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ABSTRACT

Biological and biochemical processes play a very important role in living organisms and their
understanding is particularly important in medicine, biology and biotechnology. Optical biosensors
hold great promise for solving challenging molecular recognition issues, such as the detection of
biomolecules at very low concentration. In this framework, a direct measurement of the binding of
analytes to a target molecule in biological samples is an essential step in diagnosis and in

understanding how biomolecules interact under physiological conditions.

In this thesis, | contributed to the development of an optical platform that combines label-free and
fluorescence detection modes. Such a platform makes use of one-dimensional photonic crystals
(1DPC) sustaining Bloch surface waves (BSW) to detect relevant cancer biomarkers in body fluids.
BSWs are surface electromagnetic waves that propagate along the truncation interface between a
1DPC and an external medium (the analyte) and can be strongly confined with a significantly
enhanced field at the surface. By exploiting such features, 1DPC sustaining BSW (BSW biochips)
are used as optical transducers that convert refractive index changes and fluorescence emission at

their surface into a measurable optical signal.

After discussing the results of the platform development, | report on the use | made of BSW
biochips to detect clinically relevant concentrations of Angiopoietin 2 and ERBB2 in different
biological matrices. The aim of such a research endeavour is clear: to reveal cancer by means of
integrated optofluidic structures before cancer reveals itself. In the case of breast cancer, for
example, it is a fact that ERBB2 is a pivotal biomarker and targetable oncogenic driver associated
with several different aggressive subtypes. To quantitate Angiopoietin 2 and soluble ERBB2, |
developed and implemented specific sandwich detection assays in which the BSW biochips’
sensitive surface is tailored with monoclonal antibodies for highly specific biological recognition.
In a second step, a second antibody quantitatively detects the bound analytes. The strategy of the
present approach takes advantage of the combination of both label-free and fluorescence
techniques, making bio-recognition more robust and sensitive. In the fluorescence operation mode,
the platform can attain the limit of detection 0.3 ng/mL (1.5 pM) for ERBB2 in cell lysates, which
is the most complex biological matrix studied in the present work. Such a resolution meets the
international guidelines and recommendations (15 ng/mL) for diagnostic ERBB2 assays that in the
future may help to assign more precisely therapies counteracting cancer cell proliferation and

metastatic spread.






CHAPTER 1

Introduction

1.1 OPTICAL BIOSENSORS

During the last two decades, the demand for high-throughput, sensitive, and multiplexed
detection of biomarkers has speeded up the development of a variety of analytical platforms
based on an optical transduction mechanism. Optical biosensing devices are mostly intended
for point of care biomoleculars detection. The biosensors based point of care testing segment
accounted for over 40% (on a total market value of $11.39 billion in 2013, expected to be
$21.17 billion by 2020) of the end-use market in 2013 [1]. Moreover, the rising demand for
portable and integrated technologies that can be operated by untrained personnel outside
conventional laboratories is expected to improve the usage rates.

Optical biosensors fall under this heading, holding great promise for solving challenging
molecular recognition issues, such as the detection of biomolecules at very low concentration.
In this framework, a direct measurement of the binding of analytes to a target molecule in
biological samples is an essential step in diagnosis and in understanding how biomolecules
interact under physiological conditions. Furthermore, specificity and affinity between
biomolecules can be assessed by means of optical systems, leading to the discovery and
development of new pharmaceuticals and cancer treatments.

An optical biosensor is an analytical device that integrates a biological sensing element (e.g.,
an enzyme, antibody, DNA strands and aptamers) with an optical transducer, whereby the
interaction between the target and the bio-recognition molecules is translated into a measurable
electrical signal. Optical biosensors that exploit light absorption, fluorescence, luminescence,
reflectance, Raman scattering and refractive index are powerful alternatives to conventional
analytical techniques (Fig. 1.1). These biosensors provide rapid, highly sensitive, real-time,
and high-frequency monitoring without any time-consuming sample concentration and/or prior

sample pre-treatment steps. Although optical biosensors have great potential applications in



the areas of environmental monitoring, food safety, drug development, biomedical research,
and diagnosis [2-5], their use in fields of environmental pollution control and early warning is

still in the early stages [6].
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Figure 1.1 — Biosensor’s optical transduction scheme [6].

For example, the complete characterization of a novel therapeutic antibody to treat cancer (see
Chapter 6), joined to the screening of large repositories of antibodies becomes necessary in
order to identify high specificity and high affinity binders, followed by a more detailed
determination of epitope specificity (epitope mapping). However, the development of a
technology that permits to identify such binding is challenging because of the characteristics
of the analytes, such as drug compounds (often with molecular weights of 300 Da or even
below), DNA oligonucleotides, lipids, peptides, enzymes, antibodies, and viral particles. These
molecules are exceedingly small and different in size (e.g. viruses) and are present in complex
matrices (human plasma, serum and cell lysates) in a concentration range of (pM —nM),
making the specific detection hard to track.

As shown in Fig. 1.2, there are two main detection approaches that can be implemented in
optical biosensing: fluorescence or label-free detection.

In fluorescence-based detection, either target molecules or bio-recognition molecules are
labelled with fluorescent labels, and the intensity of the emitted fluorescence at certain
wavelengths reveals the presence and the strength of the interaction between target and bio-
recognition molecules (top row in Fig. 1.2).

On the other hand, there are methods that allow direct detection of biological analytes without
labelling processes. They generally measure some physical properties of the analytes, such as

mass, volume, polarization, dielectric permittivity, and conductivity, using an appropriate



sensor. In this case, the biosensor acts as a transducer that can convert one of these physical
properties (for example, the mass of a substance deposited on the sensing surface) into a
detectable signal that can be measured by an instrument. These biosensing mechanisms are
illustrated in the bottom row of Fig. 1.2.
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Figure 1.2 — Commercial label-free or fluorescence technigues exploiting an optical transduction

mechanism.

1.2 SURFACE WAVE BIOSENSORS AND MOTIVATION OF THE
WORK

A large number of optical biosensors exploits evanescent waves to probe the presence of
analytes at the sensor surface in the proximity of the surrounding medium by detecting the
effective refractive index. Generally, the evanescent field intensity decays exponentially from
the sensing surface, with a decay length of about 200 nm into the probed medium. Such a decay

length (named penetration depth) depends on the technology used.

In recent years, a large amount of interest has been focused on optical phenomena connected
to Surface Plasmon Polaritons (SPP) on flat and structured metal films [8]. These kind of
surface waves are particularly interesting because of three important features: the strong
electromagnetic field enhancement, the spatial confinement at interfaces and a consequent high

3



sensitivity upon changes of the refractive index at metal/dielectric interfaces. One of the most
simple and widespread used sensing configuration in sensors based on Surface Plasmon
Resonance (SPR) is known as the Kretschmann configuration, as shown in Figure 1.3A. Itis a
fact that most of bio-sensors used in proteomics are based on the exploitation of SPR at the
surface of thin gold layers deposited on glass prisms. Native and recombinant proteins are used
extensively, from investigations of disease pathways through to the identification of protein
targets for drug therapies [9]. Such sensors exploit the perturbation of the dispersion law of
SPP when the surface of the metal film is exposed to an analyte [10]. As shown in Figure 1.3B,
the excited surface plasmon mode is very sensitive to the influence of bound molecules in the
dielectric medium adjacent to the metal film (see Fig.1.3C), with a sensitivity in the range of

80 degree (deg, incident angle) per refractive index unit (RIU) [7]

Some attempts to substitute metals with dielectrics for the design and fabrication of functional
sensing elements were already reported. Reflectometric interference spectroscopy, measuring
the spectral shift of reflected light at a given angle and grating coupling external light to

waveguide modes were proposed.
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Figure 1.3 - Surface plasmon resonance (SPR) biosensor: (A) Kretschmann geometry of the ATR
method; (B) spectrum of reflected light before and after refractive index change; (C) analyte-bio-
recognition elements binding on SPR sensor surface and (D) refractive index changes caused by the

molecular interactions in the reaction medium [10].

The main shortcomings of the SPP based sensing approaches are the following:

e Design limitations imposed by the dielectric properties of the metal layers
e Large radiation absorption in metal layers at optical frequencies and limitation to the
sensitivity

e Quenching of fluorescence emitted by fluorophores bound to the metal layers



e Sensitivity decrease upon deposition of additional layers
e Limitation to the surface functionalisation techniques

e Limitation to the SPP biochip design

Such shortcomings restrict the detection resolution (LoD) and preclude its use for applications
that require detection of small molecules, low surface coverage of bound molecules and

fluorescent molecules [11].

The present work is focused on the development of an optical biosensing platform that is
capable to operate in both label-free and fluorescence modalities. Such a combined approach,
making use of either gold thin layers [12] or low periodicity dielectric stacks [13,14], is recently
gaining attention from the biosensing community. With reference to Fig. 1.4, one dimensional
photonic crystals (1DPC) sustaining Bloch surface waves (BSW) are used as an optical
transducer in order to convert refractive index changes and fluorescence emission at their

surface into a measurable optical signal.
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Figure 1.4 - Simplified view of the proposed biosensors. Label-free analytes are detected by revealing
the shift of the BSW resonance appearing in the reflected beam. Labeled analytes are detected by
collecting the fluorescence whose intensity is strongly enhanced by the localization of both excitation
and luminescence waves. The luminescence beam is shifted with respect to the reflectance one due to

the large dispersion of the Bloch modes.

The two basic elements constituting the tandem approach are the label-free detection based on
the resonance shift, and the enhanced spectral analysis of fluorescence emitted by biomolecules

immobilised on the surface.



The properties of the BSW sustained by properly designed 1DPC can be finely engineered so

as to optimise both label-free and fluorescence real-time sensing schemes.

e In the first case, BSW can be used in an SPR-like sensing scheme exploiting label free
detection based on resonance shifts, as shown in the Fig. 1.4 (blue reflected beam).
Thanks to the high tunability of the 1DPC structures and the low absorption of the
dielectric materials employed, BSW can be excited in a wide spectral range (from NIR
to visible), providing 10 to 100 times narrower resonances compared to those associated
to surface plasmon polaritons (SPP).

e Inthe second case, the strong field confinement at the very last interface of the photonic
crystal can be used to enhance the excitation of fluorescent labels placed in close
proximity of the surface by two to four orders of magnitude. As a complementary
mechanism, the Stokes-shifted fluorescence emission from labels immobilized at the
surface is preferentially coupled to BSW sustained by the 1DPC and leaks back into the
prism, as shown in Fig. 1.4 (pink beam). This results in a further improvement of
fluorescence collection. Angular separation between the reflected and the fluorescence

beam is guaranteed by the strong dispersion of BSW modes, compared to that of SPP.

With reference to the SPR shortcomings listed above, the advantages of the BSW based
approach can be schematically summarized as follows. BSWs provide a very sensitive optical
transduction mechanism of chemical/physical alteration taking place close to dielectric or
metallic surfaces. Unlike for surface plasmons, the resonances associated with BSW can be
made very narrow, due to the low losses caused by scattering and absorption of the material.
The use of dielectrics opens new perspectives in the chemical functionalization, providing the
chemical specificity of the sensors. Nevertheless, each additional layer (perhaps organic or
inorganic) that is added to the 1DPC can be taken in to account in the multilayer definition,

thus leading to a BSW always lying on the last interface.

1.3 PERFORMANCES OF THE BSW APPROACH

In this section, the main parameters quantifying the BSW sensors’ performance are introduced,
keeping an eye to the SPR standards. Some of these parameters are inherent to the geometry of
the sensor itself, others have a strong dependence on the surface functionalization and the

biochemical reactions that take place during bio-sensing events.



1.3.1 LABEL-FREE OPERATION: Sensitivity, Figure of merit and Limit

of detection

The sensitivity is a crucial parameter in evaluating the performance of a label-free biosensor.
It is defined as the ratio of the change in sensor output response to the change in the quantity
to be measured (e.g., the analyte mass density on the sensing surface). In turn, a mass density
change can be proportionally related to a change in the effective refractive index after bio-
molecular interactions. The sensitivity formulation can depend on the detected change (the
thickness or refractive index) and the detection methods (the angle, wavelength, intensity, or
phase). In our case, the incident angle (6 in Fig.1.5), changes as a function of refractive index

variation (or analyte concentration) is assumed as volume sensitivity:

Sy = 69/6n|

ORES

The bulk solvent refractive index sensitivity in the units of deg per refractive index unit
(deg/RIU) permits a comparison of the sensing capability among optical technologies that
exploits evanescent field.

Strictly related to the volume sensitivity Sy is the surface sensitivity (Ss) defined as follows:

_ Sy (ngro —nw)
Sg = |4 BI W/LPEN

where ngio and nw are the refractive indices of the biomolecules and water, respectively. The
Lren is the penetration depth of the evanescent field in the probing medium. The sensitivity of
an optical biosensor can be characterized in a number of ways, depending on the applications
and detection methods. However, an important and inherent comparative parameter of sensing

devices is the figure of merit (FOM) [7]:
FoM = DS/,

where is the W is the full-width of the resonant dip at half-maximum, and D is the depth of the
resonance defined in Fig. 1.5.
The limit of detection (LoD) or resolution is the minimum change in the parameter that can be

resolved by a sensing device [20]. Practically, it is measured as follows:
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where S is the sensitivity and o is the baseline noise of the transduction signal.
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Figure 1.5 — Angular reflectance profile and main performance parameters.

Obviously, the LoD can be improved by decreasing o (level of noise) and/or by increasing the
FoM. Moreover, the LoD can be expressed in different ways according to the nature of the
variations occurring at the biosensor surface. First, most of the optical sensors are sensitive to
RI changes in the bulk solution, and the resolution in terms of refractive index changes can be
used to compare the sensor capability. The parameters introduced above are invariant to the
biochemical activity of the sensor and can be considered as physical parameters of the optical
transduction element. The overall performance of a biosensor, taking into account the quality
of the surface chemistry, can be characterized in terms of LoD (for example in the surface mass
density units of ng/cm?), allowing the evaluation of the analyte density after binding events.
This latter it is a critical parameter for detection of analytes present at low concentration or
detection of adsorbed molecules with low molecular weight. However, the surface mass density
is experimentally difficult to determine, and it is usually obtained by relating it to the effective
refractive index or thickness that could be measured experimentally (e.g., as in Chapter 6).
Another way to measure bio-interactions is to use the analyte concentration (in units of ng/mL
or molarity), which is useful and easy to handle in experiments. However, a detection limit
defined in this manner needs to be specified for each type of biomolecule, as it depends on the

molecular weight of target molecule and its affinity to the capturing elements.



1.3.2 FLUORESCENCE OPERATION: Enhancement of the excitation

field and directionality of the emission

The excitation of SPP on a metal/dielectric interface and of BSW on a 1DPC, provides a strong
electromagnetic field intensity at the boundary of the structure. This leads to two important
effects: firstly, an enhanced fluorescence signal due to the resonant coupling between the
emitting fluorophores and the surface waves (BSW or SPP), secondly a directional
fluorescence emission, resulting in a higher fluorescence collection efficiency (that leads to an
increased sensitivity) and enabling better suppression of background noise.

In the field of fluorescence-based SPR-biosensors, mainly two techniques exploit the
fluorescence emission, namely, the surface plasmon field-enhanced fluorescence (SPFS) and
the surface plasmon coupled fluorescence (SPCE) [15]. In SPFS, the enhanced excitation of
the fluorophores upon resonant coupling of the excitation radiation to the SPP sustained by the
metallic film leads to an overall measured enhanced fluorescence. On the other hand, SPCE is
based on the coupling of fluorescence and SPR. Due to the strong energy field within the near-
field distance, when the wave-vector matching occurs, fluorophores can be coupled with SPPs,
thereby inducing the release of energy as radiation. Since the plasmon wave can be considered
as an evanescent field distributed around ~200 nm beyond the surface, fluorophores must be
placed up to 200 nm above the metallic film so that coupling occurs. Due to its unique
properties, SPCE [16] has been proposed as a tool to significantly improve the detection
performances. Its main advantages are the already mentioned directionality of fluorescence
emission, which results in a higher signal-to-noise ratio (higher sensitivity) and in the ability

to detect smaller volumes.

As all the SPR-based technigues, SPCE and SPFS are affected by the quenching phenomenon,
resulting in an attenuation of the detectable signal through the metal layer, and thereby in a
high dependence on the distance between the (metal/dielectric) interface and the emitter
position. In fact, due to the evanescent profile of SPPs, only the surface molecules can be
excited [17].

BSW-based techniques have several advantages compared to SPFS and SPCE. First, using
dielectric media to enhance the fluorescence, they do not suffer from signal losses. Second, the
distance between the emitters and the 1DPC surface is a less critical parameter due to the
absence of quenching and strong absorption effects played by metals [18]. Furthermore, the

angular separation between the reflected and the fluorescence beam is guaranteed by the strong



dispersion of BSW modes. As a result, the excitation of fluorescent labels placed in close
proximity of the surface is two to three [19] orders of magnitude greater than those associated

with SPR, enabling the detection of smaller concentrations of biomarkers.

As an example in Figure 1.6 we show the calculation of the distributions of the fields associated
to the resonant excitation at A= 826 nm of either a SPP on a thin metal layer or a BSW on a
1DPC [31]. The surface waves are excited in the Kretschmann configuration with a plastic
prism (TOPAS n =1,526) and the external medium is ethanol (n = 1.357). The distributions
are compared to the intensity distribution for the single prism/ethanol interface under total
internal (TIR) reflection conditions and at the same angle. As it is seen the BSW field at the
surface of the sensor is strongly enhanced with respect to the TIR case (factor 1000) and with

respect to the SPR case.
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Figure 1.6 - Calculated field distributions associated to the resonant excitation at A=826 nm for a BSW
on a 1DPC and TIR edge on a prism/ethanol interface under TIR reflection (blue curves on the left
hand-side).Under the same conditions, we recalculated the field distribution in case of SPP on a thin

metal layer and TIR edge on a prism/ethanol single interface (red profiles on the right hand-side).

On the other hand, in Fig. 1.7 we show the radiation emission pattern for a Cyanine 7 dye at
the surface of either a metal layer or a 1DPC. The metal layer, the 1DPC, the substrate and the
external medium are the same used to calculate the fields shown in Fig. 1.6. In the simulations,
the Cyanine 7 molecule was positioned 10 nm away from the surface to neglect quenching,
which is not taken into account in the simulations. The angular patterns are compared to that
obtained for a molecule at the prism/ethanol single interface. As it can be seen, for BSW on
1DPC, the emission from the substrate side is strongly modified with respect to bare substrate
and shows a preferential direction in both TE and TM cases, respectively. About one half of

10



the energy is emitted from the substrate side and is strongly confined in a reduced angular cone

providing an higher fluorescence collection efficiency.
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Figure 1.7 — Directionality of the emitted light from different systems: single interface at TIR edge;
1DPC in which the two modes TE and TM are strongly re-directed in the substrate side and thin metallic

film in which only TM emission can be re-arranged.

Inclusion of quenching in the calculation would further shift the balance in favour of BSW,

given that they do not suffer from quenching by any metal layer.

1.4 STATE OF ART OF OPTICAL BIOSENSORS COMBINING LABEL-
FREE AND FLUORESCENCE DETECTION

Only a restricted number of optical biosensing platforms are able to work combining both

approaches (label-free and fluorescence) using the same read-out system.

Recently, Wang et al. [12] demonstrated that surface plasmon-enhanced fluorescence
spectroscopy (SPFS), employing long- range surface plasmons (LRSP), can be efficiently used
for the detection of free prostate specific antigen (f-PSA) in buffer and human serum. LRSPs
are surface plasmon modes that propagate along a thin metallic film with orders of magnitude
lower damping compared to regular surface plasmons and penetrating up to micrometers in
distance from the sensor surface. By exploiting such a penetration depth, they anchored a

photo-crosslinkable dextran hydrogel binding matrix (PCDM) with micrometer thickness.
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Figure 1.8 - Scheme of the LRSPs on the sensor surface with a hydrogel binding matrix for f-PSA

detection immunoassays.

This approach provides large binding capacity and allows a sensitive detection strategy in f-
PSA sandwich immunoassays. Thus this latter method could suffer from quenching just
because a thin metal layer is close to a radiating dipole (dye molecule) used to complete the
immunoassay. Moreover, the use of a 3D hydrogel probing structure could be affected by
analyte diffusion problems/limitations reducing overall sensing performances (Fig. 1.8).

In 2013, Chen et al.[13] proposed a new concept of optical microscopy combining
nanostructured photonic crystal surfaces and a hyperspectral reflectance imaging detection.
Such technique, called Photonic Crystal Enhanced Microscopy (PCEM) enables the label-free,
quantitative, and kinetic monitoring of biomaterial interaction with substrate surfaces. In
principle, such a technigue can be used to investigate a broad class of materials, which include
dielectric nanoparticles, metal plasmonic nanoparticles, biomolecular layers, and live cells.
Because PCEM does not require any cytotoxic stains or photo-bleachable fluorescent dyes, it
could be useful for monitoring the long-term interactions of cells with extracellular matrix
surfaces. Due to its intrinsic characteristics (i.e. localized electromagnetic field at the interface),
PCEM is sensitive to the attachment of cell components within ~200 nm of the photonic crystal
surface, which may correspond to the region of most interest for adhesion processes that
involve stem cell differentiation, chemotaxis, and metastasis.[20]. As shown in Fig. 1.9, the
kinetics of dynamic interaction between cellular materials and surface coating materials can be
measured quantitatively using PCEM. In Fig. 1.9D, a sequence of movie frames demonstrates
murine dental stem cells (MHAT9a) gradually attaching on a fibronectin-coated PC biosensor
surface [13].
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Figure 1.9 - Wavelength-sensitive live cell image from PCEM. (A) Brightfield and (B) resonant peak
wavelength value (PWV) images of pancreatic carcinoma cells (Panc-1) attached to the PC surface. (C)
Representative spectra (normalized) from background regions and regions with cellular attachment.
Selected areas of the PWV image from beneath a cell show the PWS of a typical Panc-1 cell is ~1.0
nm; (D) Time-lapse PWS images of cellular attachment of dental stem cells (MHAT9a) [13].

This technique is not only limited to detection in label-free modality, but is also capable of
enhancing the emission and extraction from optical emitters (such as fluorescent dyes) via the
evanescent field at the interface of the PC biosensor surface. Fig. 1.10 illustrates the
corresponding enhanced fluorescence images for membrane dye-stained 3T3 fibroblast cells
[14]. The combination of both modalities extends the PC-enhanced imaging system to be multi-
functional and capable of imaging in numerous bio-applications. To implement such a
technique, a fluorescence microscope equipment (or similar) is strictly needed. This could
represent a disadvantage in a further development step that implies a miniaturization of the

system.
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Figure 1.10 — Bright field and PCEF images of membrane dye-stained 3T3 fibroblast cells: (a)
brightfield, (b) off-resonance PCEF, (c) on-resonance PCEF, (d) enhancement factor image [14,20].

In order to overtake SPR and PCEF possible drawbacks, in this work we focus our attention on
simple one-dimensional photonic crystal (LDPC) structures (i.e. alternating pairs of dielectric
layers, periodicity along one direction only). Compared to more complicated 2D/3D PC
structure-based sensors [21-23] or photonic crystal fibers [24], 1DPC structures are simpler to
fabricate and the FOM can be easily adjusted by varying the number/thickness of alternating
pairs or changing dielectric materials [25]. The periodicity of the 1DPC provides a photonic
bandgap, such that a range of wavelengths is not allowed to propagate within the structure.
Inside such a stop band surface modes can exist, can be properly excited and a Bloch surface
wave can be launched at the surface sensor. By slightly altering the periodicity of the 1DPC, a
thin dielectric absorbing layer can be added on top of the periodic structure in order to confine
more efficiently and enhance the electromagnetic field in the vicinity of the sensing area
(details in Chapter 2). The resolution in terms of LoD and FoM can be improved, with respect
to a standard SPR sensor, due to reduced losses of all-dielectric structures. This permits to
make use of fluorescent molecules without facing absorption and quenching issues. Moreover,
the capturing surface is completely available for the biomolecular reactions keeping the
possibility to make the 1DPC biosensor and the read-out system more compact (see in Chapter
4),

1.5 DISSERTATION OUTLINE

In this work, the development of a combined label-free/fluorescence optical biosensor using a
1DPC structure is presented. The sensing surface available for analyte binding allows real-time
label-free binding measurements and fluorescence investigation by using the same optical read-
out system (described in details in Chapter 4). This configuration possesses the advantages of

evanescent-field-based optical without the light-coupling problems [26]. The properties of the
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1DPC structures make them easy to be engineered in order to work at any desired wavelength
and to detect analytes over a large dynamic range.

In Chapter 2, a general introduction to surface waves on multilayer dielectric structures is
presented. After a brief introduction on layered dielectric structure, the effective transfer matrix
method, used to simulate 1DPCs, is presented giving the governing principles for
1DPCoptimization. Then, a numerical characterization of the surface electromagnetic mode
(BSW), the monitoring of the resonance shift, and how the electromagnetic field can be shaped
and confined at the interface are discussed. Moreover, a description of fluorescence emission
in presence of 1DPCs is illustrated and simulated, taking into account all possible experimental
variables. The effects of the experimental parameters on the 1DPC sensor are comprehensively
investigated and analyzed by means of simulations in order to obtain an optimized 1DPC
structure.

Chapter 3 is fully devoted to the description of optical set-ups used in this work. In particular,
the results are obtained on two different platforms operating under the same principle and
making use of similar optical configurations.

In Chapter 4, details on the 1DPC fabrication technique and dielectric materials used are given.
The optimized 1DPC structure is then characterized and tested, assessing the overall
performances of the sensor. In the end, an alternative coating technology based on
hydrogenated silicon nitride 1DPCs are presented and tested.

Chapter 5 is focused on the functionalization strategies adopted to tailor the 1DPC surface. In
this work, two main strategies are considered. The main route is based on APTES-
glutaraldehyde modification while the second approach makes use of a thin polymeric film of
poly-acrylic acid as a functional layer.

