated by using
materials such as SU8 [76], PMMA [77,78] or silicon [66,73,79] by combining different
techniques such as laser writer, optical lithography and reactive ion etching (details of the
fabrication processes are reported elsewhere [80]). In some cases, the top of the silicon-
based micro-pillars were modified to incorporate nanoporous silicon-films (NPSi) [81]
or silver nanostructures [82,83]. A thin layer of teflon-like polymer or perfluorodecyl-
trichlorosilane (FDTS) was deposited at the end of the process to provide contact angles
higher than 160°; the thickness of this layer was investigated by atomic force microscopy.
The results of the micro-fabrication were verified by scanning electron microscopy (SEM)
as for the experimental results with biomolecules.

3'2. DNA direct imaging. — When a molecule dissolved in the buffer solution is long
enough to cover the pillar-pillar distance (gap), it is possible to observe a distinct de-
position mechanism: as long as the evaporation proceeds, deposition and suspension of
DNA molecules between pillars takes place (see fig. 9e). Herein we will focus on the sus-
pension of nucleic acid molecules over the SHS and on their structural characterization
with high-resolution imaging and spectroscopic techniques.

Lambda DNA (A-DNA) is a double-strand nucleic acid isolated from the bacteriophage
lambda (cI857ind 1 Sam 7) and its sequence of 48502 base pairs in length has been
widely characterized since the ’80s [84,85]. The length of the DNA strands corresponds
approximately to 14.5 ym considering its B-form and 13.1 pm if considering the A-form;
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Fig. 11. — SEM images of A-DNA suspended between micro-pillars arranged in a hexagonal
pattern. In (c¢)-(f) SEM micrographs with correspondent fluorescent images are taken by using
an optical microscope. Reprinted with permission from [66]. (© 2011, Rights Managed by Nature
Publishing Group.

both these calculated measures distances can cover the pillars’ gap of 12 um. A-DNA has
been chosen then as a suitable test system due to its length, and the high reproducible
sample preparation.

In a first approach reported in [66], we have demonstrated that nucleic acids can be
suspended over a hexagonal pattern of cylindrical micro-pillars. The titration performed
using a phosphate buffer solution allowed the researchers to obtain DNA filament of
15 to 30 um in length, as shown by the SEM images reported in fig. 11. The method
was further verified by fluorescence microscopy; an attomolar concentration of dsDNA
was incubated with a fluorescent stain (YOYO-1) commonly used as a nucleic acids bis-
intercalator. The different diameters of the fibers and the lengths covered by the dsDNA
suspension, suggested that several nucleic acid double helices were overlapping in almost
the same position, originating the bundles shown in fig. 11.

The ability to control the deposition of DNA molecules on silicon micro-patterned
devices has been further improved in [79] by adjustments of the deposition process and
of the device properties.

The latest SHS are constituted by silicon micro-pillars and holes passing throughout
the device, conveniently aligned between the micro-structures. This device architecture
allows its use in a TEM instead of the common grids. The microscope electron beam
illuminates the SHS and hits the bundles suspended over the holes, as shown in the sketch
of fig. 12.

The SHS are constituted by silicon-based micro-pillars arranged to form a regular
hexagonal pattern; the devices incorporate also the above-mentioned pattern of circular
holes (fig. 13). A thin layer of Teflon-like polymer (estimated to be around 2nm) was
finally deposited all over the surface to guarantee the device super-hydrophobicity.
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Fig. 12. — (a) The modified SHS device has holes between micro-pillars. This allows the direct

imaging of the material suspended between micro-pillars when (b) the beam passes through the
hole.

