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1.Introduction and state of the art

The research on single-molecule techniques for biomedical applications, such as DNA sequencing,
detection of biomolecules and biological reactions studies, has recently gained considerable
momentum.* In this framework, nanopores, nanometer-scale holes in a thin membrane usually
separating two chambers, are emerging as one of the most promising platforms. A key feature of
nanopores is that they do not require immobilization of the probed molecules. In a nanopore system,
in fact molecules can move to the sensing volume by diffusion or electrophoresis, exploiting the
native charge of biomolecules such as nucleic acids, and an applied electric field. Another key
feature of nanopores is the ability to linearize or unfold and detect long biopolymer coils through
size constriction. When a long biopolymer is threaded through a nanopore only slightly larger than
the biopolymer’s cross-section, its coil structure is linearized as the polymer passes through the
narrow constriction.® Such a unique feature is particularly useful for analyzing local structures along
a long biopolymer, making nanopores an ideal platform for the development of genomic profiling
tools and for DNA sequencing.” **

In 1996 Kasianowicz et al.,** by applying an electric field, drove single-stranded RNA and DNA
molecules through an alpha hemolysin (a-HL) embedded within a lipid bilayer membrane. Since
the channel diameter could accommodate only a single strand of RNA or DNA, each polymer could
cross the membrane as an extended chain, partially blocking the channel. The passage of each
molecule could then be detected as a transient decrease of ionic current. The transient decrease
duration was proportional to the polymer length and channel blockades could be used to measure
the polynucleotide length.

After the milestone paper by Kasianowicz and his collaborators, the field of nanopore sensing has
quite developed, thanks to the technological advances in nanotechnology and molecular biology.
Several other biological nanopores have been exploited, and solid state nanopores have arisen as an
alternative to biological nanopores.

The present introduction gives a short overview over the main features and accomplishments of
both biological and solid state nanopores, with a particular attention on the sequencing applications.
Solid state hollow nanostructures, namely nanoslots, are considered as well, along with proper
nanopores: they don’t allow for electrophoretic flow-through experiments, but they can be exploited
in diffusion experiments.

Apart from the described DNA and RNA detection, biological nanopores have been employed, for
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example, in detection of nucleotides, proteins and other small molecules,*® in the

differentiation between different nucleotide conformations,*® and DNA sequencing.'®?°
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Modern nanofabrication techniques allowed, on the other hand, to fabricate solid state nanopores
of dimensions of few nanometers, comparable to those of the biological proteins. With respect to
biological nanopores, the solid state ones offer the promise of better stability, from the thermal,
mechanical and chemical points of view.?! They have tunable properties such as size, geometry, and
surface chemistry in comparison to their biological counterparts.

Hybrid biological-solid state nanopore platforms are under study, as well, with the idea of

combining the advantages of both biological and solid-state nanopores.?%

1.1 Detection methods
To date, the majority of nanopore sensing studies employed electrical signals for molecule detection

and identification. The main technique utilized to achieve sensing by reading electrical signals is
resistive pulse sensing, like in the cited experiment by Kasianowicsz.? The setup for resistive pulse
sensing consists usually in two chambers separated by a membrane and filled with an electrolyte.
The two chambers communicate via a nanopore and an electrode is placed on both the sides of the
membrane. As a constant potential difference is applied between the two electrodes, ions start
flowing through the nanopore, and a steady-state ionic current can be measured. The translocation
of an analyte from a chamber to the other, determines a partial obstruction of the nanopore channel
and hence temporary current modulations. Current modulations can be measured and related to the
analyte dimensions, shape superficial charge and interactions with the nanopore.

Electric signal sensing nanopores have proven to be useful in numerous applications, but their
further development is hindered by issues such as high-bandwidth electrical noise and low
throughput. Then, as described in the next paragraphs, alternative sensing modalities have been
explored and are under study, including: tunneling current detection, fluorescence detection, and
SERS. In addition, plasmonic techniques are rising as possible tools for improving nanopore based

sensing methods.

1.2 Biological nanopores
Biological nanopores are found in nature as protein channels that regulate the molecular transport

across the cell membrane. They are reproducible with atomic precision and their inner dimensions
are compatible with those of many biologically interesting molecules, making them appealing for
nanopore sensing. In addition, biological nanopores can be engineered in multiple ways, to adapt
the pore to the specific experiment.?*

The choice of the appropriate biological nanopore for a certain application is based on the
geometrical, chemical and stability properties of the nanopores. For example, for molecule

translocation experiments, a relevant feature would be the narrowest constriction diameter of the



protein pores in their native forms. Another critical factor is length. The length of the constriction
region of the pore strongly affects sensitivity in current measurements. For a strand of DNA, the ion
current signal from a given base as it translocates through a nanopore is influenced by neighboring
bases, and signal interpretation becomes extremely difficult unless the current signal is more
isolated to decrease these contributions from nearby molecules. To give an idea of the dimensions,
the distance between two bases is ~0.34 nm for ssDNA,?® and hence about 15 bases will be present
at the same time within an a-HL pore that has a 5 nm long channel. Gating is another issue. a-HL
protein pores remain indefinitely open under a wide range of experimental conditions, providing a
stable baseline for molecular sensing experiments. OmpG pores, instead, undergo pH, voltage, and
spontaneous gating, because of the mobile loops at the extracellular side entrance.?® Site-directed
mutagenesis has been exploited to minimize OmpG pores gating behaviors, and the obtained
“quieter” OmpG pore could be used for ionic resistive pulse sensing experiments.?’

In terms of native surface properties then, AeL pores are characterized by an inner positive charge,
and attract negatively charged analytes. MspA pores and ClyA pores, on the other hand, have
negatively charged residues within the pore constriction.

To summarize, each pore has its own features in terms of size, gating behaviors, and surface, that
can be exploited for different applications. Sketches of the biological pores listed above are
depicted in Table 1.
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Table 1. Structure of some of the most commonly used biological pores.

1.2.1 Biological nanopores applications.
Following Kasianowicsz,*? several different biological nanopores have been used to detect and

1314 even in the form of oligonucleotides and mononucleotides,?® or to

19,30

identify nucleic acids,

distinguish between nucleotide conformations (Fig.1).
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Direct detection of protein molecules is complicated with biological nanopores, since the diameter
of most biological nanopores is smaller than the size of most protein molecules in folded and
functional forms.”* A possible approach makes use of an enzyme motor to induce unfolding of the
protein molecules and prompt translocation,® while several indirect approaches have been
reported.*233

A sensing principle that is unique to biological nanopores is that of the OmpG.'" In this case the
interaction of analyte proteins with OmpG flexible loops leads to a characteristic signal for each
protein molecule, in terms of frequency, duration, and open pore current. By analyzing the current

patterns, the bound protein molecules can be identified.
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Fig. 1 Applications of biological nanopores for detecting nucleotides. (a—c) Oligonucleotides detection (polydeoxyadenines (dAn), n
=2, 3, 4, 5, 10) by means of an aerolysin pore. (a) Short oligonucleotide translocating through a nanopore (aerolysin). (b) From top to
bottom, sample current traces for oligonucleotides of different lengths. The blockades marked with the red triangles are magnified in
the insets. (c) Blockade events associated with the translocation of the different oligonucleotides, with Gaussian fits. From Cao et al.,
Nat. Nanotechnol. 2016, 11, 713—718."

Biological nanopores then, have been used in a variety of ways to study different analytes,
including nucleic acids, proteins, and even metal nanoparticles, but their most chased application is
DNA sequencing. One of the main obstacles in this direction is the fast translocation speed of
ssDNA molecules. The most successful approaches to tackle the problem involve DNA polymerase.
In 2012, Manrao et al.'* exploited a phi29 DNA polymerase motor for slowing down the DNA
translocation through an engineered MspA nanopore. The phi29 is the same bacteriophage that is

itself often employed as the nanopore. In this case, however, its stepwise activity was exploited to
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translocate the analyte DNA molecule through the MspA nanopore at 28 ms per base. With such a
system, Manrao and coworkers were able to resolve changes in current that correspond to a known
DNA sequence. They observed well-resolved and reproducible ionic current levels with median
durations of ~28 ms and ionic current differences of up to 40 pA. Using six different DNA
sequences with readable regions 42-53 nucleotides long, they recorded current traces that map to
the known DNA sequences, achieving single-nucleotide resolution and DNA translocation control.
Still, the described system can’t achieve direct de novo sequencing: direct translation of the electric
signals into reliable sequencing information has not yet been realized, without a reference for
alignment. In those studies where the polymerase is not used, DNA generally translocates faster
than 1 nucleotide per microsecond, and single nucleotide resolution is not achievable yet.

Still in 2012, Fuller et al. first reported the adoption of a nanopore-based sequencing by synthesis
(SBS) strategy for DNA sequencing (Fig.2).%

B Polymerase 'ﬂl‘-TaxA —_— -”-:‘.AN
DNA Polymerase Primer s
. pA
: T—C—G—A
Tagged Nucleotide Template
Hemolysin Pore TagA-P-(P), P=TgG _»_U_ =G
yi
R ————— Y]
3 s T—C—~G—A
TagG»P-(P)‘(i P TagC =P ="
C  Extended Primer: 5'-TTTTAAAAGGG-3’ ok
Template: 3’-AAAATTTTCCC-5’ 5/ e A—G pC
4 3 e T—C—G—A
N o~ iaag "
% ‘ TBBC-NPLJ 4P TT =P =T
for yuN
*g,,} s A —G—C PT
E | U | | 3 . T C—G—A
2% T T U
oxi i [ s

Fig. 2. a-HL—polymerase for DNA sequencing. (a) Sketch of the sensor design. The a-HL nanopore is conjugated to a phi29 DNA
polymerase molecule. (b) SBS working principle. The tagged nucleotides are sequentially captured and detected while they are
attached to the growing DNA strand. (c) Sample homopolymer sequence reads. From Fuller et al. Proc.Natl. Acad. Sci. U. S. A.
2016, 113, 5233-5238.%

In SBS, 4 different tags are attached to the 4 different nucleotides. DNA polymerase is exploited
here, as well: in nature polymerase synthesizes new copies of DNA through formation of a strand
that is complementary to the original template; in SBS, the analyte DNA molecule serves as a
template. DNA polymerase adds the complementary, tagged nucleotides that pair with the analyte
sequence (e.g.: A—T). During this synthesis reaction, the nucleotide tag is cleaved so that only the
native nucleotide is added to the growing strand. The released tag can be identified electrically by

the above described resistive pulse sensing method. Again: through the nanopore chosen for the
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translocation, a distinct transient current level is observed, associated to a different tag. Despite the
outlined achievements, the use of biological pores poses some limitations in DNA sequencing.
Apart from the above mentioned stability issues, enzyme motors like DNA polymerase are subject
to stochastic skipping and backstepping, and can therefore determine errors in the readout. For
practical applications, then, parallel detection would be needed, but mass production of these
nanopore-lipid bilayer systems is still challenging, mainly due to the limited stability of the lipid

bilayer.

1.3 Solid state nanopores
The search for more stable, tunable and scalable sensing systems has stimulated plenty of studies in

the field of synthetic nanopores. Synthetic nanopores have been typically fabricated via FIB or
TEM milling within synthetic membranes such as silicon nitride (SiNx) and silica (Si02),*** but
the fabrication of nanopores has been reported in other materials, including: block copolymers
produced by self-assembly,?! and alumina fabricated through anodic oxidation.*

Nanopores have been fabricated in glass, as well, with a simple benchtop method. The tips of
electrochemically sharpened Pt microwires have been sealed into glass membranes and then
removed, to leave nanopores in their place.’

FIB and TEM microscopes allow for milling nanometric pores into silicon and SiNx membranes,
directly, at the desired positions and quickly. FIB milling usually can yield nanopores of diameters
down to 10+20 nm, while with TEM one can even obtain subnanometric pores. The nanopores that
we have fabricated and that we present in the next chapters, have been realized by means of a
gallium FIB. A scanning TEM has been exploited, instead, for example by Rodriguez-Manzo et al.,
for both thinning a SiNy membrane, by raster scanning the sample, and for drilling holes inside it.
Their fabrication leaded to a 1.4 nm thick membrane with 2.5 nm large holes.*®

The price for the direct, high resolution of FIB anf TEM fabrications is represented by the
expensive instrumentation, low sample throughput and scalability, and by the necessity of
specialized operators. Dielectric breakdown is an interesting alternative for drilling nanopores
inside a dielectric membrane: in 2014, Kwok et al. reported about fabricating holes in dielectric
membranes by using tools that are quite more available to researchers, with respect to FIB and TEM
microscopes. Their method relies on applying a voltage, through a current amplifier, across an
insulating membrane to generate a high electric field, while monitoring the induced leakage current.
At voltages up to 20 V across a t =10 nm or 30 nm thick SiNx membrane, isolated holes start
appearing in the membrane, determining observable increases in the recorded current. Single
nanopores down to 2 nm in size with sub-nm precision can be fabricated, directly in solution. The

nanopores fabricated by this method were shown to produce clear electrical signals from
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translocating DNA molecules. Electrical pulses have been used, similarly, to fabricate nanopores
within graphene layers.*

Dielectric breakdown is a simple and low cost technique but has the disadvantage that the position
of the nanopores on the dielectric membrane is random. A solution is provided by plasmonics. As
reported by Pud et al.*’; the dielectric breakdown occurs at lower applied tensions if the electric
field is applied in combination with an electromagnetic field shined on the dielectric membrane.
Pud and coworkers exploited plasmonic golden bowties to focus the electromagnetic field at the
desired position, namely at the center of the bowties. Nanopores are hence formed in
correspondence with these plasmonic hotspots. The so called optically controlled dielectric
breakdown provides precise control over the nanopore size, so that that these plasmonic nanopores
were used by the authors as single molecule DNA electrical sensors with a performance matching
that of TEM-drilled nanopores. The fact that the nanopores are automatically fabricated in
correspondence with the plasmonic hotspots represents a useful side-effect for plasmonic sensing
experiments in translocation: translocating through the nanopore, the analyte is forced to move
through the plasmonic hotspot. The concentrated optical field can be used to detect or manipulate
the analyte.