In Chapter 6, the 1DPC biochips are used for label-free and fluorescence biomolecular
detection, including sensitivity characterization, surface functionalization, binding experiments
design and execution, and results analysis. The first part is focused on the early detection of
colorectal cancer biomarkers such as Angiopoietin 2 (Ang-2) either using glutaraldehyde and
polymer thin film functionalization chemistry. In the second part, a systematic study on breast
cancer biomarkers (ERBB2) in cell lysates is performed. A detailed analysis of the results
(measuring control negative cell lysates) validates the 1DPC biosensors in pre-clinical
environment. Future perspectives, further developments and boundary activities are presented
in Chapter 7.
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CHAPTER 2

General properties of Bloch surface waves
sustained by 1D photonic crystal

Among novel possibilities for the control of electromagnetic phenomena, photonic crystals are
considered as an emerging technology in sensing applications. In particular, one dimensional
photonic crystals are periodically structured media, constituted by depositing dielectric
materials with different geometries. These structures possess photonic bandgaps in which light
can or cannot propagate depending on the incident radiation characteristics. Under certain
conditions, the electromagnetic field can be re-shaped and localized through the presence of
the 1DPC itself. With this purpose, the propagation theory of optical waves in layered media
is presented introducing the transfer matrix method (TMM). Then, a systematical study of
1DPC structures and an optimization strategy are described in details by means electromagnetic
simulations. In conclusion, a series of simulations on the interaction of fluorescent dye

molecules with a system where the electromagnetic field is strongly confined are presented.

2.1 TRANSFER MATRIX METHOD FORMULATION

A multilayer structure can be regarded as an optical system with one input and one output port.
Thus, a transfer matrix T can be associated to the system in order to relate the incident and
reflected waves at the input port with the incident and reflected waves at the output port. The
calculation algorithm adopted in this dissertation is based on the transfer matrix method
(TMM). This model describes the relationship between the amplitude of a plane wave at the
input and output ports of multilayer structure.

In Figure 2.1 it is shown the schematic diagram of a dielectric multilayer structure. In order to
connect the output fields (Ep(x;i_1), Eg(x5_1)) with the input fields (Er(xg), Eg(x5)), the

multilayer stack can be considered as a cascaded system of interfaces and layers, with an
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interface matrix T:; between two layers (i and j) and a propagation matrix T; connecting the
beginning and the end within the layer j, respectively.

The normal to the interface planes (x-axis direction) and the wave vector of the incident plane
wave define a plane, the so called incidence plane, whereas the z-axis belongs to this plane but
is orthogonal to the x-axis. This assumption makes that, the y-axis is defined and the wave
vector lies in the (x,z)-plane: its y-component is zero, ky = 0. The multilayer structure in this

coordinate system is depicted in Fig. 2.1.

z
Ny nqg n, n; ny Ny-1 Ny
Ep(x3) Er(x;) Ep(xn-1)| Ep(x§-1)
""""""""" On-1
/\Q / On
Eg(xg) Ep(x;) Ep(xn-1)| Er(x§-1)
Yo .
|
Xo X1 X Xi-1 X Xj XN-2 XN-1

Figure 2.1 — Dielectric multilayer structure.

In this case, the problem can be solved separately in two orthogonal polarizations. In order to
solve easily the problem, we can address the propagation of TE wave (s-polarization) and TM
wave (p-polarization) with E and H parallel to the multilayer interfaces, respectively (Fig. 2.2).
In the following calculations, the two problems (for TE and TM) differ only in the polarization

dependent reflection and transmission coefficients.

TE / s-wave TM / p-wave
z z
H E
E H
k k
Yo e
X X4 Xo X1

Figure 2.2 — Polarizations of the incident light with respect to the 1DPC surface.
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Therefore, if one considers one polarization (TE or TM), the electric field is fully described by
its amplitude E(x,y,z). In each layer, all contributions to the forward propagating wave (in the
direction of increasing x) have the same direction and thus form one plane wave. The same
consideration can be made for the backward propagating wave (towards decreasing x). The

total field in the i-th layer an thus be expressed as follows:

E(x,y,z) = AFe_j(kx,ix+kzZ) -|—ABe_j(_kx,ix+kzZ) @.1)
= AFe_jkx,ixe—f"zZ + ABe+jkx,ixe_szZ

= E(x)pe /%22 + E(x)g e k27

where k, ;is the x-component of ki in the i-th layer:

ki = [(iko)2 — k212, i=0,1,2,3..,N 2.2)

and ko, = (w/c). Due to boundary conditions that relate the field amplitudes of the incident,
reflected and transmitted wave at the interfaces, k, remains constant.
When working with lossless media and in the absence of total internal reflection (TIR), ki can

be related to the ray angle 4 (see Fig.2.1) in the following way:

ki = nikqcos6; (2.3)

Nevertheless, dielectrics can show a non-zero extinction coefficient giving Im(n;) =0, or have
a situation in which k, > n;k, . The first case corresponds to wave propagation in a lossy
medium, the second to incident angles that are larger than the critical angle for total internal
reflection (TIR condition). When TIR occurs, the electric field vector decreases exponentially

in the x-direction and attenuation occurs within a distance of 1/g, where g is defined as:

g = [k2— kD)2,  i=0,1,2,3..,N (2.4)

In that case, the Eq.2.1 is an evanescent wave that propagates parallel to the multilayer’s
interfaces (in the z direction). For a given z value, the whole transfer matrix Ton relates the
complex amplitudes Er and Eg just before and just behind the first and the last interface of the

multilayer stack:

6]

F(x;—l) _ T011\11 Tollg EF(xI-\'I-—l)
Eq(xy ]‘[ l 3)

E
EB(X1J\7—1) Tozlez TOZI\ZI EB(X1J\7—1)
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To build the complete transfer matrix, individual transfer matrices for the wave transmission
through an interface and the propagation through a single layer have to be evaluated. We start
with the transfer matrix for wave transmission through an interface. Consider the interface
between the layer i and the layer j (Fig. 2.1). Due to boundary conditions, for a given z, the
amplitudes of the forward and backward propagating waves just before and just behind the

interface are related in the following way:

giﬁfﬂ [rﬂ nj] Zﬁj})] 2.6)

where tjjji and rijji are the complex Fresnel reflection and transmission coefficients in the case
of single incident wave. This is actually the scattering matrix description of the interface

between two layers. For the TE-polarization, the Fresnel coefficients are given by:

L _EsGi) K~k
B k41

Y Ep(x) YKL+ k]
and in the TM-polarization case by:
_EsGx) _ miki ik
YOER(x)  n2kl + nfk;

EF(X:-) n;
lj EF(xi_) nj ( + Tl])

Alternatively, the Fresnel coefficients can be described as a function of the refractive indices

ni, nj and ray angles &, 4, for the TE-polarization:

_ Ep(x;) m;cosB; —n;cos b

b Er(x;) "~ mjcos@; + n; cos 6;

_ Er(x;") _

. (1 N ) _ 2n; cos 6;
UTEGD T

n; cos 6; + n; cos 6,
and for the TM-polarization:

_ Ep(x;) mjcosf; —n;cos b,

b Er(x]) B n; cos 6; + n; cos 6;

EF(x

U Ee(x)) n]( 1) n; cos 6; + n; cos 6;

2n; cos 0;
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These latter permit to rewrite Eq.(2.6) as follows:

1 Tji
EF(xi_)] _ |t tij Er(x) 2.7
Ep(x;) [i} b — i]rJ Ep(x;") '
ji i
tij tij

and making use of the symmetry relations of the Fresnel coefficients, the Eq.(2.7) becomes:

Ep(x;) 1 [1 ri}'] lEF(x;r)l
Tij )

T 1 EB(xiJr

Ep(x)]  t (25)

where for symmetry one can utilize r;; = —rj; and tj;t;; — 17 = 1.
Therefore, the transfer matrix Tj; for wave propagation through the interface between layers i

and j can be expressed as follows:
T, = l[ Loy 2.9)
tij rij 1

As a further step, it is required to write the transfer matrix for wave propagation through a
layer. If one considers the i-th layer, for a given z, the amplitudes of the forward and backward
propagating waves just before and just behind the interfaces of the adjacent layers are related

in the following way:

Ep(xi) = Ep(xiL)e Fwidi (2.10)

Ep(xiZ1) = Eg(x;)e i % (2.11)
with di the thickness of layer i. Thus, the transfer matrix T; for wave propagation through layer

IS given by:

Ti= "y oo (2.12)

in which we defined, ¢;= ki di which in general is a complex quantity. In a lossless medium

and in the absence of total internal reflection,¢;= k; di is a real quantity:

21
Q; = kx,i di = _A Tlidl' CosS 9i (213)
0

In conclusion, to build the complete transfer matrix for the wave propagation through the

layered medium, one can now multiply all individual transfer matrices.
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EF(xO_)] =Ty EF(xN 1)] [Tolz% Tolzal [EF(x;r/—ﬂ (2.14)
Ep(xg) EB(XN 1) EB(XE—Q
where:

Toy =Ty, T,T,,T, ---T(N—1)T(1v—1)1v (2.15)

The Eq.(2.14) is known as the matrix formulation for wave propagation through multilayer

structures.

2.2 BLOCH WAVES AND BAND STRUCTURES

It is important to notice that the electromagnetic model developed until this point is general
and can be applied to a large number of multilayer structures. In particular, for a periodically
stratified medium, the fields can be considered equivalent to a one-dimensional lattice which
is invariant under a lattice characteristic translation (lattice constant). In this case, the
translational symmetry is in the x-axis direction and the lattice translation operator is defined
by: LTO(x) = X + pA, where p is an integer.

According to the Floquet’s theorem, a wave propagating in a periodic medium has to satisfy:

E(x+ A) = E(x) e/KBA (2.16)

where the constant Kg is known as the Bloch wavevector and A is the period of the layered
structure. A similar equation holds for the magnetic field H(x). Thus, the problem is that of
determining Kg and E(x) in terms of column vector representation. From Eq.(2.1), the periodic

condition Eq.(2.16) for the Bloch wave can be simply obtained:

(Exe) = (exns) e

It follows from Eq.(2.5) and Eq.(2.17) that the column vector of the Bloch wave satisfies the

following eigenvalue problem:

<T,\}}V_2 TA1L2N_2> (EF(xN)) a-iKBA (EF(xN)) (2.18)

Tin-2 Tix-2) \Es(xn) Eg(xn)

where Tn, n-2 can be written as follows
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(EF(xN—Z)) _ (Tﬁ,lzv—z Tﬁ.zN—Z) (EF(xN)) (2.19)

Eg(xn-2) T;\%}v_z Tﬁﬁv_z Eg(xy)

However, the trace of the translation matrix (Tr(Tn, n-2)) is directly related to the band structure
of the stratified periodic medium. Thus, the eigenvalues of the translation matrix are given by:

1/2
. 1 1 2
e IKBA = ETr (Tyn—2) £ {[E Tr (TN,N_Z)] - 1} (2.20)

The eigenvectors that correspond to the eigenvalues Eq.(2.20) are obtained from Eq.(2.18) and

are:

Eg(xo) e KB — TIN5 .
times any arbitrary constant. The Bloch waves, which result from Eq.(2.21), can be considered
as the eigenvectors of the translation matrix with eigenvalues e/¥=* given by Eq.(2.20). The two
eigenvalues in Eq.(2.20) are the inverse of each other, since the translation matrix is

unimodular. Eq.(2.20) gives the dispersion relation between o, k; , and Kg for the Bloch wave

function:

Ky (k,, @) = cos™t B Tr (TN,N_Z)] (2.22)

In other words, for each Bloch wavevector Kg one can find a dispersion relation w(kz). If all
possible dispersion relations are plotted on the same graph one obtains the so-called band-
diagram. The points in the graph where |1/2 Tr (Tn,n-2)| < 1 correspond to real Kg and thus to
propagating Bloch waves, when |1/2 Tr (Tnn-2)| > 1, Ke = (ma/A) + jKiand has an imaginary
Ki so that the Bloch wave is evanescent (frequency regions for which propagation is inhibited).
The latter case represent the so called “forbidden bands” of the periodic medium. The band
edges are the regime in which: |1/2 Tr (Tn,n-2)| = 1. An example is shown in Fig. 2.3 where the
shaded areas correspond to allowed bands for which propagation through the crystal is possible.
However, for a 1DPC there is no complete bandgap, i.e. there are no frequencies for which
propagation is inhibited in all directions. In particular, when a wave propagating in vacuum is

directed onto the photonic crystal, only modes with k, values smaller than k = w/c can be
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excited. The vacuum light-lines (dashed lines) are indicated in the Fig.2.3 and one can find
complete frequency bandgaps inside the region k; < k. In this frequency range, the photonic

crystal acts a perfect mirror.

TE modes

TM modes

3 2 I 0 I 2 3
k. A

Figure 2.3 — Band-diagram for a one-dimensional photonic crystal. The dark zones are the allowed
bands. The diagram represents both TE and TM modes. For alDPC, there are no complete bandgaps,
i.e. there are no frequencies for which propagation is inhibited in all direction. Values used: n1=1.53

(Si02), n;=4.23 (InSb) [27].

The band structures for a typical stratified periodic medium, as obtained from Eq.(2.14), are
shown in Fig.2.3 for TE and TM waves, respectively. It has to be noticed that the TM
"forbidden” bands shrink to zero when: k; = (®w/c) n2 SinBgrew, Where Ogrew it the Brewster

angle, since at this angle the incident and reflected waves are decoupled.
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2.3 ELECTROMAGNETIC BLOCH SURFACE WAVES

A surface electromagnetic wave is a wave associated to an interface between two semi-infinite
systems. The presence of surface states at the interface of multilayer structure can be explained
considering that at a given frequency, there are regions of k;, for which Kg is complex and
Ks = mn/A £ jKi. As already introduced above, in such regions, propagation through the
structure is not allowed (forbidden bands), obtaining an evanescent field profile. For a semi-
infinite periodic medium, the exponentially damped solution is a possible solution near the
interface and the field envelope decays as e XiX; where x is the distance from the considered
interface. To study the properties of the surface modes it may be considered a semi-infinite
periodic multilayer dielectric medium consisting of alternating layers of different indices of
refraction. The geometrical parameters and refractive index distribution are given in Fig. 2.4

(where nz > ng > ne.).

ZA
Ne ny n,
# b
A N, <0
)= ny, mA<x<mA+a
REN= 1y, mA+as<x<(m+ 1A
(m=0,12..)
Yo s
\
Xo X1 Xz

Figure 2.4 — Semi-infinite periodic structure made of two different materials with period A.

Let us consider the case of TE surface modes where the electric field is polarized in the y
direction (see in scheme of Fig. 2.2). The electric field distribution (TE) obeys the wave

equation:

0°E, 0°E Wy 2
y Y () 2 — 2.23
372 + Ewe) +(c) n (X)Ey 0 ( )

Assuming Ey (x,y,z) = E(x)el*z% the wave equation becomes:
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0’E(X) (w2
W + (- HZ(X) - kzz> E(X) =0 (224)

c2

The solution of Eq (2.24) is:

aede’,  x <,
EC) = {EKB (x)el¥8%, x > 0. (2.25)
where a is a numerical factor and ge is given by:
o 12312
Qe = {kzz - ne] } (2.26)

In order to be a guided wave, the constant Kg in Eq.(2.25) must be complex so that the field
decays exponentially for large x values. This is possible only when the propagating conditions
in the periodic medium correspond to a "forbidden" band. Another condition is that E(x) and
its x derivative be continuous at the interface with medium e. This gives the condition for

surface modes:

—jKpA 11 12
_ q(e JRBR — Te,N B Te,N

e = (TReh T 4 TJ2)

(2.27)

It is evident that the energy is more or less concentrated in the first few periods of the semi-

infinite periodic medium. It can easily be shown that:

Wi
= (1 — e 2KiA 2.28
Wror ( ) (2.28)

where K; is the imaginary part of Ks. The W), Wror are the energies in the first period and in
the whole structure, respectively. The field distribution in each period is similar to that of the
distribution in the preceding period except for the amplitude that results reduced by a factor of
(—1)™me JKiA 'where m is the integer corresponding to the m-th forbidden gap [2].

In this case the fundamental surface wave has the highest Ki that means higher degree of
localization. Therefore, the fundamental surface wave should be in the zero-th or the first
forbidden gap. It depends on the magnitude of the index of refraction ne. For ne less than ny,
which is a case of practical interest (ne is the index of refraction of air), the fundamental surface

wave has a Bloch wave vector in the first forbidden gap (details in the following paragraphs).

2.4 EXCITATION OF BLOCH SURFACE WAVES
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The excitation of a Bloch surface wave on a 1DPC can be attained by a coupling prism in the
Kretschmann—Raether (K-R) configuration under total internal reflection conditions (TIR). In
this particular configuration, a light beam passes from air into the glass prism and impinges at
an angle 6 with respect to the normal to the 1DPC surface, , as shown in Fig. 2.5. In order to
ensure optical continuity between the prism and the 1DPC, a contact oil is added on the back-
side of the substrate on which the 1DPC is deposited (glass side).
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Figure 2.5 — Kretschmann—Raether configuration and angles of interest.
To guarantee the excitation and the propagation of the BSW, total internal reflection condition
is needed. In order to operate with a monochromatic incident laser beam at A and at an angle

0, the transmitted wave in the prism, according to Snell’s law, is at an angle a. given by:

ngsiny = n, sina (2.29)
where naand np are the refractive indices of the air na = 1 and the glass prism , respectively.

The angle of incidence at the interface prism-substrate is:

9 =09,+a (2.30)

The critical angle (%) for TIR between prism-air, is given by:

. na
Y, = arcsin (—) (2.31)
np
Eqg.(2.30) and Eq.(2.31), the transmission angle at the air-prism interface is obtained as follows:
. na
a =9, — Yp = arcsin <n_> —9p (2.32)
(4

By determining a., it is possible to find the values of y, at which total internal reflection occurs.

When TIR takes place, the incident light goes to an evanescent wave at the interface. Such an
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evanescent wave is at the same frequency of the incident light and its amplitude decays
exponentially as a function of x with a given penetration depth. Therefore, BSWs can be excited
only when the propagation conditions in the periodic media correspond to a photonic bandgap.
The penetration depth of this evanescent field depends on the angle and wavelength of the
incident light, and on the refractive indices of the two media. Increasing the incident light angle
leads to a reduced penetration depth. On the contrary, larger wavelengths lead to an increased
penetration depth. In Fig. 2.6 it is represented a typical Bloch surface wave angular reflectance
in TE polarization and the distribution of the electric field along the 1DPC.

L S [ O S S O Y BN B BN B

1.00 = W
0.75 ]

30000

x L ]
050 L = 20000 i
0.25 ;“@ 10000 {» b

500 -1ooop0;|t;§:??nm] o 0 ®TE ]
0 | I L v Lo | 1 L
60 62 64 66 68 70 72
0[deg]

Figure 2.6 — TE polarized reflectance of a typical 1DPC used during the experimental characterization.

In the inset, the electric field distributed along the multilayer structure.

2.5 OPTIMIZATION OF THE 1DPC STRUCTURE

In biosensing, there are three kinds of modulation methods to monitor the resonance mode shift
and then to retrieve the information of bio-molecular interactions: angular or wavelength [7],
intensity [29], and phase [30] resolved detection. In the following, | briefly report on the study
on the influence of 1DPC parameters on the overall sensing performances. A more systematic

and detailed description can be found in the article [25]

First, the effect of different values of the index-contrast between dielectric layers is explored
when simulating the 1DPC structure, as they can give rise to high reflectivity, thus leading to
a high Q resonator. For a 1DPC characterized by the same number of periods, high-index-
contrast materials produce larger field intensity on the sensing surface and, thus, larger
sensitivity. In the following simulations the number of periods (from N=2 to N=5), the losses
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in the dielectrics (k = 5E-5) and thicknesses of the layers are kept constant; only the ratio (y)
between the real part of the refractive indices of the two 1DPC materials has been changed.
With this aim, with reference to Figure 2.4, we compare three sets of dielectric materials: 1)
m=1.474, n2=2.16 (y=1.46), 2) m1=1.474, nz=2.28 (y=1.54) and 3) n1=1.474, n2=2.56

(y=1.73). The related reflectance profiles in the K-R configuration are shown in Fig.2.7.
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Figure 2.7: Angular reflectance profiles varying the ratio between the high and low refractive indices.

In Fig. 2.7, itis evident that increasing the contrast between refractive indices of the two layers
results in a shift towards larger angles of the resonance position and in a broadening of the
resonance width. The depth of the resonances seems to be invariant to the changes in the
refractive index ratio between layers (slightly deeper as the ratio increases). For what concerns
the field distribution, as shown in Fig. 2.8, the electric field profile changes at the 1DPC surface
as a function of the ratio. In particular, the larger it is the refractive index contrast the more the
field is localized at the interface. This means that the sensitivity increases with the ratio y. It

has to be noticed that there are not dramatic differences between the case y=1.73 and y=1.54.
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Figure 2.8 — Electric field profile (square modulus) at the 1DPC surface (dotted black line) as a function

of refractive index contrast ().

Another important parameter when designing 1DPC is the number of periods N. In Fig. 2.9A
it is shown the behavior of the reflectance dip by increasing N. It is evident from Fig. 2.9A that
a larger number of periods provides a narrower and slightly shifted resonance enabling to
confine more efficiently the electric field at the interface (Fig. 2.9B). Nevertheless, this is true
keeping the losses (in the low refractive index materials) constants and in the range of k = 5E-
6. A clear drawback in increasing the number of periods is that also the distance of the interface

from the collecting prism increases.
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Figure 2.9: Angular reflectance profiles as a function of the number of periods N. In this case the period
consists in A = dsio2 + dracos (A); the associated electric field intensities across the interface (position =
0 nm) between 1DPC and the external medium (B). Simulation parameters: nsio; = 1.474 + j 5E-6 (dsio2
=275); Ntazos = 2.16 + j 5E-5 (draz0s =120 nm).
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This aspect can spoil the detection efficiency in fluorescence applications, when small amount
of fluorescent molecules bind the surface. In that case, the decoupling efficiency can be also
compromised by the increased distance between the emitter and the decoupling system leading
to a worst fluorescence detection yield. In other words, thicker structures work better in terms
of sensitivity but they make the fluorescence decoupling not efficient.

Another possible drawback derives from the necessity to deposit 1DPCs on plastic substrates.
Thicker multilayers imply a large stress between single layers causing delamination of the
topping layers during operation in aqueous environment. This makes the deposition of 1DPCs
with a high number of periods not appropriate for stable multilayers on plastic substrates.
According to the previous considerations, during the doctorate period, we converged towards
1DPC designs that include high index thin layers on top of a periodic multilayer (see Fig. 2.10).
The role of the high index layer is to enhance the sensitivity while keeping a low number of
periods.
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Figure 2.10 — Spatial distribution of the electric field squared within the structuture (1DPC). The
simulation is performed with a BK7 glass substrate (G) and DI-water (W) as external medium.

In particular during the last part of the doctorate | made use of 1DPC with the following design.
For this reason, we introduced a non-periodic 1DPC structure to better tune the sensitivity while
keeping a structure with a low number of periods. Starting from the substrate side (G side in
Fig. 2.10), the 1DPC is composed of a first SiO2> matching layer that is used to improve the
reliability of the subsequent high index layer. Given the small difference of the refractive index
with respect to the substrate, such a layer does not play any significant optical role. The core
of the 1DPC is a periodic structure with two Ta2Os/SiO: bilayers with period A = dtaz20s + dsio2
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(nsio2=1.474 + j 5E-6 and dsjo2 =275 Nta205 = 2.16 + j 5E-5 and dra205 =120 nm). The 1DPC
is then topped by a thin TiO2/SiO; bilayer. The last SiO- top layer (nsio2= 1.474 + j 5E-6 and
dsio2 = 20 nm) is introduced to provide a suitable surface for robust chemical functionalization
method via silanization approach (see in Chapter 5), whereas the thickness and absorption
coefficient of the TiO2 top layer was tuned to optimize the position of the BSW dispersion in
the 1DPC forbidden band and the depth of the resonance. This leads to the choice of TiO: as
high index layer (nrio. = 2.28 +j 1.8E-3) with a thickness of 20 nm and an absorption coefficient
that matches the need of balanced losses. Moreover, the insertion of such a layer provides a
considerable enhancement of the electric field at the interface with respect to the periodic case
emulating the confinement produced by structures with a large number of periods. In Fig.2.11
are illustrated the two structures, periodic (without TiO2 and SiO> topping layers) and non-
periodic, and the electric fields at the 1DPC surface at resonance.

T 100000 T
1.00 | g | periodic 1DPC |

3 W 1 10000 Ll == aperiodic 1DPC ‘

1 - : |

75 ] c 1000 = |

=) E 3

& ] . ]

0.50 | € 100k |

/ periodic TM - £ \ 3

¥ periodic TE ] w10 : \ =

0.25 aperiodic TM - - F \ 3

i aperiodic TE 1L \ E

O » ) | [ \‘ | L 1 : E i 1 Z

60 62 64 66 68 70 72 -1500  -1000  -500 0 500

6[deg] position [ nm ]

Figure 2.11 — Reflectance profiles and field distributions for periodic and quasi-periodic 1DPC.
Simulation parameters for the periodic structure: nsioz = 1.474 + j 5E-6 (dsio. =275 and 20 nm); Nraz0s
= 2.16 + j 5E-5 (dta205 =120 nm); nrio2 = 2.28 +j 1.8E-3 (dtio2 =20 nm).. Simulation parameters for the
non-periodic structure: nsioz = 1.474 + j 5E-6 (dsioz =275 and 20 NnM); Nta205 = 2.16 + j 5E-5 (dra205 =120
nm); Nrioz2 = 2.28 +j 1.8E-3 (drio2 =20 nm). All the simulations are performed at A= 670 nm

As clearly shown in Fig. 2.11, the TiO thin layer acts as a guiding layer for the surface modes
improving the depth of the resonance and enhancing the field confinement at the surface, i.e.
the sensitivity. We selected TiO> instead of Ta,Os for technological reasons. Absorption losses
in TiO2 can be inserted more easily with respect to Ta;Os thin oxide layers. The optical
properties of this TiO> thin film were extensively studied to optimize the overall performances
of the 1DPC.
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In particular, we focused on the study of absorption losses in TiO2 layer. In Figure 2.12 are
shown different reflectance profiles as a function of the TiO; extinction coefficient. Starting
from a value k for the losses of 5E-5 and increasing such a parameter, the resonance becomes
deeper until a critical k value (k=0.0018). After this value the resonance, when further
increasing Kk, recovers to its initial condition broaden features (light blue curve in Fig. 2.12).
The optimum condition, in terms of width and depth, is observed in the range of k = (0.0015 —
0.002).
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Figure 2.12 — Reflectance changes as a function of the absorption losses (k) in TiO- thin layer.