A-DNA was diluted to a final concentration of 50 ng/ul in a phosphate buffer solu-
tion (PBS) containing an optimized amount of monovalent cation (0.137 M NaCl); a
20 p of the freshly prepared solution was deposited over SHS. The dehydration occurred
overnight in a closed Petri dish at a temperature of 24°C and 50% of humidity. The
results of the dewetting were preliminarily characterized by SEM (fig. 14) and the device

15kV X100 . . 100pm 22 40 SEI X106 ) 1% ) (22 4b 5E1

Fig. 13. — SHS with silicon micro-pillars arranged into a hexagonal pattern were modified with
a pattern of holes between pillars at different magnifications. The presence of the holes allows
the electron beam to impact on the suspended sample. Reprinted with permission from [86].
Material under CC BY 3.0.
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Fig. 14. — (a-c) SEM images of suspended DNA bundles over SHS. Scale bar in panel (a) = 10 ym;
in panels (b), (¢) = 1 pm. © 2012 American Chemical Society.

was then loaded in a TEM. The DNA fibers suspended between micro-pillars and located
over the holes can be directly imaged by the TEM electron beam, which can freely pass
through the discontinuities of the device. A bundle of 8 nm diameter has been imaged,
operating at an acceleration voltage of 100keV, revealing the period of the DNA in the
A-form (fig. 15). Ten periods of dsDNA are shown in the inset of fig. 15a; each period is
reported in the histogram and measures 2.7 + 0.2nm, in good agreement with the data
previously reported for the X-ray diffraction of A-DNA fibers [8].

To further confirm these results, the fast Fourier transform (FFT) was analyzed:
a clear maximum is observed at 0.37 4+ 0.021/nm, corresponding to the frequency of
2.7+ 0.2nm (fig. 15d).

The model we provided for the 80 A bundle is an arrangement of 6+ 1 double helices,
with one central helix surrounded by other 6 helices (see fig. 16). The total diameter
proposed in the simulation is around 80 A, considering spacing between the helices due
to the hydration state of the molecule. We assume that, in our working conditions, the

0% 62 04 06 68 10 12 14
1% gnmy

Fig. 15. — (a-b) TEM image with intensity profile of a 80 A A-DNA bundle. The inset in panel
(a) shows 10 periods of A-DNA; the red arrows highlight the 2.7 nm pitch of the helix, confirmed
by the analysis of the intensity profiles reported in (c). In (d) is reported the FFT of the signal
displayed in (c): the maximum observed at 0.37 & 0.021/nm corresponds to a frequency of
2.7+ 0.2nm. © 2012 American Chemical Society.
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Fig. 16. — Sketch showing the 6 + 1 helices model. A bundle of 7 helices has a diameter of
approximately 80 A. An interspacing of the helices of 2.5 A, due to solute presence, has been
taken in consideration in the simulations. The sequences used to construct the model reported in
this figure are arbitrary 70 base pairs extracted from the 48502 available for the whole Lambda
DNA sequence.

external relative humidity is less than 75% and the DNA inter-distances are expected to
be approximately of 2.5 A.

The cylindrical micro-pillars used in the work of Gentile et al. [79] had a height h of
about 12 um, a diameter d of 10 um and a pitch § of 30 um. The distance between micro-
pillars on the patterned SH device is a critical parameter due to the limitations given by
the nucleic acids length. In a later work of Marini et al. of 2015 [73], the SHS device was
further modified and the DNA solution preparation step was tuned and improved. The
imaging process has been successfully optimized and performed to reach the single-base
resolution.

The SHS was re-designed and a circular pattern of cylindrical silicon micro-pillars was
newly introduced, still mantaining the round-shaped holes between the micro-pillars. To
maintain the desired super-hydrophobicity of the device, the diameter of the micro-pillars
was reduced to 6 um while the height was kept of approximately 12 um. As previously
reported, a thin layer of a Teflon-like polymer has been deposited on the device prior
to use (fig. 17). This geometry has been extensively tested and titrated with respect of

Fig. 17. — Optimized SHS for single-molecule imaging of dsDNA. (a) Silicon micro-pillars were
arranged in a circular pattern. (b) On the other side of the device only the holes are visible.
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Fig. 18. — A-DNA direct image acquired by HRTEM and related metrology. (a) HRTEM phase-
contrast image of a single A-DNA helix bound to a 100 A DNA bundle obtained by stacking of
two images. (b) Major and minor grooves and the helix pitch of 26.5 A are highlighted by the
dotted line. (c¢) Backbone, bases, diameter, rise per base pair are indicated. Notice that the
lengths of two different base pairs are shown. (d) The tilt of the base pairs with respect to the
helix axis is of 19°. Reprinted with permission from [73] © 2015, The Authors.

other geometries, showing the best results in the sliding of the droplet towards the center,
the dewetting process and the single-molecule extension between micro-structures (data
not shown).