A recent tendency in nanopore sensing is represented by ultrathin nanopores. Ultrathin nanopores
can be obtained by thinning “regular” dielectric membranes, like in the TEM fabrication described
above®, or alternatively by drilling holes inside 2D materials like graphene,** boron nitride (BN),*
hafnium oxide(HfO2),* and molybdenum disulfide (MoS,).**

2D materials are very attractive for instance for resistive pulse sensing. Their subnanometric
thickness is comparable for example with the distance between DNA bases. When a DNA molecule
translocates through a 2D nanopore, the ionic current blockade is affected by one DNA base at the
time. On the other hand, with thicker nanopores, the current blockade is affected by several DNA
bases at the same time, making the signal analysis much more complicated. 2D material should
hence offer matchless spatial resolution in this kind of experiments.

A kind of nanopore that, for dimensions and working principle, stands apart from the nanopores
mentioned until here are zero mode wave guides (ZMW). ZMWs are nanometric holes, usually
fabricated in an aluminum film. Unlike the other nanopores, usually they don’t connect two
different chambers: they are closed at the bottom. The key design principle of a ZMW is a confined
electromagnetic field at the bottom of the nanoholes. Given a certain illumination, the only
molecules that feel the light field are the ones located at the bottom of the nanoholes. The rest of the
molecules do not feel the light field, due to the screening of the metallic film. As a result, the only

fluorophores that can be detected are the ones located in the tiny volume at the bottom of the hole.
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A ZMW reduces the detection volume by 3 to 6 orders of magnitude, from 10 *° (with a standard
confocal microscope) to 10 %-10 #liter, allowing for single-molecule detection at the high (~puM)
analyte concentrations where many biological interesting reactions occur.

ZMWs of different shapes have been designed for single-molecule studies*>* and a ZMW is at the
base of one of the most successful sequencing device, developed by Pacific Bioscience.>® The
Pacific Bioscience device is a SBS one. DNA polymerase molecules, bound to a DNA template, are
attached to the bottom of 50 nm large circular aluminum nanopores (ZMWs). Each polymerase is
allowed to carry out second strand DNA synthesis in the presence of fluorescently labeled
nucleotides. Each nucleotide is associated to a different dye, and sequencing is performed the same
way as in the SBS method described for biological nanopores, except that here the signal is the
fluorescence emitted by the different dyes.

1.3.1 Solid state applications
In 2001 Li et al. reported the first demonstration of dsDNA detection with a SiNx nanopore by

means of the resistive pulse sensing technique® . Since then, numerous sensing applications of solid
state nanopores have been shown, for different biomolecules. Few representative examples are
reported here.
In a famous study of DNA translocation dynamics, Plesa and co-workers translocated linear
dsDNA molecules with short oligonucleotide protrusions, acting as markers, attached at determined
locations.> By monitoring the translocation time of the markers as the DNA was moving through
the pore, they measured the translocation speed of different segments along the length of the
molecule, observing large intramolecular velocity fluctuations.
Solid state nanopores are used even to discern between different DNA conformations. Carson and
coworkers were able to differentiate between the ionic current blockades of deleterious and desired
synthesis products.> For both nucleic acids and proteins detection, the fast speed of translocation
has represented a hurdle for an effective molecule detection. DNA translocation has been slowed
down by using the more viscous glutamate (Glu) solutions instead of the conventional CL" based
solutions. For proteins, an example of successful sensing is represented by the detection of bovine
serum albumin (BSA) with an Al,O; modified nanopore.®® The Al,Os layer, deposited by ALD on
the surface, is positively charged at the experimental neutral ph. Therefore, the negatively charged
BSA molecule are slightly attracted to the Al,Os-coated nanopore walls, and are hence slowed
down.
DNA-bound proteins have been detected, as well, as reported by Plesa et al.>’ Here, DNA is
translocated through a nanopore in a linear, head-to-tail configuration and the ionic current
blockade is measured. The translocation of biomolecules bound to the DNA strand can be detected
12



as secondary level current changes in addition to the characteristic blockade current for the bare
DNA molecules.

For what regards DNA sequencing by electric readout, apart from the usual resistive pulse method,
solid state nanopores allow for sensing via tunneling current. Two electrodes are integrated in a
nanopore, forming a nanogap. While the analyte translocates through the nanopore, a potential is
applied between the two metallic electrodes. The tunneling current between the electrodes at any
moment is influenced by the part of the analyte that is inside the pore. It’s been calculated that
every nucleotide should determine its characteristic current fluctuations.”® Experimentally, single
bases flanked by other bases in a short DNA oligomer have been identified from tunneling current
readouts (Fig. 3).>° Simultaneous detection of DNA molecules with both the tunneling current

method and resistive pulse sensing has also been reported.®
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Fig. 3. (a) Sketch of the nanopore/nanogap device. The device is integrated within an electrochemical cell. The tunneling junction is
in correspondence with the nanopore. DNA is drawn by means of electrophoresis from the reservoir through nanopore and tunneling
junction. (b) The entire chip. Optical image. (c) The golden microelectrodes are aligned with the Free-standing silicon nitride
membrane. (d) The window in the silicon nitride membrane, drilled by RIE. SEM image. (e) Top view of the Pt nanoelectrodes. The
nanoelectrodes were fabricated by EBID. SEM image. (f) The nanopore is aligned to the Pt nanoelectrodes. SEM image. From
Huang S. et al.*®

All the methods described so far rely on electrical readouts. Fluorescence readout has been
exploited for sequencing, as well, but it requires some sample preparation. The distinction among
the four types of DNA nucleobases has been achieved by employing biochemical procedures for
DNA expansion. Atas et al. converted each nucleobase in each DNA strand into one of four
predefined unique 16-mers, preserving the nucleobase sequence.®*

The resulting converted strands were then hybridized to a library of four molecular beacons, each
carrying its specific fluorophore tag, that are perfect complements to the 16-mers used for
conversion. Solid-state nanopores were used here to sequentially remove these beacons, one after

the other, generating a series of fluorescence signals in four colors that could be optically detected.
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A similar approach has been reported, with a different DNA “translation”, into a binary code, with

two fluorophores only.®

1.4 Biological-solid state comparison
It is worth summarizing, here, pros and cons of biological and solid state nanopores, with respect to

their stability, fabrication scalability, reproducibility, tunability, and surface modifiability.
Compared to their solid state counterparts, biological nanopore systems suffer of a lack of stability,
due to the fragility of the lipid membrane that sustains the nanopores themselves. And it is the same
fragile lipid membrane that limits the fabrication scalability. On the other hand, solid state
membranes (silicon, SiNy, glass, polymers...) guarantee much better stability, and solid state
fabrication techniques are generally more scalable than the biological ones. From the
reproducibility point of view, biological nanopores can be identical the one to the other, atom by
atom, and hence are completely reproducible. The other side of the medal, though, is that their
design is not very tunable: alterations in biological pore sizes have been developed but require
intensive engineering efforts.?

On the contrary, solid state nanopores can be designed and fabricated within a large range of
dimensions and shapes, at the price of an inferior reproducibility.

Biological nanopores are instead suitable to atomically precise surface modifications, unlike the
solid state ones. The crystal structures are known with a high resolution, for the most commonly
used biological nanopores: functional groups can be placed exactly at the target locations by means
of site-directed mutagenesis.?! In solid state nanopores, surface modifications regard the entire
nanopore surface and surface modification processes have been developed, including: electrostatic
adsorption of molecules that have a charge opposite to the nanopore wall surface,®®* ALD deposition
of silica or alumina,® or even lipid bilayer coatings of the nanopore inner walls.

Last but not least, solid state nanopores are naturally more suitable for integration with other
fabricated nanostructures, and electronics and optical readout systems, with respect to biological

nanopores.

1.5 Hybrid nanopores
The different features of biological and synthetic nanopores suggest to design hybrid nanopores to

exploit the pros of the two approaches. A typical hybrid system is obtained by substituting the
fragile lipid bilayer of a biological nanopores system with a dielectric membrane, like SiNy. Such a
hybrid system combines the stability of a solid state structure with the atomically-precise
reproducibility of the biological nanopores. In 2010 the first hybrid nanopore was reported,

consisting in a-HL biological nanopores inserted in a SiNy membrane.?®
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1.6 Plasmonic nanopores
Two types of plasmonic nanopore configurations can be considered. Plasmonic nanostructures can

be fabricated in proximity of a non-plasmonic nanopore, or the nanopore can be directly fabricated
to support, itself, localized plasmons. In both cases the electromagnetic hot-spot generated by the
metallic nanostructures can be exploited in several ways for sensing molecules, even at the single
molecule level. Examples of plasmonic nanostructures fabricated in proximity of a nanopore
include for example golden nanoparticles on a graphene drilled layer® and bullseye patterns milled
by FIB in a golden layer.®®®” The plasmonic golden bowties we have mentioned above®
(facilitating the dielectric breakdown) are a further example. Within that same research group,
Nicoli et al. have fabricated the same nanopores configuration, with gold bowtie nanoantennas and
a solid-state nanopore at the correspondent plasmonic hot spots.?® They have applied an electrical
tension between the two sides of the membrane and performed DNA translocation experiments and
ionic current resistive pulse sensing. By varying the power of the laser that illuminates the
nanostructures, they were able to characterize the effects of the plasmonic hotspot on the electric
signal. The authors discovered that the Plasmonic excitation of the nanopore influenced both the
sensor signal (nanopore ionic conductance blockade during DNA translocation) and the process of
the capture of DNA into the nanopore, without affecting the duration of the translocations. Even
more interesting, the authors measured a strong plasmon-induced enhancement of the rate of DNA
translocation events in lithium chloride (LiCl, already 10-fold enhancement at a few mW of laser
power). This provides a means to utilize the excellent spatiotemporal resolution of DNA sensing
with nanopores in LiCl buffers, which is known to suffer from low event rates. The authors propose
a mechanism based on plasmon-induced local heating and thermophoresis as explanation for the
described features. Moreover, the same bow-tie structures fabricated around nanopores have been
proposed for rapid DNA sequencing utilizing surface-enhanced Raman scattering from nucleotides
passing through the pore.®®"® Simulations suggest the feasibility of such an approach. Experimental
verification is still to come for biological molecules and DNA in particular. To practically realize
this platform, precise control over analyte—nanopore interactions will be needed, to obtain accurate

Raman signals.
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Fig. 4 Examples of different plasmonic nanopore systems. (a) Golden bowtie antenna combined with a 10 nm pore, for DNA
translocation. (Left) sketch. (Right): TEM image. From Nicoli, F. et al., Nano Lett. 2014, 14, 6917-6925.% (b) Graphene nanopore in
correspondence with a nanoparticle acting as an optical antenna. (Left): sketch. (Right): SEM image. From Nam, S et al., Nano Lett.
2014, 14, 5584-5589.% (c) Bullseye plasmonic nanopore. (Left): Sketches of the top view and of the cross-section. (Right): Top-
down view of the bullseye structure milled into the membrane. From Crick, C. R. et al., Nano Lett. 2015, 15, 553-559.57

Plasmonics can even be particularly useful in the fluorescence detection method. In the “Solid state
nanopores” paragraph, we have described ZMWs as a tool for shrinking the fluorescence detection
volume, in order to diminish the signal noise. Plasmonic optical nanoslots have been fabricated,
mainly in silver and gold and in several different shapes.”*"® They offer the advantage of enhancing
the excitation light field at their hotspot and hence the fluorescence signal from the analyte
molecules, at the price of a larger detection volume, with respect to proper, non plasmonic ZMWs.
As an example, in 2017 Assad et al. have fabricated a dielectric, SiNy nanopore at the bottom of a
plasmonic golden subwavelength nanoslot, to detect translocating dye-labeled DNA molecules by
simultaneously reading an electrical and an optical signal (Fig. 5).”" The electrical signal was the
usual ionic current blockade determined by the pore obstruction caused by the DNA translocation.
The optical signal came, instead from the fluorescent dyes attached to the DNA molecule at specific

positions.
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Fig. 5. A plasmonic nanowell-nanopore system for enhanced fluorescence detection at the single molecule level. a) Sketch of the
cross-section. The device is constituted by a gold nanowell (orange) and by a nanopore milled inside the freestanding silicon nitride
membrane (light green). b) Nanowell array in the free-standing membrane (back side). Optical image. ¢) Top view of a nanowell.
SEM image. d) A nanowell with a nanopore drilled in its base. The nanopore is indicated by an arrow. TEM image. (e) Highly
magnified image of the 4 nm pore. TEM image. From O. N. Assad et al, Adv. Mater., 2017, 29, 1605442.""

