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THREE-DIMENSIONAL DISPERSIBLE
NANORESONATOR STRUCTURE FOR

BIOLOGICAL, MEDICAL AND
ENVIRONMENTAL APPLICATIONS AND
METHOD FOR MANUFACTURE THEREOF

This application is a National Stage Application of PCT/
1B2013/061433, filed 31 Dec. 2013, which claims benefit of
TO2013A000001, filed 2 Jan. 2013 in Italy and which appli-
cations are incorporated herein by reference. To the extent
appropriate, a claim of priority is made to each of the above
disclosed applications.

BACKGROUND OF THE INVENTION

The present invention relates to nanosensors, in particular
nanosensors for biological, medical and environmental appli-
cations, and more specifically a three-dimensional nanoreso-
nator structure.

The invention also relates to a method for the manufacture,
by lithographic techniques, of three-dimensional nanoreso-
nators that are dispersible in a liquid such as water.

Nanoresonators, also known as nanoantennas, are resona-
tor devices of nanometric dimensions which, when exposed
to wide-spectrum exciting electromagnetic radiation, show
increased absorption at a natural resonant frequency deter-
mined by the characteristics of the resonator structure and/or
by the interactions with the environment in which they are
immersed, this frequency being located between the THz
range and the near infrared wavelengths.

Two classes of nanoresonators, namely structured nan-
oresonators and nanoparticles with resonant properties, are
known in the prior art.

Structured nanoresonators may be described as nanomet-
ric-scale circuits, the resonant properties of which are deter-
mined by the inductance and capacitance characteristics of
the circuit, and are therefore also known as LC metamaterials.

Metamaterials have characteristic properties which depend
on the geometry of the device, instead of on its chemical
composition.

The most common structured nanoresonators are based on
a two-dimensional open-loop configuration, such as that
shown in FIG. 1 together with an equivalent electrical circuit.

This two-dimensional nanoresonator structure comprises a
conductive metal microstrip (typically made of gold) shaped
to form an open loop, in which, at the operating frequencies of
the device, the loop-shaped path shows distributed inductive
behaviour and the gap in the ring acts as a capacitor. The
corresponding values of capacitance and inductance depend
on the geometrical parameters of the microstrip, and the
resonant frequency f=1/VLC can easily be tuned by modify-
ing the dimensional parameters of the circuit during the
design process.

Nanoresonators of this type have an intrinsically two-di-
mensional structure, which has to be supported on the surface
of a substrate from which, therefore, they cannot be sepa-
rated. There is a known method in the prior art for making
arrays of nanoresonators anchored to a substrate by using a
lithographic procedure for the versatile configuration of at
least one layer of material deposited on the substrate by planar
deposition techniques.

The resonance of these devices can be tuned over a wide
range of wavelengths, by suitable design of the resonance
structure, but their use is limited by the dimensions of the
array and by the nature of the substrate to which they are
anchored.
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WO 2011/050272 describes an array of two-dimensional
nanoantennas and processes for the efficient manufacture of
an array of nanoantennas whose shape is controlled by nanos-
tencil lithography. This method can be used to produce nan-
oresonator structures on virtually any type of support,
whether conductive, non-conductive or magnetic, with prop-
erties of flexibility and stretchability if required. The array of
nanoantennas formed in this way can be used in spectrometry,
for the detection of bioanalytes or inorganic chemical sub-
stances having resonant frequencies in the infrared range.

The paper by M. Nagel, F. Richter, P. Haring-Bolivar and
H. Kurz, entitled “A functionalized THz sensor for marker-
free DNA analysis”, published in Phys. Med. Biol., 2003,
403625-3636, describes a functionalized biochip for con-
ducting DNA hybridization experiments. The circuit includes
an array of resonators operating at THz frequencies, each
comprising a first metal electrode anchored to a substrate, an
intermediate non-conductive polymer layer, and a second
conductive metal electrode for functionalization, adapted to
bind DNA strands. These resonators are used to detect the
presence of molecules which bind to the functionalized sur-
face, making use of the fact that their resonance properties
vary as a function of the presence of these molecular bonds.

These devices are typically used for in vitro biological
analysis, in analyte assays for example, but have the disad-
vantage that they cannot be injected into a living organism
and traced in vivo, because they cannot be separated from the
substrate.

