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Abstract

Molecularly imprinted polymers (MIPs) are artificial receptors made by imprinting
template molecules in a polymer matrix followed by their removal through washing
to obtain a specific and selective template cavities. This property of the MIPs have
made them a very efficient material for diverse applications such as
chromatography, purification, drug sensing, etc. Recently, zero-dimensional
polymer materials, in the present case molecularly imprinted polymer nanoparticles
(MIP nanoparticles), have been used widely for the fabrication of various functional
materials. The large surface area of MIP nanoparticles leads to better and efficient
template binding. Nanoparticles synthesized with a thin and uniform shell (core-
shell MIP nanoparticles) have provided additional functional groups (amine, thiols)
that can be advantageous for different analytical applications.

In this thesis, the immobilization of both MIP and MIP core-shell nanoparticles on
solid surfaces and the application of Surface-enhanced Raman scattering (SERS) on
MIP-modified surfaces for the detection of an analyte (propranolol and nicotine)
have been studied. In the first part of the thesis different covalent and electrostatic
approaches for the immobilization of imprinted polymer nanoparticles on glass,
silicon, and Au wafers are reported. The covalent approaches comprises
photoconjugation, epoxide ring opening reactions, and carbodiimide chemistry. In
the electrostatic approach a polymer interlayer has been used. The surfaces with
immobilized particles are characterized using different surface analytical
techniques. The morphology and surface property of the particles’ surfaces are
reported using scanning electron microscopy (SEM), atomic force microscopy
(AFM), fluorescence microscopy, and water contact angle measurements. Further,
the chemical analysis of the surfaces using x-ray photoelectron spectroscopy (XPS)
confirms the functionalization of the solid surfaces before and after MIP
immobilization. Finally, the template binding property (selectivity and specificity)
of the immobilized particles are reported using autoradiography measurements.

In the second part of the thesis I report the different surface morphologies for of the
SERS detection of propranolol and nicotine sensing in imprinted nano- and micro
sized polymer spheres. Nicotine-imprinted MIP spheres were immobilized on a Au



wafer using surface thiols. After the confirmation of stable and dense particle
attachment using SEM, the Au surfaces were made SERS active either using Au
colloids or replacing Au with Raman-active Klarite surfaces. The propranolol-
imprinted nanoparticles are attached to Klarite using a photoconjugation approach.
Using SERS as the detection method I analyzed the binding capacity of the polymer
sphere-coated transducer surface. The MIPs exhibit good specificity and selectivity
in a complex biological sample.



Popular Science Summary

Nanoscience and nanotechnology have existed in this world before scientists
actually coined the terms. Nature around us and human beings themselves are all
made of nanomaterials (1-100 nm), such as DNA, proteins, liposomes, and
enzymes. These building blocks possess molecular recognition properties, resulting
in their self-assembly to form various two- and three-dimensional nanostructured
materials useful in the field of science and technology. Scientists from different
disciplines, including physics, chemistry, biology, and material science, use these
nanostructured materials for advanced applications in medicine, energy, etc.

The detection of drugs in therapeutic applications requires selective molecular
interaction with the target material. Thus, researchers have designed biosensors for
detecting and sensing molecules in biological materials, e.g., glucose biosensors,
which are quite important for sensing the glucose levels in the body. Biosensors can
work when the biomolecules or the recognition materials are perfectly integrated
with the transducer surface. These transducer surfaces are a very important element
of the sensor fabrication as they convert the biological recognition event into a
detectable signal.

The basic recognition mechanism, the analyte binding by the immobilized
biomolecule, depends on the famous “lock and key method” first reported by the
Nobel-Prize laureate Emil Fischer in 1894. The interaction between the lock and
key should be reversible and stable to ease the operation and for reuse of the
chemical sensor. Due to the poor stability of the biological recognition material in
different physical and chemical environments, biosensors may give false readings.
Further, the binding event is sometimes irreversible, which makes these biosensors
suitable for only one-time use, making them more expensive.

To solve this problem, the biomaterials may be replaced by “artificial receptors” or
“plastic antibodies,” referred to as molecularly imprinted polymers (MIPs). These
polymer materials are synthesized in the presence of template molecules. After the
polymerization, the template molecules are extracted, leaving behind “cavities” or
“memory sites” with high selectivity and specificity for the template. The feature of



molecular “memory” imprinted into the polymers enables them to selectively rebind
the templates multiple times, which is similar to the “lock and key mechanism.” The
template molecules can be any biomolecule, such as antibodies, enzymes, nucleic
acids, microorganisms (bacteria, viruses) or drugs. This makes the MIPs suitable for
the detection of drugs or for food-based sensing application studies with their ease
of quality control, easy handling and cost effectiveness.

The most important criteria to develop a chemical sensor based on MIPs is their
stable and uniform integration with the transducer surface. Therefore, this research
investigates different immobilization approaches of spherical and hydrophobic MIP
particles on a solid transducer surface. Different covalent and electrostatic
chemistries have been studied for the dense, uniform and stable attachment of
polymer spheres to chemically functionalized inorganic supports, such as glass,
silica, and gold wafers. A detailed investigation of the MIP-integrated surfaces using
different surface analytical techniques demonstrated the presence of polymer
spheres on the transducer surface with stability in both physical and chemical
environments. The MIP surfaces retain their characteristic template-binding
property after immobilization on the transducer surface, thus making them suitable
for sensing applications.

Ease of fabrication, low cost, sensitivity, selectivity and stability have made MIP
sensors popular in physical, chemical, and biological sensing applications, e.g., the
detection of various poisonous materials in the environment, food, and humans.
Optical-based sensing systems are well known due to their ease, low cost and
sensitivity. In principle, MIP-based optical sensors require fluorescent labels to
detect the analyte binding, which makes the sensing process long and complicated.
In my research, I have developed an easy, reproducible and label-free optical sensor
that can be used for direct real-time measurement of analytes at different
concentrations. MIP spheres imprinted against two model compounds, nicotine and
propranolol, were used. Nicotine is found in cigarettes, and propranolol is a drug
used to control anxiety and depression. MIP-based optical sensors were developed
by the covalent immobilization of MIP spheres on an optically active transducer
surface. The obtained results clearly demonstrated that the MIP surfaces are
selective and specific towards analyte (propranolol and nicotine) sensing, even in
the biological samples.

The reported immobilization and sensing approach can be used in biomedicine to
perform both in vivo and in vitro investigations of molecules and organisms that
cause health hazards. Further, these optical sensors have a wide range of



applications, such as the identification of chemical warfare agents and of different
dyes useful in the defense and art industries. Different immobilization approaches
reported in this thesis can also be used to attach large-sized soft polymer spheres
onto solid substrates for numerous material-based applications.
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1. Introduction

1.1 Research background and motivation

Nanoscience and nanotechnology offer important tools required for the
development of novel functional materials and devices for different applications.'®
Functional nanomaterials and devices are produced using either the so-called “top-
down” or “bottom-up” approaches. As seen in Figure 1.1, the top-down approach
involves the breaking down of bulk materials into nano-sized structures or particles.
An example of such a technique is the ball milling, lithographic patterning
techniques, e.g., nanoimprint lithography for the fabrication of electronic devices.
The other approach, called bottom-up, results in less wastage of material, and strong
covalent bonds hold the building blocks together. In this approach, the individual
base elements (atoms) are linked together to form a subsystem (nanoparticles) that
is finally self-assembled to form a functional nanomaterial (cf. Figure 1.1). This is
the most widely used approach due to the possible tuning of the building blocks
(atoms, molecules, nanoparticles, nanowires, etc.) to form organic, inorganic, or
hybrid nano- or microparticle-assembled nanostructures, which are very much
required in areas such as nano-sensors, ® solar cells,®’ biomedical devices,'® and

catalysis.'"!?

Nanostructured materials are broadly classified in terms of their dimensionality, i.e.,
0D, 1D, 2D, or 3D. I have been dealing with 0D and 3D materials. In 0D, one
observes all types of nanoparticles and nanoclusters with different shapes,
morphologies (spheres, capsules, etc.) and compositions (metal, organic polymer,
and semiconducting material). Nanoparticles have a tendency to agglomerate, and
in some applications, homogenously dispersed nanoparticles are required. This
problem can be circumvented by the adsorption of ionic species or polymer brushes,
referred to as colloids, on nanoparticle surfaces to prevent them from agglomeration.
Owing to their large surface area and other superior properties (quantum size effect
and better transport of molecules in three dimensions), 3D materials have attracted
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considerable research interest.” For the development of 3D materials
(nanocomposites, zeolites, nanocoils, etc.) 0D materials, such as biomolecules

(proteins, amino acids, and nucleic acids), polymer colloids, or metal nanoparticles,

can be self-assembled for applications such as biosensors'*!” and
optoelectronics.'®!”
Top Down Bottom up

&
®, &
. clusters
& .‘

+ f
Bulk - §:++*+ Atoms
+ o4

Powder

T4
.0 L)
Nanoparticles . O

.{&
Sose] A

3D nanocomposites,  Nanoparticles mono-
gels or multi layer

Figure 1.1 Schematic representation of the top-down and bottom-up approaches
used for building nanomaterials.

Over the last few decades, an enormous amount of research and development has
been performed regarding sensor technology. The detection and monitoring of
different chemicals, contaminants, and microorganisms in the environment and food
is important for human life. To accomplish sensitive and specific monitoring,
biosensors, as well as chemical sensors, are ideal candidates due to their handy
operation. A biosensor relies on the ‘specific molecular recognition’ property of the
recognition material for the specific and selective detection of bioactive molecules,
such as drugs,' proteins, and nucleic acids,” in complex samples. Figure 1.2
represents a general scheme of a biosensor design. The recognition material is
interfaced with a transducer, and specific analyte binding generates a specific
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change of mass, electrical energy, thermal energy or capacitance, which is converted
into a signal using digital electronics. In biosensors, the recognition elements may
be obtained from different biological systems, e.g., antibodies and aptamers that are
particularly useful for the detection of biomacromolecules. These biological
systems are, however, not particularly successful in recognizing low-molecular-
weight analytes, and moreover, they have only limited stability (chemical and
physical) and sensitivity in non-optimal environments.* Therefore, it is often
necessary to switch to synthetic receptors with high stability and cost effectiveness.

ce o2

S 2 4+ c § Electrochemical
_ Iy S
QJ,‘Q —i \‘>_..§ =) T =P Signal Thermal
@ &+ g, c Optical
® ¢ \‘>_8 = mass
O
Analyte e

Figure 1.2. General schematic representation of chemical sensors or biosensors.

A recent development is the replacement of biological material with a particular
type of synthetic polymer material, the so-called “molecularly imprinted polymers
(MIPs).” MIPs are cross-linked polymers with predesigned molecular selectivity
produced by template-guided polymerization.”'** They possess high mechanical
and chemical stability, which provides MIP-based chemical sensors with
outstanding durability. MIPs can be directly fabricated in sifu on a transducer
surface to act as a molecular recognition layer for the detection of the template or
its structural analogs. A major problem associated with in situ-fabricated MIP
sensors is, however, the inaccessibility of a large fraction of the template sites due
to the layers’ small surface area. With ex situ-prepared MIP-based sensors, this
problem can be circumvented because these MIPs can be synthesized as particles
with a large surface-to-volume ratio. Different types of molecularly imprinted
polymer nanoparticles (MIP nanoparticles) are reported in the literature, such as
magnetic nanoparticles, metal-coated nanoparticles, and fluorescent nanoparticles.
In this thesis, Chapter 2 describes in detail the different imprinted polymer
nanoparticles and microbeads used in my work. The polymeric spheres possess
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different functionalities and were imprinted against two model compounds,
propranolol and nicotine.

Combining the molecular selectivity of MIP nanoparticles with a spectroscopic
transducer has been proven very powerful for the detection of organic molecules in
complex samples, thanks to the synergy of selective molecular binding from the
MIP and the fingerprint identification offered by the spectroscopic transducer.”?>¢
Previously, MIPs have been combined with IR evanescent wave spectroscopy”’ and
a surface-enhanced Raman scattering (SERS) transducer in order to detect small
organic analytes. Among the different optical sensing constructs, MIP sensors using
SERS detection have become the most popular,®!
are now available from many commercial vendors, with which detection can be

and portable Raman instruments

carried out directly on both solid and liquid samples.

1.2 Aim of this work

The main objective of my thesis was to design new approaches to assemble MIP
nanoparticles on a transducer surface for Raman-based sensor applications. To
achieve a reusable and efficient sensor, one needs a uniformly packed high-density
layer of MIP particles on the transducer surface. To achieve this objective, polymer
particles should be chemically attached on the solid transducer surface using
different immobilization approaches.

This thesis is structured as follows: the thesis starts with the information of the MIP
particles (Chapter 2), followed by the description of the experimental techniques
used in this work (Chapter 3). Finally, in Chapter 4, I discuss the results of my work,
and present conclusions with a future outlook in the last chapter.

In terms of the papers included in this thesis, the first part of my work (Papers I-
IV) was to study different immobilization chemistries for the attachment of
functionalized MIP spheres, either directly on the functionalized surface or using
some functional linkers/spacers. I have initiated a study to understand the stable
immobilization of MIP particles on solid surfaces (microscopic glass slides, silicon
wafers, and Au wafers) using different interactions (covalent and electrostatic). The
investigation of the morphology and surface functional groups of immobilized
imprinted particles was conducted using different surface analysis tools. Finally,
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template-binding experiments were performed to confirm the selectivity and
specificity of the imprinted polymer-modified solid surfaces.