The combined nanopore-nanowell system allowed for sensibly increasing the fluorescence signal to
noise ratio. The noise was suppressed thanks to the cladding action of the gold layer and to the
gating role of the nanopore: only one molecule (the translocating one) at the time is let into the
detection volume in such a system. The plasmonic golden nanoslot instead, provided the field
enhancement, and hence the fluorescence enhancement. As mentioned, a second type of plasmonic
nanopores can be considered: nanopores can be fabricated, in fact in such a way to resonate,
themselves with some incoming laser light, to take advantage from the electromagnetic hotspot
generated inside and/or in proximity of the same nanopores. Such plasmonic nanopores are usually
prepared in a metal film on a supporting membrane made of a dielectric material, almost always
SiNy. As an exception, plasmonic nanopores in a suspended 20 nm gold film has been reported.”
Sensing by means of this kind of plasmonic nanopores relies usually on the refractometric detection
with the same detection principle as in the conventional surface plasmon resonance (SPR)
technique.” The plasmonic resonant frequency of a nanopore depends on the effective refractive
index of the surrounding medium. The refractive index, in its turn, is locally modified by the
molecules that are attached to the nanopore walls, leading to a red-shift in the plasmonic
resonance.?’ The main difference in methodology for plasmonic nanopores in comparison with SPR
is that one can simply measure the transmission spectrum, which can be achieved using a
conventional spectrophotometer. Detection through SPR requires slightly more complicated setups.
Furthermore, with respect to other plasmonic sensors, the flow-through design of nanopore systems,

under certain conditions can increase the rate of binding of the analytes and improve the detection
17



limit.%® Another advantage of plasmonic nanopore systems is that their metallic surfaces can be used
as electrodes for electrochemistry experiments,?? for inducing electrophoresis or for applying
resistive heating to the system under study. Unfortunately, despite their capability of sensing
molecules at very low concentrations, refractometric detection is nowadays inapplicable for real-
world uses, because of nonspecific binding in real media, like blood serum. Surface
functionalization should be improved in order to reach nonacademic applications.®® However,
refractometric surface sensors can still be useful to study molecular interactions in the absence of
interfering species, for instance to deduce binding rates and equilibrium constants.®

Beside the refractometric technique, periodic arrays of nanopores in ultrathin Au films were used as
substrates for SERS spectroscopy in the optical range, enhancing the signal from oxazine 720
molecules.®*® An additional approach that exploits metallic nanopores is represented by plasmonic
optical traps. Within certain nanopore designs (e.g.: a double hole) the trapping event itself appears
to generate a clearly detectable intensity change. It is the so called Self Induced Back Action®*
(SIBA). Plasmonic trapping and SERS have been even exploited in combination, for the detection
and identification of 20 nm polystyrene nanoparticles in a plasmonic gold nanopore-cavity

system.®®

1.7 Conclusions
In the long-term, expansion of the nanopore sensing methods beyond traditional ionic resistive

pulse method will continue to push the development of this field. Plasmonic structures can play an
important role for solving the current issues and to provide tools for suiting the nanopore sensing
techniques to the different applications.

In the next chapters, we describe three different nanopore fabrications that represent little steps in
the direction of improving the state of the art single molecule sensing techniques.

In chapter 2 we present a sort of an evolution of a ZMW, capable of combining the features of
plasmonic optical nanoslots with the features of traditional ZMWs.

In chapter 3 we move to a flow-through configuration and present a robust protocol for achieving a
site-selective fluorophore functionalization for plasmonic nanopores.

Finally, in chapter 4 we introduce a hybrid nanostructure, where MoS, flakes are integrated on top

of a 3D hollow plasmonic antenna, to combine the advantages of plasmonic and 2D nanostructures.
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2. A Plasmonic zero mode waveguide for single molecule detection through
highly confined and enhanced fluorescence emission

2.1 Introduction
As mentioned in the first chapter, ZMWs have been widely exploited in single molecule sensing at

micromolar concentrations, thanks to their ability of shrinking the detection volume down to 10 *%—
10 # liters.

ZMWs of different shapes have been designed for single-molecule studies but in most of the cases
the confined field at the bottom of the hole presents no significant enhancement. In contrast,
plasmonic optical nanoslots, usually fabricated on Ag or Au films can provide electric field and
hence fluorescence enhancement (FE). Searching for a structure that could combine the advantages
of a ZMWs with those of an optical nanoslots, Zhao and co-workers designed an alternative
solution.* Their design consists in a rectangular hollow optical nanoslot on a bilayer of gold and
aluminum films. They theoretically showed how the bilayer configuration can replicate the field
confinement of an aluminum ZMW but offering a significant light field enhancement. These
nanoslots combine the advantages of a ZMW and of a plasmonic slot: they can be considered
“plasmonic ZMWs”. On the one hand, they reduce the noise by avoiding to excite the molecules
that are not at the bottom of the nanoslot. On the other hand, they enhance the light absorption from
the fluorescent molecules in that volume, thanks to the plasmonic hotspot at the bottom of the
nanoslot.

Starting from the design from Zhao et al.,'we have fabricated nanoslots in a gold-aluminum
bilayer.> We have simulated their response when excited by a plane wave, and from the
experimental point of view, we have measured their FE and their detection volume. The fabrication
has been challenging. We couldn’t obtain vertical walls, in our structures. Instead, the walls of the
nanoslots show a flared shape. Theoretically, we have demonstrated how a red-shifts is induced in
the spectral behavior of the slot by the fabricated flared shape. Then, we have experimentally
characterized the performances of the fabricated plasmonic ZMW by means of fluorescence
correlation spectroscopy (FCS). With respect to the confocal volume, the detection volume resulted
reduced by a factor 10°. Whit this detection volume reduction, it is possible to detect a single
molecule within uM concentrated solutions. This concentrations are typical of many biological
phenomena.® Still using FCS, we have measured a 25-fold FE, with an illumination wavelength of

676 nm, which was the wavelength for which our ideal structures are theoretically optimized.
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The outlined results demonstrate that the proposed design improves the performance of a ZMW for
fluorescence spectroscopy at the single molecule level. Furthermore, in the spectral simulations our
plasmonic ZMW shows a broadband behavior, which could make it useful for multi-color

applications, of whom FRET spectroscopy is an example.”

2.2 Results and discussion
The experimental verifying of the structure proposed by Zhao et al.! (Fig. 1a) began by fabricating

the two nanostructures: a classic Al ZMW and a Au-Al nanoslot. The preparation of 40 nm wide
nanoslots in a 150 nm thick metal film can be performed using different strategies such as electron
beam lithography (followed by lift-off), or direct milling of the nanostructure using a focused ion
beam (FIB). The first method was discarded because it presents some difficulties during the lift-off

process, due to the high transverse aspect ratio and the small size of the structures.

Fig. 1 SEM images of the fabricated structures. (a) Sketch of the Au—Al nanoslots working principle; Inset: top view of a fabricated
nanoslot; (b) gold—aluminum nanoslot, cross section. A 101 nm gold layer and a 48 nm aluminum layer are visible. To realize a
cleaner and more vertical cross section after the FIB milling, we deposited a platinum layer above the nanostructures: it is the rough
material visible in the two cross sections, above the layers and inside the slot. (c) Aluminum ZMW, top view. (d) Aluminum ZMW,
cross section. The 103 nm thick aluminum layer is clearly visible, as well as the platinum layer above. From Ponzellini P. et al.,
Nanoscale, 2018, 17362-17369.2

The FIB, on the other hand, allows rapid preparation of the nanoslots by direct carving the two-
layer film. An inherent disadvantage of FIB milling is the inevitable flared shape of the resulting

slots. The two cross sections in Figure 1(b,d) show this phenomenon for the two produced
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structures. A second problem of the FIB is the milling depth control. The milling time must be well
calibrated to prevent FIB ions from digging inside the glass under the sample. Various cross
sections with different milling parameters were used to calibrate the milling time. These cross
sections also enabled us to get the correct design parameters for the transverse section. Once we had
calibrated the milling parameters, we searched for the best nanoslots and ZMWs in terms of
performance. For this purpose, we produced (and measured, like described below) several
parametric samples, with gold-aluminum slots and aluminum ZMWs of varying sizes. The reader
can find the results of this optimization process in Fig. 4. The fabrication details are given in the
Methods section, and the fabricated structures are depicted in Fig. 1(a-inset, c). In light of the
plasmonic properties of silver, we have tried to substitute silver to gold, in our fabrications.
Unfortunately, the silver-aluminum nanoslots proved to be unstable once in contact with the analyte
fluorophore solution, leading to inconsistent measurements. In the appendix more details are given,
regarding the fabricated Ag-Al nanoslots.

In Fig. 2 are compared the calculated near fields for our Au-Al nanoslots and for the ideal Au-Al
nanoslots as designed in ref. 1. The simulations in ref. 1 concern ideal structures, with vertical

walls, while we consider both shapes, with vertical and with inclined walls.

), |

Fig. 2. Sketch of the cross section of: the ideal and actual-fabricated rectangular Au—Al (top panels a-b) and the circular Al (top
panel c—d) nanoslot. Near-field intensity distributions of the Au—Al (bottom panels a—b), and Al nanoslots (bottom panels c—d) (ideal
and fabricated) at the experimental wavelength. The maximum of the colorbar does not correspond to the field maximum. The
section planes of the rectangular slots are parallel to the short axis. From Ponzellini P. et al., Nanoscale, 2018, 17362—-17369.2

This last configuration, as reported above, models the structures made with the FIB. The ideal and
the actual-fabricated shapes are shown in the upper panels of Fig. 2 for both the rectangular Au-Al
and circular Al ZMWs models.
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In the lower panels of Fig. 2(a-d) we represent the distribution of the near field intensity for the
ideal and actual gold-aluminum plasmonic ZMWs and aluminum only ZMW. The images are
saturated: in each picture, the color bar of the intensity distribution is chosen to make the field
distribution more understandable. The field distributions are calculated at 676 nm, as this is the
excitation wavelength we used for the experiments, and is even quite close to the resonance
wavelength used in the simulations of ref. 1 for the ideal structure (680 nm). For obtaining the near
field distributions we used a plane wave excitation, keeping the polarization parallel to the short
axis of the structure. We observed that, for both the Au-Al and the Al ZMWs, the e.m. field
remains confined at the bottom of the structure. As expected, the Al ZMW does not yield any field
enhancement, while the ideal Au—Al nanoslots can give an intensity enhancement of more than 250
at the bottom of the nanoslot. On the other hand, the actual-fabricated structure produced presents a
maximum enhancement of the field of a value higher than 75 at the bottom of the nanoslot. These
values are related to an increased absorption of light of the fluorescent probe molecule, which
diffuses randomly in the nanostructures under consideration. In the appendix it is shown that Ag-Al
nanoslots can provide a 120 fold enhancement in the near-field.

In sequencing applications, several dyes are usually needed,>’ and these dyes have different
excitation and emission wavelengths, the one from the other. The same applies for FRET. In FRET
experiments the donor and the acceptor dyes are different in terms of excitation and emission
wavelengths.® For this reason, it could be very useful to have a plasmonic platform that enhances
the fluorescence signal within a wide energy range. Hence, in Fig. 3we show the computed average
near-field intensities vs. the excitation wavelength, for the ideal and actual ZMWs. The computation
is performed at the bottom of the ZMWs.
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Fig. 3. Calculated field enhancements, averaged on the glass/water interface at the bottom of the two nanostructures. (a) Average
field enhancement for the rectangular ideal (green) and fabricated (red) Au—Al nanoslot. (b) Average field enhancement for the
rectangular ideal (green) and fabricated (red) Al ZMWs. From Ponzellini P. et al., Nanoscale, 2018, 17362-17369.2

In the simulations, the nanostructures are excited with a plane wave polarized along the short axis
of the structure, with wavelengths in the 550-900 nm range. In the same way as for the simulations
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in Fig. 2, we computed here the field enhancement for both the ideal and the actual-fabricated
structures. The results in Fig. 3 prove that the flared geometry of the ZMWs we fabricated has to be
taken into consideration. The qualitative behavior of the two structures is the same, but the flared
shape induces a red-shift in the resonance, with important quantitative effects. In particular, at the
experimental excitation wavelength of 676 nm, the average field enhancement is reduced, with
respect to the ideal plasmonic ZMWs, from 300 to 100.

For verifying the performances of our plasmonic ZMWs, we have carried out FCS measurements
with a solution of Alexa Fluor 680 dyes in water. We illuminated the dyes at 676 nm, because
among the wavelengths available to us it was the closest to the spectral maximum of the Au-Al
ZMW (see Methods). Since water has a relatively large surface tension, we had to treat each sample
with an oxygen plasma, and just after that we could drop the fluorophore solution over the
nanoslots. Oxygen renders the metal surface hydrophilic, enabling the fluorophore solution to get
into the nanoslots. Details of plasma treatment and optical measurements can be found in the
Methods.

Now, by means of the FCS technique, we could characterize each structure by estimating the
detection volume reduction (VR), and the FE. We don't report absolute values: VR and FE are
normalized to what we can call the confocal experiment, where we measured the detection volume
and the fluorescence enhancement values from a drop of Alexa Fluor 680 solution on a cover glass.
Confocal measurements were made with two different concentrations (C) of the dyes. For every
measurement, we calculated the temporal correlation of the fluorescent signal as G(r) =
(F()F(t+1))/(F(t))?, where F(t) is the fluorescence signal, 7 is the lag time and ( ) indicates time
averaging.” The data were fitted by means of a Brownian 2D diffusion model (see Methods), to get
the average number of molecules N and the average diffusion time 7,.° After that, the count rate
per molecule (CRM) was calculated as CRM = (F)/N, and the detection volume as DV = N/C.