An optimized solution of A-DNA was used. A buffer saline solution compatible with
physiological conditions was titrated spanning a range of pH from 7.0 to 9.3. A range of
concentrations (5 to 10mM) of the monovalent cation (Nat) was tested too, evaluating a
0.5 mM steps. The parameters that allowed the best results saw the use of a 6.5 mM NaCl,
10 mM Tris-HCI pH 9.3 saline buffer solution. A-DNA was diluted in the mentioned buffer
at the final concentration of 50 ng/ul and a droplet volume of 5 ul was then deposited on
the SHS. The imaging has been performed using a Titan 60-300 electron microscope (FEI)
equipped with a high-brightness electron gun (x-FEG), a Wientype monochromator, a
spherical aberration (Cs) corrector of the objective lens and a Tridiem 865 Gatan image
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TABLE II. — A-DNA lengths. The lengths measured from fig. 18 are reported in column 2. The
statistical error for the measured lengths is estimated to be 1.5A from the inset of fig. 18c.
In column 3 the correspondent accepted values from X-ray data (1) and simulations (1), in
good agreement with our measurements. Notice that five new structural features were directly
measured. Reprinted with permission from [73]. © 2015, The Authors.

A-DNA structural HRTEM X-ray and
characteristics measurements (A) simulation data (A)
Diameter 21.2 23.01
Rise/base pair along axis 2.5 2.6
Pitch/tum of helix 26.5 28.21
Phosphate + sugar 5.1 5.3
(backbone A1)

Base (B1) 3.6 4.0t
Base (B2) 5.2 5.4%
Phosphate + sugar 5.0 5.3}
(backbone As)

Base length (B; + B2 + 11.3 11.54
base interdistance)

Tilt of base pair relative 19° 19°%

to the axis

filter (GIF) coupled with an UltraScan 1000 2K x 2K charge-coupled device camera. The
microscope was operating at electron beam energy of 80 keV and the magnification used
was of 1 million. Among the different tensions available and tested (300keV, 200keV,
120keV), the 80keV acceleration voltage has been chosen as the best compromise.

The HRTEM image obtained of a single double helix and the related metrology are
shown in fig. 18. In panel (a) a stack of two images is reported, showing the A-DNA
double helix bound to a 100A DNA bundle. The detailed metrology is reported in
panels (b) to (d). The “macroscopic” features of DNA such as the diameter of 20 A,
the period and the bases tilt with respect to the axis (19°) are easily measurable and
both the major and the minor grooves are visible (lengths are highlighted by the dotted
line of panels (b) and (d)). The calculated resolution was of 1.5 A [87] and the contrast
achieved with this preparation method allowed us to directly quantify not only the well-
known features such as the inter-base pair distance, pitch and diameter but also the
backbone and the bases lengths (panel (¢)). The backbone, indicated with A; and A,
has a length of ~ 5A and corresponds to the simulated phosphate + sugar. Our study
revealed a phosphate backbone of 5A (A; and A, in fig. 18(c)), in good agreement with
the simulated data. The pyrimidine base B; has a length of 3.6 A and the purine B,
measures 5.2 A [14,88]. The measures herein reported are in good agreement with the
simulated data. In our knowledge this is the first time that the bases were directly
visualized and measured. The detailed measures achieved are summarized in table II.
Notice that, if compared to the accepted X-Ray values (column 2), five new molecular
features were measured, previously available only upon modeling.

HRTEM images obtained at different Na® concentrations and operating at different
voltages are reported in fig. 19. The titration of the salts dissolved in the buffer solution
had the fundamental role to obtain thinner bundles and to expose one DNA double
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Fig. 19. - HRTEM images of DNA. (a-c) Different concentrations and different voltage were
used to achieve (d) the single-molecule resolution. In panel (e) is reported the metrology of the
dsDNA helix exposed to beam in panel (d): the interbase distance and nucleotides lengths were
directly measurable due to the improvements in contrast and resolution.

Fig. 20. — Circular pattern of cylindrical micro-pillars with human genomic DNA suspended
over a wide macro area of the device.