The second part of the thesis (Papers V and VI) focuses on the sensing of two
addictive drugs, nicotine and propranolol, using the MIP-based optical sensors.
Nicotine is a hazardous compound found in cigarettes, whereas propranolol is a
famous drug used by musicians, actors, sportsmen, and public speakers for its ability
to control heart palpitations and anxiety. Thus, an efficient sensor is required to
detect the levels of these drugs in the biofluid. The aim of this part of the research
was to extend the work performed in the first part with a focus on the application of
the MIP particles’ integrated surfaces for sensing nicotine and propranolol using
SERS as an analytical tool. A uniformly and densely packed MIP spheres assembly
on an Au wafer and SERS active Klarite was achieved using covalent
immobilization. The MIP surfaces showed the selective and specific template-
binding property. This information is the key for developing other MIP particles and
making them SERS active using patterned substrates, for sensing other
biomolecules, toxins, and drugs in biological samples.
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2. Molecularly imprinted polymers

2.1 Molecular imprinting

Molecular recognition is an essential property of any biological system and plays an
important role in, e.g., enzyme, antibody, and nucleic acid chemistry.*> During the
last decades, research has focused on replacing these biological receptors with an
artificial material to overcome the problems of poor stability and the high cost of
the biological receptors.>* One such major development is molecular imprinting
in synthetic polymers. Molecular imprinting is known to originate from an
experiment by Russian scientist Polyakov in 1931 who prepared a silica gel by the
polymerization of sodium silicate with ammonium carbonate. The silica gel was
then used to selectively adsorb different solvent molecules that were added during
the silica gelaton.** Molecular imprinting has been reported useful for the
preparation of selective adsorbents for the detection of various types of drugs and
biomolecules.*!

Molecular imprinting is a polymerization technique that creates selective cavities in
a polymer matrix. These cavities are complementary to the target molecule
(template) present in the polymer mixture during the polymerization. Figure 2.1
shows the principle involved in molecular imprinting. In a solution of the template
(imprint molecule), functional monomers copolymerize with cross-linkers. An
initiator is included in the solution as well, in order to initiate the polymerization.
Initially, the monomer, template, and cross-linker form a complex, and after the
polymerization, the functional groups are tightly held in place with the help of cross-
linking. The template molecule in the resulting molecularly imprinted polymer can
be removed, leaving behind a molecular cavity that can rebind the template.*?
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Figure 2.1 Schematic representation of the molecular imprinting.

The intermolecular interaction of the template with the MIPs can be ionic, dipole-
dipole, hydrogen bonding, covalent, or non-covalent in nature. There are three
different approaches for molecular imprinting. In the first approach, the monomers
and the template molecule can be coupled covalently to each other, and the removal
of the template is achieved by the chemical cleavage of the covalent bond. This
approach can lead to stable and selective (in shape and size) binding sites.** In the
second approach, functional monomers and the template interact via non-covalent
interactions (self-assembly). This non-covalent imprinting approach was invented
by Mosbach and co-workers.”* This approach is very flexible and popular because
of the broad possible choices of functional monomers, cross-linkers, and the
template molecules.* The third is the semi-covalent imprinting approach, invented
by Whitcombe and co-workers.** In this approach, covalent bonding is used to form
a template-monomer polymer complex during polymerization, but non-covalent
interactions are used for template rebinding. The development of MIPs using
covalent and semi-covalent interactions proved to be very challenging. In my
research, 1 have focused on the non-covalent imprinting approach to imprint
different template molecules.* Figure 2.2 shows the different functional monomers,
cross-linkers, initiators, and templates used to synthesize the MIP particles using the
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non-covalent approach. In a particular imprinting experiment, the monomer,
initiator, cross-linker, and a template molecule are mixed and polymerized. The
obtained polymer is then grounded and sieved. The template is removed by washing
the MIPs repeatedly by acetic acid in methanol to obtain highly selective and
specific binding cavities. In the following section, I will describe the different non-
covalent polymerization routes used in this thesis for the synthesis of MIP
nanoparticles and microbeads in more detail.

\ﬂiw =§i= AN

Methacrylic acid N-isopropylacrylamide Allylamine
(MAA) (NIPAM)

e Q o} o o}
M M A
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<
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Figure 2.2. Building blocks for molecularly imprinted polymer synthesis: functional
monomers, cross-linkers,*® initiator, and template molecules used in this thesis.
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2.2 Molecularly imprinted polymer nanoparticles
and microbeads

In many high-performance materials, MIPs with well-defined shape and size are
required. This requirement can be fulfilled by the use of MIP nanoparticles. The
extraordinary large surface area of nanoparticles presents diverse opportunities to
exploit the functional groups available on the MIP nanoparticles’ surface. Recently,
uniform imprinted nanoparticles have been prepared using self-assembly of well-
defined monomers as starting materials, followed by a cross-linking reaction in a
special solvent to create imprinted cavities for a specific template.*” The methods
commonly used to prepare MIP nanoparticles include emulsion polymerization,
miniemulsion polymerization, microemulsion polymerization, precipitation
polymerization, and surface grafting polymerization. The MIP nanoparticles
reported in the literature can have different geometries and size, i.e., nanospheres,
core-shell particles, and different hollow spheres. In the following sections (2.2.1-
2.2.3), I describe in detail the different polymerization routes used to synthesize the
MIP nanoparticles studied here in the presented work.

2.2.1 MIP nanoparticles by precipitation polymerization

MIPs are mostly prepared using bulk polymerization. The resulting polymer is then
grounded and sieved into particles with sizes in the micron range for different
applications. This conventional approach is simple and cost effective but often
produces particles of irregular shape and size. Moreover, the grinding steps can
destroy some recognition sites, which reduces the MIPs’ binding capacity.***’ For
new and advanced analytical applications, MIPs with well-controlled physical
geometry and size are desirable. To produce MIPs as spherical beads with a size in
the nanometer range (MIP nanoparticles), a widely used polymerization method is

precipitation polymerization.>*"'

In precipitation polymerization, the monomer mixture is the same as in bulk
polymerization except for the presence of a large amount of solvent, which allows
the polymer chains to continuously grow and precipitate out from the solvent when
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the size of the polymer becomes too large to be soluble in the solvent. The polymer
beads are then recovered and washed using centrifugation and solvent exchange. No
interfering reagents, such as surfactants or stabilizers, are involved in the
polymerization, which makes this method suitable for a broad range of templates.

To obtain MIP beads of controlled size in the range of 100 nm to 3 pm in diameter,
the ratio of the cross-linkers (DVB and TRIM) can be varied. The obtained MIP
nanoparticles maintain excellent binding properties that are suitable for binding
assays.’” One of the major disadvantages with this polymerization method is that
the imprint molecule needs to have high solubility in the monomer mixture because
it otherwise may be lost in the reaction solvent. Therefore, the solvent plays an
important role in governing the MIPs’ formation by bringing all the building blocks
(monomers, initiator, cross-linker, and template) together in one polymerization
phase and creating the pores. In the non-covalent approach, one needs to consider
choosing solvents that promote template and functional monomer complex
formation. In practice, special solvents, such as acetonitrile, methanol, and water in
a particular ratio, can be used to create a strong template and monomer complex.
For this thesis (Papers I, IV and VI), [ have studied MIP nanoparticles prepared
using precipitation polymerization as described by Yoshimatsu et al.”

2.2.2 MIP nanoparticles with a core-shell structure

Due to the increasing demand of MIP nanoparticles in various applications, MIP
nanoparticles with more complex structures have been developed. One synthetic
approach is to use simple seeded emulsion polymerization. Seeded emulsion
polymerization is a two-step procedure that starts with the preparation of the core
particles that serve as seed latex, using, for e.g., styrene,* DVB,® and
methacrylate®® as the monomers. The seed latex particles are generally
monodisperse and can vary in size from approximately a few nm to several pm in
diameter. In the second step, the seed particles are mixed with another
monomer/mixture of monomers and polymerized, leading to the formation of MIP
core-shell nanoparticles with binding cavities on the outer shell. Because of the
presence of the uniform monodispersed core, the resulting particles have a
controlled shape and size. Furthermore, the physical and chemical properties of the
particles can be controlled by altering the composition and structure of the
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monomers as well as the reaction conditions.’”® Peréz et al.” first synthesized MIP
core-shell nanoparticles (76 nm in diameter) using an organic polymer seed latex as
the core and produced a cholesterol-imprinted polymer shell. The core-shell
emulsion polymerization proved to be effective in controlling both the size and the
binding capacity of the nanoparticles. Peréz-Moral et al.*’ reported the non-covalent
imprinting of propranolol in the shell of core-shell nanoparticles. The core-shell
emulsion polymerization was carried out in the presence of the porogenic agent
toluene, which led to increased surface area of the particles, resulting in high binding
affinity in both aqueous and organic solvents.

For this thesis (Papers II and III), I used MIP core-shell nanoparticles with a
propranolol-imprinted core and amino-functionalized shell as reported by Hajizadeh
et al.*' The core particles were synthesized as previously reported by Yoshimatsu et
al>® using precipitation polymerization (cf. section 2.2.1). To form a uniform
hydrophilic shell, the core particles were mixed in the monomer solution consisting
of allylamine, N-isopropylacrylamide (NIPA), and N,N’-methylene-bis-acrylamide
(MBAAm) in the presence of the initiator AIBN and then polymerized. This one-
pot, two-step precipitation polymerization yielded propranolol-imprinted
nanoparticles with an amino-functionalized shell.

2.2.3 MIP microbeads by RAFT polymerization

Free radical (chain growth) polymerization is the most common method that is
currently available for the preparation of MIP materials. The polymerization can be
performed under mild reaction conditions (e.g., ambient temperature and
atmospheric pressure) in bulk or in solution with a high tolerance to different
functional groups (amino, carboxyl, hydroxyl, carbonyl, or ester). These reasons
make this polymerization method most suitable for synthesis of MIPs. Radical
polymerization can be initiated by heat, photoirradiation or redox reactions and is
divided by three distinct stages: (1) initiation, (2) propagation, and (3) termination.
Typically, in all free-radical polymerization, the rate of propagation (chain growth)
is much faster than the rate of initiation, which results in the enormous growth of
the polymer chain into a high molecular weight in a relatively short amount of time
before the growth terminates. This process does not control the size and architecture
of the resulting polymer.
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To overcome these limitations and obtain a well-defined structure for the polymer
material, “controlled/living radical polymerization (CRP) ” has emerged in the last
decades. CRP comprises fast radical initiation combined with a slow but
simultaneous chain propagation, resulting in a well-controlled final polymer product
with a very narrow molecular weight distribution. The most common CRP
chemistries used in molecular imprinting are atom transfer radical polymerization
(ATRP), reversible addition fragmentation chain transfer (RAFT), and nitroxide-
mediated polymerization (NMP).

RAFT polymerization is mediated by a chain transfer reagent (RAFT reagent), a
thiocarbonylthio compound, which has compatibility with a large variety of
monomers and does not require the use of a special catalyst.®** Monomers capable
of polymerizing by RAFT include styrene, acrylates, acrylamides, and many vinyl
monomers. RAFT polymerization provides great versatility in providing polymers
of predetermined molecular weight, low polydispersity, and different shapes and
structures, such as comb-like structures, stars, brushes, linear structures, dendrimers,
and cross-linked polymers. The resulting polymers may possess reactive end
groups, which allow the attachment of the polymer to either another molecule or a
solid substrate for different applications. Pan et al.** have reported different types
of MIP spheres with good binding properties and water compatibility that were
synthesized using RAFT polymerization. Titrici et al.*® synthesized composite MIPs
using a “grafting from” RAFT polymerization on silica particles. The MIP
composites were synthesized using the “grafting from” method by CRP via RAFT.
The mesoporous silica beads were modified with an azo initiator, and the graft
copolymerization of MAA and EGDMA was controlled by the addition of the RAFT
agent, a dithioester. The resulting composite MIP beads imprinted with L-
phenylalanine anilide, as the template proved to be a highly efficient stationary
phase in chromatographic separation.

In my research, MIP microbeads bearing thiol functional groups (MIP-SH) prepared
by RAFT polymerization® were used. The nicotine-imprinted polymer
microspheres were synthesized in two steps. In the first step, the polymer was
prepared using MAA as the functional monomer, EGDMA as the cross-linker,
AIBN as the initiator, nicotine as the template, and cumyl dithiobenzoate (CDB) as
the RAFT agent. The RAFT polymerization resulted in MIP spheres with dithioester
end groups. These end groups were then converted into terminal thiols by treatment
with organic amines.’
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2.3 Molecularly imprinted polymers in chemical
Sensors

The production of selective sensors requires a recognition element that is in close
contact with a transducer surface. The recognition element should possess a specific
chemical recognition element that allows a molecule, or a class of molecules, to be
selectively recognized (bound) in a complex matrix. The transducer then converts
the analyte binding signal into an easily quantifiable output signal. Many known
biosensors have been reported where biological entities such as antibodies and
enzymes were used as a recognition layer. There have been numerous attempts to
replace the biological receptors with artificial ones to overcome the significant
drawbacks of biological receptors, such as instability in changing physical and
chemical conditions, expensive preparation, low yield, and the use of animals.

One answer to these shortcomings is molecularly imprinted polymers. MIPs are
low-cost, fast to produce, reproducible, and sensitive compared to their biological
competitors, making them suitable for various sensor applications. There are
generally three approaches to report analyte binding by MIPs. The first is related to
a special property of the analyte itself, e.g., MIPs synthesized in the presence of a
nonfluorescent analyte analogue for the development of a fluorescent ligand
displacement assay.®®® The second approach is the generation of an optical signal
in a MIP catalysis reaction, which serves as an efficient transduction method for the
analyte detection.”’ The third and most common approach is the interfacing of the
polymer either in situ’' or by immobilizing pre-made MIPs on the optically active
transducer surface.”” The resulting polymer surfaces can also be made optically
active by surface conjugation with fluorescent molecules, quantum dots or metal
nanoparticles.
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Figure 2.3. Schematic presentation of the MIP sensor study conducted in the thesis.

