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Motivation, aim, and thesis
outline

Conventional diagnostics tests employed in clinical setting suffer from impor-
tant limitations: usually require labeling of the sample or the reagents and need
from bulky instrumentation operated by trained personnel. Although a prompt
detection is essential to apply the treatment in the early stages of the disease,
analytical methodologies are laborious, expensive, and time-consuming which
hinder the access of the patient to an effective diagnosis of the illness. Thus,
there is a need of developing new ultra-sensitive clinical tools able to provide a
label-free and real-time detection, opening up possibilities to detect the mini-
mum concentrations of a specific clinical biomarker by a user-friendly analysis
in a short turnaround time.

In this context, the interest of the scientific community for the development
of novel biosensor devices has witnessed an impressive increase over the years.
Biosensors meet the appropriate features to replace current detection method-
ologies as clinical diagnostics tools. In particular, photonic biosensors enable the
real-time detection by using a label-free scheme. Among them, interferometric
transducers have demonstrated the highest sensitivity, thereby meeting together
all the desired characteristics to become an extremely efficient biosensing device.
Moreover, they can be miniaturized which entails several advantages such as;
i) the mass-production of the sensor by standard microfabrication techniques
which significantly reduces the cost and ii) the possibility of integrating them in
more complex platform called lab-on-a-chip devices, in where the sample han-
dling, the bioreaction, and the signal processing are included.

However, conventional interferometric transducers are based on complex

xxiii



Motivation, aim, and thesis outline

structures in order to split or recombine the light, the most essential process
in order to obtain highly coherent devices. Therefore, these devices usually
evidence a poor reproducibility which hinder in their commercialization and
translation to the clinic environment.

This PhD thesis presents the research efforts towards the development of a
novel interferometric device able to carry out high-sensitive and high-performance
detections. Then, the presented work focuses on the development, characteri-
zation, and evaluation as biosensor of a new straight-waveguide interferometric
transducer based on two-mode interference. To achieve this purpose, the fol-
lowing objectives have been pursued:

1. Design, fabrication, and optical characterization of the transducer.

2. Development and optimization of biofunctionalization strategies to anchor
the bioreceptor layer on the transducer surface.

3. Evaluation of the transducer operating as biosensor.

This thesis is divided in six chapters outlined below.

The chapter 1 describes the basic concepts that are relevant for this work.
The basic types of biosensors are described, with particular attention to the
integrated devices based on waveguides.

The second chapter deals with the process of design, fabrication, and optical
characterization of the presented device. We present the simulations and op-
timization of this structure, the microfabrication process to mass-produce the
device, and the required pretreatment of the chips. The optical characterization
of the BIMW device is also introduced, including the optical set-up and the flu-
idic system. At last, an evaluation of the bulk and surface sensitivity is provided.

The chapter 3 presents the chemical protocols developed to immobilize the
bioreceptor layer on the sensor area surface. We explore the covalent strategy
by the use of silane linkers between the silicon surface and the biomolecules.
Finally, we demonstrate the covalent attachment of the bioreceptor molecules
to the sensor area of the surface by the analysis of the real-time interferometric
signals.

XXiv



The chapters 4 is devoted to the use of the device as label-free biosensor.
We investigate the detection limits of the device for proteomics applications,
the detection of the human growth hormone (hGH) and the microorganism de-
tection.

Chapter 5 investigates the genomic applications of the device to the detection
of the fas gene, involved in the programmed cell-death routes related with the
carcinogenesis process. These chapters are divided in an introduction explaining
the state-of-the-art of the detection of the corresponding analyte, followed by a
description of the methods used, and finally, the results obtained.

In chapter 6, we present a future look at the integration of the device in a
complete LOC by the implementation of the grating couplers, the phase modu-
lation, and the microfluidic system.

XXV
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Chapter 1

Introduction

“The future belongs to those who believe in the beauty of their
dreams.”

Eleanor Roosevelt

1.1 Biosensors

1.1.1 De nition and classi cation

The International Union of Pure and Applied Chemistry (IUPAC) defines biosen-
sor as a device that uses specific biochemical reactions mediated by isolated
enzymes, immunosystems, tissues, organelles, or whole cells to detect chemical
compounds usually by electrical, mechanical, or optical signals [1]. Therefore,
a biosensor is a compact device incorporating a biological receptor integrated
within or intimately associated with a physicochemical transducer or sensor as
illustrated in Figure 1.1. The biological element linked on specifically recog-
nizes a substance (chemical or biological) in a sample, inducing a change in
the transducer which produces either discrete or continuous digital electronic
signals, that are proportional to the concentration of the analyte or a related
group of analytes. When the biospecific interaction takes place, a physicochem-
ical change is induced such as a redox, mass, resonant frequency, absorption, or
a refractive index change.
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Figure 1.1: Schematic diagram showing the main components of a biosensor; the
bioreceptor layer and the transducer.

The ideal biosensor characteristics are exposed as following:

High sensitivity to detect the minimum concentration required by the
application.

High selectivity is needed to exclusively detect the compound to be an-
alyzed. This property is achieved by the incorporation of specific biological
recognition elements.

A wide dynamic range of operation is required to detect in a broad interval
of concentration of the analyte.

The response time of the biosensor must be short enough to detect the
analyte in a direct and fast way. The development of robust systems that allow
the detection of the analyte from untreated samples significantly reduces the
time of analysis.

Easy to use, the operation of the biosensor must not require skilled per-
sonnel.

The reliability of the biosensor must assure the performance of its function
under stated conditions for a specified period of time. For this reason, the
transducer must not be altered and must assure a low-level noise.

The versatility of the biosensor by selecting a specific bioreceptor to sat-
isfy a specific analytical problem. Such flexibility makes possible to design the
biosensor for the detection of a wide range of analytes.
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The capacity of the transducer for miniaturization will allow its integration
in reduced platforms and the possibility to develop portable systems as well as
to work with reduced volumes of sample.

Low cost fabrication of the biosensor, as an important requirement in
order to be mass-produced.

In addition to these properties, the automation of the systems could allow
to incorporate biosensors in automated processes.

The multiplexing ability is a desired characteristic to simultaneously de-
tect different analytes from the same sample.

Although the archetypal biosensor must satisfy the maximum number of
these requirements, to find current biosensing technologies fulfill all of them is
a complex task.

Biosensors can be classified from different points of view of their application,
(i.e. in food safety, environmental monitoring, clinical analysis, and medical di-
agnosis), on the basis of their chemical and biological-recognition element used
for sensing (i.e. enzymes, antibody/antigen, nucleic acids and whole cells), the
scheme of the detection (labeled or label-free), or according to mode of physico-
chemical signal transduction.

Regarding the biodetection, the signal can be obtained by the direct interac-
tion of the bioreceptor with the analyte or by the generation of a product that
the transducer can detect due to the recognition event. Depending on that,
biosensors can be generally divided into two main types: catalytic biosensors
and affinity biosensors [2].

In catalytic biosensors, the bioreceptors are able to recognize (bio)chemical
species and to transform them into a product. Such is the case of the enzymes,
cellular organelles, entire cells, or tissues that catalyze chemical reactions by
increasing its rate. Thus, the analyte is transformed into a product mediated
by the bioreceptors, such as changes in proton concentration, release or uptake
of gases such as ammonia or oxygen, light emission, or heat emission brought
by the reaction catalyzed by the enzyme obtaining the signal.

A nity biosensors use the specific capabilities of an analyte to bind to
a biorecognition element. Immunosensors (based on specific interactions be-
tween an antibody and an antigen) or DNA biosensors (based on the affinity
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between complementary oligonucleotide chains) are the main examples of affin-
ity biosensors. Other examples include the use of aptamers, cellular receptors,
or microorganisms. In affinity biosensors, the signal is obtained by the direct
interaction of the bioreceptor due to induced changes in the optical or electrical
properties or a variation in the mass on the surface of the transducer.

Another interesting classification for biosensors can be made by sorting them
depending on the general scheme used for the biodetection, the labeled and the
label-free.

The label-based detection methods are the most employed up to now,
consisting in the indirect detection of the biorecognition process between the
receptor layer and the analyte by a tag. It is necessary to chemically modify
any of the biomolecules (the analyte or the bioreceptor) involved in the inter-
action. In this scheme, the signal obtained by the biorecognition is given by an
enzymatic, radioactive, magnetic, luminescence, or fluorescence label. Although
labeling can augment selectivity and enhance sensitivity, labeling of bioreceptor
elements can present some issues such as an increase in the complexity and the
cost. Moreover, labels can interfere with an assay by perturbing the native in-
teraction of the biospecies through steric hindrance or occlusion of the binding
sites.

In the label-free scheme, the analyte is detected in a direct way without
the need of further modifications. It is evident that label-free detection tech-
niques represent a saving in the quantity of time and cost of the analysis in
comparison with labeled techniques. In addition to that, the label-free scheme
enables the real-time detection of the binding process. In this way, time av-
eraging of binding/unbinding events can improve measurements accuracy by
allowing the determination of affinity constants (by curve-fitting the sensor out-
put vs. time), diffusion rates, and steric hindrances.

The capacity of the sensing system to operate in a label-free scheme is in-
timately linked to the physico-chemical signal transduction employed. Due to
the mentioned improved features, the transducers able to operate in a label-free
scheme are attracting increasing attention among the scientific comunity.
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1.1.2 The transducer

The transducer element of a biosensor converts the variations of the physical or
chemical properties of the biological interaction in a signal that can be analyzed.
According with the main employed transducers, biosensors can be divided in:
electrochemical, piezoelectric, mechanical, and optical biosensors. Among them,
the electrochemical biosensors have experienced the major impact in the market
due to their low manufacturing cost and the possibility of being mass-produced.
However, the past few years have witnessed impressive progress in the devel-
opment of optical biosensors mainly due to their superior sensitivity and the
possibility of operating in a label-free scheme.

Electrochemical biosensors

An electrochemical biosensor is a device capable of transforming a biological in-
teraction into an electrical signal. The formal definition is that an electrochemical
biosensor is a device able to provide specific quantitative or semi-quantitative
analytical information using a biological recognition element in contact with
an electrochemical transduction element [3]. Typically, in electrochemical sen-
sors, enzymes are used as bioreceptor providing electroactive substances for the
detection by the physico-chemical transducer providing the measurable signal
(see Figure 1.2). In addition, enzymes can be used as labels bound to anti-
bodies, antigens, and oligonucleotides with a specific sequence, thus providing
affinity-based sensors [4]. Based on their operating principle, the electrochemical
biosensors can employ potentiometric, amperometric, and impedimetric trans-
ducers converting the chemical information into a measurable amperometric
signal. Among the different sensors, electrochemical biosensors are the most
common in the clinical field, due to their high sensitivity and selectivity, porta-
bility, rapid response time, and low cost. Nevertheless, the high sensitivity is
mostly based on the amplification of enzyme label of either antibody or antigen
to the immunosensor response which incorporates several pretreatment steps to
the sample [5]. Recently, novel nanomaterials such as the carbon nanotubes
have been employed as transducer surface for electrochemical biosensors due to
their exceptional physicochemical properties. In this direction, our group has
published several works involving the functionalization and the use of carbon
nanotubes as electrochemical biosensors [6 §].
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Figure 1.2: Electrochemical transducers based on catalytic recognition.

Piezoelectric biosensors

The piezoelectric effect occurs in crystals without a center of symmetry. In
piezoelectric biosensors, this type of crystal is sandwiched between two elec-
trodes and and an alternating electric field is applied. This voltage leads to
the arising of a dipole moment in the deformed crystal lattice and the physi-
cal orientation of the crystal lattice is distorted. This results in a mechanical
oscillation of a standing shear wave across the bulk of the quartz disk at a char-
acteristic vibration frequency (i.e. the crystal’s natural resonant frequency).
Piezoelectric transducers deliver mechanical and electrical forces to a biological
medium usually in the form of progressive or standing acoustic waves resulting
in a one-dimensional plane-parallel flow velocity profile (see Figure 1.3). When a
bioreaction takes place in the surface of the piezoelectric transducer the density,
viscosity, elasticity, electric conductivity, or dielectric constant of the sensing
element undergo changes, which in turn modify the acoustic field quantities of
the acoustic wave transducer enabling the label-free detection. Piezoelectric
biosensors have several attractive features such as multi-domain sensing mecha-
nisms, the frequency as an output sensor signal, and good temperature stability.
However, due to the mechanical nature of the piezoelectric sensing mechanism
(i.e. mechanical/acoustic motion) the enclosure of a biosensor as well sample
handling system (like microfluidics) can interfere with the sensing mechanical
motion leading to an unfavorable impact of the sensor performance [9)].
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Figure 1.3: Fundamental aspects of quartz crystal sensors: acoustic wave propagating
in the fluid.

Mechanical biosensors

Microcantilevers translate molecular recognition of biomolecules into nanome-
chanical motion that is commonly coupled to an optical or piezo-resistive read-
out detector system. Most of nanomechanical biosensors measure the difference
in surface stress between the opposite sides of the cantilever, which must be
different in composition. Thus, molecules will adsorb on each surface differen-
tially, and the difference of surface stresses will be balanced via unequal changes
of area of both surfaces giving a cantilever bending [10]. Mechanical sensors
achieve high level of sensitivity and are amenable for array multiplexing (see
Figure 1.4 B) and its integration in compact platforms without any need for la-
beling [11]. Moreover, repulsive intermolecular interactions between the bound
target molecules and structural changes of the adsorbed biological molecules
can affect the surface stress providing extra information about the surface pro-
cesses. However, most of the existing drawbacks of this transduction technique
are related with the necessity of working in liquid environments. The complex
relationship between the binding event and the cantilever response, the effect of
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the surrounding media on the binding detection (pH or ionic strength changes,
damping...), or the sensing layer formation over the cantilever surface (repro-
ducibility, packaging, cleanness...) are some of the current constraints [12].
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Figure 1.4: Scheme of a mechanical biosensor, A) sensing principle and B) array of
cantilevers.

Optical biosensors

In optical biosensors, the biorecognition produces a change in the optical prop-
erties of propagated light, such as wavelength, intensity (due to changes in the
absorption or dispersion of light), polarization, or phase velocity (changes in the
refractive index) [13].

In comparison to electrochemical transducers, optical sensors allow greater
sensitivity in a label-free scheme and have a wider dynamic range. Moreover,
they have more mechanical stability and are freedom from electromagnetical in-
terferences. Optical biosensors enable the miniaturization of the devices, facili-
tating their integration in more complex and multiplexed biosensing platforms.
For all these reasons, the number of optical biosensor employed for biosensing
applications have witnessed a marked increase in the past years in several areas
such as environmental monitoring, industrial and food processing, healthcare,
biomedical technology, and clinical analysis.

Generally, optical biosensors can be classified in bio-optodes and evanes-
cent wave sensors. In the bio-optodes, light is guided to the measurement
chamber where the recognition event occurs producing a change in the optical
properties of light (absorption, fluorescence, refractive index, bioluminescence,

8



Introduction

or dispersion). Usually, optical labels are required in this type of sensors, such
as pH or [O5] sensitive dyes, fluorescence molecules, or bio/quimio-luminescence
biomolecules.

The optical transducers based on evanescent wave detection consist in
structures in which electromagnetic waves can be confined. In this type of sen-
sors, the detection is due to the interaction of the electromagnetic field extending
in the external medium with the biomolecular recognition event, allowing high
sensitivity and label-free detection.

1.2 Guided-mode evanescent wave biosensors

Depending on the way in which the evanescent field modifies the propagated
light, the guided-mode evanescent wave biosensors can be classified as linear or
nonlinear. In linear sensors, the polarization, the amplitude or the phased of
the light are modified. In nonlinear sensors, the guided modes are generated
with a wavelength different to the incident light, (e.g. the Raman effect or the
luminiscence).

In a linear sensor, the analyte interacting with the transducer surface induces
a change in the refractive index of the external medium. When the change
affects the totality of the evanescent field, it is named a change in the bulk
refractive index. However, the variation of the refractive index can be produced
in a small region affecting only partially the evanescent field, named change
in the surface refractive index. This is due to the deposition of molecules of
nanometer size with a refractive index on the core surface. There are two
different types of linear sensors depending on the way of modifying the refractive
index. In adsorption sensor, the change is produced in the imaginary part of
the refractive index inducing a modification of the light intensity at the end of
the device. If the change is produced in the real part of the refractive index, a
variation in the propagation velocity of the guided light is produced, or in its
effective refractive index. In order to measure the variation in the propagation
velocity of the guided light different devices have been developed, described as
following. Previously, the terminology employed to compare the sensitivities of
the different sensors is presented.
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Terminology

Specifically for optical biosensors based on guided modes, the limit of detection
(the minimum concentration of a measurand which is detectable, LOD) can be
determined by: (i) according to the bulk sensitivity (expressed as refractive in-
dex units, RIU). This LOD is dependent not only on the sensor, but also on
the noise of the system. The signal to noise ratio (SNR) is related to the type
of sensing modality and the environment around the sensor; (ii) according to
the surface sensitivity, which is an evaluation of the real biosensing capabilities
of a transducer, normally expressed as surface mass density (pg/mm?). The
detection limit can also be expressed as analyte concentration (i.e. in ng/ml or
molarity), but this value is not directly comparable among different sensors since
it will depend on the target molecule and its affinity constant. The best resolu-
tions for bulk refractive index changes (bulk sensitivity) are within the range of
107° to 10~8 RIU, which depending on the analyte and transducer mechanism
means that concentrations down to ng/ml or pg/ml can be determined.

1.2.1 Surface Plasmon Resonance Sensors

Surface plasmon resonance biosensor is the most employed evanescent wave
biosensor for label-free analysis in areas such as environmental monitoring,
drug discovery, and biomedical research. Several commercial SPR have been
launched in the last decades, the first one was Biacore currently commercialized
by GE Healthcare. Nowadays, different companies such as Xan Tec bioanalyt-
ics, Horiba scientific, and Mivitecre commercialize the SPR, biosensor due to the
increasingly widespread use of this device.

Surface plasmon resonance sensors (SPR) measure changes in the refractive
index occurring at the interface of a metal film and a dielectric material. A
light wave can couple to a surface plasmon at a metal-dielectric interface if the
component of light’s wavevector that is parallel to the interface matches the
propagation constant of the surface plasmon. The wavevector of light can be
increased to match that of the surface plasmon by the attenuated total reflection
or diffraction. This enhancement and the coupling between light and a surface
plasmon are performed by a coupling device.

The most common coupler devices used in SPR sensor include a prism cou-
pler, a waveguide coupler, and a grating coupler. Prims couplers represent the
most frequently used method for optical excitation of surface plasmons. In the

10



Introduction

Kretcschmann configuration of the attenuated total reflection method (see Fig-
ure 1.5), a light wave passes through a high refractive index prim and is totally
reflected at the base of the prism, generating an evanescent wave penetrating
a thin metal film. The evanescent wave propagates along the interface with
the propagation constant, which can be adjusted to match that of the surface
plasmon by controlling the angle of incidence. Thus, the matching condition

k= ~ “psin (1.1)

can be fulfilled, allowing the evanescent wave to be coupled to the surface
plasmon.  denotes the angle of incidence, n, denotes the refractive index of
the prism, and k£ denotes the propagation constant of the surface plasmon.

A change in the refractive index of the dielectric gives rise to a change in the
propagation constant of the surface plasmon, which through the coupling condi-
tion, alters the characteristics of the light wave coupled to the surface plasmon
(e.g., coupling angle, coupling wavelength, intensity, phase). On the basis of
which characteristic of the light wave modulated by a surface plasmon is mea-
sured, SPR sensors are classified as sensors with angular, wavelength, intensity,
or phase modulation [14].

This type of sensor can be applied to detect antigen-antibody interactions
and DNA hybridization. The possibility of measuring in direct and real-time
allows the evaluation of the kinetic of the reaction. Usually, the reported de-
tection limit for bulk changes of refractive index for this device is around 107°.
This sensor is one of the less sensitive guided-mode biosensor as can be checked
in Table 1.1, however, due to its robustness and simplicity is the most frequently
employed label-free devices to monitor biomolecular interactions.
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Figure 1.5: Surface plasmon resonance sensing principle by coupling the light by a
prism coupler.

Our group developed a 2-channel SPR biosensor based on the Kretcschmann
configuration in which the angle modulation is used for biosensing. This device
has been successfully employed for several diagnostics applications such as the
determination of human growth hormone in serum samples [15] achieving a
LOD in the range of ng/ml, the detection of environmental pollutants in river
water samples obtaining a LOD of 15 ng/1, and the detection of DNA mutations
related with the inherited breast cancer showing LOD of 50 nM. This device is
currently commercialized by Sensia.

1.2.2 Grating couplers

Grating-coupled biosensors are one of the first waveguide transducers earlier
developed [16]. A grating coupler is a system of periodic disturbance in a pla-
nar single-mode waveguide that allows the excitation of a guided mode of the
waveguide at a certain angle of incidence when the coupling condition is fulfilled:

A
neff:Cosina—i—lX (1.2)

Where n.sy is the effective index of the waveguide, C is the refractive index
of the air, « is the angle of incidence of the light, [ is the diffraction order, X is
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the wavelength and A is the grating period. As it can be deduced from equation
1.2, the incoupling angle is sensitive to any variation in the refractive index at
the surface of the waveguide n.¢s within the evanescent field region. Therefore,
induced changes in the coupled angle can be used for label-free biosensing by
evaluating the outcoupling angle of the guided light. The operating principle
of the input grating biosensor is sketched in Figure 1.6 in where a collimated
laser beam is incident at an angle o onto a waveguide deposited on a substrate.
When the coupling conditions are satisfied, the light beam is coupled into the
waveguide and propagates.

Evanescent field

/e ©
Y Y

Broadband Reflected
Source wavelength

Figure 1.6: Sketch of a grating coupler biosensors sensing principle.

The in- and output grating configurations were initially developed by Nellen
and Lukosz in the early nineties, the initial biosensing evaluation was performed
using model system as IgG/antilgG showing moderate sensitivities [16]. A dif-
ferent configuration in which only an input grating coupler is used has been also
reported. In this design, the changes in the guided light are detected at the edge
of the waveguide [17].

Although this device is suitable for multiplexing and integrating in a biosens-
ing platform, it is relatively insensitive demonstrating bulk refractive index
around the 10~° RIU [18], comparable to the SPR sensor. However, due to its
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simplicity and the possibility of measuring in a label-free scheme this technol-
ogy has been commercialized by different companies. For example, MicroVac-
uum Ltd. launched the OWLS 210 whereas the company axela® developed
the DotlabR that enables the simultaneous detection of 8 samples. Corning
launched the Epic R incorporating a 380 well microplate with a rate analysis of
6 s/microplate.

1.2.3 Ring resonator sensors

In a ring resonator configuration, light is coupled by an input waveguide into a
circular waveguide. Coupled light propagates through the loop in the form of
whispering gallery modes (WGM) which results from the TIR, of the light along
the curved surface in such a way that a constructive interference is generated
in the multiple round-trips over the ring circumference, considerably enhancing
the sensitivity. The WGM is a surface mode, and it circulates along the res-
onator surface and interacts repeatedly with the analytes on its surface through
the WGM evanescent field. Detection in a ring resonator is based on a refrac-
tive index change, which is related to the WGM spectral position through the
resonant condition:

/\22'7T~’I”Leff% (13)

where m is an integer describing the WGM angular momentum, A is the
wavelength, r is the radius of the ring, and n.ss is the effective refractive index
experienced by the WGM. A change in the effective refractive index of the ring
environment (see Figure 1.7 A) shifts the resonance spectrum, which can be
monitored by scanning the wavelength or by measuring the intensity profile at
a fixed wavelength (see Figure 1.7 B). Contrary to straight waveguides, in ring
resonators interaction is no longer determined by the length of the waveguide
but rather by the number of revolutions within the ring, which is indicated by
the resonator quality factor (Q factor). The effective length (L.y¢) is related to
the Q factor by:

A

Lepp=@Q 5

(1.4)

Where A is the wavelength and n is the refractive index of the ring resonator.
High Q factors indicate low optical losses and long photon lifetimes, which is
translated into narrow line- widths and high peak resolution (which means a
high sensitivity). Relatively high Q factors of 10° can be achieved in resonators
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of few pm (typically around 50-200 pm), which is equivalent to have planar
waveguides of several cm.
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Figure 1.7: Working principle of a ring resonator biosensor: A) evanescent field and
B) intensity variation due to a biointeraction.

Ring resonator transducers are increasingly being used for biosensing due to
their high sensitivity (that can achieve 107 RIU for bulk changes of refractive
index) and their potential to be produced in highly dense arrays for multi-
plexed analysis. New types of integrated optical-based resonating structures
have being explored for biosensing, as the planar microring resonators based on
microdisks [19], microrings [20], or microtoroids [21, 22]. Toroidal-shaped based
microcavities offer resolution levels significantly higher than previous structures,
since they exhibit ultrahigh Q factors [22] while preserving the same advantages
for mass production and integration capabilities as planar ring resonators. Re-
cently, Genalyte has commercialized the Maverick Detection System based on
microring resonator array sensors allowing end-point measurements of 96-well
plate or 16 real-time detections.

1.2.4 Photonic crystal waveguide sensors

Photonic crystals are well defined nanostructures with periodically repeated
variations in the refractive index in one, two, or three orthogonal directions
generating one, two, or three dimensional photonic crystals (1D, 2D, or 3D
PhC). The lattice structure is generated on the length scale of the light wave-
length, which generates photonic bandgaps where light cannot propagate in the
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crystal. In this way, light is localized in the region of the linear defect (and
its swrroundings), leading to an increased interaction with the biorecognition
process by the evanescent field. To obtain a high reflection for the light incident
of wavelength A in the interfaces of the periodic structure, the Bragg condition
must be fulfilled:

mA = Qneffd (15)

where m is the diffraction order, A the wavelength of the reflected light, n.yy
the effective refractive index of the periodic structure, and d the lattice period
of the crystal in the direction of propagation of light.

Cunningham’s Group has pioneered the development of bulk photonic crys-
tal based biosensors. For these structures, a variation of the refractive index
of the surrounding medium provokes a shift of the position of the photonic
bandgap (PBG) edge, which is used to perform the sensing. However, in this
configuration, light is not well localized on the in-plane direction of the struc-
ture. To solve this problem, linear or punctual defects are introduced on the
bulk structure to enhance the localization of the optical field in the active region.
The position of the guided band edge (either lower band edge or upper band
edge) is used for sensing, as it is dependent on the refractive index variations of
the surrounding media. For photonic crystal cavity based sensors, a punctual
or area defect is created in the bulk photonic crystal, leading to the formation
of a resonator with a strong localization of the optical field within this region.
In this direction, most of the work is focused on hole-array PhC as showed in
Figure 1.8 A.

Figure 1.8: SEM micrographs of A) a heterogeneous pillar-array microcavity [23] and
B) photonic crystal microcavity sensor showing input and output ridge waveguides [24].
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They still remain as a promising type of transducers due to present moder-
ate sensitivities (10~% RIU) as compared with other label free photonic sensors.
Better features could be achieved by optimizing the crystal and defect dimen-
sions and also by positioning the bioreceptor only in the holes (by controlled
immobilization) where the confinement is maximum, therefore resulting in high-
est resonant shifts. In fact, a growing number of examples are appearing in the
literature focused on single particle detection by trapping them at the holes;
single virus or small pathogens could be detected in this way [25 27]. SRU
Biosystems, Inc. has developed the BIND® Biosensor, based on the use of pho-
tonic crystals in a grating configuration. The platform offers high multiplexed
capabilities for end-point detection in a microplate format (up to 1536 wells).

1.2.5 Interferometric waveguide sensors

In the interferometric waveguide sensors, an interference pattern is created when
two or more light waves that travels confined in a waveguide are superimposed.
The different velocities of the light waves, due to the different interactions of
their evanescent field with the external medium, can be studied by the anal-
ysis of this interference pattern, and correlated with the processes occurring
at the external medium (i.e., a biological interaction or a change in the bulk
refractive index of flowing solutions). Mach-Zehnder (MZI) and Young (YT)
interferometers as well as dual polarization (DPI) are the most usual interfero-
metric configurations based on waveguides employed for biosensing.