In order to compare the periodic and non-periodic structures, the 1DPC band diagram for TE
and TM polarizations was numerically calculated with the TMM. First, we focus on the
photonic properties of the periodic 1DPC reported above. In Fig. 2.13, where k; is the
transverse component of the wavevector and o is the angular frequency, we show the calculated
photonic band diagrams for an infinite 1DPC with the same dra20s and dsio2. Such diagrams
are invariant with respect to A, provided the ratio dra20s / dsio2 is constant. The permitted and
forbidden bands are filled with grey and white colors, respectively, and the dispersion of light
in the external medium (LL) is plotted as a black dashed curve. The diagram is calculated by
means of an iterative plane wave eigen-solver method [31].

As shown in Fig.2.11, the 1DPC can sustain a BSW confined at the truncation interface,
between the 1DPC and the external medium, whose dispersion lays in a forbidden band of the
1DPC [23]. In Fig. 2.12 (blue curve), we show the numerically calculated dispersions of such
BSW when the top bilayer is absent, for the TE and TM polarizations. The dispersions are
located beyond the light line (LL), confirming that the BSW can be excited only in a TIR
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configuration. For the non-periodic 1DPC (red curve in Fig. 2.13), the dispersion of the BSW
obtained when the top bilayer is present, is calculated by the same method. The effect of the
dielectric load of such TiO2/SiO2 bilayer is to shift the BSW dispersion towards larger k;
values. For the TE polarization, this has the effect to bring the dispersion at the center of the
forbidden band and far from the LL (see also reflectance profiles in Fig. 2.11), increasing the
field localization of the BSW (see Fig .2.11) at the truncation interface. At the chosen Ao =670
nm that is used in the experimental characterizations, whose corresponding normalized angular
frequency is marked with a horizontal line in Fig. 2.13 (green dashed line), we therefore obtain
two BSW, one TE and one TM.

0.8

0.5 0.6 0.7 0.8 0.9 1.0
kz/\/27’C

Figure 2.13 - Photonic bands for a periodic and infinite 1DPC with dsio, = 275 nm and dra0s = 120
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nm, for the TE and TM polarizations. The permitted and forbidden bands are filled with grey and white
colors, respectively. The light line in the external medium (LL) is plotted with a black dashed line. The
dispersion of the BSW for the finite LDPC are shown either for periodic (blue) and quasi-periodic (red)
are plotted. The horizontal green dashed line corresponds to the wavelength used in the experiments Ao
=670 nm.

The effect of both SiO2 and TiO. top layers on the properties of the TE BSW was taken into
account when designing the 1DPC. The optimization procedure to design the 1DPC (pursued
in this dissertation work and in reference [32]) maximizes the sensitivity S of the BSW
resonance angle 0 with respect to the change of the thickness h of a biological adlayer, with
neio = 1.42, bound at the biochip surface (Ss). As already discussed in Section 1, the
performances of the optimized biochips can be characterized in terms of sensitivity and the

figure of merit (in Chapter 4).

2.6 FLUORESCENCE OPERATION

In this paragraph we describe the fluorescence operation of the 1DPC focusing the attention on
the emission pattern of fluorescent molecules anchored at the surface. The fluorescence
simulations are obtained by means a rigorous electrodynamic approach applying dyadic
Green’s functions to describe the effects classically developed at Fraunhofer IOF [33]. As
briefly introduced above, a 1DPC structure can also modify the emission properties of a dye
close to the sensing surface. This occurs when an emitting dye interacts with a structure with
confined density of state. In the present case, the 1DPC acts as a directional antenna channeling
the emitted light into same angular window used for label-free investigation. Through the same
coupling prism we are able to decouple the emitted light and collect an angular spectrum of the
dye via TE and/or TM modes. In general, this is true for all the surface modes sustained from
the 1DPC structure providing a replica of the dye emission spectra (Aem).The role of the 1DPC
is dual. First, the fluorescent molecules bound onto 1DPC sensitive area can be resonantly
excited at the surface of the biosensor in order to match the maximum of the dye absorption
spectrum (Aexc). The resonant excitation through the 1DPC stack permits to transfer the
maximum energy to the dye exploiting the resonant condition in light absorption [29]. The
latter condition allows to increase the energy delivered to the dye at Aexc thus excite more
efficiently the fluorescent molecule. Secondly, the re-direction of the fluorescence signal

emitted can be evaluated through the dispersion relation of the 1DPC obtaining an emission
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pattern as a replica of the fluorescence spectrum of selected dye.

This fluorescence emission pattern can be calculated assuming that the dye labels in the
emitting layer can be modelled as rod-like dipole emitters with an isotropic orientation.

The orientation distribution of the ensemble of dipoles can be described by means of the

normalised distribution function fo(6,¢), where:

1
fo(6,0) = o (2.33)

In real applications, due to the fact that they are covalently bound at the surface, it may be
assumed that their orientation cannot change in time; consequently the orientational
distribution of the excited dipoles coincides with that of the emitting dipoles. With reference
to Figure 2.14 the excitation is carried out with a beam focused in the (x,z) incidence plane and
polarised along the y direction. If the polarisation of the fluorescence excitation beam is along
the y direction (TE polarisation for the 1DPC) the orientational distribution of the excited
(emitting) molecules under stationary conditions (CW excitation) can be calculated according

to the following considerations.

exc

Figure 2.14 — Fluorescence excitation configuration and system of coordinates for the emitter
orientation

According to Figure 2.14, a generic dipole in the distribution is excited according to an

absorbed power proportional to:

o= 2
Paps(, @) |Ll ) E:excl (2.34)

wherei is the transition dipole moment. In turn, P, (8, ¢) can be written as:
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Pabs (9» (P) X uzlechinz(e)Sinz ((P) (2-35)
It is possible then to calculate the average transition power over the isotropic distribution of
the dye labels and get:

Paps & uzlexcf fo (8, @, t)sin?(8)sin®(¢)dQ
(2.36)

2 1 ia2 ia2 1 2
= Hlexc ESIH (6)sin“(@)dQ = gu Texc

Such last result states that in case of TE excitation of dye labels angularly distributed
isotropically the excitation rate obtained is 1/3 of the power that we would have if the dipoles
would be all oriented along the y direction. When addressing the fluorescence emission, the

emitted power of each dipole is given by:

Pem (6, @) & N*Ieycsin®(8)sin®(¢) (2.37)

where 7 is the quantum efficiency, related to the dipole molecule’s properties and to the
external environment. An emitting dipole can be then decomposed over 3 independent dipoles

oriented along the x,y and z directions, emitting according to the following emitted power:

Pemx(8, @) = Pern (8, @)sin®(8)cos?(¢)
Pem,y(e' @) = Pery (6, (P)Sinz (e)Sinz (¢) (2.38)
Pem,z (6, (P) = Pem (6, (p)COSZ C))

The average emitted power of the three dipoles can be evaluated as follows:

i 2lore | £5(6, @, )sin* ()sin? 2(9)d) = —nu?l
em,X OCTHL exc 0( .(P.t)sm ( )Sln ((P)COS ((P) 15‘1“— exc

_ 1
\ Pemy & MK lexc f fo (8, @, Osin*(B)sin*(@)dQ = Z M lexc (2.39)

— 1
kpem,z x nuzlexc f fo (6, @, t)sin?(0)cos*(8)sin? (p)dQ = Enuzlexc

The total average emitted power is then given by:

_ _ _ — 1 1 1 1 _
{Pem = Pemx + pem.y + Pemnz = (E + g + E) T'”/lzlexc = §nu21exc = NPaps (2.40)

Confirming that the total emitted power is given by the total absorbed power times the quantum
efficiency. With reference to Fig. 2.14 the fluorescence is collected from the substrate side in
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the (x,z) plane, the same plane used for the excitation. Therefore the dipole components along
x and z will only irradiate TM polarised radiation, whereas the dipole component along y can

only emit TE polarised radiation in the (x,z) plane.

(a) (b)

Figure 2.15 — Cylindrical dipole orientation distributions used to calculate the base radiance patterns.
a) L case, b) I case [29].

The next step is the calculation of the radiance pattern (angular and wavelength) of the
fluorescence emission. Usually, when addressing such an issue, it is convenient to describe the
emission of dipoles in proximity of a one-dimensional stack of metal/dielectric layers by
assuming a cylindrical symmetry of their distribution function around the z axis. In the present
case, given that the fluorescence excitation is carried out with a TE polarised beam such
cylindrical symmetry is lost. However, with reference to Fig. 2.15, the radiance patterns for
dipoles aligned perpendicularly to the stack (Fig. 2.15(a)) and for dipoles uniformly distributed
in the plane of the stack (Fig. 2.15(b)) can be calculated. The results obtained can be used as a
base set to describe the emission pattern arising from non-cylindrically symmetric dipoles
distribution, as it occurs in our case.

In Fig. 2.16 the radiance patterns for the fluorescence emission of dye labels, for the two base
distributions given in Fig. 2.15, are shown. The radiance pattern are obtained by means a
numerical approach that makes use of a rigorous electrodynamic approach applying dyadic
Green’s functions developed at Fraunhofer IOF [33] In the following simulations the non-
periodic 1DPC and a DyL.ight 650 fluorescent molecule are used to calculate all the emission
patterns. Emission of fluorescence in the substrate (prism side) is considered here for the TE
and TM polarisations. The emission in the cladding is not considered (because the fluorescence

emission is collected from the prism side).
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Figure 2.16 — Radiance patterns emitted in the substrate for the two dipole orientational distributions
defined in Fig. 2.14. The patterns are calculated for the TM, TE polarisation states and for their SUM.
The curves were obtained for the non-periodic 1DPC structure and for a DyLight650 dye.

From the radiance patterns shown in Fig.2.16, the luminous intensity curves, which are shown
in Fig 2.17, can be extracted in all cases. These are the curves that are effectively measured in
a biosensing experiment in which the angularly dispersed fluorescence emission of dye labels

at the surface of the 1DPC is collected from the substrate side.
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Figure 2.17 — Luminous intensity for fluorescence emitted in the substrate. (left) Dipole oriented
perpendicularly to the stack, (right) dipoles oriented in the plane of the stack.

The emission of dye labels excited by a TE polarised beam can be calculated, according to the

following considerations:

1) The dipoles aligned along z, perpendicularly to the 1DPC, will emit TM radiation only, with
the radiance pattern shown in Fig. 2.16 (top left)
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2) The dipoles aligned along x will emit TM radiation only, with the same radiance pattern
shown in Fig. 2.16 (bottom left) but scaled by a factor 2 taking into account the orientation in
the (x,y) plane. Here below the value of such scaling factor is derived. Assuming dipoles laying
in the (x,y) plane with the following isotropic distribution (Fig. 2.15(b)):

£(9, ) = % 5(0- g) (2.41)

each dipole has a component along x according to a factor cos(¢) and contribute to the TM
radiance with a factor cos?(¢). The average of all dipoles contributions to the TM emission in

the (x,z) plane will then be given by:

jones (6- g) sin(6) defo

Such result indicates that they emit %2 of the radiance that they would emit if they were oriented

21

L os2(@)d - [ L ost(@)dp == (242)
5—cos’(@)de = i 5 c0s’(@)de = 5 :

21

along x. Therefore a dipole along the x direction contribute to the emission with the same TM

radiance obtained for the | case multiplied by a factor 2.

3) The dipoles aligned along y will emit TE radiation only, with the same radiance pattern
shown in Fig. 2.16 (bottom centre) but again scaled by a factor 2 taking into account the

orientation in the xy plane.

Assuming dipoles laying in the (x,y) plane with an isotropic distribution Eq.(2.41) (Fig.
2.15(b)), each dipole will have a component along y according to a factor sin(¢) and contribute
to the TE radiance with a factor sin?(¢). The contribution of all dipoles to the TE emission in

the (x,z) plane will then be given by:

fznl in”(¢p)d - (2.43)
, 21Tsm () cp—z .

Such result indicates that they emit %2 of the radiance that they would emit if they were oriented
along y. Therefore a dipole along the y direction contribute to the emission with the same TE
radiance obtained for the | case multiplied by a factor 2.

According to the considerations given above the TE and TM radiance emitted in the substrate
by the dye labels upon excitation with TE polarised radiation will be given by the following

expression:
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1
Itg(o,A) = 2 3 M)
(2.44)

1 1
Irm (o, 2) = 15 Iim (e, 2) + 2 15 M (o, )

The same expression can be used for the luminous intensity. In Fig. 2.18 the angular
dependency of the luminous intensity of fluorescence collected in the (x,z) plane form the

substrate side is shown.
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Figure 2.18 — Luminous intensity emitted in the substrate and in the (x,z) plane for dye labels at the
surface of the 1DPC.
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CHAPTER 3

Optical systems for the excitation and
detection of BSW on 1DPC

In previous chapters, we discussed the optimum 1DPC design in order to obtain high
performances in protein detection. In this chapter, we discuss the experimental set-ups that
were developed during the present thesis work and that were used for the experimental
characterization of the BSW biochips and for the bio-sensing experiments.

As we have seen, the BSW biochip consists of a 1DPC structure in which a resonance mode is
excited and bio-molecular binding between the ligand immobilized on the sensing surface and
the target analyte is measured. A standard BSW biochip must include the biochemical
modification of the surface (bio-conjugation process) and the fluidic coupling system that
usually consists of a flow cell confining the sample solution on the sensing surface.

It is therefore needed to set up an appropriate optical apparatus that can illuminate the BSW
biochip in the correct angular range with light at a given wavelength (or more wavelengths)
and to collect the reflected/emitted radiation for their analysis.

The three apparatuses used during the present work were:

S1- Extended laboratory test bench
Such apparatus was fully developed at SAPIENZA in the frame of the present work. It is
a custom laboratory test bench designed and built with discrete optical elements. The
custom nature of the test bench makes that it can operate in a wide range of the relevant
parameters such as the wavelength, excitation angle, sample temperature. Therefore it
was particularly suitable to characterize of the 1LDPC and provide feed-back that was used
to improve their design and fabrication (Chapter 6). In the final version, the setup can
operate at A=543nm, 632,8nm, 671nm, 830nm, 1300nm, 1550nm (fixed), 1450nm-

1590nm (tunable); in the far-field configuration the incidence angle can be scanned in
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the interval 6 €[30deg, 72deg]; in the angular interrogation mode operates with a CMOS
camera and a detection window that, depending on the optics used, can be tuned between
1deg and 4deg.

S2 — Modified infrared SPR platform
Such apparatus is based on a SPR platform that was formerly developed at Fraunhofer-
IOF for biosensing with SPP and operating in the near infrared at the wavelength
A=804nm. The apparatus was adapted at SAPIENZA to operate in the label-free mode
with BSW on 1DPC instead of SPP on Gold layers. Moreover it was complemented by
an external optical setup used to excite fluorescence under controlled conditions. The
main reason to modify and work with such apparatus was to preliminarily and quickly
test the possibility to work with BSW in a SPR-like configuration, both in the label-free
and fluorescence modes of operation (Chapter 6). The fact that the SPR platform operates
at A=804nm, whereas the target label-free wavelength for the present work was
A=670nm, does not constitute a limitation as all results obtained at one wavelength can
be easily transferred to another wavelength by scaling the 1DPC geometry.

S3 — Final integrated BSW analytical instrument
Such apparatus was developed in the frame of the European project BILOBA
coordinated by SAPIENZA. The integrated apparatus, whch can be considered as a self-
consistent instrument, was designed and fabricated at Fraunhofer-1OF, partner of
BILOBA, making use of the experience and the know how gathered by using the two
other apparatuses. During the present work, the instrument was at SAPIENZA where its
operation protocols were optimized and the first assays for cancer biomarkers detection

were carried out (Chapter 6).

In the following paragraphs, we describe the three experimental apparatuses. Their optical
scheme is explained in detail, putting into evidence the optical systems that were set up to
implement both label-free and fluorescence operation modes. The description is complemented
by some selected experimental results obtained with optimized BSW biochips, which will be
used to illustrate the performance of the platforms. On the other hand, such results are used to
demonstrate the effectiveness of the BSW approach and the characteristics of the BSW used in

the biosensing assays described in the Chapter 6.
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3.1 EXTENDED LABORATORY TEST BENCH (S1)

The extended laboratory test bench was setup starting from a precedent laboratory apparatus
developed at SAPIENZA. During the present work, the test bench was completely rearranged,
by adding, modifying, removing optical, electronic, fluidic, firmware, software and mechanical
parts, in order to implement the label-free and fluorescence schemes. In Fig. 3.2 the latest
version of the apparatus is shown.

Before their use, the bio-conjugated BSW biochips’ surface is topped with a two-channels
fluidic cell (see Paragraph Microfluidics) and the back face is coupled to a BK7 glass prism by
means of a refractive index matching oil. Then the biochip is topped by an aluminium back
plate with a PDMS contact layer that provides the fluidic connections (Fig. 3.1A) and then is
mounted in the optical platform (Fig. 3.1B).

(B) Extended optical setup with BSW biochip holder mounted and aligned to the main optical path.

3.1.1 Optical system

For the label-free mode (LF mode), the fibre output from a temperature stabilized (+0.01°C)
pigtailed laser diode (LD1), emitting at A=671 nm with Pcw=3mW (Thorlabs LPS-675-FC), is
collimated by means of an integrated fibre collimator and aligned to the optical table.

The linear polarisation of the beam is set by an input polariser (POL) which can be set at any

angle. For the standard operation of the apparatus, the input polariser is set to:

. 0 deg for TE operation
. 90 deg for TM operation
. 45 deg for ellipsometric (CROSS) operation

The input polariser can be set to any other angle to perform particular measurements.
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The beam then passes through a liquid crystal retarder (LCR) phase shifter (Newport, LCR-
902). Such active element is used to change the phase between the TE and TM components of
the probe beam. The LCR is voltage controlled by the apparatus PC via the output of an ADC.
When the input polariser is set to 45 deg the state of polarization after the LCR can be set to
any elliptic state in the reference system turned by 45 deg with respect to the table plane

(incidence plane).

The beam is expanded by means of a telescope and the central portion is selected by a circular
diaphragm (D). The parallel beam is focused by a cylindrical lens (fi =100 mm) onto the
coupling prism. A double rotation stage is used to set the average incidence angle at 6.r and
the angle of the detection arm at 20.r. The reflected beam is imaged by a cylindrical Fourier

lens (f2 = 75 mm) onto an array detector.

During the first period of the thesis and in the label-free mode of operation, we used a 8-bit
CMOS camera (Thorlabs DCC1645C, W=1280 pixel, H=1024 pixel, corresponding to
4.61 mm and 3.69 mm, respectively): Later on, when implementing the fluorescence mode, we
changed the detector to a 12-bit monochrome CCD camera (Apogee Ascent, Sony ICX814
chip, W=3388 pixel, H=2712 pixel, corresponding to 12.50 mm and 10.00 mm, respectively).
The long dimension W of the array detector is used to image the angular reflectance and achieve
best sampling of the BSW resonance. In the final configuration where the CCD camera is used
the field of view is 2.7 deg, which is determined by W and f2, and the conversion factor between
pixels and angle is 7.9E-4 deg/pix. The spots along the x direction are imaged along the short
dimension H of the array detector by means of a properly positioned cylindrical lens
(fz = 150 mm). As shown in Fig. 3.2, a rotating scatterer (RS), placed inside the telescope,
destroys the spatial coherence of the illumination beam and the CCD integration time is set to

integrate the scattered light, thus ruling out speckles’ effect.

The fluorescence mode (FLUO mode) is implemented by making use of the same collection
optics and CCD sensor (only) used for the LF mode (different integration time and binning)
[34,35] and introducing a second laser for the labels’ excitation. A polarized laser diode
emitting at Aexc = 635 nm (LD2) is collimated and focused by a cylindrical lens (f4 = 130 mm)
to a strip on the chip surface. A dichroic beam splitter (DBS, Chroma ZT 640 RDC) is used to

reflect the excitation beam and transmit fluorescence emission.
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Figure 3.2: Simplified layout of the optical setup used to interrogate the BSW biochips. (LD1) LF
laser at A.r =670 nm, (LD2) FLUO laser at Aexc = 635 nm, (POL) polarizer, (LCR) liquid crystal
retarder (RS) rotating scatterer, (D) diaphragm, (DBS) dichroic beam splitter, (f; to fs) cylindrical
lenses with f; =100 mm, f, =75 mm, f; =150 mm, f4 =130 mm, (EMF) emission filter, (EXF)
excitation filter, (HWP) half wave plate, (DET) either CMOS or CCD camera. Both the LF
illumination beam at A._r and the fluorescence excitation beam at Aexc are focused along a strip at

the biochip surface inside either the CH1 (case shown in figure) or the CH2 microfluidic channel.

The collimation optics, the excitation filter (EXF, Chroma ZET 635/20) and the half wave plate
(HWP) used to set the polarization to TE are arranged inside the excitation arm. Great care was
taken to align the fluorescence excitation spot to the label-free laser spot. The average incidence
angle of the excitation beam 6exc can be tuned by translating the whole fluorescence excitation
LD2 module (dashed box in Fig. 3.2). An emission filter (EMF, Chroma 655 LP ET Longpass
Filter) is placed in front of the CCD to cut stray light from the excitation beam; such filter is

transmitting at ALr, therefore preserving the label-free operation.
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Figure 3.3 — Optical set-up filter set.

The filter set used here permits to operate with all dye labels with similar spectroscopic features
and pertaining to the group: Alexa Fluor 647, DyLight 650, Cy5, Atto 647N, DiD, Quasar670.
In Fig. 3.3, the filter set used in this experimental set-up is plotted with the two operation
wavelengths. The design of the optical detection system ensures that the same angular range is
observed for all spots along the illuminated region on the sensor surface for both LF and FLUO

modes.

3.1.2 Microfluidic flow cell

The microfluidic cell is composed of a microscope glass slide with four connection holes and
a structured adhesive spacer (Lohmann Adhesive Tape GL-187, thickness 200 um) to the two
channels CH1 and CH2 (see Fig.3.4). The two parallel parts of the channels are 18 mm long, 1
mm wide and 2 mm distant from each other. Such a microfluidic flow cell is fabricated at
Fraunhofer IWS. Translating the coupling prism one can use either CH1 or CH2.

The surface and volume of each channel are 63.5 mm? and 12.7 uL, respectively.The glass
slides and structured adhesive spacers are manufactured by laser-induced material ablation with
a laser-microstructuring device (3D-MICROMAC, micro-STRUCT vario) and ultra-short-
pulse lasers. The machining device is equipped with high precision linear axes as well as a
galvanometer scanning head and additional complex measurement devices for analysis of the
resulting microstructures. With this technology it is possible to generate and reproduce
microstructures of approximately 5 um. For the structuring of the microscope glass slides with

overall dimensions of 76 x 26 mm?2 a wavelength of 355 nm, pulse duration of 30 ns and a
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repetition rate of 50 kHz (Coherent, AVIA 355-X) was used. The structuring of the adhesive
spacer with overall dimensions of 76 x 26 mm?2 was executed with a wavelength of 355 nm,
pulse duration of 10 ps and a repetition rate of 66 kHz (Time-Bandwidth Products, FUEGO)
[36].

Figure - 3.4. Schematic of the 1DPC biochip and the fluidic cell. The microscope slide with four holes
and the patterned adhesive tape is pressed on top of the 1DPC biochip. Both fluidic channels contain,
for example, a PtG and a BSA region. The coupling prism position is also shown; the prism is coupled
to the biochip by means of a contact oil.

After gluing the microfluidic cell to the bio-conjugated 1DPC surface, the resulting BSW
biochip is topped by an aluminium back plate with a PDMS contact layer that provides the
fluidic connections, as shown in Fig. 3.1. The plate can be temperature controlled by means of
a resistor and a thermistor element (details in the following paragraph) and assure a stable
temperature of the biochip (2£0.01 °C). During the measurements, the temperature was kept
constantat T = 30 °C.

3.1.3 Fluid handling system and temperature controller

The fluids handling system has been developed with the aim to drive/move the fluids across
the micro-channels that constitute the fluidic circuit/path. The pumping and selecting system
consists of a motorized syringe pump and of a 10 position stream selector (VICI-Valco), as
shown in Figure 3.5A. The syringe pump (CAVRO Centris, Tecan) is used to suck the solutions
from the drain end of the fluidic cell, in contact with the biochip surface, via a 4-way port. The
syringe can be emptied in the waste by commuting the 4-way port. The source channel of the
fluidic cell is connected to a 10-position stream selector allowing to pick the solutions from

several different Eppendorf cuvettes. Both the syringe pump and the 10-position switch are
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controlled by the same computer that is controlling the optical and electronic subsystems of the

experimental set-up (S1).

Figure 3.5 — (A) 10 position stream selector; (B) PT1000 thermocouple and thermistor embedded in
the aluminum back-plate, the four chucks are intended to flux fluids in/out from the two channels.

The temperature controller, produced by Fraunhofer-IWS, is designed to match the two-
channel fluidic cells and control the temperature of the chip during measurements. A PT1000
thermocouple and a thermistor (30 W Power Resistor Thick Film Technology from VISHAY)
are embedded in the aluminum back-plate (shown in Figure 3.5B). By means such a back plate,
the 1DPC surface provides the fluidic connections to the fluidic channels and the thermal
contact needed to stabilize the temperature on the chip. An external controller is used to read
the PT1000 (from Jumo) and drive the thermistor in a feedback loop configuration. The
controller, by means the thermistor, can set any fixed temperature value needed for the
biological assay.

3.1.4 Software interface

The LabVIEW software interface permits to control the instrument in label-free and
fluorescence modes. The possibility of switching from one operating mode to another is insured
by the optical shutters. In Fig.3.6 is shown the Labview software interface developed for the
extended platform.
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Figure 3.7 — Labview interface in fluorescence mode.

As shown in Fig.3.6, the software permits to track the resonance dip in real time in different
spots (2) on the biochip surface providing the minima position plotted as a function of the
experimental time (4). The box in position (1) is inserted to control input/output files while the
part (3) consists in the real-time outputs from the CMOS/CCD sensors.