Unlike structured nanoresonators, some free metallic
nanoparticles, which can be produced by chemical synthesis,
are known to act as nanoresonators because of the resonance
of'the plasmon waves which are established on the surfaces of
the molecules.

For example, nanoparticles of Ag:SiO, and Au:SiO, in
colloidal suspension have been used as electromagnetic nan-
oresonators, as described by A. Kudelski and S. Wojtysiak, in
“Silica-Covered Silver and Gold Nanoresonators for Raman
Analysis of Surfaces of Various Materials”, published in J.
Phys. Chem. C. 2012, 116 (30), pages 16167-16174.

As a general rule, resonant nanoparticles, not bound to any
substrate, can be dispersed freely in a fluid medium and can be
used advantageously for in vivo applications, by exploiting,
where appropriate, their capacity to bind to molecular species
present in the fluid medium, which affect their resonance
properties.

Unfortunately, however, the resonance properties are
mainly determined by the intrinsic characteristics of the
material of the nanoparticles, and since the chemical synthe-
sis process does not enable complexes of nanoparticles to be
produced with controlled shapes, the resonance can only be
tuned over a limited range of wavelengths.

K. H. Su et al., in “Tunable and augmented plasmon reso-
nances of Au/SiO,/Au nanodisks”, published in Applied
Physics Letters, vol. 88, no. 6, 10 Feb. 2006, describe three-
dimensional resonant nanostructures (nanodiscs) anchored to
the original substrate, manufactured by a top-down procedure
based on an EBL (Electron Beam Lithography) process on a
quartz substrate, on which a first conductive gold layer, an
intermediate dielectric layer of SiO, and a second conductive
gold layer are deposited in succession by evaporation. A
standard lift-off process defines the three-dimensional struc-
ture of the nanodiscs without their material separation from
the substrate.

D.J. Wu etal., in “Tunable near-infrared optical properties
of three-layered gold-silica-gold nanoparticles”, published in
Applied Physics B, vol. 97, no. 1, 3 Mar. 2009, provide a
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theoretical description of plasmon resonance in nanospheres
with layers of gold, silica and gold.

Bhuwan Joshi et al., in “Numerical Studies of Metal-Di-
electric-Metal Nanoantennas”, published in IEEE Transac-
tions on Nanotechnology, vol. 9, no. 6, 6 Nov. 2010, present
a theoretical study of cubic and cylindrical nanoantennas
formed with two conductive layers separated by an interme-
diate dielectric layer.

SUMMARY OF THE INVENTION

The object of the present invention is to provide three-
dimensional nanoresonators which are free, that is to say not
fixed to any substrate and dispersible in a fluid medium, and
have resonance properties tunable over a wide spectrum of
wavelengths as a result of the design of the resonant structure,
while being sensitive to the chemical and physical character-
istics of their environment or to the presence of specific
molecular species.

The invention also proposes a method for the manufacture
of three-dimensional nanoresonators as claimed.

Specific embodiments are described in the dependent
claims, the content of which is to be considered as an integral
part of the present description.

Briefly, the present invention is based on a technique of
manufacturing three-dimensional nanoresonators by a litho-
graphic procedure in which an array of nanoresonators is
designed and manufactured on a substrate and the individual
nanoresonators are subsequently released from the substrate,
and subjected to chemical modification if necessary, for the
functionalization of at least one accessible surface exposed to
environmental interactions.

The nanoresonators proposed by the invention have an
overall layered three-dimensional structure, with layers of
different materials, the shape and size of which can be con-
trolled in the design process.

Advantageously, the innovative three-dimensional struc-
ture of nanoresonators that can be produced by the method
proposed by the invention has a plurality of accessible sur-
faces, that is to say surfaces exposed to the environment,
made of different materials suitable for separate functional-
ization, thus enhancing the sensing functions of the device.

The functionalization may be such that it allows a free
dispersion of the nanoresonators in water or other fluid media,
and makes it possible to produce probes sensitive to prede-
termined molecular interactions, or it may be such that it
creates affinities for specific tissues, cells or materials to be
analysed.

The nanoresonators produced according to the present
invention have characteristics which significantly extend
their range of applications, by combining the properties of
design flexibility of the resonant frequency over a wide elec-
tromagnetic spectrum, typical of prior art two-dimensional
nanoreonators, with the dispersibility properties of resonant
nanoparticles.

