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Abstract

The race for fast and small that drives nowadays society has also reached the field
of biosensing. Looking for efficient and cost effective biosensors for applications
including screening and treatment monitoring, biomolecular engineering, drug design
and food industry; plasmonics and microfluidics technologies have synergistically
grown to offer the most attractive solutions. The recent progress in nano-optics has
paved the route toward the development of highly sensitive and label-free optical
transducers using the localized surface plasmon resonance (LSPR). Additionally,
LSPR offer high-end miniaturization and high degree of tunability of both sensors’
spatial and spectral responses. These unique properties have recently been interfaced
with microfluidics towards lab-on-a-chip (LOC) functional platforms which offer

reduced sample volumes and multi-tasking operations on a single chip.

Combining nano-optics, microfluidics and biochemical sensing makes this PhD
project highly multidisciplinary. This blend aims at pushing the limits of LSPR

sensing by addressing two significant problems in the biosensing community.

On one hand, we went through chiral plasmonic sensing. Chiral molecules exhibit
signatures in the ultraviolet frequency region. They are typically characterized by
circular dichroism (CD), which suffers of low sensitivity and the need of big sample
volumes and concentrations. Plasmonic nanostructures have the potential to enhance
the sensitivity of chiral detection and translate the molecular signatures to the visible
spectral range. However, to date, it remains unclear which properties plasmonic
sensors should exhibit to maximize this effect and apply it to reliable enantiomer

discrimination. As a consequence, a collection of results of difficult interpretation
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and cross comparison can be found in the literature. Here, we bring further insight
into this complex problem and present a chiral plasmonic sensor composed of a
racemic mixture of gammadions that enables us to directly differentiate enantiomers.
We also present a plasmo-fluidic sensing platform, which allows the systematic study
of chiral biomolecules by enabling multiple sensing assays on a single chip.

On the other hand, we addressed one of the major challenges of plasmonic
sensing in microfluidics environments; the transport of the analyte to the sensor
surface, which due to the laminar flow that rules in micro-channels, is limited by
Brownian diffusion. Hence, dictates the total duration of the sensing assay. Here,
we use the electrothermoplasmonic (ETP) effect to overcome this limit through
opto-electrical fluid convective flow generation. To this end, we designed a LSPR
sensing chip that integrates ETP operation into state-of-the-art microfluidics. Our

results demonstrate that ETP-LSPR has improved performances over standard LSPR.
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Introduction

Abstract. This thesis focuses on novel plasmonic sensing schemes that combine
nano-optics, microfluidics technology and surface chemistry, with a special emphasis
on enantio-selective biosensing. I also present a study aimed at improving biosensing
performance by overcoming diffusion-limited transport in microfluidics-channels. In
this introductory chapter, I will introduce the background and the justification for our
work and describe the structure of the manuscript.

The race towards “being faster, getting smaller” that currently pervades our
society has also reached the biosensing community. There is an ongoing search
for efficient, cost effective technologies using biosensors because of their potential
applications in several fields, including clinical diagnosis, biomolecular engineering,
drug design, the food industry, and point-of-care healthcare devices. In this context,
plasmonics and microfluidics technologies have grown together in synergy to offer

the most attractive solutions.

A biosensor is a device that comprises a biological recognition layer and a
physical transducer that can translate biochemical interactions into quantifiable
signals. Recent progress in plasmonic sensors, -including a high sensitivity and label-
free detection scheme within an optical readout- has made them very attractive for the
bio-sensing community. In particular, plasmonic sensors based on localised surface
plasmon resonances (LSPR) offer high-end miniaturization and are highly tuneable
in their spectral response, which ranges from the visible range to the near-infrared

spectral range. These outstanding properties of plasmonics, in combination with a
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microfluidic interface -in what is known as lab-on-a-chip (LOC) technology- offer
excellent functionality while requiring lower sample volumes and offering multi-task
operations in a single chip. Based on polydimethylsiloxane (PDMS), microfluidic
technology offers miniaturization for high throughput assays. The existence of well-
established surface chemistry for gold, as well as its higher chemical stability than
silver, has made gold the preferred plasmonic material, thus conferring an additional
target selectivity property for LSPR systems. Researchers have been testing these
technologies since the first plasmo-fluidic integration was achieved, giving rise to
rapid progress and ramification from novel to enriched biosensing scenarios, such as
droplet microfluidics, the photothermal effect, plasmo-fluidic trapping or chemical

synthesis.

In recent years, the plasmonics field has developed an interest in chirality as
part of its search for a candidate to overcome classical sensing limitations. Chirality
-a symmetry property that measures the similarity between mirror images of an
object- is a property of the essential molecular building blocks for life, such as amino
acids, sugars or nucleotides. Single-handedness of naturally-occurring molecules
continues to be one of the biggest mysteries in science. In the middle of the last
century, the subject gained special attention following the discovery, in drug synthesis
processes, of enantiomer-related toxicity (an enantiomer, in terms of chirality, is the
counterpart of a chiral molecule). Molecular enantiomers are indistinguishable to
most currently available molecular characterization techniques, but they do show
slightly different sensitivity to handedness of circularly polarized (CP) light. Circular
Dichroism (CD), the differential absorption of left and right CP light, is the most
common technique used to distinguish between chiral molecules, but due to the low
magnitude of the effect, large sample volumes and high concentrations are required.
Chiro-plasmonic research has devoted considerable effort to understanding chiral
phenomena by manufacturing plasmonic structures that mimic molecular chirality.
Such structures are built using a variety of techniques, ranging from top-down
fabrications to bottom-up syntheses. The ultimate goal is to develop an enhanced
chiral discrimination technique. Despite the colourful results of chiro-plasmonic
research, there is no consensus in the community regarding the most appropriate

experimental biosensing procedures. Consequently, a collection of results have been
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published that are hard to interpret and even harder to compare. One of the most
controversial issues involves deciding whether chiral sensors are suitable for chiral
detection, or if achiral sensors should be used. Another issue in such experiments
is the use of more massive but deficient molecular models (molecules lacking a
mirror image) to mitigate the low signal of truly chiral molecular models. The major
drawback of such systems is that it is impossible to validate the chiral origin of
measurements. In this work, we propose a sensing platform based on a plasmo-
fluidic device, along with experimental protocols that facilitate the systematic study
of sensing biomolecules using plasmonics structures. We also designed a special type
of sensor that merges the good properties of chiral and achiral sensors, facilitating

enantiomer discrimination.

To take maximum advantage of LSPR sensing in microfluidics channels, in
addition to our chirality experiments, we have developed and tested a novel three-layer
chip architecture and experimental platform that merges electrothermoplasmonics
(ETP) and microfluidics for biosensing applications. One of the major challenges of
plasmonic sensing in microfluidics environments is the delivery of molecules to the
sensor. Because of the highly laminar flow that occurs in micro-channels, diffusion
dynamics limits the transport of molecules in the transverse direction (towards the
wall, where sensors are typically located). Recently, the ETP effect has been used to
improve the span and speed of plasmon-assisted particle trapping. The combination
of a thermal gradient generated by laser-heating the plasmonic structures and two
plano-parallel electrodes driven by an AC electric field can be used to generate
vortices within the micro-channel. These vortices can modify flow dynamics, thus

allowing faster transportation of molecules towards the sensors.

This PhD project is an example of highly multidisciplinary research project,
in which different scientific disciplines are combined to tackle a complex problem
and/or to develop new applications. While all fields involved are mature in their own
right, combining them has represented a very challenging task, both technically and

in terms of language and communication.

The current PhD project tackles the question of understanding plasmonic sensing
systems in order to improve enantio-selective biosensing. We progressively explored
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different techniques to study the interaction between nanoparticles and molecules
from evaporated coatings to microfluidics solutions. We also analysed several ways
to transduce optical signals into molecular signatures. Additionally, the issue of
diffusion-limited transport in micro-channels is addressed by using the electrothermo-
plasmonics effect. Such a transversal issue is intrinsically interesting for improving

any microfluidics plasmon-based sensing system.

Chapter 1 introduces the main concepts involved in the present work. Basic
aspects of plasmonics are introduced, mostly focused on LSPR and its sensing
applications, followed by the fundamentals of microfluidics as applied to a lab-on-a-
chip system. I then provide a brief summary of the main surface chemistry methods
used in the project, and introduce chirality and circular dichroism, as well as the

electrothermoplasmonic effect.

Chapter 2 describes the main experimental techniques used in manufacturing
and optical interrogation of the sensors. The overall experimental flow is presented,
along with a summary of the cleanroom and surface chemistry protocols. In addition,

the home-made experimental setups for CD and ETP-enhanced LSPR are presented.

Chapter 3 focuses on “enantiomer-selective molecular sensing using racemic
nanoplasmonic arrays”. In this study, I present the first experimental application and
show enantioselective detection using gammadion plasmonic arrays distributed in a
racemic arrangement (50% of each type of handedness). By doing so, we isolate the

weak chiral signal from the analyte by suppressing the strong CD of the sensors.

Chapter 4 introduces the concept of chiral sensing in a microfluidic environment.
We explore the effects of annealing to unprotected gold nano-structures, and the
consequences for this kind of experiments. We propose to tackle this issue by using
sensor functionalization and a more sophisticated surface chemistry protocol. We
were ultimately able to discriminate enantiomers under flowing conditions by using

racemic gammadion sensors.

Chapter 5 is focuses on “overcoming diffusion-limited biosensing by electrother-

moplasmonics”. This work presents the experimental generation of an LSPR mi-
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crofluidic system with ETP integration that overcomes diffusion-limited transport
in micro-channels. The new system shows faster sensing dynamics than those of

classical diffusion limited sensing.






Scientific background

Abstract. In this chapter I will introduce the foundations of each of the concepts
and fields involved in my PhD project. I will start with plasmonics, and introduce
simple concepts and models to help understand localised surface plasmon resonances
(LSPR) and how these can be used for sensing applications. I will then introduce key
concepts in microfluidics, focusing on their application to sensing LSPR systems.
Next, I will briefly explain the main surface chemistry protocols I have used to make
the sensors functional. I will continue with an introduction to chirality and circular
dichroism (CD). Finally, I will introduce the concept of electrothermoplasmonics
(ETP), and discuss how it could be used to overcome the molecular diffusion limit in

integrated biosensors.

1.1 LSPR sensors

Plasmons are free electron oscillations within a metal. They can be pictured as
mechanical oscillations of the electron gas in the presence of an external electric field
that pushes electrons away from their ionic cores. Plasmons can be excited either in

bulk material using light (volume plasmons), or superficially in what is called surface
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plasmon polariton (SPP), a hybrid light-electron wave that can propagate over the
metal’s surface. Special types of plasmons are generated when the size of the metallic
particle is similar to the wavelength of the excitation light. In such a case, electrons
that were initially pushed away remain confined in the boundaries of the particle,
and are known as localized surface plasmons (LSP). Surface plasmon excitation
requires specific light-matching conditions for the plasmon to generate and propagate.
However, LSP resonances (LSPR) can be excited directly, in a similar fashion to that
of dipoles in a dielectric material. When the size of the particle is smaller than the
wavelength, the electron cloud is shifted away from its neutral position by the light’s

electric field, thus creating opposed charged areas: a dipole (see figure 1.1a).

a b

Electric field

Metal sphere

% -
A /2N

Fig. 1.1 a) Schematic illustration of a localized surface plasmon in metal particles
(reprinted from K.Willets et al[1]). b) Sketch of a metallic sphere placed into an
electrostatic field (reprinted from S.A.Maier[2]).

To develop further insight into the process, we can study a simple case: a sphere
under the influence of an electric field. A simple model geometry depiction of the
system (see figure 1.1b) would include a homogeneous, isotropic sphere of radius a
and dielectric constant € = €(w), located in a uniform static electric field E = Eyz,
surrounded by an isotropic and non-absorbing medium with dielectric constant &,,.
The electric field distribution inside and outside the sphere can be calculated as[2, 3]

follows:

&
- e+2e,

Ey (1.1

in

Sn(n-p)—p |

E,.=E
ou = B e P

(1.2)
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where n represents the unit vector pointing to point P, r the distance to the centre
of the sphere and p = &€, Ey the dipole moment of the particle. With ¢ as the
polarizability, the following equation may be applied:

3 E— &y

oa=4na’———
£+2¢,

(1.3)

By doing so, we can see that the external electric field is distorted by the ac-
tion of the dipole, with polarizability showing a resonant behaviour when € + 2¢,,
reaches a minimum value. This result indicates how resonance depends on envi-
ronmental changes. If we now consider the time-varying dependence and plane
wave illumination, E(r,t) = Ege~™, of the external electric field, where w repre-
sents the angular frequency, we can see that an oscillating dipole will be induced,
p(t) = €0€m0Ege ™", in which radiation leads to absorption and scattering of the

plane wave. Their cross-sections can be calculated and written as follows[4]:

E—§
Caps = kI = Anka® | —~ 1.4
abs m[a] Ttka 8+28m ( )
k4 5 8T | €E—&y 2
CSCa:a‘a }:?k4a rzgm (15)

where k =21 /A (A = wavelength). We can see that for small particles (where
a << lambda), the efficiency of absorption increases with a® and predominates over
scattering efficiency, which increases with a®. Due to the rapid increase in scattering
cross-section, picking up a small object from a background of several larger ones
will be very difficult. These results also show that absorption and scattering, and
thus extinction (Cexy = Cups + Cseq), are resonant at the particle dipole resonance,
and therefore are also dependent on the dielectric properties of the medium. This
is an important result in terms of optics, since noble metals like gold and silver
exhibit their resonances in the visible range. A sensing scheme could be devised in
which resonance is defined by sensor morphology and material properties, which

will change according to environmental variations.
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This is a simple model approach, but more complex models, beyond spherical
particle shapes, have been developed to explain multipolar resonances and polar-
ization effects, among others[5, 6, 2]. Nevertheless, while such models provide
good approaches to help understand the phenomena involved, in practice they are
too simplistic to describe real sensing systems, which typically do not fulfil the
constraints of these models. Numerical methods are commonly used to calculate
the optical properties of the plasmonic particles, typically by looking for high field
enhancements in the near field and tailoring their far-field[7]. Another option is
to parametrically fabricate and experimentally measure their optical properties and
sensing capabilities. Figure 1.2 shows the extinction of nano-rods of different lengths
and gammadions of different sizes, both distributed within an array. Depending
on a given nano-particle geometry, the corresponding resonance profile could be
associated with fundamental modes that are mostly related to particle shape. In
addition, the interaction between close particles in more complex systems could
result in near field interactions[8, 9], and organized arrangements of particles could
result in far-field effects[10].

a b

0.3

Size (nm)
— 300
——400
— 500

600
0.2 ——700
—— 800
— 900

Extinction
Extinction

0.1

.0 -
600 700 800 900 1000 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Fig. 1.2 Experimental extinction spectra of different plasmonic geometries. a) Gold
nano-rods of different lengths and fixed width and height. b) Gold gammadions of
different size with scaled periodicity and fixed height.

An LSPR sensing system can also be optimized through iterative experimental
measurements of practical parameters and figures of merit[11]. Refractive index

sensitivity is a widely used parameter in LSPR systems:

M

m="1" (1.6)
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where AA represents the shift in peak wavelength due to An variation in the bulk
refractive index (environment surrounding the nano-particle). Bio-sensing experi-
ments not only involve bulk refractive index measurements, but also measurements
of molecule adsorption on the nano-sensor’s surface. If the bulk refractive index
sensitivity is known, the peak shift can be calculated as follows[12]:

AA = mAn (1—e772d) (1.7)

where d represents the thickness of the molecular layer and /; stands for the
electromagnetic-field-decay length[13]. In this case, An represents the change in

refractive index induced by the adsorbed molecule.

These parameters provide a good way to optimize LSPR sensing. In general,
when analysing data a resonance red shift is assumed to originate as a consequence of
the increase in the bulk refractive index or as a consequence of molecule adsorption
on the surface of plasmonic particles (or as a consequence of both). Conversely, a
blue shift will be regarded as a reduction of the refractive index, or as desorption of

molecules from the surface of the sensor.

Figure 1.3 shows a typical LRSR analysis curve. The position of the peak (shift)
is monitored over time as changes in the sensor environment occur. Apart from peak
shift, the peak centroid can be calculated in order to improve the signal-to-noise

ratio[ 14]. The peak centroid may be calculated as follows:

SR EQR) —Ep)AdA

Ao = 1.8
2 [E(A) - EpdA 4o

where A, — A; represents the span of calculation and E}, the extinction value
matching E, = E(A2) = E(A;). However, using the centroid is advantageous in case
of slightly noisy, well-behaved peaks. No real improvements (as compared to peak
analysis) were found with peaks that were far from Lorentzian shape and had a

significant noise level.
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Fig. 1.3 Analysis of graphs obtained in LSPR sensing experiments. a) Fitting
of the plasmonic resonance. The centroid is calculated for a given wavelength
span. b) LSPR peak shift. The peak position in (a) is monitored over time during
the successive steps of the sensing assay. In this specific example, a two-step
detection scheme is shown: initially the sensor surface is activated so that the
analyte/antibody may be captured; then, the analyte of interest is bound to the
sensor surface. Conditioning includes minor preparation and washing steps.

In more complex sensing scenarios, several additional effects - such as chemical
reactions between molecules and sensors, sensor annealing, heat, etc.[15-18] - could

have different effects on plasmonic resonance, thus interfering with the sensing curve.

Overall, the following aspects need to be considered as a starting point when

designing plasmonic sensors:

* Higher field enhancements in sensing volume.

* Field enhancement decreases exponentially as the distance from the surface of
the nanoparticle increases; therefore, detection should take place as close to

the surface as possible.

* For a given structure shape, the longer the wavelength used, the larger the shift

obtained.

* Peak position and width can be engineered by selecting the material and tuning

the size and shape of the particles.
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1.2 Micro-fluidics

Microfluidics is a technology that allows us to control liquids in channels with
transverse dimensions ranging from a few hundred microns to a few microns. At this
scale, fluid properties that are commonly accepted at the macro level no longer apply.
Laminar flow governs fluid dynamics in the micro-channels, and the interaction
between the fluid and the substrate surface becomes relevant. While in turbulent
flow, fluid elements can chaotically change their speed and direction along the
overall fluid motion, laminar flow motion occurs in ordered, parallel layers of well-
defined velocities (see Figure 1.4). The fluids’s distribution across the channel
exhibits the characteristic profile features (parabolic) related to Poseuille flow. An
important consequence of laminar flow conditions is that no perpendicular fluid

motion occurs[19].
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Fig. 1.4 a) Flow speed profile v(x, z) inside a macroscopic pipe under laminar (top)
and turbulent (bottom) flow conditions. b) Laminar (top), transitional (middle) and
turbulent flow (bottom) representations in a pipe (reprinted from O. Reynolds[20]).

Fluid dynamics can be modelled using Navier-Stokes equations; however, analyt-
ical flow calculation’s for complex channel shapes is not trivial. Practical parameters
describing the fluid’s properties in specific cases are commonly used for Newtonian
fluids; for example, the Reynolds number defines the degree of laminarity or turbu-

lence of the fluid flow inside a microchannel, which can be derived as follows[21]:
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inertial forces  pv’D,  pvDy,
e = = =

(1.9)

viscous forces uv u

where p represents fluid density, v its velocity, u its viscosity, D, = 4A/P,, the
hydraulic diameter of the micro-channel (with A being its cross-sectional area and
P,, the wetted perimeter). A turbulent regime is considered for Reynolds numbers
above 4000, and a laminar regime is considered for values below 2000; values
2000<Re<4000 are considered to be in a transition region. However, this transition
has been found to shift towards lower numbers in micro-channels. In fact, turbulence
can be found at Re>2000, while laminarity would be ensured below 100 for pipe
diameters about 100 pm or smaller[22]. Nevertheless, such values[23] would also be

slightly different in different channel geometries.