The MIP micro- or nanoparticles possess a large surface area and uniform spherical
geometry, and their interfacing with the transducer surface provides increased
chemical reactivity, binding capacity and kinetics, leading to many different
chemical sensors.”

MIPs have been prepared for different sensing applications. Piletsky and Turner first
developed a MIP sensor for domoic acid with a direct photografting of the polymer
on the surface plasmon resonance (SPR) sensor surface.” Ye et al.” reported a MIP
nanoparticle fluorescent sensor imprinted against a (S)-propranolol molecule by
incorporating a scintillation reporter element (antenna molecule) in close proximity
to the imprinted binding sites during the precipitation polymerization. The binding
of the imprinted polymer with the *H labeled (S)-propranolol resulted in generation
of the  radiation, which was effectively transferred via the antenna molecule to the
scintillator, generating a fluorescent signal. Another MIP nanoparticle sensor was
developed by Reimhult e al.” using quartz crystal microbalance (QCM) as the
transducer surface for the propranolol detection. Figure 2.3 summarizes the different
strategies described in this thesis for ex situ MIP nanoparticle immobilization and
SERS-based MIP application. In the following sections 2.3.1 and 2.3.2, the
integration of the MIP nanoparticles with the transducer supports and their optical
template detection is described in detail.
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2.3.1. MIP immobilization on a transducer surface

MIPs can be immobilized on the transducer surface either in situ as a polymer film’”
" or ex situ as preformed nano- or micro-sized polymer spheres. This can be
performed using different immobilization chemistries.* The in situ approach has
been difficult to control, with a resulting large batch-to-batch variation. The thick
MIP films grafted on the transducer also contain plenty of binding sites, but the
underlying transducer has not been able to detect the signal beyond a certain
distance (a few nm), e.g., in SPR and electrochemical measurements. These
shortcomings led to the implementation of preformed MIP spheres with high
template binding capacity on the transducer surface. Main strategies for
immobilization of polymer spheres on a transducer rely on (1) physical adsorption,
(2) entrapment in a polymer layer (gels, etc.), and (3) chemical grafting by means
of covalent bonding.

As shown in Figure 2.4, there are different routes for the ex sifu or preformed-MIP-
nanosphere deposition on the transducer surface. Panel (A) shows how a few ul of
MIP nanoparticle suspension in a suitable solvent is dropped on the functionalized
transducer surface and left for solvent evaporation. This results in the MIP
nanoparticles’ attachment. Panel (B) shows incubation of the chemically modified
transducer surface in the MIP nanoparticle suspension for a few hours, which allows
the functional groups on the particles’ surface to react with the underlying
functionalized transducer surface (with and without an interlayer of linkers). The
particles in the solution interact with the surface by means of attractive interactions.
This interaction results in the stable and irreversible chemical bond formation
between the MIP particles and the transducer. In panel (C), spin coating of the MIP
nanoparticle suspension on the transducer surface is shown. To achieve a thin and
uniform physisorption of MIP particles on the support, the particle size should be
decreased because it is difficult to homogenously glue large particles onto the
surface.”®
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Figure 2.4 Different approaches for MIP-NP attachment on a transducer surface:

(A) drop casting, (B) dipping in the MIP suspension, and (C) spin coating.

For this thesis, I used methods (A) and (B) for stable, uniform, and dense MIP
nanoparticle immobilization on a solid transducer surface. The transducer surfaces
functionalized with silanes, thiols, and photoactive molecules were either incubated
in an MIP nanoparticle suspension or the suspension was drop casted on the
patterned transducer surface for particle attachment. Microscopic and spectroscopic
(cf- Chapter 3) investigation of the surfaces showed that both these approaches work
well for a stable, dense and homogenous integration of the polymer spheres with the
solid transducer surface for reliable analyte or template detection.

2.3.2 MIP nanoparticles for optical sensing

Most transduction methods are based on optical, resistive, surface acoustic wave
(SAW) or capacitive measurements, as shown in Figure 2.3. Out of these methods,
I used the optical methods, primarily due to their ease of operation, high sensitivity,
and low cost. Optical techniques are invaluable due to their contribution to device
miniaturization and lower limits of analyte detection.®’

The basic principle behind the MIP-based optical sensor is described by the specific
interaction of the recognition layer with the target analyte and its transformation into
a detectable signal.®* Compared to other optical sensor principles, such as SPR,*%
chemiluminescence,* and fluorescence detection methods (cf. Figure 2.3), Raman
scattering has the advantage of producing very specific vibrational spectra that are

characteristic of the template moiety bound to the molecularly imprinted polymer
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surface. The technique is less affected by cross-selectivities due to non-specific
adsorption, swelling, and shrinking of the polymer. This makes the technique easy,
fast, and reliable. The detection of the Raman signal due to the inelastic scattering
from the analyte is often very weak and difficult to detect. To overcome this
problem, the concept of surface-enhanced Raman scattering (SERS) (described in
detail in section 4.2) was introduced by Moskovits et al.* The first MIP-based SERS
sensor was introduced by Kostrewa et al.*” for the detection of (28, 3S)-(+)-di-O-
benzoyl-tartaric acid and N-benzyloxycarbonyl-(L)-aspartic acid.

One of the most important challenges in building MIP-based SERS sensors is to
ensure that the MIPs carrying the molecular recognition sites are intimately
integrated with the SERS-active surface so that the surface can effectively enhance
the otherwise weak Raman signal. In previous studies, the MIP components were
prepared in situ on Raman-active surfaces.** The in situ preparation is limited by
the required quantity of noble metals, which is expensive and difficult to use on a
large scale. To overcome these problems, I used an ex situ approach (cf. Section
2.3.1)

The ex situ prepared imprinted polymer spheres can be covalently integrated with
different SERS transducer surfaces. These surfaces can be a roughened noble metal
surface (e.g., silver or gold)’**? or a metal-coated rough porous surface’ that can
generate localized surface plasmons upon light irradiation. Kantarovich et al.*®
reported the use of a patterned SERS support, Klarite (registered trademark of
Renishaw diagnostics, UK), to print MIP droplets and monitor the uptake and
release of the f-blocker drug propranolol. Another paper reported the detection of
explosive TNT using a MIP-based SERS sensor.*

MIPs can be combined with different optically sensitive materials, e.g., Au or Ag,
to make them SERS active. One such approach was reported in 2010 by Bompart et
al.,”> which resulted in a SERS chemical sensor based on a MIP nanoparticle
composite for the detection of propranolol. The sensing particles were core-shell
particles with gold colloids located between the polymeric core and the very thin
outer MIP shell, which made them SERS active. A different but similar approach
using surface-imprinted core-shell Au nanoparticles was reported by Xue et al.’' for
the detection of bisphenol A (BPA) in environmental samples using the SERS
approach. Another SERS-active metal, Ag, was used in the form of microspheres
grafted with an MIP shell for the femtomolar detection of N,N-methylene-bis-
acrylamide (MBA).”’ These core-shell MIP nanoparticles proved to be very
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effective for the detection of analytes in real-life samples. The hot spots created by
the metal colloids/nanoparticles help in even single-molecule detection.

In my studies, I designed SERS sensors for specific and selective detection of
nicotine (Paper V) and propranolol (Paper VI) using preformed MIP spheres. In
Paper V, the nicotine-imprinted MIP microspheres were synthesized ex sifu using
RAFT polymerization, leading to a high template (nicotine) binding property (see
section 2.2.2). These spheres were then integrated with different transducer surfaces
(an Au wafer and SERS-active Klarite) with Au nanoparticles and colloids attached
on the particle’s surface to produce the SERS nicotine signal.”” Klarite surfaces
feature a systematically designed array of inverted pyramids obtained using a
lithographic-patterning of silicon surface followed by coating of a thin layer of

gold.”®

In Paper VI, I report on an MIP nanoparticle-based SERS sensor for propranolol
drug molecule detection in human urine. The nanoparticles were synthesized ex situ
using precipitation polymerization (see section 2.2.1) and immobilized on a SERS-
active Klarite surface. The covalent attachment of the nanoparticles on the Raman-
active surface was achieved using straightforward photoconjugation through a
perfluorophenylazide linker, which proved to be simple, robust, and effective for
sensitive propranolol detection. Thus, the SERS-based (optical) sensing of the
template molecules can be implemented for the sensor construction with general
applicability.
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3. Experimental techniques

3.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) or Photoemission Spectroscopy (PES) is a
surface-sensitive characterization technique based on the photoelectric effect, which
was first discovered by Hertz in 1887% and later explained by Einstein in 1905.'®
Many years after the discovery, Siegbahn et al. developed this technique for the
chemical analysis of surfaces. Siegbahn received the Nobel Prize in 1981 for his
contribution to the development of the Electron spectroscopy for chemical analysis
(ESCA) method, currently most often called XPS.'"!
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Figure 3.1. (A) Illustration of the photoelectric effect: X-rays with photon energy hv
impinged on the sample surface, and electrons are emitted. The electron energy
analyzer is oriented at an angle 8 from the surface normal, referred to as the emission
angle. (B) Schematic representation of the photoemission process, and the energy
reference using a calibration to the Fermi energy (Er) common to the sample and
analyzer.

3.1.1 Theory

XPS is based on the photoelectric effect in which a sample is irradiated with X-ray
beam with a well-defined energy hv. The irradiation results in the photoemission of
electrons, which are collected by an electron energy analyzer as shown in Figure
3.1A. The photoelectrons are emitted from both the core and valence level of an
element. The core-level energies are element-characteristic but, nevertheless,
slightly differ in different chemical environments. Not only the number of
photoemitted electrons but also their kinetic energy (Ej) are measured by the
analyzer, which is kept at a grounding or reference potential (cf. Figure 3.1B).
Equation (1) shows the relation of the measured kinetic energy E}, and the binding
energy Ej, of the electrons in the solid:

Ep = hv — ¢sample — Ey,. (1)

where ¢sampie 1s the work function of the surface under study, i.e., the energy
needed to remove an electron from the Fermi level of the solid to the vacuum level.



Page |23

With respect to the analyzer, the kinetic energy of the emitted electron is represented
as Ey; and is different from the Ej, in front of the sample due to the differing vacuum
levels of the sample and spectrometer. It is this E}, that is actually measured. Thus,
according to the figure,

Ep = hv — ¢spectrometer — E, = hv — ¢sample — Ej. 2

As stated above, in X-ray photoelectron spectroscopy, photoemission from the core
levels and the valence levels can be measured. In addition to the direct
photoemission lines, one observes quantized satellites, a continuous background due
to inelastic losses of the photoemitted electrons, and lastly the emission from Auger
electrons.'® Core levels, i.e., inner-shell levels, are highly localized to the
photoemitting atom. They lead to the appearance of lines at binding energies
characteristic of the photoemitting element. The interpretation of X-ray
photoelectron spectra can be based on the so-called three-step model’, which
divides the entire photoemission process into three steps.'” Figure 3.2 shows the
model: the first step is the photoionization, which is the photoexcitation of atoms
located at various depths of the sample. In the second step, the photoelectron travels
through the sample towards the surface, and in the third step, it finally escapes from
the surface into the vacuum, where it is detected and its energy is analyzed.

The photoemitted electrons’ energy is affected by many contributions, which
together explain the spectral features and line profiles. One of the most important
contributions results from the fact that the binding energy of a (core) electron is
dependent on the charge density of the photoemitting atom. This results in the shift
of the core-level peak in different chemical environments, referred to as the
chemical shift. Chemical shifts, in this definition, are initial state effects.'” The
core-level spectra are also affected by other losses in the excitation of an atom and
generation of a core-hole and further during the ejection of the photoelectron into
the vacuum. These losses are termed intrinsic and extrinsic losses. During step 1 of
the three-step model, i.e., in the creation of the final state, there are intrinsic losses
due to the spin-orbit splitting (described below in detail), phonons (lattice
vibrations), and shape-up and shake-off satellites. Phonon, shake-up, and shake-off
losses, the latter two of which correspond to valence excitations to bonded (shake-

! Three-step model is somewhat superficial and the separation of stages is somewhat artificial.
In theory, a correct description is obtained in the one-step model” in which the whole process
of photoexcitation, travel to and escape through the surface should be treated as one step.
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up) or non-bonded (shake-off) states, decrease the kinetic energy of the
photoelectron compared to the main line and thus appear at the higher binding
energy side of this line.

Both quantized and non-quantized extrinsic losses can be incurred by the emitted
electrons during their transport from the emitting atoms towards the surface (step 2)
and their removal from the surface towards the vacuum (step 3) of the three-step
model. The non-quantized inelastic scattering leads to a continuous background
from the photoemission line down to zero kinetic energy. For metals, the creation
of electron hole pairs at the Fermi level leads to an asymmetric broadening of the
photoemission line. Quantized electron oscillations in the bulk (bulk plasmons) and
at the surface (surface plasmons) show up as higher binding energy satellites,
typically at some five to several tens of eV, to the photoemission line.

