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Abstract

Biosensors are tools that became nearly essential to the present day, being widely ex-
ploited in various fields. From water quality check to patient clinical analysis, the knowl-
edge evolution lead to the necessity of having a precise and accurate way to measure the
characteristics of the sample under test. Based on different technologies, divided in many
branches depending on the use case and with different levels of requirements, biosensors
mostly are composed by several parts. From the sample preparation to the result inter-
pretation, a biosensor is a system that needs to strongly integrate all the different steps
and parts to reduce costs and simplify operator’s job while improving detection perfor-
mances such as speed and limit of detection. The development of a biosensor needs to
take into considerations very different subsystems to be accurately joined and make them

work properly.

This thesis condenses three years of PhD work focused on biosensing technology in inte-
grated photonics. During this period the main goals were to study and implement a new
biosensing technique and to apply the knowledge to design and build a system that could
be easily prototyped.

First, the development of a system and then a diagnostic device have been completed.
In collaboration with several partners from a regional project, we designed, realized and
tested a machine to be used in hospital laboratories for diagnostic purposes. Then we
theorized, implemented and successfully demonstrated a new biosensing technique, here
named opto-magnetic, that exploits magnetic nanoparticles as labels activated by exter-
nal magnetic fields. The promising results in terms of interrogation time and theoretical
limit of detection, comparable to the state of the art, led us to keep evolving the tech-
nology. In order to increase robustness and improve reliability of the system towards a
possible prototyping, we studied a new chip in silicon photonics platform that integrates
the optical sensor and the magnetic field generator possibly improving the performances

and suitable for large-volumes and low-cost production.

To sum up, during this PhD, we developed systems for biosensing with optical platforms.
Essential to this path have been the relations with other research and industrial groups,

to merge different expertise and create something new, from idea to the real world object.
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Lot of time has been spent in experimental and system improving activities, learning how
to apply the correct approach, maximize the outcomes, reduce risks and keep the research

standards up to the maximum levels.
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This thesis reports the most relevant works carried out by the author, Piero Borga, during
the Doctoral studies in Physics at Politecnico di Milano under the supervision of Prof.
Andrea Melloni and Prof. Riccardo Bertacco.

The experimental activity was mainly performed in two di erent laboratories of Politec-
nico di Milano: the Photonic Devices Laboratory and the micro- and nano-fabrication
facility Polifab, from November, 1st 2018 to January, 31st 2022.

The works resulted in the following pubblications and contributions to international con-
ferences:
Journal articles

" "Active Opto-Magnetic Biosensing with Silicon Microring Resonators", Sensors 2022,
22, 3292 [1]

" "Dierential Impedance Sensing platform for high selectivity antibody detection
down to few counts: A case study on Dengue Virus", Biosensors and Bioelectronics
202, 2022, 113996 [2]

Conference contributions

" "Dynamic labelling for enhanced biosensing with silicon microring resonators”, ECIO
2022

~ "Control of programmable photonic integrated meshes for free-space optics applica-
tions , OSA Advanced Photonic Congress 2020

"Integrated optomagnetic platform for biosensing applications”, JEMS 2019

"Manipulating optical beams with a programmable silicon photonic mesh”, PIERS
2019

"Processing free space optical beams with a silicon photonic mesh", ECIO 2019

"Opto-magnetic platform for biosensing applications”, Ricerca e innovazione in sica
medica e biomedica: la Lombardia risponde, AIFM 2019
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Introduction

In this introductory chapter the whole work is presented. An introduction to biosensors is
given, to provide a context to the reader and to start exposing the nature of the problems
that may occur when developing a device devoted to biosensing applications.

Health care and biosensing

Referred to Gross Domestic Product (GDP), health care expenditure is one of the top
largest voice if we look at developed countries. In the last 20 years the world GDP
increased by 74% (Figure 1a), while global spending on health more than doubled in the
same period (Figure 1b) showing a net growth around 9%. However, expenditures are not
the same for all the countries, with the poorest nations unable to spend large portions of
their GDP. As shown in Figure 1c the higher income countries can put up to 8% of the
GDP in health care, while other nations cannot a ord such expense [3]. In particular,
very poor countries mostly rely on external aid to cover health expenses.