1.2.1 Molecular transport in micro-channels

Molecular transport in micro-channels is an important issue in sensing-related matters.
In this regard, the Péclet number is the ratio between diffusion and advection transport
times. This number compares the transport rate due to bulk movement and the
mass diffusivity due to molecule concentration gradients. It can be expressed as
follows[21]:

_ td[ffusion o L72v _ B (1.10)

Pe = - =
Ladvection DvL D

where L represents the characteristic length at which transport will be compared,
v the fluid velocity, and D the diffusion coefficient. If Pe >> 1, the transport will be
dominated by advection; when Pe << 1, transport will be dominated by diffusion.
Given that current conditions are laminar flow conditions, and because of the specific
properties related to flow in a micro channel, a high velocity is expected along the
channel, while none is expected towards the walls (where LSPR sensors are typically

placed) Therefore, a large Péclet number is expected in a parallel direction to that of
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the channels, while a small number is expected in a perpendicular direction to that of

the channels. Hence, diffusion limits the transport of molecules towards the sensors.

For molecular sizes (subnanometric to a few nanometers), quite a uniform molec-
ular concentration may be expected across the channel, tending to zero close to the
walls[24, 25]. Molecular diffusion is predicted by Fick’s first law as the flux of
molecules J = —DdC/dZ goes from high to low concentration[26]. Considering the
concentration on the sensor surface to be zero at the beginning of the process, the
sensor will quickly reach long transient to saturation regimes in very low concentra-
tion settings, since very few molecules would be expected in the surroundings of the

S€ensors.

In terms of molecular transport, microfluidic systems have not yet reached optimal
conditions because the constraints mentioned above limit speed detection and the
minimum detectable quantity of analyte that can be measured by LSPR sensors in

microfluidic channels.

1.2.2 Impedance in microfluidics networks

Microfluidic networks -in particular flow rate through channels, in terms of splits,
joins and overall size- show analogous behaviour to that of electrical circuits. The
hydraulic resistance, or impedance, experienced by a liquid in passing through the
channels follows Hagen-Poiseuille’s law, which is similar to Ohm’s law (describing
electric current passing through resistive elements). The above analogy is shown in
Figure 1.5: pressure (P), flow rate (Q) and hydraulic resistance (R},) are equivalent
to voltage (V), current (/) and electric resistance (R,), respectively. Therefore, we
must account for the length, dimensions, shape, joints and splits of the channels in

the chip, as well as those in the tubing of the microfluidic setup.
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Fig. 1.5 Microfluidic-Electrical circuitry analogy. a) A simple microfluidic network
connected with different channel lengths but with the same cross-sectional area and
shape, and b) its equivalent electric circuit. Flow discharge (Q) is preserved in the
closed path between PA and PB. An equivalent fluidic element can be calculated,
as an equivalent resistor can be calculated between nodes A and B in the electrical
analogy. (reprinted from K. W. Oh et al.[27])

1.2.3 Two-layer microfluidics

Apart from the design of flow channels, two-layer microfluidics implements flow
regulation through a control layer; this makes the flow channels collapse into the flow
layer (micro valve action), thus preventing fluid transfer[28]. Microfluidic chips are
built using PDMS, a flexible and transparent polymer that is ideal for opto-fluidics
and compatible with LSPR sensors. Sensors can be placed throughout the chip, and
may be given different targets. Figure 1.6 shows a typical geometry of a LSPR
microfluidics chip.

These are simple approximations to microfluidic chip design. Further needs in
terms of sensing, sorting and reactor design push researchers into tackling challenging
problems with non-trivial solutions, such as molecular transport inside microfluidic
channels, liquid mixing, and the addition of thermal and electrical effects, to name a

few.
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Fig. 1.6 Microfluidic chip design for 8 individual experiments. a) Layer composition
of the microfluidic chip. b) Top view of the microfluidic network. The red lines
represent the channels through the control layer, while the blue lines represent the
channels through the flow layer.

1.3 Surface chemistry

Surface science studies the chemical and physical phenomena that take place at
the interface between two different phases, and surface chemistry studies chemical
changes at these interfaces. Molecule adsorption at a surface is a fundamental issue in
surface chemistry, since it is a prerequisite for any surface-mediated chemical process.
There are two principal modes of adsorption, physisorption and chemisorption,
depending on whether the adsorbate and the adsorbent are held together by Van der
Waal forces only (physisorption) or by a chemical bond (chemisorption)[29]. This
section will focus on several concepts involving chemisorption of molecules on gold

nanoparticles and PDMS oxidation.

Research into the surface chemistry of gold nano-particle develops techniques
to modify their surface with functional purposes. I fabricated gold nano-particles
by electron beam lithography, and studied how to link the corresponding molecule
of interest to the particles. I mainly used two chemical reactions: (i) the adsorption
of molecules containing thiol groups (HS), whereby a covalent S — Au bond was
created, leading to the formation of self-assembly monolayers (SAM) on gold (which
could be used either with functional purposes or for direct detection of the molecule
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of interest); (ii) I modified a functional carboxylic group (COOH) on the SAM using
sulfo-NHS carbodiimide cross-linking to attach amine groups in my molecules of

interest to the SAM trough amide bonds . Figure 1.7 shows the reaction schemes.
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Fig. 1.7 Sulfo-NHS plus EDC (carbodiimide) cross-linking reaction scheme. The
addition of Sulfo-NHS to EDC reactions (bottom-most pathway) increases the effi-
ciency of Carboxyl-to-amine cross-linking. (reprinted from Thermoscientific[30])

Another common surface modification I used is PDMS oxidation. Methyl groups
(CH3) are oxidised to OH in the presence of an Oxygen plasma atmosphere or UV
Ozone. After placing two oxidised surfaces together, the OH group reacts by forming
permanent covalent oxygen bounds within a few minutes, thus sealing the PDMS
layer. The same process can be used to bind PDMS to glass, (bonds may also be
created by exposing glass to Oxygen plasma, but higher exposure times are required
when working with glass). A gentle thermal process (1h at 80°C) helps settle the
reaction. However, if gold sensors are functionalized with an organic SAM, the
substrate cannot be exposed to plasma; therefore, weaker PDMS-glass bonds would

be expected. Figure 1.8 shows the corresponding reaction schemes.
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Fig. 1.8 PDMS binding schemes. a) Oxidation of PDMS surface by plasma oxygen.
Oxygen ions react with methyl groups in order to create OH groups on the surface.
b) Assembly of two PDMS layers. When placed in contact, OH groups reach to
form a covalent Si — O — Si bond.

1.4 Circular Dichroism

A state of circularly polarized light is achieved when a light beam propagates towards
the z direction in such a way that the x and y direction components of the electric
field oscillate with an equal magnitude and a 7r/2 phase difference (see Figure 1.9).
An observer looking towards the source would see a helix rotating either left or right,
depending on the sign of the phase difference. Electric fields rotating to the left will
be called left circularly polarized (LCP), while those rotating to the right will be
called right circularly polarized (RCP). Here, I used a “looking towards the source”
convention, which is widely used in physics textbooks[31]; a “looking towards the

receiver”’ convention is commonly used in engineering fields.

Circular dichroism (CD) represents the differential absorption of left- and right-

circularly polarized light. It may be calculated as follows:

CD = Arcp —Agcp (L.1T1)

This is the most widely used spectroscopy method for characterizing the chirality

of molecules[33]. Enantiomers -molecules that are specular reflections of each other-
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Fig. 1.9 a) Representation of circular polarization. An observer looking towards the
source would see the electric field vector propagating as a helical shape rotating
counter-clockwise, while in a fixed position the field will rotate clockwise (reprinted
from Hyperphysics[32]). b) Circular Dichroism experimental scheme. Left cir-
cularly polarized (LCP) and right circularly polarized (RCP) beams are absorbed
differently by chiral media; therefore, CD represents the differential signal for the
relative signal of the two beams.

absorb both LCP and RCP, but while one species absorbs slightly more LCP, the
other species absorbs slightly more RCP. This property is complementary, so their
CD signals are of opposite sign, and the CD signal of their 50/50 mixture is zero. No
signal would be obtained if we measure CD on a non-chiral molecule, or in a perfect
mixture of two enantiomers (racemic mixture). Such CD features can mostly be
detected within the UV range (see Figure 1.10c). Large molecules, such as proteins,
could exhibit CD signals due to their secondary structure, but they lack enantiomer
conformation. Chirality may also be characterized by other means, such as ORD
(which measures the rotation of linear polarized light) and VCD, (which measures
the dichroism of molecular vibration bonds); however, these methods often show
poorer performance than that of CD[34, 35]. The figure 1.10 shows some examples
of chiral molecular systems and CD.

Over the last decade, chiral plasmonic structures have been created (mainly in
gold or silver) in order to mimic molecular properties in the visible-near infrared
range. Such plasmonic structures are typically fabricated using lithography tech-

niques, which allow good control of morphology. 2D structures with a chiroptical
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Fig. 1.10 a) Representation of chirality. Mirror images of a hand are chiral (and
an enantiomer pair) since they cannot be brought to coincide. On the other hand,
a nose is a non-chiral object, since the object and its mirror reflection may be
superimposed. b) Chiral molecules. Amino acids, sugars and nucleotides are
naturally-occurring chiral molecules, and they are the building blocks of proteins
and DNA. Alpha-helixes and beta-sheets are secondary structures in proteins, and
they possess chirality. The DNA double helix is another important chiral bio-
structure (reprinted form Wikipedia commons[36—39] and Dep. Bio. Penn State
Uni.[40]). c¢) CD signal of alanine enantiomers (Lm and Dm) and that of their
racemic mixture (Rm). Since L and D enantiomers are available, a mirrored CD
can be measured, while proteins in d) would not have an opposite CD as they lack a
mirror image (reprinted from A.J. Miles et al.[41]).
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response are straightforward to manufacture, although complex 3D morphologies
may also be obtained using lithography techniques[42, 43]. Figure 1.11a shows
the CD response of a plasmonic structure with an enantiomer composition that has
shifted from an entirely left-handed profile to an entirely right-handed one; in doing
so, the racemic mixture was obtained, as shown by the CD profile gradually changing

its sign through zero.
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Fig. 1.11 a) Extinction (left) and CD (right) spectra of gammadion arrays with
different handedness contribution in the unit cell. As the structure handedness shifts,
the extinction spectra remain very similar, while CD flips its sign and “crosses”
zero. b) Extinction and transmission spectra (left) for LCP and RCP light.

Although CD is defined by differential absorbance, different needs for compari-
son and quantification lead to the development of several units and transformations;
hence, absorptivity, extinction coefficient or ellipticity are used instead of absorbance
to analyse chiral media. These results can be retrieved from transmission measure-
ments on isotropic chiral liquids; however, chiral plasmonic structures are usually
anisotropic, so the symmetry of the system must be taken into account[44]. Com-

monly, results on different calculations may be found in the literature, including
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differential absorbance, extinction, differential transmission or ellipticity (6). They

are defined as follows:

1-1T;
CD(AE) = Eycp — Epcp = l0g1o <1TL2P> (1.12)
— Trep
CD(AT) = Trep — Ticp (1.13)
_ vV Trcp — VTicp
0=atan| ———— (1.14)
VTrer +V1icp

Figure 1.11b shows different calculations for the same plasmonic system (all
calculations are based on a transmission signal with its main feature around 675nm).
While they are not exhibit exact CD, they report the chiral information from the
system, so for practical purposes it is advisable to use the more convenient calculation
set for one’s own system. Since I was searching for sharp peaks for a sensing system,
AE was the best choice.

It is not straightforward to model chiral plasmonic systems for use as sensors for
chiral molecules. When considering the polarizability of a sphere, a simple analytical
shape (section 1.1), I mentioned that when the geometry changes (such as using
nano-rods instead of a sphere), the resonance showed polarization-dependence effects.
When considering a molecule composed of different atoms that have a complex 3D
structure, a non-trivial problem arises, with subtle effects on polarization response.

In addition, plasmonic particle-molecule interactions should also be considered.

In recent years, several approaches to this problem have been published[42];
however, it is still not clear what mechanisms are involved in the nanoparticle-
molecule interactions, or what are the optimal parameters for enhancing sensing
performance. Some authors claim that molecules induce CD on non-chiral plas-
monic nano-structures through high E field interactions. Others consider chiral
plasmonic nano-structures to have a CD that is sensitive to molecular chirality[45].
In these approaches, near-field distributions seem to have an important role; therefore,
it is common to see numerical calculations on electric field and optical chirality

enhancements, given by the following equation:
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C:—%Im{E*oB} (1.15)

Figure 1.12 shows an example of the aforementioned sensing schemes, with chiral

features emerged from plasmonic CD spectral differences or from molecular-induced
CD.

o

°[ Auislands

o
@
7]

Transmission
o o o
o R >
&

CD (degree)
CD (mDeg)
w3

600 800 1,000
Wavelength (nm) 300 400 500 600 700
o Experiment s N Molecule
Ll llldodad : = 15!
13 a 2 7 / 4 / J b4
L L L L Ll ded o _ 34
22 2 2 A A | 5 2 Q 19
s s i s i imw 3 5 8 €
£ 06 g a
2 102 8 s /’\/‘\
5 9 oY VA
£ 04 o
15 0 \
02 -20 300 400 500 600 700
600 800 1,000 »
Wavelength (nm) Au islands
15 + Molecul
‘ e g g
4 [+ S enantiomer Q
Ay - Ay \/\
3
f R e e —: Q
W%* I 8
% aQ -2
N " 0
& 300 400 500 600 700

Wavelength (nm)

800 900 1,000 1,100
Wavelength (nm)

Fig. 1.12 Approaches to chiral plasmonic sensing. a) An experimental scheme
in which chiral plasmonic sensors are sensitive to molecular media. The pseudo-
symmetric spectra of plasmonic structures (top and middle) shows different sensing
of propanediol enantiomers. After adding the opposite CD of plasmonic structures,
the chiral discrimination signal appears (Zhao et al.[46]). b) An experimental
scheme in which a non-chiral plasmonic sensor shows induced CD from a chiral
molecule (reprinted from Maoz et al.[47]).

However, every solution has some drawbacks. Using chiral plasmonics re-
quires non-obvious interpretations of the results, since plasmonic CD shadows the
molecules’ direct response. Moreover, the signals for non-chiral plasmonic structures
are more challenging to measure. Also, the system’s sensitivity seems to be depen-
dent not only on sensor properties, but also on molecular properties and distribution,
which makes the problem highly complex[48, 49].
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Another important issue in the plasmonics chiral sensing community is the wide
variety of molecular models used, and the lack of a good verification system. These
issues often make it difficult to interpret the results, and lead to reproducibility
problems, since to date there is not clear link between the phenomena observed in

different experiments.

With such a variety of systems and non-linked results, it is not yet clear what is

the best option for developing a robust chiral sensing system.

1.5 Electro-thermo Kinetics

Because of the laminar flow regime, it remains challenging to deliver molecules to
sensors beyond diffusion-limited dynamics in microfluidics systems. Ideally, one
would like to drag the molecules and place them on the sensors at a controlled rate,
leading to a reaction-limited system. The electro-thermo-plasmonic (ETP) effect is
an option that affords bulk movement inside the microfluidic channels by applying
heat and electric fields under an external action. By doing so, the laminar flow regime
would break into a controlled convective regime. Therefore, the molecules inside the

media could be dragged toward the sensors if the flow is properly designed.

The physical principle is based on electro dynamic forces acting on a given
liquid volume. A general expression for the resulting force can be summarized as
follows[50]:

1 1 de
f,=p,E— -E*Ve+ _V(p,=—E 1.16

where p, represents the charge density, € stands for permittivity and p,, represents
mass density. When an electric field is applied into a non-compressible liquid, the
third term in this equation has no effect on the dynamics (it is a gradient of a scalar)
and therefore can be ignored. The first and second terms represent Coulomb forces

and dielectric forces, respectively. Eq.1.16 under the action of and AC field and
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considering only the steady component, the formulation can be further developed to
include temperature dependence of £(7') and conductivity o(7T'), as well as an AC

field, thus reaching the time-averaged electro thermal force[50, 51]:

Eq.1.16 can be further developed to include temperature dependence of £(7') and
conductivity o(T'), as well as an AC field[50, 51], thus reaching the time-averaged
electro thermal force:

1 oce(a—pB) 1 )
forim) = =Red ————= (VT -E)E* — —ea|E|"VT 1.17
() = 5Re{ T BN vT B Jea )

where oo = 1/€(de/dT) and B = 1/06(dc/dT). At high enough frequency , the
second term of eq.1.17 dominates[50], hence the force applied to the liquid depends
on the magnitude of the electric field E2, the gradient of temperature VT, permittivity
€ and the temperature dependence of permittivity «. To stay in the ETP dominat
region we should be in the range 10kHz — 1M Hz[52, 53].

A promising setup has been proposed and demonstrated for enhanced particle
manipulation based on the previous result[51]. The system configuration consists
of a heat source to generate the temperature gradient and two parallel electrodes to
close the micro-chamber and generate the electric field. In fact, the heat source is
a plasmonic structure which is laser-excited at the resonant frequency (see Figure
1.13). Flow motion drags polystyrene particles towards the plasmonic structures
faster and from considerably larger distances than those achieved with regular optical
trapping. Thereafter, the particles remain trapped or are released, depending on

external parameters.

Such a configuration may be adapted for LSPR microfluidics: a plasmonic
structure could be optimized to efficiently act as a heat source and sensor; the flow
vortexes in the microchannel would break the laminar flow regime into a turbulent

flow regime, which would be beneficial for diffusion-limited sensing applications.
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Fig. 1.13 ETP flow-based trapping setup implemented by J. Ndukaife et al. a) A
schematic representation of the fluidic cell which contains the transparent electrodes,
the nanoparticle array and the beads trapped by the laser action. The inset shows a
SEM image of gold nanoparticles. b) Particle image velocimetry field representing
the ETP flow in the fluidic cell (9.8V pp at 100KHz and 17mW of laser power were
applied). (reprinted from J. Ndukaife et al.[51])
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Abstract. In this chapter I will review the techniques used to manufacture, characterize
and prepare the samples for the various experiments. First, I will introduce the typical
experimental flow I followed to manufacture plasmonic substrates and integrate them
into the microfluidic environment. I will then introduce micro- and nano-fabrication,
and surface chemistry. Next, I will present the experimental optical setups, which
were designed and implemented from scratch. One was used to measure real time
circular dichroism in a microfluidic environment. Another was used for microfluidic

LSPR sensing and included an electrothermoplasmonic effect control.

2.1 Experimental flow

The typical overall methodology in LSPR sensing is as follows: (i) gold plasmonic
sensors and microfluidic chips are manufactured; (ii) plasmonics sensors are condi-
tioned for the experiment; (iii) the micro-fluidic chip and substrate with the plasmonic
sensors are assembled; (iv) the experimental setting is prepared for the microflu-
idics experiment (many small steps are needed, ranging from micro-tube cutting to

spectral pre-acquisition); (v) the full chip is mounted, aligned and connected; (vi)
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bio-chemical samples are prepared and loaded onto the chip; (vii) measurements
are performed and the resulting data are processed. Figure 2.1 depicts the typical

fabrication steps and the overall experimental methodology.

The experimental flow is not as short and simple as it seems from Figure 2.1.
When merging different disciplines in a given experiment, many issues can arise
that are not apparent before the experiment is performed. In addition, working with
merged systems makes it difficult to determine where problems might come from.
Each and every possible source of error needs to be addressed separately, after which
the complete 5-day process must be repeated to ensure the proper functioning of
the experimental flow. Under perfect working conditions, an experiment would last
approximately one week, depending on the number of chips needed. However, in

practice it will likely take several months to debug the system of errors.

2.2 Nanofabrication of the plasmonic sensors

Nano-science is the study of objects with at least one of their dimensions in the
1-100 nm range. The composite word “nanofabrication” refers to the manufacturing
techniques used to create nano-objects, and many processes are involved in creating
a nano-object. Two main methodologies may be used, the “top-down” methodology
and the “bottom-up” methodology[54], and I will focus on the former. Specifically,
I will describe electron-beam-lithography[55], which is the most commonly used
methodology and was originally developed for the computer silicon industry. Specifi-
cally, I used a negative lithography process, and this can be adapted to manufacture

gold on plasmonic substrates. Figure 2.2 shows the nano-fabrication workflow.