Another very important effect is the Auger effect behind Auger electron
spectroscopy (AES). Also in XPS, Auger lines appear due to an autoionization
decay of the core-excited atoms.'” The photoemission process-produced core-
excited state is an unstable state. The core hole is eventually filled by an outer shell
electron. The energy gained in this decay is transferred to either another electron of
the atom (Auger electron) or an X-ray photon (fluorescence). For low-Z elements
with a core hole in the K shell, the Auger process is much more likely than
fluorescence. Unlike the photoelectric lines, the Auger lines do not change kinetic
energy when the incident photon energy is changed, which makes the Auger lines
easy to identify. Thus, the Auger electrons have characteristic energies of the atom
from which they arose and can be used for elemental identification.

hv o
Vacuum

Step 3

Surface

\

Sep 1 solid

Figure 3.2. Schematic representation of the different steps involved in the three-step

model, resulting in the photoemission process.'*
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To go into more detail, I will now consider the probability for a photoelectric
transition. Here, ¢ is the transition probability per unit time for exciting a single
atom or molecule from its initial state Y!(N) to its final state ' (N). The
electromagnetic wave is assumed as a time-dependent travelling wave of the form

A(r,t) = eAgexpli(ky, - — 2mvt)]. 3)

where e is the unit vector in the direction of polarization, 4, is an amplitude factor,
and ky,, is the wave vector of the propagation with v as the incident wave frequency.
The transition probability per unit time for the transition from *(N) to ¥/ (N) is

proportional to the squared matrix element.'*”-'%®
; 2
IMi¢l? = |[< $TN[ZL; Alry). Bi W' (N) >[™. “4)
. ; 2
= 22| < NS, expliCin. rle. T[N >|°. (5)
Here, 3; = —i AV; is the vector potential of the field. Further, one can approximate

that the photon wavelength A is much larger than the photoexcited systems’
dimensions (A), which makes the element exp i(Ky,,. ;) unity. This is the so-called
dipole approximation. In addition, for XPS, one can make the so-called “sudden
approximation,” which has proven to be very successful for predicting the
intensities of various types of many electron fine structures observed in XPS spectra.
In this approximation, the response of the system to the creation of the core hole is
assumed to be instantaneous, and there is no interaction between the escaping
photoelectron and the remaining final state system.

Under the dipole and sudden approximations, the transition probability, i.e., the
cross-section, is proportional to

< & [Elpx (1) >|*[< YN = Dpr(N - 1) >|° 6)

and involves a one-electron matrix element and an (N-1) electron orbital overlap
with ¢ (1) as the orbital from which the photoelectron will be emitted and
PYr(N — 1) as the electron remainder state, the same way the final state consists of
¢ as the final state of the orbital from which the electron is emitted and its
respective Y (N — 1) remainder state.

To further simplify, one can make use of Koopmans’ theorem.'” Here, the relaxed
state as explained by the “sudden approximation” is neglected, and one assumes that
the orbitals other than that involved in the photoemission are the same in the final
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and in the initial state. This is known as the frozen orbital approximation. In the
initial state, the total N-electron energy, E;(N), is expressed as the one-electron
energy of the k orbital, €, and the remaining N-1-electron energy, E;(N — 1), as

Ei(N) = g + EE(N — 1). (7

If one assumes that the N-1 electrons in the ionic state do not feel the presence of
the hole and remain in the same positions and energy as in the non-ionized state,
then

Ef(N—1) = E;(N - 1). (8)

By calculating the value of the initial and final energy states in a Hartree-Fock
approach for non-interacting electrons, one obtains the final binding energy,
Eg (k) (the difference between E¢(N — 1) and E;(N)), which is equal to the
negation of the one-electron energy of that orbital from which the photoelectron is
emitted, yielding

EB(k) = —&k- (9)

This is the so-called Koopmans’ energy. Koopmans’ theorem applies only to closed-
shell systems or to solids that contain many electrons in highly delocalized valence
orbitals. This means that this theorem omits the fact that, after the ejection of a
photoelectron from an orbital k, a positively charged core hole is generated.
Electrons in the vicinity of the core hole will rearrange or screen the potential to
reduce the energy. This final state effect resulting from electron readjustment is
referred to as relaxation or the screening process. Therefore, the correct Eg (k) is

from that in Koopmans’ approximation by a relaxation energy Eg:'"

Eg(k) = —gx — Eg. (10)

From the above approximations, it can be concluded that the binding energy of a
photoemitted core electron depends on both the initial and final state of the system.
In particular, the core-level binding energy is influenced by the chemical state or
environment of the emitting atom. As stated above, this leads to a chemical shift.
The shift is very useful to obtain information, e.g., about the surface functional
groups, chemical environment, and oxidation state. An example of chemical shift is
shown in Figure 3.3 (adapted from Paper II). An Si 2p spectrum of a clean silicon
wafer (A) before any chemical functionalization shows intense bulk silicon peaks
(Si2p32—99.7 eV and Si 2p 1, — 100.0 eV) and a broad surface oxide (SiO,) peak
at 103.5 eV binding energy, i.e., here a chemical shift is observed between the bulk
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and surface oxide peaks. As is seen from spectrum (B), also after silane adsorption,
an Si 2p line at approximately 103.5 eV binding energy is visible. This implies that
the Si in the silane, which contains three methoxy groups bonded to the Si, has
approximately the same Si 2p binding energy as SiO, and that it is difficult to
distinguish between the silane and the oxide. In view of the very similar chemical
environment of Si in both compounds, this is not particularly surprising, however.

Often, a special type of binding energy shift occurs between the bulk and surface
atoms. It is referred to as the so-called surface core level shifi (SCLS)'*'° due to
the difference in the chemical environment experienced by the core-level electrons
in the solid and by the surface. The existence of such shifts is a considerable help in
the study of adsorption on many surfaces, particularly metals.

Si 2p
A0
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c
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(A) Surface oxide
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Figure 3.3. Si 2p spectra of (A) an oxidized n-type clean silicon wafer and (B) self-
assembled monolayers (SAMs) of an epoxide functionalized silicon wafer
representing the chemical shift. The degenerated peak at lower binding energy (Si
2p 12-99.7 eV and Si 2p 32— 100.0 eV) is due to the bulk component, whereas the
broad peak at higher binding energy, 103.5 eV, is due to the surface oxide
component. Adapted from Paper I1.
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Electron mean free path

The surface sensitivity of the XPS primarily depends on inelastic scattering of the
photoemitted electrons in the solid material and, to a much lesser extent, even elastic
scattering. The inelastic mean free path (IMFP) is the key material parameter that
describes the inelastic scattering. The IMFP is the average distance travelled by an
electron with a specific energy in between its successive inelastic collisions. For
solids, it is adequately described by'!!

E
A= - : 11
EB[B In(vE)~(C/Ex)+(D/Ex”)] (1
Here, X is the IMFP (in A), E, is the kinetic energy of the photoelectron (eV), Ep is
the bulk plasmon energy (eV), and B, y, C, and D, are material-dependent

parameters. The equation shows the dependence of A on the electron energy and the
type of material.
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Figure 3.4. The “universal curve of surface science,” representing the inelastic
electron mean free path as a function of kinetic energy. The values for real materials
are scattered around the curve but follow the general trend depicted here.''? The
universal dependence for a large number of elements is because the major
interaction between the electrons in the solid can be approximated in terms of the
electron density rather than the material-dependent bonding properties.
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The IMFP (in A) according to equation (11) as a function of electron kinetic energy
(in eV) is shown in Figure 3.4. In principle, the mean free path is a characteristic
property of a material, and thus the values for real materials are scattered around the
plotted curve. All materials do follow the general trend, though. The minimum of
the IMFP curve at approximately 50-100 eV kinetic energy corresponds to the
maximum surface sensitivity. At this kinetic energy of approximately 5-10 A, the
surface layer are probed, which corresponds to the very top layers of the solid.

This implies that maintaining the energy range for the photoelectrons at
approximately the minimum results in surface-enhanced measurements. Hence, the
surface sensitivity of an XPS measurement can be tuned by controlling the photon
energy (hv) of the incident radiation so that the kinetic energy of the photoelectrons
is in the range of the minimum of the universal curve. In addition, another approach
exists to render a measurement with surface sensitivity, namely by collecting the
photoelectrons at a grazing emission angle, i.e., by performing Angle resolved XPS
(AR-XPS).
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Figure 3.5. C 1s spectra of an epoxide-covered silicon wafer (Si-Epoxy) measured
in normal (0° from the surface normal) and grazing emission (75°) geometries. The
intensity ratio of the epoxide peak at 287.0 eV to that of aliphatic and adventitious
carbon at 285.0 eV increases at grazing emission. Hence, the epoxy groups are
located towards the surface of the epoxy layer. Figure adapted from Paper 11.
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In AR-XPS, the sample is tilted to different angles; thus, the angle of photoemitted
electrons changes with respect to the surface normal, providing more or less surface
sensitivity.'"® For Figure 3.5, the C 1s spectra of an epoxide-functionalized silicon
wafer was recorded both in normal emission (0°) and grazing emission (75°)
geometry. It is observed that, at normal emission, the main peak at 285.0 eV due to
emission from aliphatic and adventitious carbon is almost of the same intensity as
the peak at 287.0 eV related to the epoxide. At grazing emission, the intensity ratio
of the aliphatic to epoxide peak decreases, which signifies that the epoxy groups are
primarily located at the surface of the film, while the aliphatic and adventitious
carbon is mostly located in the bulk.

3.1.2 Instrumentation

An XPS setup usually consists of a source of X-rays, vacuum system with at least
high vacuum (10 to 10" mbar) or possibly ultrahigh vacuum (10™"' to 10 mbar),
preparation chamber with a sample stage, stage manipulators and sample transfer
devices, sample load lock, and electron detector system (hemispherical electron
energy analyzer). Figure 3.1A shows the basic instrumental setup consisting of an
X-ray source hitting the sample with a beam of photons of a particular energy hv.
The emitted photoelectrons are collected by the hemispherical electron energy
analyzer.

Traditionally used X-ray sources are gas discharge lamps, lasers, and
monochromatic anodes. The most widely used are anodes producing Mg K,
radiation with 1253.6 eV of photon energy and Al K, with 1486.6 eV of photon
energy. The Fourier width half maximum (FWHM) of the non-monochromatic Mg
Ko and Al K, emission lines is roughly approximately 0.9 and 0.6 eV, respectively.
Later, with a start in the 1940s and highly developed since the 1980s, electron
accelerators were recognized as a very powerful light source of synchrotron
radiation with a wide energy range providing “hard” X-rays (above 2 keV) or “soft”
X-rays (below 2 keV).

Synchrotron radiation occurs when electrons with a velocity close to the speed of
light are accelerated onto a curved trajectory, typically enforced by strong magnetic
fields. The most commonly used electron accelerators for the production of
synchrotron radiation today are electron storage rings, which use the bending
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magnets, wigglers, and undulators for the acceleration of the electrons. Wigglers
and undulators are cost-effective devices that generate highly intense photon beams
in the straight sections of the electron storage rings. Figure 3.6A shows how a planar
undulator works: an electron moving in a waveform through the up and down
magnetic field produced by the periodically arranged magnets generates the
synchrotron light. The wavelength range of the generated undulator radiation can be
tuned to a particular value by variation of the magnetic field strength. The change
in energy range is possible by tuning the periodic gap between the magnets (4).

(A) (B) Outer hemisphere;V

Electron motion

Exit slit

Erilzange slit /% W 2D detector, MCP

Beam of electrons

Electrostatic lens system

Synchrotron \
radiation 1l'( "

Sémplé

Figure 3.6. (A) Setup of an undulator consisting of a set of alternate bending
magnets with a periodic length (1y) generating synchrotron radiation. (B)
Schematic of a hemispherical energy analyzer.

Although the radiation from an undulator is in a narrow spectral region, the
resolution is not sufficiently high for the experiment, and a monochromator on the
beamline is used to monochromatize the radiation. For soft X-rays, reflection
gratings are used. Finally, the focusing mirrors of different shapes focus the X-rays
first onto the exit slit of the monochromator and then onto the sample in the
experimental chamber.

The photoelectrons emitted from the sample in the analysis chamber towards the
analyzer are focused by the electron optics system onto the entrance slit (¢f- Figure
3.6B). The electrons then enter the space between the two concentric hemispheres,
onto which different voltages are applied such that an electric field is created
between the hemispheres, allowing electrons with a particular kinetic energy to pass
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to the detector. This particular kinetic energy is referred to as the pass energy.
Electrons emitted from the sample possess variable amounts of energy, and to allow
the electrons with a specific kinetic energy to be detected, voltages are applied in
the electrostatic lens system to retard or accelerate the electrons to the pass energy.
Simultaneous detection of an entire energy spectrum (up to a certain width) and
either the angular distribution or the location on the sample (in one direction) is
possible using a two-dimensional detector. One such type, used in the present thesis,
is a microchannel plate (MCP) stack combined with a phosphorescence screen and
a charge-coupled device (CCD) camera. The measurements were carried out at the
MAX 1V Laboratory, Lund, Sweden at end stations 131 1" and 1511'"° on the MAX
II storage ring.

3.1.3 Data analysis

The energy resolution of the XP spectra is an important characteristic. The
resolution has contributions from the instrumental broadening (X-ray source and
spectrometer design) and intrinsic broadening. In addition, as mentioned above, the
spectra include a background that is due to the inelastic scattering of the
photoelectrons (cf. Sec 3.1.1).

In principle, spectral features have a Voigt lineshape, which is a convolution of
Gaussian and Lorentzian distributions.''® The Lorentzian contribution is due to the
lifetime of the (core-) excited state with a width that essentially is the inverse of the
lifetime. The Gaussian contributions primarily come from the instrumental
broadening. However, for solids, the phonon broadening (excitation of the lattice
vibrations) is typically not resolved, and the same can be true for the superposition
of lines due to chemical shifts. Therefore, core-level spectra obtained on solids
normally do not allow the direct measurement of excited state lifetime and
instrumental broadening, although there exist exceptions. Although Voigt
lineshapes often are used in the curve fitting of spectra measured in solids, their
parameters are typically phenomenological rather than physical.