100 pm |\ 1 ~Tum

Fig. 21. — ssDNA molecules deposited on a circular micro-patterned device. The behavior is
analogous to the one reported for dsDNA, confirming the versatility of the device. (a) The
saline buffer removed from the bundles is confined in an area of approximately 200nm and (b)
an example of two ssDNA bundles covering the micro-pillars distance of 12 ym.

helix to the electron beam. In fig. 19¢ a low magnification micrograph shows a region
of less than 50 A diameter. In fig. 19d is reported a HRTEM image showing further
improvements in the contrast and resolution of the fine details of the double helix [89]; the
interbases distance is of 2.6 A and it is in good agreement with the metrology obtained
from fig. 18. The backbone and the base lengths were clearly visible and measurable
(5.3A and 3.8 A, respectively, fig. 19e) without any need of image stacking.
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Intensity (a.u.)
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Fig. 22. — TEM images of ssDNA (a-b) and related metrology (c), showing a period of 27 A.
Both images were taken working at an acceleration voltage of 100 keV.

Recently, human genomic dsDNA has been preliminary used by our group on a circular
pattern of cylindrical micro-pillars [90]. The length of this kind of dsDNA has been
tested by pulsed field gel electrophoresis (PFGE) and, at the moment of writing, the
solution obtained is composed by a plethora of fragments longer than 50kb. Despite
the non-homogenous size of the starting solution, the suspension over SHS is promising:
the bundles obtained by using human genomic DNA at concentration ranging between
60 pM and 1pM are shown in fig. 20.
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Single-strand DNA of calf thymus has been already tested on the devices, showing
promising results for the single-molecule suspension between micro-pillars [91]. The
results of the dehydration process are in good agreement with what reported previously
for the double-strand helices of the A-DNA and the genomic DNA samples; ordered fibers
of DNA are suspended between micro-pillars over a macroarea of hundreds of microns,
confirming the versatility of the device. The diameter of the bundles measured ranges
between 150 nm to 5.5 nm, suggesting that bundles made of several DNA strands shells
down to only three helices were suspended on the device (fig. 21).

ssDNA from calf thymus of approximately 50kb was also tested for TEM imaging.
The DNA periodicity of 27 A has been measured by the intensity profile reported in
fig. 22.

3'3. Micro-Raman and SERS characterization of nucleic acids. — The information
achieved by direct imaging on nucleic acids bundles has been integrated with spectro-
scopic measurements. As previously reported, Raman (fig. 23) and SERS techniques can
be successfully applied to biological materials deposited on properly micro-structured de-
vices. Several attempts to investigate the structural characteristics of biological molecules
were performed in our group [72,91]. The comparative study between dsDNA and ssDNA
revealed spectral differences within the range 500-1900 cm~! (fig. 23a). Besides the char-
acteristic bands related to the deoxyribose sugar, bases and backbone which are common
for both the nucleic acids, some differences were also identified. The peaks centered at
around 931, 985, 1298 cm~! and the peak shift from 1132 to 1141 cm™" can be related
to the hydrogen bonds occurring between complementary bases in the double-strand
conformation of the nucleic acid.

In addition, an optical image of suspended ssDNA and the overlapping 2-D mapping
analysis centered at 2960 cm™! are reported in fig. 23b. A Raman spectrum of ssDNA
in the region 2500-3500 cm ™! shows characteristic bands centered at around 2900 and
2960 cm !, associated respectively to the symmetric C-H,, stretching (aliphatic) and the
asymmetric C-H, stretching (aromatic) vibrations.

In a later work [91] we were able to demonstrate that the combination between SHS,
optimized biological preparation and non-destructive Raman spectroscopy allows the
assignment of the conformational status of the suspended helices, in other words the
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Fig. 23. - (a) Raman fingerprints of ssDNA and dsDNA obtained by single-scan measurements on
suspended DNA fibers. The asterisks highlight the differences between the two nucleic acids. (b)
Optical image of ssDNAs suspended over a SHS and (c) superimposed 2-D mapping analysis for
the Raman band centered at 2960 cm ™", (d) Typical Raman spectrum of ssDNA in the spectral
range of 2500-3500 cm™'. Readapted from [72]. © 2014 Elsevier B.V. All rights reserved.
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Fig. 24. — Raman spectra of a dsDNA suspended bundle. (a) Several DNA’s characteristic bands
were assigned. The region 600-700 cm ™ of two distinct spectra regarding the (b) B-form and the
(c) A-form has been analysed; the Raman fits show bands centred at 688cm™! and 670 cm™*.
Published with permission from [91] (© 2017 Elsevier B.V. All rights reserved.