2.2.1 Gold films

The typical plasmonic substrate used was composed of a 25x25x0.4mm?> volume of
borosilicate glass (PGO MEMPAX) coated by evaporation (Lesker Lab18) with 2nm
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Fig. 2.1 Flow of a typical LSPR experiment. The numbers for the different steps of
the process indicate sequence order (minor variations would be possible on day 1).
Different disciplines are represented by different colours: nano-fabrication (purple),
micro-fabrication (blue), chemistry (yellow), optics (orange) and computing (green).
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Fig. 2.2 Depiction of the nanofabrication flow. a) Negative lithography process
steps; 1) substrate cleaning ; 2) evaporation of titanium layer; 3) gold evaporation;
4) resist coating, 5) e-beam exposure; 6) development; 7) dry etching; 8) resist
removal. b) Sensor layout. ¢) Typical sample layout.

of titanium and 50nm of gold. Eventually, the thickness of the gold layer could be in
the 40 to 100nm range.

The substrates are initially cleaned with soap + Deionized (DI) water, DI water,
acetone and iso-propanol (5 min. each step) in an ultrasonic bath. Substrates are
then dried with a nitrogen flow and mounted on the evaporator holder in 6- to 12-unit
batches. Metals are evaporated: titanium (2nm) is evaporated by e-beam evaporation
at 1/s, and gold is also evaporated at 1/s. Once the process is finished, the samples

are stored in clean conditions in a desiccator in the cleanroom.

2.2.2 E-beam exposure

In a negative lithographic process, the ‘negative’ refers to the negative exposure
mode, since the resist that is exposed is what remains after the development process,
while the non-exposed are washed away. I have mainly used the ARN-7500.08
e-beam resist, as it combines high resolution and a reasonable exposure time. The
structures were mainly designed using CAD software and then exported to machine
language. For electron beam lithography (EBL), I used the CRESTEC CABL writer

for substrate exposure.
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Each combination of substrate + coating is baked at 110°C for 5 min., cooled
for 1 min., spin-coated with the resist at 8000rpm, and baked at 85°C for 1 min.,
resulting in an 80nm layer. The sample is then loaded and the chosen design is
exposed. For a typical chiral sensing experiment, the resist exposure could take 8-12
h. After exposure, the sample is developed for 3 min. in 4:1 developer:DI water and

baked at 85°C for 1 min. to enhance etching contrast.

2.2.3 Dry etching

Dry etching uses gas plasma to isotopically or directionally remove material from
the substrate in a selective manner. I used Plasmal.ab System 100 ICP from Oxford
Instruments. Directional argon plasma was used to etch the gold layer at 15nm/min.
The gold etching was not sharp, in that the side walls typically formed a 65 — 70 angle
due to gold redisposition. This effect makes the gold structures non-symmetrical in

the perpendicular direction to the array.

After gold etching, resists were removed for subsequent sensing experiments.
Oxygen plasma was used to isotropically remove the resist without affecting either
the gold or the substrate. During this project I have used both Plasmal.ab and PVA
TePla for oxygen cleaning. The latter was eventually acquired and located in the

cleanroom, and has since become my first choice.

2.2.4 Wet etching

We encountered occasional resist removal problems and altered etching rates, mainly
due to the multi-process use of the plasma system, which can result in chamber
cross-contamination and altered plasma conditions. In sensing experiments, not
removing the resist mask completely can obstruct molecule-nanoparticle interaction,
so it is crucial to ensure proper resist removal. However, this is not easily verifiable

before the sensing experiment is performed.
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As an alternative to oxygen plasma, chemical wet etching can efficiently remove
the resist. Piranha solution has a high etching rate for organic compounds and does
not affect gold or glass. However, it may slightly etch titanium, which means it must
be used with care. Substrates were immersed in a 4:1 solution of H>S04 : H,O>
for 8 seconds in order to efficiently remove the resist while minimally altering the
structures. However, this is an aggressive, stochastic wet process that slightly anneals
structures, so it must be carefully controlled. Note that concentrated Piranha is a very
aggressive, organic reactive solution, so maximum safety regulations should be taken

into account.

2.3 Microfabrication of the microfluidic parts

Microfabrication involves techniques used to create micro-scale objects[55, 56]. In
particular, soft lithography technology consists of replicating micro-feature objects
using elastomeric materials, mainly PDMS[57]. Sylgard 184 elastomer was used
for 2-layer microfluidic chips, following a regular PDMS fabrication process[28].
The typical fabrication process for PDMS chips is as shown in Figure 2.3, although
mould fabrication is occasionally used when chip design changes.

2.3.1 Moulds

Master mould was fabricated in the cleanroom using AZ9260 on polished silicon
wafers. AZ9260 was used for flow and control layers in a negative optical lithography
process where Quintel Q4000 was used as a mask aligner. Masks were designed
using a CAD software and printed with high resolution InkJet printing (extra-dense

ink) on a highly transparent sheet.

Silicon wafers were cleaned in soap + DI water, DI water, acetone and iso-
propanol (5 min. each step) in an ultrasonic bath. Substrates were then treated
with UV ozone for 5 min., and spin-coated with AZ9260 at 2000 pm (maximum

speed). The control layer wafer was double-coated. After UV exposure and flow-
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Fig. 2.3 Microfabrication process. a) Mould fabrication, which includes the fol-
lowing steps: (1) clean silicon wafer; (2) photoresist spin-coating; (3) UV-mask
photo lithography; (4a) development, (4b) temperature reflow of the flow layer. b)
PDMS casting, which consists of (5a) pouring PDMS onto the control layer mould;
(5b) PDMS spin-coating on flow layer mould; (6a) control layer drilling, PDMS
UV-Ozone activation; and (6b) layer assembly and baking; (7) flow layer drilling
and finishing.

layer development, the mould was baked at 140°C for 20 min. in order to anneal
the channels and make them round-shaped and smooth the surface. The control
layer mould was not baked, so that the channels remained square-shaped. The final
thickness of channels was 10 — 11um and 22 — 24um for flow and control layer
moulds, respectively.

2.3.2 PDMS chips

Chips were made by casting PDMS in silicon moulds. The flow layer was spin-coated
at 2000rpm to a thickness of 20um. The control layer was created by dropping a
controlled volume of PDMS over the mould inside a Petri dish. The geometry was
calculated to produce a Smm thick control layer. Liquid PDMS was baked for 1h at
80°C, after which the control layer was cut and the control inlet holes were punched.
The pieces in control layers and the spin-coated flow layer were activated using UV

ozone for 3 min. The control layer was then rapidly aligned and assembled with the
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flow layer, and the assembly was then baked for at 80°C for 1h. Finally, the complete

microfluidic chip was peeled off, cut and punched.

2.3.3 Assembling

The assembly of the PDMS chip and the plasmonic substrate may be more difficult
than it seems. PDMS is usually activated by oxygen plasma and has a tight time
window, so specific plasma power and frequency need to be calibrated. Ideally, the
plasmonics substrate is also exposed to oxygen plasma in order to activate the glass
and put it in contact with PDMS, so that a strong covalent bound is formed between
the PDMS and the glass. However, in most sensing experiment the plasmonics
sensors are protected or functionalized with organic molecules, which are very
sensitive to oxygen plasma. In such cases, substrate exposure needs to be omitted.
Under these conditions, PDMS and glass are not usually well bound, and binding
needs to be done very quickly right after PDMS exposure to plasma. After they
are put in contact, a subsequent baking step (at 50°C for 8h or at 80°C for 4h for
non-coated sensors) helps bind the entire chip.

2.4 Surface chemistry

Surface chemistry is the study of how the surface properties of materials change.
This is a very relevant area for the present work because plasmonics sensors are
more sensitive in the areas that are closer to their surface. Thus, the goal of sensing
experiments will be to bring the molecules of interest as close as possible to the

sensors’ surface, or even to put them in direct contact with the sensors.

While my PhD has focused mainly on other complex fields in this multidisci-
plinary project, surface chemistry plays a fundamental role in the experiments, so
here I will mention the most commonly used protocols. Figure 2.4 shows the process

from the point of view of gold sensor surface chemistry.
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Fig. 2.4 Surface chemistry on gold sensors. The bare sensors (1) are incubated with
MUA (linker) in a sealed dark chamber (2). Once on the microfluidic chip, the
linker is activated using EDC/NHS (3) and later binds a molecule containing an
amine group.

2.4.1 Self-assembly monolayers

A self-assembly monolayer (SAM) is layer of molecules that spontaneously organise
over a surface. In doing so, they typically change the surface properties of the
material. Hydrophobicity is one of the properties that is usually modified using
SAMs[58].

A SAM containing mercaptoundecanoid acid (MUA) over the gold plasmonic
sensors was regularly used in bio-sensing experiments. The SAM is built by incu-
bating MUA in a bath of ethanol, along with the plasmonic sensors, usually for 18h.
MUA molecules contain a thiol group that reacts with gold, thus creating a covalent
bound. Over incubation time, molecules can move and perfectly organize themselves
in a highly-packed layer over the sensors. This coating serves a two-fold purpose: it
protects the sensors from liquid annealing inside the micro channels, and plays the
role of a bio-recognition layer in combination with the amine-coupling protocol. In

essence, it will be used to trap molecules with amine groups near the sensors.
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2.4.2 EDC/NHS protocol

The preferred method for attaching molecules near gold plasmonics sensors involves
an amine-coupling protocol, in which, through an EDC carbodiimide crosslinker,
a Sulfo-N-hydroxysuccinimide reaction takes place involving the MUA’s carboxyl
groups (usually known as EDC/NHS reaction). We typically call this reaction the
activation step of the sensor, because it transforms the passivated MUA layer into
a capture layer that reacts with other molecules containing amine groups. Thus,

antibodies (for example) can be attached to the gold sensors and detected.

2.5 Experimental setup

An important part of my PhD involves building the experimental setup for microflu-
idic flow manipulation, visualisation and scanning of the entire integrated chip, and

the spectral acquisition and processing of plasmonic sensors in real time.

During my PhD, the setup has been upgraded up to six times, mainly to add new
features and to reduce noise. It consists of a white light transmission microscope in
which the sample (either the fully integrated chip or a single plasmonic substrate)
can be illuminated with linear or circular polarized light. The spectrum of light
transmitted through the sample can be analysed using a grating spectrometer. Addi-
tionally, the sample can be scanned on an XYZ stage and observed at two different
magnifications. In addition, microfluidic micro-pumps can be controlled using a

pneumatic system.

The various instruments can be either controlled independently in single-spectrum
acquisition mode, or automatically synchronized in real-time acquisition mode. I
used LabView for instrument control. Data obtained in real-time acquisition mode

were also partially processed using LabView.

Figure 2.5 shows a schematic picture of the optical setup.
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Fig. 2.5 CD-LSPR setup. a) A picture of the experimental setup showing the
following main parts: (1) PC to control, acquire, pre-process and display data; (2)
electronic pneumatic pump system; (3) reagent reservoirs; (4) fibre coupling to the
spectrometer; (5) high-magnification camera; (6) low-magnification camera; (7)
sample, i.e. plasmonic-microfluidic chip; (8) XYZ automated stage; (9) broadband
lambda quartz; (10) linear polarizer; (11) white light source. b) Detail of one of
the acquisition panels of the LabView software. Particularly, the panel is used to

acquire the spectrum and calculate extinction and CD. ¢) Zoom-in on sample area.

The collection objective is visible above the plasmonic-microfluidic chip, which is
connected to the inlet and outlet tubing.
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2.5.1 Spectroscopy

The spectroscopy configuration uses a 100-W halogen white light source (Olympus
collimator system) that reaches a linear polarizer (Glan Laser Thorlabs) mounted on
a fast rotation stage (URB100CC Newport). When linearly polarized light reaches a
broadband quarter wave plate (Fresnel rhomb Thorlabs), the output can vary from
linear X or Y parallel to left- and right- circularly polarized light, depending on the
incident polarization angle. Once light has passed through the quarter wave plate, the
beam is slightly focused on the sample (within 5mm diameter area, approximately).
Thus, polarized light can be considered uniform over the nanostructures, which
are typically 60 — 120um in size. The light transmitted through the structures is
collected through a low NA objective (5x Olympus NA = 0.13), so scattering may be
disregarded and extinction measurement is considered. After the collection objective,
the light is split to be imaged by two camera systems with different magnifications;
one is used to obtain an overall picture of the microfluidic chip network, while the
other is used to visualize the plasmonic sensors in detail, for placement purposes.
To measure the spectrum of light, a small region of the illuminated area, called the
collection area, is captured an optical fibre connected to the grating spectrometer.
This area is 60um in diameter and has been optimized to achieve a balance between
fast exposure times, the need to average a large number of plasmonic structures in

the array, and the need for reasonable fabrication times for the plasmonic structures.

2.5.2 Microfluidic control

Microfluidic control is independent of the spectroscopy setup. Manual and automatic
pneumatic valves are implemented. Different pressures are delivered in a controlled
manner for the control and flow lines of the microfluidic chips. They can be regulated
to control the closing pressure of the micro-valves and the flow speed inside the
micro-channels. Automatic valves can be programmed to switch on/off (close/open
microfluidic valves) at previously defined times, such that chemical protocols can be
handled more easily and precisely. The system can control up to 24 micro-valves and

feed 10 flow channels.
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2.5.3 Real time CD setup configuration

Circular dichroism can be calculated using the setup configuration shown in figure
2.5, as previously described in section 1.4. Left and right circularly polarized light
spectra are acquired and then subtracted to obtain, in this case, a differential extinction
value (see Eq.2.1). Differential extinction is somewhat proportional to CD, but has
sharper peaks that are useful for tracking purposes. CD can also be calculated in

millidegrees from transmission signals, as shown in Eq.2.2.

R —B Si —B
CD(AE) = Evcp — Excr = logio (( efrcp — Bacrcp)(Sigrep acRCP)) @

(Re frcp — Bacrep) (Sigrcp — Bacrcp)

Sigrep—Bacgcp [ Sigrcp—Bacicp
CD(O) _ %atan \/TCP IV TLCP o Olgatan \/Rechp—BacRCp \/RefLCP_BaCLCP
n VTrer +/Ticp T \/SigRCP*BaCRCP \/SigLCprachp

Re frep—Bacgep Reficp—Bacicp

2.2)

Bac., Ref., and Sig. represent the acquired background, reference and sample
signals, respectively. LabView software allows one to control and synchronize light
polarization, the position of the chip collection area and spectrum acquisition. Thus,
the program can continuously acquire the spectrum of different plasmonic structures
at different polarizations inside the microfluidic chip. The spectra can be processed
during acquisition, extinction and/or CD. Peaks and/or centroids can be calculated
and plotted for the different structures as a function of time, and changes in the sensor

can be tracked in the different steps of the protocols.

The setup is designed for chemical protocols involving plasmonic sensors lo-
cated inside the microfluidics channels, and for tracking changes in their resonance.
Automatic valve control is independent of spectrum acquisition; both systems are
launched at the same time and data are synchronized afterwards. Similarly, the

procedure can be followed with manual control of the micro-valves.
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After completing the experiment, data are processed with MatLab (with more

accurate algorithms) and plotted for the analysis using OriginLab.

2.5.4 Electro-thermo-plasmonic setup configuration

I built an additional setup for electro thermo plasmonic experiments. It contains
the same basic structure, but is designed to work with simultaneous cross linear
polarization instead of alternate circular polarization. To achieve this, the excitation
source mixes white light and a 785nm laser beam through a non-polarising beam-

splitter (a combiner in this case).

Figure 2.6 illustrates the setup. The laser light beam (785nm Toptica XTRA) is
linearly polarized, and its polarization is oriented perpendicular to the polarization of
the 100W white light source, which is also linearly polarized. Beam polarizations
are strategically crossed to excite the transversal and longitudinal resonances of the
specially designed gold nano-rod sensors. The laser beam is loosely focused over
the LSPR micro-fluidic platform within an area of 60um in diameter. White light
is also loosely focused within an area of Smm diameter, using a 50X long working
distance objective (LMPLFLNS50x Olympus). The light travelling through the chip
is collected by a low NA objective (LMPLFLNS5x Olympus), and then imaged by
a camera and coupled to an optical fibre that delivers the light to a spectrometer
(USB400 VIS-NIR Ocean Optics). In this case, the pneumatic system that enables

microfluidic valve control and flow pumping is manual only.

LabView software is also used to acquire spectra and to process the peak positions,
which is plotted as a function of time during the experiment. I prepared an extra
program, also in LabView, to apply a feedback loop on the laser and improve power
stability on the sample. Feedback control is obtained by reading a photodetector
placed in the first beam splitter.

In this chapter, I have introduced the toolbox used to carry out plasmonic inte-
grated microfluidics experiments. Many of the regular steps in this process involved

hand-made components, thus making every experiment unique. I have placed a spe-
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Fig. 2.6 Electrothermoplasmonics experimental setup. The main parts are listed
as follows: (1) PC for data control, acquisition and display; (2) manual pneumatic
valve system; (3) reagent reservoirs; (4) fibre-coupled spectrometer: (5) imaging
camera; (6) sample; (7) white light; (8) beam splitter to combine laser and white
light beams; (9) fiber-coupled diode laser and (10) electric sources. The inset shows
a zoom-in on the ETP chip.
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cial emphasis on minimising fabrication differences and uncontrolled parameters, and
these efforts have provided us with a platform for obtaining reliable, state-of-the-art

measurements.



Enantiomer-selective molecular
sensing using racemic
nanoplasmonic arrays

Abstract. Building blocks of life show well-defined chiral symmetry which has a
direct influence on their properties and role in Nature. Chiral molecules are typically
characterized by optical techniques such as circular dichroism (CD) where they
exhibit signatures in the ultraviolet frequency region. Plasmonic nanostructures have
the potential to enhance the sensitivity of chiral detection and translate the molecular
chirality to the visible spectral range. Despite recent progress, to date, it remains
unclear which properties plasmonic sensors should exhibit to maximize this effect
and apply it to reliable enantiomer discrimination. Here, we bring further insight into
this complex problem and present a chiral plasmonic sensor composed of a racemic
mixture of gammadions with no intrinsic CD, but high optical chirality and electric
field enhancements in the near-fields. Owing to its unique set of properties, this
configuration enables us to directly differentiate Phenylalanine enantiomers in the

visible frequency range.
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3.1 Introduction

Chirality, geometrically understood as the lack of symmetry under specular reflection,
is of major importance in biological systems as well as biological and chemical
processes[59, 31]. For example, biological receptors for taste and smell are sensitive
to enantiomers, the two mirrored images of a chiral molecule, and can chemically
differentiate them by producing different responses that we interpret as, for instance,
drastically different scents[60, 61]. This asymmetry is critical in the case of the
physiological action of drugs, where in the worse scenario one enantiomer acts as a

medicine while the other has detrimental effects[62, 63].

Since such critical biological actions can be related with chirality, several spec-
troscopic techniques have been developed over the years to differentiate enantiomers.
Such techniques include circular dichroism (CD), optical rotatory dispersion (ORD)
and Raman optical activity (ROA)[33, 34]. Although powerful, these techniques
suffer from low signals and sensitivity (ROA) or are located in UV spectral range
(CD and ORD), which rely on expensive equipment.[35].