In the integrated version of a Mach-Zehnder Interferometer (MZI), an
input optical waveguide supporting a single-mode of light is split into two arms
(the sensing and the reference) by a Y-junction. After a certain distance, the
two arms are recombined again in an output optical waveguide (see Figure 1.9
for general structure). In the sensing arm, the protective layer is opened ex-
posing a portion of the core to the external medium, the sensor area. When a
biological interaction is occurring on the sensor area, the variation in the refrac-
tive index is detected by the evanescent field of light, that cause a variation in
the effective refractive index of the waveguide, inducing a phase difference when
light is recombined again.

The interferometric modulation at the device output is described by:

ap="2T L (N5~ Ng) (1.6)
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IT:I3+IR+2‘\/IS'IR-COS[A¢(t)] (17)

where F is the electric field propagating along the waveguide, IV is the effective
refractive index, ¢ is the phase, L is the detection length and X is the light
wavelength. The labels S and R stand for the sensing and the reference arm,
respectively. An attractive aspect of this device is the possibility of using long
interaction lengths, thereby increasing the sensitivity. The optimization of the
signal-to-noise ratio implies maximizing the transfer functions and hence max-
imizing all partial sensitivities (e.g. 9A¢/ON, etc.) and, at the same time,
minimizing all the perturbing effects, e.g. temperature or wavelength drift.

photodetector
light is recombined

reference arm
Y-divisor

fundamental
ode

sensor arm

Light source
Figure 1.9: Scheme of an interferometer based on Mach-Zehnder configuration.

As can be deduced from equation 2.4, one main drawback of the interferomet-
ric sensors is that due to the cosine dependency, the sensitivity will depend on
the position of the interferometric curve, with higher sensitivity at the quadra-
ture points and strongly decreasing near the maximum or minimum of the curve
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(see Figure 1.10). Modulation system should be an option in order to track the
response to the quadrature position.
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Figure 1.10: Cosine dependence of interferometric signals.
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An essential condition of a Mach-Zehnder interferometer for biosensing ap-
plication is the single mode behavior of the waveguides. Different modes prop-
agate at different velocities in a waveguide involving different evanescent field
interactions with the external medium. Hence, if several modes, each one hav-
ing a different sensitivity, simultaneously propagate in the waveguide, the in-
formation carried by them interferes, resulting in an erroneous signal. In ad-
dition, for dense packaging of devices or for defining complex devices (such as
Mach-Zehnder interferometer), the waveguides must have 2D-confinement; light
should remain confined in the cross-section assuring a single mode behavior in
both directions.

Our group has developed a biosensor based on a rib-waveguide Mach-Zehnder
configuration, the devices are fabricated by silicon-based technology in a Clean
Room facilities using standard microfabrication processes at wafer level. Initial
works were addressed to optimize the MZI device based on ARROW config-
uration [28, 29]. In these devices, the optical confinement of light is based
on antiresonant reflections rather than total internal reflections; these waveg-
uides exhibited low losses and permitted larger dimensions (micrometers) for
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achieving single mode behavior. These features make this technology totally
compatible with standard microfabrication techniques which results in highly
reproducible devices. However, the sensitivity of the device was low due to the
high confinement of the mode within the core, obtaining a LOD of 10~° RIU
for bulk changes of the refractive index.

To achiever a higher sensitivity, research efforts were focused on the design of
total internal reflection (TIR) devices. Using TIR waveguides in a MZI config-
uration, the LOD obtained for bulk refractive index were significantly improved
obtaining 7 x10~¢ RIU [30]. However, to obtain a single-mode waveguide and a
high sensitivity, the rib depth should be around several nanometers and the core
thickness of the waveguide of hundreds of nanometers. The drawbacks of the
TIR-MZI configuration are related with the reproducibility of this small struc-
tures during the fabrication process, specially the Y-junction element, essential
to equally divide the input light in each branch of the interferometer.

In Young Interferometer configuration, light is confined in a waveguide
supporting one mode of light that is split into two arms by an integrated Y-
junction acting as a beam splitter. On the contrary that in the case of the
MZI, light is not recombined by an output waveguide but the exiting light from
both arms is projected onto a CCD camera giving an interference pattern (see
Figure 1.11). When a biomolecular interaction takes place on the sensing arm,
it induces a variation of the effective refractive index in this arm respect to the
reference one (Ng — Ng). The phase difference of the two interfering rays is
given by:

P = 2;(CZTCE—(Ns—NR)'L) (1.8)

where d is the distance between the two branches, f is the distance between
the output sensor and the read-out camera, and x denotes the position on the
camera. As an output, the fringe pattern moves laterally. One disadvantage
of the YI device is the distance required from the output to the detector to
get a maximum resolution. Advantages of the YI include the simplicity of the
arrangement, the detection of the complete intensity distribution and the iden-
tical length of the arms which avoids side effects arising from temperature and
wavelength drifts.
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CCD camera

reference arm
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Y-divisor

Light source

Figure 1.11: Optical arrangement of a Young interferometric biosensor.

Brandenburg et al. [31, 32] developed a free-space YI based on 154 nm thick
TasO5 waveguide with single mode behavior. In this configuration, two separate
beams are coupled into the sensing chip via a grating coupler. After propagat-
ing through the channels, light from both beams are coupled out by a second
grating and diffracted by a double slit. The interference pattern is monitored on
a CCD camera. A detection limit based on adsorbed molecules on the surface
reached values of 0.75 pg/mm? and a resolvable variation of effective refractive
index of 9108 RIU [31].

In the dual polarization interferometry (DPI), the polarization of the
laser is alternated so that two polarization modes of the waveguide are excited in
succession to modulate the signal. In applying DPI to MZI or YI configuration,
the thickness of the adsorbed protein layer can be calculated.
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Figure 1.12: Schematic of a dual polarization interferometry sensor chip and the
interference pattern produced when light is applied onto the side of a chip. The phase
shift of the fringes (TM and TE) is recorded in real-time and data is resolved.

A simple design using DPI and the sensing configuration are sketched in
Figure 1.12. This consists of a stack of dielectric layers with reference and
sensing layers separated by a layer of cladding that mimics Young’s 2-slit ex-
periment [33].

1.2.6 Comparison of the limits of detection for the di er-
ent guided-mode evanescent wave transducers

The interest in the use of optical biosensors based on guided-mode evanes-
cent wave transducers is the result of obtaining high sensitivities in a label-free
scheme together with the possibility of miniaturizing the device which facilitate
the integration of several of them in a reduced area, allowing the development
of multiplexing platforms. Therefore, the choice of a transducer is a key point
to obtain a highly sensitive biosensing system. Table 1.1 shows a comparison
of the LOD (in RIU and pg/mm?) for the integrated optical sensors described
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in this section. It is largely accepted that interferometric transducers show the
maximum sensitivity and among them, Mach-Zehnder and Young interferom-
eter have demonstrated the lowest detection limits. Nevertheless, considering
a particular bioapplicaton, the LOD for the analyte is related not only to the
transduction principle but to the number of available binding sites, the stability
of the linker between the biomolecule and the surface, and the specificity of the
bioreceptor layer. Thus, the selection of an appropriate bioreceptor and the
development of reliable protocols to immobilize the bioreceptors on the sensor
area surface are crucial in the development of an interferometric biosensor for a
given application.

1.3 The bioreceptor layer

The most important capabilities that must be into account in the selection of
a bioreceptor for a given analyte are: i) the biorecognition element must be
high specific toward the analyte, ii) it must have a high affinity for the analyte,
iil) the element must form a reasonably stable complex with the analyte, iv)
the interaction event between the element and the analyte must be detectable
by the optical transducer, and v) the specificity and affinity of the bioreceptor
must not be altered significantly by its immobilization on the surface of the
transducer [48].

The most common bioreceptors for optical transducers based on evanescent
wave detection are proteins [15], antibodies, or nucleic acids [49]. Due to con-
tinuing improvements in the fields of biotechnology, other biological recognition
has been engineered such as the aptamers. These recognition molecules are usu-
ally nucleic acid sequences that have been engineered through repeated rounds
of in vitro selection or equivalently, SELEX (systematic evolution of ligands by
exponential enrichment) to bind to an specific target. Aptamers have molecular
recognition properties comparable to the antibodies. However, they offer several
advantages over antibodies as they can be engineered completely in a test tube
and possess desirable storage properties.

An interesting alternative when a recognition element cannot be found with
the correct properties is the use of molecular imprinting to form ”pockets”’ that
are highly specific (similar to that of antibody-antigen interactions) [50]. This
technique is performed by coating the surface of the transducer with a solution
containing both plastic monomers and the measurand and allowing interacting
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Table 1.1: Comparison of the limit of detections (LOD) of the different guided-mode evanescent wave biosensors.

Laveraged %n.d. not determined ®estimated

Device Mass detection limit (pg/mm?) RI detection limit (RIU) References
SPR 1-51 107°-1077 [14]
grating couplers n.d. 2 2-5 x 107° [16]
Interferometers
Mach Zehnder n.d. 71076 [30]
0.06 1x1077 7]
0.013 2x1078 3 [34]
n.d. 9.2x1077 [35]
Young n.d. 5x1076 [36]
0.75 9x10~8 [31]
0.013% 9x10~° [37]
0.023 8.5x1078 (38]
Hartman n.d. 10-6 [39]
Dual polarization 0.1 107
Microring resonator n.d. 1075
343 n.d.
15/1.5 3 7.6 x 1077
Photonic crystals 0.42 3.4 x 107°
500 1073
213 6x107*
75 ¢ 7x107°
1000 n.d.
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to create a low-energy network. The coating is polymerized and finally the
analyte can be removed by elution, living behind a rigid polymer structure with
a template " "pocket”’ that can be used to bind the analyte.

1.4 TImmobilization of biomolecules on the trans-
ducer surface

An immobilization procedure employed in a biosensor device must assure the
attachment of the biomolecules to a surface maintaining their three-dimensional
structure, functionality, and binding sites to fully preserve its biological activity.
Generally, the choice of a suitable immobilization strategy is determined by the
physicochemical and chemical properties of both surface transducer and biore-
ceptor. Several routes can be used to biofunctionalize the sensor surface: (i)
physical adsorption by direct deposition of the biomolecule; (ii) self-assembled
monolayers, (iii) covalent binding of the biomolecule to the surface (using a
cross-linker previously immobilized on the surface or following more complex
strategies); (iv) non-covalent interactions to a previously deposited active layer,
either by non-specific electrostatic interactions or by non-covalent affinity bind-
ing (i.e. biotin-avidin systems, His-Tag systems, Protein A/G for antibodies);
(v) physical entrapment in a polymer layer.

Physical adsorption (Figure 1.13 A), is the most simple strategy in which
biomolecules are adsorbed on surfaces via intermolecular forces; electrostatic,
hydrophobic, and/or polar interactions. However, this strategy suffers from im-
portant drawbacks when dealing with biosensors; it can lead to desorption of
the active receptors during a flow-through assay and also when high/low pH so-
lutions, high salt concentration, or organic solvents are employed. Additionally,
the proximity of the biomolecules to the surface can cause undesired folding of
them, and the ensuing loss of its affinity for the antigen.

Self-assembled monolayers can be used to functionalized the transducer
surface via amphiphilic molecules that self-organize to form a 2-dimentsional
structure. The hydrophilic ”"head group”’ has a special affinity for the surface
while the hydrophobic tail has a functional group that can be attached to the
bioreceptor. Monolayers of this type can be formed from heterobifunctional
polymers, such as polyethylene glycol (PEG) subunits with different termina-
tions, as well as dendrimer-terminated n-alkylthiols.
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Figure 1.13: Main types of biofunctionalization processes; A) physical, B) cova-
lent, C) bioaffinity immobilization, and D) polymer entrapment (R”, R”’ = NH,, SH,
COOH)

Covalent binding (Figure 1.13 B) consists in the irreversible binding of the
biomolecules to a surface by chemical bonds. To achieve this, the generation
of functional groups on the surface is a required task. Following, it is usual
the assembly of linker molecules to the surface. In addition to covalently react
with the bioreceptor, the linker molecules place the bioreceptor away from the
surface avoiding changes in their structure. The most reactive functional groups
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in proteins are amine groups from lysine residues, carboxyl groups from aspartic
and glutamic acid, and thiol groups from cysteines. These functional groups
are used as anchoring points by linker molecules such as succinimide esters
or carbodiimides, that at the same time, can be linked to surfaces previously
modified with carboxyl, amino, or thiol groups groups. To immobilize nucleic
acid, it is possible to take advantage of the versatility of the DNA synthesis which
allows the direct incorporation of reactive groups at the end of the sequence.

In all the steps, immobilization efficiency is depending on a number of pa-
rameters (i.e. pH, concentration, ionic strength, and reaction time) that must
be optimized to obtain the highest yield of bioreceptors on the surface. Much
less explored is the photoactive chemistry used to immobilize biomolecules lack-
ing active functional groups. Photoactive reactions can be carried out at mild
conditions, independent of pH and temperature, and requires from the presence
of heterobifunctional photolinker molecules having one photoreactive group and
one chemical reactive group. Click chemistry is an increasingly popular approach
to the covalent coupling of recognition elements [51]. It is used to ”’click”’ the
azide-modified recognition element to the alkyne-modified substrate via a cy-
cloaddition reaction. The drawback of this technique is that the recognition
element must be modified prior to the attachment. Although, covalent immobi-
lization strategies introduce more steps and complexity than physical adsorption
methods, the bioreceptor layers immobilized in this way present a higher stabil-
ity, allowing harsh temperature, pH, or salt conditions.

By other hand, non-covalent interactions to a previously deposited
layer will allow the immobilization of bioreceptors in an oriented way (leaving
the affinity binding sites free). An example of this is the use of the biotin-avidin
system, in which avidin is immobilized on the surface (by physical adsorption
or covalent binding) and biotin can be selectively coupled to a region of the
bioreceptor not involved in the recognition process (Figure 1.13 C).

Finally, the physical entrapment of bioreceptors in a polymer matrix al-
lows the incorporation of guest molecules within the polymer matrix in a single
step. This procedure obviates the need for covalent attachment of biomolecules
and the inclusion of specific charges on either the biomolecule or polymer surface
required for the physical adsorption. The most common polymers as matrices to
entrap biomolecules are polyaniline, polythiophene, polypyrrole and its deriva-
tives (Figure 1.13 D).

27



Chapter 1

Bibliography

[1]

[10]

Milton Abramowitz and Irene A. Stegun. IUPAC. Compendium of Chemi-
cal Terminology. Blackwell Scientific Publications, Oxford (1997)., 2nd ed.
(the "gold book”) edition, 2006.

Ed. L. Gorton., editor. Biosensors and Modern Biospeci ¢ Analytical Tech-
niques. Comprehensive Analytical Chemistry Series Elsevier Science BV.,
Amsterdam (The Netherlands), 2005.

D. R. Thevenot, K. Toth, R. A. Durst, and G. S. Wilson. Electrochemical
biosensors: recommended definitions and classification. Biosens. Bioelec-
tron., 16:121 131, 2001.

Miroslav Pohanka and Petr Skladal. Electrochemical biosensors principles
and applications. J. Appl. Biomed., 6(1):57 64, 2008.

Celine I. L. Justino, Teresa A. Rocha-Santos, and Armando C. Duarte.
Review of analytical figures of merit of sensors and biosensors in clinical
applications. Trends Anal. Chem., 29:1172 1183, 2010.

Ana Belen Gonzalez-Guerrero, Ernest Mendoza, Eva Pellicer, Francesc
Alsina, Cesar Fernandez-Sanchez, and Laura M. Lechuga. Discriminat-
ing the carboxylic groups from the total acidic sites in oxidized multi-
wall carbon nanotubes by means of acid-base titration. Chem. Phys. Lett.,
462:256 259, 2008.

Eva Pellicer, Ana Belen Gonzalez-Guerrero, Josep Nogues, Laura M.
Lechuga, and Ernest Mendoza. Assessment of catalyst particle removal in
multi-wall carbon nanotubes by highly sensitive magnetic measurements.
Carbon, 47:758 763, 20009.

Ernest Mendoza, Jahir Orozco, Cecilia Jimenez-Jorquera, Ana Belen
Gonzalez-Guerrero, Ana Calle, Laura M. Lechuga, and Cesar Fernandez-
Sanchez. Scalable fabrication of immunosensors based on carbon nanotube
polymer composites. Nanotechnology, 19:075102, 2008.

Ryszard M. Lec. Piezoelectric biosensors: recent advances and applications.
IEEE, 7(1):419 429, 2001.

Mar Alvarez, Ana Calle, Javier Tamayo, Laura M. Lechuga, Antonio Abad,
and Angel Montoya. Development of nanomechanical biosensors for detec-
tion of the pesticide DDT. Biosens. Bioelectron., 18:649 653, 2003.

28



Introduction

[11]

[12]

[18]

[19]

21]

L. G. Carrascosa, M. Moreno, M. Alvarez, and L. M. Lechuga. Nanome-
chanical biosensors: a new sensing tool. Trends Anal. Chem., 25(3):417
423, 2006.

Mar Alvarez and Laura M. Lechuga. Microcantilever-based platforms as
biosensing tools. Analyst, 135:827 836, 2010.

P. N. Patel, Vivekanand Mishra, and A.S. Mandloi. Optical biosensors:
Fundamentals & trends. JERS, 1(1):15 34, 2010.

Jir Homola. Surface plasmon resonance sensors for detection of chemical
and biological species. Chem. Rev., 108:462 493, 2008.

Juan Trevi no, Ana Calle, Jose Miguel Rodr guez-Frade, Mario Mellado,
and Laura M. Lechuga. Surface plasmon resonance immunoassay analysis
of pituitary hormones in urine and serum samples. Clin Chim Acta, 403:56
62, 2009.

M. Nellen, K. Tiefenthaler, and W. Lukosz. Integrated optical input grating
couplers as biochemical sensors. Sens. Actuators B, 15(3):285 295, 1988.

Sonia Grego, Jonathan R. McDaniel, and Brian R. Stoner. Wavelength
interrogation of grating-based optical biosensors in the input coupler con-
figuration. Sens. Actuators B, 131:347 355, 2008.

N. Darwish, D. Caballero, M. Moreno, A. Errachid, and J. Samitier. Multi-
analytic grating coupler biosensor for differential binding analysis. Sens.
Actuators B, 144:413 417, 2010.

Shinyoung Lee, Seok Chan Eom, Jee Soo Chang, Chul Huh, Gun Yong
Sung, and Jung H. Shin. Label-free optical biosensing using a horizontal
air-slot sinx microdisk resonator. Opt. Express, 18(20):20638 20644, 2009.

Matthew S. Luchansky, Adam L. Washburn, Teresa A. Martin, Muzam-
mil Igbal, L. Cary Gunn, and Ryan C. Bailey. Characterization of the
evanescent field profile and bound mass sensitivity of a label-free silicon

photonic microring resonator biosensing platform. Biosens. Bioelectron.,
26:1238 1291, 2010.

Xiaomin Zhang, Hong Seok Choi, and Andrea M. Armani. Ultimate quality
factor of silica microtoroid resonant cavities. App. Phys. Lett., 96:153304,
2010.

29



Chapter 1

[22]

[23]

[24]

D. K. Armani, T. J. Kippenberg, S. M. Spillane, and K. J. Vahala. Ultra-
high-q toroid microcavity on a chip. Nature, 421:925 928, 2003.

Tao Xu, Ning Zhu, Michelle Y.-C. Xu, Lech Wosinski, J. Stewart Aitchison,
and H. E. Ruda. Pillar-array based optical sensor. Opt. Express, 18(6):5420,
2010.

Sanja Zlatanovic, Laura W. Mirkarimi, Mihail M. Sigalas, Maggie A.
Bynum, Edmond Chow, Karla M. Robotti, Geoffrey W. Burr, Sadik Esener,
and Annette Grot. Photonic crystal microcavity sensor for ultracompact
monitoring of reaction kinetics and protein concentration. Sens. Actuators

B, 141:13 19, 2009.

Mindy R. Leel and Philippe M. Fauchet. Nanoscale microcavity sensor for
single particle detection. Opt. Lett., 32(22):3284, 2007.

Sudeep Mandal, Xavier Serey, and David Erickson. Nanomanipulation
using silicon photonic crystal resonators. Nano Lett., 10:99 104, 2010.

Mindy R. Leel and Philippe M. Fauchet. Nanomanipulation using near
field photonics. Lab Chip, 11:995, 2011.

F. Prieto, L. M. Lechuga, A. Calle, A. Llobera, and C. Dominguez. Opti-
mized silicon antiresonant reflecting optical waveguides for sensing appli-
cations. J. Lightwave Technol., 19(1):75, Jan 2001.

F Prieto, B Sepulveda, A Calle, A Llobera, C Dominguez, and L.M
Lechuga. Integrated mach zehnder interferometer based on arrow struc-
tures for biosensor applications. Sensors and Actuators B: Chemical, 92(1-
2):151 158, 2003.

F Prieto, B Sepulveda, A Calle, A Llobera, C Dom nguez, A Abad, A Mon-
toya, and L. M Lechuga. An integrated optical interferometric nanodevice
based on silicon technology for biosensor applications. Nanotechnology,
14:907 912, 2003.

Albrecht Brandenburg, Ralf Krauter, Christa Kunzel, Monika Stefan, and
Heinrich Schulte. Interferometric sensor for detection of surface-bound
bioreactions. Appl. Opt., 39(34):6396 6405, Dec 2000.

Katrin Schmitt, Bernd Schirmer, Christian Hoffmann, Albrecht Branden-
burg, and Patrick Meyrueis. Interferometric biosensor based on planar

30



Introduction

optical waveguide sensor chips for label-free detection of surface bound
bioreactions. Biosens. Bioelectron., 22:2591 2597, 2007.

Graham H Cross, Andrew Reeves, Stuart Brand, Marcus J Swann, Louise L
Peel, Neville J Freeman, and Jian R Lu. The metrics of surface adsorbed
small molecules on the young’s fringe dual-slab waveguide interferometer.
J. Phys. D: Appl. Phys., 37:74 80, 2004.

P. Lambeck. Integrated optical sensors for the chemical domain. Meas. Sci.
Technol., 17:R93, 2006.

J. J. Lillie, M. A. Thomas, N. Jokerst, S. E. Ralph, K. A. Dennis, and
C. L. Henderson. Multimode interferometric sensors on silicon optimized
for fully integrated complementary-metal-oxide-semiconductor chemical-
biological sensor system. J. Opt. Soc. Am. B, 23:642 651, 2006.

David Hradetzky, Claas Mueller, and Holger Reinecke. Interferometric
label-free biomolecular detection system. J. Opt. A: Pure Appl. Opt.,
8:5360 S364, 2006.

Katrin Schmitt, Bernd Schirmer, Christian Hoffmann, Albrecht Branden-
burg, and Patrick Meyrueis. Interferometric biosensor based on planar

optical waveguide sensor chips for label-free detection of surface bound
bioreactions. Biosens. Bioelectron., 22:2591 2597, 2007.

Aurel Ymeti, Jan Greve, Paul V. Lambeck, Thisjs Wink, Stepahn W. F. M.
van Hovell, Tom A. M. Beumer, Robert R. Wijn, Rene G. Heideman, Vinod
Subramaniam, and Johannes S. Kanger. Fast, ultrasensitive virus detection
using a young interferometer sensor. Nano Lett., 7(2):394 397, 2006.

Jie Xu, David Suarez, and David S. Gottfried. Detection of avian influenza
virus using an interferometric biosensor. Anal Bioanal Chem, 2007(2
3):1193 1199, 2000.

Katrien De Vos, Irene Bartolozzi, Etienne Schacht, Peter Bienstman, and
Roel Baets. Silicon-on-insulator microring resonator for sensitive and label-
free biosensing. Opt. Ezp., 15:7610, 2007.

K. De Vos, J. Girones, T. Claes, Y. De Koninck, S. Popelka, E. Schacht,
R. Baets, and P. Bienstman. Multiplexed antibody detection with an array
of silicon-on-insulator microring resonators. IEEE Photon. J., 1:225, 2009.

31



Chapter 1

[42]

[48]

[49]

Muzammil Igbal, Martin A. Gleeson, Bradley Spaugh, Frank Tybor,
William G. Gunn, Michael Hochberg, Tom Baehr-Jones, Ryan C. Bailey,
and L. Cary Gunn. Label-free biosensor arrays based on silicon ring res-
onators and high-speed optical scanning instrumentation. IEEE J. Sel.
Top. Quant., 16(3):654 661, 2010.

Brian Cunningham, Peter Li, Bo Lin, and Jane Pepper. Colorimetric reso-
nant reflection as a direct biochemical assay technique. Sens. Actuators B,
81(2-3):316 328, 2002.

D. F. Dorfner, T. Hurlimann, T. Zabel, L. H. Frandsen, G. Abstreiter, and
J. J. Finley. Silicon photonic crystal nanostructures for refractive index
sensing. Appl. Phys. Lett., 93:181103, 2009.

Jaime Garc a-Ruperez, Veronica Toccafondo, Mar a Jose Banuls,
Javier Garc a Castello, Amadeu Griol, Sergio Peransi-Llopis, , and Angel
Maquieira. Label-free antibody detection using band edge fringes in soi
planar photonic crystal waveguides in the slow-light regime. Appl. Phys.
Lett., 93:181103, 2009.

Sudeep Mandall and David Erickson. Nanoscale optofluidic sensor arrays.
Appl. Phys. Lett., 16:1623, 2008.

Sudeshna Pal, Elisa Guillermain, Rashmi Sriram, Benjamin L. Miller, and
Philippe M. Fauchet. Silicon photonic crystal nanocavity-coupled waveg-
uides for error-corrected optical biosensing. Biosens. Bioelectron., 26:4024,
2011.

Heather K. Hunt and Andrea M. Armani. Label-free biological and chemical
sensors. Nanoscale, 2:1544 1559, 2010.

L. G. Carrascosa, A. Calle, and L. M. Lechuga. Label-free detection of dna
mutations by spr: application to the early detection of inherited breast
cancer. Anal Bioanal Chem, 393:1173 1182, 2009.

Lei Ye and Klaus Mosbach. Molecular imprinting: synthetic materials as
substitutes for biological antibodies and receptors. Chem. Mater., 20:859
868, 2008.

Brent S. Sumerlin and Andrew P. Vogt. Macromolecular engineeering
through click chemistry and other efficient transformantions. Macro-
molecules, 43:1 13, 2010.

32



Chapter 2

Design, fabrication, and
characterization of a
Bimodal Waveguide
(BIMW) interferometric

device

"Why must our bodies be so large compared with the atom?”

Erwin Schrodinger, What is life?

2.1 Light con ned in material mediums

For the comprehension of lightwave propagation in optical waveguides, the fun-
damentals of electromagnetic wave theory must be introduced. The first concept
to discuss is the refractive index n of a material; a number that describes how
light propagates through this medium. The index of refraction is a value cal-
culated from the ratio of the speed of light in a vacuum to that in a second
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medium of greater density [1]. The Snell’s law is used to analytically describes
the refractive index of a material. It defines the relationship between the angles
of incidence and refraction, referring to light or other waves passing through
a boundary between two different isotropic media. Snell’s law stated that the
ration of the sines of the angle of incidence and refraction is equivalent to the
ration of phase velocities in the two media, or equivalent to the opposite ration
of the refraction index (see Figure 2.1).
sin 1 (%1 %)

- (2.1)

sin o Vo ni

Figure 2.1: Refraction of light at the interface between two media of different refrac-
tive index, with no nj.

2.1.1 Optical waveguide

In an optical waveguide, light is confined in a high refractive index media sur-
rounded by a media with lower refractive indices. A waveguide classification
can be done by considering the number of dimensions in which the light is con-
fined. A planar waveguide confines radiation in one dimension while a channel
waveguide confines light in two dimensions, and photonic crystals can confine
light in three dimensions [2].

The most common structures are shown in Figure 2.2. In a planar waveguide
(Figure 2.2 A), light is confined in a film (dashed region) called core, that
must have a refractive index higher than the refractive indices corresponding
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to the upper and lower media, called claddings. In a channel waveguide, the
light propagates within a rectangular channel (dashed region in Figure 2.2 B)
embedded in a planar substrate. To confine light in the channel, the refractive
index must be higher than of the substrate and the upper medium, that is
usually air. Figure 2.2 C shows the geometry of an optical fiber, which can be
considered as a cylindrical channel waveguide.

A) B) C)

& S

Figure 2.2: Basic waveguides geometry: A) planar waveguide, B) channel waveguide,
and C) optical fiber.