The possibility of tuning the optical properties of these
nanoresonators over a wide spectrum of wavelengths, from
the visible to the THz region, enables these devices to be
adapted to specific applications. Nanoresonators operating in
the near infrared region can be used for diagnostic applica-
tions on living creatures, since the absorption of the tissues in
this spectral range is fairly low (the “biological window”),
while nanoresonators operating at THz frequencies can be
used to study materials transparent in this region of the elec-
tromagnetic spectrum, for example some polymers such as
polymethylpentene, polypropylene or polyethylene.
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The intrinsically three-dimensional structure of the nan-
oresonator proposed by the invention has considerable advan-
tages over a two-dimensional nanoresonator structure. This is
because the compact three-dimensional structure is capable
of being freely self-supporting, with no support by a sub-
strate, without any appreciable changes in its shape and reso-
nant frequency, as a result of which the nanoresonator pro-
posed by the invention is dispersible in solution and is adapted
to show stable behaviour based on the controlled design of its
intrinsic resonant frequency.

At the same time, because of the possibility of diffusing a
plurality of nanoresonators according to the invention in a
fluid, the nanoresonators can be injected into a living organ-
ism for in vivo analysis as a diagnostic means, or for detecting
physiological or biochemical events, or for use in fluid or
microfiuid assays in which the fluid medium of immersion
affects the overall dielectric constant of the resonant circuit,
or for impregnating porous materials such as marble or stone
used for works of art in investigative and diagnostic opera-
tions conducted on cultural assets. Nanoresonators sus-
pended in a liquid phase can also be conjugated with func-
tional groups to bind to specific tissues or cells to be analysed.

BRIEF DESCRIPTION OF THE DRAWINGS

Further characteristics and advantages of the invention will
be disclosed more fully in the following detailed description
of'an embodiment of the invention, provided by way of non-
limiting example, with reference to the attached drawings, in
which:

FIG. 1 shows a two-dimensional nanoresonator configura-
tion according to the prior art, already discussed in the intro-
ductory part of this description;

FIGS. 2a-2c¢ are representations of a three-dimensional
nanoresonator proposed by the invention, showing (a) the
geometrical structure and an equivalent electrical circuit, (b)
the pattern of lines of intensity of the electric field in the plane
xy, and (c) the pattern of lines of intensity of the magnetic
field in the plane xy;

FIGS. 3a-3/ show a succession of steps of a process for
manufacturing a set of nanoresonators proposed by the inven-
tion, by means of lithography, dry etching, wet etching, and
chemical functionalization;

FIGS. 4a and 44 are, respectively, overall and enlarged
electron microscope views of an ordered array of nanoreso-
nators produced in a first step of the manufacturing process
according to the invention;

FIGS. 4c¢ and 44 are, respectively, overall and enlarged
microscope views of a collection of dispersed nanoresonators
produced in a second step of the manufacturing process
according to the invention, after the process of detachment of
the nanoresonators from the substrate;

FIGS. 54 and 55 are diagrams showing the resonance prop-
erties (in the optical range) of the nanoresonators proposed by
the invention;

FIG. 6 is a diagram showing the resonance properties (in
the optical range) of the nanoresonators proposed by the
invention immersed in a fluid medium;

FIG. 7 is a diagram showing the resonance properties (in
the optical range) of the nanoresonators proposed by the
invention as a function of the bond with an analyte in a
molecular sensing application; and

FIGS. 8 and 9 are diagrams showing the resonance prop-
erties (in the optical range) of the nanoresonators proposed by
the invention dispersed in solution in a liquid.
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DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 2a shows an exemplary structure of a three-dimen-
sional nanoresonator structure according to the invention,
indicated as a whole by 10.

The nanoresonator 10 has a generally prismatic structure
and comprises a stack of superimposed layers of uniform
dimensions, these layers being, respectively, a first electrode
layer 12 of conductive material, preferably made of metal and
even more preferably made of aluminium, an intermediate
layer 14 of dielectric material, preferably an aluminium
oxide, and a second electrode layer 16 of conductive material,
preferably made of metal and different from the conductive
material of the first electrode layer, and even more preferably
made of gold.