Large amounts of money owing into health care both from public and from private
funds (Figure 1d) push the continuous innovation inducing a better life quality and life
expectancy to increase. One important aspect in the health eld is biosensing: a set of
technigues and tools that are capable to detect, measure and quantify the presence and
the concentration of a speci ¢ molecule in biological samples.

A system for biosensing

A biosensor is basically the device that detects and measure a targeted substance in a given
solution, that could be organic or inorganic. They can be used in various applications
such drug discovery, disease monitoring, detectors for pollutants, disease-causing micro-
organisms and markers that indicates health issues.

Biosensors research history starts centuries ago, and a good example could be the in-
troduction of mice and canaries into coal mines. Having small dimensions and a basal
metabolic rate higher than workers, the Serinus Canaria birds in particular exhibit poi-
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Figure 1: Health expenditure over the world in the last two decades.a) Global GDP;
(b) global expenses for health;q) percentage of internal GDP allocated to health; d)
health funds origin. From [3].

soning symptoms before gas concentrations could become truly dangerous for the people
in the cave. The animal fainting was a clear signal that something in the air was o from
the safe values [4, 5].

In 1906 the rst biosensing demonstration proved that the acid concentration in a liquid is
proportional to the electric potential between two parts of the liquid separated by a glass
membrane. After few years the concept of pH was introduced and sensor development
started exploding. First as industrial related sensing, then after the '60s focusing also on
health applications.

Nowadays biosensor are a mixture of dierent elds, a truly multidisciplinary area of
research since biosensors examples can be found in almost any type of platform and
technology niche, as shown in Figure 2.

Biosensors, although in di erent technologies, present the same components, that will be
discussed later: an analyte to be measured, the bioreceptor that attracts and binds the
analyte, the transducer element that converts the biochemical information into another
form of energy that has to be processed by a proper electronics. A nal processing of the
data might be needed, as well as an interface to easily read the result.
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Figure 2: Sensors come in many variants, with di erent technologies and approaches.
From [6].

These components have to be accurately assembled into a system without creating con-
icts and assuring the characteristics that make a biosensor valuable: selectivity to avoid
false positives measurements, reproducibility to have constant values on same samples
measurements, stability to be robust against disturbances, sensitivity to detect low con-
centrations as desired and linearity to have a direct relation between the measured con-
centration and the output signal.

Lab on a chip

Thanks to the strong development in the recent years it is now possible to miniaturize
the biosensors' components, reducing the overall size of tools that just few years ago
were impossible to t on a desk. The miniaturized sensors, that incorporate the sample
preparation and management as well as the other building blocks and that are capable of
performing most of the required steps usually performed in a laboratory, are called Lab
On a Chip (LOC). A LOC that integrates the possibility to perform all the steps, from
the sample collection to the result illustration, would be one of the best achievement in
modern medicine and technology.
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Plus, the road to miniaturization of such testing devices brings other important features:
low volume of samples are required to perform the tests, less materials are needed to build
smaller devices, e ciency is higher because of the easier control of the little volumes,
nanofabrication technologies allow a strong integration of multiple devices in the same
sensor with a limited e ect on the external dimensions.

Once realized a small, easy to use and cheap device, this could really be an innovation,
being used in point of care locations or directly at patients' homes.

Accomplishment and original work

This work is focused on the realization and the testing of a system for biosensing and
diagnostics that can be easily employed and possibly developed into a LOC.

Classical hybridization schemes, both in label-free and label-based approaches, are pos-
sible in our optical platform with an experimental bench setup designed and tested with
relatively low cost instrumentation. With the regional project READy partners we de-
signed, assembled and tested a diagnostic tool prototype to be tested at hospital labora-
tories with human samples.

We then developed a new active labelling technique to enhance sensing capabilities of the
optical sensors. The sensing system joins photonics, magnetism, uidics and electronics
to obtain the fully working new technique. New interrogation methods have been studied
and applied to obtain results in line with the state of the art capabilities, using chips that
show low sensitivity. The setup assembly and the measurement method were improved
over time, validating the chosen research path.

