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Nowadays, nanofluidic platforms are powerful tools for carrying out fundamental
studies on molecular-scale phenomena. Typically, the use of these systems results in
being crucial both in biomedical and environmental fields. In fact, they are widely
exploited for many applications such as detection, concentration, sorting, counting and
sizing of several nano-objects such as nanoplastics, viruses, antibodies and DNA. This is
the context in which my Ph.D. research project is inserted.

| have worked on the development of elastomeric nanofluidic platforms, equipped with
different nanostructures, that are the functional areas of the entire fluidic system, useful
for different applications among which single nanoparticles detection, high-sensitivity
immunoassay analysis and DNA sensing.

Typically, nanofluidic platforms are composed of two U-shaped microchannels
connected by nanostructures with suitable geometries. All devices were fabricated
starting from a pre-patterned silicon mold on which nanostructures were etched using
the Focus lon Beam (FIB) milling technique. Then, the molds were replicated through a,
Poly(DiMethylSiloxane)(PDMS) based, double REplica Molding (REM) technique.
Although FIB is a high-resolution but expensive technology with REM technique, that is
a low-cost and simple approach, | was able to fabricate many polymeric replicas with

high precision re-using the mold for several times. This combination allowed obtaining



high-resolution nanofluidic platforms reducing fabrication costs, a method that is
potentially applicable to processes with high production rate.

However, when the dimension shrinks from micro to nanoscale, PDMS presents
significant limits. In particular, polymeric nanostructures suffer from the “roof collapse”
phenomenon that occurs when the replica is sealed with a glass substrate, a necessary
procedure to obtain watertight devices. It is possible to overcome this problem both by
exploiting the Junction Gap Breakdown (JGB) technique and by using hard-PDMS (h-
PDMS) during the fabrication process.

During my Ph.D. research activity, | have initially worked on an asymmetric structure
that was a funnel-shaped nanochannel in which the tip, after experiencing “roof-
collapse”, was re-opened, thanks to the Junction Gap Breakdown procedure. From an
electrical investigation of the devices fabricated with this strategy, we observed an ion
current rectification characteristic and analyzing the electro-kinetic transport properties
we observed that, in few minutes, intra-funnel accumulation occurs, and this
phenomenon results in being stronger for low ionic strength solutions.

Combining intra-funnel accumulation of biomolecules, governed by electro-hydrokinetic
phenomena, that occurs applying high voltage across the device, and an appropriate
functionalization of nanochannel polymeric surface with antibodies, it was possible to
decrease sensing limit for the detection of one or several targeted antigens for clinical
diagnostics. It was possible to identify through fluorescence optical microscopy and
electrical measurements, the uptake of a specific antigen, diluted in solution (down to 1
pg/ml), to the nanochannel surface when functionalized with antibodies. So, in this
condition, we successfully detected antigen-antibody binding on the nanostructure
surface, a promising step for realizing a high-sensitivity nanofluidic immuno-assay
sensor.

Successively, | have developed other nanofluidic devices equipped with symmetric
nanostructures for single-particle sensing. These devices were made using h-PDMS
(hard- PDMS) in order to confer higher rigidity to the nanostructures, i.e. the functional
part of the device, avoiding collapse problems. H-PDMS was used in exploiting a

“focused drop-casting” approach in order to make only the nanostructure region stiffer,



while leaving the other regions of the device flexible enough to avoid the formation of
cracks along the device. Combining the nanoscale dimension of the sensing gate with
the Resistive Pulse Sensing (RPS) technique, it was possible to analyze single
nanoparticles (NPs) and the motion of single A-DNA molecules through the nanochannel
as transient variations in ionic current during the translocation events, allowing a real-
time, label-free and high-sensitivity detection. In particular, it was possible to
demonstrate the possibility of counting nano-objects depending on selected
characteristics (i.e. charge and size ranging from 40 nm to 100 nm) that is a crucial step,
useful in many fields such as medicine (drug delivery, imaging, cell-secreted carriers),
environment (groundwater remediation, nanoplastics detection) and food production

(nano-agrochemicals, nano-encapsulated additives, anti-microbials).
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1.1Introduction