In an optical waveguide, the light is usually confined by total internal re-
flection (TIR). Light incident in the interface between two media with different
refractive indexes will be partially reflected and partially refracted (see Figure
2.3). However, when light incidences at a angle larger than a particular critical
angle () with respect to the normal to the surface, all the light will be reflected
suffering TIR at the interfaces and will remain confined inside the film.
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Figure 2.3: Scheme of light confined in a waveguide by TIR.

2.1.2 Maxwell’s equation

Light behavior in an optical micron-waveguide must be analyzed by electromag-
netic theory. An electromagnetic wave is defined in any point of space and time
by the electric field E(7,¢) and magnetic field H(7,t) vectors, where 7 is the
position vector and ¢ is the time. The behavior of an electromagnetic wave is
govern by the Maxwell’s equations [3]:

. oD

. 0B

E — 2.
V x o (2.3)
V.-D = 0 (2.4)
V-B =

where E is the electric field strength,
H is the magnetic field strength,

B is the magnetic flux density,

D is the electric displacement,

J is the electric current density,

p is the electric charge density.

The four basic quantities E , B , H , and D are vectors in the three-dimensional
space and they are generally functions of both space and time. These fields are
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related to the electric field and magnetic field vectors by the constitutive rela-
tions, that in a linear medium, are given by:

D=c¢pe-E (2.6)

B= Hopt - H (2.7)

where g9 and g represent the electric and magnetic permittivity in the vac-
uum, respectively. The tensors electric permittivity and magnetic permeability,
€ and p, are introduced to describe the electromagnetic properties of the mate-
rial mediums. Considering p = 1 for high frequencies such as infrared or visible
region of the spectrum and supposing that the fields have a harmonic temporal
dependence given by:

E(Ft) = E(f)e " (2.8)
H(F\t) = H()e " (2.9)

If the constitutive relations are introduced in the equations 2.3 and 2.4 the
following expressions are obtained:

V x H = —iwegeE (2.10)
V x E = —iwpoH (2.11)

Moreover if the dielectric tensor does not present spatial dispersion, it is not
dependent of position:

e =¢e(F) (2.12)

then, equations 2.10 and 2.11 can be combined to obtain the Helmholtz
vectorial equations:

— w2 —
VPE+ —eE=0 (2.13)
C
— w2 —
VPH+ 5 H=0 (2.14)
C

where c is the light velocity in the vacuum, given by:

1

EoMo

(2.15)

C =
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2.1.3 Light transmission in a waveguide

The solution of the differential equations with the appropriated boundary condi-
tions will provide the field distribution of the electromagnetic modes propagating
in a waveguide. First, the simplest case in which the electromagnetic wave is
propagating in the z direction where the guide is identical in each direction z
and y (plane waveguide) is considered (see Figure 2.3). This allows simplifying
the solution of the problem by considering unnecessary the y coordinate. More-
over if all the mediums are isotropic, the dielectric tensor € can be expressed as
a scalar, called dielectric constant. In this case, the following type of solutions
can be imposed:

E(r,t) = E(x)e!wt= 2 (2.16)
H(r,t) = H(z)e'Wt 2 (2.17)

where ( is the propagation constant. By combining these solutions in the equa-
tions 2.13 and 2.14, the following equations can be obtained:

0*E o
8;) Y202 — N?)E(z) =0 (2.18)
0*H -
a;) +k3(n? = N?)H(2) =0 (2.19)
In these equations k, is the wave vector of the electromagnetic radiation in the
vacuum, defined as kg = -, n; is the refractive index of the medium (n; = &),

whereas NN is the effective refractive index, and is defined as N = IZ—; It can be
also be defined that:

k,=ky n?— N? (2.20)

Hence, k, and k, represent the components x and z of the wave vector of the
electromagnetic radiation. This means that the wave propagation is described
inside the XZ plane, being constant along the y direction.

The invariance of the waveguide in the y direction allows uncoupling cer-
tain components of the electromagnetic field in the Maxwell equations. This
separation will determine the possibility of independent propagation of two po-
larizations of electromagnetic radiation, named transversal electric (TE) and
transversal magnetic polarization (TM).
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The electromagnetic modes TE are characterized by having only the y com-
ponent of the electric field (E£,), meaning that the electric field is perpendicular
to the propagation plane of the radiation (the XZ plane). Through Maxwell
equations it can be seen that these modes will only present H, and H, of the
magnetic field as it is shown in Figure 2.4 A. On the other hand, TM modes
have the magnetic field perpendicular to the propagation plane which means
that only have the component H, of the magnetic field as is shown in Figure 2.4
B. It can be observed that these modes only exhibit the E; and E, components
of the electric field. Therefore, in the case of TE modes, only the calculation of
E, is needed while in the case of TM modes, only H,. The other components
can be obtained from Maxwell equations. An additional requirement is that the

A) cladd B) cladd
X _ ﬁ
i |
core @ 1 core

z :

> |

y 1
subs subs

Figure 2.4: Propagation of polarized electromagnetic radiation. A) Transversal elec-
tric (TE) and B) transversal magnetic (TM) polarizations.

solutions must obey the continuity conditions from the Maxwell equation. Due
to these conditions, the vector of components E(F, t) and H (7, t) parallel to a
discontinuity must be continuous. As a consequence, the z and y components
must be continuous along the whole structure. Another continuity condition
derived from the Snell’s law is that the component z of the wave vector (k)
must be preserved along all the structure.

Now, the illustrated layers scheme (Figure 2.5) in which the core layer has a
refractive index higher than the substrate and the external medium will be con-
sider. The solution of the equations will depend on the boundary conditions. In
the case of conventional waveguides (composed of dielectric layers) a condition
is that the electric fields tend to 0 when the = coordinate tends to +oo. With

39



Chapter 2

this boundary condition, the solution of the differential equations 2.18 and 2.19
is going to be formed by a discrete and finite collection of connected solutions
and an infinite and continuous collection of free solutions that form the radia-
tive spectrum. Moreover, it can be demonstrated that in the case of isotropic
mediums and, in general, for any medium that obey the reciprocity theorem,
all these solutions form an orthogonal collection.

ncore > nsubs 2 ncladd
Neladd
X T x=0
ncore
z x=-d
y
nsubs

Figure 2.5: Scheme of an optical waveguide.

For the waveguide shown in the figure, plane wave solutions can be imposed
as for equation 2.19. For TE polarization and taking into account the boundary
conditions, E H and H, must be determined. By incorporating equation
2.17 in Maxwell S equatlonb 2.3 and 2.4, the following equations are obtained:

H,=— P E, (2.21)
W Ho
- ; E
gt .9 (2.22)
w - Lo Oz
- OH. .
i'w'Hz"i_W:_i'W'EO'HQ(SL‘)'Ey (2.23)

If the components ﬁx and H , from the equations 2.21 and 2.22 are intro-
duced in equation 2.23, an equation that only contains the E, component can
be obtained:
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—

OE, ()
0x?
where kg = 2—0 and Ao is the wavelength of the light in the free space, related

2—0‘3. The proposed solution for the wave

+ [k -n*(2) = ] - Ey(2) = 0 (2.24)

with the angular frequency by w =

equation 2.24 contains Ey and has the shape:
Ej(z) = Aje' i + Bje " i® (2.25)

where Ej (z) represents the y component of the electric field for the wave prop-
agating in the j region that can be the core, the substrate or the cladding. A;
and B; are complex constant that could be calculated after including the bon-
daring conditions. It can be demonstrated that the expression 2.25 satisfies the
wave equation 2.24 if ; is given by:

j= k32— g (2.26)

where ; is different for each region and is characterized by the refractive index
n;. The propagation constant 8 can be related with the effective refractive
index by:

8 koN (2.27)

According with this definition, the effective refractive index N represents the
refractive index that experiences the mode propagating along the z axis. The
solutions given by equation 2.25 depend on the refractive index N of the mode
and the refractive index n; of the considered region. Two cases can be found:

If the propagation constant 3 is lower that kon; (o0 N < n;) then ;isa
real number and the proposed general solution in 2.25 corresponds to a
sinusoidal function.

On the contrary, if the propagation constant satisfies 8 > kon; (o N > n;),
the parameter ; is a pure imaginary number and then the solution given
by 2.25 is described by exponential functions.

If each region of the waveguide must be considered separately, the wave equation
for TE modes is given by:

d*E 7
TED | g w2 — 97 By () =0 (2.28)
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To find the solutions for the guided modes, the propagation constant [ associ-
ated to a determined mode must satisfy the following condition:

konsubs < B < koneore (229)

It means that the refractive index, N, of the guided mode must be comprised
between the refractive index of the core and the refractive index of the substrate.

Nsubs < N < Necore (230)

Taking this into account, the wave equation 2.28 can be written for every ho-
mogeneous region as:

?E, o .

—2 ~ eadd” E,=0 z 0 (cladding) (2.31)
PE, , =

) + ke Ey=0 0>xz>—-d (core) (2.32)
d*E -

d;rQy — 2 E, =0 x —d (substrate) (2.33)

where the three parameters (jqdd, Kcore and sups are given by:

Zaad = B* = k3nZaaa (2.34)
kgora = k%ngore - 52 (235)
?ubs = 52 - k(z)nzubs (236)

Solving differential equations from 2.31 to 2.33 and applying the boundary
conditions that required that F, and dfzy are continuous at the interface between
the core and the cladding or external medium (z = 0) and in the frontier core-

substrate (x = —d), the relation of dispersion or transversal resonance equation
is:
cladd subs
kcore kcore
tan(kco’"ed) = 1 — _cladd subs) (2'37)

The equation 2.37 allows a finite number of solutions as the tangent function
is periodical for a period of w. It means that the waveguide will support a
finite number of guided modes forming an orthogonal base and independently
propagating in the waveguide. Considering the planar waveguide of Figure 2.6
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where the thickness of the guiding film is in the order of the wavelength of the
radiation, the light propagation will be only allowed for a discrete set of angles
due to the interference produced by the reflected wave coming from the TIR
at the upper boundary and the reflected wave from the lower interface. Light
propagating with the same angle is named mode of light, if the dispersion rela-
tion only allows one solution, the waveguide is named single-mode waveguide.
If the dispersion relation allows two solutions, the waveguide is named bimodal
waveguide (see Figure 2.6). It could be possible that the equation will not have

any solution (for a given wavelength \), in this case the guide will not support
any mode.

First excited Fundamental
mode mode

Figure 2.6: Different modes of light propagating in a waveguide: the fundamental
and first modes.

The waveguide coefficients 444, Kcore, and  sups Will be defined after cal-
culating the propagation constant § for a determined mode. Then, the electric
field (E,) in the three regions will be determined by:

A . e cladd® T 0

A cos(keorex) — cladd sen(keorex) —d <z <0 (2.38)

core

A- COS(kCO’r‘ed) + cladd Senkco’red . e subs (z+d) T —d

core

43



Chapter 2

Using the same procedure, the solution for the magnetic field (H,) associated
to the polarized TM modes is expressed by:

A e cladd® T 0

2
Neore

cladd
2

- senkeorer d <z <0 (2.39)
Nelada Feore

A coskeprer —

2
ladd T
A coskepped + 2224 . €O gonkipred e surs@ED g

keore  MZ4qa

According with this expression the electric field exponentially decreases in
the cladding and in the substrate. Inside the core, the electric field exhibits a
sinusoidal dependence, as a confined mode. This exponentially decrease and its
penetration depth is determined by the parameters ﬁ and % Moreover,
for a given mode, the penetration depth in the cladding is smaller than in the

substrate due to Nejedd < Nsups and therefore cjgdq > subs-

This part of the electromagnetic field that travels through a region that ex-
tends outward, around a hundred of nanometers, into the medium surrounding
the waveguide is named as “evanescent field” (see Figure 2.7). When a receptor
layer with a refractive index (ng) immobilized on the sensor surface interacts
with a analyte, the refractive index of the waveguide surface changes (n() pro-
ducing a change in the effective refractive index of the waveguide due to the
interaction with the evanescent field. The extent of the change in the refrac-
tive index will depend on the concentration of the analyte and on the affinity
constant of the interaction, obtaining, in this way, a quantitative sensor of such
interaction. The evanescent wave decays exponentially as it penetrates the outer
medium, thus, it can exclusively detect changes that take place on the surface
of the waveguide due to the intensity of the evanescent field is much higher in
this region.

44



Design, fabrication, and characterization of a Bimodal Waveguide (BiMW)
interferometric device

External medium Analme% e %

Receptor [
WY YYY MXYYYY Y YYY
n, / ny
anegu' Guided mode
Cladding

Figure 2.7: Biomolecular interaction sensing by the evanescent wave detection prin-
ciple in an optical waveguide sensor.

The penetration of the evanescent field can be expressed as [4]:

o2
A n;

(2.40)

devanescentfield =

2 n2

2 N
core nj core

where j = substrate or cladding and p = 0 for TE modes and p = 1 for TM
modes.

The waveguide under study is confining the light in one dimension. However,
in integrated photonic devices the light usually propagates in channels confined
in two spaces dimension. The most common different ways of lateral confining
of the light into a channel waveguide are: the stripe waveguide (Figure 2.8 A),
the rib waveguide (Figure 2.8, B) and the buried waveguide (Figure 2.8 C). In
a channel waveguide, the lateral confinement in the light propagation can be
achieved with an increment of the thickness or the refractive index of the core
with respect to the adjacent medium [5].

2.1.4 Theoretical analysis of bidimensional waveguides

The design of functional optical waveguides requires accurate tools for their
analysis in order to find the propagation constants and field profiles of all the
modes that supports. In the waveguides with lateral confinement, the refractive
index is a function of the coordinates z and y (n = n(x,y)). Therefore, the
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A) B) Q)

Neladd Neladd Neladd

.. — T

Figure 2.8: Three main types of channel waveguides: A) stripe waveguide, B) rib
waveguide, and C) buried waveguide.

modal analysis of these structures entails more complexity than in the case of
unidimensional waveguides for which exact closed form solution exist. To treat
the modal behavior of light in the 2D waveguides semi-analytical methods are
widely used such as the Marcatili, perturvative, variational, or the effective in-
dex methods [?]. Semi-analytical methods make certain approximations to the
structure under consideration and then solve the resulting, simplified problem
analytically.

The use of the effective index methods allows a simple and precise solution
in the case of rib waveguides when the channel depth is in the order of microns
or nanometers, transforming a two-dimensional field problem into a problem for
a one-dimensional effective waveguide. In this method, besides of the modal
transversal solution, a solution in the orthogonal direction is required. It con-
sists of solving the problem in one dimension, described by the x coordinate, in
such a way that the other coordinate (the y coordinate) acts as a parameter. In
this way, it can be obtained a y-dependent effective index profile; this generated
index profile is considered once again as a one-dimensional problem from which
the effective index of the propagating mode can be deduced.

The method involves the division of the bidimensional problem into two uni-
dimensional problems:

1. The waveguide is divided into three regions (see Figure 2.9) that are inde-
pendently analyzed considering each one as a planar waveguide. The thickness
of the core in the region I and III is (deore — h), whereas in the region IT is deore.
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2. Once the effective refractive index of the regions I and II are calculated
(N; and Ny, since Nyr; = Nyy), a planar waveguide structure is formed with a
core thickness “w”. The effective index of this equivalent waveguide corresponds
to the effective refractive index of the rib waveguide.

This approximated method allows calculating the effective refractive index
of the light propagating by the rib waveguide.

A) d B)
iexternal medium or Nt
i cladding ! N,

core

core N”

hi dCOfE
] )

substrate
NIII

n

subs

N, N, Ny,
Figure 2.9: Scheme of the refractive index method, A) the structure is divided into
three regions treated as independent waveguides and B) an equivalent waveguide is

formed using the refractive index obtained.

For a conventional rib waveguide the modal behavior depend on the working
wavelength, the thickness of the core, the width and high of the rib, and the
contrast of the refractive index between the core and the substrate is defined
as:

An = ngore — ngubs (2 41)
n2 ’
core
The working wavelength chosen is 632 nm, that is transparent for the biomolecules,
and thus, suitable for biosensing purposes. Additionally, this is the wavelength

of the commercial He-Ne laser, that can be easily incorporated as light source
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in the experimental set-up.

Regarding the thickness of the core and the cladding of the rib waveguides,
a waveguide supporting one single mode can be obtained in the following situ-
ations:

A) B)
External medium External medium
( Nyogq = 1.3381 Ny.gq = 1.3381
Core
Core Neore = 1.464 I 150 nm
Neore = 1.464 4um
Substrate 2 um
Ny = 1.46
Substrate
Maps = 1461 115 Bulk Si
Bulk Si

Figure 2.10: Layer structure to obtain a single mode waveguide in the case of A)
low index contrast and B) high index contrast.

1. When the index contrast is low (Neore-nsups 0.5 %), a single-mode
waveguide is obtained using core thickness of several microns. These waveg-
uides have the advantage of having low loses of light when coupling from am
optical fiber due to be similar in size. However, the fabrication processes are
more complex due to require long times for the growing of the layers that affect
the homogeneity of the refractive index. A sketch of a single-mode waveguide
with low contrast refractive index is shown in Figure 2.10 A.

2. When the index contrast is high (An = 0.1), the thickness of the layers
can be smaller, of the same length that the penetration of the evanescent field.
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This implies an advantage from the technological point of view due to a reduc-
tion in the fabrication time. However, it is associated to high coupling losses
in introducing light in these layers. A sketch of a single-mode waveguide with
high contrast refractive index is shown in Figure 2.10 B.

To obtain single mode behavior in the lateral direction, the height and the
width of the rib are studied for low and high contrast index. In both cases,
the effective index method has been employed to calculate the number of modes
supported by varying the width (w) for each value of the height of the rib (h) [6].

A) E Y p— y————— y—y ) B) L
1 =1.464
o "‘-." :“"e_ 4um A==tiep 1 | multimode P ik
'g i I8 core™ 4H S b ‘g
=2 \ B 2 Neore=2.00 — | I h
3’ multimode | ] R deore=150 Nm ]
N s = 1.46
< e subs = 1 Zap £
3 3
2 a4 B - 2 ;
[ . - 3
14 single mode e —
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Rib depth, h (um) Rib depth, h (nm)

Figure 2.11: Modal behavior as a function of the height and width of the TIR
waveguide for a wavelength A = 632.8 nm for TE polarization. A) Low index contrast
and B) high index contrast waveguides. See inset for the waveguide parameter details.

1. When the index contrast is low (neore-nsups 0.5 %), the height and the
width of the rib are in the order of microns. Figure 2.11 A shows the particular
case in which the cladding has a thickness of 5 ym and the index contrast is
(ncore - Dgubs = 4 X 10_3)~

2. When the index contrast is high (neore - nsups ~ 0.1), the depth values for
the rib are of few nanometers. In Figure 2.11 B, the thickness core is considered
as 150 nm and the index contrast of 0.54. From a technological point of view,
the fabrication of a rib of few nanometers adds complexity to the process.
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The penetration length of the evanescent field determines the degree of modi-
fication of the optical properties of the guided mode, or in its effective refractive
index, when a biointeraction occurs on the sensor surface. In this point, the
sensitivity can be defined as the refractive index variation of the guided mode
produced by a change at the external medium. The transducer must be opti-
mized for maximizing its sensitivity towards the changes to detect. Two different
sensitivities can be distinguished depending on the way that the evanescent field
senses the change in the external refractive index: the bulk sensitivity and the
surface sensitivity, illustrated in Figure 2.12.

A) External medium B) External medium
Evanescent field Adsorbed layer
A
M N
T T
core > core >
7

7

Figure 2.12: Fundamental mode propagating by a TIR plane waveguide to calculate
A) the homogeneous sensitivity and B) the surface sensitivity. Note the fraction of
the mode traveling through the external medium (the evanescent field).

The bulk sensitivity is obtained when the change of the refractive index is
homogeneous in all the region interrogated by the evanescent field. It is defined
as the change in the effective refractive index induced by the change in the bulk
refractive index of the external medium, n,:

ON
one

If the refractive index variation happens in the core surface, in a region
smaller than the penetration depth of the evanescent field in the external medium,
it is called surface sensitivity. This is the case when the molecules are adsorbed
on the sensor surface or when a biomolecule is detected after immobilizing the
receptor layer on the surface. So, the surface sensitivity is defined as the change
in the effective refractive index induced by the change in the thickness of a

! (2.42)
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biomolecule layer, d;, adsorbed on the waveguide surface.

ON

Considering the thickness of a biological receptor layer adsorbed with a re-
fractive index n; on the waveguide surface, the surface sensitivity is determined
by:

ON k2 n2p 2 mne2p 2
n

Ne € ny l
97 = 2.44
el D, k3d.sN %21) 2y :76217]6[2 (2.44)

In this equation, it is supposed that the thickness of the immobilized biolog-
ical layer on the sensor surface is much smaller that the wavelength employed.
This is a valid condition for the biological reactions, for an example, the thick-
ness of a hybridized DNA layer is about 1 nm and a complex antibody/antigen
is about 10 nm, negligible values as compared to 633 nm of the wavelength.

Thus, there is a value of the effective core thickness for which the surface
sensitivity take a maximum value [5]:

def min — s 3 (245)
\/n2 —n?2

The highest sensitivity levels are reached for a thickness close to the min-
imum effective thickness. It implies that the surface sensitivity will be higher
when the thickness of the core is smaller which corresponds to a high index
contrast. In optical waveguides, a large refractive index contrast between the
waveguide core material and the cladding material is crucial for enabling strong
confinement and large-scale integration of optical components. For sensing pur-
poses, a high index contrast in single-mode waveguides also means that a higher
sensing field intensity can be obtained for a given excitation power [7]. Thus,
the choice of the material for the waveguide fabrication is an important issue as
its refractive index determines the evanescent field and hence, the sensitivity.

2.1.5 Materials for the fabrication of optical waveguides

The substrates most commonly used for the fabrication of optical waveguides
are glasses, lithium niobate, silica on silicon, III-V semiconductor compounds,
and polymers [2]. The methods most widely used in the definition of optical
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waveguides over a substrate are deposition and diffusion techniques.

The glass-based integrated optical devices have the great advantage of
the low cost of the starting material. The method used for producing waveg-
uides in glass substrates is the exchange of alkali ions from the glass matrix
(usually Na™ ions) for monovalent cations such as K+, Ag™, Cs™ or TI*. The
refractive index increase due to the ionic exchange typically varies in the range
0.01 to 0.1 which implies a low index contrast, unsuitable for biosensing.

One of the materials most widely used in the fabrication of integrated optical
devices is lithium niobate (LiNbOj3). It has interesting characteristics due
to the advantage of the control of the light due to its valuable acousto-optic,
electro-optic, and piezo-electric effects. The techniques for waveguide fabrica-
tion in LiNbOgj are based on metallic diffusion, protonic exchange, or even ion
implantation. The resulting waveguides have very low losses but the index con-
trast obtained is very low.

The use of III-V compounds (mainly GaAs and InP) in integrated optics
drives from the fact that they offer the possibility of a high level of monolithic
integration. Optical waveguide fabrication is quite straightforward by modify-
ing the dopant concentration during the deposition process. The main problem
concerning this technology is the high losses of waveguides made of these mate-
rials.

The most used material for biosensing applications is the silicon-based ma-
terials; the main advantage of the silicon-based photonic waveguides is the
low price and good optical quality of the silicon substrates. Moreover, it takes
benefit of the widely developed experience of micro-electronic technology. Sil-
icon wafers are provided with a silicon dioxide layer by deposition or also by
oxidation of the silicon at high temperature. The waveguide core is formed by
further deposition of a high index silicon nitride layer usually via the chemical
vapor deposition (CVD). The refractive index of the silicon nitride core layer can
vary from 1.45 to 2.1, so very high index contrast between the waveguide core
and the surrounding media can be obtained. Additionally, silicon microelec-
tronics allows a high homogeneity of the waveguide material and the possibility
of final integration in a LOC device taking benefit of the experience in micro-
electronics and semiconductor technology.

Polymer-based integrated optical devices exhibit some very useful
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physical properties, such as electro-optic and non-linear effects. Also, they can
be designed with organic groups in the polymeric compound to link biomolecules.
However, high index contrast polymers are difficult to obtain.

At the light of these considerations, the use of standard silicon microelec-
tronics is the better option to obtain high index contrast between the cladding
and the core. Thus, SigNy (n = 2) is chosen as core layer for the interferometric
device presented in this word and SiO5 (n=1.46) as substrate and cladding layer.
Moreover, SizgNy is not only appropriated as core layer by its high refractive in-
dex but also by the chemical properties that it owns such as high density and
chemical inertness that make it resistant to ion species, oxygen, and moisture
permeation [8] and the possibility of covalently modifying this surface.

2.2 The two-mode interference: the Bimodal Waveg-
uide device

Although the research efforts conducted toward the development of interfero-
metric transducers for diagnosis, these have evidenced a limited translation to
clinical environment. Usual interferometric configurations such as the MZI are
based on the Y-divisor component to split or recombine light that is an essen-
tial process to obtain high performance devices. To obtain a maximum visibility
factor (that gives the contrast of the interference signal which means the differ-
ence between the maximum and minimum intensity), it is important to design
a Y-divisor in where input light will be equally divided in each branch of the
interferometer. Moreover, propagation losses in the sensor and reference arm
should be identical [7]. Unfortunately, standard microfabrication techniques are
not capable to provide the reproducibility required for the effective production
of this splitter element.

Thus, the design and development of a new interferometric configuration
overcoming these problems would constitute a milestone in the field of label-free
biosensors. In this direction, we have developed a simpler configuration using
a single waveguide where two modes of the light interfere, so-named bimodal
waveguide interferometer (BIMW) [9, 10]. Figure 2.13 shows both interferomet-
ric configurations; Mach-Zehnder and BiMW, for a direct comparison. It can
be observed that the Y-splitter employed in the MZI device (Figure 2.13 A is
replaced in the BIMW by a modal splitter consisting in a jump of the thickness
of the waveguide core of several nanometers (Figure 2.13 B, a simple process
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totally compatible with standard fabrication techniques. The incorporation of
the step-junction element leads to obtain an interferometric configuration in a
straight waveguide which highly simplify the fabrication, giving rise to more
reproducible devices.

A)

Y-splitter
Step junction

Figure 2.13: Comparison between the different configurations of the Mach-Zehnder
interferometer and the Bimodal Waveguide device.

2.2.1 Working principle of a BIMW transducer

In the presented BiIMW device, light is confined into a rib waveguide designed to
support a single transversal mode. After some distance this fundamental mode is
coupled into another rib waveguide which supports two transversal modes. Due
to the vertical asymmetry introduced in the junction, the first order mode is
excited and both modes (the fundamental and the first order modes) propagate
till the output of the chip. A scheme of this device is shown in Figure 2.14.
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Bimodal
waveguide

First mode

Fundamental
mode

Step junction
Light source

Figure 2.14: Scheme of the BIMW device

The sensing window is opened at the bimodal part of the waveguide to allow
the interaction of the evanescent field of the with the external medium. On the
sensor surface, a bioreceptor layer with a refractive index ng is immobilized.
When a biorecognition process occurs in the sensor area of the device, the re-
fractive index of the surface changes (n() as it is shown in Figure 2.15. This
variation of the external refractive index affects the effective refractive index of
the modes (Nrgo and N7g1) by the evanescent field of each one.

Due to the different confinement of each mode in the core of the waveguide,
they are differently affected by the change in the external refractive index, thus
creating an interference pattern at the exit of the waveguide according with the
equation 2.46.

L L
Ad = 2-7T—ANeff :27T—(NTE1 _NTEO) (246)

A A
where L is the length of the sensor area, Ny is the effective refractive index
of the waveguide, Nrgg and Npg; the effective refractive index of fundamental
and first modes respectively, and A is the working wavelength.
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Figure 2.15: Sensing principle of a BIMW biosensor.

The refractive index of a material is highly dependent of the temperature.
So, the BIMW device has an intrinsic sensitivity to temperature changes due
to the effective refractive index of both modes (Nrgo and Nrg;) is differently
affected. This is a drawback in comparing with the MZI configuration in which
the reference arm and the sensing arm are equally affected by a temperature
change. However, it can be easily solved by incorporating a temperature con-
troller to the system.