To perform a quantitative analysis, I removed the background from the spectra and
fitted the components. The background is always adjusted to the high or low binding
energy parts of the spectrum. There are three types of background that are most
commonly used: linear, Shirley, and polynomial. I have mostly used Shirley and
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polynomial backgrounds. The Shirley is a background subtraction technique''” that
iteratively adjusts the background as a function of the intensity of the photoelectric
line.

A quantitative analysis must take spin-orbit splitting into account, which occurs due
to the electromagnetic interaction between the electrons spins(s) and their orbital
angular momentum (1) generated by the electrons’ motion around the nucleus. It
occurs for unfilled shells. In the present case, only the spin-orbit splitting due to the
core hole created in the photoemission process is of relevance. Spin-orbit splitting
in the valence states does not play any role here. The phenomenon of spin-orbit
splitting is observed for emission from electron orbitals with 1 > 0. After the
ejection of the photoelectron, an atom is left with a core hole. With this core hole,
both s=1/2 and | are associated, and they couple into two states with different j
quantum numbers. Because these two states have different energies, the energy of
the outgoing electron is also affected, giving rise to a more or less closely spaced
doublet with two different binding energies. The peaks will also have specific area
ratios based on the degeneracy of each j state. For example, in Figure 3.3(A), one
can observe an Si 2p spectrum with the bulk silicon peak split into the j= 1/2 and
3/2 components because the 2p core hole has I=1 and s = 4. The split peak with
higher j value (3/2) has the lowest B.E. state or higher K.E. (due to favorable
alignment of the core-hole spin and orbital angular momentum). The opposite
happens for the component with lower j value (1/2).

3.1.3.1 Data calibration

Calibrations of the XP spectra are required for the following reasons. First, reliable
comparison of the XPS data from two or more XPS instruments requires data
calibration. Second, the same is true for a reliable identification of the chemical
state. In my thesis, | used inorganic surfaces, silicon and Au wafers, for particle
immobilization. The obtained XP spectra were calibrated according to a line of the
underlying element, i.e., Si and Au.
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All spectra in Papers I, I, and IV were calibrated by reference to the Si 2p peak
for silicon dioxide at 103.5 eV binding energy.''® In XP spectra of a clean Si wafer,
Si 2p lines of both bulk Si and the surface silicon oxide (SiO») layer were observed.
The Si 2p line exhibits a spin-orbit split doublet with the Si 2p,, component at 99.3
eV and the Si 2p3» component at 99.8 eV. However, in the oxide Si 2p line at 103.5
eV, the spin-orbit splitting is not resolved. The Si 2p line was recorded for each
surface in question at the same setting as the other core-level lines, which enabled
their calibration. The amount and the type of dopant (n- or p-type) concentration
also affects the appearance of SCLS in the bulk silicon peaks.'" This shift is due to
the dopants’ concentration gradient in both bulk and the surface, which affects the
Si 2p core level spectra. However, the SCLS is not considered here for the
calibration.

For the MIPs immobilized on the Au wafer (Paper III), the spectra were calibrated
to the Au 4f;, peak of the sample at a binding energy of 84.0 eV, which is the Au
417, binding energy of bulk Au with respect to the Fermi level. Additionally, the Au
4f is spin-orbit split: the Au 4f7, component is at 84.0 eV and Au 4fs,, at 87.5 eV
binding energy, calibrated to the Au Fermi level. The calibrated Au 4f line was then
used for calibration of the lines of the other elements. However, the Au 4f;,; core-
level peak also shows a broad shoulder at a lower binding energy (SCLS) due to the
presence of surface features (cf. sec 3.1.1).'”° The SCLS and surface-to-bulk
intensity ratios yield structural information.

3.2 Raman spectroscopy

The Raman effect was introduced by Sir C.V. Raman in 1928."*! The spectroscopy
technique based on the effect, Raman spectroscopy, is a fast and non-destructive
method for optically probing the characteristic molecular vibrations, or
“fingerprints,” of an unidentified molecule through inelastic scattering. This
spectroscopy is different from standard IR spectroscopy in that it is based on
scattering rather than absorption. No tedious sample preparation steps are required,
and the obtained vibrational information regarding the chemical bonds and
structures is very specific.
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Figure 3.7. Jablonski energy diagram showing scattering processes involved in
Raman spectroscopy.

3.2.1 Theory

When monochromatic radiation is incident upon a sample, the light interacts with
the sample and can either be reflected, absorbed, or scattered. Figure 3.7 shows a
Jablonski energy diagram representing the scattering processes involved in Raman
spectroscopy. The photon interaction excites the molecule originally in a
vibrational-rotational state of the electronic ground state to an excited vibronic state
or a ‘virtual energy state’ (short-lived excited or intermediate state) before the
deexcitation to the final state, which is the same electronic state as the initial state
but the vibrational or rotational state might be different. A complete Raman
spectrum consists of a peak due to Rayleigh scattering (same wavelength as
excitation), a series of stoke-shifted peaks (longer wavelength as excitation), and
anti-stoke peaks (shorter wavelength). The difference in energy is compensated for
by the change in the rotational and vibrational energy of the molecule. Raman shifts
are normally reported in wavenumbers v (the inverse of wavelength) in cm™. The
Raman shift is

U=(1 _ 1). (12)

}\Exc. }\Scat.
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Here, Agyxc. is the excitation wavelength, and Ag.,; is the wavelength of the scattered
light. According to the classical description of inelastic Raman scattering, a
molecule, when put into an electric field, will be distorted with an induced dipole
moment (#). Consider an electromagnetic wave with an electric field vector E with

an oscillating frequency v and electric field amplitude(ﬁo):
E = E, cos(2mv,t). (13)

The induced dipole moment depends on both the electromagnetic wave and the
polarizability a of the molecule, which is a tensor due to its anisotropic nature:

u= a(v)-E, cos(2mvyt). (14)
If a molecule is subjected to a laser light with the time-varying electric field, then
the polarizability of the molecule also becomes a time-dependent quantity that
depends on the vibrational frequency of the molecule v. Thus, a(v) can be
expressed as

av) = ay + (&x)o Q. (15)

5Q
where @ defines the vibration of the molecule, expressed as
Q = Qg cos(2mvy,t). (16)

Here, (::—g) defines the rate of change of polarizability with the displacement at the
0

equilibrium position of the molecule. The quantity Q, is the vibration of the
molecule at its equilibrium position, and v, is the frequency of the vibration.
Substituting equation (16) in equation (15) and then placing equation (15) into
equation (13) results in

1= ay Ey cos(2mvyt) + % (2—3) QoE, [cos2m((vo + vin) — (Vo —vi))t].  (17)

Equation (17) shows the dependence of the induced molecular polarizability on
three different frequency elements. The first element has a frequency that is the same
as the incident radiation frequency v, referred to as Rayleigh or elastic scattering.
The second and third terms have a frequency different from that of the incident
radiation and are referred to as Raman or inelastic scattering. The Raman component
at higher frequency (vq + v;,,) is denoted as anti-stokes scattering and that at lower
frequency (vy — v,y,) as stokes scattering (cf. Figure 3.7).
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3.2.2 Instrumentation

Raman spectroscopy requires monochromatic laser light as the excitation source.
This intense source enables the measurement of small Raman shifts with good
spatial resolution and a relatively good signal-to-noise ratio. The light source of a
Raman spectrometer can range from the ultraviolet wavelength regime to the visible
and near-infrared depending on the application. In my setup, the laser light was in
the near-infrared regime with a wavelength of 785 nm. Lower photon energies are
suitable to prevent electronic transitions resulting in fluorescence, thus making the
Raman signal easily detectable. The only disadvantage with the higher wavelength
is the decreased scattered light intensity, which is compensated for by increasing the
integration times.

Figure 3.8 schematically shows the Raman setup used for the measurements. The
light beam enters the Raman probe via fiber optics. It is then focused onto the solid
sample using a collimator. The collimator helps to maintain a particular distance
between the probe and the sample. The scattered light then passes a filter that only
allows inelastically (Raman) scattered light to enter the detector. The photocurrent
from each wavelength is measured at a charge-coupled device (CCD) detector, the
output of which is transferred to the computer (data recorder) and viewed using a
particular piece of software.

6@\"&0@ Fiber optics

Laser light in

Data Recorder

Detector

[ Sample '

Figure.3.8. Instrumental setup for Raman measurements used in this thesis.
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3.2.3 Surface-enhanced Raman spectroscopy

Normally, the Raman signal intensity is much weaker than that of elastic or Rayleigh
scattering. In the case of solids, the signal intensity is 10° times weaker than that of
elastic scattering. This problem can be overcome using the surface-enhanced Raman
scattering (SERS) technique, a technique suitable for detecting even small quantities
of analyte, down to picomolar concentrations. This technique enhances the Raman
signal of molecules by their attachment on rough metal surfaces or colloids. It was
reported for the first time by Martin Fleischmann, Patrick J. Hendra, and A. James
McQuillan when they studied a monolayer of adsorbed pyridine molecules on a

roughened silver electrode.'*

3.2.3.1 Theory

SERS arises from two mechanisms, an electromagnetic and a chemically enhanced
one.'” The first and the most important is the enhancement of the electromagnetic
field by the surface of nanostructured metal. Interaction of the light field with a
smooth metal surface can result into six-fold enhancement in contrast, while a
roughened metal surface can provide an up to 10''-fold enhanced Raman signal of
the adsorbed molecule’s Raman intensity. The basic mechanism involved in
electromagnetic enhancement is illustrated in Figure 3.9. Here, I considered a
roughened surface consisting of metal spheres or nanoparticles. When the
wavelength of the incident light is in resonance with the plasma wavelength of the
metal, conduction electrons in the two metal spheres are excited to a collective
higher-energy state, resulting in so-called localized surface plasmons. The metal
spheres or chemically etched metal roughness features become polarized, which
separates the conduction electrons from their opposite charge in the direction
opposite to the incident electric field. The plasma oscillation enhances the intensity
of the incident electromagnetic radiation used for exciting the Raman vibration
modes of the molecules adsorbed on the surface. Thus, the Raman scattering signal
is enhanced by a factor as large as 10'° to 10"".
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Figure.3.9. Illustration of the principle behind surface plasmon oscillations and
electromagnetic signal enhancement in SERS.

The intensity of the Raman scattered radiation (Iy) is proportional to the square of
the magnitude of the incident electromagnetic field on the target or detection
molecule (E),

Iz < EZ. (18)
E depends on two components:
E=E,+E,. (19)

Here, E is the electromagnetic field of the target molecule in the absence of surface
roughness, and E,, is the electromagnetic field emitted from the molecule on a
roughened metal surface.'* E,, is relatively small due to the flat nature of the metal
surface that generates the plasmons but does not radiate them for the
electromagnetic field enhancement, whereas E, results in a large signal
enhancement as the molecule adsorbed on the metal creates an additional radiating
electromagnetic field due to the plasmons in close proximity to the molecule.

The second mode of signal enhancement is the charge transfer between the adsorbed

molecule and metal surface. This mechanism provides an order or two of magnitude

1 125

enhancement in the Raman signal. = Many molecules have a lone pair of electrons

or « clouds, and they interact with the surface atoms. When the incident light energy
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is in resonance with or higher than the electronic transition energy, then the charge
transfer takes place from the adsorbate to the metal. This results in the change of the
polarizability of the adsorbate molecules, resulting in the induced dipole or the
enhancement in the Raman signal. It is interesting to note here that the molecular
orbitals of the adsorbate broaden into the conduction electrons of the metal surface
underneath, resulting in an alteration of the nature of the adsorbate. Many aromatic
groups, such as phenols and pyridine, oxygen, and nitrogen-containing molecules
are extremely SERS active.

A well-defined example showing the SERS phenomena using the chemical
interaction was explained by Jiang et al. in 1987.'% In this experiment, the pyridine
molecules were chemisorbed at local defect sites on a smooth Ag adatoms surface,
which resulted in a very small degree of enhancement, a factor of approximately 15-
to 65-fold. There are many factors that affect the signal enhancement, such as the
wavelength of the incident electromagnetic radiation and the morphology of the
surface. It is observed that single spheres do not possess very high signal
enhancement, irrespective of the wavelength. The reason for this is the absence of
highly localized plasmon regions, which can only be observed in the junctions
between two particles (“hot spots”).'?’ For example, for a 10-nm dimer, the
enhancement occurs when the wavelength is in the near-infrared region. It can also
be seen that a small decrease in interparticle distance (from 5.5 nm to 1 nm) yields
an enhancement in the signal. For larger spheres or ellipsoidal-shaped particles,
signal enhancement is possible at longer wavelengths.

3.2.3.2 SERS substrates

Several types of SERS substrate morphologies have been reported.'”® The most
commonly used substrates for analytical applications are either metal colloidal
suspensions or electrochemically roughened substrates (metal electrodes or
inorganic surfaces coated with metals). The metals for SERS enhancement can be
integrated with target molecules (polymer colloids in Paper V) using different
interactions: physisorption, covalent, or electrostatic. The enhancing metals used are
Ag, Au, Cu, Pt, and Na, but the most widely used are Ag and Au, as their plasmon
frequencies fall in the visible and near-infrared wavelength region.
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The most common and easiest approach reported is to use an Ag or Au colloidal
solution. Moskovitis et al. reported the SERS spectra of pyridine molecules
adsorbed on Ag islands (5-20 nm) and colloidal Ag assemblies (20 nm)."** The
SERS spectra showed a maximum signal enhancement on the order of 10°. The
metal colloids can be synthesized by a traditional method and integrated with the
target (solid surface, polymer colloids, and molecules) by dipping the target into the
colloidal solution." The amount of colloids or nanoparticles can be tailored by
controlling the concentration of colloids in the solution. The metal colloids or
nanoparticles interact with the polymer colloids using either electrostatic or covalent
attachment (Paper V). Recent developments in nanoscience fabrication have made
it possible to structure metal templates for target material attachment. Various nano-
and microstructured materials have made it possible to enhance the signal
detection.”?! The most widely used SERS substrates for analyte detection are either
Au or Ag colloid (20 nm)-patterned alumina surfaces, as reported by Zhang et al.,'*
or the lithographically patterned Klarite surface (Figure 3.10) reported in Papers V
and VL.