The shape of this structure is given purely for guidance and
other different shapes could be devised without departing
from the scope of the present invention. For example, it is
possible to make nanoresonators of prismatic shape, having a
polygonal or circular cross section, or of any arbitrarily cho-
sen shape; or it is possible to make stacked structures in which
the transverse extension and depth of each layer are different
from those of the other layers, each of these dimensions and
materials contributing to the design of the resonant frequency
of the overall structure.

Additionally, nanoresonator structures comprising more
than three layers are possible, while it is also possible to make
structures containing connection elements (shunts) between
non-adjacent conductive layers, so that the electromagnetic
resonance properties of the nanoresonator can be controlled
electrically, rather than purely geometrically.

The choice of different materials for the electrode layers
12, 16 of the nanoresonator plays an important part in the
process of manufacturing the nanoresonator, as will be made
clear by the remainder of this description, since it allows the
nanoresonator structure to be separated, in a process of litho-
graphic definition of the structure of the device, from a sac-
rificial forming substrate on which it is deposited and config-
ured in a predetermined designed layout.

The prismatic structure of the nanoresonator 10 has layers
12, 14 and 16 which are freely accessible and can be func-
tionalized independently of each other, since they have at
least one surface area, 12', 14' and 16' respectively, exposed to
the environment. In the case considered by way of example,
the surface areas 12', 14' and 16' exposed to the environment
coincide with at least the side surface of each layer, while the
lower and upper bases 12", 16", respectively, of the electrode
layers at the ends of the stack can also be exposed to the
environment.

The equivalent electrical circuit of the exemplary nan-
oresonator structure according to the invention is shown next
to the three-dimensional representation of said structure. It
consists of an LC resonant circuit, in which the inductive
behaviour is determined by the antiparallel loop current
propagated in the pair formed by the electrode layers, and the
outer regions of the electrode layers, where the current causes
an accumulation of opposing charges, act as the plates of a
capacitor.

By way of example, a nanoresonator structure adapted to
resonate in the near infrared range has dimensions of about
200 nm on its long side and 100 nm on its short side, and each
layer has a thickness of 50 nm, making the nanoresonator
arranged for use in biological applications. On the other hand,
a nanoresonator adapted to resonate in the THz range has
typical dimensions between 2 um and 10 pm.
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FIG. 2b shows the pattern of the lines of electric field
intensity established on the nanoresonator, and FIG. 2¢ shows
the intensity pattern of the magnetic field lines established on
the nanoresonator. The electric field is confined to the sides, at
the smaller faces of the structure, while the magnetic field is
concentrated around the central region of the structure; that is
to say, the two ends of the nanoresonator exhibit capacitive
behaviour and the central portion of the structure exhibits
inductive behaviour.

The steps of a process for the manufacture of nanoresona-
tors 10 proposed by the invention are described with refer-
ence to FIGS. 3a-3/.

The manufacturing process, which is itself inventive,
includes three different macro steps, namely the manufacture
of an array of nanoresonators on a supporting substrate by
planar lithography, the separation of the nanoresonators from
the substrate and the conjugation of the nanoresonators once
they are free, in other words no longer rigidly fixed to the
substrate, with chemical agents adapted to facilitate the for-
mation of a stable colloidal suspension in a liquid medium.

With reference to FIG. 3a, this shows a gallium arsenide
substrate 20 adapted to support the formation of an array of
resonant nanostructures, on which a first conductive layer 22
of'aluminium is deposited, by evaporation for example, so as
to form a first electrode 12, and an intermediate layer 24 of
aluminium oxide (Al,O;) is also deposited, by known sput-
tering techniques for example, so as to form an intermediate
dielectric 14 of the nanoresonator structure of FIG. 2a.

FIG. 35 shows a subsequent step of lithography which is
carried out by using an electronic beam to expose a commer-
cial positive resist (ARP 67902), previously deposited by spin
coating at 400 r.p.m. and baked at 170° C. for 5 minutes.
When the resist has been exposed and developed, a second
conductive layer of gold is deposited, so as to form a second
electrode 16 of the nanoresonator structure. In order to
improve the adhesion to the aluminium oxide layer, the
evaporation of the gold is preceded by the deposition of a thin
layer of chromium (5 nm). Additionally, the deposition of the
gold is followed by the evaporation of a layer of nickel (10
nm) which is used as a mask for the dry etching. This is
followed by a lift-off for 24 hours (in acetone) to remove the
unexposed resist and the metal deposited thereon, so as to
provide a pattern configuration in which individual pads cor-
responding to the electrode 16 of the nanoresonator structure
appear on the layering of aluminium and native oxide.