2.3 Design of the device

Due to the 3-dimensional structure of the waveguide constituting the BIMW
device, a rigorous analytical calculation is not possible and approximated meth-
ods can be used. The device parameters such as materials and thickness of
the layers have been chosen to obtain a high contrast in the output signal, by
performing numerical simulations. One approach can be found in the transfer
matrix approach (TMM). TMM can be used for both evaluation of electric field
profile in each layer of the waveguide and for propagation along the structure.
The transfer-matrix method is based on the continuity of the electric field across
boundaries from one medium to the next, according to Maxwell’s equations. The
reflection and transmission occurring at each interface are taken into account
as matrix coefficients. First, the electric field eigenvalues of each reaction are
found as a function of the refractive indexes of each layer (n¢jqdq = nsups = 1.46,
Neore = 2.00, Nyater = 1.33) and the thickness, and finally, the reflectivity and
transmission coefficients are evaluated for each interface between consecutive
sections along propagation direction.
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Figure 2.16: Different sections of the BIMW device employed to simulate the profiles
of the electric field by the matrix transfer approach.

Using this method, it is possible to simulate the profiles of the electric field
in the bimodal waveguide section (see Figure 2.17 A) and the device output as
a function of the thickness of the core in the single-mode and bimodal section.
By integrating the intensities of the fields at the exit over the upper and the
lower half-planes (see Figure 2.17 B), a signal equivalent to the experimentally
measured can be plotted. Thus, the modulation of the output signal due to a
phase shift of 7 between modes can be calculated as a function of the thickness
of the layers. The thickness of the waveguide core is calculated for obtaining
more than 70% modulation, obtaining that the single mode part must have a
thickness below 150 nm and the bimodal part a thickness of 340 nm.

The coupling efficiency of the fundamental and the first order mode of the bi-
modal part are estimated by overlap integrals from the equations of the electric
field in the three regions of the waveguide. Using these integrals, the confine-
ment factors for both the fundamental and first order modes in the bimodal
part are evaluated as 0.94 and 0.67, respectively. The values indicate that the
fundamental mode is less sensitive to the upper cladding layer parameters, as
more energy is located inside the core of the waveguide than for the first order
mode. As a result, the interaction of the first mode with the external medium
when traveling along the sensor area is higher than for the fundamental that is
more confined in the core.
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Figure 2.17: Representation of the modes in the waveguide by the transfer matrix
approach. A) Electric field profiles for zero and first order modes in the bimodal section
of the waveguide and B) output electric field profiles for different phase difference of
7 between the modes.

In summary, i) SizN4/SiO9 materials have been chosen due to the high index
contrast that they offer (An = 0.5), ii) the depth values for the rib are of few
nanometers and the values for the width are around 4 um to obtain a single
mode behavior in the y coordinate, and iii) the thickness of the core in the single-
mode section mus be 150 nm to obtain a 70% of modulation at the output of
the device. Figure 2.18 A shows the structure of the rib waveguide while Figure
2.18 B shows the final layer composition of the BIMW device.

A)

4 um
<>

Core, Si;N, n=2.00

Cladding, SiO, n = 1.46

Silicon

150 nm I

ZumI

B)

Core, Si;N, n=2.00

Cladding, SiO, n = 1.46

Silicon

Figure 2.18: Selected layer waveguide structure of a BIMW transducer. A) The rib
waveguide dimensions and B) the thickness of the layers.
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Due to the abrupt height variation between the waveguides, the light losses
in the modal splitter region must be studied. For that purpose, different com-
putational electrodynamics modeling algorithms, the beam propagation method
(BPM) and the finite-difference time-domain method (FDTD) were employed.
Unlike semi-analytical methods, these numerical methods solve Maxwell’s equa-
tions exactly and the results are often achieved at the expense of long compu-
tational times.

The BPM describes the evolution of the total field propagating along a guide.
It represents the total field as a superposition of plane waves that propagate
in a homogeneous medium. The field that propagates in an inhomogeneous
media is calculated by integrating the fields in the spectral domain and applying
the phase correction in spatial domain at each propagation step. The BPM
algorithm for the propagation along an arbitrary distance z is realized through
several discrete steps of distance Az. The propagation of the wave for a distance
Az causes an index variation n(x, y, z) that can be described by incorporating
a lens corrector operator. Discrete Fourier transform is used to numerically
implement this method. The FDTD method is a type of grid-based differential
time-domain method. It is based on the fact that a temporal change of the
electric field is related to a spatial change in the magnetic field across space.
The electric field vector components are solved at a given instant in time; the
magnetic field vector components in the same spatial volume are solved at the
next instant in time, and the process is repeated until the electromagnetic field
is totally evolved.

The results for the simulation of the light behavior around the modal splitter
are shown in Figure 2.19 with the conditions specified in Table 2.1 .
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Figure 2.19: Simulation of the light losses in the modal splitter region of a BIMW by
BMP and FDTD methods. Linear and logarithmic representations of electromagnetic
field are shown.
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Table 2.1: Conditions used to calculate the light losses in the modal splitter region.

Conditions values
wavelength 633 nm
point size 20 nm x40 nm
window points 128x512
cover refractive index 1.33
substrate refractive index 1.46
substrate index increase 0.54
waveguide width 160 nm
attenuation 0.000001 nm~*

In both methods, it can be observed that the first mode is generated in
the bimodal waveguide section. As BMP is a paraxial method, only light dis-
persed in an angle smaller than 30 - 40° in the propagation direction is shown.
On the contrary, FDTD shows dispersed light for higher angles as well as retro-
dispersion. Logarithmic representation of electromagnetic fields (see Figure 2.19
B) shows that the quantity of dispersed light is very small, light is well-confined
and that the retro-dispersed light is negligible.

Once the device has been designed, lithographic masks are required to trans-
fer geometric patterns from the mask to the wafers. Four different masks are
employed in the fabrication of the BIMW devices, the masks are used in different
lithographic steps such as to open the sensor area and to define the single-mode
section or the rib waveguide. The set of masks is shown in Figure 2.20 in which
12 different chips are allocated. Additionally, we have to include micro-metric
marks to line up the different masks during the fabrication process as shown in
the inset.
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Figure 2.20: Set of masks for the fabrication of the BIMW devices. In the inset:
micro-marks are included to align the different masks.

200 pm

Figure 2.21: Alignment marks to aid in the coupling of light into the BIMW rib
waveguides.

Due to the nanometric size of the rib, it can not be observed by eye neither
by optical microscope. Therefore, it is necessary to include alignment marks
to couple light into the rib waveguide. In Figure 2.21, we show the alignment
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marks indicating the position of the different BIMW rib waveguides as pointed
out with arrows.

The total length of the chip including both single and bimodal parts is 30
mm. The total length of the bimodal part is 25 mm, which included the sensing
window with a length of 15 mm, placed 5 mm off the chip exit. The sensing
window has an area of 15 x 0.05 mm?. The chip is 30 x 10 mm? in size and
contained 16 independent interferometers divided in groups of four as illustrated
in Figure 2.22. In each group of four, the BIMW interferometers are separated
250 pum to assure a null light coupling between the devices.

w
[J]
Q
>
5
= Sensor area: 15 mm x 50 um 10 mm
2
[2a]
o
i
CNM
5mm 25 mm
Single mode part Bimodal part

Figure 2.22: BIMW chip layout.

2.4 Fabrication of the devices

The BiMW devices are fabricated at the Clean Room facilities of the Centro
Nacional de Microelectronica (CNM) in Barcelona. The materials employed are
low pressure chemical vapor deposition (LPCVD) silicon nitride (SigNy4, ngi,n,
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= 2.00) and, thermally grown silicon oxide by plasma enhanced chemical vapour
deposition (PECVD) (SiOs, ng;0, = 1.46) that are transparent to the working
wavelength (632.8 nm). Microfabrication based on silicon allows for the growth
of amorphous oxide layers, with a good adhesion to the substrate and good
mechanical and chemical stability. Moreover, the refractive index of the grown
layers is uniform and reproducible and the roughness is low. A scheme of the
different steps in the fabrication of a BIMW device is shown in Figure 2.23. The
fabrication process starts from a 4-inch (p-type) silicon wafer with a thickness
of 500 pm. A 2 pm layer of SiOy (n = 1.46) is thermally growth covering the
silicon wafer (Figure 2.23 A).

This layer is required to confine the light in the core and to isolate it of the
silicon substrate that adsorbs visible light. In the next step, a 340 nm core layer
(SizNg, n = 2) layer is deposited by LPCVD (Figure 2.23 B). After that, the
thickness of the core layer is reduced in the single-mode region of the device
from 340 nm to 150 nm by a photolithography process using a borophosphosil-
icate glass (BPSG) as protecting layer (Figure 2.23 C). Thus, the waveguides
are defined by reactive-ion etching (RIE) of the rib using a photolithography
process (Figure 2.23 D). An adsorbent layer of 100 nm is deposited by LPCVD
on a SiOy layer of 200 nm previously deposited to improve the adhesion (Figure
2.23 D). In a third photolithography process, the adsorbent layer is opening
(Figure 2.23 E), and afterwards, a 2 pum SiO» cladding layer is deposited by
PECVD (Figure 2.23 E). Finally, the sensor area is opening by etching the SiOq
cladding layer. After the fabrication is covered with a protected resist layer and
the individual chips are cut at the Clean Room by using a dicing machine. As
12 chips are produced and every chip has 16 devices, a total number of 192
BiMW devices are available per wafer.

A picture of the final chip is shown in Figure 2.24 A. In Figure B, we show
an image of a chip in comparison with a coin to notice its size. Figure C shows
an optical microscope image with a magnification of 4x of the alignment marks
employed to couple the light in the devices. Figure D shows a 4x magnification
optical microscope image of the sensor areas of a group of four devices.

The fabrication of the rib is one of the most critical steps in the fabrication
process due that the rib size is very close to the maximum resolution allowed
by this technique. Hence, a slight variation in the size of the rib can lead to a
high dispersion of results in terms of transducer sensitivity. The morphology of
the rib is obtained by atomic force microscopy (AFM), shown in Figure 2.25.
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Figure 2.23: Sketch of the different steps in the fabrication process of the BIMW.
A) A 2 pm SiO2 cladding layer is thermally growth over a silicon wafer, B) 340 nm
of SigNy4 is deposited by LPCVD, C) the thickness of the core is reduced to 150 nm
for the single mode part of the waveguide, D) a rib 4 ym width and 1 nm height is
generated, E) 200 nm layer of SiO2 and 1 pm adsorbent layer are deposited and F)
the adsorbent layer is opened, G) a 2 um SiO2 cladding layer is deposited and H) the
sensor area is opened.
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Figure 2.24: Picture of a final BIMW sensing chip.

WAV

Z[nm]

Figure 2.25: 10 ym X 10 pum AFM pictures of the nanometric waveguide rib of the
BiMW. A) 3D AFM image of the rib waveguide and B) the profile of the waveguide
rib.

AFM images are recorded on an Agilent 5500 AFM/SPM microscope (for-
merly molecular Imaging PicoPlus AFM) in tapping mode. A multi-purpose
low-coherence scanner with scan range up to 90 pm is used for imaging sam-
ples under ambient conditions. The AFM probes are NSC15 silicon pointprobes
(force constant 30-50 N/ m, resonant frequency 330 KHz) from MikroMasch.
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AFM image processing and rendering is done with the WSxM software (Nan-
otec). For a reproducibility study of the microfabrication process, 16 indepen-
dent rib waveguides of a chip were examined by AFM. The results confirm the
reproducibility of the process, obtaining a rib width of 4.45 + 0.02 yum and a
height of 1.22 + 0.03 nm. These results assure a high reproducibility in the
sensitivity of the fabricated devices in the same chip.

2.5 Optical characterization

Before the optical characterization, the polishing of the edges is required to ob-
tain specular surfaces to couple light using an objective. The method to polish
the edges of the chips consists of a revolving plate in which polishing papers are
sticked and the chip is leaned on its surface. The polishing machine (Logitech
CL50, Figure 2.26) is designed to polish flat surfaces. However, the use of a
micrometer positioner assembled to the machine allows us to place the chip in
a vertical position.

\

3 S
.
. \h

’

Figure 2.26: Image of the polishing machine.
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Firstly, a 9 pm grain size abrasive paper is used to polish the edges of the
chip for 5 min at an angular velocity of 30 rpm. A stream of water refrigerates
the contact surface between the paper and the chip, eliminates particles, and
lubricates the abrasive paper surface. After that, the 9 yum abrasive paper is
changed by another with 3 pym grain size which is used for 15 min. Finally, the
optical quality is obtained by polishing the edge using a 0.3 pm grain size paper.
After every step of the polishing process, it is necessary to check the edges using
an optical microscope (Figure 2.27), to assure that the surface is free of defects
and thus, we will have low insertion loses.

0.3 um

Figure 2.27: Optical microscope image (4x) of a chip edge after every step of the
polishing process.

2.5.1 Experimental set up

For evaluation of the BIMW device, a He-Ne laser in TE configuration is em-
ployed as light source as it offers a narrow spectral line, stable in time, and
with a coherency length of several millimeters. Moreover, the frequency of the
light from the He-Ne laser (A= 632.8 nm) located at the red part of the visible
spectrum does not interact with the biomolecules. The light from the He-Ne
laser is coupled into the rib waveguide by using a microscope objective (40x)
and a beam expander as shown in Figure 2.28.
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Beam Expander

(Thorlabs) He-Ne La5§r
Objective 2x — 5x Zoom, . (Melles Griot)
40x Zoom =350 - 650 nm (15mW, A=632.8 nm)

Figure 2.28: Light source employed for coupling light into the rib waveguide.

The chip is installed on a home-made copper base mounted over a thermo-
electric element connected to a temperature controller (see Figure 2.29). This
assembly requires a temperature transducer incorporated to the copper base.
This system provides temperature stabilization of the chip with 0.01 degrees
accuracy.

<— chip
a4 copper ST T T T oS- Te—m=== 1 Temperature Controller
o+ base T:;"_pi;ag‘:rg Transducer (TED 200C, Thorlabs )

T2 stability < 0.002 ° C

1
1
1
: (AD590, Thorlabs)
1
1
1

1
1 Thermoelectric cooler :

. (TEC3_2.5, Thorlabs)

Figure 2.29: Schematic drawing of the temperature stabilization system.

For sensing evaluation, a flow cell is designed and fabricated by soft-lithography
using a durable and inexpensive material, polydimethylsiloxane (PDMS, Syl-
gard) silicon elastomer (see Figure 2.30). Firstly, a methacrylate (PMMA)
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topographic master is fabricated using a standard milling machine. Then, the
elastomer is mixing with a curing agent in a 10:1 ratio in weight and the PMMA
master is carefully filled with the solution. The PMMA master with the PDMS
elastomer is placed inside a vacuum chamber for 1 h to evacuate the bubbles
trapped in the elastomer. After that, the PMMA master filled with the elas-
tomer is cured into an oven at 80° C. The final fluidic housing with embedded
PDMS mold has four independent channels (15 ul volume each) which cover
each of the sensing areas of a group of four interferometers. The microfluidic
header is coupled to a syringe pump and an injection valve and allows the se-
quential evaluation of up to 4 sensors per chip. The normal operation of the
fluidic system consists in maintaining a fixed fluid in the flow system, and intro-
ducing 250 pl of a determined solution sample when required using the injection
valve. The velocity of the pump is modified according with the detection re-
quirements, in a range from 5 to 40 pl/min. The flow cell is easily attached and
detached to the chip surface and a hermetic sealing is ensured by screwing the
cell to the chip support.

Metacrylate
housing

PDMS .
Vs Fluidic

channel (15 pl)

&L — 2 — > -

PMMA master PDMS mold

Assembly Final fluidic cell

Syringe pump Injection valve
(New Era Pump Systems, Inc) (Idex, US)

Figure 2.30: Sketch of the fluidic system.
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The interference pattern at the output of the bimodal waveguide is monitored
using a two sectional photodiode and each section is connected to a current
amplifier as sketched in Figure 2.31. Light exiting the waveguide generates
currents I, and Igo,y in the upper and the lower sections of the photodetector,
respectively. The values of the currents are used to calculate the parameter S
(sensitivity), proportional to the phase variation of the signal, according with
the expression:

Iu - Idown
S = 4P " down COS Aq) t 247
F cos(Ads (1) (247

=== == - Idown

L0

Two sectional photodiode
(55870, Hamamtsu)

Benchtop Photodiode
Amplifier (100 nA-10mA)
(PDA 200C, Thorlabs)

Figure 2.31: Processing of the output signal of a BIMW waveguide.

Due to the signal S is normalized with the intensity addition (L,p, + Lgown),
it can be deduced that the interference pattern is independent on the light in-
tensity and the output signal is not sensitive to fluctuations in the coupling
efficiency. This fact gives an additional stabilization to the signal that will not
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affected by the thermal expansion of the chip folder. Furthermore, the signal
will not vary by variations in the input light.

The photodetector is directly attached to the chip output facet to obtain the
minimum dispersion of the signal as shown in Figure 2.32. To obtain a low noise,
all the light detected by the photodetector must come from the device output.
Therefore, the environmental light is prevented to come intro the photodetector
by blocking the side of the fluidic cell with an opaque material.

photodetector
—

Figure 2.32: Chip mounted onto the temperature stabilization unit with the pho-
todetector attached at the output facet. Note that a coupled rib waveguide is shown
at the picture.

The two signals coming from the current amplifiers are acquired through an
acquisition card and manipulated with a dedicated Labview software (National
Instruments). The value S (see equation 2.47) is evaluated and displayed in
real-time. A screenshot of the user interface of this software is shown in Figure
2.33.
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Figure 2.33: Screenshot of the software for the characterization of a BIMW device.
A) Individual intensities for each photodetection section (L,p, white and Igown red
lines) and the operation L,y + Iiown (green line), and B) resulting signal after applying
the operation described in equation 2.47.

The resulting set up employed for all the sensing and biosensing experiments
is shown in Figure 2.34.

As the BIMW is an interferometric device, the signal obtained has a periodic
nature that can give rise to wrong or ambiguous interpretations. This is due
to the cosine dependency that can be deduced from equation 2.47. This depen-
dency leads to ambiguity in the interpretation of the signal and to a variable
sensitivity. There are three main issues related to this type of signal: ambiguity,
sensitivity fading, and intensity fluctuations leading to false positives. Signal
ambiguity prevents the discrimination between two values differing of an integer
multiple of 27 and impedes the prediction of the phase evolution direction when
the phase difference between the two arms is an integer multiple of 7. At the
same time, sensitivity suffers the same periodicity of phase evolution, i.e. is not
constant but maximum at quadrature point and minimum at curve extremes.

2.5.2 Temperature e ect

The different interaction of the two modes with the external medium makes
the BIMW device sensitive to temperature changes. Therefore, a change in the
temperature of the system can be employed to estimate the quality of the modal
splitter and the noise of the system. The chip is placed at the optical set up and
water is flowed at a constant rate of 20 ul/min by using the flow system. Light
is coupled and the output signal is recorded in real-time. After monitored the
baseline for 35 minutes, the temperature is increased 2.2 degrees, from 22.2 to
24.6°C. The interferometric signal obtained for this variation of the temperature
is shown in Figure 2.35. It can be seen a modulation deep of
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Figure 2.34: Set up of the BIMW device.
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Figure 2.35: Response of the BIMW device to a 2.2 degrees of temperature change.

Taking into account the modulation depth of the output signal, the fluc-
tuation in the parameter S did not exceed the 2% for 35 min previous to the
temperature change. This result evidences the high stability of the system pro-
vided by the temperature controller with an accuracy of 0.01 °C.

2.5.3 Homogeneous sensing

To check the sensitivity of our device, a calibration curve evaluating bulk refrac-
tive index changes is carried out (see Figure 2.36). Using the system described
above, injections of different concentrations of HCI (0.2 M, 0.1 M, 0.05 M and
0.025 M) are flowed. Previously to injection, the refractive index of the solutions
is checked with an ABBE Refractometer (Optic Ivymen System, Spain). Refrac-
tive indexes of the HCI solutions and the An that are evaluated by ngci-nmg,o
are summarized in Table 2.2.

In the experiments, a continuous water flow at a constant rate of 20 pl/min
is maintained over the sensor surface which is gradually replaced by an injected
loop of 250 pl of the HCI solution under evaluation.
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HCI concentration (M) n An  Adx27rad
0.2 1.3342  1.9E-3 3.47
0.1 1.3333  1E-3 1.65
0.05 1.3331 6E-4 0.83
0.025 1.3329 4E-4 0.45

Table 2.2: Values of the absolute refractive index (n) of HCI concentrations and
change in refractive index ( n).
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Figure 2.36: Sensitivity evaluation of the BIMW sensor: phase change is evaluated
as a function of the refractive index variation due to the injected HCl concentrations.
Inset: A) n=4x10"%B) n=6x10"*C) n=1x10"%D) n=19x1073 (in
all the insets only HCI entrance is showed).

Changes of the refractive index over the sensor area induce a phase change
through the evanescent field interaction. Phase variation is plotted versus index
variation (An) and the experimental sensitivity is determined as % = 2026.

76



Design, fabrication, and characterization of a Bimodal Waveguide (BiMW)
interferometric device

As the lowest phase shift which could be evaluated is considered to be three
times the N/S ratio which is 5x10~4x27 rad, this means that a theoretical
detection limit of Anim= 2.5x10~7 RIU could be achieved. This LOD for a
bulk change in the refractive index is extraordinary low and is very close from
the most sensible optical devices described in the literature (see Table 1.1).

2.5.4 Surface sensing

The surface sensitivity of the device can be demonstrated by a simple protein
adsorption on the sensor area surface. We use Bovine Serum Albumin (BSA)
protein that is commonly employed to prove the applicability of novel waveguide
biosensors [11]. For the experiment, components of phosphate Buffer Saline
(PBS; 10mM phosphate, 2.9 mMKC], 137 mM NaCl, pH 7.4), and albumin
bovine 95 99% (BSA) were purchased from Sigma. The employed water was
Milli-Q grade (Millipore).
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Figure 2.37: Real-time monitoring of the phase change due to the injection of 250
ul of 50 pg/ml BSA in PBS.

Physical adsorption of BSA protein onto the sensor area of the BIMW was
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done by flowing 250 pl of a PBS solution with 50 ug/ml BSA, at a flow rate
of 10 pl/min. Phase variation (7.86 x2x rad) due to the refractive index bulk
change and physical adsorption of the protein is observed in Figure 2.37. The
phase change becomes slower until reaches a stable signal, which means that the
surface is totally saturated with proteins. Next, a phase change of (3.30 x27
rad) is observed, due to the refractive index change from PBS to water. Finally,
the water flow induces the detachment of non-adsorbed protein (0.15 x27 rad).
Therefore, the total phase change due to receptor attachment was (4.41 x27
rad), corresponding to an experimental covering of 0.42 ng/mm? [12] of BSA
receptors ( pH=T7 ).

Taking into account the experimental covering of BSA at this pH, considering
the sensor area surface (0.6 mm?), the standard value of density of a protein
(0.183 cm?/g), and the minimum detectable phase change (5x10~*x27 rad)
the calculated surface sensitivity corresponds to 3x107° nm~!.

2.6 Conclusion

A two-mode interference device, the BIMW interferometer, has been presented
in this chapter. The thickness of the waveguide core has been optimized to
obtain more than 70% of the output signal modulation and confinement factors
of the modes have been calculated, obtaining a higher delocalization for first
order mode. Losses of light in crossing the modal splitter have been analyzed
by simulations and it has been found that the quantity of light dispersed is not
significant. Silicon-based technology is chosen to fabricate the BIMW device by
a standard microfabrication procedure. SigNy (n = 2.00) and SiO2 (n = 1.46)
have been chosen as core and cladding layer, respectively. Final chip consists
of 16 independent rib waveguides, 192 devices per wafer. Sub-micron precision
in the fabrication process has been verified with morphologic characterization
of the rib waveguide dimensions by AFM, demonstrating a high reproducibility
of the fabricated devices. The set up used for the optical characterization has
been presented. The chip is stabilized in temperature with an accuracy of 0.01
by placing it on a copper base in contact with a thermoelectric element con-
nected to a temperature controller. It has been demonstrated that an increase
of one degree over the chip does not affect the modulation depth, although the
Tup + Lgown signal decreased due to the thermal expansion of the chip. A 4-
channel microfluidic cell fabricated with PDMS allows the flow transport until
the transducer surface and the liquid movement is controlled by mechanical
displacement of liquid by a pump.
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The sensitivity of the device to changes in the buld refractive index has been
investigated by maintaining water in flow and supplying solutions with different
refractive indexes. A theoretical detection limit of An,,;, = 2.5x10~7 RIU has
been achieved for bulk refractive index changes, whereas a surface sensitivity of
3x107° nm~! has been experimentally found for BSA adsorption.
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Chapter 3

Biofunctionalization of the
SisN4 sensor area

”*An experiment is a question which science poses to Nature, and a
measurements is the recording of Nature’s answer”’

Max Planck, Scientific Autobiography and other papers

3.1 Introduction

The sensor area of the BIMW device is the region of the core of the biosensor in
contact with the changing external medium. Processes occurring on this surface
such as changes in the bulk refractive index or protein adsorption originate a net
change in the phase variation of the output signal at the end of the waveguide.
The device is not selective at this point, since different types of biomolecules
could be adsorbed on its sensor area giving unspecific signals. The device is
just sensitive to refractive index changes until a selective bioreceptor layer is
assembled onto the transducer surface. Only then the BIMW device turns into
a biosensor.

Immobilization of the biomolecules on the SigN, core waveguide surface is
an important step in the biosensor development. In some cases, the immobi-
lization of biomolecules on SizN,; waveguide surfaces has been carried out by
physical adsorption [1]. However, covalent attachment of the biomolecules has
been employed when a stable and resistant biosensing surface is required [2 4]

81



Chapter 8

as explained previously. Therefore, the study of a chemical modification of the
SizNy inert surface to create functional reactive groups is required to implement
the bioreceptor layer.

The biorecognition layer will provide the biosensor with the ability for dis-
criminating between interference and the analyte to detect. At the same time,
it establishes the maximum number of available binding sites to interact with
the analyte, an essential issue to obtain the minimum LOD for a particular ap-
plication. Moreover, the stability of the receptor layer must be considered when
an exhaustive study of the recognition event is needed due to the possibility of
regenerating the surface, extremely useful to diminish cost and time.

Silanization methods have been extensively employed to covalently attach
biomolecules to silicon-based surfaces. They are the simplest way to generate
reactive functional groups onto silicon surfaces due to its simplicity and the
few number of steps required. Furthermore, silanization methods have been
already extensively investigated and the mechanism used by the silane molecule
to link the surface is well-known. The core of a silane coupling agent is a silicon
atom (Si) bonded with an inorganic functional group (amino, mercapto, chloro,
epoxy...) and three ether groups (methoxy, ethoxy...). Ether groups bond to a
silanol group on the SizNy surface whereas inorganic functional groups provide
the surface with anchorage points for the attachment of biomolecules. An unde-
sirable effect regarding the use of trialkoxysilanes is the polymerization that can
occur at the free silanol groups on the surface or in solution, leading to highly
heterogeneous surfaces, a potential disadvantage when dealing with biosensors.
To avoid this negative effect, anhydrous solvents have been used to limit the
amount of water reacting during the monolayer formation [5]. However, small
variations in the amount of water during the silanization reaction can dramat-
ically alter the thickness of the final film giving place to highly irreproducible
surfaces due to the formation of silane multilayers [6].

The most employed silane to functionalize SizNy surfaces is the 3-Aminopro-
pyltriethoxy silane (APTES). This silane provides silicon surfaces with amino
groups [3, 4] that can be further activated with glutaraldehyde to introduce a
layer of aldehyde groups. Proteins can be immobilized on these surfaces through
Schiff’s base condensation between free amine groups on proteins and aldehyde
groups on the modified surfaces [4]. This strategy has some undesirable effects,
such as the formation of several layers of glutaraldehyde that could break during
the biorecognition process giving inaccurate signals.
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Biofunctionalization of the SisN, sensor area

In this chapter, we establish the reaction parameters (time and concentra-
tion) of the silanization protocols employed to covalently immobilize the biore-
ceptors on the BIMW sensor areas.