The results of the confocal experiments are presented in the following table:

C (nM) CRM(kHz) N DV (p./nM)
0.86 2009 2.1 241
8.6 2306 23 2.67

Table 2: Confocal measurements for different concentrations of Alexa Fluor 680.

CRM is here in thousands of counts per second (kHz) while the DV value is in particles per nM. As
we expected, CRM and DV do not depend on the concentration, and we could average out the

obtained values to get:
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CRM (kHz) DV (p./nM)
2.1+ 0.5 2.54% 0.13
Table 2: Average results for Alexa Fluor 680 confocal measurements.

For a slot (or ZMW) “i”, VR was calculated as VRj= DVn/DV; while FE as FE;=
CRMi/CRMcons. As previously reported, several Au-Al nanoslots with different sections and
volumes were fabricated. By means of FCS, we have determined FE and DV for several samples of
every nanoslot. In the following each slot is associated to the FIB software parameters used to
fabricate the slots themselves.

Three parameters are given, related to the three different FIB software design dimensions (x,y,z). X
and y correspond to the transverse section of the nanoslot; z is related to the milling time and
therefore to the structure depth. To analyze the performances of the different nanoslots as a function
of the design parameter, we calculated the transverse section TS =x-y(nm?), and the
volume V = x-y-z (nm?) of the nanoslots under study. In Fig. 4 the FEs of some nanoslots are plotted
versus TS and versus V. It can be observed how the nanoslot with FIB software design dimensions
(60, 130, 30) nm clearly out-performs the rest, therefore we decided to choose it for our

fluorescence experiments.
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Fig. 4. Fluorescence enhancement measurements with Au—Al nanoslots. (a) Fluorescence enhancement as a function of the
theoretical transverse section of the slot. (B) Fluorescence enhancement as a function of the theoretical volume of the slot. All
experiments have been done using a concentration of using of Alexa Fluor 680 of 34 uM. From Ponzellini P. et al., Nanoscale, 2018,
17362-17369.%

According to our cross sections (see Fig. 1(b,d)), choosing 30 nm as the z FIB parameter should
mean milling the metallic bilayer without significantly digging inside the glass substrate; the (60

130) nm x-y parameters should yield a fabricated transverse section of about 45 x 115 nm? at the
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bottom of the nanoslot. Interestingly, these dimensions are very similar to the ideal simulated 40 x
110 nm dimensions of ref. 1. Regarding the Al ZMWs, we verified an optimum?® behavior with their
parameters set to (D,z) = (60,70) nm in the FIB software design. Our cross sections (see Fig. 1c),
suggest that these parameters should lead to milling through the Al layer and digging inside the
glass substrate for a depth of few nanometers. The hole should have a diameter of about 50 nm, at
the bottom.

Fig. 5 presents an example of the FCS measurements performed on the optimized structures. In Fig.
5a, we show sample fluorescence signal traces for the Alexa Fluor 680 dye freely diffusing into the

Al ZMWs, into the Au—Al nanoslots, and for the confocal configuration.
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Fig. 5. FCS measurements in Au-Al and Al ZMWs, as well as confocal reference. (a) Fluorescence time traces of representative
samples. Note that the Au—Al counts have been multiplied times 2.5 for displaying purposes (b) FCS correlation function (dots, raw
data; lines, numerical fits). The cyan traces refer to the confocal reference with a concentration of 86 nM of Alexa Fluor 680; the
green traces are obtained with an Al ZMW with a diameter of 60 nm and a depth of 70 nm, using a concentration of 86 puM; the red
traces are obtained with an optimized Au-Al ZMW at a concentration of 34 uM. From Ponzellini P. et al., Nanoscale, 2018, 17362
17369.

Fig. 5b shows the autocorrelation function G(z) relative to the three fluorescence signal traces. As
intended, the Al and Au—Al ZMWs can work at concentrations of the order of tens of uM and still
perform single molecule detection. Table 3 summarizes the performances of the traditional Al
ZMWs and of our plasmonic Au—Al nanoslots.

Nanostructure | FE(a.u.) VR(a.u.)
120000 *
Al 1.3+0.5 10000
110000 *
Au+Al 253 40000

Table 3: Fluorescence enchancement (FE) and volume reduction (VVR) for the optimized slots. The fluorescence enhancement and the
volume reduction are calculated with respect to the confocal case.

For the Au-Al ZMW, FE is 25, with respect to the confocal case, while a 5 orders of magnitude
reduction is calculated for the detection volume. The diffusion time of the dyes results reduced, as
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well, of a factor 20. This is consistent with the values that can be found in the literature.*® We also
note that the FE value for our plasmonic Au—Al nanoslots is 20 times greater with respect to the Al
ZMW. At the same time, the detection volumes of the two structures are comparable. These two
combined features make the Au-Al ZMWs we fabricated a good candidate for single molecule
detection.

Finally, it should be noticed that the near-field intensity calculated for our structures can’t be
expected to be linearly related to the experimental FE. Firstly, the absorption from the molecule
increases when the exciting field increases, and hence increases with FE, but not linearly.*® There is
a saturation threshold in the dyes absorption, over a certain excitation power. The Alexa Fluor 680
dyes is measured to have a CRM of 2.1 + 0.3 in the confocal experiment: probably the dyes would
be already beyond their linear response range, with a 100 fold intensity enhancement. Secondly, the
calculated field intensities in Fig. 2 and 3 are not the real field intensities that the fluorophore feels
in the experiment: in the experiment we don’t excite our structures with a plane wave. We
illuminate our structures with a tightly focused Gaussian beam (the microscope objective has a NA
= 1.49). Anyway, this wouldn’t represent an issue in case of a real application of our structures,
since parallel detection typically implies the use of a weakly focused light beam to illuminate a
large number of ZMWs at the same time. As a consequence, the calculated high intensities should
hold. Third, the fluorescence we measure comes from the dipolar emission of the dyes inside a
ZMW. The field enhancement does not determine the Purcell factor, which is the enhancement of
the spontaneous emission of dyes. It is the dipole orientation, and the environment around them to
determine the Purcell factor.™* To conclude: the near field simulations are not enough to calculate
FE. Additionally, the Alexa Fluor 680 dyes we use have a quantum vyield of approximately 0.36,
hence it’s impossible to increase their emission more than three times. It’s easier to get high FE
values with low quantum yield dyes.™ In the end, anyway, there is still a significant correspondence
between the near-field intensity simulations in Fig. 2 and 3, and the FE experimental results

summarized in Table 3.

2.3 Conclusions
In the present chapter we have reported on the fabrication of bilayer plasmonic nanoslots capable of

performing enhanced single molecule detection at 10 pM concentrations. The fabrication of the
nanoslots by FIB milling has turned out to present some challenges. We did not manage to replicate
the original design, that contemplated plasmonic ZMWs with flat walls. Instead, we fabricated
nanoslots with a flared shape. We have simulated both the ideal and the fabricated structures and
compared their near-field intensity enhancement as well as their spectral properties. The simulations

suggest that the Au—Al nanoslots could be used in broadband applications. Finally, we have
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experimentally characterized the fabricated structures by evaluating their fluorescence enhancement
and the reduction of their detection volume. Compared to the common Al ZMWs, we have
measured the same tiny detection volume, but with a 20 folds fluorescence enhancement. In the first
chapter we have emphasized how ZMWs are at the base of several reported single molecules
sensing experiments and of one of the most successful sequencing devices: these features
demonstrate that the fabricated Au—Al nanoslots improve the performance of ZMWs for
fluorescence spectroscopy at the single molecule level. And, given that the spectral simulations
show that our plasmonic ZMWs have a broadband behavior, we believe that our plasmonic nanoslot
could be of great interest for sequencing purposes, where FRET and multiple colors approaches can
find an application. Furthermore, the fabricated structure promises to be useful in those
fluorescence sensing applications that require a better signal to noise ratio with respect to the
traditional Al ZMWs.

A further evolution of the proposed nanostructures could come from drilling a nanopore at the
bottom of the nanoslot. It would require a slightly different fabrication: the glass substrate should be
substituted by a SisN4 one and a TEM microscope would be probably necessary to drill a nanopore
at the bottom of the nanoslot. With such a fabrication, it would be possible to exploit the advantages
of a flow-through configuration, for example by drawing the analytes toward and through the

detection volume by means of an electrophoretic force.

2.4 Methods

2.4.1 Sample fabrication

We used a 150 um thick glass slide as the substrate. First, we cleaned the substrates thoroughly in
order to get a smooth metal surface with the subsequent deposition of the metal. We sonicated the
substrates in acetone and isopropanol, then we washed in a piranha solution (3 :: 2 H,SOq4 :: H,05)
and thoroughly rinsed them in deionized and milliq water. We deposited the metal layers by
electron beam evaporation in a high vacuum chamber. For all the metal configurations, we used a 3
nm layer of titanium as the linker, to bond the glass substrate to the metal layers. Without this step,
delamination of the metal layers would take place, as soon as they came into contact with the
fluorophore solution. Such a thin layer of titanium is expected to slightly alter the optical properties
of our structures. We evaporate Ti at a 0.3 A s ! rate. For the Al ZMW case, we evaporated a 110
nm Al layer at 1.5 A s*. For the Au/Al ZMWs we evaporated a 100 nm Au layer at 0.3 A s and a
50 nm Al layer at 1.5 A s,

For the Ag/al ZMW, we evaporated an Ag 100 nm layer at 1 A s * and an Al 50 nm layer at 1.5 A

st
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We milled the nanoslots with a gallium FIB at an accelerating voltage of 30 kV, with a dwell time
of 1 ps, and with the ionic current set to a low value (7.7 pA) in order to obtain a tiny beam and
hence narrow structures. We were not able to clearly distinguish the actual inner geometry of the
nanoslots through top view SEM imaging, because of the very high aspect ratio of our nanoslots.
Only the upper, outer shape of the structures, at the Al-water interface, was neatly visible and
measurable. To evaluate the milling parameters, both the vertical and the horizontal ones, we
needed to realize several cross sections on trial nanoslots, on every sample we fabricated (Fig.
1(b,d)). Firstly, this approach allowed us to calibrate the milling time, and hence to reach the glass
substrate through the metallic layer, without excessively damaging the glass. Then, it enabled us to
measure the slope of the walls of the fabricated nanoslots. With such a calibration we could tune the
FIB software design of the nanoslots and obtain the desired rectangular geometry with the optimal
simulated dimensions at the nanoslot bottom interface. Those parameters represented a starting
point for fabricating parametric samples with nanoslots of various sizes, in a range centered around
the dimensions we have simulated. We did the same for the Al ZMWs.

Once prepared, the samples have been kept under nitrogen atmosphere to slow down their
deterioration.

Before the FCS measurements, we treated our samples with a 90 seconds oxygen plasma (100% O,;
100 W). This was necessary to make their surface hydrophilic enough to let the water solution into
the nanoslots.

2.4.2 Optical measurements
For the fluorescence measurements we used an inverted microscope with an oil-immersion 1.49NA

microscope objective. The light beam enters the microscope through its rear port and was generated
by a continuous ArKr gas laser (1= 676 nm). Before reaching the microscope, the beam was
filtered by a bandpass filter 676/29 nm. The power of the laser before entering the rear port of the
microscope was 15 uW. To handle our samples we used a sample holder attached to a micro and a
nanopositioner. Thanks to the nanopositioner we could center the sample with respect to the
incoming beam. The nanopositioner was used to move the sample in the z plane and to reach the
height where the fluorescence counts were maximum. We dropped 60 pL of Alexa Fluor 680
solution onto the sample and let the dyes diffuse into our structures. We used three filters to
separate the fluorescence of the dyes from the reflected light: a dichroic mirror at 685 nm, a
longpass filter at 685 nm, and a bandpass filter at 711/25 nm. After the bandpass filter, a 50/50
beam splitter was positioned to split the fluorescence light signal into two different channels. Then
to focus the fluorescence signal onto the two equivalent avalanche photodiodes (APD), we used two
50 mm lenses. We recorded the signal coming from the APDs by means of a time-correlated single
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photon counting module. We typically recorded 1 minute long fluorescence traces, choosing a 200
ns binning time. After detecting the fluorescence trace, we performed three different calculations to
obtain CRM. First, we correlated the fluorescence traces from the two APDs. To fit the
autocorrelation function we used a 2D Brownian diffusion model, that allowed us to estimate the
average number of molecules, <N>°. The 2D model can be used to approximate the 3D diffusion
model because the vertical dimension of the detection volume is much greater than its lateral
dimensions.'® Second, we calculated the time average of the fluorescence signal <F> and its
standard deviation OF. Third, we calculated CRM as: CRM = <F>/<N> =+ 8F/<N>. This was
repeated for many nanoslots, to calculate CRM as the average of the CRM values obtained for the

measured nanoslots.

2.4.3 Numerical simulations
We carried out numerical simulations based on the Finite-Element Method implemented in the RF

Module of Comsol Multiphysics® to simulate the electromagnetic behavior of an isolated
plasmonic ZMW. We chose the dimensions of the simulated ZMWs according to the sizes
measured within SEM observations. We used n = 1.33 as the dielectric constant for water, and n =
1.5 for glass. We used the refractive indexes from Rakic® for Au, Ag and Al. The model computes
the electromagnetic field in each point of the simulation region, allowing to calculate the quantities
plotted in the simulation figures. We set the unit cell to 250 nm in width along both the x- and y-
directions and to 1000 nm along the z-direction, with perfect matching layers (150 nm thick) at the
borders. A linearly polarized plane wave illuminates the structure from the glass side, the electric
field aligned along the short axis of the ZMW.