The recent developments in nanotechnology come with novel metamaterials
and nanophotonic sensors that exhibit high sensitivity and promising properties
for bio-sensing applications[64—-66]. These sensors concentrate light efficiently,
creating highly sensitive nano-regions that interact strongly with matter and can be
used to detect very small amounts of molecules through changes in their resonance
wavelength[67-70]. Nanostructures and metamaterials can also be designed to mimic
the properties of chiral molecules, controlling the polarization of light in a given
wavelength range[42, 71-78]. For instance, giant circular dichroism signals has
been reported in the visible (VIS) and near infra-red (NIR) spectral range[72, 78].
Additionally, nanostructures can be devised to provide local fields with large so-
called optical chirality, C, defined as C = (;—gvg)lm(E* -B). Here, &) is the vacuum
permittivity, @ the angular frequency of light, and E and B are the electric and
magnetic fields of light, respectively. Considering that C is +1 for left (6") and right
(o7) circularly polarized light respectively, larger values may promote stronger light-

molecule interactions and thus be beneficial for the detection of chiral molecules.[79—
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82]. However, there can also be a strong interaction between localized plasmons in
metallic nanostructures and chiral molecules that induce CD signals through dipole
and multipole Coulomb interactions[48, 83, 84]. Although it is still not clear what is
the best way to extract conformational information from molecular signals coupled
to plasmonic systems, several methods have been proposed for the detection of
chiral molecules[48, 85-89]. While most of these methods use CD as a primary
measurement of chirality some works have also used related signals, e.g. differential
transmission, and proposed different ways of extracting the chiral information from
the molecules[89, 90, 46]. There are several reports on induced CD from molecules
near non-chiral plasmonic structures, that is, structures that exhibit no intrinsic CD
signals[83, 91-93]. This method generally relies on plasmonic systems with high
electric fields enhancements, but low C. Recently, attention has turned towards
chiral plasmonic array-based sensors that experience both large intrinsic CD and
C[90, 46]. However, the drawbacks of these designs has been (1) the high intrinsic
CD of the sensors (Fig. 3.1a-b), often orders of magnitude bigger than molecules,
that potentially could over-shadow the small molecular signals and (2) the need for
multiple measurements on separate left- and right handed sensors[90, 46, 94].

In this work, we propose a plasmonic sensor (Fig3.1c) with highly chiral indi-
vidual components composed in a 2D arrangement together with the enantiomeric
counterpart, which result in a non-chiral superstructure. This sensor design has
important advantages in terms of both functionality and reliability. While using
chiral sensors is desired to achieve high optical chirality, the strong far field CD from
the sensors ends up masking the much weaker molecular response. This requires
post processing the data in order to extract the chiral signature from the molecules,
which eventually can be a source of severe artefacts. Indeed, the subtraction of
two very similar spectra may not be reliable especially when involving nano-sensor
array that are not fully identical due to nanofabrication deviations. Eventually, our
measurements give a direct chiral signature from the molecules hence dramatically
increasing the reliability of the sensor. As illustrated in Fig.3.1, a racemic mixture of
chiral sensors can keep as large values of C and electric field enhancements in the
near fields as the totally handed sensors and at the same time the CD signal of the

sensor is suppressed. Racemic sensor arrays have recently been suggested for chiral
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molecular detection[94], however this detection scheme has not been implemented
experimentally until now. The main idea behind such a sensor is that one molecular
enantiomer will interact more with one sensor component, which will shift the CD
balance of the entire sensor system and yield a detectable signal. The CD signal is
anticipated to mainly depend on the CD and C factor of the sensor components, as the
main absorption and CD resonances of chiral molecules reside in the UV. We show
that the racemic sensor can be used for direct molecular detection and discrimination
between the two phenylalanine enantiomers. D, L and the racemic forms (i.e. D+L at
50/50 concentration, denoted as DL) of the amino-acid are used in order to validate

and link the results unambiguously to the chiral conformation of the molecules.

Beyond the use of racemic sensors, another novelty of our study over the prior
art is the way the molecules are controllably delivered to the sensors using molecular
thermal evaporation (MTE)[95], a rarely used method in this field, but extensively
used in molecular electronics. Molecular delivery has also been a limitation in past
studies due to poor control and reproducibility issues. MTE is very suitable for our
purpose, since it allows accurate control of the molecular deposit conditions and
thickness of the coatings, providing more reproducible, homogeneous and dense

molecular layers using a solvent-free method[96, 97].

3.2 Racemic plasmonic sensors

Gold chiral plasmonic nano-structures consist in gammadion elements organized in a
2D matrix array of 120um in size. The arrays were produced by electron beam lithog-
raphy (CRESTEC CABL9510C) using a negative resist (ARN7500.08) on 50nm
gold coated borosilicate substrates separated by a thin (~ 2nm) Ti adhesion layer.
After exposure and development, the gold layer was exposed to reactive ion etch-
ing (Oxford Plasmalab System 100) followed by resist removal in piranha solution
(Caution: piranha solution is a very reactive solution and should be handled with the
maximum safety precaution). The nano-structures were optically characterized using

a custom-made setup consisting of a white light source followed by a broadband
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Fig. 3.1 Handed vs. racemic gammadion arrays. The handed arrays, a) G* and
b) G, exhibit large optical chirality (top) and large electric field enhancement
(middle), but also large CD (bottom). c) The racemic gammadion array G~
shows large optical chirality and electric field enhancement, but no CD. 6" and 6~
indicates excitation with left and right circularly polarized light, respectively.
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linear polarizer (Thorlabs GL10) and quarter wave plate (Thorlabs FR600QM), then
the sample followed by a low numerical objective (Olympus LMPLFLNS5x) which
couples to a grating spectrometer (Andor Shamrock 3031 iDus401 BR-DD system)
through an optical fiber. The interrogated area of the sensor is 60um in diameter,

which account for an averaging over 28,000 gammadion structures.

In order to visualize the properties of racemic gammadion arrays, we compare
these with completely handed arrays. Note that both the gammadion structure as
well the racemic and the completely handed arrays have C4 symmetry, which ensure
anisotropy artifact-free measurements[73]. Figure 3.2 displays scanning electron
microscope (SEM, FEI Inspect F) images and spectra of gammadions of 275xam
in size arranged in a 350nm pitch squared matrix. Here, extinction is defined as

=1—T, where T is the transmitted light, and the CD is calculated using

CD = atan <

FE

where T+ and T5- is the transmission of left and right circularly polarized light,
respectively. The handed arrays had extinction and CD resonances at 660nm, either
in their G or G~ form, as indicated in Fig.3.2. For the racemic mixture, G*~, we
placed right and left-handed gammadions alternatively in a row and then shifted
the next rows by one. The racemic array showed a flat resonance peak in between
625 — 675nm and zero CD signal all over the measured spectral range (Figure 3.2c¢).
The difference in extinction spectrum is not surprising, as the local environment
surrounding a specific gammadion is changed and is thus attributed to the interaction
between G* and G~ components. This result confirms that, like in molecular systems,

right and left enantiomer’s CD cancel out in a racemic mixture.

3.3 Molecular layers

Mostly, previous works not only use different sensor systems, but also different chiral
molecules like polymeric chains or proteins[83, 90, 91]. These large molecules can
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Fig. 3.2 Optical characterization of handed and racemic gammadion arrays. a)
SEM images of handed G* and G~ arrays, as well as the racemic G*~ array. b)
Extinction and ¢) CD spectra of the fabricated nanostructures.

possess supra-structural CD, which might be easier to detect, but the mirror molecule
is seldom available, which makes the results difficult to validate thoroughly. On the
other hand, enantiomeric systems are typically small and therefore produce small
signals that are more challenging to detect. An ideal sensor should not only be
able to detect a chiral molecule, but also give signals which reveal the enantiomer
handedness in the sample. To fully validate a sensor, it is thus important to test the
full set of molecules: not only the two enantiomers, but also the racemic mixture
of the two. Phenylalanine, an essential amino-acid, was chosen in this experiment
as both enantiomers and the racemic mixture are commercially (78019, P1751 and
147966 Sigma Aldrich). Here, we used molecular thermal evaporation (MTE) in
order to accurately control the delivery of molecules and ensure a high density
coating. In this technique, the molecules sublimate from a crucible and reach the
target substrate similarly to what would happen with conventional metal thermal
evaporation (Fig.3.3a). This way the molecules can reach the interparticle regions
and the gaps within the gammadion nanostructures. The thickness of the layers can
be carefully adjusted using a quartz crystal microbalance (QCM). First, we deposited
the different enantiomers and racemic mixture on a quartz substrate. Phenylalanine

molecules were sublimated at 100°C with a deposition rate of 54 /s, leading to an
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amorphous layer. The thickness was estimated using the QCM readings together
with scanning electron microscope images (SEM, Fig.3.3b) and was set to be 150nm
in order to fully cover all sensitive areas of the nano-structures. The SEM image

confirms the uniformity and thickness of the coating.
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Fig. 3.3 L, D and DL (racemic) coatings of phenylalanine on quartz. a) Schematic
of the molecular thermal evaporation technique, where crucibles are filled with the
molecules and gently heated under vacuum, until they sublimate and are evaporated
on the substrates. b) SEM image of a 150nm thin layer of DL phenylalanine. c)
Absorbance and d) CD spectra of the respective coatings.

We then characterized the layers optically in a CD-spectrometer (Applied photo-
physics Chirascan plus), as seen in Fig.3.3c-d. Absorbance spectra of the coatings
reveal a main peak at 200nm within accordance of 10% for both enantiomers and
reflection symmetry of CD. Interestingly, the absorbance of DL coating got on a flat
peak in a similar fashion as the racemic plasmonic array. As expected, the CD of the
racemic mixture is negligible over in the entire measurement range, confirming the
racemic nature of the mixture film. Note that no CD was measured outside of the

displayed spectral range for any of the coatings.
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3.4 Sensing results

After the previous calibration step on the deposition of molecular layers, we made
evaporations of the different molecules on the racemic plasmonic arrays (Figure 3.4).
The optical measurements were performed in a custom-made setup, which features
a detection area four orders of magnitude smaller than the commercial equipment
and no lock-in amplification thus lower signal to noise ratio. Figure 3.4b-c shows the
extinction and CD of the coated plasmonic nano-structures. The flat extinction peak
from the bare arrays (Fig.3.2b) has now become two close, but distinguishable, peaks.
Overall, the extinction increased by 20% in height and shifted about 75nm due to
the coatings. Exclusively, DL coating extinction increased an extra 10% and split
significantly the two peaks in comparison with D and L coatings extinctions. Even
more interestingly, the molecular enantiomers induced CD signals with opposite sign
originating from the symmetric molecular system (phenylalanine D and L), about
500nm from the previous CD peak wavelength. This is made possible thanks to the
synergetic effect of the local optical chirality and field enhancement of the sensors
which selectively enhances the residual CD of the enantiomers in the VIS-NIR range.
Eventually, the signal stems from an unbalance in the racemic array components, in
which either G or G~ interacts more with the interrogated molecules. In addition,
the DL coating induced no significant CD, in line with the CD measurements of the
molecular coatings. These results are in accordance with the symmetry of the system,
as we already saw in the molecular coatings and in the plasmonic nano-structures.
However, a degradation of the signals and symmetry could be expected due to
accumulations of experimental errors for the final measurement. The non-zero CD of
the racemic coating could thus originate from slight imperfections in fabrication that
lead to different CD enhancements together with minor differences in the coating
properties. Additional sets of experiments have successfully reproduced the results,

both in the same as well in a completely new batch of sensors.
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Fig. 3.4 Enantiomer detection in the visible spectral range using racemic gammadion
arrays. a) The molecules were deposited on different sensor arrays, showing the
corresponding b) extinction and c¢) CD spectrum.

3.5 Repeatability

Repeatability tests were carried out to validate our conclusions as well as to assess
the different experimental sources of deviation. We investigated the UV-CD of the
coatings on quartz as well as the CD on our sensors. For investigating the sensor
response, we always employed three slightly different sensor arrays on the same chip.
Several chips were then coated independently, but we also repeated all coatings on
the same sensors after a gentle water cleaning procedure (as molecules are soluble
in water). We identified that the deviations in the results can mostly be attributed
to the molecular coating. Indeed, measurements on different sensors reveal, on
the same chip and with the same coating, only small variations of the induced CD.
Conversely, we identified that certain variance in the coating’s UV-CD would have

direct consequences on the induced CD in the visible.

Figure 3.5a shows the CD (denoted CDm for clarity) in the 220 — 240nm spectral
range for three separate coatings of L- and D-molecules, respectively. While the
main features of the CD spectra are reproduced in between evaporations, there are
magnitude differences that also affect the response of our sensors at 500 — 900nm. In

order to compensate for this variation, we used the UV-CD to estimate the CD in the
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sensing region by using an exponential decay function, see Fig.3.5a. The weight of the
estimated molecular CD in the visible was then used to correct magnitude differences
of the enantiomeric enhanced signals. To further correct for small measurement
and/or fabrication bias errors in racemic sensors, the neutral CD of the racemic
coatings were considered as a baseline of the experimental system.

Figure 3.5b-d shows the molecular induced CD for three sets of data, all con-
firming the repeatability of the effect, using the above mentioned corrections. We
associate spectral variations mainly with slight sensor variations. Each subfigure
contains spectra of six sensors, three with D-phenylalanine coating and three with
L-phenylalanine coating. Figure3.5b and d show the same sensors, that were coated
twice, with a gentle cleaning in between. Except for the slight variations in spectral
position, these data show that the magnitude and sign of the induced CD is repeatable.
Additionally, Fig.3.5c show that very similar results can be reproduced using other

sensors arrays that were fabricated in separate batches.

The enhancement is calculated as the ratio CDg/CDy, where CDg and CD are
the CD of the molecules+sensors and of the molecules alone, respectively. The
maximum enhancement values we measured are of the order of 60 versus 170 in the

simulations. Discrepancies are mostly attributed to nanofabrication imperfections.

To illustrate possible errors originating from the molecular coatings and the
optical readout using our racemic sensor, Fig. 3.6 shows spectra from the same
datasets as in Fig. 3.5, without any applied corrections. From this data, we learn that
a weaker UV-CD (Fig 3.6a) of the molecular coatings yields a low CD also when
measured on the sensors in the VIS-NIR spectral range. Results also suggest that
combined system (sensors + optical system) in this study is prone to yield slightly
positive CD values (Fig. 3.6¢), however they consistently got more symmetrical
after applying the correction (Fig. 3.6f). This effect can stem from non-ideal

nanofabrication of the sensors, as well as a slight misalignment in the optical setup.

Finally, we note that sensing variations due to coating wettability, which were
not considered in this study, may very well be related with the quality of the coating

and molecule/sensor interaction efficiency in general.
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Fig. 3.5 Repeatability of induced CD. a) UV-CD spectra and asymptotic fit of three
enantiomeric coatings. The calculated CD values for the molecular coatings in the
visible (inset) is indicated in the labels in (b-d). b-d) CD signals corrected for the
estimated VIS-CD for the three different sets of coatings in (a). Bluish and reddish
data points refer to variations of the sensors in the same chip. The same chips were

used in (b) and (d).
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respectively, for all the data shown in

Fig. 3.5b-d and Fig. 3.6b-d.
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3.6 Numerical simulations

COMSOL simulations were performed for racemic gammadion arrays on glass
(n = 1.5) in molecular refractive index na = 1.6, using the geometry in Fig.3.2 (see
appendix A for details). Figure 3.7a-b depicts the results, which show two clear
peaks in the extinction spectrum and zero CD, in accordance with the experimental
results. Experimental peaks are likely broader due to nano-particle fabrication defects
that result in inhomogeneously broadened spectra. Note also that the simulations
indicate that while the individual components of the array experience very large CD,
due to the involved symmetry when combined the total CD for the array is zero.
Consequently, small shifts in this balance could motivate detectable CD signals.

Figure 3.7c show the CD enhancement spectra of L and D molecules on top of
the racemic sensor. The CD enhancement was calculated from the ratio CDg/CDy,
where CDg is the CD of the racemic sensor and the chiral layer, while CDy is the
CD of only the chiral layer without any nanostructures (see appendix A). The over-
all line-shape of the simulated spectrum agrees fairly well with the experimental
results, even though the latter do not resolve the double peak and feature weaker CD
enhancements (see section 3.5). The maximum CD enhancement values are around
two orders of magnitude, however, this is likely under-estimated, as the majority of
the CD signal originates from a thin layer near the metal (see appendix A), which
suggest that it can be much higher locally. In particular, the volume contained
between gammadion arms is responsible for about 40% of the CD enhancement (see
Appendix A).

Figures 3.7d-f show C and the E-field enhancement for o illumination at
500, 725 and 900nm, together with their chiral dissymmetry, calculated as AC =
C(o")—C(o7)and AE = E(0")—E(0™). Due to the racemic composition of the
array, reciprocal patterns of C and E are generated using 6+ and ¢~ illumination.
Consistent with the experimental results, the strongest C and the E-field enhancement
are found at 725xam. Similarly, AC and AE are shown to be larger at this wavelength.
For a given illumination, the corresponding gammadion within the unit cell, i.e.

G" under 6 or G~ under 0, shows stronger E-field enhancement. However, C
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Fig. 3.7 Simulations of gammadions for chiral sensing. a) Extinction and absorption
spectra for gammadions on a glass substrate (n = 1.5) and in a n = 1.6 layer with
geometries from the SEM in Fig.3.2. b) CD spectrum of the individual components
of the array (G and G™), showing large and symmetric CD, and the total CD of
the system (G'7), without any CD. ¢) CD enhancement spectrum for the same
array with D and L. molecular layers. Optical chirality C, the optical chirality
dissymmetry AC, electric field enhancement E and chiral dissymmetry of the
electric field enhancement AE at d) 500nm, ¢) 725nm and f) 900nm.
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showed to be larger at odd gammadion-illumination combinations, which is most
clearly visualized in the gaps in between the gammadion arms. Regarding C and E
dissymmetry, AE exhibit clear reflection symmetry with the gammadion handedness,

whereas AC exhibit handedness-independent distribution.

Aside from the clear wavelength dependence of these parameters from Fig. 3.7,
the influence of the parameters on the molecule-sensor system is subtler. The sign
of C promotes the interaction for a given enantiomer with the sensor. While the
magnitude of AC shows the difference of this interaction, which would be related
to the discrimination capacity of the system and is shown to be independent to the
gammadion handedness. On the other hand, E shows the excitation enhancement
for a given illumination. For example, G shows a stronger enhancement for o+
illumination and, reciprocally, G~ is best excited using c~. Hence, AE shows the
local chiral dependence of the enhancement. Combining these properties of C and E,
a given sensor enantiomorph will interact more with a given molecular enantiomer,
for example promoting G* and L molecule or G~ and D molecule interaction. At the
same time, the symmetry of the array yield equal interaction capabilities with both
molecular enantiomers. The racemic array thus enables the enantiomer discrimination

in a one-shot measurement.

Conclusions. In this study, we measured CD of L, D and racemic phenylalanine
on chiral gold nano-structures mixed in an array in a racemic fashion. The designed
sensors showed zero intrinsic CD, but locally high optical chirality and electric field
enhancements. When in contact with a chiral molecular layer, the CD signal separates
from zero, indicating the handedness of the enantiomer near the plasmonic resonance
region. This way we demonstrate that plasmonic sensors can be engineered to offer
chiral selectivity while they remain intrinsically CD free.

We show that the use of molecular enantiomers, as well the use of racemic
molecular mixture as a control, is a key point to confirm chiral detection in plasmonic
sensing experiments, which offers a robust model to validate any chiral sensing

platform.
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Furthermore, phenylalanine species were evaporated using molecular thermal
evaporation, a robust deposition technique that allowed us to deposit layers of
~ 150nm of the different enantiomers and racemic mixture of the molecules. We
believe that this method is an important step forward towards more reproducibility in
the loading of the chiral sensors as well as a way to better understand the physical

and chemical mechanisms involved in plasmon-enhanced chiral sensing.