The integration in a single chip of the opto-magnetic platform have been rst simulated

to nd the best solutions in accordance to fabrication requirements and tolerances and
then fabricated. The newly designed control electronics will allow to test the chips and
verify the actual capabilities.

This thesis is the natural continuation of all the e ort put by my colleagues P. Sharma
[7], C. Groppi and in particular N. Peserico [8].

The author personally contributed in the majority of the described activities. Speci cally:
theoretical analysis of the problem, numerical simulations, design of experiments, assem-
bly and maintenance of experimental setup, software programming for laboratory testing
and automation, experiments and measurements performing, data collection, analysis and
interpretation of the results.

The original work and the project achievements generated several conferences contribu-
tions and have been published in scienti ¢ journals.
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Thesis overview

The thesis is organized following this order:

" The rst chapter focuses the attention on the optical biosensing. In the rst section
the dierent parts of a biosensors are illustrated in more details reporting some
notable examples. Then, some important biosensing principles, in particular related
to optical technologies, are presented like the several gures of merit that we may use
and the biosensing labelling approaches. The chapter continues with descriptions of
di erent optical technologies employed in biosensing. In the list, non comprehensive
of all the possible optical solutions, results from the state of the art are reported.
To conclude the chapter we mention some existing platforms and techniques that
already join optical sensing with magnetic particles labelling.

In the second chapter we go into detail of part of our work on biosensing detection,
with a focus on the hybridizations, both label free and labelled. First the used mi-
crochip is described, having care to specify the additional fabrication steps we have
done on it. Then we introduce the biomolecules used for the conducted tests, with
the functionalization and hybridization processes descriptions. Later on, the exper-
imental part becomes more relevant, with details of the laboratory setup and how
it works. The obtained measurements are then illustrated, with some commenting
on the results. At the end of the chapter, we report the designing and realization
of a diagnostic device, tested with human samples infected by Dengue virus in the
framework of a regional project devoted to reduce the risk of future bioemergencies.

In the third chapter we introduce the biosensing technique developed in our labora-
tories: the opto-magnetic. The labels used in the technique, the magnetic nanopar-
ticles, are brie y reviewed with some basic concepts, nanoparticles' structure de-
scription and their behaviour in presence of external magnetic elds. Then we go
through the active labelling technique and its working principle, exposing the rela-
tion between the external stimulus of the label and the optical response. A deeper
analysis on the expected sensor output is then provided, with considerations on the
waveguide technology and the label position. Then the experimental setup descrip-
tion highlights what are the needed tools to perform the tests, with the measurement
methods illustrated after that. Finally, the results are collected showing the possible
improvement that our new technique could provide to refractive index sensors used
for biosensing.

" The fourth chapter is directed towards the future of the opto-magnetic technique.
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The generation of magnetic eld is moved inside the microchip. Various possible
solutions are analyzed and the e ects of the new magnetic elds on nanoparticles
and biomolecules are studied. A new photonic chip has been designed, with the goal
in mind to enhance the capabilities of the approach. Performances estimations of the
renovated optical and magnetic structures are reported. To drive the fabricated chip
with the new concepts, a control electronics is necessary and its design is described
at the end of the chapter.

The nal conclusion o er a recap of the work and the advantages of the implemented
technique with some considerations on possible future developments.
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Biosensors are evolving at an increased rate year by year. The more we know about the
world, the more we want to detect, analyse and measure. This is even more true in medical
eld thanks to the strong advances in healthcare technologies: health checks, diagnosis
and cure processes are received by patients with more and more attentions, leading to an
increased life expectancy and, more importantly, to a better life quality.

So, if few years ago we just needed to know if a certain antibody was present or not in
the bloodstream of a patient, we now want to know how much of it there is, how other
parameters are a ected by its presence, how the situation will evolve and what is the best
way for the patient to recover if needed. These auspicable new performances require a
constant evolution of the biosensors, both in term of sensing technology and of system
integration.