2.5 Appendix: Silver-Aluminum nanoslots

2.5.1 Simulations

We have simulated the near field response of the Ag-Al nanoslot at the experimental wavelength of
676 nm (Fig. Al). The simulation has been performed with a plane wave excitation and a
polarization parallel to the minor axis of the slot. The results of the simulations resemble those for

the Au-Al case, with a strong field enhancement at the bottom of the nanoslot.
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Figure Al. Sketch of a section of the ideal and fabricated rectangular Ag-Al (top panels) nanoslot. In the bottom panels the near field
maps for ideal and experimental structures are reported.

The simulated broadband behaviour of the Ag-Al nanoslot is depicted in Fig. A2. Similarly to the
Au-Al nanoslot case, the experimental-flared shape induces a red-shift with respect to the ideal
shape. Moreover, we observe that the near-field intensity spectra of both the ideal and the
experimental shape are blue-shifted with respect to the Au-Al nanoslot. Here the maximum of the
average field enhancement is quite higher than that of the Au-Al nanoslot, but it occurs at a

wavelength that is far away with respect to our excitation wavelength.
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Fig. A2. Calculated field enhancements, averaged on the glass/water interface at the bottom of the Ag-Al nanoslot for the
rectangular-ideal (green) and flared-fabricated (red) shapes.

2.5.2 Fabrication
Ag-Al samples have been fabricated similarly to the Au-Al ones, the only difference regarding the

deposition rates of the different materials (see methods). Here we show a cross section of the milled
Ag-Al structures (Fig. A3).
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Fig. A3. Silver-aluminum nanoslot, cross section. A 92 nm gold layer and a 45 nm aluminum layer are visible. SEM image.

Once unloaded from the evaporator chamber, these samples have been measured within few hours,
to reduce the oxidation. Unfortunately, the Ag-Al samples were unstable when they got in contact
with the fluorophore solution. As shown in Fig. A4, they started delaminating after few minutes,

thus making it impossible for us to measure their fluorescence response.

20 pm
om—

Fig. A4. Delaminated Ag-Al samples. Bright field images.

Alternatively, we thought of doing the fluorescence experiment in ethanol, instead of in water.
Ethanol has got a smaller surface tension, with respect to water. Therefore, the ethanol-fluorophore
solution can enter the nanoslots without the need of an oxygen plasma treatment. In this way, we
could avoid the oxidizing effect deriving from both the contact with water and the plasma treatment.
Indeed, the Ag-Al sample were more stable in ethanol, but still we did not manage to gather good

data due to the high evaporation rate of ethanol.
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3. Hollow 3D antennas for site-selective functionalization

3.1 Introduction
In the second chapter we have described a special, plasmonic ZMW of our fabrication. Except from

few novel designs we have mentioned,™* ZMWs rely on diffusion, to get the analyte molecules in
solution to the sensing volume. Our nanoslots could be provided with nanopores on their bottom,
but at the price of a more complicated fabrication, on specific and fragile TEM substrate. This can
represent a drawback for example in case of low concentration solutions, where it would require a
long time for the analyte to randomly diffuse to the sensing volume. On the contrary, we have
described in the first chapter how nanopores offer the possibility to operate in flow-through.
Plasmonic nanopores, on their turn, present the further advantage of generating, upon laser
illumination, an electromagnetic hotspot. Until now, plasmonic nanopores have been exploited
mainly as refractometric sensors, but several recent papers report on plasmonic nanopores where the
electromagnetic hotspot is exploited, within optical sensing methods, for reducing the detection
volume, localizing the electromagnetic field and increasing the signal-to-noise ratio.'** Their
strong field gradient then, can allow for slowing down the translocation of an analyte through a
nanopore. As a result, plasmonic nanopores find application in single molecule detection and
sequencing based on Surface Enhanced Raman Scattering (SERS),® as well as in fluorescence
spectroscopy experiments,>® like demonstrated in the second chapter. In particular, enhanced
fluorescence in plasmonic nanopores has been verified in single molecule DNA detection.™? In
these works, one or more nucleotides are tagged with a suitable dye, and their enhanced emission
during the nanopore translocation process enables the fingerprint recording of the molecule. It is
worth mentioning that fingerprinting of a single molecule has been recently proposed for another
important application, i.e. protein sequencing.” In a recent article, Van Ginkel at al. sequentially
read out the signals from a single protein by means of the Foster Resonant Energy Transfer (FRET)
between a dye fixed on a nanopore and the dyes attached to the protein.2 Van Ginkel and co-
workers don’t use a plasmonic nanopore, but with their proof-of-concept experiment they show the
potentiality of FRET to perform single molecule sequencing with a nanopore. Regarding FRET
experiments that exploit plasmonic nanostructure, in 2014 Ghenuche et al. demonstrated that a
plasmonic nanopore can induce a six-fold enhancement in the FRET rate of a single molecule.’ In
addition, in 2016 de Torres et al. demonstrated that plasmonic nanoantennas can allow forbidden
dipole-dipole Foster energy transfer exchanges.'® Despite the significant interest growing around
this topic, there aren’t many works yet about FRET experiments through plasmonic nanopores.
Furthermore, no flow-through experiments that exploit FRET for the detection has been reported so
far. One of the critical aspects to exploit plasmonics in FRET-based sequencing is to immobilize
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one of the FRET pair dyes in proximity of a plasmonic surface. In this regard, surface
functionalization procedures for dye attachment have been extensively investigated,™ but the
selective functionalization at the specific positions where the plasmonic structures are placed is still
challenging and there are few works only, in literature, on this topic.*>* Notice that a proper site-
selective functionalization significantly reduces the amount of the background signal coming from
the substrate and facilitates the investigation of fluorescent emission from specific isolated points.
Fundamental studies in the direction of optimizing the use of plasmonic nanopores are still missing.
A first trial fabrication of ours aimed at obtaining a localized functionalization, along with a high
field enhancement, is depicted in Fig. 1. It consists in an array of golden plasmonic rings on a
dielectric (SisNy) substrate. With respect to the usual plasmonic nanopores, here the surface of the
membrane is not covered in metal: gold is inside the nanopore only. Such a configuration allows to
exploit for example thiol groups, that attach selectively to gold, to bind fluorescent molecules of
interest to the nanopore only, like showed in the next paragraphs. The fabrication is straightforward:
we have sputter deposited 20 nm of gold onto the “back side” of a SizN4 membrane, in order to be
able to focus the FIB. Then, with various ionic currents we have drilled holes of various dimensions
inside the SizN, membrane. To cover the nanopore walls we have sputter deposited gold from the
membrane side we had already deposited gold on. In such a way gold enters the nanopore and
covers its inner walls. With further sputter deposition we were able to tune the inner diameter of the
nanopores down to 15+20 nm. The ability to tune the pore dimension is off course useful to adapt to

different analytes and to generate different field enhancement profiles and intensities.

Figure 1. Plasmonic golden nanopore embedded in a dielectric membrane. Front side. Obtained by sputter coating the membrane
from the back side.

Unfortunately, it’s not straightforward to consistently get rid of the gold deposited on the back side
of the membrane only, in order to obtain the golden-nanopore-on-a-dielectric-substrate

configuration on both the membrane sides.
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While trying to overcome this hurdle, we decided to explore a smarter idea, that involves the 3D
hollow antennas whose protocol has been developed in the last years within our group.® 3D
antennas allowed us to obtain the desired golden-nanopore-on-a-dielectric-substrate configuration
with a simple and robust procedure. The substrate was still a SizNs membrane (100 nm thick)
prepared on a Silicon chip. The fabrication of plasmonic ring nanopore arrays followed the
procedure illustrated in Ref.[15] and used by our group in several recent papers . We spinned a thin
layer of S1813 optical resist on top of the membrane. The resist thickness determines the height of
the final structures. Then we drilled holes through the membrane and the resist layer by means of
the FIB, from the back side of the membrane. In such a way, around every hole, a hollow cylinder
of resist was exposed to secondary electrons generated by the ionic beam. For this experiment, we
used four different ionic currents: 80, 230, 430 and 790 pA. With lower currents it would be
possible to obtain smaller holes, without compromising the robustness of the fabrication. After the
exposure, we developed in acetone and then rinsed in EtOH our samples. The most of the resist
layer was melted and removed, leaving only the hollow exposed resist cylinder in their place.
Finally, we deposited 3nm of Ti and 30 nm of Au by e-beam evaporation. In order to guarantee
much more directionality in the deposition, we chose evaporation, instead of the habitual sputter
deposition, and we positioned the sample exactly above the metal crucible, inside the evaporation
chamber. In such a way we could avoid the metals to deposit on the side walls of the obtained
hollow resist cylinders. We deposited the metal layers at less than 0.3 A/sec, ensuring low
roughness. The simple described procedure allowed us to fabricate plasmonic nanopores with a gold
ring on top of a dielectric hollow pillar. With such a structure, we were able to site-selectively
decorate our metallic nanopores in large arrays with thiol-modified dyes, by means of a single step
functionalization method. From the spectroscopic point of view, we used our functionalization
method to experimentally characterize the emission efficiency of plasmonic nanopores of four
different sizes. As described in the next paragraphs, the characterization was carried out for the

single fluorophore and for the donor/acceptor (D/A) FRET configurations.

3.2 Results and discussion
Depending on the ionic current used in the milling procedure, the fabricated nanopores were

characterized by different hole diameters, spanning from few tens to hundreds of nm. A family of
nanopores, with its average diameter, is associated to each of the four milling ionic current.
Representative SEM images of illustrative samples are displayed in Fig. 2. We prepared the pillars
in 30x30 micron arrays, with a 5 micron distance between adjacent pillars. The average dimensions

of the four families of samples are given in Table 1.
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Notation Di, (nm) Doyt (Nnm)
A 70+ 30 230+ 30
B 170 £ 30 310+ 40
C 250 + 60 370+ 10
D 330 £40 500 + 10

Table 1. Notation and average inner (D;,) and outer (D) diameters of the four different families of fabricated nanopores.

Different diameters are expected to generate different field confinement and enhancement inside
different nanoholes. We used Finite Element Methods (FEM) simulations implemented in Comsol
Multiphysics with the Radio Frequency Module to investigate the behaviour of the fabricated

structures.

Figure 2. SEM images of the fabricated nanopores. (a) Nanopore fabricated with 80pA ionic current; (b) Nanopore fabricated with
230 pA (inset: tilted view of the dielectric pillar and the metallic ring at the top); (c) Nanopore fabricated with 430 pA,; (d) Nanopore
fabricated with 790 pA. From Zambrana-Puyalto X. et al., submitted 2018.°

Fig. 3(a) presents the spectra of the four average structures. The spectra are calculated under a
tightly focused Gaussian beam. It can be observed a red-shift in the spectrum of the nanopores, as
the inner diameter increases. Furthermore, the smaller the structure, the higher is the field
enhancement in the ring volume. Then, in Fig. 3(b), we calculate the field intensity enhancement

42



(|E/E,|?) averaged on the whole volume of the nanopore (see Methods). The illumination is a

tightly Gaussian beam, and the wavelength is 532 nm, like in the experiments (see Methods).
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Figure 3. (a) Computed spectra of the intensity enhancement for the four nanopores excited with a tightly focused Gaussian beam.
(b) Computed field intensity enhancement for the four different fabricated nanopores, averaged out on the volume of the plasmonic
nanopores. The simulations were done for a linearly polarized Gaussian beam that is tightly focused (wy = 350 nm) at 532 nm. Insets:
near-field profiles. From Zambrana-Puyalto X. et al., submitted 2018. ¢

Again, the field enhancement that the dyes feel increases if the size of the nanopore is decreased. Also, the
near-field simulations in the insets of Fig. 3(b), show that the enhanced field fills the whole volume of the
pore in the smallest nanopore (D;, = 70 nm) only. For the bigger nanopores, the field is localized mainly
around the nanopore. This agrees with some results reported about similar structures.*’

The fabricated nanopores (Fig. 2) have the desired structure, with an isolated gold ring on top of a dielectric
tube, that allows to perform our functionalization. Furthermore, the hollow structures can be used as
nanochannels where molecules can translocate/diffuse through. The functionalization method we present is
inspired by a recent functionalization scheme, reported for 2D materials.'® It is based on the conjugation
between gold and a thiolate-dye (Fig. 4). In particular, to obtain a site selective functionalization of our
metallic pores, we chose a HS-PEG2000-NH, molecule as the linker between the gold covered surfaces and
the NHS-activated ATTO dyes. The PEG2000 molecule diameter is about 6 nm, but lower linker lengths
could be obtained with shorter PEG molecules.™ The procedure of functionalization of the dyes is presented
in the Methods section. Here we report the protocol for decorating the nanopores'® (Fig. 4-Top Panel):