Nowadays the term nanotechnology, introduced for the first time by Richard P.
Feynman in 1959 during his lecture “There’s a plenty of room at the bottom” at the
American Physical Society meeting [1] and definitively coined by Professor Norio
Taniguchi in 1974 [2], it is usually used for describing a branch of technology, science
and engineering carried on at the nanoscale. Nanoscale concerns structures having
dimensions ranging from 1 to hundreds of nanometers at which fluctuations in the
averaged properties (due to the motion and behavior of individual particles) begin to
have significant effects on the system behavior and cannot be neglected.
Nanotechnology is a very wide and interdisciplinary field, relevant in several research
areas as chemistry, physics, biology, food, electronics, medicine and materials science.
Scientists' tendency to focus on the nanoscale is because, on this nanoscopic scale,
matter shows novel features and potentialities. For example, the ability to study and
manipulate nano-sized materials has allowed a lot of possibilities in many industrial and

scientific activities.



Currently, a large part of nanotechnology is widely exploited in the electronics, optics

and fluidics fields to obtain ever smaller and more performing devices / systems useful

for sensor applications.
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Fig.1.1 Methods of nanodevices production: top-down and bottom-up. (Image: Laboratory for Micro and

Nanotechnology, Paul Scherrer Institut).

This kind of approach, schematically presented in Fig 1.1, is called “top-down” because

starts from bulk material and subsequently uses finer and finer tools for creating smaller

structures or devices that can have several functions such as:

- Extracting information from the system in which they are applied for

investigation or control activities;

- Reducing to sub-micrometric and nanometric scale macroscopic functionalities

with evident advantages;

- Getting new functionalities that do not exist at the macroscale.

However, it is possible to create nanostructure through “bottom-up” nanotechnology.

This approach is based on the self-assembly properties of the matter. Self-assembly is



defined as the capability of small components of atomic or molecular dimensions to self-
assemble together, according to a natural physical principle or an externally applied

driving force, to give rise to larger and more organized systems, until the macroscale[3].

As disclosed before, nanotechnology is a very wide sector and here, in my PhD thesis, |
focused on a nanotechnology section that regards the study and the development of
nanofluidic devices for nano-biosensing applications that result useful in biomedical and

environmental fields.

1.2 Nanofluidics and its properties

Nanotechnology and nanomaterials offer the opportunity to work with nanofluidics that
is defined as the study of the behavior, manipulation and control of fluids that are
confined into structures of almost one dimension ranging from 1 to 100 nm.

The general advantages of working at this scale are the use of less reagents, the
possibility of parallel analysis, faster operation, and the possibility to develop new
analytical tools allowing single molecule studies of objects such as biomolecules[4,5],
DNA [6,7], and viruses[8—10] at a size-scale comparable to their intrinsic dimensions.
However, when a fluid is confined in a nanostructure the dominating forces and physics
process involved tend to change because of the high surface-to-volume ratio. The
influence of surface interactions into a nanofluidic device leads to transport phenomena
that are impossible at larger length scales [11-13]. The transport of fluids and
electrolytic solutions within micro and nanochannels can be controlled by applying a
pressure difference or by applying an electrical potential across the nanofluidic system.
The presence of an electric potential generates several electro-kinetic effects that can
be exploited when using these structures as nano-biosensors. Among the most
important effects that govern the transport of objects of interest at nanoscale there are:

electric double layer, electrophoresis and electroosmosis.


https://en.wikipedia.org/wiki/Fluid

1.2.1 Electric Double Layer

When a charged solid surface comes into contact with an electrolyte solution, a

counterion layer builds in its proximal region.
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Fig.1.2 Scheme of Electric Double Layer formation and parameters that describe this phenomenon.

In particular, as it is possible to observe in Fig. 1.2 the counterions in the solution are
attracted towards the charged surface while the co-ions are repelled. The resulting
charge distribution, at the solid-liquid interface, is called Electric Double Layer (EDL) [14].
This condensed charge layer provides an electric shield against the surface charge, and
when dealing with electric measurements, it is analogous to a capacitor.