Figure.3.10. Lithographically patterned Au substrate (Klarite).
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3.3 Atomic force microscopy

Atomic force microscopy (AFM) can achieve images of surfaces with atomic
resolution. Developed by Binning, Quate, and Gerber, the technique is the successor
to the invention of scanning tunneling microscopy (STM) in 1986."** In contrast to
STM, AFM does not depend on a current between the tip and the sample, thus it is
suitable even for non-conducting samples.

3.3.1 Theory

Atomic force microscopes consist of a probe or cantilever that maintains close
contact with the sample and scans the surface. The force between the tip and the
sample can be either attractive or repulsive. In response to the force between the tip
and the sample, the cantilever tip is deflected. The piezocrystal attached to the
cantilever helps in maintaining the lateral position in the X, y, and z directions for
accurate measurement of the surface topography.

Figure 3.11 shows two different modes of AFM operation. First is the contact or
static mode. In this mode, the tip is in complete contact with the surface and is
dragged across the surface. When the atoms of the tip initially come into contact
with the atoms of the sample, they experience a repulsive force due to the overlap
of the electronic orbitals of the tip and the sample at atomic distances. This results
in the deflection of the tip, which eventually results in deflection of the laser beam.
This change in the optical signal can be measured by the photodetector. The only
problem in this mode is that the tip can exert significant pressure on the sample
surface, thus resulting in damage to it. This is remedied in the second mode, which
is termed the dynamic or non-contact mode. In this, the cantilever is vibrated at a
constant oscillating amplitude or frequency. As the tip approaches close enough to
the sample, the attractive force (van der Waals, electrostatic, capillary forces)
between the tip and sample causes changes in both the amplitude and phase of the
cantilever vibration. These changes are monitored by the feedback loop to control
the tip-sample distance. Sometimes while analyzing the samples in ambient
atmosphere, it is critical to maintain the tip-sample distance at a certain constant
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value and prevent the tip from coming into complete contact with the sample’s
surface. This brings us to the intermediate mode, the tapping mode. In section 3.3.2,
I discuss the tapping mode in detail.

Repulsive (Contact mode)

—

Tip-sample Force

y—
Attractive (Non-contact or
OOOOO tapping mode

Tip-Sample Distance

Figure.3.11. Force-distance curve representing the two modes of AFM, contact and
non-contact.

3.3.2 Instrumentation

Figure 3.12 schematically shows the basic components involved in AFM. It consists
of three important parts: the optical head, which detects the laser deflection; the
piezoscanner head for controlling the scanning motion of the cantilever in the x, y,
and z directions; and the detection electronics, which convert the measured optical

signal into an image."**

AFM includes a tip mounted on a micromachined cantilever acting like a spring
with a spring constant of 10-130 N/m. To obtain atomic resolution, the tip should
be as sharp as possible; for my measurements, I used n-doped silicon cantilever tips
with a typical curvature radius of 10 nm. The force on the tip due to the interaction
with the sample results in the deflection of the cantilever being sensed as an optical
(laser) beam deflection. The optical beam proved to be accurate and sensitive
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enough to distance changes. The piezocrystal maintains the xyz motion of the
cantilever to a constant height. AFM scans the sample in a raster fashion.

Deflection Photodetector

LASER

Cantilever

Feedback
controller

Feedback

loop l

Computer

Figure.3.12. AFM instrumentation.

The AFM instrument used in this thesis was a Veeco Digital Instruments multimode
scanning probe microscope, which uses an intermittent contact tapping mode. While
scanning the surface, the cantilever tip undergoes vertical sinusoidal vibration with
aresonant frequency of 204-497 kHz. The constant force feedback mechanism helps
to scan the rough features on the surface without crashing the cantilever tip. The
tapping mode minimizes the friction or other forces that could damage the surface,
thus making this mode useful for even soft surfaces. In my system, the topographic
measurements were performed on spherical, large-sized, soft polymer spheres
immobilized on glass and silicon wafers (images shown in Papers I-1V).

3.4 Scanning electron microscope

For imaging of nanometer-sized objects, optical microscopy is not a suitable
technique as the objects are much small than the wavelength of the light, which
makes them impossible to identify under the normal microscope. Thus one has to
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use a higher resolution technique instead, e.g., a high-resolution scanning electron
microscopy (SEM). The SEM instrument was first invented by Manfred von
Ardenne in 1937'%° but presented later by McMullan in 1995."¢ The first
microscopic images of the solid samples were already published by Knoll and his
group in 1935.37-1*¥ SEM is a technique which uses electrons to scan the sample and
produce the image. The beam of electrons interacts with sample’s surface atoms to
give topographic information of the surface. The data is collected by scanning a
selected sample area ranging from a few cm to microns to nm. Sample resolution at
less than 10 nm can be achieved.

3.4.1 Theory

In SEM, an electron beam with a sufficient kinetic energy is incident on the sample
and generates secondary electrons, backscattered electrons, and in some cases
visible light and heat. The secondary (inelastic) electrons are detected using a
secondary electron detector or scintillator. Depending on the number of electrons
emitted the detector modulates the brightness level on the monitor. Other emissions
such as the backscattered (elastic) or the X-ray photon emissions are detected using
different sensors and result in an intense material contrast. Figure 3.13A shows the
different emissions resulting from the electron interaction with the sample. The
characteristic X-rays are generated due to the photoelectron emission from the
sample and can be recorded using a spectrometer for energy dispersive x-ray
spectroscopy (EDX) attached to the SEM.
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3.4.2 Instrumentation

(B) Eathiode Electron Gun

(A) Objective lens

First condenser lens

Second condenser lens
Backscattered
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Figure 3.13. (A) Different signal types generated after the interaction of the electron
beam with the sample. (B) Schematic setup of a scanning electron microscope.'*’

Figure 3.13B shows that the SEM consists of an electron gun, condenser lenses,
sample chamber, and a detector. The electron gun emits the beam of free electrons
either generated thermionically by a tungsten filament cathode or through field
emission. Thermionic electron emission occurs when the tungsten filament is heated
to a high temperature and the produced electrons leave the filament tip and are
accelerated through the grounded anode with a high potential towards the
microscope. In the field-emission gun, a sharp metal tip (typically radius of less than
100 nm) is used and a potential is applied between the anode and the tip resulting in
an electron emission. Field-emission guns give much more brightness than the
thermionic system because of the monochromatic electron source and a sharp tip.

After the beam passes the anode it is focused by a condenser lens system to form a
‘probe’. The electromagnetic lens system focuses the probe beam resulting in its
small diameter and better resolution. After focusing the beam passes through one or
more apertures consisting of a pair of scanning coils. The purpose of these apertures
is to reduce and exclude the unfocussed electrons. The final lens aperture then
determines the diameter or spot size of the beam directed towards the specimen.
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Decreasing the spot size will result in the increase of the resolution. Other factors
affecting the resolution of the image are corrected by the stigmators.

SEM of immobilized polymer spheres on solid surfaces is difficult under the
electron microscope due to charging. To avoid this problem, the surfaces were
coated with a few nm (10- 40 nm) of platinum (Pt) metal before inserting them into
the SEM chamber. After mounting the metal coated samples on the sample holder,
they were grounded using conducting carbon tape. The images were recorded in
secondary emission mode with a shortest possible distance from the electron gun.
The gun voltage of 10 kV and a vacuum pressure of 5 x 10 mbar were used to
obtain bright high resolution images.
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4. Results and Discussions

This chapter is divided into two parts. The first part addresses the different
immobilization chemistries used to achieve a stable, homogenous, and dense MIP
nanoparticle coverage on different solid supports (section 4.1), and the second part
addresses an application-based study of the use of MIP micro- and nanospheres
on gold-coated transducers for the detection of nicotine and propranolol (section
4.2).

4.1. Immobilization chemistry

Physisorption can be used in a well-known, easy, and fast approach for the
attachment of MIP nanoparticles or spheres on a solid surface. However,
physisorption is problematic, because adsorbed particles may be released from the
surface that they are attached to when the surface in the sensing process is immersed
in the analyte solution due to the weak interaction strength of the particles with the
surface. Additionally, physisorption results in an inhomogeneous MIP distribution,
which can lead to an unreliable signal from the MIP-modified surface. These
problems can be overcome by using chemical grafting approaches. First, chemical
grafting binds the polymer spheres strongly to the surface and avoids their release
into the solution during analyte binding and washing; second, it reduces the
background noise due to non-specific adsorption. This makes chemically grafted
MIP nanoparticle surfaces reusable after regeneration. There are different
immobilization or chemical grafting approaches, but one has to choose the most
suitable strategy depending on the molecules to be immobilized on a specific
transducer support. Indeed, the transducer is not chosen for its ability to be grafted
but for its capability to transduce the chemical signal generated after the binding
event.
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In this dissertation, I report the use of inorganic materials’ surfaces, such as silica,
glass, and gold. There are few selected approaches compatible with immobilizing
MIP nanoparticles on these surfaces. I report the use of hetero-bifunctional
molecules with their one end attached on the surface and the other exposed for
immobilizing MIP nanoparticles covalently (Paper I-III) or electrostatically
(Paper 1V).

4.1.1. Covalent immobilization

In the work for this thesis, I have used nano- and micro-sized polymer particles
imprinted against propranolol and nicotine with and without a functional shell
structure. The polymer spheres can be used for label-free sensing applications if
they are immobilized covalently on the transducer (cf. section 2.3, Chapter 2).

4.1.1.1. Photoconjugation chemistry

In Paper I, a methodology for immobilization of propranolol-imprinted MIP
nanoparticles on a glass substrate was studied. Figure 4.1 shows the steps involved:
in the first step, the glass surface was functionalized with 3-aminopropyltriethoxy
silane (APTES) which generated amino groups that act as binding groups for the
stable, dense, and homogenous attachment of perfluorophenylazide (PFPA). In the
second step, the amino groups were reacted with N-hydroxysuccinimide-
functionalized PFPA (PFPA-NHS) groups to generate surface azide groups, which
were photoactivated for the covalent attachment of MIP nanoparticles.

The water contact angle measurements (Figure 4, Paper I) of the PFPA-treated
surface before (80°) and after MIP immobilization (60°) showed a decrease in the
hydrophobicity of the PFPA surface due to the immobilization of the ~COOH-
functionalized MIP particles. SEM images further confirm the successful MIP
immobilization using PFPA-based photoconjugation (cf. Figure 4.1). Surface
analysis of the surfaces prepared by each step was characterized using XPS. C 1s
(Figure 3.3 (f)) and O 1s spectra (Figure 5, Paper I) show peak characteristic of the
—COOH groups present on the MIP particles. The N 1s XP spectra (Figure 3.3 (c),
Paper I) showed the disappearance of the azide peak on the PFPA surface after MIP
immobilization, which is another strong confirmation of MIP photoconjugation.
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Radioligand binding studies of the MIP surfaces showed that the imprinted particles
retain their specificity compared to the non-imprinted polymer (NIP) surfaces. This
proves the unaffected MIP binding properties after its photoconjugation on the
support.

1. APTES 2. PFPA-NHS 3. MIP-NPs

Figure 4.1. Scheme for the functionalization of APTES glass with PFPA-NHS
followed by photoconjugation of MIP nanoparticles. An SEM micrograph shows
the immobilized nanoparticles on the glass. Adapted from Paper 1.

4.1.1.2 Epoxide ring opening reaction

Surface immobilization using epoxide chemistry is very well known for
biomolecule attachment on solid surfaces through their amine groups. Epoxide
functionalization of the organic and inorganic supports is quite easy, simple, and
stable compared to functionalization using other functional groups. The epoxide
ring on the solid surfaces undergo nucleophilic substitution by primary or secondary
amine groups (-NH,, -NH-), sulfydryl groups (-SH), or, less commonly, hydroxyl
groups (-OH).'* Silica or glass surfaces are functionalized by epoxy groups either
using a silane coupling agent (GPTMS) or by coating with epoxy resins.
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Figure 4.2. Scheme for MIP core-shell immobilization on an epoxide surface: (A)
AFM image and C 1s XP spectra of the epoxy functionalized surface, and (B) AFM
image and C 1s XP spectrum of the surface with immobilized MIP nanoparticles.
Adapted from Paper I1I.

In this thesis, GPTMS is used to generate epoxy groups on glass and silicon wafers.
The epoxy ring is stable at neutral pH, even in wet conditions. At basic pH, the
epoxide ring opens and forms a covalent bond with the primary amines on the MIP
core-shell nanoparticles. This results in a stable and homogenous MIP assembly on
the solid support (Figure 4.2). The AFM images show the GPTMS or epoxy surface
before and after MIP immobilization. The water contact angle measurements were
also performed for the GPTMS surface before and after MIP immobilization. The
water contact angle decreases from 55° to 20° between the GPTMS and MIP-on-
GPTMS surfaces, i.e., after MIP immobilization (Figure S1, Paper II). This implies
that the surface becomes hydrophilic in line with expectations: the MIP core-shell
nanoparticles are hydrophilic due to the presence of the abundant amino groups in
the shell. The fluorescent microscopy (Figure 3, Paper II) and SEM images (Figure
S2, Paper II) further show the homogenous MIP assembly resulting from the
epoxide ring opening reaction.
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Figure 43. N 1s XP spectrum of covalently immobilized core-shell MIP
nanoparticles on an epoxide surface. Adapted from Paper II.