For example, in the label-free mode, the fit range, the integration time and the laser temperature
can be set. It is also possible to define the CCD parameters such as binning, the spot width, the
separation between each spot and the offset. Similarly, in fluorescence operation mode the
integration time, region of interest and excitation position can be selected directly by the user
(see Fig. 3.7).
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3.3 MODIFIED INFRARED SPR PLATFORM (S2)

The modified SPR apparatus is derived from an SPR platform previously developed at
Fraunhofer-10F. In the original configuration, the instrument makes use of disposable cyclic
olefin copolymer (COC, commercial name TOPAS, nsus=1.526) chips with integrated coupling
optics, on which a 45 nm thick gold film is directly deposited by sputtering. For the label-free
operation the adapted SPR platform is a self standing instrument, as it includes both light
source, detector and optics.

Probed Region

Au or 1DPC

Filter
\ Diaphragm
\ Polariser

LED Spherical Lens

Figure 3.8 - Sketch of the optics of the adapted SPR platform used at SAPIENZA .

In Fig. 3.8 we show a sketch of the optical module of the adapted SPR platform. The beam
from a light emitting diode (LED) is collimated by means of a spherical lens. To operate with
BSW, the bandwidth was reduced by means of a 2.5 nm FWHM interferential filter peaked at
A=804 nm (Chroma). The polarization is defined by means of a thin film polarizer (Codixx
AG) which can be rotated to ensure either TM or TE illumination. The beam is then focused
by the input cylindrical facet of the TOPAS chip to an elongated spot onto the surface of the
sensor. The incidence angle is around 66 deg and the angular aperture of the focused beam is
+2 deg. The reflected beam is collimated by the curved output facet of the chip and sent to a
charge coupled device (CCD - Sony ICX205AL).

We used 1DPC deposited on standard microscope 170 um cover slips (see Fig. 3.10(f)).
TOPAS adaptor plastic chips were thinned and topped with a cover slip glued to their surface.
Such adaptor chips could accommodate the 1DPC deposited on the cover slips and operated on
SPR platform. Coupling of the cover slips to the adaptor chips was obtained by means of a

contact oil (refractive index 1.518).

As shown in Figure 3.9 (top), in the label-free mode the reflectance can be measured at A=804

nm in the 6€[63.2°,67.2°] angular range above the total internal reflection (TIR) edge.
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Figure 3.9 - Sketches of the label-free (top) and fluorescence (bottom) modes of operation of the
sensing platform. (top) A focused beam at A is used to illuminate the chip under total internal reflection
conditions and the presence of a resonance is detected by a CCD sensor. (bottom) An external laser
beam at Aexc is used to excite molecules in proximity of the chip surface and the emission, strongly
coupled to the BSW surface bound modes, is directed into a narrow angular range and detected by the

same CCD sensor.

For the fluorescence operation of the adapted SPR platform it was necessary to complement
the original SPR instrument with external components mounted on an optical table. In the
photographs shown in Fig. 3.10, we show the present implementation of the adapted SPR
apparatus at SAPIENZA.

Fig. 3.10(a) shows a general view of the apparatus. The original SPR platform from
Fraunhofer-10F was un-mounted and the optical part was fixed on the optical table. The He-
Ne laser in the background is used to excite fluoresce from top of the chip; along the beam
line there a polarizer, an interferential filter and a mirror used to direct the beam on the bio-
chip surface. With reference to Figure 3.9 (bottom) we excited the molecules by the external
laser beam at Aexc (632.8 nm or 543 nm) and collected the emission in the same angular range
as in the label-free mode with the same CCD sensor (operated at a different gain and

integration time).
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Figure 3.10 — (a) modified SPR apparatus, (b) apparatus with the mirror, (c) holder of the bio-chip,
(d) holder with a TOPAS bio-chip coated with a 1DPC; one can see the red spot of the He-Ne laser at

the surface of the bio-chip, (e) holder with the bio-chip and the open cell used for the fluorescence
measurements, (f) couple of TOPAS chips coated with either a gold layer or a 1DPC (A|13|332).

3.4 INTEGRATED BSW ANALYTICAL INSTRUMENT (BILOBA
PLATFORM, S3)

The platform is the final result of the collaborative EU funded project BILOBA devoted to
BSW optical biosensors for early cancer diagnosis. The optical configuration is similar to that
of the extended laboratory test bench. The design was accurately chosen in a way to obtain a
compact system with the same functionalities. In the following, we shall refer to such an
integrated system, which constitutes a real instrument for point-of care applications, as
BILOBA platform. The instrument makes use of 1DPC deposited on molded disposable
biochips, made up of a cyclic olefin copolymers (COC, commercial name TOPAS). These
biochips include a prism shaped cross section in order to excite the surface wave in
Kretschmann-Raether configuration, as mentioned in the above paragraph. Additionally, a two-
component flow cell has been molded. As shown in Fig. 3.11, this flow cell consists of a hard

polymer cover that can be clicked by hand onto the chip. Inside this cover, a straight micro
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channel of 800 um x 100 pm cross-section as well as perpendicularly aligned fluid connectors
is defined by an elastomer. The injection molded chips were coated by plasma ion assisted
deposition (PIAD, described in details in the next chapter) and the 1DPC, sustaining BSW
located at their surface in aqgueous environment for operation at the label-free wavelength of
ALF =670 nm.

Figure 3.11 —Molded disposable polymer BILOBA biochip (bottom) with its fluidic cell (up).

In the experiments carried out at SAPIENZA, the BILOBA platform, and the biochips, were
complemented by the same fluid handling system described in the Paragraph 3.1.3. A
simplified spring loaded and temperature controlled chip support is designed and manufactured
at the Fraunhofer-1OF in order to control and limit thermal and mechanical fluctuations.
Similarly, the fluidic handling system is coupled via Upchurch connectors to the external
syringe pump. Again, the pump has the key role of pumping analyte solutions to be analyzed
through the flow cell [36]. A simplified overview of the BILOBA optical system is illustrated
in Fig. 3.12A. A collimated light beam B is focused by means of a cylindrical lens C1 into the
biochip (Fig.3.11). The prismatic shape is required to illuminate the sensor surface above the
critical angle so that the total internal reflection occurs (TIR). In this configuration shown in
Fig. 3.12A, an illuminated line along the direction x is created on the surface, which is coated
with the 1DPC. Analogously to the laboratory test bench, several measurement areas (“spots”)

can be arranged in a row along this illuminated line.
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Figure 3.12 — Simplified view of the optical system in label-free (A) and fluorescence (B) modes; photo

of the real optical system (C).

In order to image the direction x onto one coordinate of a CCD detector and to achieve a parallel
readout of these spots a cylindrical detection optical system that consists of objective (C2) and
tube lens (C3) systems is used. The design of the optical detection system ensures that the same
angular range is observed for all spots along the illuminated region on the sensor surface. A
laser diode at ALr = 670 nm is utilized for label-free analysis to achieve proper resolution of the
narrow angular BSW resonances. The detection optical system has an extended CDD detector
to obtain 3388 (angular axes) and 2712 (position axes) pixels readout. The lateral field of view
(coordinate x in Fig. 3.12A) is approximately 6 mm and 8 pixels binning is generally applied
because of the limited spatial resolution of lateral imaging. The angular field of view is
determined by cylindrical Fourier lens F to be approximately 2.9 deg. In such a direction, a full
discretization of the CCD chip (no binning) is exploited in order to achieve proper sampling of
the resonance. For label-free detection the region of interest (ROI) is reduced to approximately
1200 pixels around the resonances in order to decrease the time need for CCD read out and
data transmission.

On the other hand, fluorescence excitation is based on a laser beam at Aexc =635 nm. Spatial
imaging and binning are identical to the label free case. However, due to the small angular
range of 2.9 deg, that does not allow to detect both emission polarization, an additional
cylindrical lens Z (Fig.3.12B) is introduced onto the light path to enlarge the angular
acceptance from 2.9 to 8 deg. The limited angular resolution associated with this approach is
acceptable, and consequently angular binning of 8 pixels can be set in fluorescence detection
mode. Filter elements for selecting a certain polarization and/or spectral range are arranged in-

between the cylindrical objective (C2) and tube lens (C3) systems. The spectral fluorescence
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emission filter is fixed in the detection optics because the label-free operating wavelength
(670 nm) is well within the fluorescence emission band.

A complete overview of the analytical instrument with its housing is shown in Figure 3.13.

Figure 3.13 - Complete BILOBA analytical instrument.

3.5 COMBINED LABEL-FREE AND FLUORESCENCE OPERATION
MODES

In the following paragraph a working scheme is presented in order to illustrate the combined
functionalities of the platforms. The operation scheme described in the present paragraph is
attributed to platform S1 but well explain the operation of platform S3. In this thesis, these two
set-ups are used for the cancer biomarker assays (see Chapter 6). In order to monitor specific
bio-molecular interactions, the BSW biochip’s surface can be tailored with specific capture
antibodies and used for real-time bio-sensing applications. On the sensitive surface of the BSW
biochip one can define several spots along the x direction, for example three as shown in Figure
3.14a, where different capture mAbs (either specific or non-specific) are immobilized (S, R1,
R2). The sensing spots are probed simultaneously, with the aim to quantify the amount of target
molecules captured by each of them. The parallel read-out system is based on strip-shaped
illumination beams for both label-free and fluorescence operation modes (Fig. 3.14a and Fig.
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3.14d), which are obtained by using cylindrical optics. As described above, the detection is
carried out by means of a cylindrical optical system and a CCD or CMOS array detector that
provides along one direction (columns) the angular dependence of the intensity for each
position X (rows direction).

The microfluidic cell with two channels that are aligned to the strip-shaped focused beam (red
line parallel to CH2 in Figure 3.14a), permits to perform two assays on the same chip in a
sequence. As an example of the general operation scheme, we made use of the 1DPC deposited
on glass with the two channel PDMS fluidics (described above in the Paragraph 3.1.2).

a) ‘ c)
R(2,0) 1.00
w1.0E+0
0.75
- N 5061 =)
& 0.50
0.25 /6"
0 .‘ i ]
70 72 68.5 69.5 70.5
0 [deg]
d) s(2,0) f) — 300
w 9.8E-1 5 [
g
£ ‘
M 23E5 S 200]
=
=
c
3 |
£ 100
‘ E ‘
! 2
: E ol
60 62 64 66 68 70 72 3 68.5 69.5 70.5
0 [deg] 0 [deg]

Figure 3.14 - (a) Sketch of the optical layout for the LF mode. The BSW biochip reflects the
illumination laser beam at A_r and the optics in the detection arm collects the angular reflectance for
each sensitive spot (R1, S, R2) along the x direction (b) Reflectance map R(A,0) calculated for the
design 1DPC and TE polarization. The lasers’ wavelengths A r and Aexc correspond to two different
BSW resonance angles, 0. and 6exc. (¢) 1DPC reflectance R(0) at A for the TE polarization. In the
inset, we show the geometry of the 1DPC and the electric field intensity distribution calculated at
resonance. (d) Sketch of the optical layout for the FLUO mode. For each spot, both excitation at Aexc
and fluorescence collection at ArLuo take place from the same side. (e) Emitted intensity map S(1,0)
calculated for isotropically oriented Alexa Fluor 647 dye molecules at the surface of the 1DPC, where
both TE and TM (weak) polarized contributions appear. The absorption and emission spectra for Alexa
Fluor 647 are shown on the left axis. (f) Radiant intensity 1(0) calculated for isotropically oriented Alexa

Fluor 647 dye molecules at the surface of the 1DPC (integral along A of the S(A,0) shown in Fig. 3.14e).

For label-free operation (LF mode), a cylindrically focused (A6 ~ 5 deg) laser beam at ALr is

coupled to the biochip by means a glass prism. Owing to the illumination configuration [18],
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the angular reflectance R(ALr,0) can be probed simultaneously in every spot along X, as also
described in previous works [7,36]. In Figure 3.14b we show the numerically simulated R(A,0)
map for the TE polarization case, where the BSW dispersion A(0) is apparent as a dark line
laying beyond the TIR edge. As shown in Figure 3.14c, when operating at fixed A.r, a dip is
observed in the R(0) profile, whose position 6.r depends on the refractive index at the surface
of the 1DPC. By tracking 6.r on the CCD images one can therefore probe, spot by spot, the
refractive index changes and the amount of analytes captured at the biochip surface.

For fluorescence operation (FLUO mode), a laser beam at Aexc = 635 nm is cylindrically and
weakly focused (A6 ~ 1 deg) through the prism (as already described in Paragraph 3.1.1) at
Oexc in order to couple to the BSW at Aexc and to resonantly excite dye molecules at the surface
of the biochip, as sketched in Fig. 3.14d. Aexc is chosen to match the maximum of the dye
absorption spectrum shown in Fig. 3.14e. The angular emission pattern of the dye molecules
in the presence of the 1DPC is modified and re-directed in the collecting system [18,35]. In
Fig. 3.14e, we show the intensity S(A,0) emitted in the prism by randomly oriented dye labels
located at the 1DPC surface. As it can be seen each A component of the dye emission spectrum
(S(A) in Fig. 3.14e) is emitted at a different angle 6 according to the BSW dispersion A(6) for
both the TE and TM polarizations. A wavelength insensitive sensor will measure the integral

of S(A,0) over A, i.e. the radiant intensity 1(6), whose angular pattern is reported in Fig. 3.14f.
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CHAPTER 4

Fabrication and characterization of the
optimized 1DPCs

In the present Chapter, we report on the results obtained in the experiments carried with BSW
biochips. The illustration and discussion of the results will permit to point out the main
characteristics of BSW modes, to demonstrate the effectiveness of the BSW approach and to
show the operation of the platforms described in the Chapter 3, therefore completing the

descriptions given therein.

During the thesis work, as it will be shown below, | used and characterized a large number of
test 1DPC deposited on reference substrates and of complete BSW biochips, mainly in the
frame of the activities of the European project BILOBA. For the sake of clarity, not all results

will be shown here.

The test 1DPC deposited on reference substrates and the final BSW biochips used in the present
work were fabricated at Fraunhofer-1OF in the frame of the BILOBA project, by the well-
established plasma ion assisted evaporation method for thin film fabrication . Therefore, first
of all the fabrication technique is briefly described. As discussed in Chapter 2, in order to get
high sensitivity and resolution, it is necessary to carefully control the refractive indices and the
thicknesses of the dielectric constituents. This made that the fabrication and characterization
activites were carried out in close collaboration, with the aim to get to BSW biochips that are
optimized for bio-sensing applications and whose performance will be widely described in
Chapter 6.
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4.1 FABRICATION OF 1DPC: PIAD DEPOSITION TECHNIQUE

The method used for the deposition of the 1DPC stacks was Plasma-lon Assisted Vacuum
Evaporation (PIAD). This technique belongs to the Physical Vapour Deposition (PVD)
methods that are carried out under high vacuum conditions. In Fig. 4.1, a scheme of the PIAD
working principle is shown. The material from a thermal vaporization source (tungsten wire
coils or high energy electron beam heating) reaches the substrate with a “line-of-sight”
trajectory. The high vacuum environment permits to reduce gaseous contamination in the
deposition system. Typically, vacuum deposition takes place with a gas pressure in the range
of 10”° to 10”° mbar depending on the level of gaseous contamination that can be tolerated for
the application. The deposited material is proportional to the relative vapor pressure of the
material in the molten source. Generally, the substrates are mounted at an distance from the
vaporization source to reduce radiant heating of the substrate by the vaporization. For the PIAD
technology (as shown in the schematic drawing in Figure 4.1), a plasma ion source is installed
at the center of the chamber. The high energetic ions that are emitted from the source and
accelerated towards the substrate holder allow to densify the growing layer very effectively

without heating the substrates.

Figure 4.1 - Schematic drawing of PIAD deposition technique. Courtesy of Fraunhofer IOF.
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The plasma ion source which represents the core element of a PIAD plant is based on a LaBs -
cathode, with a cylindrical shaped anode tube in presence of a solenoid magnet. The cylindrical
LaBe -cathode is indirectly heated by a graphite filament heater. A dc voltage between anode
and cathode creates a glow discharge plasma with a hot electron emitter, supplied with a noble
gas such as argon. Due to the magnetic field of the solenoid magnet, which surrounds the anode
tube, the plasma is extracted and directed towards the substrate holder. The reactive gases are
introduced through a ring shower located on top of the anode tube. Because of the high plasma
density, the reactive gases get activated and partly ionized. lonization of the reactive gas lowers
the required reactive gas pressure, to grow stoichiometric films. Therefore, the ion energy is
mainly determined by the self-bias voltage between anode and chamber ground. The magnitude
of the bias voltage, which is controlled during the evaporation process, depends on the applied
discharge voltage, the magnetic field strength, the gas flows and the chamber pressure. Since
the plasma spreads in the total volume between the plasma source and the substrate holder, the
evaporant also becomes partly ionized. Because of the possibility to deposit coatings with an
adjustable densification and stoichiometry at low substrate temperature the PIAD method is
suitable for the deposition of the 1DPC on polymeric substrates. The vacuum evaporation
technology owns the possibility to evaporate stoichiometric materials like SiO2, Ta2Os, TiOg,
Al,Oz and many more. Therefore, highly stoichiometric coatings with a very low level of
impurities can be deposited, resulting in extremely low absorption losses. In Fig.4.2 it is shown
the PIAD deposition plant APS 904 (Leybold Optics) utilized to deposit all 1LDPC used in this
work.The thickness and refractive index accuracy for the deposition of single layers or layer
stacks can be in the range of £1% for optimal conditions. This accuracy represents the run-to-
run reproducibility as well as the thickness distribution on the complete substrate holder.
During the present thesis work, the robustness of the BSW characteristics with respect to the
fabrication tolerances were investigated both experimentally and theoretically [37]. The results
demonstrated that the PIAD fabrication tolerance permits to manufacture robust 1DPC for the

target bio-sensing application.
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Figure 4.2 - PIAD deposition plant APS 904 (Leybold Optics) used for all depositions of the 1DPC.
Courtesy of Fraunhofer-10F.

By the ion assistance during the evaporation, dense coatings can be deposited without substrate
heating. Hence, the temperature can be kept low enough to coat polymer substrates with
comparatively thick 1DPCs (plastic chips used on S2 platform) and, of course, glass substrates
(glass chips used on S1 extended optical system). The two types of 1DPC, on glass and plastic,

respectively, are shown in Fig.4.3.

Figure 4.3 — 1DPCs on glass (left) and plastic (right) substrates.

The 1DPC families that were deposited by PIAD and used for the present work are shown in

Figure 4.4, where it is indicated the platform on which they were tested and the results obtained.
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The intermediate families permitted to improve the 1DPC properties and lead to a final
optimized generation that was finally used in all cancer biomarkers’ detection assays, which

are reported in the Chapter 6.

In the following sections, as examples of the characterization measurements, | report the results
obtained with the optimized 1DPC.
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Figure 4.4 —Optical apparatuses and 1DPC families used during the doctorate period.

4.2 OPTIMIZED 1DPC FOR BLOCH SURFACE WAVE BIOCHIPS

In Chapter 2, we obtained an optimal 1DPC structure to be used in bio-sensing applications
(see Chapter 6). To measure cancer biomarkers in biological matrices we made use of such
optimized 1DPC noted as A|13|634 in Fig. 4.4. The dielectric materials chosen for the
optimized 1DPC fabrication are silica (SiOz) for the low index layers, and tantala (Ta-Os) and
titania (TiO2) for the high index layers. The refractive indices were determined either by
reflection/transmission spectroscopy on single layers or by ellipsometry to be
Nsioz = 1.474 + j5E-6 and Ntaz0s = 2.160 + j5x107°, nrioz = 2.28 + j1.8x107 at ALr =670 nm.
Starting from the substrate, the 1DPC consists of a stack with a first silica layer, a periodic part
with two tantala/silica bilayers and a topping thin titania/silica bilayer. The nominal thicknesses
are dsio2 = 275 nm, dra205 = 120 nm for the periodic part and drio2 = 20 nm, dsio2 = 20 nm for
the topping layers. In the following paragraphs a characterization of the optimized 1DPC is

presented. The characterization is carried out for the extended laboratory test bench (S1) and
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the integrated platform (S3). All the experimental results obtained with cancer biomarkers (see

Chapter 6) are performed with these two platforms.

4.3 CHARACTERIZATION OF THE OPTIMIZED 1DPC ON S1 PLATFORM
4.3.1 Label-free mode

In the following, we report experimental characterization obtained in the TE polarization. In
particular, we measured the angular shift of the minimum of the resonance dip as a function of
the properties of the solution injected onto the sensing surface. In Fig. 4.5, we show the angular
reflectance measured for the 1DPC sensor in TE, from a Lorentzian fit of the experimental
curve, we find that D = 0.80, W=0.13 deg.
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Figure 4.5 — Reflectance profile obtained in D-PBS 1X on S1 platform.

Moreover, the sensitivity (Sv) of the 1DPC sensor is determined by injecting in the fluidic cell
solutions of D-glucose in DI-water at several different known concentrations (0.05, 0.5 and 5
wit%). In Fig.4.6, we show the time dependence of the resonance position measured in the cross
scheme, when either DI-water or the glucose solutions are injected in the fluidic cell. From the
measurement, we derived the linear dependency of the resonance angle on the refractive index
of the solutions as previously done in a precedent work [38]. From the slope of the linear
behavior, one can find Sy = 31.8°/RIU that in good agreement with numerical calculations.

According to the FoM definition and taking into account the parameters calculated above for

the extended optical set-up S1, it follows:

D
FoM =S =193 RIU™! (4.1)
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The value obtained for the FoM for S3 is in very good agreement with the one evaluated on
S1. It has to be noticed that for SPR-based sensors a typical value for the FoM is 48 RIU [7].
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Figure 4.6 - Shift of the resonance position over time when exposing the chip to increasing solutions

of D-glucose dissolved in DI-water.

4.3.2 Fluorescence mode

In order to characterize fluorescence operation on S1, we used a simple protocol to selectively
bind molecules conjugated with DyLight650 onto 1DPC surface. To favor selective binding
we adopted a strategy based on biotin-neutravidin interaction (details in Chapter 5).
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Figure 4.7 — Fluorescence angular spectra in the two regions of the BSW biochip, reference (red

curve) and signal (black curve).
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Once the biochip is functionalized and bio-conjugated, the modified 1DPC surface is allowed
to react with NeutravidinDyLight 650. This conjugated molecule assures specific interaction
thanks to neutravidin binding sites and suitable fluorescence characteristics for fluorescence
operation. In Fig. 4.7, it is shown a typical fluorescence output with spectra collected in two
regions of the biochip, with dye bound at the surface and without dye, respectively. The two

macro-spots are referred in the graph as signal and reference sides.

4.4 CHARACTERIZATION OF THE OPTIMIZED 1DPC: CALIBRATION TEST ON
S3

4.4.1 Label-free mode

In order to measure the sensitivity of the 1DPC, in TE polarization, a biosensing experiment is
carried out injecting different dilutions of D-PBS (Dulbecco‘s Phosphate Buffered Saline) in
DI (de-ionized) water. Once a stable base-line is determined in DI-water, S00uL of D-PBS 1X
(10mM) with a flow rate of 3.59 puL/s are injected in the flow cell. As a consequence, the
resonance shifts reaching a stable value in D-PBS 1X.
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Figure 4.8 - Shift of the resonance position over time when exposing the chip to increasing dilutions
of D-PBS in water for different spots. The procedure is repeated twice.

After 10 minutes, DI is injected again in the flow cell in order to replace the previous solution
and to allowing to resonance position to recover to the initial position. This procedure is
repeated injecting 500 uL of D-PBS 5X (50mM), and then 500 uL of D-PBS 10X (100 mM)
always rinsing with 500 uL of DI-water between solution injection. The data shown in Fig 4.8

are acquired with a CCD integration time of 80 ms, and with a laser current of 33,4 mA,
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keeping also constant the laser and the chip temperature at 30°C and at 25°C, respectively. By
reducing the thermal fluctuations, one can decrease the noise level, improving the resolution.
The aim of these experiments is to obtain resonance shifts, according to different dilutions of
D-PBS (Cp-ggs), thus a calibration curve.

The refractive indices of D-PBS 1X, 5X and 10X (10 mM, 50 mM, 100 mM), used in the
experiments, are measured by an Abbe’s refractometer. The refractive index values found in

the visible range of wavelength (400-700 nm) are plotted in Fig. 4.9.
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Figure 4.9 — Refractive index vs D-PBS dilutions (blue); angular shift vs D-PBS dilutions (black).

The refractive index is linearly related to the dilutions. By fitting linearly the experimental
points we obtained values for “a” (1,584x10*RIU / mM) and “b* (0,0011 RIU), considering a
general linear model: y = ax +b. These parameters represent the conversion factors between
RIU and mM. In fact, they allow to evaluate the refractive index variation, once the
concentration is known, and vice versa, the concentration can be deduced from the refractive
index variation.

In Fig.4.9, the angular shift is reported as a function of the different Cp.pss. In particular, as
can be seen in this figure, the three points are represented with their respective error bars (not
visible on graph). Different algorithms can be applied to evaluate the minimum position, i.e.
the measured value in label-free operation from the angular reflectances. In this case, for each
angular reflectance taken experimentally, an approximate minimum position has been
determined, followed by fitting in a data interval in 6r £ Ow angular (or camera pixel) range
around this minimum. From such a fit the final minimum position has been obtained and plotted
in real-time. The black line in Fig. 4.9 represents the calibration curve. It describes the

instrumental response (analytical signal) changes as a function of the analyte concentration. By
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means of this curve the unknown analyte concentration can be determinate by measuring the

instrument response (A0).
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Figure 4.10 —Theoretical dependence of the reflectance to refractive index changes.

1.00 - 1
e DI H20 ]
o D-PBS 1X

0.75 - ®D-PBS 5X ]

©D-PBS 10X
0.50
0.25 .
0 L | L |
66 67 68 69

0[deg]

In Fig. 4.10 is shown the theoretical dependence of the reflectance profiles as a function of the

external medium refractive index. A shift of 0.55 deg is observed when D-PBS 10X is injected.