hydration of the investigated bundle. DNA prominent bands were assigned, as shown
in fig. 24. Over the spectral range considered (450-1800 cm™1), the region 600-700 cm—!
has been selected as the one sensitive to conformational changes in the double helix.
The Raman fits of two distinct single-scan measurements reported in fig. 24b, ¢ showed
separate bands centred at 688cm~™! (B-DNA) and 670cm~! (A-DNA) [92-94]. These
data showed that bundles have a strong B-DNA component, even if the HRTEM imaging
points out a precise A-DNA. We strongly believe that the metrology achieved up to now
has to be referred only to the dehydrated outer helices of the bundles, while the inner
helices maintain a hydration shell, sufficient to confer to the molecule its B-form.

4. — SHS technology for different applications

The micro-structured surfaces were used not only to image and characterize nucleic
acid molecules but also for several other tasks such as concentration of highly diluted
solutions, localization, detection and related spectroscopic studies, cells seeding and for
micro crystals growth.

Herein we report about the investigation of molecules such as the dye rhodamine
6G (R6G), spanning then to molecules with a major role in biology as proteins (BSA,
lysozyme, amyloid fibers), exosomes and, finally, to neurons growth.

4'1. Molecular concentrator: few molecules detection and characterization. — The de-
tection of few/single molecules is of extreme interest in several fields. Just to mention
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Fig. 25. — (a) SEM image of a Rhodamine 6G agglomerate obtained by a droplet dehydration
containing an initial 107*® M concentration of the analyte and (b) confocal fluorescent image
of the same object. In (c) optical image of the device and (d) corresponding Raman mapping.
Published with permission from [95] (© 2013, Springer Science+Business Media Dordrecht.

some, diseases early detection and diagnosis is of fundamental importance in cancer ther-
apy or in pathologies in which the prompt patients’ treatment enhances the possibility
of a successful recovery. Further, environmental pollution and safety have to be taken in
consideration for human health as well: harmful gases, volatile organic compound, heavy
metals even if present at low concentration can be a concern when the uptake occurs even
at low concentrations. In these examples the development of devices with plasmonic prop-
erties can be considered a useful tool to extract a stronger spectroscopic signal, in order
to determine the presence or absence of low amounts of diluted molecules [96,97].

Several attempts to develop detection platforms have been made from our group.
The capability of the SHS to concentrate solutions has been exploited in this context
to investigate an highly diluted solution of Rhodamine 6G (R6G) [74,83,98]. Super-
hydrophobic devices constituted by a hexagonal lattice of cylindrical micro-pillars were
designed, including silver nanoparticles aggregates on top of the pillars. This adaptation
has the purpose to introduce SERS properties into the device, allowing increasing the
Raman signal of a molecule adsorbed on pillars top.

With this method, a concentration of 1078 M of R6G diluted in water was drop-casted
on the device and the results of the evaporation were imaged by SEM and fluorescence
microscope (fig. 25a, b). The residual of the dewetting process is, as expected, confined
to a well-defined area, in this case of approximately 60 um of diameter, starting from an
initial footprint of about 2 mm.
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Fig. 26. — (a-c) SHS device with a plasmonic nanocone embedded in a hexagonal pattern of
cylindrical micro-pillars. (d) After the complete evaporation of the droplet, the solute is concen-
trated on top of the nanostructure. (¢) FDTD simulation results and (f) Raman measurements
on lysozyme molecules in correspondence of the cone apex. Readapted from [66]. © 2011,
Rights Managed by Nature Publishing Group.

The Raman mapping measurement that followed the evaporation confirmed the
presence of the molecule object of investigation; the analysis of the peak centered at
1650 cm ™! showed a clear correspondence between the R6G agglomerates on the SHS
and the Raman signal acquired (fig. 25¢, d).