The most common model, used to describe EDL, is the Gouy-Chapman-Stern (GCS)
model [15]. It describes the EDL as composed by two layers: (i) a layer called “stern layer”
that consists in ions bound at the solid surface due to the Coulomb interaction and (ii) a
“diffuse layer” that is formed by mobile ions, next to the Stern layer, where ions follow
the Boltzmann distribution until they are free to move as in the bulk solution. The virtual
plane that separates the fixed ions from the mobile ones in solution, is named shear
plane or slip surface. At this plane, no-slip fluid flow conditions can be considered, and
the electric potential is named zeta potential. The electric potential decays exponentially

in the diffuse layer, and the characteristic distance, called Debye length k%, corresponds



to the EDL thickness that can vary with the surface charge and with the ionic strength of

the solution. It is defined as:

1,
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where &g is the permittivity of vacuum, &, is the relative permittivity of water, ks is the
Boltzmann constant, Cis the bulk concentration of the electrolyte, T the temperature
of the fluid, e the electron charge and N4 the Avogadro’s number [16].

Typically, the Debye length ranges from one-tenth of nanometer at high ionic strengths
to hundreds of nanometers. Many of the characteristic properties of nanofluidic
structures arise because when the EDL could has a size comparable to the nanochannels

that are the functional part of the nanofluidic devices.

1.2.2 Electroosmosis

The electro-osmotic flow consists in the movement of a fluid through a membrane, a

micro / nanochannel, a porous material or other similar structures [17].
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Fig.1.3 Scheme of electroosmotic flux within nanochannels.

The electroosmotic flow is due to the Coulombian forces acting on the mobile charged

particles in solution. As shown in Fig. 1.3 when a charged solid surface is immersed in a



fluid EDL formation occurs and when an electric field is applied, the mobile part of EDL
(diffuse layer) is set in motion because of the Coulombian forces. The resulting liquid
movement is called "electrosmotic flow" (EOF) [18]. For example, if the surface of the
nanostructure has a negative charge the positive mobile charges present in the diffuse
layer will move towards the cathode. The mathematical representation of EOF velocity

is:

—{&E
VeEor = . (1.2)
n
and the EOF mobility is defined as:
v —(¢
Heor = % = - 4 (1.3)

This means that the EOF mobility depends on the charge of the solid surface,

viscosity, ionic strength and pH of the electrolytic solution.

1.2.3 Electrophoresis

Electrophoresis is another important electro-kinetic effect that occurs when an electric
field is applied across a nanofluidic device. Electrophoresis differs from electroosmosis
because, in the latter, it is the liquid that moves respect to a solid body when an electric
field is applied, while in electrophoresis it is the particle, present in solution, that moves
in relation to the liquid under the electric field influence [16].

Electrophoresis is the basis of numerous analytical techniques, used to separate

molecules based on their shape, or their charge [19].
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Fig. 1.4 Scheme of electrophoretic phenomenon.

The electrophoresis movement is schematically shown in Fig. 1.4 and is mathematically
described by the Smoluchowski theory [20] that relates the electrophoretic mobility pe

with particles characteristics and fluid parameters as follow:

EE
o = rn"z (14)

where €, is the relative dielectric constant, €0 the vacuum permittivity, n the dynamic
viscosity of the fluid and Cis the particle zeta potential.

This relation does not take into account the Debye length effect even if it plays a
fundamental role. In fact, in the standard theory for electrophoresis, a particle’s
electrophoretic mobility is due to (i) the electrostatic force acting on the bare charge of
the particle, (ii) the hydrodynamic friction force at the particle-liquid interface and (iii) a
retardation force that is caused by the presence of a EDL around the particle.

When the EDL increases, the retardation force also tends to increase and when EDL
becomes bigger than particle radius the electrophoretic mobility is not well described
by Smoluchowski theory but it is possible to describe this parameter through the Huckel

model [21] that relates the electrophoretic mobility as follow:

_ 2&&C

T (1.5)
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1.3 Lab-on-chip devices

The understanding of fluid motion at nanoscale is at the base of the development of
more complex nanofluidic platforms called Lab on Chip devices. Lab on chip (LOC) is a
term that indicates a device that integrates multiple functions conventionally conducted
in standard laboratories and facilities. In other words, it is possible to define LOC devices
as miniaturized laboratories built on small and portable chips able to make sequences

of laboratory processes to do specific analysis.