It is possible to chemically analyze each functionalization step using XPS. In this
thesis, I replaced the glass with a semiconducting silicon wafer due to the charging
problems resulting from the insulating nature of the glass. Figure 4.2A shows the C
Is XP spectra of a GPTMS-functionalized silicon wafer (Si-Epoxy) with two
prominent peaks due to the hydrocarbon and epoxide species. The increase in the
intensity ratio of the epoxide peak to the hydrocarbon peak at the grazing emission
(GE) compared to the normal emission (NE) further confirms the presence of the
available surface for MIP immobilization. The C 1s (Figure 4.2B) and N 1s (Figure
4.3) spectra of the MIP immobilized silicon wafer (Si-Epoxy-MIP) show the peaks
expected due to the presence of MIP core-shell particles.

To apply MIP-modified surfaces for chemical sensing, it is critical that the
molecular selectivity of the immobilized MIP particles is not sacrificed during the
conjugation reaction. In this work, I used autoradiography to verify that the chemical
conjugation to the GPTMS-modified surface does not affect the interior binding
sites of the core-shell MIP particles. In this technique, a radioactivity-sensitive
photographic film is used. When brought into close contact with the radioisotope
tritium (*H), the film blackens, producing the image. Figure 4.4 shows the images
obtained in the radioligand binding analysis. For the specificity of the MIP surface,
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panel (B) shows a large contrast, compared to the blank silicon sample, panel (A),
and the NIP surface, panel (C). The image intensity from the Si-Epoxy-MIP sample
is eight times that of the Si sample and four times that of the Si-Epoxy-NIP sample,
which clearly indicates that the MIP particles retain their high template affinity after
chemical immobilization. To prove more clearly the molecular selectivity of Si-
Epoxy-MIP, I performed competitive radioligand binding experiments on this
surface by adding excess competitive compounds to the labeled propranolol
solution. The three competitive compounds used are unlabeled propranolol,
pindolol, and ANOP (cf. Figure 6, Paper II). As seen from Figure 4.4(D-G), the
binding of the labeled propranolol to the Si-Epoxy-MIP sample decreased the most
in the presence of the unlabeled propranolol compared to the other competing
compounds, pindolol and ANOP. Collectively, the Si-Epoxy-MIP surface displays
clear molecular selectivity, which can be attributed to the intact molecular binding
sites located in the immobilized MIP particles.

(H) M )

HIN
LB o
’ m N OH
OH OH
Propranolol Pindolol ANOP

Figure 4.4. Autoradiography images showing the *H-labeled propranolol binding to
three different surfaces: (A) Si, (B) Si-Epoxy-MIP and (C) Si-Epoxy-NIP.
Autoradiography images showing *H-labeled propranolol binding to Si-Epoxy-MIP
in the absence of a competing compound (D) and in the presence of 10 uM of
propranolol (E), pindolol (F), and ANOP (G). Chemical structure of propranolol
(H), pindolol (I), and ANOP (J). Adapted from Paper II.



Page |55

4.1.1.3 Carbodiimide chemistry

Gold is usually selected as the surface material due to its chemical inertness,
biocompatibility, and property that organic compounds can form well-ordered and
packed monolayers on its surface.'*! Various thiol precursors have been used for
surface functionalization of gold surfaces. The high affinity of thiols (R-SH),
disulfides (R-S-S-R), and sulfides (R-S-R) for gold results in the formation of a
well-ordered organic layer'** with useful functional groups exposed on the surface
for different sensor-based applications. The strong and fast adsorption of
alkylthiolates requires a clean Au surface, which can be achieved by cleaning the
Au surface in a highly oxidizing reagent, i.e., in either a piranha or electrochemical
sulfuric acid solution or by ozone cleaning.'* Film properties, such as structure and
density of the resulting self-assembled monolayers (SAMs), can be affected by a
number of factors, such as the solvent, temperature, concentration and purity of the
adsorbate, the immersion time, and the concentration of oxygen in the solution.

Hetero-bifunctional thiol linkers are widely used due to their exposed surface
groups, such as carboxyls (-COOH), which can be activated using the well-known
carbodiimide chemistry'** for covalent attachment of amino-functionalized
molecules and nanomaterials (biomolecules, core-shell nanoparticles, etc.) on the
Au surface. In Paper 1V, 11-mercaptoundecanoic acid (MUA) was adsorbed on Au
for covalent attachment of amino-functionalized MIP core-shell particles.

Figure 4.5 illustrates the approach used for the immobilization of MIP core-shell
NPs. In this approach, the clean Au surface is functionalized with MUA to form a
carboxyl-terminated surface followed by the EDC and NHS or carbodiimide
activation. In the final step, the surface is exposed to a solution of propranolol-
imprinted core-shell MIP particles to finish the covalent amide bond formation. The
smooth and uniform underlying short-chain alkyl thiol MUA created —COOH-
functionalized SAMs that are activated using EDC and NHS as the coupling
reagents for MIP attachment. The succinimidyl ester generated by the NHS group
finally reacted with the amine-functionalized MIP nanoparticles to form an amide
bond.'* The EDC/NHS activation decreases the energy barrier for carboxyl groups
to react with the amino groups.
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Figure 4.5. Scheme showing the immobilization of core-shell MIP nanoparticles on
a gold surface using carbodiimide chemistry. SEM images shows the Au surface
before and after MIP immobilization. Adapted from Paper II1I.

The change in surface contact angle (Figure 1, Paper III) proves the successful
MUA functionalization (40°), activation (70°), and MIP immobilization (25°). The
immobilized amine-functionalized MIP particles were made fluorescent after
reaction with fluorescein isothiocyanate (FITC). A strong contrast in the fluorescent
images (Figure S2, Paper III) proves the MIP immobilization. SEM and AFM
images shows very few particles on the Au and Au@MUA control surface, as seen
from Figures S1 and 2 in Paper III. In contrast, the density of the immobilized
particles increased significantly after the EDC and NHS activation.

XPS measurements were performed at each step of immobilization. C 1s, N 1s, S
2p and O 1s lines were recorded for all four surfaces: (1) the clean Au (Au), (2) self-
assembled MUA on Au (Au@MUA), (3) EDC and NHS-activated surface
(Au@NHS), and (4) covalently immobilized MIP on the EDC and NHS activated
surface (Au@MIP). Figure 4.6 compares each element of a surface and shows the
presence of characteristic peaks or features of MIP particles. The appearance of the
N Is lines is attributed to successful activation of Au@MUA. The change in the N
Is lineshape after MIP immobilization confirms the removal of NHS and the
attachment of amino group-functionalized MIP-NPs.
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Figure 4.6. XP spectra obtained in normal emission geometry: (A) C 1s, (B) O 1s,
and (C) S 2p of the clean Au, Au@MUA, Au@NHS, and Au@MIP surfaces, (D)
N 1s of the Au@NHS activated surface and the Au@MIP surface. Photoemission
is from the underlined atoms. Adapted from Paper III.

4.1.2. Electrostatic interaction using a polymer interlayer

In section 4.1.1, I reported different covalent approaches for MIP immobilization.
It is interesting to study the MIP nanoparticles’ immobilization using strong and
long-range electrostatic interactions. These interactions can be either attractive or
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repulsive depending on the charges of the two interacting objects. For this thesis, I
used a positively charged interlayer of polymer for attaching negatively charged
MIP nanoparticles to a solid glass substrate.

GPTMS functinalized Covalent PAAM Electrostatic MIP
surface attachment attachment
* # *

O

OH OH OH OH
—>

300 nm 300 nm . 300 nm

!H

10 pm 10 ym 0 10 pm

Figure 4.7. Steps involved for PAAm attachment on a GPTMS-functionalized
surface followed by electrostatic MIP nanoparticle attachment. AFM images are
shown for each surface, along with the change in their mean surface roughness Rq.
Adapted from Paper IV.

In Paper 1V, the grafting of an amino-functionalized polymer, polyallylamine
(PAAm),'* on an epoxy-modified glass surface is reported for the electrostatic
attachment of the propranolol-imprinted MIP-NPs. PAAM contains a high content
of primary amine functional groups and proves to be an efficient functional tool for
the creation of a stable and homogenous MIP layer on a glass substrate. Figure 4.7
illustrates the approach used for immobilization of MIP nanoparticles, along with
AFM images of each step. The uniform and stable GPTMS-functionalized surface
contains reactive epoxide groups, and its exposure to the amine groups of the PAAm
is expected to lead to a ring-opening reaction of the reactive three-membered
epoxide ring to create a C-N bond.'*” The strong covalent attachment of the polymer
is slow and irreversible. This generates multiple positively charged amino groups
on the glass surface, which provides a large contact area and a large number of
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anchor points for the negatively charged polymer spheres. Altogether, the scheme
results in an electrostatic yet stable MIP layer on the solid support.

Contact angle measurements (Figure S1, Paper IV) clearly show the successful
PAAm attachment and MIP immobilization on the glass support. The decrease in
water contact angle from 65° for the GPTMS-modified to 40° on the PAAm surface
confirms the attachment of the hydrophilic amino polymer on the hydrophobic
epoxide surface.

SEM images in Figure S3 from the supporting information of Paper IV also show
the change in the GPTMS-modified glass surface after PAAm attachment followed
by dense MIP particle packing on the PAAm surface. I also recorded AFM images
to learn more about the roughness and sectional profile (Figure S2, Paper 1V) of
the surfaces after each preparation step. The AFM images of the surfaces show the
change in the surface morphology and the increase in roughness after PAAm and
MIP attachment to the glass surface.
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Figure 4.8. XP spectra: (A) C 1s and (B) N 1s of the Si-PAAm sample with the Si-
PAAmM-MIP sample measured in normal emission geometry. Adapted from Paper
Iv.
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Additional confirmation of MIP electrostatic attachment on PAAm was verified by
measurement of an XP spectra of a PAAm-coated silicon wafer (Si-PAAm) and the
MIP-modified PAAm-coated silicon surface (Si-PAAm-MIP): overview spectra
(Figure 2A, Paper 1V), O 1s XP spectra (Figure 3, Paper 1V), and C 1s and N Is
spectra (Figure 4.8). In Figure 4.8A, the C 1s line of Si-PAAmM-MIP shows the
presence of peaks at higher binding energy due to the —-COOH groups of the MIP
particles. However, the N 1s signal (Figure 4.8B) does not completely disappear,
which indicates the presence of some PAAm areas left uncovered by MIP particles.
The N 1s signal intensity decreases for the Si-PAAmM-MIP surface, nonetheless
providing attachment of MIP particles that shield the underlying PAAm.'*

Template binding studies of the PAAm surfaces with conjugated MIP particles
(Figure 4.9) show strong contrast for the Si-PAAm-MIP (C) compared to the blank
(A), Si-PAAm (B), and Si-PAAm-NIP (D) surfaces, which shows that the PAAm
conjugation does not affect the specificity of the MIP particles. The selectivity of
the MIP surfaces is shown in the presence of other competing molecules, unlabeled
propranolol (E), pindolol (G), and ANOP (H) (c¢f- Figure 4.4 (H-J)). As can be
observed from Figure 4.9 (E-H), the Si-PAAm-MIP surface displays clear
molecular selectivity, which can only be attributed to the intact molecular binding
sites located in the immobilized MIP particles.

Figure 4.9. Autoradiography images showing the *H-labeled propranolol binding to
four different surfaces: (A) Si, (B) Si-PAAm, (C) Si-PAAm-MIP, and (D) Si-
PAAm-NIP. Autoradiography images showing *H-labeled propranolol binding to
Si-PAAm-MIP in the absence of a competing compound (E) and in the presence of
10 uM of propranolol (F), pindolol (G), and ANOP (H). Adapted from Paper IV.
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4.2. Surface-enhanced Raman spectroscopy
Sensors

The performance of a MIP sensor depends on (1) the stable and homogenous
immobilization of the MIPs on the transducer surface, (2) the availability or
accessibility of the template binding sites, and (3) the absence of interference due to
the nonspecific adsorption on the solid transducer surface.

For the work in this thesis, I used covalent chemistry (Au-Thiol: Paper V and
photoconjugation: Paper VI) to attach polymer spheres on solid surfaces and study
their template binding property using the optical transduction method. Among the
different optical sensing constructs, MIP sensors using SERS detection have
become the most popular,”®>' and portable Raman instruments are now available
from many commercial vendors, with which detection can be carried out directly on
both solid and liquid samples. The Raman signal from inelastic scattering, although
characteristic for each analyte, is often very weak and difficult to detect. This
problem of low sensitivity can be solved by depositing analytical samples on a
roughened noble metal surface (e.g., silver or gold)’*** or on a metal-coated rough
porous surface’*** that can generate localized surface plasmons upon light
irradiation. The plasmon resonance is the basis for SERS.%

In my dissertation, ex sifu-prepared MIP spheres were integrated on the transducer
surface using approaches A and B in Figure 2.4 (Chapter 2). The MIP-loaded
surfaces were then made Raman-active using both gold colloids as Raman
enhancers and a SERS active surface (Klarite) for sensitive and selective detection
of target analytes.