Enantiomer discrimination using

micro-fluidics

Abstract. The mechanism underlying the interaction between light and chiro-plasmonic
sensors remains unclear, and there is a general lack of the deep understanding re-
quired to design effective chiro-sensitive biosensing platforms. Since Tang & Cohen’s
proposal[98] that super-chiral light can interact more efficiently with an enantiomer
of the same handedness, several plasmonic sensing approaches have been proposed
for differentiating chirality[47, 91, 99, 100]. In particular, Hendry et al[90] described
the use of chiral plasmonic sensors, and the creation of optical chiral hot spots for de-
tecting molecular chirality with enhanced sensitivity. These authors claimed to have
achieved a x10° unit enhancement over conventional CD spectroscopy and picogram
sensitivity. While these results have never been reproduced by other groups, they
create a new paradigm towards enantio-sensitive detection on-a-chip. The original
objective of my PhD thesis was to complete the entire process, to create an inte-
grated chiro-sensitive microfluidics platform capable of differentiating molecular
enantiomers. In this chapter, I report our results in this area, with a focus on the

issues encountered.
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4.1 Introduction

In the original study by Hendry and colleagues, the authors considered a chiral plas-
monic sensor formed by an array of lithographically-fabricated gold gammadions[101,
76, 102]. The manufactured arrays were introduced into a liquid cell used to incubate
the various molecular analytes that were adsorbed on the sensors’ surface. The
sensors’ circular dichroism was measured before and after molecular adsorption
using a commercial CD-spectrometer. The shift of the CD peak between left- and
right-handed gammadions was attributed to molecular adsorption, and the shift differ-
ence between their peak positions, known as dissymmetry shift, was associated with
molecular chirality. The found that certain molecules produced shifts of opposite
direction for left- and right-handed gammadions. Six different proteins and one
amino acid were screened, and the following conclusions were reached: (i) CD peaks*
dissymmetry shifts were of positive value when working with proteins containing
beta-sheets and right-handed gammadion sensors; (ii) conversely, no dissymmetry
shifts were obtained for proteins containing alpha-helices; (iii) finally, a negative

dissymmetry shift was obtained for the amino.

Figure 4.1 shows the spectra of gammadion structures for two of the proteins

studied, along with average CD shifts and dissymmetry results for the screened set.

We based our work on the phenomena described above, considering the hypoth-
esis that the CD shift and dissymmetry of chiral plasmonic sensors represents a
chiral molecular signature. However, despite the impressive results, we also consider
Hendry’s configuration to have several mayor drawbacks. First, the sensors (bare
gold plasmonic structures) are reused and consequently modified after every use[103].
Second, the molecular set is not optimal, given the lack of racemic references re-
quired to validate the chiral effect. Third, liquid cells need to be repositioned after
every measurement, which can introduce variations in the results. We wanted to
develop a platform that allows us to tackle these drawbacks in order to obtain more
reliable results. First, all molecules would be measured under the same conditions; a
sensor set that had gone through the same sample processing steps would be used

for every molecule. Second, the molecular models would involve enantiomorphs,
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Fig. 4.1 a) CD spectrum of right-handed gammadions exhibiting 3 different modes
(top). Experimental data on two different proteins, Beta-lactoglobulin (middle) and
Haemoglobin (bottom). The red lines correspond to the spectra of the structures in
buffer solution, while the black lines correspond to the spectra obtained after molec-
ular adsorption. While the beta-lactoglobulin spectrum shows clear dissymmetry
between spectral shifts, we observe haemoglobin shifts in the same direction. b)
Average CD peak shift of the peak mode (I); and c) shift dissymmetry for all modes
and all molecules screened. (reprinted from Hendry et al.[90]

and the racemic mixture would be used as an additional reference. By doing so,
we expect to obtain a chiral signature of the molecule while suppressing it in the
mixture. Third, the system would integrate a microfluidics network to allow reagent

manipulation without the need to disturb the sensors.

To deal with sensor reutilization, which can alter sensitivity due to sensor degra-
dation issues, we developed a system in which the gammadion sensors are integrated
into a microfluidics network. Different replicas of these sensors are located in isolated
chambers, and different molecules may be tested in each of the chambers. Moreover,
all sensors go through the same steps towards molecular binding, and mechanical
disturbance is avoided (their positions are not altered between one step and the next).
Furthermore, CD peaks are tracked in real time in such a way that we can detect

potential differences in kinetics between sensors.

To obtain reliable results, we used amino acids as molecular models. One

interesting property of optical chirality is the fact that two perfect enantiomers exhibit
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symmetrical CD spectra, as they have an opposite optical response to circularly
polarized light. This is not the case with proteins, because their chiral properties,
or more precisely their CD spectra, are associated with the conformation of their
supra-structures (in most cases, secondary to tertiary structures). Therefore, the
study of fully chiral models helps understand whether or not the sensor-molecule
interaction is related to the chiral properties of the molecule. Additionally, such
models are suitable for creating racemic mixtures (mixtures of enantiomers in the
same proportion). Interestingly, no CD spectra of racemic mixtures can be obtained,
since the contribution of one enantiomer is suppressed by that of its counterpart.
As a consequence, the properties of racemic mixtures can be used as a reference to

validate the chiral nature of pure enantiomeric samples.

Moreover, we have included racemic gammadion arrays in the set of sensors.
This specific array provides a background-free CD measure, while maintaining the
near-field optical properties of fully chiral gammadion arrays, as I have shown in

chapter 3.

In this work, we studied two molecular models based on amino acid enantiomers.
One of the molecular models was cysteine, a thiolated amino acid that, because of
its thiol group, may be chemically bound to the gold surface of our sensors. The
other molecular model was glutamic acid, an amino acid that can bind to the sensor’s
functionalized surface by means of an induced chemical reaction (see section 1.3).
We decided to use chemical adsorption procedures instead of physical ones in order
to prevent the potential desorption of molecules due to subsequent rinsing steps in
the microfluidic channel. As a result, we found that the stability of bare gold sensors
was compromised during the experiments, whereas functionalized sensors remained
stable. Consequently, we measured important shift drifts in the real time acquisition
microfluidic platform, which could remain hidden in two-step measurement experi-
ments. Moreover, while we were unable to measure opposite dissymmetry on fully
chiral sensors, we observed opposite CD induction by glutamic acid enantiomers on
racemic gammadion sensors. This result unambiguously reproduces the accomplish-
ments mentioned in the previous chapter, and shows that racemic chiral sensors are

superior for enantiomer discrimination.
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4.2 CD-LSPR setup

The CD set-up we developed to measure several experimental conditions simulta-
neously, and to do so in combination with the microfluidic chip. It allows us to
screen enantiomers, racemic mixtures, reference buffers, etc. on different types of
sensors under individual experimental conditions at once. Note that the setup was
progressively updated during the project, mostly to improve reliability and reduce
noise. Thus, the experimental results discussed here have been acquired with different

versions of the setup. Nevertheless, they continue to be independently valid.

4.2.1 Microfluidic chip & plasmonic sensors

We used three fluidic architectures to perform the experiments. One was based on a
steady incubation chamber with isolated regions to independently combine sensors
and molecules, while the other two were based on two-layer PDMS microfluidic
technology. Microfluidic networks were conveniently chosen to facilitate surface

functionalization protocols and to simplify the overall operation of the platform.

Figure 4.2 shows both microfluidic chip designs. The first (Fig. 4.2a) has four
identical network replicas (top-bottom-left-right), each with 4 independent channels.
Every channel has 2 inlets and 2 outlets, and this is a suitable design for cysteine

experiments, which require the flow of both buffer and molecular solution.

The second design (Fig. 4.2b) has a total of four channels, which can be addressed
individually or under a common flow scheme. The individual branches are prepared
to deliver one solution (the analyte), while the common branch can deliver up to 4

different solutions.

Plasmonic sensors are formed by a square-shaped, periodic array of gammadion
gold nanostructures. In addition to purely left- and right-handed arrays, we also
considered racemic arrays containing an equal proportion of both types of handedness.

To optimize sensor resonance for our sensing experiments, we carried out an extensive
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Fig. 4.2 Microfluidic network layouts of the chips used for the experiments: red
lines correspond to the control layer, blue lines correspond to the flow layer and
green areas correspond to sensor location in the flow layer. a) Chip design with 4
independent channels. N1-4 are the network replicas. This configuration has been
used in cysteine experiments. b) Design of a 4-channel chip containing 4 individual
inlets and 4 common inlets. This configuration has been used in glutamic acid
experiments.

study of geometrical parameters (gammadion dimensions and pitch; sensor thickness
was fixed at 50nm). Figure 4.3 shows examples of extinction and CD spectra of

fabricated gammadions, highlighting the influence of different parameters.

After multiple manufacturing iterations, the optimum design includes 270nm
gammadions with 70nm arms and a 350nm pitch, featuring an extinction and CD

resonance centred around 675nm (see Figure 4.4).

4.3 Cysteine measurements

Cysteine, a non-essential amino acid, is the only amino acid (of the twenty natural
amino acids encoded in humans) that contains a thiol group. L-Cysteine, a natu-
rally occurring isomer found in most proteins, is a structural component of many
tissues and hormones; in contrast, its enantiomeric counterpart, D-Cysteine, is a non-
proteinogenic amino acid. Cysteine is important for protein synthesis and for several

metabolic functions. It plays a role in collagen production, and may be found in
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Fig. 4.3 Parametric fabrication of gammadion arrays. LCP light extinction (left)
and CD (right) spectra. (a) Outer size variation of the gammadion particle at a
proportional array pitch (p=2*size). (b) Pitch length variation at a fixed gammadion
size of 400 nm. (c) Gammadion lateral arm length variation from 0 nm (crosses) at
400-nm size and 800-nm pitch. (d) Variation in gammadion handedness inside the
array.



70 Enantiomer discrimination using micro-fluidics

1.0 . . T—r 0.04

0.8

0.6

Extinction

0.4 -0.02

0.2

. T -0.04
500

600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelenght (nm)

Fig. 4.4 Fine-tuning of gammadion sensor spectra for microfluidic CD-LSPR sens-
ing. Extinction (left) and CD (right) of the left-, 0.75 left-/0.25 right-, racemic
mixture, 0.25 left-/0.75 right- and right- handed gammadion arrays. A centre ex-
tinction and CD peak is achieved at a 270 nm and 350-nm pitch (Au thickness: 50
nm).

beta-keratin, nails, skin and hair. Cysteine is a component of antioxidant glutathione,
and plays a role in the metabolism of essential biomolecules such as coenzyme A,
heparin, and biotin. It is also a required component for taurine generation. Oxidation
of cysteine’s thiol group can form cystine, which consists of two cysteine residues
joined by a disulphide bond. Such bonds are crucial for structure definition in many
proteins. Cysteine is an important source of sulphur in human metabolism; although
it is classified as a non-essential amino acid, it may be essential for infants and the
elderly. Cysteine and its derivates exist as a dietary supplement, and are used in a
range of clinical applications, including baldness, psoriasis and preventing smoking-
related cough. Cysteine is also used for treating asthma. In the future, it may be used

to treat cobalt-induced toxicity, diabetes, psychosis or cancer[104—108].

Cysteine isomers have a molecular weight of 121.15g/mol and are highly soluble
in water (> 20g/L at 25 (o)C). Their enantiomers are commercially available as a
colourless crystalline powder and as a white powder for L and D forms, respectively
(30089 Sigma and 30095 Aldrich). The structural difference between the enantiomers
is due to swapping the amino group and the hydrogen that are bound to the chiral
centre. The molecules have electronic resonances in the UV spectral region; they
show equal absorbance between 180 — 200nm and opposite circular dichroism around

200nm. Figures 4.5a and b show their molecular formula and 3D structure, providing
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a fairly clear representation of the chiral centre. Figure 4.5¢ shows the absorbance

and CD of the molecules and their racemic mixture in the UV region.
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Fig. 4.5 Cysteine isomers; a) molecular formula and b) 3D structure representation of
L-cysteine (top) and D-cysteine (bottom). ¢) UV absorbance and Circular Dichroism
spectra of L- and D- enantiomers of cysteine and their racemic mixture

4.3.1 Liquid cell incubation

Since the chemical reactions used for cysteine experiments are quite simple, we
decided to incubate the amino acid with the sensors in a buffered solution. The
experimental procedure consisted of measuring the sensors’ spectral response in the
buffer solution to obtain a reference spectrum. Next, incubation with cysteine was
performed, and a new measure was obtained in the buffer solution to observe the
changes that had been induced as a consequence of the molecular layer. By doing so,
we expected to cover the sensor with a cysteine monolayer bound to gold through a
sulphide bond.

The original purpose of this experiment was to reproduce Hendry’s experiments
by performing a similar procedure with a better chiral molecular model. To avoid
reusing the sensors, we manufactured 4 sets of handed and racemic gammadions on

the same substrate. Each set was used for a single measurement of L- or D- cysteine
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enantiomers, its racemic mixture or the reference buffer. Incubation chambers

included the substrate and a cover slip separated by a 1mm thick spacer.

A phosphate buffer solution (100mM concentration, pH 7) was used as a solvent
for the molecules. We performed reference measurements with buffer solution before
molecular incubation. All chambers were then emptied and refilled, three with
molecular solutions (82.5mM concentration), and one with buffer again. Solutions

were incubated in the dark for 1h and then measured.

The results obtained for the CD measurements, before and after molecular incuba-
tion, are shown in Figure 4.6. Initial measurements in buffer show a slight discrepancy
(around 15%) in terms of amplitude. Higher discrepancies were obtained for the
racemic sensor, since the measured signal was ten times smaller. Surprisingly, no
shift dissymmetry was detected in molecular measurements. L- and D- enantiomers
red-shifted the resonances of fully handed sensors by ~ 20nm, while the racemic
mixture red-shifted resonances by ~ 10nm. Sensor showed similar shifts for both
types of handedness. As for the racemic sensor, no clear signal was obtained, al-
though L- and D- molecules produced a larger amplitude change (as compared to the

reference) than did the racemic mixture of molecules.

When looking at the extinction spectra (figure 4.7), similar trends to those in CD
can be detected. Average shifts continue to be larger for L- and D- molecules, while
they remain smaller for the mixture. In contrast, racemic sensors showed multiple
peaks after molecular incubation. Peak splitting may be caused by a slight narrowing
of extinction bands after molecular adsorption. Qualitatively, overall changes show
similar trends to those of CD, with larger shifts detected for enantiomers than those

for the racemic mixture.

Spectral analysis did not clearly show the results expected, in that we observed
only relatively small differences between molecules. Therefore, we decided to
perform a numerical analysis for average shift and dissymmetry, using the following

equations:
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incubated in the corresponding solution for 1h.
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Fig. 4.7 Extinction spectra for incubated cysteine enantiomers, the racemic mixture,
and reference buffer on left- and right- handed sensors and racemic sensors (from
top to bottom). The left column shows the initial spectra obtained when the sensors
were soaked in buffer, while the right column shows the spectra obtained after the
sensors were incubated in the corresponding solution for 1h.
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LH and RH sub-indexes refer to left- and right- handed gammadion sensors,
respectively. We used opposite dissymmetry notation to that of Hendry et al. so as to
maintain overall coherence with the rest of our notation. In terms of racemic sensors,
I plotted the extinction central peak and the centroid peak in order to average multiple
peak occurrence. In Figure 4.8 I used bar plots to facilitate the analysis of these
quantities. The results show a comparable average CD shift for both enantiomers,
and less than half of this shift for the racemic mixture. Interestingly, CD dissymmetry
took an opposite sign between enantiomers and the racemic mixture. Note also
that the dissymmetry obtained for the reference measurement (incubation in buffer
solution only) is of the same order as for the molecules. There is no straightforward
interpretation of these results. First, the dissymmetry obtained is not what would
be expected in a discrimination scenario, since both enantiomers shift in the same
direction, while the racemic mixture does so in the opposite direction. Second,
incubation with reference buffer showed significant dissymmetry. No dissymmetry
was expected for the buffer solution, which suggests that dissymmetry may come

from a source other than molecular binding.

Extinction average shifts showed the same trend as for CD. Enantiomeric shifts
were comparable and very significant (~ 35xnm) for such a small molecular system.
The racemic mixture shift was still significant (~ 15nm) for binding to be considered,
but it was much lower than that of the enantiomers. Therefore, there is at least
one factor that reduces the binding efficiency for the racemic mixture. Curiously, a
significant shift (10nm) may be observed when the buffer solution is incubated on
its own, and this shift provides an additional swap towards blue. In terms of the
dissymmetry of extinction, an even bigger shift could be detected for the reference
buffer than for the molecular bindings. This result supports the idea of another source
of shift besides molecular binding. Shifts obtained for racemic sensors also confirm
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Fig. 4.8 Shift results in the cysteine incubation experiment. a) CD average shift
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the existence of a buffer-induced shift. In fact, considering that this is a shift towards
blue, it may be related to structure annealing[103]; however, this effect is not obvious

in such complex structures.

There is no clear evidence of chiral discrimination in the results obtained. How-
ever, the lack of consistency between the measured shifts suggests that there may
be some interference during the binding. The significant contribution of the buffer
solution to CD dissymmetry and extinction shifts suggests that solvent annealing
plays an important role in the process. Although not reported extensively, anneal-
ing is known to induce morphology changes in nanostructures, thus altering their
spectra[103, 109, 110]. Consequently, we are observing the effect of molecular
binding in combination with the annealing of plasmonics structures. Therefore, there
is clear justification for using microfluidic experiments to accurately monitor binding

dynamics.

4.3.2 Microfluidic LSPR tracking

To develop a deeper understanding of cysteine binding to plasmonic sensors, we
performed experiments in a microfluidic environment. We measured the changes in
spectra by monitoring the peak shift in very short time periods (<1°). Additionally,
sensors were subject to very similar experimental conditions because of the accurate
sample volume and time control provided by the set-up. None of the benefits from

previous experiments was lost in the microfluidics experiments.

We performed experiments to analyse the binding of cysteine enantiomers and
their racemic mixture to fully handed and racemic gammadion sensors, using the
chip depicted in Figure 4.2b. Every channel in the chip included a full set of sensors;
only one solution was injected in every channel. One of the channels in the chip was
devoted to checking the effect caused by the buffer solution on the sensors under
identical conditions to those of molecular binding. To reduce the effects of annealing

on the sensors, we first injected phosphate buffer (100mM) into all channels for 1
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h, and then injected the cysteine solutions (82.5mM concentration). Finally, the

channels were rinsed with phosphate buffer to remove non-bound molecules.

Figure 4.9 shows a plot of the positions of extinction and CD peaks over time.
LCP and RCP light illuminations are plotted to show extinction peak shifts, in order
to prove that the curves are equivalent, and therefore that the analysis may be applied
to any of them. CD curves were relatively noisy when compared to extinction curves,
and they eventually grew against background noise. However, similar trends were
clearly distinguishable for the CD response of enantiomers, whereas no response was
observed for the racemic mixture. Analysis of the extinction curves, which showed
less background noise, revealed several interesting features. First, racemic sensors
were more sensitive than fully-handed sensors: the total shift for racemic sensors
was about 12nm, whereas that for fully-handed sensors was around 8nm. However,
all sensors showed the same tendency in terms of molecular binding. Second,
enantiomers bound, whereas the racemic mixture did not; we observed a shift for
L- and D-molecules, but not for the racemic mixture. Third, each enantiomer has
different binding dynamics. L-molecules show a faster binding rate at the beginning
of the process, while D- molecules show an initially slower rate that evolved over

time; at the end, similar levels were reached.

This is a subtle dynamic effect. In particular, right-handed sensors showed a shift
flip of a D-molecule over an L-molecule along the binding step. No flip occurred in
the left sensor. The results were more obvious for racemic sensors, as the final shift
is not equal for both enantiomers. The slower pace of D-molecules position their
shift 2nm below that of L-molecules. This is a very relevant observation, as the final
result is therefore time-dependent. This means that, eventually, results could change
their sign depending on the incubation time. Finally, no shift was detected for the
reference buffer, which, in principle, dismisses annealing interferences and confirms

that no binding is obtained in the racemic mixture.