3.2 Surface modi cation using a carboxyl-terminated
silane (CTES)

Carboxyl group is the most suitable functional group for bioconjugation of pro-
teins because of its chemical versatility and wetting properties. However, the
use of carboxyl-terminated silanes to functionalize a silicon surface is not fre-
quently found in the literature. The ability of carboxyl groups to covalently
link with biomolecules has led to the development of some approaches to pro-
vide SigNy surfaces with terminal carboxylic acid (sketched in Figure 3.1 A) by
the use of a trifluoro ethanol ester and subsequent thermal acid hydrolysis [7],
B) through attachment of a photocleavable ester and subsequent photochemical
cleavage [7], or C) via the attachment of long-chain carboxylic acid terminated
monolayers [8, 9]. However, these strategies involve a high number of prepara-
tion steps and require from strong acids (HF), organic solvents, and additional
instrumentation.

To achieve a carboxylic acid terminated layer on the SizNy surface by a
simple silanization method, avoiding the derived problems of using anhydrous
solvents, and to take advantage of the suitability of carboxyl group for the bio-
conjugation we chose to study the use of a carboxyethylsilanetriol sodium salt
(CTES). CTES has been extensively employed for the functionalization of silica
particles [10, 11] and as a co-structure directing agent [12] normally by stirring
for hours at high temperature. However, few works can be found about function-
alization of silicon surfaces with CTES silane [13]. Due to its short alkyl chain
of approximately 6 A and to the hydrophilicity of the functional carboxyl group
that contains, CTES is an organosilane stable front the cross-linking in water.
This is an unusual property for a silane molecule that makes the use of CTES
especially attractive to avoid concerns regarding the use of organic solvents and
the generation of organic waste by the rinsing steps. Another attractive aspect
of the use of water as solvent for the reaction is its larger dielectric constant,
which favors the formation of packaged monolayers [14]. Moreover, the solvent
compatibility with the polymer materials employed in our fluidic systems allows
the use of CTES to silanize the sensor area inside the fluidic cell (in-flow) when
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necessary for specific applications.
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Figure 3.1: Sketch of the different strategies developed to provide the SizN4 surface
with carboxyl groups, through A) trifluoro ethanol ester, B) a photocleavable ester,
and C) long-chain carboxyl-terminated monolayers.

The activation of carboxyl group with 1-ethyl-3-[3-dimethylaminopropyl]car-
bodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) is the
simplest way to obtain a peptidic bond between a surface and an amino group of
a biomolecule (see Figure 3.2 A). The EDC/NHS mechanism is well-known [15]
and its uses for covalent attachment of biomolecules has been extensively re-
ported for gold surfaces [7, 16, 17]. After covalent coupling, the remaining
reactive groups should be blocked to avoid covalent binding of the analyte to
the surface as it is shown in Figure 3.2 B. This is an important issue related to
the bioreceptor layer, specially crucial for the evaluation of real samples. The
blocking agents have groups which are excellent in preventing nonspecific ad-
sorption such as hydroxyl or poly(ethylene oxide) groups [18].
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Figure 3.2: A) Covalent coupling of the amino groups of proteins to a carboxylic-
terminated surface and B) the blocking of unreacted N-hydroxysuccinimide esters via
ethanolamine.

Another important issue related with the formation of a bioreceptor layer is
the method employed to place the biomolecules on the sensor surface. The most
explored methods for the immobilization of the bioreceptor layer in biosensors
are the in-flow strategy [19] and the patterning of surfaces [20]. The in-flow
strategy uses smalls channels with low Reynolds number that generates a lam-
inar flow [21], and allows the real-time monitoring of the layer formation. On
the other hand, the surface patterning is based on the selective deposition of
small volumes of samples under static conditions, which avoids the formation of
the typical geometrical patterns due to the laminar flow [19].

To obtain an optimized functionalization protocol using the CTES silane,
we have used standard surface techniques employed for the characterization of
the surfaces such as the atomic force microscopy [8, 22|, the contact angle anal-
ysis [9], and fluorescence microscopy. This optimized covalent strategy is used
for the linkage of the bioreceptor on the sensor area surface using two different
approaches: an in-flow patterning and a microcontact printing using a biodepo-
sition system.
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3.2.1 Materials and methods

Reactives. CTES was purchased from ABCR, Germany. Absolute ethanol
(EtOH, 99%), acetone (Ac, 99,5%), and methanol (MeOH, 99,5%) were pur-
chased from Panreac, Spain. Hydrochloric acid (HCL, 35-38%) was purchased
from Poch SA, Poland. Sodium dodecyl sulfate (SDS) (99%), bovine serum al-
bumin (BSA), monoclonal anti-bovine serum albumin antibody (anti-BSA), flu-
orescein isothiocyanate conjugate bovine albumin (FTIC-BSA), NHS (98%), all
the components of phosphate buffered saline (PBS; 10 mM phosphate, 2.9 mM
KCl, 137 mM NaCl, pH 7.4), and tris(hydroxymethyl)amino methane (TRIS;
10 mM, pH 7.1) were purchased from Sigma-Aldrich, Germany. Water used was
always DI (Millipore, USA).

SisN, surfaces. SisN4 test surfaces were fabricated as follows: a thermal
silicon dioxide layer (2 pum thickness) was thermally grown over a silicon wafer
(500 pm thickness). After that, a 180 nm thick layer of SizN, was deposited by
Low Pressure Chemical Vapor Deposition (LPCVD) technique. The wafer was
diced into 10 x 10 mm? pieces to perform the silanization experiments.

Surface silanization. All the test substrates and the sensing chips were
cleaned by rinsing with acetone, ethanol, and DI water. After that, substrates
were sonicated for 5 min in SDS 1% and flushed with HyO. Finally, substrates
were sonicated for 10 min in HCI and MeOH 1:1. Creation of reactive silanol
groups on the SizNy surface is achieved by keeping the SizN, substrate for 1 h in
an ozone plasma using a UV /Ozone ProCleaner (Bioforce Nanosciences, USA)
and 25 min in HNO3 10% at 75° at reflux conditions and flux with HoO. After
that, SigNy test substrates were immersed in the appropriate silane solution us-
ing different concentrations and different immersing times. The CTES silanized
substrates were cleaned with water and dried with Ns. Finally the silane layer
was cured in the oven at 110° for 1h.

Biofunctionalization protocols. The bioconjugation of test SizNy4 sur-
faces silanized using CTES was performed by the activation of carboxyl groups,
accomplished by using EDC/NHS in a molar ratio of (0.2/0.05) and followed
by reaction with a solution of 50 ug/ml of BSA in PBS. Biofunctionalization of
EDC-activated surfaces with BSA-FTIC was done in the same way but TRIS
was used to avoid salt interferences in the fluorescent analysis. At this moment,
we can distinguish two types of biofunctionalization:

In the ex-situ biofunctionalization, the reaction is performed out the fluidic
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Biofunctionalization of the SisN, sensor area

cell, in static mode. The activation of the carboxyl group is carried out by
placing a drop of the EDC/NHS allowing to react for 10 min. Afterwards, the
sample/chip is rinsed with DI water and immersed in the BSA solution for 1 h.

In the in-situ biofunctionalization, the reaction is carried out in the fluidic
cell by flowing solutions, at a flow rate of 20 ul/min.

Biodeposition platform. A NanoeNablerTM system (BioForce Nanoscien-
ces, USA) was used for the covalent attachment of FTIC-BSA onto the silanized
and EDC-activated surfaces. This molecular printing platform enables the direct
writing/deposition of 1-60 pm size droplets with a high position resolution (20
nm X, Y, and Z resolution). The size of the deposited drops depends on the con-
tact time and force between the SPT cantilever and the surface being patterned,
which are controlled by using a variable intensity laser and a position-sensitive
photodetector. Molecules to be printed are loaded into the SPT cantilever reser-
voirs by pipet (0.5 ul). In this work, SPT tools with rounded edge and 30 pm
width were used (SPT-S-C30R). Glycerol is typically used to facilitate the filling
of the cantilever channel and reduce the drops evaporation. Relative humidity
is adjusted to 50% and the spotted solution was incubated during 1h. The SPT
tools were previously cleaned with hot organic solvents and under UV /Ozone
cleaner (UV/Ozone ProCleaner TM, BioForce Nanosciences, USA) during at
least 40 minutes, which beside cleaning the surface of organic molecules facili-
tate wettability and fluid flow.

Contact angle analysis. Drop shape analysis was performed with an Easy
drop standard (Kruss, Hamburg). Drops were placed on the Si3N, surface with
a volume of 3 ul. Each measurement is the average of 10 different measurements
done along the characterized SigNy, surface.

Fluorescence analysis. Fluorescent analysis of the patterned surfaces was
carried out by an inverted microscope (TE 2000U, Nikon) and a filter set for
Cy3TM (Chroma Technology, Vermont) was used to analyze and capture flu-
orescence images. Images of the same experiment are taken using the same
camera exposition parameters for a real comparison between them.
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3.2.2 Optimization of the silanization using CTES in test
surfaces

Reaction of usual organofunctional alkoxysilanes (sketched in Figure 3.3 A) in-
volves four different steps. Initially, hydrolysis of the alkoxy groups occurs.
When the alkoxy groups are hydrolyzed, the condensation to oligomers takes
place. After that, oligomers can form hydrogen bonding with the silanol sur-
face that results in a covalent bond after the thermal curing [23]. After the
hydrolysis, the resulting silanol groups are more electrophilic and reactive due
to the electropositive structure of the silicon, which results in stronger hydrogen
bonding. However, this hydrolysis turns the trialkoxyorganosilane reagent in an
amphiphilic molecule that easily form vesicles, bundles, or fibers in the con-
densation step depending on the solvent, giving place to highly irreproducible
surfaces [24]. Tt has been previously observed that solvents having a low dielec-
tric constant (highly hydrophobic) can force organosilane molecules to form re-
versed micelles or networks or even randomly aggregated silane structures in the
solution, therefore reducing the concentration of the silane head groups in the
medium which prevents the self-assembled monolayer (SAMs) formation [14].

Taking into account the above considerations, the silanization using an
organosilane stable in water can entail several advantages if comparing with
standard alkoxysilanes. The steps of hydrolysis and condensation are omitted
in the silanization using CTES as it has been sketched in Figure 3.3 B. The
clearest advantage is that the formation of a monolayer using CTES is not
dependent of the changing atmospheric moisture. The alkoxy groups that pro-
tect the cross-linking of silanol groups are not required in CTES silane, due
to the strong solvation of CTES molecules in water that stabilizes the solution
which, in turn, prevents the polymerization of the silane molecules. Thus, af-
ter the interaction of the CTES monomers with the surface, the covalent bond
including the cross-linking of silanol groups takes place after the curing process
typically at 110° for 1 h [25]. In this context, using water stable silane offers
several advantages such as: i) reduction of the silane molecules polymerization,
avoiding the buried of the functional groups by the carbon chains, which would
make them inaccessible to the biomolecules; ii) formation of homogeneous lay-
ers which assures a low roughness of the surface, avoiding losses of light related
with the sensor surface irregularity; iii) reduction of the distance between the
transducer surface and the biomolecular event due to the formation of single lay-
ers, increasing the sensitivity of the detection, in opposition to the multilayer
formation.

88



Biofunctionalization of the SisN, sensor area

RSi(OCH :
A) (OCHs)s § B) COO-Na+
H,0 : CTES S
) Hydrol 3CH.0 silane
i) Hydrolisis CH,OH i
Y ; OH/Sl'\OH
RSi(OH), O-Na+
. . OH OH
ii) Condensation OH
) l\) 3H,0
R R R Substrate
| | |
HO—Sli-O-Sli-O—Sli-OH COO-Na+
OH OH OH s
OH OH P _Si
ESubstrate ) Hydrogen  oH | “OH
bonding 0
/\
HA
PRl | OH o OH
HO-5i-0-Si-0-Si-OH i b
iii) Hydrogen | | (g
bonding /0\ /O\ I\
H HH HH H ii) Bond Thermal
g o o curin
formation g 3H,0

o O i
COOH

Thermal S
curing 3H,0 i
! PN
PR |

j
HO-Si-0-Si-0-Si-OH

!
O O

Figure 3.3: Comparison between the different steps of the silanization using a) a
trialkoxysilane and b) the CTES silane.

iv) Bond
formation

The reaction between the silicon atom from the organofunctional alkoxysi-
lane molecule and the surface requires hydroxyl group generated by oxidation.
After that, the bioapplication dictates the functional group desired for the later
bioconjugation and consequently the silane needed. As explained before, CTES
silane has been chosen for proteomics applications. After the incubation with
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the silane, substrates are thermically cured into an oven. In this step, the layer
becomes stable due to the condensation between the free silanol groups from
the silane molecules and the surface [25]. Prior to the application in the BIMW
devices, the optimization of the different steps are previously tried out in SizNy
test surfaces. A sketch of the global silanization scheme employed is shown in
Figure 3.4.
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Figure 3.4: Sketch of the overall silanization process using CTES silane.

The silicon nitride surface must be accessible to oxidizing agents to create
silanol groups. This aspect is critical to achieve an optimal covering with the
silane molecule and therefore, to render in highly reproducible surfaces. With
this purpose, the cleaning process must assure the total removal of the contam-
inants with the minimal damage of the surface. Several cleaning methods are
available using different acid, base, organic solvents, or a combination of them
as pre-treatment for the silanization [26, 27]. We chose a cleaning process based
on three different cleaning steps to be completely sure of the full elimination of
the different types of dirtiness (i.e. dust, grease, or inorganic material). The
first step is a standard cleaning by rinsing with acetone, ethanol, and DI water
(Ac/EtOH/H50). In the second step, the SisNy4 surface is sonicated in SDS 1%
and flushed with water. Finally, the sample is sonicated in HCl and MeOH
1:1 and rinsed with water. The chemical modification of the surface is checked
by contact angle analysis. The values corresponding to the different cleaning
steps are shown in 3.1. Results demonstrate that the cleaning step (acetone,
ethanol, and DI water) is not enough to totally remove contaminants from the
sample. It can be noted a reduction in the contact angle after 5 min of sonica-
tion treatment with SDS 1% and finally, a homogenization of the clean surface
after the sonication with HCl:MeOH. These results are consistent with previous
publications [26, 27].

After the cleaning process, the oxidation of the SigNy test surfaces is es-
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Table 3.1: Contact angle values of SigN4 surfaces after each step in the cleaning
process.

Cleaning step Contact Angle (°)

N> 514
Ac/EtOH/H,0 40+5
SDS 1% 24+ 6
MeOH : HCI 2241

sential to make them reactive to the silane molecule. A layer of SiOs must be
created over the SigNy, surface and activated to have enough silanol groups for
the reaction. There is not a standard procedure for the oxidation and activation
of a SigNy surface. Several approaches have been described in the literature.
For example, to directly get silanol groups, several strong oxidizing cocktails
have been used such as piranha [4], a mix of ammonium chloride and HCI [22],
and concentrated HNO3 [3]. However, these aggressive techniques can damage
the surface inducing an increase in the surface roughness, a drawback for waveg-
uide devices. One alternative is using two different steps, first the incorporation
of oxygen atoms to the SizNy surface using a weak oxygen plasma [28, 29] or
UV /ozone [30] and afterwards, the activation of this oxide by using a diluted
acid solution or water [31]. This procedure will maintain the structural integrity
of the optical waveguide device by minimizing the defects produced by the ox-
idation process on the sensor area surface. In this work, 1 h of UV /ozone has
been used to totally oxidize the SigNy surface, obtaining a highly hydrophilic
surface with a contact angle lower than 5 °which indicates the presence of ion
species as O~. After the oxidative step, a solution of 10% of diluted HNOj
at 75 °C has been used at reflux conditions to activate silanol groups, with a
resulting contact angle of 19 °.

In a wet-chemical silanization procedure, the concentration of the silane
solution and the reaction time with the surface are important parameters to
obtain stable and compact monolayer of CTES, and to avoid the formation of a
multilayer structure. To study these parameters, pretreated test samples were
immediately immersed in a solution of 1% of CTES silane and were allowed to
react for different time periods ranging from 5 to 1200 min. Samples were then
cleaned with water and placed for 1h in an oven at 110 °C for a thermal curing
step. Then, the contact angles for the different immersion times of samples in
silane solution were evaluated. Values are shown in Table 3.2. The contact
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Table 3.2: Contact angle values of silanized samples for different times using a 1%
CTES solution and after immersion for 1 h in a solution of 50 pg/ml of BSA in PBS.

Time (min) CTES (°) BSA (°)

5 49.3+3 65+ 5
15 49.8+2 -

30 55.2£3 70£11
60 56.6+6 -
120 54+£5 60+£8
300 56.7£11 70.3£8
1200 43.2+3 42.2 £8

angle of silanized SigNy test surfaces reaches a maximum after 1 h of immersion
in the CTES solution and decreases for longer silanization times. The pH is an-
other important factor to control in order to avoid cross-linking; it seems that
only basic pH gives packaged monolayers, probably due to the condensation of
CTES silane molecules when alkoxy groups are protonated in acidic conditions.

Afterwards, we checked the applicability of this protocol for the covalent
attachment of biomolecules. The covalent binding of the biomolecules over
the CTES silanized surface was done through the activation of the carboxyl
group by the use of EDC/NHS and the later reaction with the amino groups of
the biomolecules to form a peptidic bond [15]. Thus, the previously silanized
samples were activated by immersing them in an aqueous EDC/NHS solution
of a molar ratio of 0.2/0.05 for 10 min. Then, the samples were rinsed with
water, dried with Ny, and immersed into a solution of 50 ug/ml of BSA in PBS
for 1 h. Due to the strong adsorption of BSA on the SigNy test surfaces it was
necessary to clean the sample with SDS 1% and HC1 0.1 M to remove all the
non-covalently attached proteins. As shown in Table 3.2, proteins are detached
from the 12 h sample indicating that they were physically adsorbed. Thus, it
can be confirmed that the total coverage of the SisN,4 surface was achieved with
1 h of silanization time and that longer immersion times have negative effects for
the formation of the silane layer. This fact can be explained by the instability
of the hydrogen bonding between the silanol groups and the CTES molecule,
where silanol groups slowly come back to the silicon net and are not able to
compete for a long time with the strong hydrogen bridges that form the CTES
molecule with water. Thus, CTES molecule is detached from surface and solved
again in the water for times larger than 1 h.
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Table 3.3: Contact angle values and AFM (roughness) characterization of silanized
surfaces for 1 h using different silane concentrations.

[CTES] Contact Angle (°) Roughness(A)

0% 31£1 1.5
0.2% 36 &2 6
0.5% 49+1 1.2
2% 47+ 2 1

The concentration of CTES in the aqueous solution also plays a crucial role
in the formation of a well packaged single layer of silanes. Closely packed layers
are effective in preventing water penetration, and have demonstrated better
stability in saline environments [5]. To find the optimum silane concentration,
oxidized SigNy surfaces are placed in different concentrations of CTES solutions
ranging from 0% to 2%, maintaining the silanization time fixed to 1 h. The
resulting silanized surfaces are characterized by contact angle (see Table 3.3)
and by AFM (see Figure 3.5). AFM analysis reveals that a concentration of
0.2% does not totally cover the SigN,4 surface as it can be noted by an increase
in the roughness, due to the partial covering of the surface and to the length of
the CTES molecule. However, the reduction of the roughness and a maximum
in the contact angle indicate that a concentration of 0.5% is enough to totally
cover the SigNy surface. The contact angle corresponding to the silanized surface
using 0.5% CTES solution and 1 h of immersion time is 49°. Therefore, this
contact angle value will be considered as a reference to assess the success of the
silanization process when functionalizing a silicon-based device.

1.5nm

-1.5nm

Figure 3.5: AFM tapping analysis of SizN4 substrates immersed for 1 h into different
concentrations of CTES.

Once the optimal silanization conditions have been found, control experi-
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ments are done to confirm the covalent binding of biomolecules over the CTES
silanized surfaces, checking the surface coverage through the surface contact
angle. A solution of the protein BSA is deposited onto two SigN, test sur-
faces, one of them is previously cleaned and silanized with CTES solution with
the optimized conditions (1 h, 0.5%), while the other is just cleaned omitting
the silanization step. After, the same treatment is done on the silanized and
non-silanized samples: surface activation by the use of EDC/NHS followed by
immersion in a BSA protein solution, 50 pg/ml, during 1 h. After the pro-
tein incubation for both samples, silanized and bare SigN4 the showed similar
contact angles, (70+2)° and (68+3)°, respectively. However, after cleaning by
flushing HC1 0.1 M and SDS 1%, the contact angle of the non-silanized samples
fell down to (404£2)°. On the contrary, the contact angle of the silanized surface
biofunctionalized with BSA is kept constant. These results demonstrate: i) the
detachment of non-covalently bonded protein when the sample is subjected to
harsh conditions and ii) the suitability of the silanization method for the cova-
lent attachment of proteins.

To check the applicability of the bioconjugation protocol to the patterning
of biomolecules, a biodeposition system is employed to selectively biofunction-
alize an area of the surface with FTIC-BSA. Two silanized SisN4 surfaces are
employed. In one of the samples, carboxyl groups are activated by the use of
EDC/NHS, while the other one is just immersed in water after the silaniza-
tion. After that, the biodeposition system is employed to pattern the samples
with FTIC-BSA and allowed to react for 1 h. Then, a cleaning step is done
by fluxing the sample with water. As can be seen in Figure 3.6 A, whereas in
the carboxyl-activated sample FTIC-BSA shows a good attachment, in the non-
activated sample (see Figure 3.6 B) almost all the proteins are detached from
the SigNy surface. This indicates that covalent bonding between carboxyl group
and FTIC-BSA has been achieved through EDC/NHS activation, whereas weak
adsorption occurred on the silanized SizNy4 surface. The biodeposition platform
is very useful in order to contrast the fluorescent spot with the surrounding sur-
face, that acts as a reference. In this experiment, we also demonstrate that the
bioconjugation protocol can be combined with the selective surface patterning
by using a deposition platform.
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A) B)

Figure 3.6: Fluorescent analysis images of FTIC-BSA deposited on silanized surfaces
by a commercial biodeposition system. A) Activated silanized surface and B) non-
activated silanized surface.

3.2.3 Application of the silanization protocol using CTES
to a BIMW device

The final goal of this work is to apply the water-silanization protocol to attach
a biological receptor layer onto the SizN, surface of a BIMW device to develop
high performance biosensors. To monitor the sensor surface modification, the
chip is placed in the experimental set-up after its silanization and encapsulated
with the fluidic cell. After that, all the solutions needed for the activation and
functionalization of the surface are flowed over the surface by injecting a con-
stant volume of the sample into the fluid cell at a fixed flow rate. The chosen
fluid channel size and flow rate ensure a laminar flow over the BIMW sensor.
The progress of the biofunctionalization procedure was assessed in real-time by
the analysis of the interferometric signals of the BIMW sensor. In particular,
the monitoring of the bioreceptor binding to the Si3N, surface provides valuable
information about the efficiency of the biofunctionalization process. The inter-
ferometric signal of the covalent attachment of the BSA protein to the sensor
area of the BIMW device is shown in Figure 3.7 A.
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Figure 3.7: a) Real-time interferometric signal of the covalent attachment of 50 ug/ml
of BSA to an activated surface and, b) signals due to the immobilization of BSA onto
different surfaces (activated, silanized, and bare SizN4) where interferometric graphs
has been transformed into phase signals (2 7 rad).

To carry out this experiment, The BIMW chip is silanized using the CTES
silane with the previously optimized protocol. Then, the carboxyl groups are
activated by inyecting 250 ul of EDC/NHS, immediately followed by an injec-
tion of 250 ul of BSA at a concentration of 50 pg/ml. During all the experiment
a water flow is maintained at a constant rate of 20 ul/min. The interferomet-
ric signal corresponding to a binding process and/or to a change of the bulk
refractive index could be difficult to interpret by a non-experienced user. By a
post-processing of this signal, it is possible to obtain an easier and ”common-
type” graph. Values of the output signal variation (y axis) can be converted

into phase signal (radians) to transform a sinusoidal signal into a linear signal
(see in Figure 3.7 B).

Three different regimes can be recognized in the interferometric detection
signal. Since the entrance of the BSA in PBS to its exit (region 1) the signal is
due to two factors: i) the variation of bulk refractive index between the contin-
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uous water flow and the PBS containing the protein and ii) the immobilization
of the protein on the transducer surface. Afterwards, when the BSA in PBS is
going out from the fluidic channel and the water is coming in, the signal is only
due to the change in bulk refractive index between PBS and water (region 2).
Finally, water flow induces desorption of non-covalent attached BSA (region 3).

To investigate the nonfouling behavior of the CTES silane layer, another
channel of the same silanized chip is used to evaluate the adsorption of BSA
onto the silanized BIMW sensor area. In this experiment, the same conditions
used for the covalent attachment are employed but the activation step is omit-
ted. Then, 250 ul of BSA at a concentration of 50 pug/ml are flowed over the
sensor area at a constant rate of 20 ul/min through the fluidic cell. The nonspe-
cific adsorption of BSA onto the silanized sensor area is negligible, as it can be
seen in Figure 3.7. This indicates the formation of a stable and compact silane
layer and confirms that the signal obtained in the previous experiment is due
to the covalent attachment. In opposition, BSA was strongly adsorbed when
it was flowed over the bare sensor area of an identical BIMW device using the
same experimental conditions [32]. The interferometric signal corresponding to
the physical adsorption of BSA is shown in Figure 3.7 B for a direct compari-
son. The net change is larger in the case of protein covalent attachment using
the silanization procedure (6.81x 27 rad) than for the direct protein adsorption
over bare SigNy, surface (4.41x27 rad). This indicates that the highest protein
coverage is reached with the covalent strategy. The lower signal obtained for
the direct adsorption of the protein can be explained by an incomplete covering
of the surface, which produces a non-uniform protein layer, leaving holes that
can induce the unselective adsorption of biomolecules during the biorecognition
process. Moreover, strong interactions with the surface can cause conforma-
tional changes in the proteins and the consequent loose of functionality of the
receptor layer, whereas weak interactions with the surface entail the possibility
of desorption of the biorector layer due to the liquid flow [33].

For the in-flow strategy, the silanized chip was placed on the optical set-up
and the solutions were flowed through the fluidic cell using the same parameters
than in the previous section. On the other hand, to immobilize the biomolecules
by the micro-patterning strategy, the silanized chip was activated by immersion
in an EDC/NHS solution for 10 min and the sensor area was filled with a
mix solution of 50 pg/ml BSA and glycerol 1% by the biodeposition system
and allowed to react for 1 h, at room temperature and under a 50% ambient
humidity.
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At this point, it is possible to evaluate the quality of the bioreceptor layers
by the interferometric detection of the specific monoclonal antibody (anti-BSA)
and the immobilized BSA protein. To perform the detection, PBS is flowed
at constant rate of 20 pl/min over the sensor area and a 250 pl solution of 3
nM anti-BSA is injected. After the biorecognition event, the bioreceptor sur-
face is recovered by the use of a regeneration solution, due to the disruption of
the antigen-antibody bond. A total regeneration is achieved by the injection
of HCI 20 mM, allowing multiple detections using the initial state of the biore-
ceptor layer. The interferometric signals obtained for the biointeraction with
the anti-BSA before and after the regeneration of the bioreceptor surface, using
both immobilization procedures, in-flow and patterning, are shown in Figure
3.8 A and B, respectively. In both cases, the response of the sensor indicates
the affinity of the receptor layer for the antibody providing high sensitivity to
the detection. Moreover, the injection of a non-specific antibody at the same
concentration (3 nM anti-hGH) did not produce any interferometric response
(AP x 2r = 0 ) in any of the sensor areas (data not shown) in agreement with
previous experiments. The same experiment is done over the silanized sensor
area where BSA is flowed, obtaining negligible signals for both specific and un-
specific antibodies. These results demonstrate the specificity of the layer, the
high protein packaging, and the low adsorption of biomolecules over the silane
layer. The regeneration of the BSA bioreceptor layer points out the stability of
the covalent linkage in both the silanization and the biofunctionalization pro-
cedures. However, it can be observed that the signal obtained when the BSA
protein is immobilized using the biodeposition system (0.45x 27 rad) is higher
than the one obtained with the in-flow immobilization (0.29x2r rad). This is
probably due to the reorganization capacity of the protein layer when it is al-
lowed to react with the surface in static conditions instead of in-flow. Although
selectivity and stability of the bioreceptor layer is excellent using both immobi-
lization strategies, static conditions are preferred to enhance the signal obtained
for the BIMW biosensor for a given analyte concentration due to an increase in
the number of available binding sites.
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Figure 3.8: Real-time monitoring of the phase change due to the injection of 3 nM
anti-BSA and the regeneration of the surface using both biofunctionalization strate-
gies, A) in-flow, B) using the biodeposition system, and C) comparison between both
strategies (signals have been transformed into phase signals

3.3 Surface modi cation using a thiol-terminated

silane (MPTS)

X 27r).