1) A 50 uM solution of HS-PEG-NH-OC-ATTO dye is prepared in EtOH. 2) The plasmonic nanopores are
prepared on a SizN, membrane. The metal is only deposited on the front side of the substrate (see Methods).
3) The sample is cleaned in oxygen plasma for 180 seconds to facilitate the diffusion of the dyes through the

nanochannels. The surface that is cleaned is the back side, the one with no metal. 4) We suspend the sample
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on top of an EtOH bath. The metallic face of the sample is in contact with the EtOH bath, whereas the SizN,4
face is in contact with the air. 5) We wet the dry side with a 3 uL droplet of HS-PEG-NH-OC-ATTO diluted
in EtOH. Due to the different concentration, the dyes move towards the EtOH bath and they get attached to
the metallic part when they try to reach it. 6) Before the droplet containing the solution with dyes starts to
dry off, we add another droplet of 3 uL of the same solution. We repeat this step for three times. 7) The
sample is rinsed off in a second pure EtOH bath, and the site-selective functionalization is achieved. It is

worth mentioning that we chose EtOH in order to avoid increasing the wettability of the nanopores.
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Figure 4. (Top-panel) (a) Sketch of the site-selective functionalization process. The front side of the membrane, with the nanopores,
is in contact with an EtOH bath. The back side of the membrane is in contact with a solution of dyes in EtOH. The dyes diffuse
through the channels and get attached to the nanopore thanks to the thiol group. (Bottom-panels) Fluorescence images of plasmonic
nanopores site-selectively decorated with fluorophores. (b) The nanopores are functionalized with ATTO520 dyes. The laser
excitation is at 488nm and the fluorescence detection is in the 500-550nm range. (c) The nanopores are functionalized with
ATTO590 dyes. The laser excitation is at 561nm and the fluorescence detection in the 570-620nm range.! From Zambrana-Puyalto
X. et al., submitted 2018.%

Our configuration, with plasmonic nanopores isolated from the substrate, allows us to get rid of
background contributions, but this method of site-selective functionalization could be used even on
any nanostructure that contains nanochannels. The thiol-terminated dyes strategy is suitable for
noble metals, but the functionalization scheme could be applied also to other materials by exploiting
other functional groups.** The confocal images in Fig. 4(b,c), taken with a Nikon Al confocal

microscope, show the fluorescence from two different samples functionalized with ATTO520 and

! Note that for lifetime measurements we used a different setup.
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ATTO590 respectively. As hoped, the fluorescence comes mainly from the nanopore tips, proving a
site-selective functionalization. It can be even noticed how the fluorescence intensity varies from
pore to pore. The reason is that our protocol does not enable us to attach a predetermined number of
molecules to the metallic surface. Anyway this is not an issue for the lifetime studies we present
here, since our lifetime experiments do not depend on the number of molecules.

Verified the proper functioning of our site-selective functionalization protocol, we could start
investigating the emission behaviours of the ATTO520 and ATTO590 dyes. As mentioned above,
we have studied the fluorescence emission of the two dyes in two different configurations: single
dye and FRET (D/A) pair. For both the configurations, we have considered the four different
families of antennas whose average dimensions are summarized in Table 1.

For the lifetime measurements we used a pulsed laser (A=532nm). We have used two detection
channels: one channel to detect the fluorescence from the ATTO 520 dyes in the 553-577 nm
spectral band, the other to detect the fluorescence from the ATTO 590 dyes in the 593-643nm

spectral band.
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Figure 5. (a): Lifetime measurements of plasmonic nanopores site-selectively functionalized with single ATTO 520 and ATTO 590.
Plotted versus the inner diameter of the nanopore. Each data point is the result of the average of the measurement taken on two arrays
of 49 nanopores (see Methods). The fluorescence from the ATTO 520 (590) dyes has been measured in the 553-577 (593-643) nm
spectral band. (b): Average calculated intensity emitted by an electric dipole in the nanopore volume. The dipoles emit at 565nm and
618nm respectively. The insets are near-field distributions of the field induced by the dipole emitting at 565nm. (c): Representative
lifetime measurements of the four nanopores, as well as the reference case. (d): Far-field intensity emitted by dipoles emitting at 565
nm and 618nm. The far-field is measured on a horizontal plane on top of the nanopore. The insets are the far-field distributions
induced by the emitting dipole at 618 nm. From Zambrana-Puyalto X. et al., submitted 2018.°
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The details about the lifetime measurements of the ATTO dyes emission and about the optical set-
up can be found in the Methods section. Figure 5(c) shows a representative measured lifetime trace
for each of the four families of structures, decorated with ATTO 520 dyes only. As a reference, we
include a lifetime trace measured from a droplet of ATTO 520 dyes thiol-functionalized dropped on
the golden flat surface of the same sample. Fig. 5(a) shows the lifetimes measured for the four
different fabricated arrays of nanopores, separately functionalized with single ATTO 520 and 590
dyes. To calculate each data point in Fig. 5(a) we averaged out about 100 lifetime measurements
(details in the Methods section). Evidently both dyes show the same qualitative lifetime vs
nanopore size tendency. The lifetime decreases as the nanopore diameter decreases.

The reason is intuitive: with smaller pores, the emission of the dyes is more likely reflected off the
antennas to be absorbed back by the emitting dye itself, and the emission rate results enhanced. On
the other hand, to understand why the lifetime reduction is steeper for the ATTO 590 with respect to
the ATTO 520, we had to perform some calculations. In these simulations we investigated the
emission of an electric dipole emitting at 565nm (representative of the ATTO 520 dye) and at
618nm (ATTO 590). In the simulations the dipole is set at 6 nm off the inner wall of the nanopore
(to account for the PEG molecule), and the intensity is calculated inside the nanopore (details in the
Methods section). With a unitary dipolar emission, the emission is expected to decrease as the size
of the pore is increased, since the emission rate is proportional to the inverse of the lifetime.? This
is indeed what the simulations in Fig. 5(b) show. Furthermore, the near-field simulations depict the
abrupt change in the slope between 170 and 250 nm, in the ATTO 590 graph. In the insets in Fig.
5(b) we show the e.m. near-field generated by the dipole excitation, for each of the four families. In
the far-field intensity simulations the same trend holds: the intensity is higher for the smallest
nanopores (Fig. 5d).

To estimate the mean Purcell Factor (or enhancement of the spontaneous decay rate, lﬂ/ro) induced

by our decorated nanopores, we have experimentally measured the lifetime of the HS-PEG-NH-
OC-ATTO dyes dropped on the gold-covered membrane, for comparison. The dyes were placed on
the same membrane of the plasmonic structures, but far from their influence. Table 2 summarizes
these lifetime measurements, and the calculated Purcell factors for all the families of nanopores
decorated with the two dyes (one at the time). The lifetime on the golden membrane is close to 3.5
ns for both the dyes. From the comparison between these lifetimes and the previously reported
nanopore lifetimes, we could calculate the Purcell factors relative to our nanopores to be comprised

between 1 and 6, in accordance with those measured for similar structures.?
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r r r r
Dye Lifetime (ns) /I‘O for A /I‘0 for B /I‘0 forC /l“0 for D
ATTO 520 3.5x0.2 3.2+0.6 25204 1.9x0.2 1.6+£0.2
ATTO 590 3.6+£0.1 61 5+£3 15+£0.2 1.3+0.1

Table 2. Lifetime measurements of ATTO dyes dried off on the flat part of the membrane, and calculated
Purcell factors for the four families of nanostructures.

The next step has been to characterize the FRET configuration. Through our selective
functionalization protocol we have attached both ATTO dyes inside the nanopores, at the tip of our
3D antennas. With respect to the single dye experiments we halved the concentrations of the single
dyes. It should be noticed that the FRET effects we measured are mean effects, since we couldn’t
control the distance between the D/A pairs. Fig. 6(a) shows the lifetime measured for the ATTO
520 dyes both in single and FRET configuration. Fig. 6(b) represents the FRET efficiency for the
ATTO 520 dye on the four different families of nanopores, calculated from the data in Fig. 6(a).
The efficiency is calculated as npper =1 —Tpa/Tp (S€e Methods). We can take different
informations from these two graphs. First, in Fig. 6 (a) we see the trademark effect of FRET: the
lifetime of the donor is shortened by the presence of the acceptor.
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Fig. 6. (a) Lifetime measurements of site-selective functionalized plasmonic nanopores with single ATTO 520 and with ATTO 520
and ATTO 590 altogether. Each data point is the result of the measurement of two arrays of 49 nanopores (see Methods). The
fluorescence from the ATTO 520 dyes has been measured in the 553-577 nm spectral band. (b) Average FRET efficiency for the
ATTO520-ATTO590 FRET pair. From Zambrana-Puyalto X. et al., submitted 2018.

Then, the graph in Fig. 6 (b) shows that the FRET efficiency is practically constant for the larger
nanopores (30% and 31%), but it increases as the size of the nanopore shrinks. Even though we
couldn’t control the distance between the dyes, and that distance isn’t constant, the efficiency values

we calculated are similar to those obtained within other groups that tested similar structures.?? The
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dependence of efficiency on the size is quite intuitive. We can assume the dyes to be attached onto
the wall of the nanopore with a constant density: there is the same number of dyes on each
infinitesimal area of the nanopore. For the large nanopores, the FRET efficiency derives from the
interaction between the dyes of this infinitesimal area: the dyes interact with their first neighbours,
only, since the dyes in the other infinitesimal areas are more distant than the typical 1-20 nm FRET
range. If the curvature of the inner walls is higher, the situation is different. The dyes from each
infinitesimal area can interact with the neighbouring areas, increasing the FRET efficiency. This
can be visualized in the sketch in Fig. 7. In the depicted toy model, the average distance between
the FRET pair results reduced from 7.4 to 6.7 nm because of the increased curvature of the inner
wall. This average distance values are surprisingly quite consistent with our experimental FRET
radii, which are respectively 7.5 £ 0.9 nm and 6.8 + 0.8 nm for the largest and smallest nanopores
(see Methods). Our functionalization method seems to enable us to retrieve the curvature of the

nanopore via lifetime measurements.

D;,=300nm

D;,=70nm

Figure 7. Sketch of the curvature influence on the FRET efficiency. The structure in the centre of the picture represents a nanopore
with an inner diameter of D;,=70 nm. The outer yellow represents a nanopore with an inner diameter of D;;=300 nm. The PEG
molecules are displayed as dashed circles of 6nm. The ATTO dyes are drawn as coloured dots at the end of the PEG molecules. A
line orthogonal to the inner wall surface indicates the position of the dyes on the PEG molecule. From Zambrana-Puyalto X. et al.,
submitted 2018. *°

3.3 Conclusions

In summary, in this chapter we have presented a site-selective functionalization technique to

decorate metallic nanopores and we have characterized their spectroscopic properties. By slightly
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modifying an already known fabrication protocol for 3D hollow nanoantennas, we were able to
obtain isolated plasmonic rings. The robust fabrication technique enabled us to control the
dimension of inner channel of the nanopore. The modulation of the dimension of the nanopores
allowed us to both tailor their field confinement and their Purcell Factor in the visible spectral
range. To investigate how the different dimensions of the nanopores influence the fluorescence
emission, and thanks to the isolated-rings configuration, we anchored thiol-conjugated dyes on the
plasmonic ring, thus forming a functional nanopore. To do that, we have modified the NHS-
activated ATTO 520 and ATTO 590 dyes with a thiolate PEG. We have attached the HS-PEG-NH-
OC-ATTO dyes to the plasmonic ring using a concentration gradient in between the two sides of the
sample. We have functionalized the structures for four different nanopore sizes. We have observed
that the emission efficiency of the plasmonic nanostructures increases as the inner diameter of the
nanopore shrinks. This trend holds for both the single dye configurations and for the FRET pairs. In
the case of FRET pairs, we observed that FRET efficiency increases for small sizes, whereas it
reaches a plateau at the large sizes. The novel approach we presented, where plasmonic nanopores
are used to enhance the fluorescence energy transfer, could open the way toward alternative
detection methods in biosensing and sequencing. Acceptor dyes could be placed, for example, with
our functionalization scheme, on a plasmonic ring on top of a nanochannel that connects two
chambers. Donor labelled analytes could then be translocated through the nanochannel, and
detected through the FRET interaction between donor and acceptor. In the case of DNA sequencing,
a different donor dye could be attached to each of the 4 nucleotides, to distinguish between them
upon their translocation through the pore. More sophisticated designs, with both donors and
acceptors placed on the ring, would be necessary for label free sequencing. Despite the higher
reading velocity of optical signals with respect to the electrical ones, DNA translocation speed
remains an issue in sequencing applications, even in optical reading setups. In this respect, our
plasmonic nanopores could be exploited even as plasmonic traps for the translocating analytes. The
possibility of parallel readout represent, then, like in other optical sensing methods, a major
advantage for our arrays of nanopores, with respect to electric signal based sensing schemes. In the
direction of the mentioned new possible applications, the spectroscopic findings reported for our
nanopores, which have been also supported by numerical simulations, may open new pathways to

engineer the energy transfer in plasmonic nanopores.

3.4 Methods
3.4.1 Optical set-up
The experiments are performed on an inverted microscope with a long distance water-immersion

microscope objective with NA=1.1. The light beam, which enters the microscope through its rear
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port, is obtained with a fibred supercontinuum laser with a central wavelength of A=532 nm. The
spectral bandwidth of the laser is £5 nm, the repetition rate is 78 MHz and the pulse width is
approximately 65 ps. The power of the laser before entering the rear port of the microscope is 0.35
uW. The samples that we use for the experiment are held on a sample holder, which is attached to a
micro and a nanopositioner. The nanopositioner is used to centre the nanopore with respect to the
incident beam. We consider that the nanopore is centred with respect to the beam when the
fluorescence intensity is maximum. The nanopositioner is also used to place the sample at the z
plane where the fluorescence counts are maximized. The detection of the fluorescence is done in
reflection. The fluorescence is separated from the backscattering of the sample by means of three
filters. Firstly, a notch dichroic filter at 532 nm and a longpass filter at 550 nm remove most of the
backscattering. Then, a dichroic filter at 594 nm splits the fluorescence in two paths. The
fluorescence on the path for wavelengths below 594 nm mostly belongs to the ATTO520, while the
fluorescence for wavelengths longer than 594 nm is mostly due to the emission of ATTO590. A
different third filter is added on each path. A bandpass filter at 565/24 nm (618/50 nm) is added on
the path of detection of ATTO520 (ATTO590). An avalanche photodiode (APDSs) is set up on each
path to detect the fluorescence. The signal of the APDs is recorded with a time-correlated single

photon counting module.