Figure 4.10 shows extinction and CD spectra obtained before and after cysteine
binding. As can be easily appreciated, shifts are smaller than those obtained in
incubation experiments, and therefore little information can be retrieved from direct

observation of the spectra. Qualitatively, we observe an overall decrease in magnitude
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Fig. 4.9 Plots showing the shift in resonant peaks. Peak position for CD and
extinction is measured continuously over time for left-handed (LH), right-handed
(RH) and racemic-handed sensors (RaH) reacting to cysteine molecular species: left
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in the spectral peaks after binding. The CD spectra of racemic sensors did not show
an obvious trend that enabled discrimination, and extinction spectra showed a multi-
peak shape even before binding. The initial buffer pre-conditioning appears to
affect the sensor such as to make it possible to achieve smaller binding shifts. This

further supports the hypothesis that buffer annealing of sensors makes an important

contribution to the total shift.
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Fig. 4.10 Spectral plots for the microfluidics experiment involving the binding
of cysteine species, taken before (0) and after (#1) molecular binding. CD (left)
and Extinction (right) spectra are shown for cysteine L-enantiomer (Lm), cysteine
D-enantiomer (Dm), and the racemic mixture (Rm) of cysteine enantiomers for the
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To obtain further insights into these results, I plotted the average shift and
dissymmetry for CD and extinction measurements of each sensor (Figure 4.11). The
continuous acquisition mode allows us to obtain statistical data, calculated from
10-20 sequential acquisitions (3’-6’ in time) taken on a flat region of the curves,
before (#0) and after molecular binding (¢1).

The average CD shift increased by ~ 6nm for enantiomers and decreased to
— 1nm for the racemic mixture. The opposite trend was found for dissymmetry, which
showed similar results to those obtained in the incubation experiment. However,
dissymmetry values included large experimental errors, apart from fluctuations from
the initial state. Reference buffer measurements were low for the average shift, but
significant for dissymmetry, which confirms that dissymmetry is sensitive to minor
degradations in the sensors. The overall tendency is reproduced by the extinction
average shift and dissymmetry, which show more accurate values than those for
CD, but of the same order of magnitude. A similar scenario is observed for the
racemic sensor, although only the extinction shift can be measured. The shift showed
a difference of about 2nm between enantiomers, while no shift was detected for the

racemic mixture or for the buffer.

As in the previous experiment, these results were not conclusive. CD shifts and
dissymmetry are of a different order of magnitude for different enantiomers, but no
opposite dissymmetry is obtained. In addition, the values obtained for the racemic
mixture could not be used as a baseline for those of enantiomers, thus validating
chiral discrimination. However, extinction results confirmed the absence of binding
in the racemic mixture, which made it impossible for measurements on enantiomers
to be validated or discarded. Additionally, the absence of a buffer effect in extinction
shifts increases the reliability of the bindings. As for racemic sensors, their higher
sensitivity makes them more interesting for binding analysis, although they do not

currently provide a good signal for chiral discrimination.

These experiments provide additional support for the liquid-annealing hypothesis.
The coincidence of the shift magnitudes for the racemic mixture and the buffer, both

in this experiment and in the incubation experiment, strengthens the hypothesis that
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liquid annealing has a significant influence on the measured quantities. In particular,

dissymmetry quantities are very sensitive in this regard.

Additionally, the different binding dynamics showed by L- and D-enantiomers
presents new questions about the evolution of signals during molecular binding.
In that sense, racemic sensors shown better sensitivity, which makes them good
candidates for further study of this phenomenon.

4.3.3 Microfluidic LSPR stepped binding

Understanding the different binding dynamics exhibited by cysteine enantiomers,
which could ultimately alter the results obtained depending on incubation time, we
performed another set of microfluidics experiments to characterize this effect more
completely. In this new set, we used a lower concentration of cysteine molecules
(8.25mM), and the binding process was divided into three partial binding steps. By
doing so, we expected to improve the visualization of the dynamics by slowing down

the binding rate.

First, buffer was passed through all channels for 1 h, after which we performed
three cycles of cysteine-buffer (30’ cystenine - 30’ buffer; 1 h each). Thereby, the 30’-
minute period devoted to cysteine binding in the previous microfluidics experiment

was extended to 1.5 h.

Regarding molecular binding analysis, Figure 4.12 shows the peak shifts for left-,
right- and racemic-handed sensors to which L-cysteine, D-cysteine, racemic mixtures
of cysteine enantiomers, and buffer solutions were added. The slow binding rate
helps visualize the different binding dynamics. As in the previous experiment, the
binding rate for L-cysteine at the beginning of the experiment was faster than that
of D-cysteine. Over the first two cycles, shifts were larger for L-enantiomers than
for D-enantiomer. In the third cycle, shifts in L-enantiomers began to saturate, and
D-enantiomer shifts overcame those of L-enantiomers, at which point the experiment
was concluded. In this experiment, the trends shown by each of the three sensors were

found to be more similar, in contrast with the large differences observed previously
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for the racemic sensors. However, racemic sensors were still slightly more sensitive,
providing larger shifts and molecular shift separations. In line with previous results,
no binding was detected for racemic molecules (only bulk refractive index effects
were found between steps). On the other hand, shifts were only observed during the
first step in buffer solutions, and were higher for left-handed enantiomers. This is
probably due to the different time requirements in the pre-annealing step for different

sensors/chips.
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Fig. 4.12 LSPR shift for the different sensors: left (dashed lines), right (dotted
lines) and racemic (continuous line) due to L-cysteine molecules (blue), D-cysteine
molecules (red), their racemic mixture (purple) and reference buffer (black). The
curves show the three binding-rinsing steps.

An alternative view is provided by the spectra depicted in Figure 4.13. Four
different spectra are shown in each plot, each depicting different conditions and
sensors taken at different time points (at the beginning (¢0) and after each binding
step (1 —¢3)). Time progression is indicated by the colour gradient). As shown in the
plots, the spectral shift progression of D-molecules is slower than that of L-molecules.
No shift can be seen for the racemic mixture, and only a slight variation is detected
for the reference buffer. Racemic sensors show slightly different spectra than in the

previous microfluidic experiments, but they still maintain their peak splitting shape.

To aid interpretation, these results are presented in the bar-plot shown in Figure
4.14. Equivalent results were obtained for averaged extinction shifts (in handed
sensors) and racemic sensors shifts. After the first cycle, L-molecules showed
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Fig. 4.13 Extinction spectra for the different enantiomers, their racemic mixture and
the reference buffer for left- and right-handed and racemic sensors. Very similar
magnitudes were observed in each case for the three sensors. For representation
purposes, the values obtained for right-handed and racemic sensors were scaled up
(25%) and down (25%), respectively. The colour gradient shows the different time
measurements taken after every cycle.
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a larger shift than that for D- molecules. After the second cycle, the difference
between shifts begins to balance out. After the last cycle, the shift for D-molecules
slightly overcame that for L- molecules. A much lower but stable shift was observed
for the racemic mixture, which confirms the reduction in or absence of binding.
Dissymmetry in handed sensors tended towards the previous microfluidics results,
where L- and racemic solutions showed positive values and D- solutions showed
negative values. Dissymmetry in the racemic mixture evolved from negative to
positive values, although the three measurements were found to be quite different
when compared independently.

These results highlight the need to accurately control molecular adsorption, since
differences in molecular binding dynamics can lead to different results if incubation

conditions are not tightly control.

In addition, the reference buffer showed a significant shift and a marked dissym-
metry, higher than that obtained with molecular solutions. Once again, we can see

that dissymmetry measurement is highly sensitive to buffer.

Separating CD signal results to facilitate data analysis, we observe a similar
tendency to that for extinction. Time traces and spectra are shown in Figures 4.15 and
4.16, respectively. L-molecule CD peaks shifted faster than those of D-molecules,
and a smaller and constant shift was exhibited by the racemic mixture and the
reference buffer. Essentially, we obtained a noise-ridden reproduction of extinction
measurements. Consistent with this, spectra plots showed small shifts for enantiomers
and even smaller for the racemic mixture and buffer. Dissymmetry cannot be observed
from spectra.

Bar plots confirm the previous results: L-enantiomers show larger shifts than
those of D-enantiomers, but this advantage is reversed over time (see Figure 4.17).
Additionally, dissymmetry plots show several interesting results. First, all analytes
follow a constant trend over the three cycles, and only slight magnitude variations
may be detected (mostly for the racemic mixture). This is quite an interesting
result, as it is decoupled from the extinction trend. In addition, we observe opposite

dissymmetry values for L- and D-molecules, and the values obtained for the racemic
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mixture oscillated between both values and zero. These results are promising because
a clear and coherent set of signals is obtained, which allows for discrimination if the
racemic chiral contribution is considered to be zero. However, as did for the previous
ones experiments, these results have significant issues: no binding is detected for the
racemic mixture in extinction analysis, which means that CD dissymmetry values
may not be reliable. Also, there is significant buffer-related shift, and it is not clear
how this could affect the binding of different molecules. In fact, dissymmetry values

for the racemic mixture and the buffer followed very similar trends.

8,
.61
£
£
>4
54
=
®
a2
O
0,
E € E£E % E E£E E w E £ E w E E E %
4 14 a & 4 4 a & 4 14 a & 4 14 a &
Molecule

€

£

>

£

9]

€

€

>

2]

K2

[a)

[a)

O
E € E % E £ E£E « €E £ £ « E £ E %
4 14 a & 4 14 a & 4 14 a & 4 14 a &

Molecule

Fig. 4.17 Bar plots for the 3 cysteine-binding cycles on gold chiral sensors. a) CD
shift average and b) CD dissymmetry calculated from left- and right- handed gam-
madion sensors at the beginning of the experiment under buffer-only conditions (£0)
and after each cysteine-binding cycle (11 —¢3). Measurement statistics correspond
to 10 or more consecutive acquisitions around each time position.
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Furthermore, this experiment shows that it may be useful to perform a precise shift
analysis using time-trace plots. Otherwise, results such as CD dissymmetry acquired
at different time points (¢1 or ¢3, for example), which show similar values, could have
an entirely different interpretation in terms of shift contribution. Therefore, these
curves provide us with a clear insight that would be overlooked in single acquisitions.

In summary, the results obtained in the different experiments with cysteine did
not show the expected difference in the sign of dissymmetry for gammadion sensors.
Consequently, it was not possible to discriminate enantiomers. The binding analysis
revealed that the racemic mixture did not bind to the sensors, and so the molecular
model did not work under these conditions. This is most probably due to the solution
being inactive, since the enantiomers showed nice binding curves. The differences in
binding shift kinetics for enantiomers point to a shift swap over time. It is essential to
control the circumstances around this time trend, as failure to do so could eventually
lead to false or confusing conclusions. In addition, we detected a major drawback
of using gold sensors for such sensitive measurements: solvent annealing. The
effect of the buffer on the bare sensors was found to be very important for binding
and chiral measurements, thus interfering with the signal contribution of cysteine
molecules. Despite adding a pre-annealing step, the buffer solution continued to
influence dissymmetry, and therefore the chiral discrimination capabilities of the
sensing system. The racemic sensors showed very good binding sensitivity, although

again chiral discrimination was not possible.

These findings clearly suggest the presence of a molecular change beyond that
involving sensor protection from solvent annealing. In the following section, I will

analyse an alternative solution.

4.4 Glutamic acid measurements

Glutamic acid, also known as glutamate (anion), is a non-essential amino acid
that occurs naturally in its L-form, and is one of the 20 proteinogenic amino acids.

Glutamate plays a key role in cell metabolism and is the most abundant fast excitatory
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neurotransmitter in the mammalian central nervous system. It is involved in synapse
triggering and plasticity, and is believed to have a role in cognitive functions such
as learning and memory. Glutamate transporters are found in neuronal and glial
membranes. Upon brain injury or disease, an imbalance in glutamate concentration
may generate high concentrations of calcium ions inside cells, a process called
excitotoxicity that can lead to neuronal damage and eventually cell death. Glutamate-
related excitotoxicity is part of the ischemic cascade, and it is associated with diseases
such as stroke and Alzheimer’s disease. Glutamic acid is also involved in epileptic
seizures. Moreover, the hydrochloride salt form of glutamic acid is used as a gastric
acidifier[111-113].

In contrast, D-glutamic acid is not produced endogenously in higher mammals.
It is found primarily in the cell walls of certain bacteria, and is also present in some
foodstuff, such as soybeans. Unlike other D-amino acids, D-glutamate is not oxidized
by D-amino acid oxidases, which means that this detoxification pathway may not be
used for its disposal. In a similar manner, D-glutamic acid escapes most deamination
reactions when ingested (unlike its L-counterpart). Free D-glutamate is found at
surprisingly high levels in mammalian tissue, and accounts for 9% of total glutamate
in the liver. To date, D-glutamate is considered to be the most powerful natural
inhibitor of glutathione synthesis[114, 115].

Glutamic acid has a molecular weight of 147.13g/mol and is water-soluble
(~ 8g/L at 25°C). Its enantiomers are commercially available as a white crys-
talline powder (G1251 Sigma and G1001 Sigma from Sigma-Aldrich). L- and
D-enantiomers differ in the exchange between the amino group and the hydrogen
bound to the carbon chiral atom. Their electronic resonances can be found in the UV
spectral range, with an absorbance peak spanning from deep UV to 190nm, and a
circular dichroism peak at 200nm. Figure 4.18a shows the molecular formula and its
3D structure representation. The amino group in the chiral centre can be oriented
inwards (L-configuration) or outwards (D-configuration). Figure 4.18b shows the
absorbance and CD spectra of the molecules and that of their racemic mixture in the
UV region.



92 Enantiomer discrimination using micro-fluidics

%o

Extinction

o 15

CD (mdeg)

-30

190 200 210 220 230 240 250
Wavelenght (nm)

Fig. 4.18 Glutamic acid isomers. a) molecular formula; b) 3D structure representa-
tion of L-glutamic acid (top) and D-glutamic acid (bottom). c) UV absorbance and
Circular dichroism spectra of L- and D-enantiomers of glutamic acid and that of
their racemic mixture.

4.4.1 Microfluidics LSPR on handed gammadion arrays

The next step after the cysteine experiments involved improving sensor stability. To
this end, we used a SAM containing MUA to coat the sensors and stabilize their shape,
thus making them more robust against liquid annealing. However, such a coating
would also prevent the binding of new molecules, so it is necessary to chemically
activate the coating in order to capture new molecules. To couple glutamic acid
through its amine group, I followed the EDC/NHS protocol described in Chapter
2 (section 2.4.2), choosing glutamic acid instead of cysteine because the cysteine’s
thiol would compete with MUA. Once again, I tested L- and D-enantiomers and their

racemic mixture at a concentration of 67.97mM.

Phosphate buffer was used as a solvent and reference. This time I used the
microfluidic network shown in Figure 4.2b, since a common channel action was
required to perform the activation in all channels. Each channel was also individually

loaded with one of the corresponding solutions of interest. The three sensors, left-
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and right- handed gammadions and racemic gammadions, were integrated into each

of the four channels.

The experimental procedure is more complex than the previous one, mostly
because of the delicate manipulation required for MUA activation reagents (rather
than because of its overall length and number of steps). The EDC/NHS solution
has a short lifespan, so it must be prepared right before injection into the chip. The
protocol sequence includes two main steps: activation of the sensors’ coating and
analyte binding. We added conditioning and rinsing steps before and after these two
steps, and they were especially short after activation, in order to minimize decay in
reactivity experienced by the capture coating. Figure 4.19 shows the peak shift, as a
function of time, of extinction and CD spectra for left- and right- handed gammadion
sensors. These plots highlight two remarkable aspects: (i) reference signals only drift
slightly (as compared to the binding signal); (ii) CD signals are quite noise-ridden
when compared to extinction signals. The former was expected because of the SAM
coating. The latter implies that the acquisition system is performing poorly. The
detected CD noise is caused by mechanical vibrations generated by the automated
XYZ positioning stage, which will need to be fixed in the future. Moreover, shifts
were found to be very small when compared to the two previous experiments. Only
~ 1.2nm (~ 0.7nm for glutamic acid) were obtained, compared to ~ 7nm in the
cysteine microfluidics environment, and 35nm for the cysteine incubation. The shifts
were appropriate for measuring extinction variations, but were smaller than desired
for the differential analysis of signals, such as those obtained in CD, as shown in
Figure 4.19b. However, since there are minimal buffer-induced effects and three
solutions were bound correctly, the experiment can be considered satisfactory, even
despite the poor trend shown by the CD curves. The most important implications
for the CD results is that the values obtained with molecular solutions are above
those obtained with the reference buffer, which provides further evidence for signal

independence, in contrast to the results achieved with cysteine experiments.

Figure 4.20 shows the CD spectra for the different analyses at the beginning
of each experiment (0) and after molecular binding (¢1). The shifts are clearly

very small, when compared to those obtained in previous experiments with cysteine.
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Fig. 4.19 Experimental time traces for glutamic acid detection. a) Extinction and b)
CD peak shifts for L- and D-glutamic acid, the racemic mixture and the reference
buffer on left-handed (LH) and right-handed (RH) gammadions. The vertical green
lines correspond to the delivery time of molecular solutions immediately after the
activation step.
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Figure 4.20d zooms in on the racemic sensor CD spectra, which was negligible when
compared to the CD spectra of fully-handed sensors. Nothing particularly interesting
could be seen on the signals beforehand. However, in the following section we will

devote a special attention to the treatment of racemic sensor signals.
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Fig. 4.20 CD spectra of glutamic acid enantiomers (a,b) and their racemic mixture
(c) at the beginning of the experiment (t0) and after the binding step (t1) for left-
handed (LH), right-handed (RH) and racemic (RaH) gammadions. d) Zoom in on
the racemic sensor for the three molecular sensing measurements

To complete the analysis of the handed sensors, I constructed bar plots of extinc-
tion shifts and CD shifts (Figure 4.21). The plotted average shift and dissymmetry
values and error bar were calculated from the spectra at around t0O and t1 (the time
points used in Figure 4.20). In this case, we make the reasonable assumption that the
common activation step alters all sensors’ response equally, such that the total experi-

mental shift should be proportional to any effect caused by independent molecular

bindings.

Extinction average shifts of enantiomers were slightly different in magnitude.
The racemic mixture shift was slightly lower, which means that all molecules showed
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Fig. 4.21 Bar plot of shift average and dissymmetry for a) extinction peak shifts
and b) CD peak shifts. Several peak measurements (> 10) were averaged at the
beginning of the experiment and after glutamic acid binding and used for the
calculations.
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a similar binding behaviour. The buffer-induced shift is reasonably low, less than half
of a molecules’ magnitude. In this case, dissymmetry is very low and the calculated

error becomes significant.

The average shift for CD spectra shows a larger difference between enantiomers
and intermediate values for the racemic mixture, thus providing a properly distin-
guishable set of values. However, these values were accompanied by large errors
that were particularly notable in dissymmetry calculations. Furthermore, dissym-
metry had the same sign for both enantiomers, while that of the racemic mixture
was around 0, which makes the results uninteresting for the purpose of enantiomer

discrimination.

Therefore, we can conclude that fully-handed gammadion arrays do not provide

useful results for enantiomer discrimination.

4.4.2 Microfluidic LSPR using racemic gammadions sensors

As shown in Chapter 3, racemic gammadion sensors are a particular case. They
show promising properties for chiral sensing in terms of enhancing molecular chiral
signals. In this experiment, bindings were achieved for the full set of molecules, in
contrast to the cysteine experiments, where the racemic mixture showed no response
to the sensing scheme. Therefore, the enhanced CD signal of racemic sensors was

treated in a similar manner to that shown in Chapter 3.

The disperse spectra shown in Figure 4.20d show the familiar differential features
of racemic sensor enhancement when 70 is subtracted from 71 (i.e. when the effective
molecular contribution is extracted). Results are shown in Figure 4.22. The signal
obtained for the racemic mixture clearly shows features that are halfway between
those for each enantiomer. A clear, general deviation from baseline is observed,
which can be related to experimental limitations that become relevant given the very
small signals being measured. The racemic mixture signal was taken as a reference

for baseline correction. Consequently, a clear dissymmetric response was obtained
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for enantiomers, with an opposite sign after subtraction. CD spectra for the racemic

sensor provide evidence of molecular handedness.
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Fig. 4.22 Enhancement signal for glutamic acid using racemic sensors. a) CD
response of racemic sensors to L-enantiomers, D-enantiomers and their racemic
mixture. The enhanced response has been calculated as the difference in CD before
(t0) and after molecular binding (t1). b) CD enantiomeric response correction. The
racemic mixture signal has been subtracted from L-enantiomer and D-enantiomer
signals. Signals were averaged using 10 sequential acquisitions and then smoothed.