For biological receptors which do not contain available amino groups a suitable
silane must be employed such as the 3-methacryloxypropyl tris(trimethylsiloxy)silane
(MPTS). This silane has been widely employed in silicon oxide surfaces to
achieve a covalent immobilization of for example, thiol-terminated DNA oligonu-
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cleotides on self-assembled layers by disulfide bond formation [34, 35]. It has
also been for an immunoassay for the detection of avian influenza through whole
virus capture [36]. The main advantage of MPTS is the direct attachment of SH-
modified DNA to the thiol functional group of the silane by a strong and stable
disulfide bond without further mediators. MPTS has been widely used by the
scientific community [25] and its applicability for biosensing has already been
demonstrated. Therefore, we have carried out a straight forward study in which
basic parameters are optimized such as the concentration of the silane solution
and the immersion time. The silanized test surfaces are tested by fluorescent
analysis.

3.3.1 Materials and methods

Reactives. MPTS, toluene, formamide, phosphate buffer (PB; 50mM phos-
phate,0.5 M NaCl, pH 7), and the sodium citrate buffer (SSC 5x; 0.75 M
NaCl, 0.075 M sodium citrate) were purchased from Sigma-Aldrich, Germany.
Oligonucleotides SH-DFO-Cy (Cy-DNA), 5’ modified with thiol and 3’ modified
with Cy3, were purchased from IBA, Germany. The DNA oligonucleotides se-
quence was (THIOL)AGA AGA AGA AGA TAA ATT ATT CCA(CY3). Other
reactives employed have been already specified in the previous section.

Surface silanization. The pretreatment of the sample (cleaning and oxida-
tion processes) is the same that described for the CTES silanization procedure.
After the immersion of the samples in the MPTS solution, silanized substrates
are cleaned by consecutive rinsing of toluene, acetone, ethanol, and water. Then,
the samples are cured for 3 h in oven at a temperature of 110 °C.

Biofunctionalization. The bioconjugation of silanized surfaces using MPTS
is done by the use of Cy-DNA 1 yM in PB with an incubation time of 1 h.

Contact angle analysis. In previous experiments, it was found a strong
adsorption of toluene on bare SizN4 surfaces that causes an increase of the con-
tact angle values. Thus, contact angle measurements are not useful to check the
silanization procedure using MPTS.

Fluorescence analysis. Silanized surfaces by different conditions are al-
lowed to react with SH-modified DNA that has been labeled with a dye (SH-
DFO-Cy3).
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3.3.2 Optimization of the silanization of the sensor area
using MPTS in test surfaces

The overall silanization process using MPTS silane (see Figure 3.9) is quite sim-
ilar to the one with the silane. The pretreatment of the test surfaces consisting
in the cleaning and the oxidation is followed by the immersion of the samples
in the MPTS solution. After that, the silanized samples are cured on oven for
3 h at 110°C.

SH
§ %’* ¢
. - 5' ~
SisN, OMe OMe o™ \OMe IS Si

OH oHOH om |
N OH PHoH ¢ [110 °C] o °
[ox] MPTS

Figure 3.9: Scheme of the silanization process using MPTS silane.

Pretreated samples are immersed in a fixed concentration of MPTS at 10%
in toluene for different immersion times. After the curing treatment, samples are
incubated with the Cy-DNA allowing to the thiol group of the syntethic DNA to
react with the silanized surface. The fluorescent analysis of the bioconjugation
of the labeled Cy-DNA with SizN4 surfaces silanized with MPTS at a fixed
concentration of 10% for different incubation times is shown in Figure 3.10. It
can be seen that the overnight incubated surface shows the best covering of Cy-
DNA. On the contrary that for the case of CTES silanization, long immersion
times in the MPTS solution are clearly better than short times. This fact is
probably due to a slower reaction velocity of the reaction between the silane
and the surface.

.
Figure 3.10: Fluorescent analysis of Cy-DNA attached to silanized surfaces during
different times of MPTS incubation. A) 1 h, B) 3 h and C) overnight.
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Once the optimum silanization time has been determined, different MPTS
silane concentrations have been tested for overnight incubation. Pretreated
samples are immersed in MPTS solutions at concentrations ranging from 0.5%
to 25% in toluene. Fluorescent analysis of the samples is showed in Figure
3.11. Images do not indicate a gradual increase of the fluorescence as could be
expected, but a sudden increase of the fluorescence from 12.5% indicating that
this silanization procedure is relatively independent of silane concentrations,
corroborating a previous work [25].

. .
Figure 3.11: Fluorescent analysis of Cy-DNA deposited on silanized surfaces using
different concentrations of MPTS. A) 25%, B) 12.5%, C) 6.25%, and D) 0.5%.

Control experiments have been performed to validate the fluorescence anal-
ysis as the suitable technique for the characterization of bioconjugated surfaces.
Control samples are undergone to different treatments representing the different
steps in the silanization process. The results of these experiments are shown in
Figure 3.12. For the first experiment (Image A) a clean SigNy is immersed for 1
h in PB buffer, demonstrating that fluorescence is not due to the interference of
salts on the surface. Second experiment (Image B) induces the adsorption of the
Cy-DNA onto a cleaned SizNy surface. It can be noted that Cy-DNA presents
low physical adsorption onto the SigsN,4 surface. Image C displays the Cy-DNA
adsorption onto an oxidized SizN,4 surface that has been previously immersed
in a toluene solution overnight in order to demonstrate that adsorbed toluene is
not interfering the covalent attachment. In image D, the optimized protocol for
the MPTS silanization is reproduced (10% in MPTS concentration overnight)
but the thermal curing is omitted. Finally in image E, the entire protocol has
been repeated including the thermal curing, showing a high bioconjugation with
the labeled DNA. As it has been demonstrated, the fluorescence is only due to
the covalent attachment of Cys-DNA. It has been also noted that thermal curing
is an crucial parameter for this silanization procedure.
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|
Figure 3.12: Fluorescent analysis of control experiments for the covalent attachment
of Cys-DNA to the silanized surface. A) Clean sample immersed for 1 h in PB, B)
adsorption of Cys-DNA onto a clean sample, C) adsorption of Cys-DNA onto a oxidized

sample previously immersed in toluene overnight, D) optimized protocol reproduced
without the thermal curing step, and E) completed optimized protocol reproduced.

3.3.3 Application of the silanization protocol using MPTS
to a BIMW device

In the same way that with the CTES silane, the silanization protocol using
MPTS is demonstrated by the detection of a target nucleotide sequence after
immobilizing a DNA sequence on the sensor area of a BIMW device. To carry
out this experiment, The BIMW chip is silanized using the MPTS silane with the
previously optimized protocol and placed on the experimental set-up. Then, the
DNA sequence is immobilized by injecting 250 ul of the receptor sequence at a
concentration of 1uM in PB at a constant rate of 5 ul/min. Then, SSC 5x buffer
is employed at a constant rate of 20 ul/min to perform the biodetection. The
detection of a 50 nM concentration of the target sequence and the regeneration of
the baseline by the use of a regeneration solution (Formamide 35% in water) are
shown in Figure 3.13 demonstrating the biosensing capabilities of the optimized
silanization protocol.
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Figure 3.13: Detection of a 50 nM concentration of a target DNA sequence comple-
mentary to a immobilized DNA hairpin structure and the regeneration process.

3.4 Conclusions

This chapter showed the optimization of a bioconjugation process using CTES
and MPTS, as linkers between the SisNy surface and the biomolecules for de-

veloping biosensors able to recognize a wide range of analytes using the BIMW
device.

It has been demonstrated that a complete CTES silane monolayer is assem-
bled onto the SizNy, test samples when it is used at a concentration 0.5 % and
for 1 h of immersion time in aqueous solution, obtaining a contact angle of 49 °.
The suitability of the optimized protocol for biosensing applications is checked
by the real-time monitoring of the processes occurring on the sensor area of
a BIMW device. Results indicate that the developed silanization protocol is
highly efficient to cover the sensor area and to protect the Si3N4 sensor area
from unspecific interactions. Two common strategies for the bioconjugation of
the receptor in biosensing, the in-flow and the microdeposition patterning, are
assessed for biosensing applications using the developed silanization protocol.
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In both cases, results indicate the high reproducibility and selectivity of the
biodetection as well as the stability of the covalent attachment that allows the
regeneration of the bioreceptor layer. The highest signal is obtained when the
receptor layer is immobilized using the deposition system, demonstrating a bet-
ter package of proteins when they are allowed to link with the silane in static
conditions instead of in-flow. The results demonstrate that this water-based
tethering method can be very useful to link the bioreceptor layer on different
types of silicon-based devices in order to enhance its biosensing capabilities.

A thiol-terminated silane (MPTS) has been employed to attach SH-modified
DNA on the Si3sNy due to the strong disulfide bond that is produced between
both. The best covering of the surface with the MPTS silane is achieved for
long silanization times (overnight) indicating a slow kinetics reaction. MPTS
silanization is relatively independent from the concentration of silane when this
is used above the 10%. It has been shown that in the silanization procedure
using MPTS, the thermal curing is necessary. This silanization method has been
applied to a sensor area of a BIMW device, demonstrating the applicability of
this for biosensing.
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Chapter 4

Proteomic applications for
the BiMW biosensor:
human Growth Hormone
and Pseudomona bacteria
detection

”When proteins, antibodies and other biological molecules kiss, biosen-
sor can tell.”

Vanderbilt University (2007, September 20).

4.1 Introduction

Proteins are involved in a large number of processes in the human body which in-
clude structural, transport, hormonal, or enzymatic functions. Proteins that are
either overexpressed or underexpressed are early indicators of biological states
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and could be used as potential diagnostic/prognostic biomarkers associated with
diseases. They are also present in the outer membrane of some microorganism,
which make proteins potential targets for the detection of pathogens. In this
context, the effective prevention and diagnosis of many diseases depend on the
ability to quantitatively measure protein from clinical samples as well as from
air, food, or water at very low concentrations [1]. In this chapter, we develop a
BiMW biosensor to investigate the proteomics applications of this device for the
detection of a protein, the human growth hormone (hGH) and for the detection
of the bacteria (Pseudomona) through its membrane proteins.

4.1.1 The immunoassay

An antibody (Ab) is a large Y-shaped protein generated by the immune system
to identify and to neutralize foreign substances introduced in a living organism.
Antibodies are heavy (150 KDa) globular plasma proteins consisting of a ba-
sic constant functional unit and a variable region as it can be seen in Figure
4.1. The basic region is an immunoglobulin (Ig) monomer, but the secreted an-
tibodies can also be dimeric, tetrameric, or pentameric with two, four, and five
Ig units, respectively. The variable region of the antibody is located at its arms
and allows the generation of millions of antibodies with slightly different tip
structures, or antigen binding sites. Then, each tip of the “Y” of an antibody
contains a paratope (a structure analogous to a lock) that is specific for one
particular epitope (similarly analogous to a key) on an antigen, allowing these
two structures to bind together with precision (see Figure 4.1).

The affinity of an antibody for an antigen is determined by the combination
of physical forces, hydrophobic interactions, hydrogen bonds, and van der Waals
interaction, whereas the specificity of the antibody depends on the relative affin-
ity for the antigen and the binding sites of the antibody. The specificity of the
antibody can give place to cross-reactivity if this presents affinity in different
degrees for more than one antigen. The properties of the antigen-antibody in-
teraction determine the selectivity and sensitivity of the immunoassay.
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Figure 4.1: Basic structural units of an antibody.

The large and diverse population of antibodies is generated by random com-
binations of a set of gene segments that encode different antigen binding sites,
followed by random combinations in this area of the antibody gene, which cre-
ate further diversity. Antibodies are normally generated in animals repeatedly
exposed to the antigen of interest. As a result, a large number of antibodies
are produced with different specificities and epitope affinities, known as poly-
clonal antibodies (pAb) (see Figure 4.2 A). Then, the serum of the animal is
extracted, purified, and stored.

High affinity antibodies can be produced by the fusion of spleen cells from
the immune animal with neoplastic B cells (normally a B cell line derived from
a tumour). From this fusion, hybrid cells are produced (hybridomas) which ex-
hibit characteristics of both parent cells. Such hybridomas secrete antibodies of
a specificity shown by the immune donor and are also immortal (a characteristic
of the neoplastic B cell line). Thus, the B lymphocyte produces immunoglobulin
of only one antige specificite called monoclonal antibody (mAb) (see Figure
4.2 B). The antibodies produced by the different hybridomas are screened to
find the ones with highest affinity for the antigen. The hybridomas selected are
cloned to produce identical antibodies with identical response to the antigen.
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Figure 4.2: Scheme of the antibody production; A) polyclonal production and B)
monoclonal production of antibodies.

The immunoassays are a powerful tool for the detection of proteins, which
are based on the recognition of an antigen by its antibody. Current immunoas-
say tests consist in labeled techniques, depending on the label incorporated, they
are distinguished between enzymatic immunoassays (ELISA), radioimmunoas-
says (RIA), chemiluminescent immunoassay (CL), and fluorescence immunoas-
say (FIA). Enzyme-linked immunosorbent assay (ELISA) employs a solid-phase
enzyme immunoassay the detect the presence of an anlayte (usually an antigen),
is the most used immunoassay as diagnostic tool. To detect and quantify the
presence of the antigen in the sample, the antigen and/or the antibody must be
targeted with enzyme. After the recognition process a substance containing the
enzyme substrate is added. The reaction between the enzyme and the substrate
produces a detectable signal, most commonly a color change in the substrate.

The detection strategy is another criterion in to classify the immunoassay
tests which are divided into competitive and noncompetitive. The competi-
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tive immunoassays determine the free binding sites by employing a limited
concentration of antibodies or antigens. Using this type of assay, both of them
can be immobilized on the solid surface.

p— E . i
m] z ﬂ -
Figure 4.3: Types of immunoassays according with the detection strategy: A) direct

competitive immunoassay, B) indirect competitive immunoassay, and C) a sandwich
immunoassay.

The assays in which the antibody is immobilized on the surface are consid-
ered direct immunoassays (see Figure 4.3 A) due to the analyte from the sample
and the labeled antigens are competing for the binding sites at the antibodies.
After removing the non-reacted antigen and antibody, the label-antigen are de-
termined according with the type of incorporated label. The obtained signal is
inversely proportional to the analyte concentration.

In the indirect competitive strategy the antigens are immobilized on the solid
surface and the analyte to determine is added together with the antibody (see
Figure 4.3 B). In this case the immobilized antigens are competing with the
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analytes from the sample for the antibodies. The antibodies on the surface are
determined by the addition of a labeled antibody able to recognize the reacted
antibody. The signal obtained in this case is also inversely proportional to the
analyte concentration.

The noncompetitive immunoassay uses an excess of antibody concen-
tration to measure the binding sites occupied by the analyte (see Figure 4.3
C). In this case, the antibodies are immobilized on the substrate and the ana-
lyte is added. In order to determine the analytes that are interacted with the
antibodies on the surface, a labeled antibody that reacts with other epitope
at the analyte is introduced, resulting in a sandwich immunoassay. The signal
obtained is proportional to the analyte concentration. To perform this assay, it
is needed that the analyte has more that one binding site.

However, labels are not required in photonic biosensors based on evanescent
wave detection due to enable the label-free immunoassay which greatly simpli-
fies the strategy. In this case, the types of immunoassays can be divided into
direct, competitive, and sandwich immunoassay.

In a direct immunoassay (Figure 4.4 A), antibodies are immobilized on
the transducer surface and the antigens are directly detected. The main features
of this assay are short analysis times and less quantity of consumed reagent, to-
gether with the reduction of the assay complexity. The main drawback is the
structural instability of antibodies to harsh conditions (acid or base solutions)
employed to interrupt the antibody-antigen interaction.

In a competitive immunoassay (Figure 4.4 B), the protein to detect is
used as receptor layer. The detection of the analyte is performed indirectly
by incubating the variable antigen concentration with a determined quantity of
antibody. The remaining free antibody of the solution will interact with the
bioreceptor layer. The competitive immunoassay has important advantages in
terms of device reusability, allowing many measurements for the same biorecep-
tor layer. This is due to the superior stability of the antigens in presence of acids
or other harsh conditions that makes them more suitable as biological receptors
than antibodies. The main disadvantage of this method is the increase in the
assay time due to the previous incubation of the antibody with the protein to
detect.

The sandwich immunoassay (Figure 4.4 C) is less employed in label-free
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biosensors, however, it can be useful to amplify the signal when the direct im-
munoassay does not reach the desired sensitivity.

Figure 4.4: Types of immunoassay strategies in a label-free biosensor; A) direct, B)
competitive, and C) sandwich immunoassay.

4.1.2 Regeneration of the sensor surface

To reuse the sensor chip surface the analyte must be removed, but the bioligand
must stay intact. This so-called regeneration procedure (see Table 5.7) has to
be evaluated empirically because the combination of physical forces responsible
for the binding are often unknown, and the regeneration conditions must not
cause irreversible damage to the bioreceptor.
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Among the regeneration methods, the injection of low pH-buffers such as 10
mM Glycine pH 1.5 - 2.5, or 100 mM HCI is one of the most employed. The
working mechanism is probably due to most proteins become partly unfolded
and positively charged at low pH. The protein binding sites will repel each other
and the unfolding will bring the molecules further apart.

Table 4.1: More employed regeneration solutions.

Acidic HCI pH 1-3
glycine/HCI1 pH 1.5-3
formic acid pH 2-3
phosphoric acid pH 1.5 - 2.5

Basics NaOH pH 11-13
glycine/NaOH pH 9-10
ethanolamine pH 8.5-10.5

Tonic NaCl 0.5-5M
MgCly 1-4 M

Other procedures use high pH, high salt content or specific chemicals to break
the interaction. It is important to choose the mildest regeneration conditions
that completely dissociate the complex.

4.1.3 Biosensor terminology

The terminology used at the biosensor field which is employed to compare the
performance of a biosensor, as described in the following:

Dynamic range describes the range of analyte that is detectable by the
sensor, or the minimum and maximum values that generate a response in the
sensor. In a static configuration, the relationship between the sensor output
signal and the analyte is S = a + bs, where S is the signal produced with s
measurand, a is the intercept or the output signal at zero input signal, and b is
the slope or sensitivity of the transducer. However, this relationship assumes
that the response of the sensor is perfectly linear, which is not always the case.

In immunoassays, the hyperbolic or sigmoidal response of the signal in func-
tion of the concentration is usually employed. For that, different concentrations
of the analyte are measured, the signal obtained by them must range from neg-
ligible to the maximum (saturated signal). To obtain the detection limits and
the lineal range of the assay for a sigmoidal response of the sensor, the averaged
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responses of the replicas measured for each concentration are plotted versus the
logarithm of the analyte and fitted to a four-parameter logistic equation:

_ D+(A-D)
SRR

where x is the concentration, ¥y is the response, A is the asymptotic maxi-
mum, corresponding to the signal in absence of analyte, B is the slope at the
inflection point, C' is the inflection point, equivalent to the half inhibitory con-
centration I5p, and D is the asymptotic minimum, corresponding to the back-
ground signal.

The limit of detection of the device will be found by calculating the analyte
concentration that gives a 90% of the signal. The lineal range of the device is
obtained from concentration given a signal from Igg to Iog.
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Figure 4.5: Four parameter logistic sigmoidal analysis.

Related parameters include saturation, selectivity, sensitivity, the concen-
tration of analyte for which is obtained the zero output or the drift. Saturation
is the point at which there is no further signal increase, even if more analyte is
added to the sensor.
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Selectivity describes the suppression of the detection of unspecific molecules
or environmental interference. The warm-up time and frequency response de-
scribe how fast a sensor can respond to a analyte. Finally, the repeatabil-
ity /reproducibility of the sensor describes how the response of the sensor
changes if the same measurement is done under the same conditions.

4.2 Detection of the human Growth Hormone
(hGH)

4.2.1 Introduction

Hormones are liberated by cells or glands to send out messages that affect cells
in other parts of the organism. Only a small amount of hormone is required to
alter cell metabolism. Hormones are secreted directly to the bloodstream by dif-
ferent glands which compose the endocrine system. Amongst these glands, the
one that controls physiological processes as growth, reproduction, or metabolism
is the pituitary gland. The human Growth Hormone (hGH) is a polypeptide
hormone essential for normal growth and development, secreted by the anterior
pituitary gland in higher quantities that any other pituitary hormone. Although
its production by the anterior pituitary gland is controlled by the hypothalamus,
it is altered by other factors such as exercise, sleep, and the stress [2]. hGH is
secreted in a pulsatile manner as a result of alterations in the hypothalamic GH-
releasing hormone (GHRH), which stimulates hGH synthesis and release, and
somatostain, which inhibits GH release. In humans, up to eight to ten pulses of
hGH are secreted in a 24 h period [3]. The most evident effect of the hGH in
the body is the growth in height from the infancy due to the direct stimulation
of the hGH in bones and in a huge variety of tissues.

Circulating hGH consists of a heterogeneous mixture of proteins, involving a
predominant 22 kDa hGH isoform, and other less abundant variants such as the
20 kDa hGH, generated from alternative splicing of the primary transcript of
full-length 22-kDa hGH [4]. The variation of the normal concentration of hGH
in the bloodstream can be an early indicator of an anomalous growth pointing
out an altered biological state. The excess of hGH, commonly caused by pitu-
itary tumours which result in a gradual increase of hGH production, leads to an
illness named acromegaly or pituitary gigantism when it occurs in childhood [5].
The hGH deficiency prevents a normal growth, a problem particularly serious
during the infancy. The main causes for hGH deficiency are genetic or due to
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pituitary malformations [6].

At the moment, the detection methods used for quantitative determination
to hGH include bioassays, radioreceptor assays, and immunoassays. The clas-
sical in vivo bioassays for hGH evaluate rat tibial growth, rat weight, or gain.
However, they are limited because of their relative insensitive, slow performance,
imprecision, and cost. Radioreceptor assays were early employed in the detec-
tion of hGH but have not found wide application for routine purposes. They
are also relatively insensitive and require tissue culture facilities or preparation
of plasma membrane fractions. Moreover, they are very prone to interfere when
used with unextracted serum. Immunoassays are the common technique for the
detection of immunological epitopes on hGH molecules due to the possibility
of obtaining high affinity antibodies. The most frequent immunoassay is the
enzyme-linked immunosorbent assay (ELISA) but radioimmunoassays (RIA),
immunoradiometric assays (IRMA), and immunofunctional assays (IFA) are
also employed for hGH determination due to their sensitivity and high sample
throughput [7]. However, these conventional selective assays are time consum-
ing; require florescent labels, or radioactive probes. In addition, most of these
assays require facilities, which obstruct their application in settings out of the
lab. The lowest limit of sensitivity for existing hGH immunoassay is 50 pg/ml,
obtained by a sandwich-type chemiluminescence assay [8].

A label-free detection scheme has been employed for our group by using
a home-made SPR device for the real-time detection of hGH [9]. The results
showed high reproducibility and performance but the LOD achieved (6 ng/ml)
is not adequate to detect hGH basal concentrations. The higher sensitivity of
interferometric devices has encouraged us to investigate the applicability of the
BiMW device for the detection of hGH. Therefore, the aim of this study is
to perform a real-time and label-free biosensing of hGH but achieving a LOD
around the pg/ml. For that, a competitive immunoassay has been employed in
which hGH has been covalently immobilized on the sensor surface by the use of
CTES silane. The high stability of the hGH enables a complete regeneration of
the biosensor after each detection. Thus, multiple interactions are allowed using
the same bioreceptor layer making possible an evaluation of the reproducibility,
linear range, and LOD of the biosensor for the hGH detection.
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4.2.2 Materials and Methods

Reactives. EDC (99%), NHS (98%), ethanolamine, and components of phos-
phate buffer saline (PBS; 10 mM phosphate, 2.9 mM KCl, 137 mM NaCl, pH
= 7.4) were purchased from Sigma-Aldrich, Germany. Hydrochloric acid (HC],
35-38%) was purchased from Poch SA, Poland. Recombinant human Growth
Hormone (hGH) composed exclusively of the 22 kDa isoform was purchased
from Harbor-Ucka Medical Center, USA. Acetic acid for the acetate buffer (Ac;
10 mM acetate, pH 5) was purchased from Panreac, Spain. The monoclonal
antibody (mAb hGH), that recognizes all hGH isoforms, was obtained from
and characterized by the Department of Immunology and Oncology from the
National Center of Biotechnology, CSIC. The mAb hGH was produced from
immunized mice with hGH. The highest titer of the serum with the antigen
determined the mice selected for cellular fusion experiments to immortalize the
cells that will produce the antibody. The cells coming from the lymphatic glands
from the selected mice were fused with the myeloma P3X63-Ag8.653 using PEG
by previously described protocols [10]. The presence of the specific antibody in
these cultures was analyzed by enzymatic immunoassay (EIA), the positive ones
were cloned by limiting dilution of the hybridoma. The monoclonal antibod-
ies obtained were purified by ammonium sulfate precipitation from the ascitic
liquid. Affinity and specificity of the mAb hGH were determined by radioim-
munoassay (RIA) and EIA; obtaining an affinity of 3 nM for both hGH isoforms,
20 and 22 KDa. The mAb hGH was additionally purified by a HiTrap™ NHS-
activated HP Column from GE Healthcare, USA, prepared with recombinant
hGH. The preparation of the column and the coupling of the antigen were car-
ried out following the manufacturer’s instructions. After that, the mAb hGH
was introduced in the column at a concentration of 4 mg/ml, obtaining 2.7 ml of
the purified antibody. This antibody solution was dialyzed by a PD-10 Desalt-
ing Column from GE Healthcare, the resulting purified antibody was obtained
at a concentration of 395 pug/ml. Purified antibody (mAb hGH) was aliquoted
and stored at -20°C until its use.

Biofunctionalization procedure. Silanization of the SigNy sensor area
surface using CTES silane was performed as explained previously. After that,
the chip is placed in the setup and from now on all the processes are done in-situ
by using the fluidic cell. Activation of the carboxyl groups on the sensor area
surface is carried out by flowing the EDC/NHS solution. Immediately afterward,
hGH 50 pug/ml in acetate buffer 10 mM (pH = 5) is flowed over the activated
surface. The antibody concentration and the pH of the immobilization buffer
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were previously optimized to obtain the maximum antibody detection signal.
To wash out nonreacted proteins, 0.05 M of HCI was used and the hGH injection
was repeated. Finally, ethanolamine (1M, pH = 8) is injected to react with the
remaining activated carboxylic groups. The volume of all the injections is 250
ul and the water flow is maintained at a constant rate of 20 ul/min. Water is
replaced by PBS at the end of the biofunctionalization process. A draft of the
biofunctionalization process can be seen in Figure 4.6 A.

Experimental BIMW immunoassay format: competitive assay. The
detection of hGH is carried out by a competitive immunoassay. In this format,
the hGH is immobilized on the sensor surface and a constant amount of anti-
body is added to all the samples. Further antibody binding to the immobilized
antigen is inhibited by the presence of the analyte thus producing decreasing
signals as the analyte concentration increases. The election of the competitive
format versus the direct one is mainly motivated by the possibility of employing
the hormone as bioreceptor instead of the antibody. It entails several advan-
tages such as the prevention of the problems derived by the random orientation
of antibodies when are immobilized on the sensor area surface. Furthermore,
the stability of the antigens front harsh environments is higher than the anti-
bodies which enables the use of acidic or basic solutions without damaging the
sensor area interface. For that, the competitive immunoassay format extends
the immunosensor lifespan due to the possibility of regenerating the bioreceptor
surface. Therefore, the competitive immunoassay format assures the best per-
formance, reusability, and stability of the immunosensor maintaining its activity
intact throughout a long number of measures and regeneration cycles.

The detection of the analyte in this biosensor is performed by a competitive
immunoassay as represented in Figure 4.6 B. For calibration curves, a set of
triplicate hGH standard concentrations ranging from 10 pg/ml to 100 pg/ml
in PBS and blank controls are mixed (1:1) with mAb hGH in PBS. Then,
solutions are injected sequentially over the hGH sensor surface at 30 ul/min
and the interferometric signal is monitored in real-time. Calibration curve for
hGH detection is carried out using a fixed concentration of mAb hGH of 1 ug/ml
in PBS. Reutilization of the sensor surface is accomplished by an injection of
HCI 20 mM regeneration solution at a flow speed of 40 pl/min.
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Figure 4.6: Draft of hGH detection procedure by a competitive immunoassay. A)
Result of the biofunctionalization process and B) scheme of the competitive assay
used.