Fig. 1.5 Schematic representation of integration of laboratory process in a LOC device (Image: Hugo

Salmon. Medical Physics, Université Paris)

As shown in Fig 1.5 a LOC device is composed by a network of micro- and nanochannels,
electrodes, sensors, and electrical circuits and applying electric fields, or other driving
forces, along the device, it is possible to control the liquid flow and make other

operations that allow to analyze the liquid sample inside the chip. This means that the


https://www.sciencedirect.com/topics/engineering/sensor-electrode

understanding of electrokinetic-driven liquid flow in micro- and nanochannels is
fundamental for designing and controlling lab-on-a-chip (LOC) devices. In fact, as
disclosed before, all solid-liquid (aqueous solutions) interfaces “carry” electrostatic
charge that means the increase of EDL at the interface on the liquid side which in turn is
responsible of electroosmosis and electrophoresis [22].

The use of LOCs provide several advantages compared to common laboratories such as:

Low sample volume required;

e Low fabrication costs;

e Faster analysis time thanks to the short diffusion distances and high surface to
volume ratio;

e Good process control because of the faster response of the system;

e Compactness and parallelization allowing high-throughput analysis.

These enormous advantages help make LOC technology a good candidate for improving
global health, for example through the installation of Point of Care (POC) in remote areas
of the world. So, the main goal is to create nanofluidic platforms that allow to perform

in poorly equipped clinics specific diagnostic tests without laboratory support [23].


https://www.sciencedirect.com/topics/engineering/microchannels
https://www.sciencedirect.com/topics/engineering/lab-on-a-chip-device
https://www.sciencedirect.com/topics/engineering/solution-interface
https://www.sciencedirect.com/topics/engineering/electrostatics
https://www.sciencedirect.com/topics/engineering/electroosmosis
https://www.sciencedirect.com/topics/engineering/electrophoretic-technologies

The majority of nanofluidic devices are made of solid-state materials, such as silicon,
silicon oxide or quartz suitably machined. Among the most popular machining
techniques are Focused lon Beam (FIB) and Electron Beam Lithography (EBL).

These techniques result in being convenient because they allow obtaining stable
nanostructures, which are the functional part of nanofluidic devices, with high precision
and resolution. But, on the other hand, they present several drawbacks including high

production costs and time-consuming character.

Therefore, for limiting these negative aspects, a promising manufacturing option is
offered by soft-lithography methods that consist in the replication of a mold by using,
as principal compounds, elastomers and allowing a great reduction of production costs.

The most famous soft-lithography technique is called Replica Molding (REM).

10



2.1 Electron Beam Lithography

Electron Beam Lithography (EBL) is a technique derived from the development of

electron microscopy that consists in the emission and scanning of a focused electron

beam on the surface of the sample covered with a sensitive resist.

electron beam
source

1%t condense Ienss

beam blanker—E L electron beam

2nd condense lens -
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(a) Side view (b) Top view

Fig. 2.1. (a) Working principle of EBL and (b) an example of machining.

exposed pattern

P

When electrons, with high energy, interact with the positive resist, an increase of its

solubility occurs allowing the selective removal of the exposed regions. As a typical 30

KeV electron beam have a much smaller wavelength than UV light, which is used in

convectional photolithography, structures around 10 nm, or even smaller, can be

created with EBL. So, with EBL it is possible to fabricate complicated micro/nanofluidic

patterns, even if EBL is not a suitable tool for mass production of nanofluidic devices

because of its relatively high cost and low scanning speed [24,25].

11



2.2 Focused lon Beam Technique

Focused lon beam (FIB) technique is used in several fields such as material science,
biology and semiconductor industry for its capabilities of analysis, implementation and
ablation of samples. Its structure is similar to an electron microscope; in fact, it is

composed by a column in which ions can be accelerated and focused onto the sample.

nanomachining
by sputtering

30 keV Ga*

Fig. 2.2 Scheme of FIB milling procedure.

Generally, as shown in Fig 2.2 FIB is incorporated in a system with both electron and ion
beam columns, allowing the same feature to be investigated using both beams.

In the field of nanofabrication, FIB milling has attracted the attention of many researches
because it is able to manufacture nanopatterns directly without the use of photo resist
or electrons. Comparing it to EBL it has significant advantages in terms of sensitivity,
backscattering and proximity effects [26].

FIB milling principle consists in the setting up of a gallium ions beam with a size, current
and energy able to cause a collision cascade providing target atoms with enough energy
to overcome the surface binding allowing to pattern the sample surface. In this way, it
is possible to fabricate nanostructure with high precision and resolution. In fact, it is
possible to successfully fabricate nanochannel with at least one dimension close to tens
nanometers [27,28].