Figure 4.23 shows the extinction peak shift for racemic arrays. These shifts
provide interesting information beyond binding confirmation. They show a split
during the binding step that reproduces the results obtained for the averaged CD
shift, which showed increasingly larger shifts for L-, racemic and D-solutions, respec-
tively. However, the split disappeared after rinsing. This could be related to chiral
enhancement caused by the bulk solution rather than by the monolayer of molecules.
As shown in Appendix 1 the major contribution to chiral enhancement provided by
racemic sensors stems from the volume between gammadion arm gaps, rather than
from the gammadion surface. Though rare, the extinction shift seemed to show chiral
sensitivity. As for the buffer, it maintained a lower shift, with no risk of interference.

In addition to the analysis of the regular extinction shift, we also exploited the
particular tendency shown by the molecular system. We considered the racemic
mixture curve to be a baseline; subtracting it from the curve for each enantiomer
(see Figure 4.24), we obtain two interesting time traces. Corrected time traces for
L- and D-glutamic acid showed a signal that was different from zero only while
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Fig. 4.23 Sensing plots for racemic gammadion sensors. a) Extinction time traces
and b) shift plot bars for L- and D-glutamic acid, their racemic mixture and the
reference buffer.

the molecular solution was flowing. As if it were a chiral signature, this effect
reinforces the fact that phenomena emerged from the bulk influence rather than
from the monolayer. While we do not yet have a clear enough understanding of
this phenomenon to claim chiral sensitivity in the extinction signal, this result is

interesting enough to perform further research on the properties of racemic sensors.
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Fig. 4.24 Racemic gammadion time traces for L- and D-glutamic acid after extract-
ing the contribution of the racemic mixture.
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Conclusion. We have demonstrated cysteine binding on bare gold plasmonic
gammadion sensors. We performed a detailed study of the process using either contin-
uous peak shift time traces or strategically selected spectral acquisitions. The results
obtained provide new insights into the importance of binding kinetics and annealing
contributions in the final results. The results are sensitive to the incubation time or
buffer pre-treatments used, which creates a risk of incorrect interpretations. Moreover,
buffer-annealing-induced shifts have been shown to be particularly important for dis-
symmetry measurements, thus obscuring chiral detection results. Therefore, for these
sort of experiments it would be advisable to perform dynamical binding/adsorption
studies, or to repeat the experiment to obtain reasonable statistics, instead of making

repeated measurements of the same sample.

We also performed experiments with glutamic acid and showed that sensor
function reduces the effect caused by buffer annealing drift. However, peak shifts
in molecular sensing were reduced as a consequence. The small shifts observed
were close to the resolution limit of the system for CD signals, highlighting the need
to revise the experimental system to reduce noise. Despite CD noise, the results
obtained were generally coherent for the three glutamic acid solutions. Fully-handed
gammadion sensors showed a different average CD shift, but its chiral nature could
not be confirmed by their dissymmetry, as it was found to show the same sign for
both enantiomers. Interestingly, the racemic gammadion extinction shift reproduced
the averaged CD shift result obtained with fully handed sensors. Additionally, under
analogous processing conditions to those used in Chapter 3, the CD enhancement of
racemic gammadions showed the dissymmetry between enantiomers, which confirms
the outstanding discrimination properties of racemic sensors. This result led us
to calculate time traces of dissymmetric extinction shift, which were shown to be

sensitive to the chiral properties of the analyte.



Overcoming diffusion-limited
biosensing by

electrothermoplasmonics

Abstract. Biosensing based on optical micro- and nano-resonators integrated in
a microfluidics environment is a promising approach to lab-on-a-chip platforms
capable of detecting low concentrations of analytes from small sample volumes.
While sensitivity has reached the single molecule level, in practice, the applicability
to real-life settings is limited by Brownian diffusion of the analyte to the sensor
surface, which dictates the total duration of the sensing assay. Here, we use the
electrothermoplasmonic (ETP) effect to overcome this limit through opto-electrical
fluid convective flow generation. To this end, we designed a Localized Surface
Plasmon Resonance (LSPR) sensing chip that integrates ETP operation into state-of-
the-art microfluidics. First, we optimize and characterize the ETP dynamics inside
the microfluidic chamber, showing high fluid velocities. Then, we perform proof-
of-concept experiments on model immunoglobulin G detection to demonstrate ETP-

enhanced biosensing. Our results demonstrate the synergetic effect of temperature
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and electric field proving that ETP-LSPR has improved performances over standard
LSPR.

5.1 Introduction

The unique optical properties of integrated micro- and nano-optical resonators play a
significant role in a wide range of scientific and technological areas, ranging from
information processing and coloring to biomedicine[2, 12, 116—121]. Particularly,
in the field of biosensing, resonant plasmonic nanostructures have led to promising
sensing capabilities, with sensitivity levels that can be pushed down to the detection
of single molecule binding events[9, 122, 70, 123, 124]. Furthermore, the combina-
tion of localized surface plasmon resonance (LSPR) biosensing with microfluidic
technology[ 125, 126] has recently allowed the implementation of elaborate lab-on-
a-chip sensing assays[127, 64, 128, 65]. However, this technology, like all sensing
schemes based on quasi-planar transduction schemes, faces a bottle neck due to
Brownian diffusion-limited dynamics inside microfluidic channels[129, 130, 24, 25]
which places a limit to the analyte binding rate to the sensors and hence the duration

of the assay.

Different approaches have been proposed to overcome diffusion-limited transport
in LSPR-based sensing schemes. On the one hand, previous studies have shown
that strong temperature gradients created around resonant plasmonic nanostructures
can lead to convections flows in the surrounding fluid[131, 132]. While such light-
induced convections could potentially be used to alter laminar flows throughout
a microfluidic channel, they are associated with high temperatures of the metallic
nanoparticles, which are incompatible with most biosensing assays which typically
involve temperature sensitive biomolecules. On the other hand, electrokinetic phe-
nomena like dielectrophoresis and electroosmosis[ 133] can also be used for active
flow manipulation. Both AC and DC schemes have been shown to lead to efficient
micro-mixing[134] inside microchannels, but face several drawbacks that make

them inappropriate for biosensing. For instance, they typically require high elec-
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tric fields, which greatly complicate their implementation into portable systems.
Additionally, approaches based on induced-charge electrokinetic phenomena only
work for low ionic strength[135], thus, compromising the stability of biomolecules.
Furthermore, some of the aforementioned techniques involve complex geometries
and asymmetric features of the microchannels, considerably complicating the fabri-
cation procedures[134]. Recently, a promising electro-optical technique based on
the creation of an electrothermal flow[50, 136], coined as electro-thermo-plasmonic
(ETP) effect[137], has been used to load on-chip plasmonic traps[138—140]. In this
approach, local heating of plasmonic nano-structures creates a local change in the
electric conductivity of the fluid which, under an electric field generated by two
planar parallel electrodes, leads to flow vortices that span over 100um and particle

speeds in the range of tens of um/s.

In the present work, we demonstrate for the first time that the ETP effect can
be implemented in a biosensing assay to overcome the diffusion limit and boost the
detection performance. We designed and fabricated a microfluidic LSPR sensing
chip with ETP flow control. We first optimize the ETP-induced convection in a
microfluidic setting using microparticles as tracers to observe the pattern of the
induced flow and compare it with electrohydrodynamics numerical simulations. We
then demonstrate how this effect can be used to benefit LSPR sensing. In particular,
our experiment shows that ETP-enhanced LSPR reduces duration of the assay and

enables reaching larger resonance shift.

5.2 LSPR microfluidic chip with ETP flow control

The platform we use in this work (Fig.5.1) leverages on the LSPR microfluidic chip
presented in ref.[64] to which we added a pair of planar electrodes used to activate
the ETP effect. The electrodes are made of 1.1mm thick borosilicate substrate coated
with 100nm of ITO (2 - 10~%0hm - m resistivity), faced by the ITO side and separated
by a 50um double layer adhesive film that seals the sensing microfluidic layer. The
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bottom electrode hosts the plasmonic nano-structures while the top electrode is

connected to a second microfluidic layer for flow control.

The plasmonic sensor consists of a 2D periodic arrangement of gold nano-
rods fabricated by electron beam lithography and reactive ion etching. The gold
nano-rods have dimensions of 160x120x75nm> (Length*Width*Thickness) and are
assembled in a square array of 120x120um? with 400nm pitch. These parameters
confer them a transversal extinction peak at 785nm that we excite to induce heating
and a longitudinal peak at 850nm, used for sensing (see Fig.5.1). The microfluidic
architecture of the chip consists of three functional layers: On top, a control layer
with the control valves, at the middle the flow distribution layer with the inlet and
outlet channels to distribute the reagents, and finally, at the bottom, the sensing
layer with a single 300um wide channel that flows the liquid to the sensors. The
control and flow layers were made by standard PDMS molding and assembling

processes[28, 141], while the sensing layer was patterned by laser engraving.

5.3 Experimental setup

The assembled ETP chip is operated and optically interrogated by a dedicated trans-
mission optical set-up. A pneumatic pump operates the micro valves of the control
layer and pushes the reagent through the flow channels. The ETP electrodes are
powered by an AC signal generator and amplifier. Local temperature gradients are
created by shining a weakly focused 785nm laser beam on the plasmonic nano-rod
array (linearly polarized along the transverse resonance) [131]. Along the same
optical path, a white light source linearly and cross-polarized to the heating beam
excites the longitudinal resonance of the nano-rods. Light transmitted through the
sensor is collected and analyzed by a microspectrometer. The spectral signal is
acquired in real time and peak tracking is used to monitor spectral shift associated to

molecular binding to the sensor.



5.3 Experimental setup

105

a)
= o
Spectrometer Electrothermoplasmonic
N microfluidic chip
o
=
Microfluidic == NF ) LSPR sensor
pump T Microfluidic
) @ 5x layer 1 & 2
= 999
Electrode 1 -
ACsource
HLU —N Microfluidic
@ .II S0x layer 3
LP Plasmonic <
E_H_E j BS structures
4
Laser == LP Electrode 2 -
‘White light source
b) ©)
0.6+ 785 nm 6] — Diffusion LSPR

Extinction

Heating peak Sensing peak

0.4

Peak shift (nm)
~

X |
! 01— |_| Binding Bulk
L—-q | —IAc(i\miun vrBrulk IRinse
0.0 Laser filtering \ -24'Bulk Rinse
) 700 750 800 850 900 0 20 40 60 80 100 120 140
Wavelength (nm) Time (min.)

Fig. 5.1 Overview of the on-chip ETP-enhanced LSPR biosensing experiment. (a)
Schematic representation of the experimental setup and details of the LSPR chip.
The microfluidic chip is mounted on a translation stage to position the sensing
region at the focus of a 50x objective (Olympus LMPLFLNS50x). A 785nm CW
laser and a white light source are linearly and cross-polarized with respect to each
other using two linear polarizers (LP) and recombined by means of a beam splitter
(PBS) before being weakly focused by the objective onto the gold nano-rod array.
Transmitted light is then collected by a 5x objective (Olympus LMPLFLN5x), and
passed by a notch filter (NF) to remove the heating laser light contribution. Next,
a beam splitter (BS) divides the collected light into two paths, one directed to a
microspectrometer for spectral analysis and the other one to a CCD camera for
imaging. The insets show the structure of the ETP-enhanced LSPR chip along with
a scanning electron (SEM) micrograph of a portion of gold nano-rod array. (b)
Extinction spectra for each of the linear polarization channels, longitudinal (red
lines) and transversal (black lines) with respect to the long axis of the nano-rods.
Measured data (dashed line) feature a 30nm wide dip around 785nm resulting from
the notch filter. Solid lines represent a Lorentzian fit that omits the filtered region.
(c) Typical molecular binding curve (without ETP effect) acquired with the platform.
The activation step aims to prepare the sensor the antibody capture (binding). Bulk
steps are intended to separate bulk shifts from the binding shift while the rinse
step removes unbound molecules. The inset shows a cartoon representation of the
antibody capture on a single nano-rod (not at scale).
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5.4 Standard LSPR sensing

Biosensing based on LSPR consists in accurately monitoring the shift of LSPR peak
of the sensor during the biochemical assay. Here, we study the binding dynamics
of Immunoglobulin G (IgG) antibody as a model biomolecular system. The concen-
tration of IgG (130fM) was carefully selected right above the limit of detection of
the sensor and below the complete saturation of the sensor in order to evidence the
contribution of the ETP effect. We used the results of regular diffusion LSPR as a
reference. The plasmonic particles were first coated with a self-assembly monolayer
(SAM) made of Mercaptoundecanoid acid (MUA). Amine-coupling protocol through
EDC/NHS was used to activate the sensor surface for antibody capture. The sensing
assay is defined by the following steps:

S1 MES, gp EDCINHS, g3 MES, gq MOW

$5 189, 56 MV, g7 MES,

where S1 and S$4 are bulk conditioning steps with 2-(N-morpholino)ethanesulfonic
buffer (MES) and MilliQ water buffer (MQW) respectively. S3, S6 and S7 are the
respective rinsing steps. S2 is the SAM activation step and S5 is the detection. We
do not expect unspecific binding in these experiments, because the simplicity of the
protocol and the purity of solutions. Figure 5.1c shows a typical curve obtained from
LSPR sensing experiment, where the time required to reach binding saturation is long
(about 50min.) and increases as the concentration decreases. This can be attributed
to the low Reynolds number of the system (Re ~ 100 — 2)) which limits the fluid
motion along the channel making diffusion the dominant molecular transport process
towards the sensors. In the following, we demonstrate that this limitation can be
overcome by generating fluid vortices by means of the ETP effect.
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5.5 Characterization of the ETP flow

ETP flow originates from a local temperature gradient that is responsible for permit-
tivity and electrical conductivity gradients in the surrounding fluid. Consequently,
the application of an AC electric field (at angular frequency w) produces a body force
that leads to the formation of vortices inside the microchannel[50, 137]. For our
current purpose, the temperature gradient can be generated by metal losses inherent
to the resonant excitation of the gold nano-rods[142, 143, 51]. Interestingly, this
body force contains a steady component and one that oscillates at twice the driving
frequency 2w. At high enough frequencies (over 1kHz in an aqueous solution), the
steady term dominates; therefore an AC field can lead to a net force on the fluid,
leading to steady convective flows inside the channel without the drawbacks of DC
electric fields[50]. For a given fluid element on a temperature gradient V7' (r) and an
AC electric field E, the time average electrothermal body force per unit volume in
the fluid is given by[50]

Frrp(r) = %Re { m(VT(r) ‘E)E* — ;ea2|E|2VT(r)} (5.1
where oo = (1/¢€)(d€/dT), B =(1/0)(dc/dT), o and € are the conductivity and
permittivity of the fluid, respectively, at the angular frequency w. Finally, T = €/0 is
the charge relaxation time of the liquid, and its inverse denotes a crossover frequency
at which the second term on the rhs of eq.5.1 starts to dominate over the first one, and
therefore an inversion on the direction of the flow takes place. This flow inversion is
expected to occur above the M Hz range for any buffer solution, and we will therefore
always consider smaller frequencies of the applied electric field. On the other hand,
electrode polarization effects at lower frequencies, which can be safely excluded
above a few kHz[53]. Therefore, we considered frequencies in the range 10 kHz
to 1IMHz, where we do not expect any significant frequency dependence. As we
demonstrate below, this body force can give rise to mixing inside a microchannel
at moderate electric field intensities combined with a temperature increase still

compatible with biosensing experiments (below 40°C).
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In order to confirm the generation of ETP flow in a microfluidic environment and
identify an optimum set of parameters for our biosensing essays, we conducted a sys-
tematic experimental study by monitoring the flow pattern via time-lapse imaging of
tracer particles. We used an aqueous suspension of 5m SiO2 beads as tracers, whose
motion was recorded with a CCD camera. Under static conditions corresponding
to no flow in the channel, i. e. when the microfluidic pump is OFF (see Fig.5.2a),
the ETP effect creates stable vortices that span up to 300um in diameter close to the
region illuminated by the heating laser (about 60um in diameter). These vortices
bring the particles close to the nanostructure where they accumulate, exhibiting
maximum speeds of up to ~ lmm/s (calculated from the outer part to de center
of the structures was processed via a particle tracing algorithm[144]). Under flow
conditions (microfluidic pump ON), both the ETP-induced and laminar flow coexist
and lead to an asymmetrical flow pattern. Specifically, the beads from the entire

channel cross-section are focused and directed towards the heated region (Fig.5.2d).

To get further insight into the vortex formation inside the microchannel, we
performed electrohydrodynamics numerical simulations accounting for both ETP-
induced and laminar flows. The parameters of the simulation were tuned by compar-
ing their output with measurements of the velocity of the particles. The ETP flow
mechanism is described by two coupled partial differential equations, which have

been solved using COMSOL Multiphysics software package:
pepu(r)- VT (r) — kV>T(r) = g(r) (5.2)

V [p(r)I—p (Vu(r) + (Vu(r)")] =F(r)
V.u(r)=0

5.3)

These two coupled equations are the heat transport equation, eq.5.2 and the incom-
pressible Navier-Stokes equations, eq.5.3. In these equations, the material properties
P, cp, K and u are the volume density, specific heat capacity, thermal conductivity
and dynamic viscosity of the buffer aqueous solution, respectively (see the Appendix
B for the values used). 7'(r), u(r) and p(r) are the spatial temperature, fluid velocity
and fluid pressure fields, respectively. I is the constant 3x3 identity matrix and the

superscript T denotes matrix transposition.
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The main heat source comes from the region of the plasmonic array illuminated
by the heating laser beam. This heat source enters in the problem as a temperature
boundary condition with Gaussian distribution, analogous to the laser beam. The
volume heat source term ¢(r) in eq.5.2 represents the heat generated per unit volume
inside the fluid domain, which in this case is due entirely to the Joule heating by the
applied AC electric field:

1
q(r)= EGRe {E-E*} (5.4)
where E is the externally applied AC electric field.

There is a strong bidirectional coupling between both equations. On the one
hand, the fluid velocity field u(r) appears in the convective term of the heat transport
equation, eq. 5.2. On the other hand, the temperature field 7'(r) and its partial
derivatives VT (r) enter in the total volume body force F(r) acting on the fluid that
appears as a source term in the Navier-Stokes equation, eq.5.3. The total body force
can be expressed as:

F(r) = Fpuoy(r) + Ferp(r) (5.5)

where Fj0,(T (1)) is the buoyancy force that depends on the temperature field 7'(r)
and generates natural convection in the fluid domain. Fgrp(r) is the electrothermo-
plasmonic body force given by eq.5.1, which is a function of the partial derivatives
VT (r) of the temperature field.

The simulations in Fig.5.2b,c predict the formation of large vortices all around
the illuminated area. In the absence of external flow, the particles get trapped over
the structures moving in and out following vortices with toroidal-like distribution, in
agreement with experiments. The simulations also predict the behavior observed ex-
perimentally when an externally imposed flow alters the convective vortices induced
by the ETP effect. From the top view (Fig.5.2¢e) we see that all the particles in the
channel are brought to the center of the structure following the toroidal vortices. The
lateral cross-section view of the flow in the channel shows that as the flow crosses
the sensor, the velocity field results on an inflection from bottom to top, in very good
agreement with the experimental observation where particles are seen to move out

of focus after the center of the sensing array (Fig.5.2f). The presence of this strong
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upward flow is not optimal for our sensing application, and will have to be addressed

in future developments.