As previously reported from the same group [99], also plasmonic microstructures
such as antennas or plasmonic tips can be useful tools to detetct few molecules (fig. 26).
This concept, combined with the super-hydrophobic devices, leads to the design of a
novel surface constituted by ordered silicon micro-pillars arrays surrounding a plasmonic
silver cone conveniently located in the center of the device. The droplet deposited on
such a device, drove the molecules dispersed in solution directly on the central cone
tip, corresponding to the final evaporation point. The grating, fabricated on the lateral
side of the silver cone was designed to drive surface plasmon polaritons towards the tip,
allowing collecting Raman fingerprints of the few molecules deposited on the cone’s tip.
With this method, a concentration ranging from 1fM to 10aM of the 14.4kDa globular
protein lysozyme has been detected.
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4'2. SHS for exosomes characterization. — Increasing the complexity of the molecules
investigated, exosomes were deposited and analyzed on SHS and bio-photonic devices [77,
100]. Exosomes are small membrane vescicles delimited by a phospholipidic double layer,
with dimensions ranging from a few tens nm to 100nm [101] and containing different
types of biomolecular cargo on the basis of the healthy status of the cell [102]. Tumoral
cells produce an oncogenic load that can be delivered by exosomial activity to the other
cells, enhancing metastasis formation and tumoral growth. In a preliminary approach to
define the exosomes cargo as biomarkers for oncogenic activity, vescicles isolated from
healthy and cancerous colon cell lines were drop-casted upon the silicon SHS devices with
silver nanograins on the top of the micro-pillar. The SERS analysis of the devices after
sample deposition revealed substantial vibrational differences between the two classes
of exosomes derived from normal and tumoral lines, related to the differences in the
materials they carry out from cells in the two separate cases. Exosomes derived from
healthy cells showed intense peaks corresponding to lipids vibration while the vesicles
belonging to tumoral cells showed high RNA content [100].

Exosomes were investigated also by Small and Wide Angle X-Ray Scattering tech-
niques (SAXS/WAXS) [77,78]. As previously reported, a residue remains suspended on
the micro-pillars at the final point of the droplet dehydration. In the case herein reported
micro-fabricated poly (methyl methacrylate) (PMMA) super-hydrophobic surfaces al-
lowed the formation of a solid aggregate of exosomes particles, afterwards removed from
the SHS and glued to a glass capillary for the downstream X-ray analysis (fig. 27). The

Fig. 27. — (a, b) SEM images of solid aggregates of exosome isolated from a tumoral cell line,
glued to a glass capillary. In the inset two droplets deposited over a PMMA SHS. (c, d) Higher
magnification SEM images of the exosome cross-cut residue reported in (a).
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Fig. 28. — SEM images of hippocampal neurons grown on nanopatterned micro-pillars. (a-b) 3-D
suspended network of neuronal somas (asterisks) and related processes (arrows). In (c) detail of
the neuronal projection firmly grabbing the pillars. (d) Low and (e) high magnification images
of the devices used for cells seeding. Pillars’ walls were decorated with nanogrooves (height
of 500 nm) to mimic the natural growth conditions of the cells. Reprinted with permission
from [110], © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

WAXS patterns of the crystalline exosomial residue exhibited an ordered lamellar struc-
ture, in accordance with SEM imaging. The lamellar architecture is caused by the convec-
tive fluxes of the droplet while sliding and dewetting over the super-hydrophobic device.
MicroSAXS patterns highlighted a more regular organization of the exosomes isolated
from tumoral cells if compared to the higher disorder degree of the exosomes of healthy
cell lines. This slight difference observed has been ascribed to the distance between
hydrophilic and hydrophobic layers in which the membranes are naturally organized.
Similar approaches were applied to the study of lysozyme, a 14.4 kDa globular protein
known to be part of hen eggs white and able to convert its alpha helices in 3-sheets upon
pH change. This interchange mechanism and the amyloid fibrillation are not completely
understood but is widely known their relation with several neurodegenerative diseases
such as Parkinson and Alzheimer diseases [103,104], prion diseases [105], amyloidosis [106,
107], etc. In [108], a weakly acid lysozyme solution in a high ionic strength condition has
been deposited on micro-structured PMMA devices. Under these conditions, the forma-
tion of a fibrillar amyloidic deposit and the cross S-sheets structure formation occurs [109]
and has been observed to occur at a higher rate than the one reported in the literature.
Ultra-small aliphatic peptides that self-assemble into cross-3-type fibers have been re-
cently analyzed by means of different techniques such as electron microscopy, circular
dichroism, X-ray diffraction and supported by molecular dynamics simulations [107].