As shown in FIG. 3¢, a dry etching step is then performed,
using a technique of reactive ion etching through a reactive
plasma (inductively coupled plasma) of BCl,, Cl, and Ar, to
remove the first conductive layer of aluminium (layer 22) and
the intermediate layer of aluminium oxide (layer 24) located
thereon, with the use of the masking provided by the gold
electrode pads 16; in other words, the removal takes place in
the regions outside the stacked configuration of the nanoreso-
nator structure.

Thus an array of independent nanoresonator structures,
organized in a stable way on the substrate 20, is obtained as
shown in FIG. 34d.

FIG. 4a shows a scanning electron microscope image of a
regular array of nanoresonators fixed to a GaAs substrate, the
nanoresonators being spaced one micron apart in both direc-
tions on the plane. FIG. 4b shows an enlarged view of the
image of FIG. 4a.

After the array of nanoresonator structures has been
formed on a substrate, they are removed from the substrate as
shown in FIG. 3e. In this step, a method of wet etching is
adopted, using acetic acid and hydrogen peroxide. The pre-
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ferred concentration for the solution is: C,H,0,:H,O:
H,0,=20 pl: 6 ml: 2 ml, and the specimen is held in solution
for about five hours.

After this treatment, the nanoresonator structures are
released from the substrate, although they continue to adhere
weakly to it because of adhesion forces such as the Van der
Waals force, in random positions, being tipped onto one side
or inverted, for example. The result of this step is shown
schematically in FIG. 3f, where the solution (water, for
example) has been removed under a vacuum, and scanning
microscope images are reproduced in FIGS. 4¢ and 44, show-
ing an overall view and an enlarged view respectively.

As shown in FIG. 3g, the nanoresonator structures, which
are now released from the substrate and are independent of
each other, are then dispersed in a liquid medium 30. This
process is facilitated by a fast sonication step (for 40 seconds)
in a vessel containing N,N-dimethylformamide (DMF).

In order to obtain the most uniform possible dispersion of
the nanostructures in a liquid medium, for example water, and
to prevent their aggregation and precipitation, the resonant
nanostructures are preferably coated with an alkoxysilane
such as APTES ((3-aminopropyl-triethoxysilane) modified
with a polyethylene glycol (PEG) chain (MW=550 Da), by
means of the amine group, to improve the stability and bio-
compatibility of the suspension.

As shown in FIG. 34, the nanoresonators are functionalized
with APTES, which contributes ethoxysilane groups that
react with hydroxylated surfaces such as the Al and Al,O,
surfaces, causing the formation of Si—O-surface bonds with
the exposed surface 14' of the intermediate layer 14 of dielec-
tric material and with the exposed surfaces 12' and 12" of the
first electrode layer 12 of conductive material. Since the sur-
face of the second electrode layer 16 of gold, exposed to the
environment, has no hydroxyl groups, only the exposed areas
of'the intermediate dielectric layer 14 of aluminium oxide and
of'the firstelectrode layer 12 of aluminium are functionalized.

The reaction takes place when the nanoresonators are in
suspension in N,N-dimethylformamide, after the sonication
step described with reference to FIG. 3g, after the addition of
APTES modified with polyethylene glycol and acetic acid,
which act as catalysts, at a reflux temperature for a period of
24 hours.

After the removal of the solvent under a vacuum, the nano-
structures functionalized in this way can be dispersed in water
by sonication and purified by dialysis through a membrane,
preferably with a cut-off of 10 kDa.

The properties of resonance in the optical range of speci-
mens of nanoresonators as proposed by the invention and
manufactured by the inventors according to the inventive
method were measured with a Nexus Fourier transform spec-
trometer fitted with a white light lamp and a lead selenide
detector. Measurements of reflectance were made on an array
of nanoresonators fixed to the manufacturing substrate, and
on a collection of nanoresonators which were no longer fixed
to the substrate in an ordered array, but had adhered to it in
random positions and orientations.