Definitively, the FIB technique results a crucial technique for the fabrication of

nanofluidic devices even if it remains a high-cost technique [24].

12



2.3 Soft-lithography: the use of PDMS

Soft lithography includes a set of patterning methods that utilize elastomeric
compounds for fabricating nanofluidic devices. As stated before, the principal advantage
of this method is not only a relatively low cost, easy setup, and high throughput, but also
a pattern resolution that can range from nanometer to micrometer precision.

Soft lithography needs to utilize FIB or EBL technique to fabricate the initial stamp. This
step needs only to be done once because with soft lithography it is possible to replicate
the stamp hundreds of time decreasing fabrication costs [29]. In soft lithography, the
most used elastomeric material is polydimethylsiloxane (PDMS), a polymeric compound
characterized by viscoelastic properties and weak intermolecular force that gives it a

rubbery behavior.

HyC HaC CHs CHs;
Mg S 5~ "
o] o]
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L dn

Fig. 2.3 PDMS Monomer chemical structures.

Fig. 2.3 shows the chemical structure of PDMS which consists of a repetition of
[SiO(CH3)2] units. In the field of nanofluidic this polymer results to be widely exploited
for the fabrication of devices thanks to several useful properties, that make it suitable

for biomedical applications, such as:

e Young's modulus of approximatively 2-3 MPa
e Optical transparency and low autofluorescence;
e Thermal stability up to 200°C;

e Chemical modification of its surface with different molecules;

13



e |Low cost;
e low toxicity;

e Good biocompatibility and biodurability.

Thus, thanks to these advantages, regarding costs, simplicity of fabrication techniques,
versatility and biocompatibility, the use of PDMS results crucial for the production of

different miniaturized nanofluidic devices [30].

2.3.1 Replica Molding (REM) technique

Replica Molding is a technique that allows obtaining surface patterns with dimensional
characteristics lower than 100 nanometers without requiring, as in other protocols, the

use of specific equipment.

PDMS pouring Release of

Master mold . . .
& reticulation  PDMS replica

Fig. 2.4 PDMS replica molding procedure.

Fig 2.4 shows the REM procedure schematically. A liquid PDMS prepolymer is poured on
the original master whose surface is pre-patterned with nanometeric structures, made
by using advanced lithographic techniques such as FIB or EBL. The initial master can be
made of SiO,, SisN4, metals, or photoresists. After curing, PDMS is carefully peeled-off
from the mold producing polymeric nanostructures that are the same of those on the

surface of the original master [31]. The replica molding process could be repeated once

14



or twice depending on the nanostructures patterned on the original master if they are

in relief or etched.

15



Nanofluidic devices offer powerful versatility in terms of shape and size, and the unique
phenomena that occur in nano-confined conditions offer interesting opportunities for
applications not easily achievable at the microscale. In particular, nanochannel is a
powerful tool to investigate nanoscale physical and chemical phenomena such as ion
concentration polarization, nonlinear electrokinetic flow and transport in confined
regions in order to create bio- or nanosensors (able to separate, manipulate and detect

single molecules) that result useful not only in biomedical but also environmental field.

3.1 Biomedical Field

In the biomedical field, biosensors are used for collecting information deriving from the
interaction between biomolecules and the surrounding environment. The term
“biosensor” appeared after shortening the term “bioselective sensor” proposed by
Rechnitz in 1977 [32] for an arginine-selective electrode that used living organisms as
sensing elements that now is widely used for self-monitoring of glucose or for pregnancy

tests. However, there is still need for the development of cheap and ultrasensitive

16



biosensing platforms with the aim of detecting multiple analytes and of overcoming the
problems that afflict traditional biosensors. In this context, the use of nanofluidic
platforms as biosensors offer a lot of advantages such as (i) the reduction of the sample
volume, (ii) the possibility of integrating of several laboratory functions into a unique
miniaturized chip and (iii) high sensitivity, up to single molecule level, thanks to the
characteristic dimension of their functional part closer to intrinsic dimensions of
biomolecules to be analyzed. The possibility of manipulating biological objects such as
viruses, nucleic acids or proteins in a liquid medium allowed the development of
nanodevices for electrophoretic analysis for detection/separation of biomolecules,

biomolecules concentration, immunoassay analysis, and single molecule sensing.