4'3. SHS and neurons growth. — The micro-fabricated silicon-based pillars herein pro-
posed can undergo modifications of their surfaces to mimic the cellular and extracellular
complex features responsible for cellular division, motion and development [110]. In or-
der to favor neurons’ growth, a hexagonal lattice of micro-pillar was provided of a regular
pattern of nanogrooves on their walls to yield a spatial modulation in the z-direction and
the device was then used for cells seeding. SEM was performed to monitor cell growth
and their interaction with the microstructures (fig. 28): a suspended 3-D network of cells
with their projection grabbing pillars’ groove has been imaged. Further, the viability
assays performed on the neurons grown on the devices, showed a lower mortality than
the ones grown on standard culture dishes.
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Fig. 29. — (a—d) SEM images of DNA bundles coated with gold and radially decorated with ZnO
crystals. (e) Bright field TEM image of a ZnO crystal and (f) corresponding dark field image,
confirming the hexagonal crystalline structure of ZnO. Reprinted with permission from [76], ©
2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The combination of the results highlights that the nanopatterned super-hydrophobic
surfaces are a convenient tool for primary hippocampal neurons differentiation and that
they allow the formation of viable and functional neuronal networks, a feature exploited
in the development of biocompatible and biodegradable devices [111].

4'4. DNA as a scaffold. — As previously mentioned, DNA suspended over super-
hydrophobic devices resembles a network, autonomously organized on a regular pattern.
Despite their content in genetic information, DNA bundles can efficiently be used as
scaffolds and supports for other materials growth and hybridization. A first attempt to
use DNA nanowires for scaffolding applications has been recently performed in [76], were
A-DNA has been deposited over a hexagonal pattern of micro-pillars. Thirty nanometers
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of gold were thermally evaporated over the suspended DNA to demonstrate the viability
of the bundles for conductive circuitry. The SH device, made of SU8, guaranteed the
electrical isolation from the bottom layer and the electrical measurements were performed
contacting individual micro-pillars with tungsten micromanipulators. Au-coated DNA
nanowires were made more functional adding a radial decoration of ZnO micro-crystals
(fig. 29) by hydrothermal growth. The results obtained confirmed that the device could
be applied to a wide range of purposes and in this specific case to fabricate hybrid
metal-organic semi-conductive wires.

5. — Drawbacks in direct imaging approach

When working with single DNA fiber or bundles with few DNA fibers, damage due
to photoinduced and knock out effects is always an issue and can both limit the spatial
resolution for beam-sensitive specimens [112,113] and destroy the DNA bundle. An
accurate choice of beam energy and current intensity has to be done, together with an
appropriate strategy for image acquisition, such as low-dose multiple stacking.

Radiolysis on materials such as DNA can cause chemical bonds degradation and a
consequent variation in the helice shape, position or its disruption under the beam. In
the case of a direct image of suspended DNA, the possible damages to the double-helix
covalent bonds are still under debate to improve our technique. Another practical effect
that we noticed with our bundle is that in certain conditions, the electron beam of the
TEM can induce a mechanical vibration that can be avoided with low dose and proper
choice of the accelerating beam energy. With the advent of higher-sensitivity cameras,
all these problems can be better dealt with and even solved. In any case, we are strongly
working on a different strategy to improve bundle stability under TEM beams that
includes mechanical aspects and charge effect in order to reach the intrinsic resolution of
TEM microscopy technique.

6. — Future perspective

Super-hydrophobic devices, micro-fabrication and the proper biological preparation
steps are compatible with a wide range of chemical conditions and can be combined to
analyze DNA structural variation occurring upon the interaction between the bases and
chemical moieties such as chemotherapeutic agents and heavy metals.