3.4.2 Lifetime measurements
The APDs, as well as the laser are connected to a time-correlated single-photon counting module

(Swabian Instruments) in time-resolved mode. Making use of a home-built code, we build a
histogram of 300 bins, each of them having a temporal width of 30 ps. A time delay of 6.56 ns is
applied to the laser channel, so that the histogram is monotonously decreasing. The histogram
measurement is carried out for 25 s, and it is repeated four times, yielding four histograms. A
biexponential function of the kind Ae~t/%a + Be~t/® is used to fit the decay curve for each
histogram. Typically, the Ae~t/%= exponential contains information about the backscattering (or
impulse response function), whereas Be~t/® contains information about the fluorescence. This is
easily observed, as the fluorescence signal tends to decrease over time due to the photobleaching of
dyes which are illuminated for long periods close to a metallic surface. This photobleaching effect
is usually captured in the fit by a decrease of the coefficient B. Then, measuring four histograms
allows us to see if the lifetime measurement is stable over time, or not. We obtain the lifetime of a
particular nanopore by doing a weighted arithmetic mean of the four lifetimes, the weights being
B/A. The same measurement is carried out for each of the nanopores of the array (49 in total), and
it is repeated for a second array. Then, the lifetime of the array is given as the average of all the

significant lifetimes of the two arrays. The lifetime measurements that are not considered significant
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are due to the fact that their value are more than 26 away from the average. The error of the
measurement is obtained as the standard deviation associated to the average with the significant
points.

3.4.3 FRET measurements
The FRET efficiency of the antennas is computed as ngggr = 1 — Tps/Tp, With T, being the

lifetime of the donor by itself and 7,4 the lifetime of the donor when it is in the neighbourhood of
an acceptor. Due to the fact that we cannot control the distances in between the donor and the
acceptor, our experiments yield mean measurements of the FRET efficiency. The concentration of
the donor has been maintained for both experiments, i.e. single donor and FRET pair. A control
check with acceptor sensitization has not been performed because of our lack of control of the
number of molecules and the decreasing fluorescence signal due to photobleaching. The error of
Nrrer 1S computed doing a standard analysis of the statistical propagation of the uncertainty:

TDA
TD—TDA

1/6
The D/A mean distance is obtained using the expression R = R, ( ) , Where R, = 6.5 nm is

the Forster distance of the two ATTO dyes used in the experiment.?®

3.4.4 Chemical modification of ATTO dyes
HS-PEG2000-NH2  [mercapto poly(ethylene glycol) amine] (2,27 mg, 1,135 pmol) were

solubilised in 1 mL of MES 10 mM pH 8 (1,14 mM). From this stock solution, aliquots of 100 uM
of HS-PEG2000-NH2 were prepared using the same buffer, MES 10 mM pH 8.

100 pL of the HS-PEG2000-NH2 aliquot were added to a solution of ATTO590-NHS ester (100
pMM) in MES 10 mM pH 8. The mixture was stirred at room temperature, at dark, overnight. The
same procedure was followed to label HS-PEG2000-NH2 with ATTO520-NHS ester. Even in such
a case, the two reagents were used in the stoichiometric molar ratio of 10:1, respectively for the dye
and PEG. The excess of dye was then removed by 24 hours of dialysis (cut-off membrane: 1 kDa).
Once purified, the labelled PEG was lyophilised overnight (Lio5P, Kambic). The amount of dye
effectively linked to PEG was quantified by measuring the absorbance in water of the labelled PEG
and by means of the specific molar attenuation coefficient and Beer-Lambert law. The so prepared
HS-PEG-NH-OC-ATTO590 and HS-PEG-NH-OC-ATTO520 were stored at -20°C in agueous
solution and diluted at the desired concentration in EtOH prior surface functionalisation
experiments.

Materials: ATTO520 NHS ester, BioReagent, suitable for fluorescence, >80.0% (coupling to

amines), ATTO590 NHS ester, BioReagent, suitable for fluorescence, >60% (coupling to amines),
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HS-PEG2000-NH2 HCI Salt (average Mn 2,000) and 4-Morpholineethanesulfonic acid (MES)
hydrate, >99.5%, were purchased from Sigma Aldrich. MES 10 mM pH 8 was prepared as
followed: a stock solution of 100 mM MES was prepared solubilising MES hydrate (9,76 g, 50
mmol) in of DI water (500 mL); 10 mL of this solution were diluted with 90 mL of DI water
reaching 10 mM as final concentration; the pH was adjusted to pH 8 adding 0,1 M NaOH dropwise.
SpectrumTM Spectra/Por® 6 Standard RC Pre-wetted Dialysis Tubing MWCP 1 kD were
purchased from Fisher.

3.4.5 Electromagnetic Simulations
Numerical simulations based on the Finite-Element Method implemented in the RF Module of

Comsol Multiphysics® were carried out to investigate the electromagnetic response of an isolated
nanopore. The dimensions of the simulated structures were set according to the average sizes
obtained from SEM measurements. A dielectric constant n = 1.33 was used for water, and n = 1.5
was set for the glass substrate. The refractive index of Au was taken from Rakic.?* The model
computes the electromagnetic field in each point of the simulation region, enabling the extraction of
the gquantities plotted along the manuscript. The unit cell was set to be 1500 nm wide in both x- and
y-directions and 2000 nm along the z-direction, with perfect matching layers (200 nm thick) at the
borders. A linearly polarized Gaussian beam is tightly focused down to a spot size of wy = 350nm.
The beam impinges on the top side of the structure, namely where the nanopore is placed, from the
water side. The field intensity enhancement is computed as the average of field intensity in the
volume of the nanopore. We define the volume as D;,, >t /4, with t = 30 nm being the width of the
deposited gold ring.

For the simulations with the dipoles, a dipole oscillating along the in-plane direction of the
nanopore at either 565 nm or 618 nm was placed at 6 nm from the inner wall of the nanopore for all
the four cases treated in the manuscript. In this case the dipole is the only field source within the
simulation region. The field intensity enhancement is also computed across the whole volume of the

pore.
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4. Controlled deposition of MoS: flakes on metallic nanopores by means of
an electrophoretic process

4.1 Introduction

In the third chapter we have shown how our 3D hollow antennas can allow for a simple, fast and
effective protocol for site-selective dye functionalization of plasmonic nanopores. In such a way we
were able to exploit the plasmonic hotspot at the top of our antennas to enhance dye fluorescence
and FRET between the attached dyes. In the fabrication presented here, we have used the same 3D
hollow antennas invented within our group,* as well as more traditional flat plasmonic nanopores, to
develop an easy and robust protocol for integrating MoS, 2D flakes onto plasmonic nanopores.

In the last decade, intensive research efforts have been devoted to the investigation of two
dimensional (2D) materials, such as graphene and various transition metal chalcogenides
(TMDCs)*® Molybdenum disulfide (MoS,) is a typical representative of the TMDCs material
family, and consists of S-Mo-S layers bonded by a Van Der Waals interaction. MoS, offers a
powerful platform for applications in nanophotonics and optoelectronics due to its remarkable
optical properties. In fact, MoS; behaves like a semiconductor with direct band gap electronic
structure, notable flexibility, and tunable optical emission.>” Owing to its atomically thin layer,
monolayer MoS; can be easily integrated with other low-dimensional materials such as quantum

89 and other 2D materials'® to form hybrid nanostructures with intriguing

dots,” nanowires,
electronic and optical properties.

Regarding MoS; optical properties, great efforts have been devoted to realize the active control of
MoS; by utilizing photonic cavity modes and metallic surface plasmons, in order to enhance and
modulate its quantum optical properties. The aim is generally to explore the potential physical
phenomena of MoS,, especially on light—matter interaction, such as multiexciton PL, interlayer
exciton coupling, strong coupling and valley polarization effect. However, hybrid plasmonic-2D
systems have been proposed and can be engineered for sensing purposes too, for example for
enhancing the fluorescent signal from molecules translocating through a 2D nanopore,** or for
trapping molecules in correspondence with a graphene nanopore.*? A plasmonic hotspot localized
on a MoS; layer could then be helpful for example in experiments where MoS; is used as a
fluorescence quencher, to detect nanoparticles™ or biomolecules** from fluorescence signals.

One of the main limitation of MoS, application in photonics and plasmonics is related to the
challenging alignment between nanostructures and the 2D material. New approaches for easy and
controlled integration of 2D materials with metallic or semiconductor nanostructures can hence
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represent a significant help in the cited fields of research, and in sensing applications in particular. It
has been recently proposed and demonstrated, within our group, the possibility to control the
deposition of single layer MoS, flakes on metallic nanostructures by means of chemical
conjugation.™ The novel approach we present here is based on an electrophoretic deposition where
the substrate does not act as an electrode. It can be in principle applied to any substrate endowed
with nanoapertures to be decorated with MoS; flakes in the form of single or few layers, since it
allows high yield controlled deposition on both flat and 3D nanopores like our 3D hollow antennas.

4.2 Results and Discussion

The deposition process is illustrated in Fig. 1 (Top Panel). The MoS; flakes preparation, based on

1617 s described in the methods section; Fig. 1,2 show examples of the ordered

chemical exfoliation,
deposition of single flakes on top of metallic nanoholes and 3D gold nanostructures. The method
used for the deposition is based on the net mean charge of the MoS; in solution. As shown in
Tablel, MoS; flakes have a negative surface charge (-39,57 mV z 0,38 mV) in deionized water,
which is even suggested by their zeta potential ({) value measured by Dynamic Light Scattering
(DLS). € is also known as electrokinetic potential, which is the potential at the surface-fluid
interface of a colloid moving under electric field. Once the charged MoS, flakes are dispersed in
water, ions of the opposite charge are absorbed at the surface, thus forming a layer of closely
adhered ions (the Stern layer). At increasing distances from the surface, the Stern layer transforms
into a diffuse and dynamic layer of a mixture of ions. Together, the Stern and the diffuse layer
constitute the electric double layer (EDL). The EDL determines the mobility of the flakes in
suspension under electric field, which corresponds to the { measured by DLS."® For this reason, the
net surface charge of the flakes is almost neutral in organic solvents like ethanol (-3,66 + 0,28 mV)
where the EDL is different. This dramatically influences the electrophoretic mobility of the MoS2

flakes which is -3,10 + 0,03 umcm/Vs in water and -0,54 + 0,04 umcm/Vs in ethanol (Tablel).

DI water Ethanol
Zeta potential (mV) -39,57+ 0,38 -3,66 + 0,28
Electrophoretic Mobility (umcm/Vs) 3,10 £0,03 -0,54 + 0,04

Table 3. Zeta potential and electrophoretic mobility of the MoS2 flakes measured by DLS in water and ethanol. Values are reported
as average number (n=3) £ SD.
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The charged surface of the flakes suggests the possibility to deposit MoS, by applying a voltage,
to realize an electrophoretic deposition (Fig. 1). The electrophoretic deposition method has been
already reported for MoS, nanosheets for several applications.”*® Here, with respect to the
previously reported protocols, we don’t use the substrate on which the flakes are deposited as an
electrode. On the contrary, in order to obtain a controlled deposition only over our nanostructures,
we place the substrate inside a fluidic chamber where two Pt electrodes are present, one at each side
of the substrate. In particular, the nanoholes on the substrate allow for ionic flow through them but
are an obstacle for the MoS, flakes: MoS, flakes are forced to stop and deposit on the nanopores.
The deposition protocol is illustrated in Fig. 1-Top Panel:* 1) we prepared the plasmonic holes on a
Si3N4 membrane (see methods); 2) we cleaned the sample in oxygen plasma for 1 minute; 3) we
placed the sample at the ground state inside the microfluidic chamber. The chamber was endowed
with two Pt electrodes; 4) we dispersed the MoS2 flakes in H20 and injected them in the Cis side of
the microfluidic chamber. The Trans side was filled with MilliQ H20 only; 5) we applied a suitable
voltage for a time optimized to allow the electrophoretic deposition; and 6) we opened the chamber
and rinsed the sample in EtOH: the controlled deposition was achieved. This method could be used
in principle on every nanostructure endowed with a nanohole; anyway, we observed that the process
had few critical aspects, within our configuration. First, we studied the deposition method on large
rectangular matrices of flat metallic nanoholes. In this design, the substrate is a SisN, membrane
covered with a 100 nm thick gold layer where holes with a 100 nm diameter have been drilled using
FIB lithography. As shown in Fig. 1, the electrophoretic deposition, carried out with an applied
voltage of 2V over 5 minutes, leads to a well-distributed array of MoS, flakes covering the
nanoholes. However, it seems that the holes on the edges of the square of the array did not receive
the right ion flow and were not deposited. This may be due to the configuration of the electric field
inside our chamber and could probably be overcome by increasing the size of the system. We also
compared this deposition process with a simple drop cast (20 puL of MoS; in H20 let dry and rinsed
in EtOH) on the same structure. As expected, in the latter case the substrate appears to be randomly
coated, although a large number of holes are still coated. Repeating the electrophoretic deposition
process on several identical samples shows poor reproducibility in terms of quality of the deposited
flakes. In fact, even when testing different durations of the applied voltage, it seems difficult to
control the number of layers covering the different nanopores. As will be shown below, it is
possible to obtain more than 80% of the metal holes covered with MoS, but the number of holes
decorated with a single-layer scale is low. The measurement of the number of deposited layers is
reported below, as obtained by means of Raman spectroscopy, which allows to discriminate among

single- or few-layer.?? We investigated the possible reasons for the observed low reproducibility.
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Firstly we compared the ( values for freshly prepared flakes with those of flakes that had been
stored in water for several weeks and we further measured the surface charge of different MoS,
samples. The results confirmed how the mean net charge was always negative, and almost constant
at about -38 mV. Secondly, since MoS, is known to act as catalyst in reduction reactions,® we
decided to investigate if this could potentially influence their surface charge. By treating MoS, with
a solution of a strong oxidant (KMnO,4) we noticed that, even though the reduction occurs (as
confirmed by the change in color of the samples, from purple to brownish) the surface charge turns
only slightly more positive: from -38 to -27 mV. This would only marginally change electrophoretic
mobility, so that the catalytic activity of MoS2 flakes cannot be associated with the low deposition

reproducibility.