Combining the information summarized in Fig.4.11, an estimation of the sensitivity can be

obtained. Since the data collected were in pixels, these were multiplied by the conversion factor

(3388 pix = 2.9 deg) in order to obtain values in degree. The volume sensitivity S, = d@/dn,

as already defined in Section 1, is the slope of the curve representing the angular shift A 6

versus the refractive index change An. In Fig. 4.11, both experimental and theoretical data are

plotted. The theoretical and experimental sensitivity found are 35.77 deg/RIU (41x103

pix / RIU) and 33.20 deg / RIU (39x10° pix / RIV), respectively.
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Figure 4.11 - Comparison of theoretical and experimental sensitivity.

y= +35.772778x" +0.011 175768,

max dev:0.014351338, *=0.99841024
0,=1.0093663, 5, =0.0098733620

THEORY

EXPERIMENT

y= +33.206747x" -0.0171 49747,

max dev:0.017149746, r’=0.99597217
0,=1.4932185, 5, =0.014606280

0 0.005 0.010 0.015 0.020

An[RIU |

67



The experimental sensitivity differs from the theoretical only for 7%. This is an acceptable
value, since one must always take into account the measurement uncertainty, related to the
instrument, the operator, the temperature and the wavelength variations. Once obtained the
sensitivity, the FoM, described in Section 1, can be easily calculated. In order to get the
resonance parameters, deriving the values of D and W (see Fig. 4.12), an averaged reflectance
profile is needed. To do that a 2D reflectance map is selected in DI-water at T = 30°C. From
such a 2D map one can consider a central slice (two light red horizontal lines in Fig.4.12). The
resonance profile and the fundamental parameters needed to FoM calculation are shown in Fig.
4.12.
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Figure 4.12-Experimental resonance parameters. The averaged reflectance profile (left) is extracted

from a central slice of the 2D reflectance map (right).

By substituting these parameters we obtain a FOM:

D
F0M=S-W=184RIU_1 (4.2)

It has to be noticed that, in principle, the FoMs obtained using the same 1DPC geometry in
identical optical configuration but different set-ups should not differ. A slightly difference can
be attributed to the different substrate on which the 1DPC is deposited. As shown in previous

work, 1DPCs deposited on glass could perform better in terms of FoM and LoD [7].

4.3.2 Fluorescence mode

As already explained in Section 3, the S2 instrument can operate in fluorescence mode.
Analogously to S1, a simplify protocol is developed to test the fluorescence detection mode. A
chemically modified biochip by means of a glutaraldehyde layer (explained in detail in the
following Chapter 5) is then washed with 500uL of D-PBS 1X and the baseline was acquired
for 5min. After that, the florescence mode is switched on. At the beginning of the experiment,
before the dye injection, a scan at different angular positions that ranges from 0 mm to 12 mm
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(see Chapter 3) is carried out in order to find the maximum of the fluorescence intensity,
exciting the dye resonantly. The recorded backgrounds are acquired at resonance position for
different integration times ranging from 5x10*s to 1x10!s. After the dye injection, which has
an excitation and emission wavelength of 652 nm + 4nm and 672 nm £4 nm, respectively, the
fluorescence signals were then collected at the resonance and with the same integration times
(5x10*s to 1x101s). In Fig. 4.13, the background subtracted signals are plotted as function of
the integration time.
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Figure 4.13 — Fluorescence signal background subtracted signal vs integration time.

The fluorescence signals show a linear dependence on integration time, for integration times
greater than 1x1073s. Therefore, integration time greater than this value will be chosen in the
following measures. This characterization allowed to determine the range of integration times
in which the CCD signals are linear. Therefore, the fit range and the CCD parameters are kept
constant during the whole experiment. There is also another strategy to get the backgrounds.
Instead of acquiring the backgrounds before the dye injection at the resonance position, these

can be taken after the dye injection at a position off-resonance.

As shown in Fig. 4.14, both backgrounds, at resonance (blue spectrum) and off-resonance (red
spectrum), approximately lie on the same level. The difference between the two backgrounds
could be due to a residual fluorescence signal coming from the dye layer.
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Figure 4.14 — Fluorescence signal and backgrounds

One could normalize either taking into account the off- resonance or the standard background.
In this work, | usually made use of the standard background because this normalization
procedure avoids irradiating the dye before the experiment starts. This leads to an increase of
the dye lifetime that can be decreased by photobleaching. On the other hand, the off- resonance
background sometimes may be convenient used because of it takes into account the presence

of the dye at the biochip surface (in an off-resonance position).

4.5 EXPERIMENTAL CHARACTERIZATION OF THE LoD

The resolution or limit of detection (LoD) of the our platforms is directly related to the noise
of the measurement of the BSW resonance position. In the Chapter 1, the LoD is defined as the
minimum change of the refractive index of the external analyte that can be revealed by the
measuring platform. According to such definition LoD = o/Sy, where ¢ is the standard
deviation of the noise and Sy is the volume sensitivity. The LoD depends on the optical design
of the platform and on the design characteristics of the particular 1DPC biochip. We carried
out an extended study on the noise of the BSW resonance position measurement in order to
determine the experimental LoD. Such investigations were carried out by using 1DPC biochips
of the A|13|634 family. Such biochips were designed in order to optimize both the label-free
and the fluorescence operation of the platform and are characterized by a relatively wide
resonance.

The angular position of the BSW resonance was tracked by means of the apparatus (S1)
described in Chapter 3. The A|13|634 test biochip was measured in the pure TE configuration
at Ao = 670 nm. The temperature of the biochip was stabilized at 26°C (£0.01°C). During the
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measurements the 8bit CMOS camera was sampling the reflected beam at the rate of 15 frames

per second.

In Fig. 4.15, we show the real time operation of the noise measurement LabView code. Two
portions of the CMOS image of the angular reflectance pattern are selected (blue images). Each
of them is 100 pixel high and corresponds to a spot on the surface of the biochip that is about

0.4mm wide. In all graphs the abscissa is the angle in pixel units (the span corresponds to 1deg).
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Figure 4.15 - BSW resonance position tracking and evaluation of noise. The two bottom images
correspond to two portions of the CMOS array detector, each 100 pixel high; they correspond to two
different spots on the sample surface. The corresponding top graph are the plots of the reflectance

averaged over the 100 lines constituting each spot.

The angular reflectance is averaged on the 100 lines for each of the two spots (plots) and the
BSW resonance is fitted in an interval around the minimum with a parabolic fit. The fitting half

range was set to 20, 30, 40, 50 pix.
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Figure 4.16 - Temporal dependence of the BSW resonance angular position for the two measurement
spots and time dependence of the difference signal. The first part of the plots was obtained by fitting
one single CMOS frame at a time, the second part by averaging 15 frame and then fitting; noise

reduction is the consequence.
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In Fig. 4.16 we show the temporal dependence of the BSW resonance angular position (in
pixel) in the two measurement spots and the temporal dependence of the difference signal.
Given that in the S1 and S3 platforms referencing is adopted in order to rule out parasitic drifts
of the BSW resonance position the noise of the difference signal was analyzed and used to
evaluate the LoD. The standard deviation of the noise was evaluated from the plot of the
difference signal as a function of time on a convenient time slot, for several different fitting
ranges (20 to 50) and frame averaging Nav (1 to 10).

In Fig. 4.17 we show the result of the analysis. The standard deviation of the noise onoise
evaluated from the measurements shown in Fig. 4.16, is plotted as a function of the number of
averaged images Nav for several different fitting ranges. onoise improves when increasing the
fitting range up to the 40 pixel value; after such a limit the range is so large that the parabolic
fit is not anymore appropriate and the noise increases. The dependency on Nay is well described

by the equation:

a

ONoISE = —— T Oy 4.3
N (4.3)

corresponding to the solid curves in Fig. 4.17. Extrapolating the curves to Na=15,
corresponding to a 1s CMOS sampling time and 1Hz frequency, and in the 40 pixel fitting
range case one finds onoise(1Hz) = 0.057pix. Given that for the A|13|634 family we previously
estimated the sensitivity Sv=31.8 deg / RIU= 40700 pix / RIU (see above in Paragraph 4.3.1)
we get LoD(1Hz) = onoise(1Hz)/Sv=0.057 / 40700 = 1.4E-6 RIU.

The LoD found above is obtained for a given design of the 1DPC (A|13|634) whose resonance
width was purposely widened to improve the fluorescence excitation and collection. Reducing
the BSW resonance width can lead to a decrease of the LoD. In order to improve the LoD,
keeping the 1DPC design as it is, we decided to increase the number of bits of the camera
passing from a CMOS 8bits to a CCD camera with 12bits.
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Figure 4.17 — Dependency of the standard deviation of the BSW angular position noise as a function
of the number of averaged CMOS images and fitting range.
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CHAPTER S
Chemical functionalization strategies

To achieve a versatile approach for detection, the 1DPC surface should be properly
functionalized prior to the recognition molecule conjugation. In this section, we examine both
wet functionalization and plasma polymerization deposition techniques for introducing
chemical functionalities on the BSW surface that would attach the capturing molecules.

This chapter is fully devoted to surface modification of the sensing surface by means of
standard reaction procedures. The main functionalization route used in this work consists in a
silanization process followed by an activation step through glutaraldehyde. The final
functionalization protocol was carried out through a collaboration between SAPIENZA,
Imperial College of London and Fraunhofer-IWS. The basics of reactions are described in
details leaving the bio-conjugation step to Chapter 6, because of its variability depending on
the application. Moreover, in the last part, an alternative functionalization route based on

polymerized poly-acrylic acid coatings is illustrated.

5.1 Functionalization using APTES and Glutaraldehyde: Strategy A

The main functionalization route used in this work involves APTES ((3-amino)propyl-
triethoxysilane) chemistry. This strategy is particularly appealing for antibody immobilization,
due in part to many advances in the understanding of this class of surface modification agents.
APTES can readily react with hydroxyl groups and can support the formation of monolayer
coverage under carefully controlled conditions [39-42]. Modification of the surfaces through
APTES chemistry results in amino functional group that can be readily conjugated to a
chemical agent that would lead to crosslinking with the protein of interest. Conditions for the
reaction of APTES with surfaces change in the literature from anhydrous environments to
aqueous solutions. The presence of water catalyzes hydrolysis of ethoxy groups (see Fig.5.1),
leading to dehydratation and the formation of a siloxane bond between APTES and a surface

hydroxyl group, resulting in multilayer formation.
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Figure 5.1 — (A) (3-amino)propyl-triethoxysilane and (B) glutaraldehyde molecules.

The functionalization protocol consists in a first cleaning of the bare BSW chips in piranha
solution (3:1 mixture of sulfuric acid and 30 % hydrogen peroxide) for 10 minutes. This step
is crucial for following steps because it is necessary to have a large density of OH groups at
surface before silanization. The chips are then rinsed thoroughly with de-ionized (DI) water
and dried under a stream of nitrogen gas, to remove of all organic contaminants and expose
hydroxyl groups for the following functionalization step. In order to have primary amines at
the BSW surface, the chips are immersed into a 2 % solution of APTES in ethanol/water (95:5
v/v) mixture at room temperature (RT) for 1h.

The chips are then removed from the APTES solution, sonicated, rinsed with ethanol and baked
on a hot plate at 110 °C for 1 h. An optimum temperature and duration of the curing step permits
to obtain an APTES-modified chip that is more stable and compact.

The activation of silane with glutaraldehyde (GAH) is a standard procedure in surface
preparation.

GAH reacts directly with APTES by the formation of a Schiff base. The use of a mild reducing
agent, such as sodium cyanoborohydride, reduces the unstable imine bond formed between the
primary amino group of APTES and the aldehyde group of glutaraldehyde. Accordingly, the
BSW chips are allowed to react with 1 % (v/v) glutaraldehyde in 100 mM sodium bicarbonate
buffer (pH 8.5) in the presence of 0.1 mM sodium cyanoborohydride for 1 h at RT.

This reaction requires basic catalysis (in our case pH 8.5), as the APTES amine must be
unprotonated to react. Further incubation of the substrate with a protein solution at basic pH
conditions results in the formation of a second Schiff base. With time, the unstable Schiff bases
undergo complex reactions. Therefore, reduction with the same reduction agents to increase

stability is unnecessary when long incubation times are used [43].
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Figure 5.2 — Surface modification scheme.

After the GAH activation step, a further sonication and rinsing step in DI water are performed.
This step permits to remove non-covalently adsorbed GAH molecules from the activated 1DPC
surface. At this point, the BSW chips can be stored in a dessicator or directly bio-conjugated
with the protein of interest.

The immobilization of proteins to glutaraldehyde-activated substrates results in the formation
of some linkages that are stable even to acid hydrolysis. The reaction of glutaraldehyde with
proteins is complex, but in most proposed mechanisms proceeds, again, through a Schiff base
(imine) intermediate, which should be stabilized by reduction. Reduction with sodium
borohydride, however, does not usually increase the amount of proteins/antibodies irreversibly
bound to the support. For stabilization of the imine bond, sodium boro-hydride must be added
after the immobilization is complete, in order to avoid destroying the aldehyde functions with
which the enzyme reacts. By contrast, sodium cyanoborohydride (NaBH3CN) reduces
aldehydes at a negligible rate under conditions where it reduces Schiff bases rapidly, and it can
therefore be present throughout the immobilization, to drive the immobilization to completion
by trapping labile Schiff bases by reduction. Because the use of glutaraldehyde for protein
immobilization is simple and widely used, a slight modification based on NaBH3sCN, would be
useful in situ to convert labile Schiff bases formed between protein and support-aldehyde
groups to stable secondary amines [39]. A photo collage of a standard APTES-GAH

functionalization is shown in Fig.5.3.
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Figure 5.3 — Functionalization steps to produce an APTES-GAH coating on SiO; substrate: (A) piranha
cleaning; (B) APTES reaction in Et-OH/DI-water environment; (C) hot plate treatment; (D) GAH + Na
CNBHjs incubation to form stable —COH functional groups.

Among all possible characterization techniques present at SAPIENZA, we selected water
contact angle (WCA) and fluorescence microscopy exploiting our platform S1. As observed
from the static WCA, the substrates are very hydrophilic after piranha cleaning with a measured
WCA of ~ 8°. The surface hydrophobicity increased significantly after APTES and soft baking
treatments with WCA ranging between 55° and 60°. In Fig. 5.4 is shown the behavior of the
WCA from one optimized 1DPC during the functionalization process.

45,03° 8,27° 33,31° 60,07°
Virgin Piranha Aptes Dry Aptes

Figure 5.4 - APTES functionalization of 1DPC with SiO, outermost layer. Static contact angle of water

are measured on surfaces functionalized with 2% APTES (v/v) during preparation. From the left to the
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right: bare chip without any cleaning procedure, chip after piranha cleaning, chip after APTES
functionalization and chip with APTES after the hot-plate treatment.

To further characterize the APTES-modified surfaces we made use of the extended laboratory
test bench described in Section 3. In order to verify the presence of primary amine at the end
of the APTES step, a reduced interaction protocol has been developed. The sensitive area of
the APTES modified chips are divided in two regions, where two different molecules are
allowed to react with the surface. The two regions, named signal and reference, are treated
either with a biotinylated cross-linker (EZ-Link® Sulfo-NHS-LC-Biotin) or a bovine serum
albumin (BSA), respectively. After incubating for 1 h at RT, the BSW biochips are rinsed with
D-PBS 1X (Dulbecco’s Phosphate Buffer Saline) and blocked with a BSA solution on both
regions at +4°C overnight. The biochips are then thoroughly rinsed with D-PBS 1X and
mounted on the S1 platform. Once obtained a stable baseline in D-PBS 1X (see #1 in Fig. 5.5),
a solution of Neutravidin conjugated with DyLight 650 (from ThermoFisher Scientific, cod.
84607) is injected at a concentration of 2.5 ug/mL. The conjugated neutravidin binds only to

the region where the biotin is present (signal region) and not in the BSA region (reference

region).
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Figure 5.5 — Label-free kinetics of Neutravidin DyLight650 on biotinylated (blue) and blocked (black)
regions.
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The kinetic curve and the flat response in the reference spot (see #2 in Fig.5.5) demonstrate the
specificity of the interaction on the biotinylated region. After washing with D-PBS 1X, the
BSW biochip is ready for fluorescence detection (#3 in Fig.5.5). As widely described in Section
4, the platforms used in this work have the possibility to detect the presence of fluorescent
molecules bound at the 1DPC surface. With this aim, fluorescence spectra are acquired and
analyzed in both regions. As shown in Fig. 5.6 a sharp difference can be noted in the

fluorescence spectra coming from the two regions.
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Figure 5.6 — Averaged spectra from the signal (black) and reference (red) regions.

Similar to a fluorescence microscope image (see the inset in Fig.5.6), such a fluorescence map
confirms the quality of the APTES-modified surface obtained with the procedure described
above. As discussed in the introduction, in the present Chapter we describe all the
functionalization steps up to proteins/antibodies bio-conjugation (see Fig.5.7). The bio-

conjugation strategies will be considered case by case in Chapter 6.
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Figure 5.7 — Schematic representation of the functionalization steps described in the present Chapter.

The bio-conjugation procedure will be discussed in Chapter 6.

5.2 Functionalization using polymerized poly-acrylic acid: Strategy B

In this paragraph, a plasma polymerization deposition technology for introducing carboxylic
chemical functionalities on the BSW surface is presented. This technology was developed at
Polytechnic University of Turin and used to coat with plasma polymerized acrylic acid (ppAA)
the optimized 1DPCs for bio-sensing experiments. In order to keep the optimized 1DPC design
(family A|13|634), we decided to fabricate optimized stacks without the last 20 nm of SiO>
topping layer. The main reason was to optically compensate (removing the SiO> top layer) for
the polymer thin layer deposited on top of the 1DPC. In fact, the new family of 1DPCs named
A|14|141 was constituted by an optimized 1DPC without the 20 nm of SiO> with the possibility
to deposit up to 40 nm of ppAA. The optical characteristics in terms of resonance parameters
and LoD did not dramatically differ with respect to the optimized 1DPC.
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In plasma polymerization, the transformation of low-molecular-weight molecules (monomers)
into high-molecular-weight molecules (polymers) occurs with the assistance of energetic
plasma species such as electrons, ions, and radicals. Plasma polymerized polymer coatings can
show different chemical compositions as well as chemical and physical properties from those
formed by conventional polymerization, even starting from the same monomer. The unique
feature of such a technique exploits the reaction mechanism of the polymer-forming process
that makes use of radicals and ions. The most studied polymers in biomedical and sensing
applications, provide as functional groups mainly carboxyls (-COOH) [44] and amines (-NH2)
[45], hydroxyls (-OH), and aldehydes (-CHO).

Moreover, in order to tune the density of reactive groups at the surface, there is also the
possibility to mix functional monomers with neutral precursors to obtain plasma co-
polymerized coatings. Recently, some authors reported on co-polymer substrates with excellent
ability to support the growth of human cell lines [46]. In order to further optimize the properties
of coatings and surface structures, the plasma can be engineered, making use of pulsed radio-
frequency-excited plasmas. This particular technique allows to control plasma parameters
through manipulation of the pulse waveform (duty cycle), optimizing the desired chemical
groups at the surface. Also the geometry of reactor used for the processes (shape and volumes
of the reaction vessel, geometrical location of electrodes and substrates, etc.) and the selected
experimental conditions (pressure, power, flow rates of gases, temperature of the substrates,
etc.) crucially influence the gas-phase and surface-related plasma chemistry, that is, the
modalities of transferring electric or electromagnetic field intensities to the reaction systems.
The plant makes use of a system equipped by 4 different gas/vapour lines, one connected
directly to the deposition chamber and the other ones intercepted by the corresponding
reservoirs used for the storage of the liquid monomers (see Fig. 5.8).

Two horizontal parallel plates, placed at 4 cm far away from each other, act as electrodes and
define the vacuum deposition chamber. The gas carrier (Ar), flows into the line, passes through

the reservoir containing the liquid monomer and is bubbled in the liquid.
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Figure 5.8 — An overview of the Plasma-Polymerization system.

Then, the gas-vapor mixture, passing through its line, is uniformly distributed in the reactor by
the upper showerhead electrode. The 1DPC to be coated are placed on a circular sample-holder

that corresponds to the grounded electrode and is parallel to the shower electrode.

O
HO Z

Figure 5.9 — Structure of the acrylic-acid.

As already introduced above, the starting monomer selected for 1DPC coating is pure acrylic
acid (AA), anhydrous, 99% liquid monomer (CAS Number 79-10-7) with a vapor pressure of
3.1 Torrat 20C° and 1 atm, (Sigma-Aldrich). The main advantages in selecting such a molecule
are the low vapour pressure that permits to control the flux of vapors by the manual metering
valve, the nearly absent toxicity of reactants and the presence of carboxylic functionality (-
COOH in Fig. 5.9). Such chemical groups provide suitable anchoring system for bio-sensing
applications because they can easily form amidic bonds by reacting with the amino groups of

proteins with (improving binding efficiency) or without further chemical activation.
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To obtain thin polymerized film organic vapors together with a carrier gas (Ar o O2 were used)
feed the system after the formation of a mixture. Plasma activation is mediated by a
radiofrequency generator working at a fixed frequency of 13.56 MHz and connected to the
shower electrode. Such RF plasma discharge (sustained by Ar) promote polymerization of AA
gas mixture in a polymerized poly acrylic-acid (ppAA) thin film. Among ppAA coatings
obtained by tuning RF starting power, duty cycle, wave period, carrier gas (Ar and oxygen for
adhesion promoting pre-deposition treatment of substrate surface), the optimal conditions for
the plasma process are given in Table V.I. Under these conditions, a ppAA growth rate of 8.5-

10 nm / min can be obtained.

Monomer Prr D.C. ton toff Pave Thickness |Time
Watt % Ms ms Watt nm min

Acrylic

Acid 200 10 10 90 20 30/50 3.5/5

Table V.1 - Selected ppAA process for further study and optimization for BSW biochips

In this experimental work, more than 30 1DPCs were coated and used for sensing
characterizations. The ppAA coated 1DPCs (family A|14|141) were extensively used in the
first part of the doctorate period to better understand protein interactions. Due to its simple
activation chemistry, based on EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) and
Sulfo-NHS (N-hydroxysulfosuccinimide), ppAA coatings were used to study interactions
between protein G and capturing antibodies. As an example, in Fig 5.10 is reported a sensogram
showing the time dependence of the BSW resonance angular position in a biosensing test with
orienting protein G (PtG) and a gamma globulin 1 (IgG1). The experiment was performed in
D-PBS 1X environment. With the aim to better understand regeneration of protein surfaces,
injections of glycine with hydrogen chloride were used to test the reusability of the protein G
orienting layer. Nevertheless, in Chapter 6, an application of ppAA coatings in cancer
biomarkers detection is reported. The characterization of such thin polymeric films are carried

out by means contact angle, FTIR-ATR spectroscopy, and fluorescence microscopy.

83



0.3

- = x |2 %O
=| E 5%5 E-E
v o (DL O’mZI‘-
&l £ 9L |55 s
_ 0214l o B |o|g5|o by
2 @ ©
o]
2 0.1 Nd || -
g - | £
S e =i e I S I e
X o v O v
0 ‘—cnIm:ll:m
O o0 |50
o Ao o o
0 50 100 150 200

t[min]

Figure 5.10 - Time dependence of the BSW resonance angular position in a bio-sensing test with PtG
and IgG1. The injection of a large IgG1 concentration makes the recovery not possible, keeping the
resonance position far from the PtG level in D-PBS 1X.

As an example, in Fig. 5.11 it is shown a typical FTIR spectrum (A) and a fluorescence
investigation (B). From the infrared spectrum it is possible to see a new peak related to the
presence of -COOH groups at the surface (red circle in Fig-5.11A).

[(a)

Absorbance [arb.u.]

Wavelength '[em™"]

Figure 5.11 —(A) Typical FTIR spectrum with a new band (red circle) introduced by ppAA thin film;
(B) Fluorescence image that shows —-COOH groups binding of PtA-Alexa 546 (bottom right-hand side).
In the up left-hand side region of the image, where PtA-Alexa 546 was not incubated, is possible to
observe ppAA auto-fluorescence.
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As further confirmation of the plasma process, the ppAA surface is allowed to react for 30
minutes with a solution of Protein A (PtA) labelled with a fluorescent marker (Alexa Fluor
546) with a 0.1 mg/ml w/v concentration (volume dispensed=10 pL). Finally, the samples were
rinsed in D-PBS 1X and DI-water to remove unspecific protein, physisorbed on the surface,
then it was dried under N flux and observed by fluorescence microscopy (see Fig. 5.11B). The
image is taken across the edge of the incubated drop. This technique permitted to quantify the
content of carboxylic (1.15 + 0.35 x 10%groups/cm?) functionalities confirming the possibility
to produce coatings with high density of -COOH groups.
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CHAPTER 6
Applications to cancer biomarker detection

The increasing demand for non-invasive early detection of diseases has pushed the scientific
community to develop more and more sensitive techniques to detect disease biomarkers in
extremely low concentrations. Among other techniques, optical label-free bio-sensing is
considered to be the most promising tool for high throughput detection of biomolecules. In this
work, molecules of clinical interest are detected in different biological environments by means
of the platforms S1 and S3. In particular, we focused our attention on two classes of molecules:
angiopoietins and human epidermal growth factor receptors (ERBB2). Angiopoietin-1 (Ang 1)
and angiopoietin-2 (Ang 2) are important regulators of endothelial cell (EC) survival. Current
models suggest that an increase in Ang 2 expression in ECs leads to the initiation of
angiogenesis. Indeed, the imbalance of Ang 1 and Ang 2 activities in colon carcinoma leads to
a net gain in Ang 2. For this reason, Angiopoietin 2 became a clinical marker for angiogenesis
and early stage cancer development in adults [46,48].

On the other hand, ERBB2 (also known as Neu, or HER2) is a Tyrosine Kinase (TK) receptor
acting as the master integrator of epidermal growth factor receptor (EGFR) signalling,
regulating a variety of cell proliferation, growth and differentiation pathways. ERBB2 gene
amplification/over-expression occurs in approximately 20% to 30% of breast cancers and until
recently this genetic lesion was associated with a dismal prognosis [49,50]. In this context, the
platforms developed in this work can find a useful application in pre-clinical/clinical
environment improving the standard techniques routinely used for diagnostics.

In this Chapter, the Section 6.1 is dedicated to the first experiment reported in literature
showing simultaneous operation in both label-free and fluorescence modes obtained on
platform S2. The two modes operate in the near-infrared spectral range with the same
configuration of the optical reading apparatus. In the second Section, we make use of an

ellipsometric detection scheme (platform S1, described in Chapter 3) to sense Angiopoietin 2
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dissolved in BSA solutions. A characterization of the ellipsometric operation is given in order
to better explain the sensing principles.

The following Sections describe bio-sensing experiments involving Angiopoietin 2 and
ERBB?2 in different biological environments, from simple D-PBS 1X buffer to complex cell
lysates. The detection platforms (optical schemes) and the functionalization routes are
described in Chapter 3 and 5, respectively. In these Sections we leave space to bio-conjugation

strategies and bio-sensing experiments that can differ in the different measurements.