Platinum (Pt) derived agents are known to interact with nucleophile DNA molecules
producing Pt-DNA adducts [114] and they are of wide interest for their clinical pur-
poses [115]. Pt-based molecules such as cis-diamminedichloroplatinum (cis-Pt), induce
the unwinding of the double helix in the site of interaction (preferentially the N7 of
purines), lengthening the polynucleotide and changing its size, charge, stability. The in-
teraction between heavy metals such as silver, platinum, chromium and the N7 of purines
or N3 in pyrimidines, leads to the disruption of hydrogen bonds, with critical effects on
the double-strand characteristic features [116]. Both of these alterations in the DNA
native conformation perturb severely the interaction with molecular machines, inhibiting
the normal cellular biological activities. High-resolution TEM imaging can be of great
help on the fine-tuning in the administration of chemotherapeutic agents.

Heavy metals such as nickel, chromium, cadmium, lead, etc. are classified as carcino-
gens. The precise mechanism of carcinogenesis is still under debate; nevertheless, they
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seem to severely interfere with different DNA repair pathways, effect ascribable to DNA
morphological alterations. In this context, the elucidation of the interaction between
nucleic acids and heavy metals, both for sensing and structural purposes, can be of great
help in understanding their carcinogenic effects.

The present approach that combines SHS, DNA suspension technique and TEM imag-
ing has been further extended to the imaging and characterization of DNA-protein in-
teraction and cells membranes with promising results [89]. As a further step, with our
method it will be possible to investigate molecular machines, DNA /proteins interactions
such as DNA /transcription factors and proteins embedded in the membranes phospholi-
pidic bilayers that are mostly recalcitrant to crystallization.

In the complex system such as the one of proteins/phospholipidic membranes, the
biochemical and functional studies of the distribution of membrane proteins in cells are
of extreme interest in basic biomedicine and in clinics [117,118] and high resolution TEM
imaging would give important information about their structure and physiology.

As a preliminary result, lysozyme amyloid fibrils were successfully suspended on
micro-patterned SHS, yielding single-molecule bridges, as already demonstrated with
DNA. Amyloid fibers are a hallmark of many human diseases, including the previously
mentioned neurodegenerative diseases. Various techniques were used to investigate their
onset and structure. However, from a structural point of view, the drawback of their char-
acterization resides in their insolubility and in the fact that the fibrils are anisotropic,
such that structural imaging techniques that can complement classical fiber X-ray diffrac-
tion and solid-state NMR are needed. Using our approach we can anticipate that, by
coupling suspended fibers over SHS and Raman spectroscopy, we were able not only to
detect the expected [119] principal component of the secondary structure, namely the
B-sheet [120], but also its anisotropic structure, thus being of aid in the elucidation not
only of the main secondary structure, but also of the side chains 3D distribution along
the molecule.

Further, the proposed TEM direct imaging method can be successfully combined
with novel post-processing reconstruction methods [121,122] to achieve unprecedented
three-dimensional information on biological polymers.

The DNA molecule is an appealing material for a range of applications beyond struc-
tural studies. The limited diameter of 2nm, the repeating units and the stiffness make
the double helix a versatile construction material rather than a carrier of genetic in-
formation. Widely used in bottom-up and top-down constructions, nucleic acid has
been applied for the development of branched DNA molecules [123], 2-D [124, 125] and
3-D [126] nano-objects and DNA-based molecular machines [127]. DNA can be than
seen as a mere scaffold, on which organize other molecules or compounds of interest
that have to undergo downstream analysis such as TEM or spectroscopic characteriza-
tion.

Super-hydrophobic devices, previously proposed in the last years, can allow re-
searchers to contemporarily concentrate and investigate the DNA fragments listed above,
since they are small and highly diluted in the patients’ plasma [128-131]. Further, the
proposed devices and the related imaging methods, combined with novel post-process
reconstruction methods [121], could positively affect molecular biology study of hered-
itary and epigenetic changes of circulating DNA coming from patient’s liquid biopsies.
High-resolution imaging of this wide range of free DNA could represent an effective and
complementary solution in diagnosis and prognosis of cancer, inflammation or infection
diseases [131-134].
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