Figure 1. Top Panel: Illustration of the electrophoretic process; (a-c) SEM micrographs of gold nanohole arrays decorated with MoS,
flakes by means of electrophoretic deposition. From Mosconi et al., submitted 2018.%

Once demonstrated the proof-of-concept deposition, we moved to test its applicability to 3D
structures (Fig. 3(a-d)). 3D plasmonic structures comprising a nanochannel/nanohole can be
fabricated with several different designs and materials, as recently reported.*? The main feature of

these particular nanostructures is that they can confine and enhance the e.m. field in a small gap at
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the top of the structure. With respect to a typical nanohole on a flat metallic layer, the field
enhancement can be significantly higher, while the integrated nanochannel can be exploited as a
nanofluidic element. To illustrate this enhancement we performed computer simulations (see
Methods for details) for the two structures investigated: the nanoholes and the 3D antennas. Fig. 2
illustrates the field confinement / enhancement achievable in the two configurations. In the case of
the MoS; flakes deposited on top of the 3D antenna (Fig. 2(b)) the e.m. field is more confined and
reaches higher values, compared to a flat nanohole (Fig. 2(a)).

Au film

Figure 2. Finite Element Method (FEM) simulations of the investigated structures on which MoS, has been deposited. (a) Top view
of e.m. field intensity (|EJ?) in the case of nanohole on metallic (Au) film covered with a MoS, layer; (b) Top view of [E[? in the case
of 3D Au antenna covered with a MoS, layer. In both the case the MoS, layer covers a 100 nm large hole. From Mosconi et al.,
submitted 2018.%

Fig. 3 shows few examples of Mo2 flakes electrophoretic deposition on these substrates. As
reported above, the 3D vertical antennas can be fabricated with different aspect-ratios, ranging from
few hundreds of nm up to few um in height. With respect to the flat metallic holes, the
electrophoretic force applied through the higher antennas is not as efficient for the deposition. We
expected the higher antennas to introduce a much higher resistivity in the ion flow and, in fact, we
couldn’t get a reproducible deposition. Decreasing the height to 1 pm and increasing the diameter
of the inner channel (see methods for details) we could obtain the ordered deposition. However, the
required voltage is here quite higher with respect to the flat case, and to obtain a high rate of
deposited antennas we needed to raise the voltage up to 15 V. Fig. 2(a,b) illustrate this evidence on
similar samples. On the first one we applied a voltage of 10 V over 10 minutes, in the second the
voltage was increased to 15 V, allowing for a more efficient deposition. Unfortunately, as a
drawback, many flakes deposited also on the outer walls of the 3D antennas. In all the cases,
anyway the procedure resulted in a partially covering layer that crinkles around the metal in many

different ways, ranging from small flakes covering only the top hole to large flakes wrapping the
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3D body of the structure. To verify the effectiveness of the MoS, deposition and to quantify the
number of layers deposited over the different pores, we performed Raman spectroscopy on our
samples at an excitation wavelength of 532 nm. The measurements were performed with a
Rainshaw InVia Microscope Raman system with a 50 x 0.95 NA objective, collecting the signal
with a spectral resolution of 2.5 cm™ and with an integration time of 1s. We calibrated the system

with the intensity of the standard peak at 520 cm™ from a silicon substrate.

Figure 3. SEM micrographs of 3D antennas decorated with MoS, flakes by means of electrophoretic deposition. (a) 10 V applied
voltage, 10 minutes; (b) 15 V applied voltage, 10 minutes; (c) and (d) details of deposited flakes. From Mosconi et al., submitted
2018.%

The results of our measurements are reported in Fig. 4. Fig. 4(a) shows the Raman map referred to a
large arrays of flat metallic nanopores. Fig. 4(b,c) refer to 3D antennas. We used Raman shifts (at
the excitation wavelength of 532 nm) between 400 and 410 cm™ (in correspondence of Ay Raman
mode) to evaluate the amount of MoS;, over the map. These figures indicate a significant difference
among the samples. In the case of the flat metallic nanopores, where the deposition results efficient
also at low voltages, the signal comes from the positions of the nanostructures only. This clearly

demonstrates that our deposition procedure covers the desired elements.
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Figure 4. Raman maps reporting shifts between 400 and 410 cm™ (in correspondence of A Raman mode). (a) Map over 190
nanoholes; (b) map over 3D antennas deposited at 10V for 10 minutes; (c) map over 3D antennas deposited at 15V for 10 minutes.
From Mosconi D. et al., submitted 2018.%

Over 80 % of the holes are decorated with MoS; flakes. The maps measured for the 3D antennas,
instead, show what we observed by means of the SEM microscope. At 10 V only half of the
antennas are decorated. Raising the voltage up to 15 V it’s possible to deposit MoS, flakes over
almost all the structures, but even other parts of the substrate result covered.

As mentioned, we used Raman spectrum analysis to evaluate the number of MoS; layers deposited
on the samples. In Figure 5(a,b) the statistical analysis about the different measured points is
reported for the flat nanoholes and for the 3D nanoantennas sample. The measured points have been
fitted with Lorentzian functions (Fig. 5¢). The in-plane (Elzg at ~ 380 cm™) and out-of-plane (Agq at
~ 404 cm™) Raman modes were always well visible and hence used in the analysis. The difference
between the Elzg and Aig modes (Af) is known to steadily increase with the number of layers; hence,
this parameter can be assumed as a reliable quantity for counting the number of MoS; layers. We
used Af to quantify the fraction of single, double and multilayer flakes decorating the considered
array. We consider “1 Layer” if Af is equal to 18 cm™, “2 Layers” when it is 22 cm™ and “more
layers” when it is above 23 cm™. We concluded that for flat nanopores (Fig. 5a), a single layer
deposition is rare (approximately 5 % of the pores), while most of the deposited flakes are found to
be double layers (26%) or more than two layers (Fig. 5b). This is even accentuated for 3D
nanoantennas where, because of the high voltage used in the deposition, single layer flakes are even
more rare: the most of them resulted to be constituted of two or more layers. This can hopefully be
improved by acting on the electrophoretic process parameters and on the exfoliation procedure, to
obtain better-quality, single-layer flakes in solution. Indeed, here we chose a Li-intercalation
procedure that, with respect to liquid-phase exfoliation, can provide stable suspensions without any

surfactant (that may hamper both anchoring and plasmonic behavior) and with higher exfoliation
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degree,?® which, in our case, was maximized by doubling the Li dose. Unfortunately, MoS, tends to
break up easily during the exfoliation, yielding a quite large size dispersion. Our deposition
procedure proved to work with all the nanosheet sizes. Anyway we believe that by improving the
synthetic procedure in such a way to obtain flakes with homogenous thickness and a controlled
lateral dimension we would be able to further optimize the deposition and, consequently, to improve
the performances of these hybrid nanostructures. Furthermore, by switching from chemical to
electrochemical intercalation, the Li-exfoliation procedure may be scaled-up.?® With this process it
would be possible to prepare single-layer MoS, with higher throughput, which is a necessary

condition for applying these systems at a large scale.
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Figure 5. Statistical analyses based on Raman spectrum to evaluate the number of deposited MoS, layers. (a) Metallic nanoholes
deposited at 2V; (b) 3D nanoantennas deposited at 15V; (c) examples of analyzed spectrum. From Mosconi D. et al., submitted
2018.%

4.3 Conclusions

In summary, we have presented in this chapter a method for preparing a hybrid plasmonic 2D
material. The described fabrication allowed us to obtain large arrays of ordered structures by means
of a low-cost procedure and without any complex lithographic processes. Besides MoS,, our
scheme can be applied to many 2D materials whose surface net charge can be used to guide the
electrophoretic process. With respect to previously reported hybrid plasmonic nanostructures, our
scheme significantly reduces the fabrication procedure complexity, leading to a more robust
approach for integrating 2D materials flakes within plasmonic nanopores. Importantly, our
simulations show that the plasmonic field generated by the nanopores is well localized in proximity
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of the 2D layer, making our structures ideal for investigating hybrid 2D-Material/Plasmonic
systems.

Our approach could be useful even for realizing new hybrid devices for several applications,
including sensing. As, they are, our MoS;-nanopores structures could be used to enhance the
detection of freely diffusing analytes, for example by exploiting the fluorescence quenching
property of MoS,. As for the case of our plasmonic ZMW, a hole could be drilled inside the MoS;
layer to create a 2D plasmonic nanopore. In such a flow through configuration, several sensing
approaches would be possible. The electric readout detection schemes could take advantage of the
2D pore optimal spatial resolution and at the same time of the enhanced e.m. field for a
simultaneous electric-optical readout. The plasmonic hotspot could be then exploited for enhancing
the fluorescence signal of a translocating molecule. Finally, plasmonic trapping could be of benefit,
whatever the detection approach, to slow down the analyte translocation, especially for sequencing

purposes.

4.4 Methods

4.4.1 Exfoliation of MoS:

In a glove-box (water < 1 ppm, O, < 10 ppm), we ground LiBH, (0.109 g, 5 mmol) and MoS,
(0.320 g, 2 mmol) in a mortar and subsequently transferred them in a Schlenk-tube. Then we
brought it outside of the glove-box and connected it to a Schlenk-line. Hence we heated the mixture
at 330°C in a sand bath, for 4 days in nitrogen atmosphere. Then we brought the Schlenk-tube back
inside the dry-box, where we ground it again with additional LiBH,4 (0.109 g, 5 mmol). We then
heated the sample for 3 days at 330°C in nitrogen atmosphere.

Subsequently we added the intercalation product in a single shot in 270 ml of degassed water and
we sonicated the resulting suspension for 1 h in order to facilitate the exfoliation.

To remove the produced LiOH, we equally divided the suspension into six centrifugation tubes (45
ml/tube) and centrifuged at 10000 rpm (23478g) for 20 min for three times, replacing the
supernatant with clean solvent.

To select the flake size, we progressively centrifuged the suspension purified by LiOH at 8000
(150269 — 8K fraction), 6000 (8452g — 6K), 4000 (37579 — 4K), 3000 (2113g — 3K), 2000 (9399 —
2K) and 1000 rpm (235g — 1K),each time collecting the top 2/3 of the supernatant and replacing it

with ultrapure water.
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4.4.2 Fabrication of plasmonic nanostructures
For the fabrication of the nanopores, both in the 2D and 3D geometry, the substrate used was a

SizsN4 membrane (100 nm thick) prepared on a Silicon chip. We fabricated the 2D hole by means of
FIB milling with a current of 80 pA. After the milling, we deposited a thin layer of gold, about 100
nm, on the top side of the membrane. The fabrication of 3D nanoholes array followed the same
procedure as in the third chapter, except from the metal deposition part. In fact, after the
development in acetone, we have sputter deposited about 40 nm of gold on our hollow antennas.
For these experiment 3D antennas with inner diameter between 30 and 100 nm and final height
between 1000 and 2000 nm have been prepared, using different FIB currents.

4.4.3 FEM Simulation of MoS: flakes integrated over plasmonic nanostructures
We investigated the plasmonic properties of the structure by means of finite element method (FEM)

simulations by using the RF Module in Comsol Multiphysics, taking into account the geometries
that could be actually fabricated. We considered a hole of 100 nm diameter into SizN4//Au 100//50
nm membrane. Moreover, in the case of 3D antennas we considered a 1000 nm height antenna with
inner and outer diameter of 100 and 300 nm respectively. A top single layer of MoS, has been
considered in both the cases.

Numerical simulations based on the Finite-Element Method implemented in the RF Module of
Comsol Multiphysics® were carried out to investigate the electromagnetic response of isolated
plasmonic nanohole and 3D antenna. The dimensions of the simulated structures were set taking
into account the geometries that could actually be fabricated. We considered a hole of 100 nm
diameter into SisN4//Au 100//50 nm membrane. Moreover, in the case of 3D antennas we
considered a 1000 nm heigth antenna with inner and outer diameter of 100 and 300 nm respectively.
A top single layer of MoS, has been considered in both the cases. The model computes the
electromagnetic field in each point of the simulation region, enabling the extraction of the quantities
plotted in the graphs. The unit cell was set to be 400 nm wide in both x- and y-directions, with

perfect matching layers (150 nm thick) at the borders.
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