6.1 Combined label-free and fluorescence operation on platform S2

In order to validate combined label-free and fluorescence operation | made use of the platform
S2. As shown in Fig. 6.1 (top), the reflectance is measured at Ao = 804 nm (AA = 2.5 nm,
spectrally filtered LED illumination) in the 6 € [63.2°; 67.2] angular range above the total
internal reflection (TIR) edge (details in Chapter 3). In this experiment, either ethanol (EtOH)
or DI-water is the external liquid (neton = 1.357, Npr-water = 1.328 [51]) with the TIR edge
situated at OTir = 62.73° or O1ir = 60.87°, respectively. The 1DPC used in the experiments were
deposited on 170 pum thick microscope cover slides (Menzel Gléser) by PIAD as described in
Chapter 4. SiO2 and Ta2Os are used as low and high index layers with complex refractive

indices n.= 1.454 + j 6E-6 and ny = 2.060 + j 2E-5 at Ao, respectively.

LiQuiD
Sio,
Ta,0,
Sio,
Ta,0,
Sio,
Ta,0
Sio,
Ta,0;
Sio,

SUBSTR -

TOPAS CHIP

QLA
Figure 6.1 - Sketches of the label-free (top) and fluorescence (bottom) modes of operation of the
sensing platform. (Top) A focused beam at Ao is used to illuminate the chip under total internal reflection
conditions, and the presence of resonance is detected by a CCD sensor. (Bottom) An external laser

beam at Aexc IS used to excite molecules in the proximity of the chip surface and the emission, strongly
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coupled to the BSW surface-bound modes, is directed into a narrow angular range and detected by the

same CCD sensor. (Left) Sketch of the 1DPC geometry used in the experiments (not to scale).

Starting from n and nn, we designed the thicknesses of the 1DPC layers in order to obtain a
BSW resonance inside the angular acceptance range of our optical reading system. As a result,
the 1DPCs designed, fabricated, and used in the experiments had the structure
substrate’/L(HL)%EtOH with design thicknesses dn =170 nm and di = 495 nm. The last layer in
the stack, which is in contact with the external liquid, is SiO,. The first L layer was deposited
in order to provide a defined surface quality for the growth of the 1DPC. The layers’ deposition
tolerance (x 2% thickness) ensures that the BSW resonance is within an angular range of 0.2°
around the nominal angular position. The peculiarity of the present design is that the 1DPC
sustains both a TE- and a TM-polarized BSW. Such a condition cannot be achieved with SPP
that are only TM polarized.

2.75

Figure 6.2 - Dispersion relations ®(f) for the TE- and the TM-polarized BSW sustained in EtOH by
the 1DPC described in the text. For small o, the dispersions get to the light line in ethanol (Ethanol LL).
(Insets) Normalized |EJ> and |H|? transverse distributions for both modes. The absorption and emission
spectra of the Cy7-VG20 dye used in the fluorescence experiments are also shown. The dashed line

marks the wavelength Ao used for the label-free operation.

In Fig. 6.2, we show the dispersion relations for such TE (red) and TM (blue) modes calculated
in EtOH by means of a transfer matrix method [6]. The dispersions are plotted in the (®; B)

plane, where o is the angular frequency and B is the wavevector projection (k; in Chapter 2)
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along the 1DPC surface; the (o; B) window corresponds to A € [700 nm; 1000 nm] and 6 €
[62.8°; 67.5°]. The dispersions always lay between the light lines in EtOH and TOPAS. The
insets in Fig. 6.2 illustrate that at Ao the BSW energy is confined close to the 1DPC interface
to the external medium. As a consequence, the modes’ characteristics (effective index, losses,
and dispersion relation) are strongly sensitive to the properties of the external medium, making
them very promising for label-free biosensing [29,52]. Moreover, an emitter placed in the
proximity of the interface can couple very efficiently to such modes. After fabrication, the
cover slides with the 1D-PC were adapted to a bare TOPAS chip by means of an index
matching oil. The chip was previously thinned to account for the thickness of the cover slide
when mounting on the instrumental platform, polished, and topped with a glued 170 pm cover
slide in order to prevent damage when using the oil. Alternatively, the 1DPC can be deposited
directly on TOPAS chips. Complete sensors were mounted on the instrument to carry out the
test of the sensitivity with respect to changes of the external refractive index (label-free
operation) and the efficiency to collect the emission of a dye in close proximity of the external
interface (fluorescence operation). Concerning the label-free operation, Fig. 6.3 shows angular
reflectance R spectra measured at Ao either in EtOH or in DI-water solutions, when the
polarization is set to TE. In the ethanol environment, the excitation of the TE BSW gives rise
to a very narrow dip in the reflection spectrum of 9% depth (D = 0.09) and a full width at half-
maximum W = 0.030°. For comparison, at the same Ao SPP show resonances with D = 0.76
and W = 1.47° [7]. Here, the small value for D is due to both the small absorption losses in the
dielectric stack and the limited line-width AX of the illumination system. When fitting the
reflectance data, one can retrieve the real thicknesses of the 1DPC layers. We found: substrate
/485.0 nm/ 165.0 nm /496.8 nm/ 173.1 nm /501.5 nm/ 174.2 nm/ 492.5 nnv167.8 nm/486.5
nm/EtOH. In the case of DI-water, the light line is shifted to lower angles, the BSW resonance
gets broader and the effect of the illumination line-width is reduced; therefore, the BSW
resonance is deeper with D = 0.20 and W = 0.036°. In order to evaluate the volume sensitivity
Sv = d&dn, we poured onto the sensor’s surface several solutions of glucose in DI-water with
known concentrations [C]. In Fig. 6.3 (right), we show the BSW resonance position for [C] =
5 wt. % (black dots) and [C] = 10 wt. % (red dots). Assuming that the refractive index change
of the solution is related to the concentration by An = a*[C], with o. = 1.5E ~3 RIU% [38], we
find that Sv = 14.79RIU. For comparison, SPP show Sy = 92.79RIU at the same Ao [7].
However, if we estimate the FoM, that is inversely proportional to the limit of detection of the
sensor (LoD), we find that FoMgsw = 82 RIU L. The comparison of such value with that found
for SPP FoMspp = 48 RIU 1 [7] shows that, for this particular 1DPC design, the LoD is about
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two times smaller. However, preliminary studies not reported here indicate that the FOM can
be further increased by optimizing the 1DPC design and the angular detection window [54].
Concerning the fluorescence operation of the sensor, we decorated the surface with purposely
selected dye molecules. With reference to Fig. 6.1 (bottom), we excited the molecules by an
external laser beam at Aexc and collected the emission in the same angular range as in the label-
free mode with the same CCD sensor (operated at a different gain and integration time). This
condition is very similar to what one could have when performing an immuno-assay on top of
such type of sensor [36] in which some of the antibodies are labelled with a fluorescent tag. As
a dye, we selected a cyanine molecule (see inset Fig. 6.4), namely, Cy7-VG20, which shows
an emission spectrum in a wavelength range that, via the BSW dispersion, corresponds to
surface waves that can be outcoupled in the angular window of the instrument. In Fig. 6.2, we
show the absorption and emission spectrum of such a dye.

1.1

"EtOH | [ +ddH,0
i .GLUS%W |
- GLU 10%wt |

0'81111|1111|1|T\l|1'1\l|J|1|1
63.9 64.3 64.7 63.9 64.3 64.7

6[°] 6[°]

Figure 6.3 - Label-free operation of the sensors at Aq. The solid lines are guides for the eye. For the

sake of clarity, the plots are shown in a reduced angular interval with respect to that taken by the CCD.
(Left) BSW resonance measured in EtOH. (Right) BSW resonance measured DI-water (blue dots), 5
wt. % glucose in DI-water (black dots), and 10 wt. % glucose in ddH20O (red dots). The fringes in the

measurement are due to interference in the glue layer between the TOPAS substrate and the cover slides.

Coupling of the emission to BSW makes that the peak emission wavelength Apeak = 837 nm
corresponds to B = 2W/Apeak™ Nsup * sin(0) ~ 1.03E7 m™, i.e., to an angle 6 ~ 64° well in the
window. The Cy7 VG20 dye was prepared through a microwave condensation of a quaternized

6-carboxybenz[e]indolenine  with  N-[5-Anilino-3-chloro-2,4-(propane-1,3-diyl)-  2,4-
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pentadiene-1-ylidene]anilinium chloride [55], in the presence of potassium acetate, in EtOH
[56]. The obtained crystalline powder was characterized by nuclear magnetic resonance and
mass spectrometry. For the fluorescence operation, the sensors were topped with a metal plate
with a hole defining a cell located above the sensitive area. The plate was adapted to the surface
by means of a VITON o-ring. For surface decoration, the cell was filled with a 1 mM solution
of Cy7-VG20 in EtOH, closed by a glass window, and incubated overnight. Before decoration
the sensor’s surface was cleaned with a piranha solution for 10 min. We tested by the label-
free measurement that repeated (>50) piranha cleaning does not affect the BSW resonance
characteristics, indicating that the 1DPC geometry and optical quality are preserved (no etching
of the last layer and no under-etching, no increase of surface scattering). After incubation, the
staining solution was removed from the pool that was then repetitively rinsed with pure EtOH.
At the end of the decoration procedure, we filled the pool with pure EtOH and closed it with a

glass plate.

The transparent window allows an unfocused laser beam at Aexc = 632.8 nm (He—Ne, 1 mW at
the surface) to reach the 1DPC surface and excite the dye. In Fig. 6.4, we show the angular
distribution of the fluorescence collected by the CCD sensor (Sony ICX205AL) when the label-
free illumination beam is switched off and the fluorescence excitation beam is switched on.
The spectrum was collected with gain G = 600 and integration time 5.1 s; such values must be
compared with those used for the label-free operation, G = 374 and t = /15 s. The angular
spectrum presents two peaks corresponding to the TE- (smaller angles) and TM- (larger angles)
polarized BSW. Such angular spectrum has been verified not to change when turning the linear
polarization of the excitation beam. We can then assume that the emitting dipoles are
isotropically oriented, despite the anisotropic excitation, due to orientational randomization
taking place during the molecule’s permanence in the excited state. Dipoles can be decomposed
into components laying along the 1DPC surface and perpendicular to it. The first will be
coupled both to the TE and TM BSW, the second only to the TM BSW. Therefore, the presence
of both TE and TM BSW modes allows for an increase of the fluorescence collection
efficiency. In Fig. 6.4, we also plot the theoretically predicted angular spectrum of the
fluorescence intensity. The calculations are based on a rigorous Green’s function approach
[33], where we assumed isotropically oriented emitting dipoles uniformly distributed ina 5 nm
thick EtOH layer at the surface of the 1DPC. In the calculations, we assumed for the 1D-PC

geometry the thicknesses evaluated from the label-free measurement shown in Fig. 6.2 (left)
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and the emission spectrum of free Cy7-VG20 in EtOH; we also neglected absorption of the

Cy7-VG20 molecules themselves.
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Figure. 6.4 - Experimental angular distribution (dots) of the fluorescence intensity collected by the

CCD sensor upon excitation of the Cy7-VG20 molecules by the external laser at AEXC. The angular
range is the same used for the label-free operation. The theoretical curve (solid purple curve) was
calculated according to the procedure described in the text. Both TE- (red) and TM- (blue) polarized
spectra are also plotted. (Top inset) Chemical structure of the Cy7-VG20 dye. (Bottom inset) Angular
emission spectra calculated for three different absorption levels of Cy7-VG20 (the axes are the same as
the main figure).

The matching with the experimental spectrum is rather good, the only fitting parameter being
the total emitted energy (the spectra are in arbitrary units). The broadening of the experimental
peaks is probably due to the broadening of the Cy7- VG20 emission spectrum upon interaction
with the 1DPC surface [30]. We also observe a shift of the TE emission peak toward smaller
angles. This is most probably due to reabsorption by the dye molecules themselves of the
radiation coupled to the BSW and propagating along the 1DPC surface before being outcoupled
in the TOPAS substrate. We estimate that, for the present 1DPC design, the leakage length of
the TE BSW is in the range of 0.3 mm [56]. In order to give a first qualitative description of
the effect, in the inset of Fig. 6.4 we show the angular emission spectra calculated when
reabsorption by the Cy7-VG20 is considered. The semi-classical approach used here [32] does

not describe fluorescence emission in absorbing media. Therefore, we assumed absorption in
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the top 5 nm of the last SiO layer, with the spectrum measured in solution and arbitrary peak
increasing values. Passing from the no reabsorption condition (NO ABS) to the case in which
the peak extinction coefficient of the 5 nm layer is either 1E= (ABS 1x) or 1E2 (ABS 10x),
leads to increasing suppression of the TE BSW fluorescence and shift of the maximum of the
angular distribution. Further experimental and theoretical investigations are being carried out

to quantitatively describe such effect.

6.2 Ellipsometric label-free detection of colorectal cancer biomarkers
(Angiopoietin-2) on platform S1

6.2.1 BSW biosensor

The 1DPC used in this study was fabricated by PIAD as described in Chapter 4. In Fig. 6.53,
we show a sketch of the geometry of the 1DPC. In Fig. 1b, we show the angular reflectance
spectrum calculated at Ao in the Kretschmann-Raether configuration with a BK7 coupling
prism. A sharp dip in the TE reflectance is clearly visible around 6 = 69°, corresponding to the
excitation of a TE-polarized BSW, well above the total internal reflection (TIR) edge. A much
shallower dip (less than 1 %) appears in the TM reflectance at about 6 = 64.5°, corresponding
to a TM-polarized mode. In the inset of Fig. 6.5b, we plot both the amplitude and the phase of
the complex TE field reflection coefficient; the phase clearly shows a 2z shift around the
resonance that will be exploited in the polarization control scheme described below. In the
same angular range, the amplitude and phase of the TM field reflection coefficient are almost
constant. All numerical calculations were performed by means of a custom code based on the
transfer matrix method and using a plane-wave approach [28]. In Fig. 6.5c, we show the
distribution of the TE polarized BSW energy density calculated at Ao and in resonance
conditions. The BSW is confined at the interface between the 1DPC and the external medium.
The field is exponentially decaying in the external medium with a penetration length (Lpen) of
117 nm (a hypothetic SPP sensor operating at the same Ao and resonance angle would exhibit
the same Lpen). In the present work, we deposited and used two versions of the 1DPC sketched
in Fig. 6.5a. In one case (type A), the 1DPC was fully fabricated and used for the physical
characterization of their operation. In the second case (type B), the 1DPC was fabricated up to

the titanium topping layer.
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Figure 6.5 - Sketch of the 1DPC geometry. The thicknesses of the five layers of the periodic part are
dsioz= 275 nm and dra20s= 120 nm. The thicknesses of the two topping layers are as follows type A,
drio2= 20 nm and dsio2= 20 nm; and type B, drioo= 20 nm and dppaa=40 nm. (b) Numerically calculated
TE (solid blue) andTM (dashed red) intensity reflectances for the 1DPC sketched in Fig. 1a in DI water
and at Ao = 670 nm; TIR is the total internal reflection angle (inset). Detail of the amplitude |rre| (blue)
and phase Wre (red) of the TE field reflection coefficient calculated at Ao. (¢) Numerically calculated
distribution of energy density distribution of the TE-polarized BSW at Ao and in resonance conditions
(6 = 68.75°).

The last silica topping layer was not deposited in order to accommodate a thin functional
polymer layer used to provide the chemical groups needed to graft the biomolecules. In such a
way, the polymer functional layer is embedded in the 1DPC geometry and the sensing

characteristics are preserved (resonance angle, sensitivity, figure of merit).

For the physical characterization of the BSW biosensors, we made use of 1DPC including the
last silica topping layer (type A). In Fig. 6.7, we show the angular reflectance spectra at Ao for
a 1DPC sensor (type A). The top parts of the figure refer to the TE case, whereas the bottom
parts correspond to the cross scheme. The theoretical reflectance spectra shown in Fig. 6.7a
were numerically calculated by means of a custom algorithm based on the transfer matrix
method applied to stratified dielectric media and working in the plane-wave approximation. In
the calculations, we did not take into account the presence of reflection losses at the two glass-

air interfaces of the coupling prism. With the values assumed for the complex refractive indices
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of the dielectric materials constituting the 1DPC, the theoretical TE reflectance shows a sharp
and deep BSW resonance. Depending on the value of P, the theoretical reflectance for the cross
scheme shows either a dip or a peak and all intermediate shapes. The experimental angular
reflectance curves shown in Fig. 6.7b were obtained by operating the apparatus either in the
TE or in the cross scheme. The curves were extracted from images of the CMOS array detector
similar to those shown in Fig. 6.6, by averaging over 100 rows (the region between the two red
lines shown in Fig. 6.6) for different values of W. The experimental curve for the TE
polarization shows a resonance in the correct angular range and characterized by the expected

full width at half maximum.

Figure 6.6 - Images captured using the CMOS array detector, for the type A 1DPC, for four different
values of the phase (V) introduced by the liquid crystal retarder: (a) ¥ = 0°, (b) ¥ =90°, (c) ¥ = 180°,
(d) ¥ = 270°. The images were acquired by the CMOS at 6 = 69°, with an exposition time (tin;) of 80.1
ms, i.e. at a sampling frequency (fsamp) OF 12.5 Hz. The tiny oblique interference fringes are due to
multiple reflections in the output polarizer (not AR coated). The objective field of view is shown in (c)

for convenience.

However, the resonance is much shallower (about one fourth) than that found from the theory,
indicating that the absorption introduced by the thin titanium topping layer is smaller than
expected. Such result confirms the difficulty to tune the depth of the BSW resonance dip by
controlling the 1DPC losses upon deposition. The experimental curves for the cross case were
compared very well to the theoretical curves too. In this case, the smaller absorption enhances
the features around the BSW resonance with respect to the theoretical prediction. By varying
the phase ¥ in the [0°, 360°] interval, we can experimentally access to all the reflectance
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distributions allowed by that 1DPC structure, as shown in the video that can be accessed by

clicking on the caption of Fig. 6.6.
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Figure — 6.7 (a) Calculated normalized reflectance spectra for the 1DPC (type A) described in the text
for several different phases (V) imposed by the liquid crystal retarder between the TE and TM
components of the illumination beam. The Fresnel losses at the coupling prism facets are not taken into
account. (b) Normalized experimental angular reflectance for the real 1DPC (type A) for different

phases (). In both cases (a) and (b), the curves are shifted vertically for the sake of clarity.

Therefore, by making use of the same 1DPC sensor, one can select the appropriate phase
conditions depending on the different experimental needs. For example, if one wishes to
monitor a steep change in the reflectance profile, in amplitude mode at fixed Ao and 6o [58], he
could set the phase around ¥=90° and monitor the changes of the reflected intensity [29]. In
the following, we report experimental results obtained in the cross scheme by setting ¥=180°
and measuring the angular shift of the minimum of the resonance dip as a function of the
properties of the analytes injected in the PDMS fluidic cell. The advantage of using the cross
with respect to the TE scheme can be better evidenced by defining a FOM and comparing its
value in the two cases. We adopt here the same FoM we previously used [29, 17], defined as
FoM = SyxD/W, where Sy is the sensitivity of the BSW resonance angle to changes of the bulk
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refractive index of the external medium, D is the depth of the resonance dip (varying between
0and 1), and W is the resonance full width at half maximum. In Fig. 6.8a, we show the angular
reflectance measured for the 1DPC sensor (type A) in both the cross and TE schemes. From
the Lorentzian fit of the experimental curves, we find that Dte=0.28, W1£=0.07°, Dcross=0.81,
and Weross=0.088°. We find that W does not change much in the two cases, while D has a strong
improvement in the cross case. We expect therefore that the cross resonance can be tracked
more accurately (less noise). The sensitivity (Sv) of the 1DPC sensor (type A) was determined,
in both detection schemes, by injecting in the fluidic cell solutions of glucose in DI-water at
several different known concentrations (0.05, 0.5 and 5 wt%). In Fig. 6.8b, we show the time
dependence of the resonance position measured in the cross scheme, when either DI-water or
the glucose solutions are injected in the fluidic cell. From the measurement, we derived the
linear dependency of the resonance angle on the refractive index of the solutions as previously

done in a precedent work [34].
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Figure 6.8 - (a) Experimental reflectance spectra in both TE (blue curve) and cross (black curve)
schemes. D is the resonance depth, and W is the full width at half maximum. (b) Evaluation of the
volume sensitivity obtained by injecting in the fluidic cell three different concentrations of glucose in

Dl-water (on the right side).
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From the slope of the linear behavior, we find the same volume sensitivity for the two detection
schemes, as expected also from our numerical calculations, Sy = 31.8°/remote interface units
(RIV). From the values measured for Sy, D and W, we can evaluate the FoM for the two
schemes. We find FoMte =126 RIU™! and FoMcross= 293 RIUL, indicating that the cross
scheme outperforms the TE by more than a factor of 2. Considering that the LoD is inversely
proportional to the FOM [31], we expect the LoD to be improved. We determined the LoD in
the cross scheme by measuring the noise of the measurement of the angular position of the
resonance in static conditions and at fixed temperature (x0.01 °C). We find
o(0sw)=7.31°x107°°, when fitting the resonance in a +0.015° range (+20 pixels) around the
minimum with a quadratic model and running the CMOS detector at a sampling frequency
(fsamp) Of 12.5 Hz. Such value corresponds to a 1 Hz equivalent bandwidth noise with o1,
(0Bsw)=2.07°x10—5°/Hz1/2. We can therefore say that the LoD=c1 Hz (0gsw)/Sv= 6.5% 10~’
RIU/HzY2, Such value is smaller than that found experimentally for the TE case,
LoDve= 2.6x10°% RIU/HzY?, and can be further improved by optimizing the 1DPC sensor
structure [34] and by detection of features (array detector with lower noise (CCD) and larger
number of pixels, larger fitting interval, better fitting algorithms).

6.2.2 Bio-conjugation protocol

In this case, the 1DPC sensor surface is chemically activated with EDC/sulfo-NHS, and
differently from the case described in the Chapter 4, the PtG immobilization is carried out
externally, before mounting it on the optical setup. This permits to perform PtG immobilization
only on some selected regions of the 1DPC sensor surface. For the assay described here, the
1DPC sensor surface which is accessed by the optical measurement was divided in two regions,
in order to define one signal and one reference spots. In the two regions, we incubated
simultaneously PtG (signal spot) and BSA (reference spot) in a moisturized atmosphere for 1
h at ambient temperature. The concentrations of the solutions used for immobilization of either
PtG or BSA were 0.5 and 10 mg/mL, respectively. The concentration of the PtG solution was
determined according to the experience gained in the measurements reported in the previous
section. After incubation, the 1DPC sensors were washed thoroughly with D-PBS 1X and the
incubation of BSA was repeated under the same conditions all over the 1DPC sensor surface
in order to saturate all the ppAA functional groups. At the end, the resulting biochips were

washed again thoroughly with DPBS 1X.
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6.2.3 Results and Discussions

After preparation, the biochip was topped with a one channel microfluidic cell which permits
to flow the analytes on top of the signal and reference spots, as sketched in Fig. 6.9a. The
biochip was then mounted in the optical setup and operated in the cross scheme at ¥=180°.
The contact surface and volume of the fluidic channel are 18.7 mm? and 12 pL, respectively.
In Fig. 6.9b, we show the CMOS camera image obtained when operating the biochip in D-PBS
1X. In the two regions where PtG and BSA were immobilized, a BSW resonance dip is
observed; the resonance is missing in the intermediate region where the hydrophobic mark used
to define the two regions is situated. In all the tests, a given volume (V, uL) of the analyte
solution was injected in the channel at a flow rate (F, puL/s) from the reference spot side by

means of a motorized syringe pump.
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Figure 6.9 - (a) Sketch of the alignment of the fluidic channel, the sharp illumination line and the two
spots used for signal and reference measurements for the biochips used in the cancer biomarker
detection assays. (b) CMOS camera image obtained when the reference and signal spots are illuminated
simultaneously. The image was obtained in D-PBS 1X environment before performing the assay. (c)

Time dependence of the BSW resonance angular position in the cross reflectance obtained for ¥=180°
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in a cancer biomarker assay with anti-Ang2 and Ang2. The black curve is the reference, the blue curve
is the signal, and the red curve is the difference of the two. ABgsw is the relative angular shift of the

BSW resonance.

In Fig. 6.9c, we show an exemplary assay performed with a biochip prepared as described
above. Before starting the assay, the fluidic cell is filled with D-PBS 1X. Then, a 20 mM
solution of glycine in water and HCI (pH 2.5) is injected in the cell to remove the proteins that
are not covalently bound to the biochip surface. After 5 min, the solution is removed by
injecting the buffer used during the assay, D-PBS 1X with 0.1 wt% BSA, and the assay is
started (t = 0). The angular position of the BSW resonance in the signal (blue) and reference
(black) spots is tracked as a function of time upon injection of the analytes. The difference
between the reference and the signal is also plotted (red) in Fig. 6.9¢c. Att = 3.3 min, a solution
of anti-Ang2 in the buffer, with a concentration of 2 pg/mL, was injected, and att = 17.5 min,
it was removed by injecting the buffer again. Att = 21.7 min, a solution of Ang2 in the buffer,
with a concentration of 1 pg/ mL, was injected, and at t = 40.8 min, it was removed by injecting
the buffer again. The injections of the anti-Ang2 and Ang2 solutions were performed with
V=100 uL and F= 1.13 uL/s. All over the incubation time, a recirculation procedure was
applied by pumping back and forth 25 pL from the syringe pump at F=0.5 pL/s. The injections
of the buffer were performed with V=500 pL and F=2.95 pL/s. While washing with the buffer,
the signal and the reference were measured along a time interval larger than the injection time;
therefore, the step in the signals is due to stopping the flow and the last part of the measurement
in the buffer is in static conditions. During the assay, the reference shows a slight response due
to transient temperature/pressure effects and to the different refractive indices of the solutions.
On the other hand, upon injection of both analytes, the signal shows an exponential growth,
indicating that the binding of anti-Ang2 to PtG and of Ang2 to anti-Ang2 is taking place during
incubation. Fluctuations observed in both spots are due to pressure effects induced by the
recirculation procedure. Clearly, the differential signal, due only to binding of anti- Ang2 to
PtG and of Ang2 to anti-Ang2, shows residual shifts after buffer washing whose values are

reported in Table VI.1.
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Protein MW (kDa) C* (ug/mL) Cat® (UM) Af° (mdeg) I* (ng/em?) 3 (10'%/em?) A (nm)

G 21.6 1000 46.3 62 120 34 2.5
Anti-Ang2 150 2 0.013 7.1 13.7 0.055 0.29
Ang2 50 1 0.020 54 10.5 0.126 0.22

MW the molecular weight

#The mass of the solutions in D-PBS 1x

" The molar concentrations of the solutions in D-PBS 1x

© The residual angular shift of the BSW resonance after PBS and glycine-HCl washing
4The mass surface coverage

©The surface density

The adsorbed layer thickness calculated assuming as a refractive index for all the biological layers (PtG, anti-Ang2, Ang2): ng;o=1.42

Table VI.I - Summary of the protein properties and results extracted from the sensogram.