4.2.1. Nicotine detection

In Paper V, I designed an MIP-SH-based SERS sensor for the detection of nicotine.
The thiol groups on the MIP surface allow the microspheres to be immobilized on
a gold-coated substrate using the covalent Au-thiol interaction.'*” The SEM images
in Figure 4.10 show a stable, dense, and homogenous coverage of the polymer
sphere on solid Au. The preformed nicotine-imprinted polymer microspheres were
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prepared as described in Chapter 2 (section 2.2.3).% Figure 4.10 also shows the three
different strategies investigated to achieve surface-enhanced Raman scattering in
the vicinity of the imprinted sites: (1) direct sputtering of gold nanoparticles, (2)
immobilization of gold colloids through the MIP’s thiol groups, and (3) trapping of
the MIP microspheres in a patterned SERS substrate. For the first time, I showed
that large MIP microspheres can be turned into selective SERS surfaces with
sensitive and selective nicotine detection.
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Figure 4.10. Three different approaches for SERS activation of MIP-SH
microsphere surfaces for the detection of nicotine: (A) activation of the MIP surface
by Au sputtering, (B) activation of the MIP surface using Au colloids (20 nm), and
(C) activation of the MIP surface using the SERS-active Klarite surface. Adapted
from Paper V.

In the first approach (Figure 4.10A), after the MIP-SH surface (1) sputter-coated
with 5 nm of Au had been exposed to a nicotine solution, it generated the
characteristic Raman signal at 1034 cm™ (2). Although the surfaces were Raman-
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active and it was possible to detect the selective nicotine binding via the activated
“hot spots,” the detected Raman signal intensity does not increase further when the
concentration of nicotine exceeds 30 x 10 M. This signifies that only the binding
sites close to the particle surface can be utilized to give an effective signal response
because the nicotine molecules bound in the interior of the particles are “invisible.”
Because the number of “visible” binding sites is limited, it is likely that these sites
will be saturated at high nicotine concentrations.
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Figure 4.11. (A) Raman spectra collected from (1) an MIP surface after Au
sputtering; (2) an MIP surface after Au sputtering and exposure to 6 x 10° M of
nicotine; and (3) an NIP surface after Au sputtering and exposure to 6 x 10° M of
nicotine. (B) Plot of Raman intensity vs. nicotine concentration, obtained using the
activated MIP surface. Adapted from Paper V.

In the second approach (Figure 4.10B), the enhancement of the Raman signal is
attributed to the plasmonic coupling between the surface-bonded Au colloids
combined with the enriched nicotine molecules through their specific binding to the
MIP-SH microspheres, resulting in local electromagnetic field enhancements. The
MIP-SH surface showed a significant strong nicotine Raman peak compared to that
of the NIP-SH, along with a linear response with the increase in nicotine
concentration (Figure 4.12B). The selectivity of the MIP-SH surface was also
studied in the presence of other competing molecules, propranolol and Rhodamine
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B (Paper V, Figure 3D). Even in the presence of excess propranolol (characteristic
band at 1385 cm™)"*” and Rhodamine B (a basic and Raman active dye having a

characteristic band at 1360 cm™),'*! the nicotine signal at 1034 cm™ is still clearly
visible.
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Figure 4.12. (A) Raman spectra of 30 x 10 M of nicotine (dotted line) obtained
from MIP-SH and NIP-SH surfaces after deposition of Au colloids; (B) relative
intensity of the normalized Raman band of nicotine at different concentrations; (C)
Raman spectra of 6 x 10 M nicotine (dotted line) obtained from MIP-SH and NIP-
SH loaded Klarite substrates; and (D) relative intensity of the normalized Raman
band of nicotine at different concentrations. Adapted from Paper V.

In the third approach, 1 studied the SERS of MIP-SH beads fitted inside the surface
cavities of the Klarite substrate with no severe aggregation (cf. Figure 4.10). In
Figure 4.12C, I observed a strong nicotine signal for the MIP-SH loaded Klarite
surface (dotted line) compared to the NIP-SH surface. This proved the specificity of
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the MIP-SH loaded Klarite, enabled by the binding with the SERS-enabling surface.
Thus, MIP-SH loaded surfaces show good specificity with a linear response to a
series of nicotine concentrations in the solution (Figure 4.12D). All three approaches
can be used for detecting nicotine efficiently, but the second and third proved to be
highly sensitive towards the template molecule.

4.2.2. Propranolol detection

In Paper VI, I reported another interesting SERS-based MIP sensor for the real-
time detection of propranolol. Although detection of B-blockers in urine has been
reported earlier using MIPs as solid phase extraction sorbents'**'** and MIPs as
154 these methods are tedious, time-

consuming and difficult to use for on-site sample analysis. The simple and compact

room temperature phosphorescent sensors,

SERS system studied in this work is used as a model to demonstrate the general
applicability of the reported construction method.

In this approach, I used the PFPA-based photoconjugation method for direct
immobilization of MIP nanoparticles on a highly Raman-active substrate (Klarite).
The hetero-bifunctional PFPA-disulfide has an alkyl chain of 11 carbons (PFPA-
C11-S)2. The disulfide group forms stable bonds with the gold coated on the Klarite
substrate. The exposed azide group was used to form covalent bonds with the MIP
nanoparticles upon UV activation (Figure 4.13).
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Figure 4.13. Immobilization of MIP nanoparticles on a PFPA-functionalized Klarite
surface using photoconjugation chemistry. Step 1: functionalization of Klarite with
PFPA-disulfide, Step 2: photoconjugation of MIP nanoparticles on PFPA-
functionalized Klarite. Adapted from Paper VL.

Figures 4.14A and C show the SEM images of the Klarite surfaces after MIP and
NIP particle attachment. The particles were packed in the patterned cavities on the
Klarite substrate and could withstand repeated washing steps. Figure 4.14B shows
the regenerated MIP particle surfaces with particles still attached inside the Klarite
cavities. The MIP-coated substrate was tested as a Raman-active surface to detect
propranolol at different concentrations. The characteristic Raman band at 1385 cm
! due to the naphthalene moiety of the propranolol molecule'*” starts to appear when
the propranolol concentration reaches 38 x 10° M (cf. Figure 2A, Paper VI). This
shows the sensitivity of the MIP-based Raman sensor for detecting propranolol at
low concentrations. The NIP-coated Klarite produced a much weaker propranolol
signal due to the lack of high affinity sites for propranolol (c¢f Figure 2B, Paper
VI).



Figure 4.14. SEM images of (A) MIP nanoparticles photoconjugated to PFPA-
functionalized Klarite; (B) MIP nanoparticles photoconjugated on PFPA-
functionalized Klarite, regenerated by washing with acetic acid; and (C) NIP

nanoparticles photoconjugated on PFPA-functionalized Klarite. Adapted from
Paper VL

A dose-response propranolol curve for the MIP- and the NIP-coated Klarite (Figure
4.15A) was obtained. Obviously, the MIP-coated Klarite produced a significantly
higher analytical signal than the NIP-coated Klarite. To test the reusability of the
MIP-coated substrate, I also tried to regenerate the sensing surface by washing the
MIP-coated substrate in an acetic acid solution. From Figure 3A in Paper VL, it can
be seen that, after the bound, propranolol was eluted from the MIP surface, the
Raman band at 1385 cm™! disappeared. This band appears again after the regenerated
MIP surface was exposed to the same propranolol solution.

To detect the propranolol in a urine sample, the MIP-coated Klarite was incubated
in the sample. Figure 4.15B shows the results of the SERS measurements with a
sharp peak at 1003 cm™ caused by the C-N stretching in the area that was abundant
in urine.'"” As observed from the spectra, the MIP-coated Klarite allowed
propranolol detection at a concentration of 77 x 10° M (curve 5). In contrast to the
MIP-coated surface, neither the Klarite alone (curve 1) nor the NIP-coated Klarite
(curve 4) gave any detectable propranolol signal under the same condition.
Therefore, it can be concluded that only the MIP-coated Klarite can act as a useful
sensing surface to measure propranolol in the complex urine sample.



68|Page

(A) (B)

Propranolol peak height (a,u.)

0 50 100 150 200 700 ' 900 1100 1300 1500
Propranolol concentration (10 -5 M) Raman Shift (cm'1)

Figure 4.15. (A) Normalized intensity of the propranolol signal (1385 cm™)
measured using the MIP- and the NIP-coated substrates. (B) Detection of
propranolol in urine samples. Raman spectra of (1) urine spiked with 77 x 10° M
propranolol measured on a Klarite substrate, (2) MIP-coated Klarite, (3) NIP-coated
Klarite, (4) urine spiked with 77 x 10 M propranolol measured on the NIP-coated
Klarite substrate, and (5) urine spiked with 77 x 10 M propranolol measured on
the MIP-coated Klarite substrate. Adapted from Paper VI.
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5. Conclusions and Future outlook

Conclusions

In recent years, different MIP-based sensors and other functional materials that are
replacing the time-consuming and unstable (physical and chemical) chemical
biosensors have been reported. The major problem associated with MIP sensors is
that perfect conjugation with the transducer is required, which does not affect their
analyte binding sites. The main goal of my PhD research was to integrate pre-made
functional imprinted polymer particles or spheres on different solid surfaces and
implement the obtained surfaces for real-time sensing of drugs and toxic materials
in biological samples.

In the first part of my thesis (Papers I-IV), I reported different possible MIP
immobilization chemistries on model substrates (glass, silicon, and Au wafers). The
functional linkers generated on the substrates help to interact with the functionalities
on the imprinted polymer spheres, resulting in either covalent or electrostatic
immobilization. First, covalent assembly of MIP particles was studied. In Paper I,
the photoconjugation method was reported to attach propranolol-imprinted MIP
particles to a glass surface. This short coupling agent can be used to couple organic
materials for the development of various functional nanomaterials. In Paper II, the
amino-functionalized core-shell MIP nanoparticles were immobilized on a glass
substrate using an epoxy silane linker. The amine groups on the MIP surface proved
to be highly efficient for an opening epoxide ring reaction, which enables
attachment of the MIP particles covalently on a solid surface. An important feature
of this method is its versatility for the homogeneous and covalent immobilization of
even materials with a relatively large size. The coupling reaction is easy,
reproducible, and efficient without affecting the specificity and molecular
recognition properties of the MIP nanoparticles. The approach does not require high
temperature or photo- or chemical activation, which renders the method physically
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and chemically more robust and useful in comparison to other immobilization
procedures.

The reported covalent approach was studied on the silica and glass substrates, but
for many sensor applications, one needs a metal transducer surface. Gold is a
suitable candidate due to its stability in different chemical environments and its
outstanding optical and electrical properties. This made me interested in studying
the covalent immobilization of propranolol-imprinted core-shell nanoparticles on an
Au surface (Paper III) instead of glass/silica (Paper II). Au was functionalized
with a self-assembled monolayer of thiols. The thiol linkers on Au were activated
using carbodiimide chemistry and proved successful for stable and high-density
MIP immobilization. Further confirmation of EDC/NHS activation and subsequent
MIP attachment on the EDC/NHS surface was conducted using XPS chemical
analysis.

In addition to studying these covalent approaches for MIP-NP immobilization on
solid supports, I also studied electrostatic MIP attachment. The negatively charged
soft polymer spheres were attached to a positively charged polymer interlayer via
strong electrostatic interactions. The electrostatic attachment proved to be a robust,
easy, and fast approach for stable immobilization of MIP nanoparticles on a solid
substrate. The method allows solid materials of submicron size to be immobilized
on a surface with high density using a “soft” cationic polymer interlayer.

Not much work has been reported in the literature on the use of chemically
immobilized MIP spheres for SERS studies. This lack of research motivated me to
proceed in the sensing direction and thus to the work presented in the second part
of my thesis. I carried out SERS-sensing studies of propranolol and nicotine using
MIP spheres. Integration of the immobilized MIP spheres on Au wafers with pre-
synthesized Au colloids helped in enhancing the nicotine Raman signal (Paper V).
Both dose-responsive and competition studies examined the concentration
dependence and the selectivity of the sensor. Additional studies were also performed
for the detection of propranolol in a complex biological sample using SERS (Paper
VI). The covalent attachment of the nanoparticles on the Raman-active surface was
achieved using straightforward photoconjugation. The photoconjugation method to
integrate MIP with the Raman substrate is simple, robust, and sensitive for
propranolol detection.
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Future outlook

In my research studies, I concluded different immobilization chemistries for the
attachment of MIP nanoparticles (100-300 nm) and microspheres (2 um) to
inorganic surfaces. Further work should be carried out to study the immobilization
of other functionalized MIP spheres (varying sizes) on different metal transducer
surfaces and use the array of particles for the extraction of different microbes,
toxins, and gases from the environment, food products and biological fluids (blood,
serum, etc.)

I believe that the MIP spheres have excellent template-binding properties and, if
conjugated with functional nanoparticles (other than gold) such as silver, quantum
dots and TiO,, can result in highly efficient SERS-functional materials suitable for
chemical and biosensing applications. The Klarite surface used in the propranolol
SERS studies can be replaced by other Raman-active surfaces, e.g., porous alumina
membranes with a gold coating.” I believe that, by using smaller MIP nanoparticles
in combination with better-controlled nanoparticle deposition, MIP-based SERS
surfaces can be obtained with more precise control and that the analytical
performance of such sensing elements can be improved significantly to satisfy
practical applications. The MIP spheres can be imprinted against other
biomolecules, microorganisms, etc. which makes them suitable for the development
of various functional biomaterials and composites for chromatography, assays, and
catalysis applications. Moreover, MIP particles could be patterned on electrodes
using Nanolmprint lithography and microfluidic techniques to fabricate more
advanced MEMS sensors.
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