4.2.3 Results

The experimental system designed for the biosensing with the BIMW device
allows for the in-situ biofunctionalization of the sensor area by the use of the
fluidic cell after the ex-situ chip silanization. This enables the monitoring in
real-time of the processes occurring on the sensor surface. The measurements
for the complete biofunctionalization procedure are shown in Figure 4.7. The
interferometric signals for the different steps are presented as follow: A) activa-
tion of the carboxyl groups present in the silanized surface by the EDC/NHS
solution, B) covalent attachment of the hGH protein to the activated carboxylic
groups by the creation of a peptidic bond, C) 0.05 M of HCI to clean adsorbed
proteins, D) second injection of hGH, E) reaction of ethanolamine with the
remaining activated groups, and F) change from water flow (used to perform
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Figure 4.7: Real-time monitoring of the in-situ complete biofunctionalization proce-
dure maintaining water in flow. A) EDC/NHS, B) hGH 50 pg/ml, C) HCI 0.05M, D)
hGH 50 pg/ml, E) ethanolamine, and F) change from water to PBS in flow.

the in-situ biofunctionalization) to PBS flow (more adequate for the biode-
tections).
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The interferometric analysis of the biofunctionalization is very useful to in-
vestigate the formation of the biological layer, especially those related with the
covalent attachment of the biomolecule. This process will determine the repro-
ducibility, sensitivity, and selectivity of the detection. The resulting A® for the
covalent attachment of hGH to the surface (Figures 4.7 B and D) can give us
an idea about the covering of the surface and consequently about the recogni-
tion process with the antibody. Quantified values for the covalent attachment
of hGH on the transducer surface are shown in Table 4.2. The net change of
A® is higher for the first injection of hGH (8.5x27 rad), as could be expected.
However, the A® obtained for the second injection (6.4x27 rad) indicates that
this additional step is necessary for a successful biofunctionalization procedure.
In the optimization of this two-step biofunctionalization procedure it was evi-
denced that a third hGH injection was unnecessary.

Receptor injection A® Entrance A® Exit A® Desorption Net Change A®

15¢ 11.44 1.29 1.65 8.5x 27 rad
gnd 8.33 0.83 1.1 6.4x 27 rad

Table 4.2: Values of the obtained for the covalent attachment of hGH on the
sensor surface.

The selectivity and specificity of the bioreceptor layer created by this bio-
functionalization process is showed in Figure 4.8. The specific detection of mAb
hGH 0.5 pg/ml (3 nM) by the hGH biolayer with a signal of A® = 0.46x 27 rad
is presented in comparison with the same concentration of mAb BSA used as
control. The negligible response of nonspecific antibodies confirms the selectiv-
ity of the monolayer. It also demonstrates the complete covering of the surface
by the hGH, avoiding nonspecific interaction between the unspecific mAb BSA
and the transducer surface. The recovery of the baseline after flowing a diluted
HCI solution indicates the loss of the antibodies due to the disruption of the bi-
ological recognition process between the hGH and the mAb hGH recovering the
initial conditions. The high stability of both the protein and the covalent bond
that links it with the SigN,4 surface allows the regeneration of the biosensor. In
these conditions, we are able to perform more than 50 different biodetections
in each channel of the device reducing cost and time and allowing a complete
study of the biointeraction.

126



Proteomic applications for the BiMW biosensor

1 mAb BSA ON mAb BSA OFF
| \l v HC|(2)(|):F|V|
80 )
<°\ ................................. -
= 0] /
© mAb hGH ON
g.’ HCI 20 mM
K7 40- ON
Y
3 20 \
2 20]
g /
0 mAb hGH OFF
0 10 20 30 40 50

time (min)

Figure 4.8: Real-time monitoring of the detection of 0.5 pg/ml of mAb hGH (
= 0.46 x 2 7 rad) and the regeneration of the surface. A total regeneration of the
surface is obtained as can be noted by the recovering of the baseline.

The hGH receptor layer response is evaluated before performing the compet-
itive assay by the interaction with different concentrations of mAb hGH ranging
from 0.25 to 5 ug/ml followed by regeneration of the surface. The A® obtained
for each mAb hGH concentration is shown in Figure 4.9 and individual measure-
ments are represented in the inset. This information will be useful to choose the
fixed concentration of antibody to perform the competitive assay. The antibody
concentration chosen must not saturate the bioreceptor layer because in such
a case small quantities of hormone will not be detectable. On the other hand,
interferometric signal given by the concentration chosen must be high enough
to obtain a wide lineal range. The fixed antibody concentration chosen will
determine the detection limit and the lineal range obtained for the detection.
Lower detection limits will be obtained by lower fixed concentrations, however
it will entail an undesired reduction in the range of the response.
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Figure 4.9: Response of the hGH surface to different concentrations of mAb hGH.

Following these considerations, the fixed mAb hGH concentration used to
carry out the competitive assay has been 1 ug/ml. To perform the calibration
curve for the detection of hGH, a volume of the mAb hGH is incubated for 5
min with the same volume of the hGH concentration. After that, 250 ul solution
is injected in the system and the analysis is done in less than 8 minutes (flow
velocity of 30 pl/min) as shown in Figure 4.10 A. Including the incubation of
the antibody with the hGH, the total time of the assay is 13 min. The standard
calibration curve of hGH can be shown in Figure 4.10 in where each point is
the mean value of the three replicated measurements. Mean points has been
adjusted to a sigmoidal curve in where LOC is calculated as 8 pg/ml, the I5q is
35 ng/ml, and the lineal range goes from 668 pg/ml to 4 ug/ml. In the Table 4.3,
the results obtained are compared with those obtained for the SPR analysis [9].

In conclusion, LOD obtained by the BIMW biosensor for the hGH has been
improved in an order of magnitude with regard to the previously discussed meth-
ods. In comparison with the SPR immunoassayassay, LOD has been decreased
1000 times. The wider linear range of the BIMW in comparison with the SPR
analysis can be related to the increase in the size of the sensor area. It can be
observed a high dispersion of the triplicate measurements, meanly in the low-
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Figure 4.10: A) Real-time measurements of different concentration of hGH detection
using a competitive assay and B) standard calibration curve of hGH in PBS. Each point
shows the mean value of the three replicate measurements.

Device I5o Lineal range LOD
SPR 91 ng/ml 18-542 ng/ml 4 ng/ml
BiMW 35 ng/ml 680 pg/ml - 4 pug/ml 8 pg/ml

Table 4.3: Values obtained for the hGH detection by SPR analysis in comparison
with values obtained by the BIMW device.

est concentrations of hGH. This variability can be due to the variations in the
room temperature that causes condensation in the container where the sample
is stored. Another factor is the adsorption of the biomolecules onto the walls
of the vessel when it is diluted. Reproducibility of the measurements for the
hGH calibration curve should be improved by the control of these parameters.
Nevertheless, the excellent LOD and linear range obtained with the short anal-
ysis time, means a significant improvement of the hGH detection in comparison
with standard techniques.
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4.3 Detection of the bacterium Pseudomona au-
reginosa

4.3.1 Introduction

There is no doubt that detection of harmful microorganisms at the early stages
of the infection in a direct and effective way is the best manner to avoid the con-
tagious. From this point of view, prompt detection of pathogen microorganisms
is actually an unmet requirement. The standard protocol for the detection of
pathogenic microorganisms includes the isolation, growth, and biochemical test
(immunologics, DNA amplification) to complete the identification. Culture as-
say for bacteria detection has the highest sensitivity, it is possible to detect just
one bacterium by the formation of a colony in the selective agar. Afterwards,
the bacteria must be further identified by immunological methods. However, the
complexity and long time of analysis make this method unpractical for routine
tests in greenhouses, warehouses, or slaughterhouses.

There is an urgent need for improving velocity of detection methods of bac-
teria while maintaining the high sensibility of the current analytics tests. The
emerging label-free techniques based on photonic devices could satisfy this de-
mand by achieving the same LOD as current culture-based methods but dras-
tically diminishing the analysis times.

There are an extended number of reported articles for real-time and label-
free bacteria detection using an SPR device [11]. Detection of Salmonella Ty-
phimurium using an SPR biosensor has been achieved at 1x105 cfu/ml [12].
Four different species of bacteria, Escherichia coli O157:H7, Salmonella choler-
aesuis, Listeria moncytogenes, and Campylobacter jejuni have been detected in
different mediums obtaining detection limits ranging from 3.4x10% to 1.2x10°
cfu/ml [13]. Even though in some cases these detection limits have been slightly
improved (100 cfu/ml) [14] the common detection limits for bacteria detection
using an SPR device are up to 1000 cfu/ml. Factors that are believed to at-
tribute to the limited sensitivity of direct cell-capture in SPR assays are the
effective penetration depth of the evanescent field. This means that only re-
fractive index changes occurring within the evanescent field will cause a change
in the generated SPR signal. Furthermore, these instruments average the SPR
angle over an area of approximately 0.25 mm? on the sensor surface. Thus, the
signal response can decrease as bacterial cells are large and may not an area
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measured [15].

Since the natural pathogenic contaminants in most environments rarely ex-
ceed 10® cfu/ml or g matrix (e.g., Listeria monocytogenes in food) [16], the
exposed real-time techniques could not provide the adequate LOD in this ap-
plication. However, interferometric transducers could make them appropriate
candidates for rapid and highly sensitive detection of bacteria due to its higher
sensitivity. However, few works about interferometric microorganism detection
are available and the LOD of the existing ones do not improve the SPR. perfor-
mance.

The capabilities of a BIMW device for the detection of Pseudomonas aerug-
inosa by a direct immunoassay are investigated in the following experiment.
Pseudomonas aeruginosa is a common bacterium that can be found in soil, wa-
ter, skin flora, and most environments throughout the work. The versatility of
this bacterium enables to infect damaged tissues or those with reduced immu-
nity. If such colonization occur in critical body organs, shuch as the lungs, the
urinary tract, and kidneys, the results can be fatal. This bacterium is frequently
found in medical equipment causing infections in hospitals and clinics. Due to
the risk of infection associated to handle life bacteria, they must be previously
deactivated. As a consequence of the different steps involve in the deactiva-
tion, some bacteria could broke. For the assembly of this biosensor, polyclonal
antibodies are employed. These antibodies have different affinities by several
membrane proteins, thus, the evaluation of the selectivity of the biosensor must
be done by the detection of another bacterium, the Staphylococcus aureus which
is used as control.

4.3.2 Materials and Methods

Reactives. EDC (99%), NHS (98%), ethanolamine, and components of phos-
phate buffer saline (PBS; 10 mM phosphate, 2.9 mM KCI, 137 mM NaCl, pH =
7.4) were purchased from Sigma-Aldrich, Germany. Polyclonal antibody against
Pseudomonas aeruginosa (pAb-Pseudomonas) was purchased in a concentration
of 4.5 mg/ml from Abcam, UKA. Pseudomonas aeruginosa and Staphylococcus
aureus were obtained from the group of Applied Microbiology from the UAB,
Barcelona. Deactivation of bacteria was carried out by a combined treatment
of ultrasound for 3 min followed by 30 min of heat. The experiments carried
out by the group of Applied Microbiology indicated that ultrasounds treatment
breaks the bacterial cell that is implied in the release of antigen, enhancing the
detection limits of the ELISA assays. However, some of the bacteria retain their
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integrity and they can be observed in the microscope images that are shown in
Figure 4.11, in where a drop of a Pseudomonas solution (1x10~7 colonies for
unit, CFU) was placed on a glass slide.

Biofunctionalization procedure. Silanization of the SizN4 sensor area
surface using CTES silane was done as explained previously. After that, the chip
is placed in the setup and the vast of the experiments are done in-situ. Activation
of the carboxyl groups on the sensor area surface is carried out by flowing the
EDC/NHS solution. Immediately afterward, 25 ug/ml of pAb-Pseudomonas
are flowed over the surface of the sensor area. Finally, ethanolamine solution (1
M, pH = 8 ) is used to react with the remaining activated carboxyl groups. The
volume of all the injections is 250 ul at a constant rate of 20 pl/min, maintaining
water at flow. Water is replaced by PBS at the end of the biofunctionalization
process. A draft for the biofunctionalization of the transducer surface with
antibodies is shown in Figure 4.12 A.

Figure 4.11: Microscope images of Pseudomonas bacteria. A) Optical microscope
image using 40x magnification and B) dark field microscope image using 60x magni-
fication.
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Figure 4.12: Draft of Pseudomonas detection procedure by a direct immunoassay.
A) Result of the biofunctionalization process and B) scheme of the direct assay.

Experimental procedure: direct assay. A direct assay has been de-
signed for the immunodetection of Pseudomonas. In a direct assay, antibodies
are immobilized on the transducer surface and the antigen is directly detected,
as illustrated in Figure 4.12 B, reducing the analysis time, the consumed reagent,
and the complexity in comparison with competitive assay. Taking into account
the structural instability of antibodies front regeneration solutions, we perform
an additive assay by adding increasing concentrations of suspended bacteria
in PBS. The concentrations of the detected bacteria suspensions are 10, 1000,
1x10° and 1x107 cfu/ml. The PBS flow is maintained at a constant rate of 20
pl/min during all the experiment. Two channels biofunctionalized with pAb-
Pseudomonas from the same chip are used in this experiment, in the first one
specific Pseudomonas detection is carried out. In the second one unspecific
detection of Staphylococcus is performed as control.

133



Chapter 4

4.3.3 Results

In this experiment, amino groups from the pAb-Pseudomonas protein structure
were attached onto the EDC-activated sensor surface in a non-oriented way.
Polyclonal antibodies are been chosen due to offer affinity for more than one
protein of the pseudomona cellular membrane and then, provide a wider re-
sponse. However, the presence of common proteins in different bacterial outer
membranes could be an inconvenience for the use of polyclonal antibodies due
to the cross-reactivity with unspecific bacteria. The real-time interferometric
signals for the corresponding immobilization of the antibodies on the silanized
sensor surface are shown in Figure 4.13.

As explained previously, the interferometric analysis of the in-situ biofunc-
tionalization of the surface area can give us valuable information about the
quantity of biological receptor immobilized. In this biofunctionalization process,
the net A® obtained for both channels is very similar, assuring the possibility
of comparing the responses, as it can be seen in Table 4.4. Desorption signals
indicate that the antibody concentration used to perform the assay, 25 pg/ml,
is an adequate quantity. The use of the bioreceptors in excess is requited to
assure the total covering of the sensor area. However, high excess could arise in
an unnecessary increase in the cost of the analysis and formation of multilayers.

60

60

- Ab-Pse OFF
Ab-Pse ON Ab-Pse ON desadsorption
40 - N N
a0}
g * / ~ € 17
| H,0 S 20t H,0
% olLH2 H,0 §, H,0 2 \
g 2o 3 ol
& @
a0l f
desadsorption -20r
60} A) P B) Ab-Pse OFF
0 5 10 15 20 25 30 35 5 0 5 10 15 20 25 30 35

time (min)

time (min)

Figure 4.13: Real-time monitoring of the covalent attachment of pAb-Pseudomonas
in PBS onto the EDC-activated BIMW sensor area maintaining water in flow in A)
channel 1 and B) channel 2.

134



Proteomic applications for the BiMW biosensor

Channel Entrance Exit Desorption Net Change A®

channel 1 11.5 2.57 1.5 7.4x2m rad
channel 2 12.4 2.5 2.8 7.1x27 rad
Table 4.4: Values of the obtained for the covalent attachment of the pAb-

Pseudomonas on the sensor surface.

After that, an additive assay was performed by flowing increasing bacteria
concentrations. Results for the detection of Pseudomonas using the additive
immunoassay are showed in Figure 4.14. In the inset, the individual interfero-
metric signals for each bacteria concentration are shown. As it can be noted,
good signals are obtained even for the lowest concentration tried, 10 cfu/ml.
The results achieved clearly indicate that the signal obtained cannot be given
by entire bacteria. Considering that just 250 ul are injected from a milliliter
that contains a total of 10 bacteria, the total volume of the channel is 15 ul, and
the typical volume of a bacteria is 1 nl, the possibilities of capturing a bacteria
by the sensor area are very scarce. Thus, the detection must be given by the
interaction of the antigen contained in the bacteria, liberated due to the inac-
tivation process. This antigen is homogeneously dispersed in the PBS solution,
enhancing the signal. As it has been witnessed, the response of the biosensor for
the different bacteria concentrations is highly sensitive, improving in 3 orders of
magnitude the ELISA assays performed by the group of Applied Microbiology
that supplied with the different types of deactivated bacteria. Moreover, the
250 pl of bacteria solution have flowed at a velocity of 20 ul/min, accounting
for a time of analysis of 12 min.

To check the selectivity of the receptor layer and the degree of specificity
of these signals, channel 2, which has also been biofunctionalized with pAb-
Pseudomonas, is used to detect the Staphylococcus bacteria using the same
protocol described before. Staphylococcus solutions in PBS are injected in this
sensor area to perform an additive immunoassay at the same concentrations that
for the Pseudomonas detection. Resulting A® for each bacteria concentration is
shown in Figure 4.15. In the inset, the individual interferometric signals for each
bacteria concentration are shown. As expected, the response for the nonspecific
bacteria is not totally negligible, this fact can be given to unspecific adsorption
of the bacteria onto the antibody surface, and/or the possibility that due to
the polyclonal response some pAb-Pseudomonas present affinity for proteins
contained in both bacteria.
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Figure 4.14: Response of pAb-Pseudomonas bacteria receptor layer to different con-
centrations of specific Pseudomonas bacteria. Inset: interferometric signal due to the
detection of 10, 1000, 1x10°, and 1x10” cfu/ml of Pseudomonas.

To quantify the cross-reactivity of the pAb-Pseudomonas and the specificity
of the signal, both calibration curves can be represented in the same graph for a
better comparison. In Figure 4.16, specific detection is represented by the black
line with squares whereas nonspecific detection is represented by the red line
with circles. High selectivity of the immunoassay can be noted due to significant
interferometric responses that are only given by the specific bacteria. For a
further analysis of the biolayer selectivity and the specificity of the method,
the signal for the lowest concentrations of specific bacteria is compared with
the signal for the same concentrations of nonspecific baterias. As can be seen
in Figure 4.16 A, the specificity of the detection of 10 cfu/ml is 75% as the
A® caused by the detection of specific Pseudomonas is 0.04x 27 rad and the
detection of nonspecific Staphylococcus used as control is 0.01x27 rad. When
increasing the concentration of bacteria to be detected, the specificity of the
signal is also increased. As can be noted in Figure 4.16 B, when the bacteria
concentration is raised to 1000 cfu/mL, the specificity of the signal is 88%.
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Figure 4.15: Response of pAb-Pseudomonas bacteria receptor layer to different con-
centrations of nonspecific Staphylococcus bacteria. Inset: interferometric signal due
to the detection of 10, 1000, 1x10°, and 1x10” cfu/ml of Staphylococcus.

0,30 -
0,25+
0,20+
0,15

0,10+

® X 2r (rad)

0,05

& ————
o00F °

1 100

1000000 1E8

10000
(cfu/mL)

Figure 4.16: Comparison between specific Pseudomonas (squares, black line) and
nonspecific Staphylococcus (circles, red line)

137



Chapter 4

8+
= g 20r
E/ 6 L :
= [}
c
= (<)
2 D
® 4t 2 ol
‘6 o
(%2}
2 c
2t [}
g %]
of of
0 5 10 15
time (min) time (min)

Figure 4.17: Real-time monitoring of specific Pseudomonas (black line) in compari-
son with unspecific Staphylococcus (red line). A) 10 cfu/mL and B) 1000 cfu/mL

4.4 Conclusions

The real-time and label-free detection of different types of proteins using a
BiMW biosensor has been presented in this chapter. Firstly, we present the
detection of hGH by a competitive immunoassay in which the reproducibility,
stability, and selectivity of the immobilized bioreceptor layer has been demon-
strated. LOD achieved for the competitive immunoassay have improved by 1000
times the LOD obtained for SPR and the practical lineal range has been dra-
matically increased. An improvement of the LOD and the reproducibility of the
biomeasurements is expected in controlling some environmental conditions (i.e.
room temperature, humidity). In comparison with the most sensitive reported
technology to detect hGH (labeled), the LOD has been decreased in an order
of magnitude and the total time of analysis has been reduced to 13 min. These
results represent a significance improvement for the use of the detection of hGH
as an early biomarker related with some harmful illness. Secondly, we present
the preliminary results for the direct immunoassay for the specific bacterium
Pseudomonas aeruginosa and the study of the cross-reactivity of the biosensor
using the nonspecific bacterium Staphylococcus aureus. Polyclonal antibodies
against Pseudomonas immobilized in a non-oriented way have been employed
as bioreceptor layer. To avoid regeneration cocktails that could damage the an-
tibodies, a simple additive assay has been used. The biosensor response for the
specific bacteria has demonstrated detection limits close to current technolo-
gies used to detect harmful bacteria but drastically reducing the analysis time
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from hours to a total of 12 min. Specificity of the signal studied by the cross-
reactivity between Pseudomonas and Staphylococcus is higher than the 75%,
even for the lowest concentration. However, the deactivation process is a draw-
back to deeply investigate the LOD of the device for entire bacteria. Due to the
promising results obtained, our next step in this direction is to investigate the
LOD of the BIMW device for whole harmless bacteria. In conclusion, the BIMW
device conveniently biofunctionalized has demonstrated high performance and
extremely sensitivity for the two proteomic applications investigated.
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Genomic application:
oligonucleotide detection

"RNA cannot be longer regarded as a simply DNA-to-protein inter-
mediate. There is another level of information, transacted by RNA,
which in turn implied the evolution of a much more sophisticated
regulatory system and a huge increase in the amount of regulatory
information in more complex organisms.”

John S. Mattick. Deconstructing the dogma.

5.1 Introduction

5.1.1 Oligonucleotide detection

Nucleic acids are biological molecules essential for life that include DNA and
RNA. They consist of two long polymers of simple units called nucleotides with
backbones made of sugar and phosphate groups joined by ester bonds (see Figure
5.1). Attached to each sugar is one of four types of molecules called nucleobases,
they provide the molecular structure necessary for the hydrogen bonding of ei-
ther complementary DNA or RNA and its strands. An important property of
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DNA is that it can replicate, or make copies of itself. DNA is always located
in the nucleus of the cell and is formed by desoxyribose sugar and four different
bases; A, T, C, and G. RNA is located in the nucleus and the cytoplasm and is
formed by ribose sugar and the same base as DNA but where T is replaced by U.

Nowadays, single nucleotide strands can be designed and commercially ob-
tained containing the nucleotide sequence desired in order to interact with the
complementary target sequence of interest. Single-stranded DNAs or RNAs
can bind to their complementary strands with high specificity and are useful
for nucleic acid detection in a process named hybridization. Current methods
to detect oligonucleotides consist of amplification of the sample by polymerase
chain reaction (PCR), electrophoretic techniques for the separation of complex
mixtures, and the final detection and quantification by labeled techniques (usu-
ally fluorescence). These techniques imply the pretreatment of the sample, the
use of different and complex instruments, and the specialized training of the
user enlarging the cost and the analysis time.

Base pairs

Adenine  Thymine

SRR

Guanine Cytosine

Sugar phosphate
backbone

Figure 5.1: DNA is a double helix formed by base pairs attached to a sugar-phosphate
backbone

Nevertheless, optical biosensing techniques provide the monitoring of biomolec-
ular interactions in real-time without any labeling. Using SPR methods, sub-
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nanomolar detection for DNA targets [1], including the identification of single
mismatches [2], have been reported. RNA biosensing is much less widespread
than DNA, not only due to the complexity of detecting a specific RNA sequence
in a complex matrix containing hundreds of other RNA sequences but also for
the frequent presence of secondary structures. While the detection of short
RNA sequences has been demonstrated by SPR [3], detection of longer RNA
sequences is not straightforward mainly due to the abundance of different fold-
ing structures which RNA can adopt. For that, our group has implemented a
novel detection method based on the RNA recognition through the formation
of a triplex helix and employing an SPR, sensor for the analysis [4]. These tech-
niques allow the immobilization of the oligonucleotide bioreceptor sequence to
the sensor area surface without modifying it neither the analyte. Then, the
complementary sequence is detected without further preparation, saving time
and cost in comparison with standard techniques.

In the detection of oligonucleotide by , the oligonucleotides are directly im-
mobilized on the transducer surface and the complementary sequence is directly
detected without further preparation, saving time and cost in comparison with
current techniques.

5.2 Detection of the alternative splicing of the
Fas gene

The general assumption is that DNA holds the key of genetic contribution
whereas RNA is considered a simple messenger or intermediate. However, re-
cent evidences state that less than 5% of our genome output is transcribed into
proteins. The remaining output is transcribed into non-coding RNA, suggest-
ing that it may have undiscovered functions [5]. Hence, the DNA information is
transcribed into RN A, which can be either employed for transcription of proteins
or to coordinate a sophisticated regulatory system to control cell functions. The
increasingly role of RNA as a key regulatory component of DNA information [5]
opens a new range of possibilities for biomedical research. The mechanisms im-
plicated in the transcription of information into RNA are amazingly variable.
Any given RNA sequence contains the recipe for the production of many differ-
ent proteins with different functions. The final protein output is determined by
a process called alternative splicing [6, 7].

In eukaryotic cells, genes consist of sequences formed by codifying DNA
named exons that are alternated with non-codifying sequences named introns.
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Once a gene is transcribed into a pre-mRNA, the intronic fragments are effi-
ciently removed and exons are re-joined together. The rearranged exons con-
figure the mature mRNA, to be translated into the final protein, and the free
introns carry out other regulatory functions in the cell [5]. Additionally, the
alternative splicing provides the cell with the capacity of producing different
protein versions by reorganizing the number of exons. The different protein
isoforms, may have different functions (sometimes even contrary to the original
one). The proportion between the transcribed RNA isoforms depends on the
surrounding environment providing the cell with the ability to adapt itself to
the changing external medium. This post-transcriptional event takes place in
more than 95% of human genes [7], promoting a higher diversity of proteins
with a lower number of genes. Deeper studies must be carried out to clarify
the mechanism that regulates this process, contributing to the understanding
of many genetic diseases.

The alteration of the splicing process can cause dramatic effects in the or-
ganism. This is the case of the regulation of apoptosis (programmed cell death)
that has an important role in the development and progression of cancer. The
alternative splicing of the gene Fas (also called CD95 and APO-1) results in
either anti- or a pro-apoptotic isoforms depending on whether the Fas exon 6
is included or skipped [8, 9]. When the mature RNA contains exons 5 and 7
but does not contain exon 6 (57 isoform), it results in a soluble extra-cellular
protein which prevents the cell to undergo apoptosis. On the other hand, the
isoform containing exon 6 (567 isoform) results in a transmembrane protein that
allows the cell to trigger the apoptosis process in the presence of the appropriate
stimuli. A schematic representation of this process is shown in Figure 5.2.

The participation of Fas in apoptosis or programmed cell-death routes has
dramatic consequences in many biological processes such as carcinogenesis, tu-
mor outgrowth, and metastasis [10 13]. When splicing is altered, it can lead
to loss of functional 567 isoform and/or low 567 isoform levels which have
been demonstrated to result in aggressive tumor phenotypes since they be-
come apoptosis-resistant [10, 14]. This entails very harmful consequences as
a negative response to chemotherapy that becomes ineffective to kill the tumor
cells [13, 14]. These issues make the RNA produced by the alternative splicing
an interesting target for the development of biosensing strategies with potential
application in cancer therapy, such as the classification of patients according to
their Fas alternative splicing status to reach a personalized and more effective
therapy.