From such shifts, by making use of Eq. (6.1), we evaluated the I', ¥ and h for the anti-Ang2
and Ang2 add layers, as reported in Table VI.I. The results show that the BSW biochip,
prepared as reported above, can efficiently detect Ang2 in a buffer solution at the 1 pg/mL
concentration. We can infer information on the limit of Ang2 detection by considering the
measurement noise. The standard deviation of the noise observed during the assay is
o(0esw)=1°x10"*> when operating the CMOS at fsamp= 12.5 Hz, calculated from the difference
signal measured in the time interval te[41, 45 min] at the end of the assay in static conditions.
Such value is slightly larger than that reported above for the type A sensor, in which only
physical components contribute to the noise. From Eg. (6.1), assuming that the minimum
detectable resonance shift is o(6ssw), one can calculate the limit of the biochip for Ang2
detection as T'Lop= 1.9 pg/mm? at fsamp=12.5Hz. Such I'Lop must be compared to the present
state of the art for label-free techniques that is around 1-2 pg/mm? [29,60]. The I'iop found
here can be decreased by decreasing the detection noise and by improving the referencing
configuration. As an example, if o(6ssw) would get to the value we found for this sensor, we
would have I'ilop=1.4 pg/mm?. Changing the CMOS integration time could lead to further

improvement.

6.3 Label-free detection of colorectal cancer biomarkers (Angiopoietin-2)
on platform S1

6.3.1 Bio-conjugation protocol

For this specific application, optimized 1DPCs (design A|13|634) are functionalized by means
Strategy A (described in Chapter 5). The glutaraldehyde-activated surface of the biochip is then

divided into two regions, reference and signal sides, by means of a hydrophobic marker.
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The signal and reference regions were incubated with Protein G (PtG, 0.5 mg/ml, Thermo
Scientific) in sodium bicarbonate buffer or Bovine Serum Albumin (BSA, 10 mg/ml, Sigma-
Aldrich) in D-PBS 1X, respectively, for 1 h at room temperature (RT). Subsequently, the chip
was immersed in a solution of BSA (10 mg/ml) in D-PBS 1X to block the remaining reactive
sites (overnight at +4 °C). At the end of such incubation steps, on the biochip surface there are
a signal region (PtG), which is capable to bind and orient the capture antibodies, and a reference
region (BSA), which is biochemically inert. Immediately before their use in a detection assay,
the surface of the biochips was treated with a regeneration solution made of glycine (20 mM,
Sigma-Aldrich) in DI water and HCI with a pH of 2.5 for 10 min at RT. This procedure removes
any adlayers formed on both the signal (PtG) and reference (BSA) regions upon BSA blocking
step.

6.3.2 Results and Discussions

Biochips prepared according to the procedures reported above were used to carry out
Angiopoietin 2 (Ang-2) detection assays by means of the optical apparatus S1 described in
Chapter 3. In the assays we used Ang 2 (Recombinant Human Angiopoietin 2, P.N.623-AN
from R&D Systems) spiked in a D-PBS 1X + 0.1 wt% BSA buffer. Under these non-reducing
conditions the Ang 2 molecules are mostly (90 %) in a dimer form, with a small presence of
trimers (9 %) [61]. At the beginning of the assay the buffer is injected in the fluidic channel
and the BSW resonances (see Fig. 6.10) are tracked until a stable baseline is obtained. In Fig.
6.11 we show the time traces of a sensorgram recorded during one exemplary Ang 2 detection
assay. The curves are related to the BSA reference (blue) and PtG signal (red) regions, together
with the difference signal (black). The angular position of the BSW resonance is extracted from
the CMOS array images in both the signal and reference regions, at the sampling rate fsamp =
12.5 Hz. BSW resonance curves similar to those shown in Fig. 6.10 are obtained by averaging
64 lines of the CMOS image in each region, corresponding to 0.25 mm wide measurement
spots. In each spot the angular position of the BSW resonances minima were found by fitting
with a parabola the data in a range that is adapted to the resonance width, here +50 pix. Both
BSA and PtG traces shown in Fig. 6.11 are the average of the traces measured in five different

spots of the respective region.
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Figure — 6.10 Angular reflectance spectra for both signal (PtG, red line) and reference (BSA, blue line)
regions. The spectra were obtained averaging 320 lines of the CMOS array image. In the inset the
CMOS image of both PtG and BSA regions.

To specifically detect the presence of Ang 2, a monoclonal anti-human Ang 2 capture antibody
is used in the present work (Anti-Ang 2, Monoclonal anti-human Angiopoietin 2, Antibody,
P.N.MAB0983 from R&D Systems). The Anti-Ang 2 capture antibody is diluted in the buffer
at the concentration of 2 pug/ml. At the beginning of the assay (t = 3 min) a volume of 100 pl
of the Anti-Ang 2 solution is directly injected in the fluidic channel at a rate of 4 ul/s by means
of the motorized syringe pump and incubated for 16 min. During the incubation a recirculation
procedure is applied, in which a 27 ul volume of the Anti-Ang 2 solution is pushed back and
forth through the channel at a rate 1 pl/s. The recirculation gives rise to the oscillations
observed in the curves due to pressure induced changes of the analyte refractive index.

A clear binding curve is observed in the PtG signal region, whereas the BSA reference region
shows a linear slope with steep changes, as a function of sample injections. While the slope is
due to a slow temperature drift, the steep changes should be the result of refractive index
changes upon different analytes injection, and transient temperature and pressure effects. By
subtracting the signal and reference curves one can rule out such parasitic drifts and recover

the information related to the specifically binding of Anti-Ang 2 only.

103



60

x s &)
CHNEII
c - b=
<
2 402 <
‘0 +
o <
o %
— faa)
© 5
> 20 O
b= kS
.g 3 \/I/_,/—’—’_M"
T 0 =
Ko,
o
0 10 20 30 40 50
t[ min|]

Figure — 6.11 Sensorgrams recorded during the label-free Ang 2 detection assay in the PtG (red) and
BSA (blue) regions. The black solid curve is the difference signal from which we extracted the relevant
quantities reported in Table VLII.

Fig. 6.11 demonstrates that the PtG layer in the signal region binds efficiently with the Anti-
Ang 2 capture antibodies providing a proper orientation on the 1DPC surface, maximizing the
detection of the antigens. On the other hand, the BSA layer in the reference region effectively
blocks non-specific adsorption on the 1DPC surface.

At the end of the Anti-Ang 2 incubation a 500 ul volume of buffer is injected in the channel at
4 ul/s for washing. Dissociation of Anti-Ang 2 is observed as expected, due to the removal of
excess non-specifically bound Anti-Ang 2. The total residual angular shift A6 at the end of the
washing step, that reflects Anti-Ang 2 binding to PtG, is reported in Table VI.1I. Under the
conditions reached at the end of the precedent steps the biochip is ready for the detection of the
Ang 2 cancer biomarker. Upon injection of a 2 ug/ml Ang 2 solution in the buffer (t = 24 min,
injected volume 100 pl at 4 pl/s, incubation for 20 min with recirculation of 27 pl at 1 pl/s)
again a clear binding curve is observed in the signal region with respect to the reference region.
The difference-signal shows a well-defined exponential growth, indicating that indeed Anti-
Ang 2 efficiently detects the Ang 2 antigens present in the test solution. At the end of the
incubation the biochip is washed with 500 ul buffer injected at 4 ul/s. The total residual angular
shift A, due to the specific binding of Ang 2 to Anti-Ang 2, at the end of the washing step is
reported in Table VL.II.
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From the angular shifts A6 reported in Table V1.1l we can evaluate the mass surface coverage
I" for Anti-Ang 2 and Ang 2 making use of the following formula [62] derived from the De
Feijter formula [63]:

AO - Lpen

" Sy -onjacC ©6-1)

where on/oC is the refractive index increment of the molecules and on/oC = 0.19 cm®/g for
most of proteins [63]. From I", we calculate the surface density ¥ = I'/MW, where MW is the
molecular weight. The analysis of the sensorgram confirms that the 1DPC biochips can

efficiently detect the presence of Ang 2 in a buffer solution.

TABLE VI.I
DATA ON THE PROTEIN LAYERS IN THE LABEL-FREE ASSAY
Protein My ¢ = L -
[kDa] [ng/mL]  [mdeg] [ng/cm?] [1012/cm?]
Anti-Ang 2 150 2 18.6 35.1 0.14
Ang 2
. 140 1 12.4 234 0.10
(dimer)
Table V1.1l — Data on protein coverage density for Ang 2 experiments.

The experimental value of X for Ang 2 is smaller than that found for Anti-Ang 2, as expected
for Langmuir isotherm equilibrium far from saturation conditions [64]. Analyzing the noise of
the difference signal we find onoise = 0.1 pix = 7.75E-5 deg. From the Eq.(6.1), assuming that
the minimum detectable resonance shift is onoise, one can calculate the limit of the 1DPC
biochip for Ang 2 detection as T'Lop = 1.5 pg/mm? at fsave = 12.5 Hz.

In order to confirm effective recognition of Ang 2 biomarkers by Anti-Ang 2 antibodies in the
PtG signal region, we performed the assays by introducing fluorescent labels, similar to the
standard enzyme linked fluorescence assays (ELFA). This part of the assay is carried out
without monitoring the label-free signal.

A specific biotinylated-detection Anti-Ang 2 antibody (Anti-Ang 2*, Polyclonal Human
Angiopoietin 2 Biotinylated Antibody, P.N. BAF623 from R&D Systems) was used to detect
the presence of Ang 2 at the biochip surface. A 100 ul volume of a solution of Anti-Ang 2* in
the buffer at a concentration of 2 ug/ml was injected in the fluidic channel at the rate of 4 pl/s,
incubated for 16 min adopting the same recirculation procedure shown above and washed with
the buffer.
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Then, a solution of neutravidin labelled with fluorophores emitting at Amax = 670 nm
(NeutrAvidin650, DyLight 650 conjugated from ThermoScientific) was injected in the
channel. Neutravidin with very high affinity for biotin should enable detection of the Anti-Ang
2* antibody. A 100 ul volume of a solution of NeutrAvidin650 in D-PBS 1x at a concentration
of 10 ug/ml was injected in the fluidic channel at the rate of 4 ul/s, incubated for 16 min

adopting the same recirculation procedure as above and washed with D-PBS 1X.
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Figure —6.12 (a) Confocal fluorescence microscopy image of the dry 1DPC biochip at the end of the
complete Angiopoietin 2 detection assay. (b) Average intensities in the PtG and BSA regions,

confirming that efficient detection of Ang 2 was achieved.

At that time the fluorescence detection arm was not yet working (development stage) and thus
we decided to perform the fluorescence analysis ex-situ by means a confocal microscope. Thus,
at the end of this process, the biochip fluidic channel was emptied, dried and the biochip
unmounted from the optical apparatus. It was immediately transferred to the confocal
microscope to investigate the fluorescence emission in the two regions. The confocal
fluorescence detection was performed exciting the dried biochips from the 1DPC side. In Fig.
6.12(a) we show the confocal fluorescence image obtained when exciting at Aexc = 635 nm
and detecting in the Aem € [655 nm, 755 nm] window. The average intensities measured in the
two regions are shown in Fig. 6.12(b). The strong fluorescence contrast confirms the efficient

detection of Ang 2 in the PtG region.
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6.4 Label-free and Fluorescence detection of colorectal cancer biomarkers
(Angiopoietin-2) on platform S3

6.4.1 Bio-conjugation protocol

For these experiments, 1DPCs (A|13|634) are functionalized by means Strategy A (described
in Chapter 5). The reactive glutaraldehyde surface of the biochip is divided into two regions,
reference and signal sides, by means of a hydrophobic marker.

Protein immobilization starts with the coupling of PtG (0.5 mg/ml) in sodium bicarbonate
buffer. As previously described, the PtG solution is brought in contact with one part of the
sensing area that will be referred to as signal spot. A second part of the sensor surface is
incubated with 10 mg/mL of BSA to serve as the reference. Protein coupling was stopped after
1 h interaction time at RT by washing away residual solution. Finally, the full surface was
immersed in 10 mg/ml of BSA overnight at +4°C in order to block remaining reactive sites. In
result, capture antibodies can be coupled later on with Fc fragment to the PtG (signal spot)
surface in order to maintain their functional Fab sites for specific detection. Immediately before
use the surface of the biochips was treated with a regeneration solution made of 20 mM glycine
and HCI with a pH of 2.5 for 10 min at RT. This step improves the recovery of surface reactivity
after the blocking step in BSA, because any adlayers should be removed from the covalently

linked protein layers.

6.4.2 Results and Discussions

For the label-free assay we can make reference to the middle part of the sketch shown in Fig.
6.13. The assay starts at t = 0 with the injection of 100 pl of the capture antibody (a-Ang2) with
a volume flow rate of 1.35 pl/s. The injection is performed from the inlet at the BSA protein

region, which corresponds to the spot number 0-9 of the used system configuration.
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Figure 6.13 — Sketch of the cancer biomarker detection assay for Angiopoietin 2 (Ang2).
After a recirculation of 50 ul (10 times back and forth at 1.35 pul/s) of the a-Ang2 for about 13
min, the microfluidic channel was washed with 500 pl of the buffer. At t = 20 min the Ang2
biomarker was injected and recirculated in the channel (the parameters are the same as above
for the a-Ang2). The step is followed by the same washing procedure in the buffer solution.
For what is concerning the label-free mode of operation, in Fig. 6.14 we show the sensorgrams
measured in several different spots, inside the signal (PtG) and reference (BSA) regions.
Clearly the sensorgrams are grouped in two different families, demonstrating that the PtG
region and the BSA region are responding in a different way when the analytes are injected. A
drift of the signal is observed in both regions. In this way, the measurements carried out in the
BSA region can be used as a reference to rule out all parasitic effects affecting the measurement
obtained in the signal region.
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Figure 6.14 — Sensorgrams measured in several different spots in the PtG (spot 20, 21, 24, 25, and 26)
and BSA (3, 4, 5, 8, and 9) regions. The sensorgrams were selected out of all those recorded by

eliminating those that were corrupted by large noise (bubbles, defects on the surface, ...).

The curves shown in Fig. 6.14 were averaged in the two signal and reference regions, giving
rise to averaged signal and a reference curve. Then subtraction of such curves was performed
ruling out all parasitic effects (drift of the resonances due to temperature, pressure, refractive
index fluctuations, illuminating wavelength fluctuation, and water adsorption inside the
1DPC). In Fig. 6.15 we show the sensorgram obtained after averaging and subtraction. The
error bars in Fig. 6.15 are the standard error of the mean, which were obtained from a simple
statistical analysis of the signals from the selected spots. It is noteworthy that an adjustment of
the label-free signal to the photonic crystal sensitivity, which varies from one spot to another,
does not decrease the error of the signal and changes only slightly the mean value. The
sensorgram of Fig. 6.15 demonstrates the label-free detection of target biomarkers with the S2
platform. It is worth to notice that, besides providing the fluorescence emission and permitting
to operate in the fluorescence mode, the second part of the assay (a-Ang2* and neutravidin)
gives rise to an enhancement of the angular shift (mass loading effect) measured in the label-
free operation mode.
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Figure 6.15 — Sensorgram of the complete assay detecting Ang2 biomarker of 1 pug/ml. The arrows
mark the fluorescence measurements of the background and assay signals. The shaded areas highlight
the time intervals for the injection and recirculation of a corresponding reagent. The y-axis shows the
difference of the mean BSW resonance angle in 5 PtG and 5 BSA regions. The error bars are the

standard error of the mean of the 5 selected measurement spots.

As shown in Fig. 6.15, the fluorescence assay starts at t = 40 min when the biotinylated
detection antibody a-Ang2* is injected and recirculated in the channel (the parameters are the
same as above for the a-Ang2). The step is followed by the same washing procedure in the
buffer solution. Before injecting a D-PBS 1X solution of the labelled neutravidin, the cell was
washed with the D-PBS 1X buffer and the fluorescence background signal was collected using
0.01 sec integration time and scanning the position of the excitation laser diode from 5 to 10
mm. At t = 70 min, the neutravidin was injected and recirculated. At the end of the assay the
microfluidic channel was washed with the D-PBS 1x buffer. The fluorescence signal is then
measured again using the same integration time, scanning the position of the excitation laser
diode from 5 to 10 mm.

In Fig. 6.16 are shown the background subtracted fluorescence signal averaged on the same 5

selected spots in the PtG and BSA regions. The error bars are the standard error of the mean.
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Figure 6.16 - An average fluorescence signal of the immobilized labelled antibody-antigen complex

from the PtG (signal) and BSA (reference) regions at the end of the 1 ug/ml Ang2 assay. The excitation

laser diode position is fixed at the maximum detected fluorescence intensity. The fluorescence

background signal was subtracted from the data. The error bars are the standard error of the mean of 5

selected measurement spots.

The signal in the PtG (light green area) region is much larger than the signal in the BSA (light
red area) region, performing both label-free and labelled detection of target cancer biomarkers.
Same procedures are repeated for different concentrations of Ang 2 down to 10 ng/ml, varying
the concentration of the capture Anti-Ang 2 with the purpose to capture more when lowering
the analyte concentration. In Fig. 6.17 and 6.18 we report the differential label-free

sensorgrams and the corresponding fluorescence spectra for both regions.
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Figure 6.17 — Differential label-free sensorgrams and the background subtracted fluorescence spectra

for an Ang 2 concentration of 50 ng/ml.
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Figure 6.18 — Differential label-free sensorgrams and the background subtracted fluorescence spectra

for an Ang 2 concentration of 10 ng/ml.

According to the fluorescence spectra the second antibody could be successfully detected on
the PtG coated surface, while practically no fluorescence increase is obtained at the BSA-
coated spots. This confirms that fluorescence operation mode can increase the resolution of the
platform allowing to sense lower concentration of analytes.

From Fig.6.18, we can evaluate the fluorescence limit of detection as follows:

Average Intensity Area (BSA)

LoDg;V° = 10 -
0%s2 ng/m Average Intensity Area (Anti — Ang2)l o

getting a LoD = 4.4 + 0.6 ng/ml corresponding to 0.088 + 0.012 nM. Such result was included

in the text as a limit of detection for Ang 2 of the platform S2 in the fluorescence mode.

6.5 Label-free/fluorescence detection of breast cancer biomarkers
(ERBB2) in cell lysates on S1

6.5.1 Cell Biology and Biochemistry

In the present work we used two different cell lines: SK-BR-3 and Colo 38. SK-BR-3 breast
cancer cells carry an amplified and overexpressed ERBB2 gene, and were used as a convenient
source of ERBB2 molecules, since their absolute number per cell (5+6*10° molecules per cell)
have been concordantly estimated by at least two groups [65,66]. Colo 38 melanoma cells were
selected as a negative control (see Fig.6.19) since they do not express detectable amounts of
ERBB2 [67].
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mAbs W6/300G9 (capture Anti-ERBB2) and W6/800E6 (detection Anti-ERBBZ2) to distinct
epitopes of the ERBB2 ectodomain [68] were used on the biosensing platform for ERBB2
capture and detection, respectively. For fluorescence detection, mAb W6/800E6 was
conjugated to the NHS ester of Alexa Fluor 647, at an approximate molar ratio of 10:1 (Anti-
ERBB2 AF647).

For internal background referencing, and to subtract non-specific interactions, mAbs of
irrelevant specificity were selected. mAb L-31 binds human Major Histocompatibility
Complex class | (MHC 1) molecules [69], and mAb 34.4.1S binds a highly restricted,
polymorphic murine EB?® epitope on MHC Il molecules not expressed on any known human
protein [70]. All mAbs were dissolved in Dulbecco’s Phosphate Buffered Saline 1X (D-PBS
1X).

In the assays with the biosensing platform, we frequently observed that at large concentrations
NP40 generates air bubbles and micelles, causing signal degradation. Therefore, we reduced
NP40 concentration and determined whether this affects ERBB2 extraction efficiency. With
this aim, Western blotting was carried out by SDS-PAGE slabs of SK-BR-3 and Colo 38 NP40
total cellular lysates (10 pg/lane), electroblotting, and filter incubation with selected mAbs:
mAb 3D5 to the c-terminus of ERBB2 (ThermoFisher) at 1.0 ug/mL, and a rabbit polyclonal
to Heat Shock Protein Hsp90 (StressGen), to equalize input. The signal was developed by
chemiluminescence. ERBB2 in SK-BR-3 lysates was recovered in a nearly quantitative way
in a range of NP40 concentrations as low as 0.1%. For the assays reported in the present study,

0.5% NP40 concentrations were selected.
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Figure 6.19 - Western Blot of SK-BR-3 and Colo 38 (ERBB2-negative) lysates. A heat shock protein

of 90 kDa was used as a control.
SK-BR-3 and Colo 38 lysates were diluted in lysis buffer at 1:16, 1:40, 1:160 and 1:800
dilutions, giving rise to four ERBB2 positive (from P1 to P4) and four ERBB2 negative
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samples (from N1 to N4). From a simple conversion one can get the ERBB2 concentration
Cerag for each sample solution. In Table VLIII, we list the resulting Cwr , Ceresz and mpys

(mass of the raw lysates) values for all dilutions.

. L Cwh Cersg2 MLys
SAMPLE Cell line Dilution
[mg/mL] [ng/mL]  [pg]
P1 1:16 500 175 60
P2 1:40 200 70 24
— SK-BR-3
P3 1:160 50 17.5 6
P4 1:800 10 35 1.2
N1 1:16 500 - 60
N2 1:40 200 - 24
. Colo38
N3 1:160 50 - 6
N4 1:800 10 - 1.2
Table VI.111 — Lysate samples used in the assays carried out with the optical biosensing platform.

For the assays carried out with ERBB2 spiked in D-PBS1X we made use of a recombinant
ERBB2 Fc fusion chimera (ERBB2-Fc), which contains the entire extracellular domain of

ERBB2 fused to the Fc portion of human immunoglobulin (R&D Systems).

6.5.2 Bio-conjugation protocol

The 1DPC (A|13|634) is used in this experimental session. The glutaraldehyde-activated
surface of the biochip is divided into signal and reference spots, by means of a hydrophobic
marker. In the signal spot we incubated the capture Anti-ERBB2 and in the reference spots the
non-specific mAbs (Anti-MHC | and/or Anti-MHC II). In all cases we dissolved the mAbs in
D-PBS 1X at 0.5 mg/ml and incubated for 1 hour at RT. After a further washing step, the chips
were immersed in a solution of BSA (10 mg/ml) in D-PBS 1X to block the remaining reactive
sites (overnight at +4 °C). At the end the biochip was washed in D-PBS 1X.

6.5.3 Results and Discussions

6.5.3.1 Recombinant ERBB2-Fc spiked in D-PBS 1X buffer
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We prepared test solutions by spiking chimera ERBB2-Fc in D-PBS 1X at a concentration of
20 ng/ mL. In this case, on the BSW biochip’s surface we defined only two sensing spots
where either capture Anti-ERBB2 (signal) or Anti-MHC Il (reference) were bio-conjugated.
In the assay, at the beginning the fluidic channel is filled with D-PBS 1X. The LF laser is
illuminating the biochip and the FLUO laser is blocked with a shutter (LF mode).
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Figure 6.20 - Experimental curves recorded by the CCD camera during the assay with ERBB2 spiked
in D-PBS 1X. The curves refer to either LF (top curves) or FLUO (bottom curves) operation for the
signal (black) and reference (blue) sensing spots. R(0) (right axis) shows the BSW resonance in the LF
mode. 1(6) shows DyL.ight 650 fluorescence emission. (Insets) CCD images in the LF (left) and FLUO
(right) modes. In both images the top region is the signal spot and the bottom region is the reference

spot.

The CCD is continuously acquiring images and sampling R(0) in the two spots. In Fig. 6.20,
the top curves are the BSW resonances in the signal (black) and reference (blue) spots,
extracted from the CCD image shown in the top left inset. For each spot, R(0) is averaged over
80 CCD rows and 6Or is tracked by an iterative fitting procedure. In Fig. 6.21 we show the plot
of the 6.F measured in the signal (black curve) and reference (blue curve) spots as a function
of time (sensogram). By calculating the difference signal (red curve) we rule out all parasitic
effects, such as the change of the refractive index of the solution upon injection, the temperature
and pressure induced fluctuations of the refractive index of the solution, the temperature

fluctuations of ALr, and non-specific binding contributions. From the differential baseline
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recorded at the beginning in D-PBS 1X we evaluated the instrumental noise, whose standard

deviation is ¢ = 0.57 pix.
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Figure 6.21 - LF sensograms recorded during the assay for the detection of ERBB2 spiked in D-PBS 1X

at 20 ng/mL. The curves are for the signal spot (black), reference spot (blue) and difference (red).

At t; we started the LF assay by injecting the ERBB2 test solution (140 uL) and recirculating.
The differential signal increases, due to specific ERBB2 binding to the capture Anti-ERBB2
spot. At to we washed with D-PBS 1X (500 uL) and measured the residual angular shift
AB1 = 7.5 pix at t3. As it can be seen the 20 ng / mL concentration of ERBB2 spiked in D-PBS
1x can be clearly detected in the LF mode.