3.1.1 Biomolecules separation and transport

Nanofluidic platforms are often used for biomolecular separation. The most common
molecules that are separated taking advantage of nanostructures are DNA and proteins.
The separation mechanism are based on several different phenomena including steric,

hydrodynamic, electrical and entropic [33].

(2) Nanochannel
polymer (DNA)
(1&

Fig. 3.1 Scheme of biomolecules analysis through nanofluidic devices. a) DNA conformational change
analysis by entropic trapping methods b) DNA reptation along nanostructures and c) DNA separation

exploiting electrophoretic effect.

17



Typically, DNA separation, that exploits conformational changes in biomolecules
induced by steric interactions (Fig. 3.1) with the channel walls, results crucial for genome
sequencing, biometric fingerprinting and identification of pathogens and genetic
diseases. Applying an electric field it is possible to induce DNA motion or reptation,
between obstacles, along nanochannels in a controllable manner achieving a DNA
length-based separation that results extremely short in time in comparison with
traditional gel electrophoresis [34,35].

Moreover, it is possible to obtain DNA separation exploiting entropic effects (Fig 3.1)
thanks to the possibility of shaping a nanochannel to be an alternating sequence of
shallow-deep wells that must have a depth smaller than DNA gyration radius. When the
DNA molecules are electrokinetically driven inside that structure they are trapped at the
wells’ entrance and, in particular, longer molecules have a higher escape rate from the
traps due to the larger surface area in contact with the boundary that corresponds to a
higher probability of escaping from the wells. This means that is possible to differentiate

DNA molecules depending on length [36,37].

Also the electrokinetic transport and separation of ionic species in nanofluidic channels
result in a fast, selective and effective technique. The principle of electric separation
exploits the EDL thickness inside the nanochannels that, in particular conditions, is of
the same order of the characteristic channel dimensions that leads to non-uniform
velocity profiles and strong electric fields transverse to the flow. These effects are shown
as a good method to achieve the separation of small biomolecules and short strands of
DNA in a gel-free environment (Fig 3.1)[38,39].

All these separation mechanisms are not only limited to DNA but recent studies have
shown that it is possible to work more generally with proteins [40-42] but unfortunately
proteins have the drawback of being prone be absorbed by the nanochannel walls
[43,44].

Besides that protein transport and separation experiments there are the realization of

a nanofluidic biosensor able to (i) monitor the binding affinity of two proteins, (ii) to
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study the diffusion kinetics of biomolecules under nanoconfinement, and showed that
such confinement leads to a deviation from Fick’s law and (iii) allow label-free electrical
detection of biomolecule binding reactions [33].

Typically, nanofluidic devices require small amounts of sample that is typically highly

diluted, so the need of a pre-concentration mechanism of analytes results crucial.

3.1.2 Biomolecules concentration

One of the main challenges of nanofluidic-based biosensors is detecting extremely dilute
analytes in solution. A simple strategy consists in being able to concentrate the analytes

in a particular area of the device.

G
Al

Fig. 3.2 Biomolecules concentration effect under electric field application.

For example, it is possible to insert a polyester membrane composed of nanometric
structures and since, for this kind of device , concentration is a mechanism of charge
entrapment, among the molecules that are electrokinetically guided through the
channel, those that have opposite charge from the inner walls of the nanostructures
cannot pass the membrane starting to accumulate and concentrate in a certain area as
shown in Fig. 3.2 [45,46].

Another exciting feature of nanofluidic devices is the fact that various analytes can be

concentrated together, as long as they have the same charge, since it is found that



electrophoretic mobility has a negligible effect on the concentration factor. In this way,
the device can potentially be used also as a microreactor [38].

Another mechanism of preconcentration is based on electrokinetic trapping. Here, the
device is generally composed of two microchannels connected to each other by a
nanochannel and applying appropriate external voltages, the coupling between the
electric fields is able to create a region of space charge at the micro/nano interface
where the biomolecules are collected and trapped [48].

In all these cases, this phenomenon involves very high concentration factors, ranging

from 10° to 108 [33].