FIG. 5a shows the result of the reflectance measurements
for an array of nanoresonators on a substrate (as in FIG. 4a),
and FIG. 556 shows the results of the reflectance measure-
ments for a collection of nanoresonators adhering to the sub-
strate (as in FIG. 4b), in a condition of exposure to air (curve
A) and in a condition of exposure to water (curve B) respec-
tively.

The resonance spectrum was calculated as the ratio
between the spectrum of the nanoresonators and the spectrum
of the substrate only.
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FIG. 55 shows a measurable shift in the resonant frequency
as a result of the different dielectric properties of the medium
(air or water) in which the nanoresonators are immersed,
which affects the determination of the overall capacitance
viewed from the structure and ultimately affects the resonant
frequency.

A second set of experiments was conducted using a microf-
luidics device to make accurate measurements of the behav-
iour of the nanoresonators when immersed in a liquid envi-
ronment. In a test chamber having dimensions of about 200x
200%x30 um, illuminated with a beam of light focused on a
diameter in the range from 30 pm to 100 pm, the transmission
spectra of the nanoresonators proposed by the invention were
acquired in different conditions of immersion in the environ-
ment, that is to say in different dispersion environments of the
nanoresonators.

Different liquids, namely water, ethanol, isopropanol and
PDMS (polydimethylsiloxane) respectively, characterized by
different refractive indices, were introduced into the microf-
luidics chamber in sequence. FIG. 6 shows the dependence of
the resonance wavelength on the refractive index of the
medium in which the nanoresonators are dispersed; that is to
say, ultimately, the liquid medium in which the nanoresona-
tors are immersed. Four sets of reproducibility measurements
are reported for each environment, indicated by the refer-
ences 1, 2, 3 and 4 respectively, for water, ethanol, isopro-
panol and PDMS. These measurements demonstrate a linear
dependence of the resonance on the refractive index of the
liquid in which the nanoresonators are immersed. Overall, the
result demonstrates the sensitivity of the nanoresonators pro-
posed by the invention to the physical and chemical disper-
sion environment.

The inventors have also investigated the effects of the
chemical bonds on the metallic surfaces of the nanoresona-
tors (electrodes 12 and 16), by progressively exposing the
nanoresonators to a solution of cysteamine diluted 1:1000 in
water. It is known that cysteamine forms bonds with gold, in
this case with the electrode 16 of the nanoresonator, forming
a sulphur bridge and thereby affecting the optical properties
of the nanoresonator.

FIG. 7 shows the time dependence of the optical transmis-
sion curves of the nanoresonators proposed by the invention
in the presence of cysteamine. A shift in resonance wave-
length of about 50 nm is observable between the condition in
which the nanoresonators are free of bonds (the condition in
which cysteamine is absent, shown by curve A) and the con-
dition in which the nanoresonators are functionalized with
bonds to cysteamine (after a period of 30 minutes of exposure
to cysteamine in solution, shown by curve B). A gradual
reduction of the amplitude of the transmission signal can also
be observed, the time dependence of this signal being attrib-
utable to the kinetics of the cysteamine bonds.

The results of this experiment prove that the nanoresona-
tors proposed by the invention can be used for making probes
for molecular interactions with their surfaces exposed to the
environment.

Advantageously, the structure of the nanoresonator pro-
posed by the invention, which is completely free and detached
from any substrate, has a plurality of areas exposed to the
environment, these areas belonging to layers of different
materials, allowing multiple functionalization of the nan-
oresonator (for what are known as multi-sensing applica-
tions).

FIG. 8 shows the optical response of the nanoresonators
proposed by the invention dispersed in a liquid medium,
specifically a suspension in water of nanoresonators coated
with APTES modified with PEG, prepared as described with
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reference to FIGS. 3a-3/. This figure shows the transmission
spectrum as a function of the wavelength, which shows a
strong resonance peak at the 0.95 um wavelength (curve A) by
comparison with the transmission spectrum of water (curve
B), demonstrating that the optical response of the nanoreso-
nators proposed by the invention is detectable in dispersion in
aliquid phase, even for very small numbers of sensors. This is
because the nanoresonators proposed by the invention have a
much higher sensitivity than the prior art nanoparticles.