Several techniques for the detection of alternative splicing have been already
developed such as the splicing-sensitive microarrays [13, 15]. Other methods
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Figure 5.2: Scheme of alternative splicing process for Fas gene. The alternative
splicing gives place to two different isoforms, the 567 isoform that has a pro-apoptotic
function and the 57 isoform, a soluble protein.

such as crosslinking and immunoprecipitation techniques have allowed to observe
the association of some regulation factors to specific RNA sequences in vivo and
to determine the complete RNA sequence involved [16]. At the same time, mass-
spectrometry techniques [17] have been used to quantify the different isoforms
produced. All these methods have provided a strong global knowledge of the
splicing process, highlighting its importance in the role of cell development, but
those suffer from several drawbacks for diagnosis applications. They normally
require the use of labels for the detection, very long analysis times, and they
are complex and expensive. In the case of microarrays, a total RNA amount
of 50-200 pg is necessary for reverse-transcription to generate enough signal.
RNA samples from a single cell may be analyzed with conventional arrays,
but this process requires careful amplification to retain original transcription
proportions. Hybridization can take from 4 h to 24 h, and usually a thermal
step is important for background reduction. In these techniques, results are
generally described as a ratio of experimental target relative to a reference
sample, rather than being quantitative [18]. Therefore, the development of
a methodology based on biosensing platforms seems to be very appealing in
contrast with current techniques.

In this chapter, we present the preliminary results obtained for the label-free
detection of the two isoforms from the alternative splicing of Fas gene using the
BiMW device. The receptor SH-modified sequences are separately immobilized
in different fluidic channels of the chip. The attachment of the bioreceptors
on the sensor area surface is achieved by a covalent disulfide bond between the
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SH-modified oligonucleotide receptors and the previously thiolated sensor areas.
The selectivity problems derived from the similarity of both isoforms are solved
by using hybridization conditions that reduce the signal given by the target
bound with lower affinity.

5.2.1 Materials and Methods

Reactives. Components of the saline sodium citrate buffer (SSC 5x; 0.75 M
NaCl, 0.075 M sodium citrate) and phosphate buffer (PB; 50 mM phosphate, 0,5
M NaCl, pH = 7), formamide, and 6-mercapto-1-hexanol (MCH) were purchased
from Sigma-Aldrich, Germany. The SH-modified oligonucleotides receptor se-
quences used in this experiment, summarized in Table 5.1, were purchased from
IBA GmbH, Germany. Receptor sequences were designed to specifically match
the Fas RNA isofoms by targeting their splicing junctions. Both oligonucleotide
receptors consist of a region complementary to exon 5 while the other portion
either matches with exon 6 (56-receptor) or exon 7(57-receptor). To improve
target accessibility, a poly-timine sequence of 15 nucleotides (T15) has been
added to the receptor sequence, working as a vertical spacer that separates the
matching receptor sequence away from the surface (HS-T15-Oligo) [2]. In addi-
tion, a thiol group was incorporated at the 5’ end allowing their immobilization.

Receptor Sequence
SH-57  5'SH-(T15)-AGATCTGGATC 3
SH-56  5'SH-(T,5)-CTTTCTCTTCA 3

Table 5.1: Nucleotic sequences of receptors. The different exons are pointed out by
the use of different colors, exons 5, 6, and 7 are represented by green, red, and blue,
respectively.

The use of RNA samples to perform the calibration curves of the device
has some inconvenient, such as the easy degradation of the RNA due to the
presence of RNAsas. On the other hand, the scarce amounts of RNA obtained
from cell cultures increase the cost of the experiments. The use of synthetic
oligonucleotide target sequences designed to be equivalent to the corresponding
mRNA isoform sequences entails a markedly advantage due to its larger stability
and limitless quantity. Thus, commercial DNA sequences, summarized in Table
5.2, were employed as target instead of RNA samples for these experiments and
they were also purchased from IBA GmbH, Germany.
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Target Sequence

T-57 5’
GTGAAGAGAAAGGAAGT
ACAGAAAACATGCAGAAAGCACAGAAAGGAAAACCAAGG
TTCTCATGAATCTCCAACTTTAAATCCTS

T-567 5
GATCCAGATCTAACTTG
GGGTGGCTTTGTCTTCTTCTTTTGCCAATTCCACTAATTG
TTTGGGTGAAGAGAAAGGAAGTACAGAAAACATGCAGAA
AGCACAGAAAGGAAAACCAAGGTTCTCATGAATCTCCAA
CTTTAAATCCTS

Table 5.2: Nucleotidic sequences designed as target units for the experimental detec-
tion process. The different exons are pointed out by the use of different colors, exons
5, 6, and 7 are represented by green, red, and blue, respectively.

Biofunctionalization procedure. Silanization of the SizN4 sensor area
surface was performed with the MPTS silane using the protocol previously ex-
plained . Once silanized, the chip is mounted in the setup and measurements are
performed in situ using the microfluidic cell. For detection of the two Fas gene
splicing isoforms, we use two separate channels, each specifically biofunctional-
ized for targeting each isoform, as illustrated in Figure 5.3. Biofunctionalization
was carried out by flowing a mixture of the corresponding oligonucleotide re-
ceptor and mercaptohexanol (MCH) over the sensor area. The MCH is a lateral
spacer incorporated at the immobilization process to avoid physical adsorption
phenomena and to increase target accessibility. This molecule favors the upright
orientation of the receptor and controls the DNA immobilization density. MCH
has been widely described in the literature [19, 20] to largely improve hybridiza-
tion in biosensors. MCH backfills spaces between immobilized receptors thereby
decreasing unspecific interactions and rising-up the nucleotide sequences of the
immobilized receptors. The adequate concentration of the MCH spacer that
maximizes the target signal was found at 50 nM. Accordingly, SH-57 and SH-56
oligonucleotide receptors are prepared at 1 pM concentration in PB buffer and
50 nM of MCH. Then, each receptor solution is flowed onto a separated channel
at 5 pl/min in a continuous running water.

Experimental procedure. Synthetic DNA targets designed with the same
sequence of the natural RNA targets were employed to develop a proof-of-
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concept of the application. Oligonucleotide target sequences were prepared in
SSC 5x buffer containing a 40% of formamide. To avoid that the signal due
to bulk refractive index changes hides the hybridization event, SSC 5x with
40% of formamide was also used as running buffer. Formamide is a destabi-
lizing agent that lowers the melting temperature of hybrids, which contributes
to a reduction of nonspecific hybridization by increasing the stringency of the
probe. Formamide competes with the nucleotide bases in the formation of hy-
drogen bonds, destabilizing the second structure. Thus, formamide increases
the specificity and selectivity of the detection diminishing the cross-reactivity
of the isoform that will interact with lower affinity with a given receptor. For-
mamide prepared at 35% in pure water is also used for regenerating the surface.
In this way, the destabilizing effect of the formamide is reinforced with the de-
naturing effect of pure water, leading to a powerful regeneration cocktail. All
the detections and regeneration processes were carried out at a velocity of 20
ul/min.
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Figure 5.3: Scheme for the designed strategy for the quantitative detection of the
two splicing isoforms of the FAS gene. Channel 1 is functionalized with the SH-57
receptor while channel 2 is functionalized with the SH-56 receptor. Then, both target
sequences (T-567 and T-57) are separately detected at each channel.

5.2.2 Results

The suitability of the BIMW device for the DNA hybridization has been investi-
gated by the quantification of both isoforms of the Fas gene. The difficulty that
entails the differentiation and quantification of the two target isoforms is due to
both of them are sharing two of their three exon sequences (exons 5 and 7). The
only non-shared region is the exon 6, which is only present in the 567 isoform.
Thus, cross-talk hybridization events may occur when individual detection of
each isoform is intended. Previous experiments showed that cross-talk reactions
were very large, and the introduction of the denaturing formamide agent (H-CO-
NH,) at the hybridization process strongly contributed in decreasing unspecific
detections.

The strategy chosen to perform the Fas isoforms detection is based on the
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in-situ immobilization of both receptors in different channels and the direct
detection of the target oligonucleotides. The covalent attachment of the designed
receptor oligonucleotides is monitored in real-time by the interferometric signal
of the BIMW device, shown in Figure 5.4.

A)
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|

H,0 50l B) — bubble

sensor signal (%)
o
T
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H,0

50l -50 ¢

SH-57 ON . L
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Figure 5.4: Interferometric signal for the covalent attachment of SH-57 and SH-56
to the MPTS silanized sensor area. A) Signal for the covalent attachment of SH-57 in
channel 1 and B) signal for the covalent attachment of SH-56 in channel 2.

In channel 1, where SH-57 was covalently linked, resulting A® is 5.5x 2«
rad (Figure 5.4 A) whereas in channel 2 where SH- 56 was attached and the
resulting A® is 2x 27 rad (Figure 5.4 B). The values for A® due to the entrance
and the exit in the biofunctionalization process are shown in Table 5.3. It can
be observed that the reaction times employed for the immobilization of DNA
(70 min) are larger than the ones used in the case of protein or antibody immo-
bilization (30 min). This rate variation for the in-situ immobilization is due to
previously reported results that claim that the increase in the oligonucleotide
immobilization time contributes to improve both sensitivity and selectivity of
the detection [2].

Receptor  Channel Entrance A® Exit Ad® Net Change AP
SH-57 1 9.4x2m rad  3.9%x27 rad 5.5x 27 rad
SH-56 2 6.4x2w rad  4.4x27 rad 2x 2w rad

Table 5.3: Values of the obtained for the covalent attachment of SH-57 and
SH-56 to the sensor surface
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Bioreceptors are introduced in channels at the same concentration and ve-
locity. Moreover, both SH-57 and SH-56 have the same number of nucleotides,
that is, the same length and mass. Therefore, the same net change of A® could
be expected in monitoring the covalent attachment for each channel. Thus, the
important difference in the net change of A® that can be noted in Table 5.3
between the channels is probably due to a bubble in the fluidic channel 2 that
hides the central part of the interferometric signal. Two main differences can be
noted in the interferometric signal of the biofunctionalization process of oligonu-
cleotides in comparison with those obtained for proteins or antibodies, i) net
changes are smaller due to the smaller size of the oligonucleotide receptor (10
KDa) in comparison with proteins (50 KDa) and ii) desadsorption process has
been avoided probably due to the formation of a compact and stable oligonu-
cleotide monolayer induced by decreasing the flow velocity of the receptors.

A calibration curve is elaborated for both receptor monolayers, SH-57 in
channel 1 (Figure 5.5) and SH-56 in channel 2 (Figure 5.6). Due to the low
concentrations detected, regeneration of the sensing surface is performed at the
end of each calibration curve instead of after each measurement. Furthermore,
the integrity of the bioreceptor layer is preserved by this way. Formamide 35%
in water gives a high change in the bulk refractive index as is shown in Fig-
ure 5.7, due to this, the fluidic circuit must be carefully cleaned prior to the
next detection. Excellent sensitivities and minimum cross-talk reaction have
been obtained, the minimum concentration (100 pM) improves by two orders of
magnitude with regard to the study performed with a home-made SPR system
(LOD: 10 nM). This value is very close to the best detection limit reported in
the literature f
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Figure 5.5: Calibration curve for SH-57 receptor in channel 1 of T57 (black line,
squares) and T567 (red line, circles) isoforms. Lines are a guide for the eye.
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Figure 5.6: Calibration curve for SH-56 receptor in channel 2 of T567 (black line,
squares) and T567 (red line, circles) isoforms. Lines are a guide for the eye.
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Figure 5.7: Regeneration signal of the oligonucleotide bioreceptor layer by the use
of formamide 35% in water.
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Figure 5.8: Specific detection of T57 isoform (black line) in comparison with unspe-
cific detection of T567 isoform (red line) for receptor SH-57 in channel 1.
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Figure 5.9: Detection of a concentration of 100 pM for specific T56 isoform in
comparison with unspecific detection of T567 isoform for receptor SH-56 in channel 2.

or label-free oligonucleotide detection by a MZI biosensor developed in our
group (10 pM) [21]. Real-time interferometric signals of the lowest detected
concentrations (100 pM) are shown to compare specific and non-specific tar-
get signals, for the SH-57 receptor in channel 1 (Figure 5.8) and for the SH-56
receptor in channel 2 (Figure 5.8). High differences between specific and un-
specific signals have been shown even for the lowest detected concentration,
demonstrating the efficiency of the use of formamide as denaturing agent.

5.3 Conclusions

We have developed a BiMW biosensor to detect the two isoforms generated
from Fas pre-RNA alternative splicing. The specific oligonucleotide sequences
for each isoform have been immobilized on different sensor area surfaces. Due
to the similarity of both RNA isoform sequences, the strategy has been focused
on the quantification of each isoform avoiding cross-talk processes by the mod-
ification of hybridization conditions. Results indicate that detection of both
isoforms was selective enough to perfectly distinguish them even at the lowest
concentration tested. The minimum concentration of specific detected has been
100 pM. Although detected targets were synthetic oligonucleotide sequences,
the final aim of this application is the detection of real samples of Fas pre-RNA
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isoforms. Moreover, this configuration may expand to the detection of other
splicing isoforms originated from other gene pre-RNA sequences and can be a
useful tool for the prediction of diseases caused by alternative splicing.
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Chapter 6

Future perspectives:
towards the lab-on-a-chip
device

One of the main limitations for achieving truly lab-on-a-chip (LOC) devices for
point-of-care diagnosis is the incorporation of the “on-chip” detection. Although
optical sensors based on evanescent fiel meet all the required characteristics to be
integrated in a LOC device, very few stand-alone LOC platforms based on these
sensors have emerged. Indeed, the transit from bulky and complex laboratory
equipment to a small, portable and cheap LOC device with low consumption
remains a challenge: even if the technologies for each component are mature,
their integration into a single platform is complex. The device must be carefully
designed since it is not merely the sum of the basic units [1].

One key issue in the development of LOC devices is the way to bring the
sample in contact with the sensing area. The volume of the sample and the flow
rate are critical parameters, especially for clinical testing where it is extremely
important to reduce the sample volume. Recent technological efforts to combine
the fields of photonics and microfluidics have led to the development of optoflu-
idics, in which optical and fluidic systems are integrated together to provide
improved functions and performances. The interest in this field is demonstrated
by the increasing number of papers and reviews published over the last few
years [2, 3].
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In the case of evanescent wave sensors, the way to couple light into the WG is
another critical aspect since an efficient coupling increases the sensitivity of the
device through an improved signal-to-noise ratio. Common in-coupling tech-
niques are the end-fired method, the prism coupling and the grating assisted
coupling, the last one being the most suitable for future commercial devices
as it provides better integration and stability. However, very few works have
demonstrated the applicability of evanescent wave sensors incorporating grating
couplers, especially in the visible range. An exception is with the multiplexed
ring resonator array integrated with microfluidics and grating couplers devel-
oped by Carlborg et al [4] or the grating coupled with a waveguide interferometer
recently optimized by Kozma et al. [5]. An important drawback of interfero-
metric sensors comes from the periodic nature of the output signal which can
give rise to wrong or ambiguous interpretations. This problem can be solved by
implementing a phase modulation system.

However, when dealing with a biosensor LOC system, the first issue to solve
is the choice of the transducer. The BiMW device meets all the required char-
acteristics to be integrated in a LOC platform as they offer minituarization
and the possibility of mass-production besides high sensitivity. In this context,
we present our first steps towards the achievement of a portable LOC plat-
form by using the BIMW device. The total biosensor system using the BIMW
device (see Figure 6.1) is conceived by integrating the following parts: i) the
transducer in a multiplexed configuration, ii) the flow cell and the flow delivery
system (microfluidics), iii) a phase modulation system to convert the periodic
interferometric signals into direct phase measurements, and iv) the light sources
and photodetectors.
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Figure 6.1: Scheme of our envisioned lab on a chip platform, with integrated inter-
ferometers array, microfluidics, grating couplers, optical detectors, and electronics.

The coupling of light into a waveguide is an important issue to solve when
dealing with LOC based on evanescent wave sensors. Our solution is to in-
tegrate grating couplers at the input of the BIMW interferometers, making
feasible better integration, stability and alignment tolerance when compared to
the traditional end-fire method. Moreover, when coupling light with gratings,
no polishing of the chip edges is required. Due to the sub-micronic cross-section
of the BIMW transducer and to the operating wavelength (A = 658 nm), the
grating length cannot exceed 100 mm with a sub-micronic period which makes
it suitable for high scale integration. To increase the coupling efficiency, the
grating is associated to a tapered waveguide with an initial width of 20 mm
that linearly reduces until reaching the BIMW width (4 pum). The gratings are
directly written onto the SizNy waveguide by electron beam lithography and
reactive ion etching processes. A grating written onto an interferometer (width
ranging from 20 to 50 pm) is shown in Figure 6.2 A and an excited grating
coupling light into a BIMW device at A = 633 nm is shown in Figure 6.2 B. In
Figure 6.2, it can be seen a scanning electron image of a grating with a period
of 400 nm and with a duty cycle of 0.5 and a depth of 40 nm (total dimensions:
50 pmx50 pm).
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Grating

Figure 6.2: A) Optical microscope image of grating couplers fabricated on rib waveg-
uides, B) image of light coupled to a BIMW by grating coupling (fezc = 9.15°) for TE
polarization), and C) Scanning electron microscope image of a grating.

Another issue to take into account is the cosine dependence of the interfer-
ometric signal, the response of interferometric sensors is affected by intrinsic
problems that can be resumed in i) sensitivity fading, ii) signal ambiguities,
and iii) intensity variations. Different solutions have been proposed to solve
this problem. The most common involve the use of electro-optic [6], acousto-
optical [7], or magneto-optical [8] working principles. However these techniques
generally involve non-standard CMOS materials and rely on complex read-out
equipment which clearly impedes their integration into LOC platform. To over-
come these difficulties, we have recently proposed a new all-optical modulation
approach which provides a real-time and direct read-out of the phase variation
without additional fabrication processes and instrumentation [9]. We have ex-
panded this idea to the BIMW sensors.

In this modulation scheme, the phase difference between the two modes
propagating in the BIMW is controlled by tuning the input wavelength of the
guided light by a few nanometers. According to our calculations, a wavelength
variation of 2 nm is enough to induce a shift of 2 7 rad between the two modes.
This wavelength variation is easily obtained by taking advantage of a drawback
of the commercial Fabry Perot laser diodes, i.e. the dependence of their emis-
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sion wavelength with the driving current. Therefore, by applying a sinusoidal
variation to the laser driving current, it is possible to induce a periodic phase
change in the waveguide.

It can be demonstrated that the phase change induced by a surface modifi-
cation on the sensor area can be extracted from the inverse tangent of the ratio
between the third and the second harmonics of the output signal. In Figure
6.3 the signal response of a phase modulated BIMW can be observed for a con-
centration of 0.2 M, obtaining a A® = 3.84x27 rad. Figure 6.3 A represents
the individual response of both harmonics while in Figure 6.3 B the unwrapped
phase signal can be observed.
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Figure 6.3: Signal response for 0.2 M HCI solution of a phase modulated BIMW
device. A) Second and third harmonics of the detection and B) the inverse tangent of
the ratio between both harmonics.

To enhance the performance of LOC biosensor, the detection of several an-
alytes at the same time from a single sample is an important requirement. For
this reason, multiplexed sensing platforms have to be implemented, to be
sensitive to a broad spectrum of targets at the same time, in a compact struc-
ture, and by using the smallest amount of reagents possible.

Different solutions can be adopted to implement a performing multiplexed
device. For example, in the case of our interferometric devices different cases can
be distinguished: i) a single laser source scanning sequentially all the devices
under test, ii) a multiple laser source approach, in which each interferometer
has its own light source as we can see in Figure 6.4 A (that can be external to
the chip, e.g. array of fibers or integrated, e.g. VCSELs) or, iii) a single input
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source splitting into the different elements at wafer level as see in Figure 6.4 B
(integrated beam splitters).

Figure 6.4: Sketch of different approaches for the multiplexing implementation in
the case of BIMW device, A) each interferometer has its own light source and B) a
single input source is splitted towards each interferometer.

One key issue in the development of a LOC biosensor detection is the way
to bring the sample in contact with the sensing area. The volume of the sample
and the flow rate are critical parameters, especially for clinical testing, where
it is extremely important to reduce the sample volume as much as possible in
order to increase the efficiency of the detection. Micro uidics network plays
a fundamental role when implementing a multiplexed structure. Then, the size
of the channels network, their design, fabrication, connection and alignment to
the sensor area will be critical steps.
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Figure 6.5: Complete fluidic platform picture, with external PMMA housing, con-
nections and integrated polymeric microfluidics layer.

The microfabrication technique to generate the microchannels onto the in-
terferometer devices developed by our group is based on two photolithographic
patterned SU-8 polymeric resist layers on separate wafers. One of the wafers
contains the interferometric devices, and the other one is a temporary top sub-
strate. SU-8 from both wafers is bound and the temporary wafer is released. In
this way 3-Dimensional microchannels are obtaining and vertical sidewalls for
the channels are ensured [10]. The advantages of this approach can be found in
the large alignment tolerance during fabrication and in the compatibility with
further fabrication steps. . A PMMA housing provides connection to the macro-
world and ensures robust leakage-free flow operation of the devices (see Figure
6.5). This macro-microfluidic module can operate at pressure drops up to 1000
kPa. With this integrated microfluidic layer on top of a MZI chip, a bulk refrac-
tive index detection limit of 3.8 x 107¢ RIU was obtained [10], demonstrating
the success of the integration.

The integration of the BIMW biosensor with a microfluidic polymeric net-
work at the wafer level is carried out using CMOS compatible processes. The
channels measure 50 pm in height, 100 ¢ m in width, and 1.5 cm in length
to ensure a long interaction length for the analyte on the sensing area of the
interferometer. The mask for the microfabrication process can be seen in Figure
6.6.
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Figure 6.6: Mask for the microfluidics implementation of the BIMWs.

The complete integration is not trivial, since many requirements must be
carefully considered. The elements of the array must be independent, not inter-
fering among them, but must be subjected to the same variations with exter-
nal agents (e.g. temperature). Furthermore, a proper sample delivery system
(microfluidics) is required and a suitable detection method for multiple signal
acquisition is of vital importance. In conclusion, a preliminary approach to a
complete lab-on-a-chip device based on a novel two-mode interference device has
been presented in this chapter. The suitability of the transducer for its integra-
tion in a LOC device has been demonstrated by the measurements obtained for
the gratings couplers and for the modulation system [11]. The detection limits
achieved by the transducer in these steps of the integration process are quite
similar to the ones achieved for the BIMW device without any implementation.
These are very promising results to develop a high sensitive lab-on-a-chip device
by employing a BIMW transducer.
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General conclusions

Stmplicity means the achievement of maximum e ect with mini-
mum means.

Albert Finstein.

In this thesis work, we have presented the development and characterization
of the Bimodal Waveguide (BiMW) device based on two-mode interference.
This new interferometric transducer emerges from the knowledge of our group
acquired in the development of photonic waveguide devices such as the Mach-
Zehnder biosensor device: although the impressive detection limits achieving by
this biosensor, there is a need of a simpler interferometric configurations, com-
patible with the precision and reproducibility that offer actual microfabrication
techniques. Thus, the research efforts of our group have led to a novel interfero-
metric configuration based on a straight rib waveguide that avoids the Y-shape
divisor of the MZI interferometer and replaces it with a modal splitter consisting
in a jump in the core height of a hundred of nanometers: light propagating in
a single-mode waveguide excites the first mode in coupling in a bimodal waveg-
uide, the interference pattern of these modes will provide information about the
processes occurring on the sensor area of the device. Although, previous works
have demonstrated the development of devices based on two-mode interference,
we have applied this principle as transduction mechanism for biosensing, for the
first time.

The structure of the rib waveguide is designed by semi-analytical approxima-
tions and numerical methods in order to simulate the field profiles of the different

169



Chapter 6

modes. Using the approximations, the important parameters of the layer struc-
ture (i.e. refractive index, dimensions of the rib, and the thickness of the core
for the single-mode and bimodal part of the device) are calculated to obtain
the required modal behavior and a high modulation of the output signal. The
behavior of the light around the step junction is examined by numerical meth-
ods, evidencing low losses and the good performance of the waveguide structure.

The device has been produced using silicon-based technology which allows
the processing of 200 transducers in the same wafer due to the previous experi-
ence of the group for the fabrication of waveguides. This invaluable inheritance
from the MZI development has allowed the fabrication of highly reproducible
nanometric rib structures, giving rise to a highly reliable devices.

Characterization of BIMW has been made by a standard optical set up in-
cluding a light source, temperature controller, and photodetectors. The trans-
port of liquid solutions to the sensor area involves the fabrication of a multi-
channel PDMS fluidic cell by soft-lithography that allows the measurement of
4 different devices in every chip. The detections limit demonstrated for small
changes in the bulk refractive index (2.5 x 107 RIU) in the first stages of this
work, led us to check the possibilities of the BIMW device as label-free high
sensitive biosensor.

Notwithstanding, an extremely low detection limit is not the only impor-
tant property that make a transducer a suitable element of a biosensor. The
inertness of the surface to maintain the stability front solutions together with
the enough reactivity for being chemically modified are essential requirements
to obtain an stable covalent bond between the surface and the biorecetor. With
this aim, silanization methods have been developed: a carboxylic-terminated
silane (CTES) has been employed to immobilize proteins or antibodies to the
sensor area surface and a thiol-terminated silane (MPTS) have been employed
to achieve a covalent disulfide bond, between the SH-functionalized surface and
a SH-modified synthetic DNA sequence used as receptor.

The first biosensing study carried out has been the evaluation of human
Growth Hormone (hGH), an important biomarker for some illnesses related with
the growth. The immunoassay was performed in a competitive format using
monoclonal antibodies. The detection limit obtained for the detection of hGH
detection was 8 pg/ml (160 fM), which overcomes the detection limits of existing
methodologies in an order of magnitude and improves 1000 times the detection
limit previously demonstrated by a home-made SPR device using the same
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procedure. The analysis time has been reduced to a total of 13 min, a landmark
for current clinical analysis that can take hours due to the amplification steps
and use of additional equipments.

The device has been also tested for the detection of microorganisms by the
detection of the bacterium Pseudomas aeruginosa using a direct immunoassay
with polyclonal antibodies. Although culture assays are able to detect as low
as one single bacterium, the technique takes days to provide the final results.
Moreover, further analysis (normally immunoassays) are needed after the cul-
ture to appropriately identify the bacteria. The BIMW biosensor proposed for
the detection of bacteria demonstrates an excellent response in a wide range of
concentrations. The bacteria were previously deactivated by ultrasonication and
thermal treatments, which break the bacteria liberating antigen and enhancing
detection limits up to 10 cfu/ml. Furthermore, the specificity of the signal was
very high when using Staphylococcus as control, which indicates the low cross-
reactivity of the polyclonal antibody used. The extremely low detection limits
obtained could situate the BIMW transducer on the top of the label-free detec-
tion techniques for pathogenic detection. In this direction, future experiments
will involve the detection of entire harmless bacteria to investigate the single
bacterium detection. The objective for this device is to achieve the detection
limit of current culture techniques (1 bacterium) but reducing drastically the
assay time to 12 min.

Finally, the selective oligonucleotide detection of the isoforms of the alterna-
tive splicing of the FAS gene has been demonstrated by the direct detection of
DNA synthetic sequences equivalent to the real mRNA isoforms. The alterna-
tive splicing of this gene originates two different proteins, one induces apoptosis
of the cells and the other avoids it. Alterations in the proportion of both iso-
forms have been related with cancer progression. Calibration curves for both
isoforms have shown detection limits that improve 100 times those obtained by
the SPR device for the same analytes using the same conditions, achieving the
100 pM.

The results presented in this work have highlighted the superior performance
of this device in comparison with conventional diagnostics tests due to: i) the
possibility of monitoring biomolecular interactions in real-time and by using a
label-free scheme which reduce the time and cost of the assay, ii) the fabrication
of the device using standard silicon microelectronics technology which opens
the possibility for mass-production, iii) the high sensitivity demonstrated for
the different bioapplications assessed achieving detection limits in the pg/ml
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range (femtomolar), and iv) the device meets the specific requirements to be
miniaturized and integrated in complex biosensing platforms.

The extremely low detection limits exhibited by the BIMW transducer for
detection of proteins, bacteria, and DNA demonstrate that this biosensor has
the appropriate characteristics to become the perfect transducer to be integrated
in a lab-on-a-chip device. First work in this direction is presented, the measure-
ments for this transducer using the gratings couplers and the modulation system
have demonstrated similar sensitivity and performance than the obtained for
the non-integrated transducer. The presented approach to a portable, highly
sensitive, and fast detection biosensor system using a BIMW device could con-
stitute a milestone in the development of commercially available interferometric
biosensor for clinical diagnosis.
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