3.1.3 Immunoassay analysis

Immunoassays are biochemical test that detects particular analyte exploiting the
antigen-antibody reaction. This analysis usually involves (i) measurement that must be
performed at very low concentrations (ii) low molecular weight drugs and (iii)
biomolecules of pharmaceutical interest or biomarkers, in order to indicate disease
diagnosis. The importance of immunoassay analysis in biomedical fields is attributed to
their intrinsic specificity, high-throughput, and high sensitivity for the analysis of a wide
range of analytes and when these immunoanalytical reagents are mixed and incubated,
the analyte binds to the antibody forming an immune complex. Analysis is achieved by
measuring the label activity (e.g. radiation, fluorescence, or enzyme) of the bound part
[49].

The use of nanofluidic devices allows increasing the efficiency of immunological assays.
In particular, by adequately functionalizing the nanostructured part of the device and
exploiting the concentration phenomenon that can occur within the nanochannel, it is
possible to increase the efficiency of the antigen-antibody reaction by managing to
detect extremely diluted amounts of analytes in solution with the aim of being able to

get an early diagnosis [46].
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3.1.4 Single-molecule sensing

Nanofluidic devices are also fundamental for the detection of single molecules thanks
to the fact that they have dimensions comparable to the molecules of interest. It is
possible to detect single molecules both with optical and with electrical methods. For
example, for a label-free detection, electrical methods are used, i.e. in a nanochannel
that connects two fluidic cells on each side, it is set by applying an electrical polarization

and the current is monitored.
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Fig. 3.3 Scheme of nanofluidic platform for electric single-molecule sensing [50].

Fig.3.3 shows a schematic diagram of nanofluidic systems that electrically detect single
molecules and this mechanism was first implemented in pioneering work on single DNA
detection using a natural nanopore, an a-hemolysin, that has 10 nm of length and inner
diameter of about 1.4 nm[51]. The working principle of label-free detection of single
molecules is based on the variation of ionic current that is generated when a molecule
crosses a nanostructure. Specifically, when the molecule crosses a nanochannel it
generates an obstruction and therefore a consequent increase in the measured
resistance which is reflected in a sudden reduction of the monitored current. From this
reduction, it is then possible to obtain different information regarding the molecule as

charge and size[6,50].
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Even single-molecule detection on nanofluidic devices coupled with scanning
microscopy or optical microscopy, is an excellent method to obtain information, with a
high resolution, regarding structure, composition and other properties that are not
easily accessible in bulk solutions. Exploiting the fluorescence of the molecules, which
are usually introduced into nanochannels through the phenomenon of electrophoresis,

is possible to perform specific analysis.

Macromolecules

Fluorescent
detection system
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Fig. 3.4 Scheme of nanofluidic platform for optical single-molecule sensing [50].

Fig. 3.4 shows a schematic diagram of nanofluidic systems that allow detecting single
molecules through optical methods.

Among the main advantages of using nanofluidic devices coupled with optical methods
for single-molecule detection there are: (i) the increased probability of finding the
molecule in the focal volume since the sample is confined to a nanometric space, (ii) the
increase of the residence time of the molecule in the focal volume since the diffusion
coefficient in the nanochannels greatly decreases (iii) the aid to reduce the background
noise of other molecules and impurities in the solution to obtain a higher signal-to-noise
ratio indeed the noise is proportional to the size of the detection volume and (iv) the

possibility of forcing long molecules, such as DNA, to unroll inside the nanochannels
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allowing to distinguish the various molecules by length or to favor the counting of the

number of proteins anchored to the strand of DNA [50,52,53].

3.2 Environmental Field

Monitoring the compounds that represent a risk for the environment and consequently
also for human and animal health is an essential part of the efforts made by the scientific
community and nanofluidic devices are an excellent tool. In fact, nanofluidic devices can
be exploited in this field for several applications like detection of pollutants, heavy
metals, contaminants and nanoplastics. The main advantages of using nanofluidic
devices are (i) ease of handling, (ii) economic manufacturing, (iii) ease of disposal after
use, but above all (iv) the possibility of performing in-situ and real-time analysis using
quantities of extremely small samples and allowing, for example, a much better control
on contaminants such as nanoplastics and heavy metals present in agueous samples

[54].

3.2.1 Nanoplastics detection

The huge production, use and subsequent disposal of plastics have caused over the
years a big environmental problem. In fact, nowadays, plastic represents more than 80%
of marine litter causing extensive damage to marine ecosystems.

The main problem is that plastic is a long-lasting pollutant because it is resistant to
natural biodegradation processes, in other words the microbes that breakdown other
substances do not recognize plastic as food and generally the plastic fate is to be
fragmented by light in sma