FIG. 9 shows the spectra of nanoresonators dispersed in
two different solvents, namely water (curve A) and DMSO
(curve B) respectively, characterized by different refractive
indices. An interpolation curve is provided for each spectral
pattern. The horizontal axis of the graph shows a shift relative
to the resonance of the respective nanoresonators when fixed
to the substrate and exposed to air. In both cases, a blue shift
of the resonance is observable by comparison with the mea-
surement made on an array of nanoresonators fixed to a sub-
strate, where the high refractive index of the gallium arsenide
substrate is dominant. The ratio between the shifts of reso-
nance in the solutions in water and DMSO is 4.25. The reso-
nance contrast is approximately 1%, a factor 20 times smaller
than in the case of nanoresonators fixed to the substrate,
consistent with the random orientation of the nanoresonators
in liquid suspension, and with the resonance damping due to
the molecular bond of the APTES. These findings demon-
strate the sensitivity of the resonant nanostructures according
to the invention in the condition of immersion in a solvent,
and the difference in spectra as a function of the solvent used
provides qualitative proof of the efficacy of detection appli-
cations in the liquid phase using the nanoresonators proposed
by the invention.

In conclusion, the results of the experiments demonstrate
that the three-dimensional structured nanoresonators pro-
posed by the invention, produced by lithography on a sacri-
ficial substrate followed by separation of the structure from
the substrate and suspension in a liquid medium, have optical
properties of sensitivity to the physical and chemical disper-
sion microenvironment, and to any chemical bonds formed by
functionalization, and are therefore promising devices for use
as nanosensors in a wide range of applications.

It has also been demonstrated that these nanoresonators
can be detected optically in a stable liquid dispersion, a fea-
ture which has proved to be essential for use in injections into
living organisms, for the study of absorption in porous media,
and for microfluidics assaying.

It should be noted that the proposed embodiment of the
present invention in the preceding discussion is described
purely by way of example and does not limit the present
invention. A person skilled in the art can easily apply the
present invention in different embodiments which do not
depart from the principles described above, and which are
therefore included in the present patent.

This is true, in particular, as regards the possibility of using
lithographic techniques other than electron beam lithography,
for example nanoimprint lithography, for defining the three-
dimensional structure of the nanoresonators.

Nanoimprint lithography can be used to obtain a greater
number of nanoresonators, up to 10°-10° nanoresonators in
each process, thus reducing the process time. This is because
a single pass in electronic beam lithography has a typical
duration of twelve hours, whereas the typical duration of a
nanoimprint lithography process is reduced to a few minutes.

The surfaces of the nanoresonators proposed by the inven-
tion can also be conjugated with molecular groups which
promote specific transport mechanisms, for example peptides
for cell penetration which may facilitate the internalization of
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the device in living cells, or which promote the bonding and
accumulation of the nanoresonators in certain tissues or cell
types.

The properties of the nanoresonators proposed by the
invention, demonstrated by the experimental results dis-
cussed above, make it possible to use these nanoresonators
advantageously as contrast media in a wide variety of bio-
logical and medical applications. For example, a dispersion of
nanoresonators in a liquid medium, where the nanoresonators
are designed to resonate in a region of the electromagnetic
spectrum in which absorption by cells and tissues is fairly
low, can be used as a contrast medium for medical imaging.
The inventors expect that the use of the nanoresonators pro-
posed by the invention will be able to improve the character-
ization of tissues and the diagnosis of numerous diseases,
including cancers.

The detection capacity of nanoresonators can also be used
to detect molecular interactions in vivo or in biological
assays, for example in order to monitor gene expression, to
detect proteins or enzymes in tissues and cells, or for toxico-
logical purposes. The size of a nanoresonator proposed by the
invention is rather smaller than the size of a cell, making it
possible to use the nanoresonators as intracellular probes. The
internalization of the nanoresonators is possible because of
their nanometric size and can be promoted by functionaliza-
tion with peptides adapted to penetrate the cell membranes or
other molecular groups.

The nanoresonators proposed by the invention can also be
used for environmental applications, for example in the detec-
tion of pollutants or for the study of porous materials which
can be impregnated with liquid suspensions containing a set
of dispersed nanoresonators.

Provided that the principle of the invention remains the
same, the forms of embodiment and details of construction
may be varied widely with respect to those described and
illustrated, which have been given purely by way of non-
limiting example, without thereby departing from the scope
of protection of the present invention as defined by the
attached claims.