At t3 we start the FLUO assay. We complete the sandwich immunoassay by labelling the
ERBB2 molecules specifically bound to the BSW biochip surface and performing fluorescence
measurements. In this particular case, this is achieved by a two-step procedure. While still
tracking O.r in the LF mode (see Fig. 6.21), at t3 we inject a biotinylated monoclonal detection
antibody Anti-ERBB2 (140 pL), recirculated during incubation and washed with D-PBS 1X
(500 pL) at t4. At ts we measure an increased residual shift A6. = 12.5 pix, due to further mass
loading. Such part of the measurement can be also considered as an extension of the LF assay
in which the detection antibody guarantees an increase of the selectivity and an amplification
of the signal from A6 to AB.. At ts the platform is switched to the FLUO mode, the LF laser

beam is blocked, the FLUO laser beam is open and the CCD under resonant excitation
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conditions at Bexc collects the background fluorescence emission. We point out that 6exc can
differ in the two spots; such difference is managed by scanning Oexc and analyzing for each
spot only the fluorescence images taken at resonance. Immediately after we inject neutravidin
conjugated with the DyLight 650 dye (140 uL) and incubate while recirculating. Neutravidin
binds efficiently to biotin and labels only the signal spot. After neutravidin incubation we wash
with D-PBS 1X and measure the fluorescence emission at resonant excitation.

In Fig. 6.20, the bottom curves are the background subtracted 1(0) fluorescence spectra
measured in the signal (black curve) and reference (blue curve) spots. An almost flat spectrum
is observed in the reference spot, confirming that no interaction between the Anti-MHC Il
capture antibodies and ERBB2-Fc took place; residual luminance is due to non-specific binding
and intrinsic fluorescence of the BSW biochip itself. The difference between the signal and the
reference spectra confirms specific binding of ERBB2 to the signal spot and the LF result.
The assays carried out with ERBB2 spiked in D-PBS 1X were used to optimize the protocols.
In some cases, we observed a weak capture efficiency of the capture Anti-ERBB2 spot, due to
ad-layers formed during the bio-conjugation step and due to poorly effective washing
procedures. We therefore introduced an optimized regeneration step with glycine and HCI at
pH 3.0 at the beginning of the bio-recognition assay.

We modified the two-step labelling procedure that we initially adopted to keep the possibility
to use different neutravidin conjugated dyes and tested the spectroscopic features of the
platform. We conjugated the detection antibody Anti-ERBB2 to a reactive ester Alexa Fluor
647 (Thermo Fisher), assessing the conjugation efficiency by cyto-fluorimetry, and reduced
the BSW biochip labelling procedure to a single step. This considerably simplifies our assay,
reducing the duration from 100 min to 30 min (both LF and FLUO) and making it faster than

either the standard [71] or the most recent [5,72] techniques described in literature.

6.5.3.2 Lysates from ERBB2 positive and negative cell lines

We carried out ERBB2 detection assays making use of the samples listed in Table VL1 for
SK-BR-3 (P1 to P4) and Colo 38 (N1 to N4). In this case, on the BSW biochips’ surface we
defined three sensing spots, where capture Anti-ERBB2 (signal, S), or Anti-MHC 11 ([66], R1)
and Anti-MHC | ([69], R2) were bio-conjugated. Each biochip was used for two assays in a
sequence; the first with a SK-BR-3 sample in CH1 and the second with a Colo 38 sample in
CH2 at identical dilutions (same total amount of proteins). The two assays were performed

with a temporal delay of 1 hour; no degradation of the performances was observed within such
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a timeframe. Such a strategy guarantees that the functionalization chemistry and
immobilization steps were the same for the two channels and lysate solutions. As an example,
in Fig. 6.22, we show the results of the LF assay carried out with one BSW biochip for the P1
sample (CH1). The curves correspond to the sensograms registered in the S (black), R1 (red)
and R2 (blue) spots. In the inset we show the last part of the sensogram registered for the N1
solution (CH2).

For all BSW biochips the assay was carried out according to the following steps. At the
beginning of the assay the fluorescence background was measured in FLUO mode in D-PBS
1X, then the platform was switched to the LF mode and started to record the sensograms. The
fluidic cell temperature was raised from 24 °C to 30 °C, by means of the temperature controlled
back plate; the drift of the signal is used to compare the sensitivity of each spot and to
compensate for differences when analysing data. Regeneration with glycine-HCI at pH 3.0 is
performed, followed by D-PBS 1X washing before starting the LF assay. The lysate solution
(120 pL) was injected and recirculated during incubation (12 min). The biochip was then
washed with D-PBS 1X. The labelled detection antibody Anti-ERBB2 AF647 (120 uL) was
injected and recirculated during incubation (15 min). Finally the biochip is washed with D-
PBS 1X and the fluorescence is measured in FLUO mode. The timing of the assay was the
same for all biochips used in the experiments. Starting from the time of the lysate injection, the
duration of the assay is 30 min. In a real application, this can be taken as the assay duration for
optimized biochips that are already regenerated and ready for use when mounted on the read
out platform.

From the analysis of all sensograms, which are similar to that reported in Fig. 6.22, one can
conclude as follows. Clearly, specific binding of ERBB2 to the S spot takes place, whereas a

reduced response due to non-specific binding is observed in the R1 and R2 spots.
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Figure 6.22: LF signal recorded during a complete ERBB2 bio-recognition assay in a SK-BR-3 cell
lysate (sample P1). The three sensograms correspond to the specific (black) and non-specific (red and
blue) spots where the capture mAbs were incubated. (Inset) LF signal recorded during incubation with
the detection antibody for the same biochip in the CH2 and after exposing the biochip to the Colo 38

cell lysate (sample N1). The colour codes of the curves are the same as in the main figure.

One can subtract the signal and reference curves and obtain a differential signal that is only
related to the specific interaction of ERBB2. However, signal fluctuations during incubation
with lysate are very pronounced due to the large protein content Cwx and to the concentration
fluctuations deriving from recirculation. This makes the differential signal very noisy and the
binding kinetics hard to track. Nevertheless, a clear (final) difference A6, between the residual
shifts in the S and R1 spots (worst case) is observed after washing with D-PBS 1X. On the
contrary, the signals recorded during the detection antibody incubation are much cleaner, due
to the decreased complexity of the matrix. It is therefore possible to track the differential signal
and the binding kinetics of the detection antibodies. Also in this case a residual shift A6 > A6,
is observed (amplified LF response). Such results suggest that tracking the LF signals during
the incubation with the detection antibody can give information that is much more reliable and
can extend the standard label-free direct binding assays [73]. In the inset of Fig. 6.22 we show,
for the N1 solution injected in CH2, the sensograms recorded during the incubation with the
detection antibody. The response of all spots is low when ERBB2-negative Colo 38 lysates are

added, demonstrating the ERBB2 specificity of the assay.
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In Fig. 6.23 we report the differential sensograms measured in LF mode, during the Anti-
ERBB2 AF647 injection (120 uL) and incubation/recirculation, for four different BSW
biochips that were previously exposed to dilutions (P1 to P4) of the SK-BR-3 lysate. The
differential curves are normalized by subtracting the signals recorded in the spots S and R1,
respectively. All curves were obtained under the same experimental conditions. The binding
kinetics and residual shifts AOres after washing with D-PBS 1X can be clearly observed. The
assays carried out with the Colo 38 lysate solutions (N1 to N4), show binding kinetics and

residual signals that are always below the P4 dilution (smallest ERBB2 content).
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Figure 6.23 - (Curve P1 to P4) Anti-ERBB2 AF647 binding kinetics for different Cereg2. (Nav) Colo

38 average signal for three BSW biochips (grey). The error bars (3c) refer to the average residual shifts
calculated in D-PBS 1X at the end of the assay. Af is the residual shift for the P samples and Afgg¢

is the average residual shift for the N samples.

In Fig. 6.23 we plot the differential curve obtained by averaging the sensograms for three Colo
38 lysate solutions, which shows a residual average shift ABrzs. In Fig. 6.24, we show the
results of the measurements carried out in FLUO mode for the same assays that provided the
LF results shown in Fig. 6.24. The background subtracted radiant intensity 1(6) recorded by the
CCD camera for each spot and for each lysate solution (see for example Fig. 6.20) was
integrated over the angular detection window, providing a the total emitted power W. The
histogram summarizes the W values obtained for all cases. We observe a marked difference
between the W values measured for the ERBB2 positive and negative cell lines and between
the different sensing spots. In the inset of Fig. 6.24, we show, for the greatest dilution and for

the three sensing spots, the difference of fluorescence powers W(P4)-W(N4) recorded for the
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SK-BR-3 and Colo 38 samples, respectively. This shows that, even at the lowest ERBB2

content the assay is able to distinguish between a positive and a negative control.
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Figure 6.24 - Background subtracted power W after exposition to Anti-ERBB2 AF647 and for different
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SK-BR-3 and Colo 38 samples. The different colours denote fluorescence values obtained for the three
sensitive spots on the BSW biochips. (Inset) W(P4)-W(N4) for the three spots.

6.5.3.3 Analysis and Discussion

The results of the experimental assays carried out with the cell lysates show that the present
optical biosensing platform can operate efficiently, integrating both the LF and FLUO modes
and making use of the same BSW biochips and optical read out system. In the assays, the
platform detected ERBB2 in a complex matrix (cell lysates) in the FLUO mode at the clinically
relevant concentration 3.5 ng/mL (19 pM). As reported in the introduction, in serum (a less
complex biological matrix with respect to cell lysates), the well-established threshold for
ERBB?2 is placed at 15 ng/mL [74]. In the LF mode, the platform detected the ERBB?2 at a
concentration of 17.5ng/m that is in the range of but not below the clinical threshold.
Nevertheless, the performance in the LF is improved with respect to results of previous works
with LF and FLUO combined platforms, i.e. 60-100 ng/mL in spiked samples [75,].

The experimental data are analysed more in detail below, to evaluate the limit of detection
(LoD) of the immunoassay implemented on the platform, both in the LF and FLUO modes.

In Fig. 6.25a, we report the result of the analysis of the LF data shown in Fig. 6.24. For each
SK-BR-3 lysate dilution, we calculated the difference AGy = ABzrgs — ABrrs and plot it as a
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function of Ceresz. The procedure should guarantee that all parasitic effects are ruled out. Fig.
6.25a shows that the experimental uncertainty limits data analysis and the resolution for
ERBB2 label-free detection. We found that the Langmuir isotherm model does not fit to the

experimental data. However, we can interpolate (red curve) by means of the Hill’s model [76]:

MGy = NG, + 22ar=% (6.2)

1+(Kp/c)B

where AQq is a residual plateau level of the differential shift, AOsa is the saturation level, Kp is
the equilibrium dissociation constant of ERBB2 to the capture Anti-ERBB2 used in this work
and B is a non-ideality parameter. From the interpolation we find: A6 = 0.62 pixel, ABsat =
21.9 pixel, Kp =95 ng/mL = 0.5 nM and = 1.9. We can derive the LoD¢r, i.e. the minimum
ERBB2 concentration that can be detected in a lysate solution, assuming that a signal can be
detected if it differs from ABo by more than the standard deviation of its associate measurement
error. We find that LoD.r = 14.5 ng/mL = 78 pM. Such result confirms that the 17.5 ng/mL

can be effectively detected in the LF mode.

In Fig. 6.25b, we report the result of the analysis of the FLUO data shown in Fig. 6.24. We plot
the difference Wn between the W values found in the signal spot (S), for BSW biochips exposed
to either SK-BR-3 or Colo 38 samples, as a function of Cereg2. Practically, the plotted data are
obtained by subtracting the N; red columns from the P; red columns (i from 1 to 4) in the

histogram shown in Fig. 6.24.
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Figure 6.25 - Calibration curves for assays carried out with ERBB2 expressing cell lysates. The error
bars show the standard deviation. (a) LF data interpolated with Eq.(1) (b) FLUO data fitted with
Eq.(6.2). The dashed horizontal lines correspond to the A6, and Wy values.

We fitted the experimental data by means of a modified Langmuir isotherm model, taking into
account a background signal Wy that is not removed by the subtraction procedure and the

consequent deviation from the first order kinetic behaviour in the low concentration limit [77]:

Wsat—Wo

Wy =W + 1+Kp/c

(6.3)

where Wsa is the saturation. From the fit we get: Wsa = 30.3 Mcounts, Wy = 3.8 Mcounts,
Ko = (70 £ 25) ng/mL = (0.3 £ 0.1) nM.

The Kp value found by fitting the FLUO data, which is in the range the value interpolated from
the LF data, is among the smallest found for state-of-the-art high ERBB2 affinity proteins
(0.3 nM < Kp< 5.8 nM) developed for cancer therapy [78]. The value is also consistent with
the estimation (1 nM) that was previously obtained using radio-binding assays on cultured cells
[68]. Of course evaluating Kp from Langmuir-like plot may suffer from a great uncertainty.
Kinetic measurements of the association (ka) and dissociation (kq) constants and of their ratio
Ko=kad/ka would be preferable and is one of the objectives of our future work. However, the
value found for Kp already gives a strong indication that the Anti-ERBB2 capture antibody
used in this work is extremely specific for ERBB2.

We can derive the LoDrLuo, i.e. the minimum ERBB2 concentration that can be detected in a
lysate solution, assuming that a signal can be detected if it differs from Wo by more than the
standard  deviation of its associate measurement error. We find that
LoDrLuo = (1.7 £ 0.7) ng/mL = (9 £ 4) pM. Such a result shows that in the FLUO mode the
limit of detection is about 10 times smaller than the LF case. Such a LoDrLuo is well below the
standard immunohistochemistry (IHC) limits and in the range of the ELISA commercial kits
for ERBB2 (0.2 ng/mL).

The LoDrLuo we found is smaller than all other results reported in literature for ERBB2 with
platforms which can be considered for point-of-care applications, say with an assay duration

shorter than 2 hours ([5] and references therein).
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Figure 6.26 - Calibration curves for the LF and FLUO operation modes for assays carried out with
ERBB2 expressing cell lysates. The lines show the linear fit and the error bars show the standard

deviation.

In our case the duration of the assay is only 30 min, positioning the BSW biochip at the top of
the classification in terms of assay response time, including the standard ELISA Kits, whose
total assay time is approximately 4 hours. We remark that, if the data shown in Fig. 6.25 are
analysed according to other procedures that are commonly reported in literature [12,79], the
LoD values get smaller.

According to such approaches, we linearly fitted data and evaluated the LoD as the
concentration for which the fit reaches 3 times the standard deviation of the error o (Fig. 6.26).
We get oLr(ABn) =0.7pix and  LoDir= (16 £9) ng/mL =(90+50 pM)  and
orLuo(Wn) = 0.65 Mcounts and LoDrLuo = (0.3 + 0.2) ng/mL = (1.5 + 1.0) pM, for the LF and
FLUOQ case respectively. Such values should be used to compare the resolution of our platform
to other systems that were calibrated according to such a procedure.

The analysis of Fig. 6.25 indicates that the LoD could be further improved by optimizing the
blocking step after the mAbs bio-conjugation. An insight on the blocking efficiency can be
indirectly found by observing in detail Fig. 6.24. The Colo 38 results show that increasing
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values of W (for all the three spots S, R1 and R2) are found when the complexity of the matrix
decreased, i.e. from N1 to Na, indicating that increasing lysate concentration improves the
passivation. The lysate matrix contributes to blocking, playing a role in the non-specificity of
the surface.

We point out that the LoD.r for ERBB2 spiked in D-PBS 1X is indeed lower, as expected due
to the reduced complexity of the matrix. Comparing the residual shift A6.-A0y in Fig. 6.21 to
the standard deviation of the noise o yealds
LoDcr =20 ng/mL*c/( AB2-AB1 ) = 2.3 ng/mL = 10 pM.
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CHAPTER 7
Conclusions and Future perspectives

7.1 CONCLUSIONS AND OUTCOMES OF THE THESIS WORK

In this thesis, | described the experimental work that contributed to develop a combined label-
free/fluorescence platform based on one dimensional photonic crystals sustaining Bloch
surface waves. By means of such a platform cancer biomarker detection protocols in complex
biological media were successfully implemented.

After a general introduction on optical biosensors, the Chapter 1 was dedicated to describe the
main parameters characterizing the BSW biochips in both label-free and fluorescence operation
modes. Moreover, the situation of the state of the art on the combined label-free/fluorescence
platforms was described showing advantages and drawbacks.

In Chapter 2, | discussed the theoretical formulation used in this work to describe the
propagation of surface waves in periodically modulated dielectric stacks. In particular, a series
of simulations were carried out in order to find an optimal 1DPC structure enabling an effective
cancer biomarker detection. Meanwhile, | started to experimentally characterize the first LDPC
families providing quick feedback to the design and fabrication process in order to achieve
optimized 1DPC. Moreover, the fluorescence operation and emission patterns were deeply
described to put into evidence the decoupling mechanisms and the output response in
fluorescence regime. In Chapter 3 all the bio-sensing platforms used in this work were
illustrated and described in detail. In particular, 1 focused my experimental work on the
development of the extended laboratory test bench (S1) and of the adapted SPR platform (S2).
In particular, by means of S2, | obtained the first experimental validation of the combined label-
free/fluorescence operation. The characterization of several generations of 1DPC, including to
the final optimized one, was mainly carried out by means the platforms S1 and S3, the two
instruments that were finally used for the cancer biomarker assays. The complete

characterization of label-free and fluorescence operation modes was reported in Chapter 4. The

126



experimental FoMs on the two platforms were in very good agreement demonstrating the
reliability of the results obtained on S1 and S3. During the thesis period, I strongly focused my
work in protocol validation by characterizing, functionalizing and testing more than 200
biochips along last three years. These experiments were aimed to test molecule stability in
different environments and to better understand protein reactions at the 1DPC surface.
Chapter 5 was completely devoted to the chemical modification of the sensing surface by
means of purposely developed procedures. The main functionalization route used during the
doctorate period consisted in an APTES silanization process followed by an activation step
through glutaraldehyde. Standard characterization techniques (WCA, FTIR and Fluorescence
Microscopy), supplemented by the test assays performed on platform S1, permitted to adapt
APTES to the BSW biochips and to reach an optimized functionalization protocol. Thus, I
transferred APTES protocols onto glass BSW biochip operating on platform S1 with related
optimization procedures. The validated protocols on S1 were successfully transferred to plastic
BSW biochips on S3. By means of such optimized protocols, a final validation of S3 was
carried out in a pre-clinical environment. However, the development of complete
functionalization protocols gave me the possibility to produce APTES coatings for different
applications (see the Paragraphs 7.1.1 and 7.1.2). In the last part of the Chapter 5, an alternative
functionalization route based on polymerized poly-acrylic acid coatings was also described.
This functionalization strategy was extensively used in the first period of the doctorate in order
to better understand molecular interactions.

In Chapter 6, | described the most relevant results obtained with the label-free/fluorescence
platforms for cancer biomarkers detection applications.

In the first part, the use of the combined label-free and label-free/fluorescence approaches were
applied to detect Angiopoietin 2 in different biological matrices. The combined approach
permitted to reach a limit of detection in fluorescence mode of 4.4 ng/mL, better than
commercial instruments available on the market [75].

In the second part, | focused my work on a different cancer biomarker such as ERBB2. Also in
this case | developed new functionalization strategies in order to obtain optimal conditions in
biochip bio-conjugation. The analytical characteristics, in terms of limit of detection of the
proposed ERBB2 assay, brought to an improvement with respect to other biosensors [71, 80,
81] reaching a LoD of 0.3 ng/mL (linear extrapolation) in cell lysates. Furthermore, the
presented BSW biochips show a LoD in the range of an ERBB2 commercial ELISA kit, with
a considerable difference in the assay duration, only 30 minutes in this case. The resolution
achieved is actually adequate for the analysis of serum sample, since 15 ng/mL was set by the
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Food and Drug Administration (FDA) as the appropriate threshold between basal and abnormal
ERBB2 protein expression levels.

In addition, the possibility to assay molecules using a platform that ensures two different
quantification techniques (LF or FLUO modes), while maintaining the optical system
unchanged, is the real added value of this platform. Combined detection in real-time introduces

a clear advantage in terms of result reliability to clinical diagnosis.

7.2 FUTURE PERSPECTIVES AND BOUNDARY ACTIVITIES

The extreme versatility of the proposed platform offers the possibility to address different kind
of phenomena. The unique properties of 1DPC permit to modify the penetration of the
evanescent tail in the surrounding medium by simply changing the structural parameters
(geometry, materials) and making it suitable for a wide range of applications. As an example,
by increasing the penetration depth from 120 nm to 1000 nm, the sensitive 1DPC surface can
probe efficiently bacteria activities providing information on living systems in terms of label-
free and fluorescence responses. As already reported in Chapter 1, particular 1DPCs can be
also used for cell adhesion studies enhancing live cell imaging applications [13,14]. In the
following paragraphs, | briefly report on future research projects and boundary activities in

which | have been involved during the doctorate period.

7.2.1 Characterization of cell lysates over-expressing different amount of cancer

biomarkers

The perspective that is most at reach in cancer biomarker detection is to extend the last results
presented in Chapter 6 to other ERBB2 positive cellular lines. The final goal is to quantify the
total ERBB2 amount in cell lysates coming from different ERBB2 expressing cell lines. The
analytical quantification of ERBB2 content will overcome the standard semi-quantitative
techniques used in immunology laboratory, for example, immunohistochemical assays (IHC).
The possibility to have an optical technique with a resolution in the order of 0.3 ng/ml can
better monitor the presence of ERBB2 in cell lysates giving a direct information on the
progression of a tumor already at an early stage facilitating the diagnosis and medical
treatments. For this reason, we are trying to push down the LoD of the platform through
continuous optimization procedures either optimizing the optical 1DPC design and the quality

of the chemical functionalization/bio-conjugation.
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Future investigation will also be devoted to human plasma samples, trying to apply directly the
described techniques to real cases. Meanwhile, the latest experimental results obtained with the
platform S3, which after the end of the BILOBA project is hosted in our laboratory and is being
used for further experiments, show the potential of the cancer biomarker assay developed and
optimized in our laboratory. In fact, with the present (assay) protocol, an ERBB2 concentration
in D-PBS 1X (no matrix effect) down to of 0.1 ng/mL was successfully detected in both
detection modes, assessing an absolute quantity of ERBB2 of 14 pg. The detection of such a
small ERBB2 concentration, considerably below the cut-off given by FDA (15 ng/mL in
serum), paves the way towards early diagnosis of breast cancer and to a possible lengthening
the positive patient life prospects. In Fig.7.1 it is shown a complete characterization in terms
of label-free and fluorescence of an ERBB2 solution at 0.1 ng/ml. The signals during the
detection antibody interaction for the reference (grey-violet) and the signal (dark and light
green) spots are plotted as a function of the incubation time. From the blue curve (differential
sensogram) it is clear that a concentration of 0.1 ng/ml can be effectively detected (4 pixel
shift). The result is confirmed by the fluorescence results. The promising results push us in

setting up optimized procedures to effectively transfer our know-how into the diagnostic field.
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Figure 7.1 — Label-free (A) and fluorescence (B) averaged responses to an ERBB2 concentration of

0.1 ng/ml.

7.2.2 Study of fibronectin-phosphorylcholine coatings for cardiovascular applications

The possibility to monitor the interaction between biomolecules at a solid surface is key point
for scientists involved in active coatings for biomedical devices. In particular, the use of
biomolecules as coatings on biomaterials constitutes a promising approach to modulate the
biological response of the host. A bilateral collaboration SAPIENZA (ltaly) - University of

Laval (Québec) started on 2016 with the aim to characterize the biomolecular interactions by

129



means of the platform S1. We studied a coating composed by two bio-molecules providing
complementary properties for cardiovascular applications: fibronectin (FN) to enhance
endothelialization, and phosphorylcholine (PRC) for its non thrombogenic properties. By
exploiting the label-free detection features of platform S1, | systematically studied the
interactions of the two biomolecules in different conditions: for example with/without the
presence of a functional (GAH) layer, through EDC activation and varying the hydrophobicity
of the 1DPC surfaces. As an example, in Fig.7.1, it is shown a typical sensogram indicating the
adsorption of fibronectin (FN) and then phosphorylcholine (PRC) injected onto a bare 1DPC
(A]13]634) surface.
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Figure 7.2 — Sensogram showing the two adsorption kinetics for FN (box 1) and PRC (box 2) on a
bare 1DPC.

As appears from Fig.7.2, by means of a real-time of BSW resonance monitoring it is possible
to extract useful information. By evaluating the plateau levels between the two kinetics (box 1
and 2 in Fig.7.2) measured in D-PBS 1X, one can experimentally evaluate the mass coverage
and the surface density of such a molecules for different conditions (pH variations, temperature
changes, extreme ionic conditions). This permits to infer on the stability of the resulting coating
and calibrate the amount of proteins in terms of concentration injected to reach optimized
conditions. Thereby, FN-PRC coatings are currently tested with our platform with the aim to
improve cell adhesion and non-thrombogenic properties for cardiovascular applications.

7.2.3 Optimization and robustness studies on 1DPCs
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During the doctorate period, | also collaborated to the optimization and robustness studies
conducted on 1DPCs. In particular, we investigated experimentally and numerically the
robustness of optical biosensors based on Bloch waves at the surface of periodic one-
dimensional photonic crystals. The statistical distributions of sensor parameters caused by the
fabrication tolerances of the dielectric layers’ thicknesses in a 1DPC have been analyzed and
robustness criteria have been set forth and discussed. We show that the performance of the
surface wave sensors is sufficiently robust with respect to the changes of the photonic crystal
layer thicknesses. Layer thickness optimization of the photonic crystal, carried out to achieve
low limit of detection, leads to an improvement of the robustness of the surface wave sensors
that is attributed to Bloch states lying deeper in the photonic band gap (see Chapter 2). As an
example, in Fig. 7.3A, it is reported the distribution of the TE reflectivity curves around the
BSW resonance in water for 19 virgin 1DPCs deposited on plastic chips.
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Figure 7.3 — (a) TE reflectivity curves around the BSW resonance in water for the central spot on 19
virgin 1DPCs deposited on plastic chips. Thick red curve in (a) is the fit model of the centermost
reflectivity curve. (b) BSW resonance distribution due to variations among 15 different spot positions
on the surface of one chip. (c) BSW resonance distribution due to the uncertainty of the mechanical
fixture. The red curves in (b) and (c) are examples of the Lorentzian fit. (d) The TIR angle measurements
from the surface of the TOPAS® chip in contact with 1-propanol. The red curve in (d) is an example
of the Fresnel’s formula fit. Measurements were performed at room temperature with the excitation
wavelength centered at Ao = 804 nm. The standard deviation of the BSW and TIR angular positions are

shown in the figures.

These activities were performed with the aim to completely control the physical parameters
associated to 1DPC fabrication and characterization in order to reduce variability during critical

biosensing assays.
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