5.6 Biosensing experiments with ETP flow

In order to study the effect of ETP flow in LSPR sensing, we repeat the above
mentioned IgG sensing protocol, with the difference that the ETP effect was activated
during the binding step. The ETP flow was triggered by 25mW of laser power and
an electric field of 5- 105V rms/m at 100kHz. We chose this frequency because we
observed that at this value the velocity measured with the tracer particles featured
a slight maximum. The diffusion limited saturation time (50min) and maximum
shift (4.5nm) are given by a reference experiment in the absence of ETP flow (brown
curve). Next, we carried out two experiments under ETP conditions with different
durations (Fig.5.4). The first experiment (green curve) was stopped (by interrupting
the delivery of antibody and flowing buffer and switching OFF both the laser and
electric field) at the precise time needed by diffusion limited transport (i.e. in the
absence of ETP flow) to reach binding saturation. Interestingly, when the heating
laser and the electric field are switched ON, new features appear in the curves due
to the presence of ETP flow. First, a fast blue-shift of about 2nm is observed just
after the binding step is initiated. This behavior is attributed to the reduction in
refractive index of the aqueous solution upon heating, which results in a blue shift
in the plasmon resonance peak. Analogously, when the liquid is cooled down, the
refractive index increases again and the plasmon resonance red shifts.In the figure 5.3
we show the effect of laser heating in the sensing scheme for different laser powers,

i.e. different temperatures.

When the ETP flow is activated during the time needed to reach saturation
under diffusion limited conditions, the total red shift at the end of the experiment
reaches 10.5nm, i.e. 2.3 times larger than without ETP effect. The greater shift when
using the ETP effect is associated to an increase in the adsorption rate of IgG while

maintaining the desorption rate. The second experiment (blue curve) was interrupted
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Fig. 5.2 Demonstration of ETP flows generated inside a microchannel. (a) CCD
image of the vortices generated under static conditions (microfluidic pump OFF),
SiO2 microparticles were used as tracers. The image was obtained combining
a set of frames of the video recording (see AppendixB). The lines indicate the
trajectories followed by the particles during the video, while the color shading
corresponds to a normalized time, indicating the start (ti) and end (tf) of each
individual track. The total duration of the recorded trajectories is 10 s. (d) CCD
image for flow conditions (microfluidic pump ON). The same processing used in
(a) was applied (see AppendixB). (b and e) Simulations of the analogous situations
of the experimental demonstrations depicted in (a) and in (b). (c) Simulated fluid
flow profile along a vertical cut of the central line of the microchannel for the
situation shown in panel (b). (f) Analogous simulation described in (c) but under
flow conditions.
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Fig. 5.3 Shift effect originated by laser heating in static conditions. The shift showed
to be higher when the laser power is increased, which is attributed to water density
reduction hence refractive index reduction.

once the detected shift was equal to the one reached at binding saturation in the
absence of ETP flow, accounting for the expected additional red-shift due to cooling
of the sensor once laser heating is switched OFF. In these conditions it took 17min.
to reach diffusions’ saturation shift, i.e., the same signal was reached 2.9 times faster
than the diffusion limited case. These two experiments demonstrate a substantial
improvement of the performance of LSPR sensing, as ETP can be used to either

increase sensitivity or reduce the overall time of the assay.

To better understand the dynamics of LSPR sensing under ETP flow, we evaluated
the respective contributions of surface heating and applied electric field (see Fig.5.5).
Our data show that reducing either the electric field or the heating laser power leads
to a performance loss compared to the diffusion-limited dynamics. We have observed
that the binding kinetics slows down progressively as the heating laser power is
decreased, while maintaining the optimum electric field. At maximum laser power
(P=P3 and E=E2)) the sensing performance is clearly improved. Below a certain
threshold (P=P1), the sensing performance get worse than without ETP, as can be
seen in Fig.5.5a. Similarly, for a given laser power there is a threshold value of
the electric field required to observe improvement over the diffusion-limited assay
(Fig.5.5b). This may be due to some inhibitory effect of the temperature on the

binding that takes place at low electric fields. Eventually, we conclude that neither
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Fig. 5.4 Experimental demonstration of ETP-enhanced LSPR sensing capabilities.
Brown line: IgG binding experiment in the absence of ETP flow. Green line:
experiment with ETP ON during diffusion limited saturation time threshold #,.
Blue line: experiment in which ETP was stopped after the diffusion limited shift
threshold S, was reached. The dashed lines represent the benchmarks based on
saturation shift (blue) and time (green) for diffusion-limited dynamics.

thermal nor electric field induced flows alone are enough to improve the sensing

performance; only a synergetic effect of both contributions enables to overcome
diffusion dynamics.

The available instrumentation prevented us from checking higher laser powers
and electric fields. In fact, the maximum laser power available (P=P3 fig.5.5a) already
shows traces of instability in form of spikes in the binding curve. Nevertheless, one
of the major challenges to face is the reproducibility of the properties of the chips,
since they are single use and many are needed for set-up optimization and to get a
full set of data. In order to reduce dispersion due to some hand-made steps during the
fabrication, the chips were produced in small batches. Several sets were tested during
the improvement of the platform, giving us confidence about the reproducibility of
the observed effects (see additional data set in supporting information). However,

these fabrication-related issues could be easily improved in a large scale facility.
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Fig. 5.5 Study of the respective contribution of laser heating and electric field on
the IgG binding curve. ON (OFF) refer to experiments performed in the presence
(absence) of ETP flow, respectively. (a) Binding curves for different laser power
P (P1<P2<P3) at fixed electric field E. (b) Binding curves for different electric
fields (E1<E2) at fixed laser power. P1, P2 and P3 correspond to laser powers of

20, 25 and 30mW respectively. E1 and E2 correspond to 3 - 10% and 5- 107V, /m,
respectively.

5.7 Results reproducibility

One of the major challenges when working with LSPR detection integrated with
microfluidics is the repeatability over the different fabricated chips. The differences
in chip characteristics come mainly from the several handmade steps involved in
the current fabrication process. Additionally, at the current state of the technology,
chips are not reusable and one chip per curve is needed. Therefore, in order to
reduce the differences between chips, they were prepared in batches. Following this
approach, we achieved good consistency between the results obtained with different
chips. High control over the system has permitted us to demonstrate the synergistic
effect between the temperature gradient and the electric field, as well as the need
for an optimum set of values for both parameters to effectively increase the sensing
performance. In order to demonstrate the robustness of our approach, we present an
additional set of experiments in Fig. 5.6. These data evidence the reproducibility
of the ETP effect on the kinetics of the binding curves, despite being acquired in a

slightly different configuration. Indeed, in these chips the transversal resonance of
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the rods was used for sensing and the longitudinal resonance for heating, opposite
to the data presented in the main text. While a very similar behaviour is obtained,
which demonstrates the robustness of the effect, the best performance (in terms of
binding speed and maximum shift) is lower compared to that of the main text due to
the lower laser power used.
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Fig. 5.6 Effect of the laser heating and the electric field on the IgG binding curve.
Diffusion limited dynamics are represented by the OFF curve, while ON represents
the different curves with ETP dynamics with laser power (P1<P2) and electric
field (E1<E2), where P1 = 7mW, P2 = 12.5mW, E1 = 3-10°V,,,5/m and E2 =
5-10°V,,ns/m. The inset shows the rising part of the binding curves.

Conclusions. In this study, we demonstrated that the implementation of the ETP
effect in a microfluidic LSPR chip contributes to improve biosensing performances
beyond the diffusion limit, substantially increasing both the binding kinetics and
maximum resonance shift. Further control over the ETP-induced fluid dynamics is
foreseen to lead to improved capabilities which could greatly impact LSPR-based
sensing. While this approach more naturally fits plasmonic sensing schemes, owing
to the excellent photothermal properties of noble metal nanostructures, it could be
translated to other sensing mechanisms by adapting the activation of local temperature
gradients. This experimental demonstration gives rise to new opportunities in the

LSPR sensing community, looking for faster and more sensitive platforms.






Conclusions

Abstract. We have explored new plasmonic sensing schemes, combined with state-of-
the-art microfluidics and surface chemistry, with an emphasis on enantio-selective
biosensing. We addressed the controversy in the chiro-plasmonics community regard-
ing reproducibility, and have focused our efforts on developing robust experimental
protocols and reproducible experiments. We have addressed some of the potential
drawbacks that affect the reliability of chiral plasmonic sensing, and have proposed
alternative strategies to improve performance. We have also worked to solve a general
problem concerning integrated sensing schemes in microfluidic environments: the
diffusion-limited transport of molecules. We performed proof-of-principle experi-
ments demonstrating that this limit can be overcome using electrothermoplasmonic-

induced flows, thus leading to a faster, more sensitive sensing scheme.

In this thesis, we developed a sensing platform combines plasmonic sensors and
PDMS microfluidic chips. This allowed us to apply controlled surface chemistry
protocols and obtain optical readouts. Using this strategy, we have developed several
biosensing scenarios using chiral plasmonics nanostructures, and more reliable

protocols than those previously available.

In Chapter 1 I reviewed the fundamental scientific concepts involved in this
multidisciplinary project: LSPR sensing, microfluidics, surface chemistry, circu-
lar dichroism and electrothermoplasmonics. In Chapter 2 I described the surface

chemistry protocols, manufacturing methods, and experimental setups used.
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In Chapter 3, I presented the first experimental application of the entire process.
We selected amino acids as model chiral molecules because their enantiomers are
available; thus, chiral detection can be validated using the two mirror images, while
the racemic mixture can be used as a reference. We showed enantioselective detection
using gammadion plasmonic arrays distributed in a racemic arrangement. By using
racemic sensors, we could directly detect phenylalanine enantiomers by removing
the strong circular dichroism background of the gammadion structures by their
racemic distribution within the sensors’ array. Depositing phenylalanine by thermal
evaporation provided a high density coating on the plasmonic hot regions, which
allowed us to obtain a clear signal in an opposed direction for each enantiomer; the

signal obtained for the racemic mixture was zero.

In Chapter 4, we changed to a microfluidic environment to study the perfor-
mance of fully-handed gammadion sensors, as well as racemic sensors. We directly
bound cysteine to bare gold sensors, and glutamic acid to functionalized gold sensors
through an amine linking protocol. We found that bare gold experiments showed large
LSPR shift contributions caused liquid annealing of the structures, which interfered
with chiral discrimination measurements. While extinction or circular dichroism
shifts were in a range that achieved reasonable reliability, their dissymmetry values
continued to be sensitive to the reference buffer used in the measurement. Addition-
ally, the experiments performed on functionalized sensors were more robust to the
annealing effect, but their binding sensitivity was reduced because molecules were
bound through an interfacial layer instead of being bound directly to the sensors.
The shifts obtained were smaller, but sufficient to perfectly track extinction signals
and discriminate CD trends. However, the analysis based on dissymmetry of the
fully-handed sensors was not conclusive for chiral discrimination. In contrast, when
we perform an analogous analysis to that described chapter 3, but this time using

racemic sensors, the results reproduced the discrimination between the enantiomers.

To exploit LSPR sensing in microfluidics channels, in addition to the chiral
experiments, we addressed the challenging problem of diffusion-limited transport
in micro-channels. In Chapter 5, we developed and tested a novel three-layer chip

architecture and an experimental platform that integrates the electrothermoplasmonic
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effect with microfluidics for biosensing applications. Enabling the electrothermoplas-
monic effect in the micro-channels introduced toroidal shape-like flows around the
sensors, which promoted molecular transport towards the sensors. By systematically
monitoring molecular binding through LSPR, we demonstrated that faster and more
sensitive dynamics can be achieved with electrothermoplasmonic-enhanced sensing

than through regular diffusion-limited sensing.

The results I have presented in this thesis create new horizons in plasmonic chiral
sensing, and in plasmonic sensing using microfluidics systems in general. We provide
the chiro-plasmonics community with more reliable routes for sensing and with more
effective sensors, which paves the way for new systems to be systematically tested,
and for new molecular characterizations to be developed. In addition, our work in
electrothermoplasmonic-enhanced sensing advances the field toward faster, more
sensitive experiments that will push forward the current limits of detection. We hope
our project has contributed a further step in this fast, small world.






Outlook

The work presented in this thesis opens new directions in the biosensing field that
are foreseen to improve sensing platforms performances and help transferring them

towards real life applications.

In the field of chiral sensing our approach based on using a racemic sensor brings
a powerful solution to enantio-selective detection with applications in particular to the
pharmaceutical industry. Yet, this is still a proof of principle and several directions
would need to be pursued to reach a robust platform. First of all, further work
should be done on identifying the optimum design of racemic sensors to maximize
both sensing sensitivity and enantio-selective discrimination performance. Also,
next steps should improve operation in a flow environment which is the most likely

configuration to implement in an industrial environment.

As for the use of the electrothermoplasmonic effect to boost the performance
of LSPR sensing platforms, there are different directions to be followed. While our
experiment showed a clear boost of the analyte binding, the current temperature
distribution at the sensor is not optimum as it induces a local depletion of molecules
in some regions of the sensing region. Engineering the temperature landscape should
enable to greatly improving the binding enhancement. Another important aspect to
develop is to make simpler the fabrication of the microfluidic chips which currently
involve a long series of tedious steps.
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Appendix A

Chiro-plasmonic sensor

parameters and modeling

A.1 Racemic gammadion sensor

The sensor design consists on mirrored gammadion organized in alternated positions
in a squared matrix. The unit cell consists of 4 gammadions spaced 350nm and the
unit cells were spaced 700nm. Total matrix extension is 120um. The gammadion
overall size is 275nm and the arms width is 75nm. Figure A.1 show a layout of the

gammadion matrix design.

A.2 Simulations

The gammadions were modelled having the side length of 275nm, with arm widths
of 75nm, and a height of 50nm. The corners and edges of the gammadion were

significantly rounded in order to avoid edge effects. The gold permittivity was taken
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wnogL

Fig. A.1 Gammadion matrix design of the fabricated sensors. The unit and C4 cell
(highlighted in the layout) are showing C4 the symmetry of the matrix.

from experimental data[145]. The substrate refractive index was set to ny = 1.5, the

ambient n, = 1.0 and the molecular coating n. = 1.6[146].
Chiral media can be modelled as:

D = g&,E+ikH
E08r (A.1)

B =1 +ikE,

where D is the electric displacement field, E is the electric field, & and &, are
the vacuum and relative permittivites, respectively, Kk is the chiral parameter, u is
the permeability H is the magnetic field and B is the magnetic flux density. The
real and imaginary parts of k are linked to ORD and CD, respectively. The chiral
parameter is typically wavelength dependent, with the maximum response in the
UV spectral range. In the visible, however, k is weak and varies slowly with the
wavelength. Therefore, we modelled the coating with a constant k over the simulated
wavelengths, typically with values k = 4(5+0.05i) - 1073,as the real part of K is
expected to be about two orders of magnitude larger than the imaginary part in
the visible spectral range, given a resonance in the UV[147]. Following Nesterov
et al[147], we then calculated the CD of the chiral coating with and without the
plasmonic nanostructures, with the ratio defining the CD enhancement. For a thick
layer, the average enhancement is ~ 180 as illustrated in Fig. 3.7 of the main text.
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However not all molecules contribute equally, since molecules far from the sensors
are unaffected by the inclusion of the nanostructures. As an example, the molecules
in the gaps of the gammadion arms can be enhanced more, about 1000 times, and the
molecules in these regions contribute with 1/3 of the total CD for a thick (150nm)
coating. Another 1/3 of the signal stem from molecules in the near vicinity (~ 10nm)
of the gold - on top or next to the nanostructures, while 90% of the total CD signals

are retrieved from a 30 nm layer, see Fig.A.2.

2
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Fig. A.2 CD signals from chiral media in specific locations on the sensors. a) The
CD signals from D and L molecules in the gaps and in the near surrounding of the
gammadions calculated at 765nm. b) The CD signal fractions from the locations in
a) normalized to the signal from a 150nm thick layer of molecules.
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Appendix B

Electrothermoplasmonics

characterization and modeling

B.1 ETP flow demonstration frames

ETP flows were recorded by using Sum silica beads as tracers in static and flow
conditions at a frame rate of 14Hz (see figure B.1 frames, left-top). The video
sequences were first background subtracted by means of a temporal median filter to
enhance the particle visibility. Then, in order to highlight individual bead trajectories,
a temporal minimum projection was performed over a sliding window of either 15 or
10 consecutive frames, for static and flow conditions respectively (figure B.1 frames,
right-top). In the static flow video the beads exhibit quasi-linear trajectories toward
the center of the plasmonic structure. Whereas, for the external flow condition, the
beads approach the plasmonic structure with straight trajectories, then bend towards
the center of the structure and finally are pushed up and forward along a narrower

straight line.
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Fig. B.1 Frames of demonstration videos for static (a) and flow (b) cases, respec-
tively. For every case, on the left-top the real acquisition image is presented and
on the right-top the treated image. The bottom corresponds to an animation of the
numerical simulations.
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B.2 Numerical modeling parameters

In the following table we show the physical and geometrical parameters used in the

generation of the numerical simulations.

Name ‘ Expression ‘ Value Description
5 Exterior simulation do-
Roy 10(um) 1-10° m ) .
main radius
Exterior upper simulation
how 10(um) 1-105 m o ipp
domain height
; Plasmonic nanostructure
Lotasm 160(nm) 1.6-10" m
length
75(um) 75.10° Plasmonic nanostructure
w nm 5- m
plasm width
g Plasmonic nanostructure
hplasm 65(nm) 6.5-10°m ]
height
periodgsray | 400(nm) 4-10" m Array period
Larray 120(um) 1.2-10* m Array length
Warray 120(um) 1.2-10* m Array width
N ] Iperiod 300 Number of nanostruc-
rr eriodqyyy
Larray array/ P aray tures length
N Iperiod 300 Number of nanostruc-
Warr eriodgyy. .
Warray array | PETLOGarray tures width
Puser 30(mW) 0.03W Laser power
Riuser 30(um) 3-100 m Laser beam radius
5 Standard deviation laser
SDjyser 15(um) 1.5-10° m
beam
Alaser pixR% 2.8274-10° m* | Laser section
Lehannel 15(mm) 0.015m Channel length
factor 15 15 Geometry size factor
Lsimgpnet factor* Ryaser | 4.5-10%m Simulated channel length
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Wehannel 290(um) 2.9-10* m Channel width
Rehannel 50(um) 5-10° m Channel height
hay 75(nm) 7.5-108 m Au layer thickness
hri 2(nm) 2-10° m Titanium layer thickness
hiro 100(nm) 1-10" m ITO layer thickness
hgiass 1.1(mm) 0.0011 m Glass thickness
Achannel Wenannel * Pehanner | 1.45 - 108 m? Channel section area
discharge 18-10°(mm3/s) | 1.8-10'' m3/s | Discharge
Avgyer discharge /A cpanne; 0.0012414 m/s | Average inlet velocity
T 20(degC) 293.15K Initial temperature
deltaTyyray,,, | S(K] 5K Array temperature
Applied AC electric field
freqEac 100(kHz) 1ES Hz
frequency
2 % pi % Applied AC electric field
omegaEac 628318rad /s
freqEac/[rad /s angular frequency
Electric potential peak
Vpeak 75(V1/2 375V
value
Electric ac field peak
Eac Vpeak/hchannel 7.5E5 V/m
value
Thermal expansion coef-
beta 207-108(K~1) | 2.07-10* 1/K , P
ficient of water at 20 °C
Permittivity Temperature
alpha —0.004(K~1) —0.004 1/K _
Coefficient
Conductivity Tempera-
gamma 0.02(K 1) 0.02 1/K Yo oemp
ture Coefficient
tvid 0.1(s) 0.1s Animation time
Density of silica trackin
Phopare 2.2(g/em?) 2200 kg /m’ . g
particles
6 Radius of silica tracking
radpar 2.5(um) 2.5-10°m

particles
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. 3 17 3 Volume of silica tracking
Vol part 4% pixrady,, /3 | 6.545-10"" m ,
particles
13 Mass of silica tracking
mMass part rho par * Vol part 1.4399-10"° kg .
particles
rho par ¥ VOl * Weight of silica trackin
8rav an part = VOlpart | ) 41211012 N £ £
8const paI'tICICS
4*compl.matl.
def.rho(7p[1/K])
*discharge[kg /m>]
/(2*compl. Channel Reynolds num-
Reynolds 0.10486
matl.def. ber
eta(Tp[1/K])[Pa*s]
>l<(hchannel
+Wchannel))
Table B.1 Modeling paremeters used in numerical simulations.
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