The invention claimed is:

1. Three-dimensional electromagnetic nanoresonator
structure, comprising a stack of laterally confined layers
including at least a first layer and a second layer of a respec-
tive conductive material between which a dielectric layer is
interposed, which can be represented by a resonant equivalent
electrical circuit having a nominal resonant frequency deter-
mined by geometrical dimensions of the structure,

wherein said first and second layer include different con-

ductive materials, and

said layers of conductive material and said dielectric layer

have at least a respective accessible surface area,
adapted to be exposed in a liquid environment in which
said structure is immersed.

2. Structure according to claim 1, comprising a prismatic
shape in which said layers of conductive material have an
accessible base surface and an accessible side surface, and
said dielectric layer has an accessible side surface.

3. Structure according to claim 1, wherein said first layer of
conductive material is made of aluminium, said dielectric
layer is made of aluminium oxide and said second layer of a
conductive material is made of gold.

4. Structure according to claim 1, comprising a nominal
resonant frequency in the infrared spectral region.

5. Method for manufacture of three-dimensional nanoreso-
nators dispersible in a liquid medium, comprising the steps
of:



US 9,365,420 B2

11

forming an array of electromagnetic nanoresonators
anchored to a sacrificial supporting substrate, the array
including a plurality of independent three-dimensional
electromagnetic nanoresonator structures, each of the
nanoresonator structures comprising at least a first layer
and a second layer of a respective conductive material
between which a dielectric layer is interposed, each
structure being representable by a resonant equivalent
electric circuit having a nominal resonant frequency
determined by the geometrical dimensions of the struc-
ture, each of said layers having at least a respective
accessible surface area, adapted to be exposed in a liquid
environment in which said structure is immersed,
wherein said first layer and said second layer include
different conductive materials;

separating said nanoresonators from the substrate; and

conjugating an accessible surface area of at least a layer of
each nanoresonator structure with a chemical agent
adapted to facilitate formation of a stable colloidal sus-
pension of said nanoresonator structures in a liquid
medium.

6. Method according to claim 5, in which forming an array

of nanoresonators includes the steps of:

providing a gallium arsenide sacrificial substrate adapted
to support formation of said array of nanoresonators, and
in succession thereon:

depositing a first layer of electrically conductive material;

depositing on said first layer of electrically conductive
material an intermediate layer of dielectric material;

depositing on said layer of dielectric material a second
layer of electrically conductive material different from
the material forming said first layer, according to a pre-
determined configuration of the array of nanoresonators
defined by lithography; and

selectively removing said first layer of electrically conduc-
tive material and said intermediate layer of dielectric
material from regions on the substrate that are external to

10

15

20

25

30

35

12

the configuration of said array of nanoresonators, so as
to obtain a plurality of independent stacked nanoresona-
tor structures.

7. Method according to claim 6, wherein said first layer of
conductive material is made of aluminium, said dielectric
layer is made of aluminium oxide and said second layer of
conductive material is made of gold.

8. Method according to claim 6, wherein said selective
removal takes place by dry etching, using areactive plasma of
BCl;, Cl, and Ar.

9. Method according to claim 5, wherein the separation of
the nanoresonators from the substrate comprises wet etching
with acetic acid and hydrogen peroxide.

10. Method according to claim 5, including dispersion of
the independent nanoresonator structures, separated from the
substrate, in a liquid medium by sonication in N, N-dimeth-
ylformamide.

11. Method according to claim 5, comprising conjugating
said nanoresonator structures with an alkoxysilane com-
pound, by Si—O group bonds with an accessible surface area
of at least one layer of the structure which has hydroxyl
groups.

12. Method according to claim 11, comprising conjugating
said nanoresonator structures with APTES, 3-aminopropyl-
triethoxysilane, modified with polyethylene glycol.

13. Method according to claim 5, comprising conjugating
at least an accessible surface area of a layer of said nanoreso-
nator structures with molecular groups which promote trans-
port mechanisms.

14. Method according to claim 13, wherein said molecular
groups which promote transport mechanisms include pep-
tides adapted to penetrate a cell membrane.

15. Method according to claim 5, comprising conjugating
at least an accessible surface area of a layer of said nanoreso-
nator structures with molecular groups which promote bonds
with a living tissue, or with a cell or with a chemical sub-
stance.