1.1. Biosensor parts

Biosensors development is a multidisciplinary activity. Transferring a biochemical com-
position to an information requires some major building blocks that are all part of the
biosensor: the solution containing the biological sample, the suitable layer meant to probe
that sample, the transducing element generating a readable signal from the biochemical
events and the system detecting and processing the information allowing the user to un-
derstand the result of the assay.

Biological sample

The sample to be analysed can be of very dierent kind, with the main applications
being with gaseous and liquid media. Gas sensors are particularly used to detect speci c
air components in a broad range of applications like air quality monitoring system both
indoor and outdoor and environmental science, but also nd a large use in medical eld,
automotive and military industry [10]. Integrated photonics for gas sensing is a promising
platform and, despite not having yet a market, it is seeing a great performances evolution
in the last years [11]. The most common applications are dedicated to liquid substances.
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Figure 1.1: A biosensor is a complex of multi subsystems, each dedicated to a specic
task. From [9].

Dissolved contaminants in sea and river, industry and laboratory wastes, water quality

in public aqueducts [12] are large elds where sensors are widely used. The application
where photonic sensors are showing huge potential is the sensing for health. Blood,
plasma, urines, sweat [13] are just some of the possible biological uids under tests that
can be used to diagnose a speci c iliness, track the evolution of a condition or periodically
check the generic health state of a patient. As example, conventional blood analysis
delivers the sample to dedicated laboratories, where several techniques can be used to
perform the di erent studies, with required times ranging from 12-72h. Human blood,
composed by more than 4000 bio-constituents other than the most known red blood cells
and white blood cells, is a complex uid to manage and blood plasma presents proteins,
minerals, vitamins, hormones, glucose, dissolved gases and so on. The load of insight on
a patient's health that a biological uid can give is huge and the correct extraction of
these information is fundamental to let diagnostics and health sciences develop.

The uid under test usually must be prepared before the analysis. Sample preparation
techniques, e.g. liquid-liquid or liquid-solid extraction and protein precipitation, are clas-
si ed into analyte separation from the matrix, unwanted or endogenous material removal,
selectivity and sensitivity enhancing and basic liquid handling procedures like solvent di-
lutions [14 17]. The preparation is usually performed by laboratory technician, however
new systems are implementing automatic sample preparation for routine procedures [18].
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To convey the sample in contact with the sensitive device, uidic systems need to be used.
Comprising a pumping device, sometimes a circuit selector, a cell and a waste collector,
uidics is allowing to facilitate many molecular binding processes. In particular uidic
cells are widely used in laboratories [19] and for commercial applications [20] since di er-
ent technologies have been developed to fabricate them for various cases [21]. The most
used typologies are fabricated in Polymethilmethacrylate (PMMA), a plastic material to

be processed usually by numerical control mill, and in Polydimetilsiloxane (PDMS), a
polymer that through microfabrication methods can form micrometer size uidic channel
[22] as in Figure 1.2.

Figure 1.2: Examples of uidic cells: they can be used just for liquid transportation or to
perform complex tasks. From [22, 23].

Biochemical layer

To attract and capture the analyte on the sensitive element, a biochemical layer is needed.
The biochemical layer is formed starting from the functionalization of the biosensor surface
[24] and a widely used technique to achieve it is to perform a surface silanization, typically
with APTES molecules that bond their —NH, terminations to the silicon oxide layer.
Then, the probes can be attached to the surface either by immersing the chip into the
receptors solution or by depositing with the use of a microarray spotter, that allows a
multiplexing detection on a single surface [25].

Another technique is the use of particular polymers that can coat the surface and bind
the receptors keeping them in a conformal con guration, avoiding molecule folding and
consequently improving the e ciency thanks to the increased concentration of binding
sites.

The choice of the receptor is based on the analyte to be detected and measured. Usually
the biosensors are classi ed into di erent categories depending on the receptor: ligand
biosensors are based on the interaction between the receptor and the biological analyte,
called ligand; immunosensors exploit the attraction between an antibody and the relative
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