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Abstract

Rapid methods to identify bacteria in biological samples are important
for prompt antimicrobial therapy. The current detection methods are
classical biological sample cultures and biochemical tests, which are
however, time-consuming and not highly sensitive. A novel and highly
performing approach is offered by aptamers acting as recognition ele-
ments able to detect epitopes on the surface of a bacterium. Aptamers
interacting with specific bacteria are known and then could provide
a solid base for developing promising solutions for this issue. With
this PhD work I intended to tackle one drawback of aptamer-based
biosensor: the lack of platforms for high density aptamers immobiliza-
tion. Cluster-assembled thin films, have been optimized as supports
to demonstrate that aptamers, targeting Staphylococcus aureus, well
adhere on these substrates and keep their functionality. Moreover,
the characteristics of the nanostructured zirconium oxide thin film:
thermal stability, good reactivity towards -OH and -COOH groups
and nano-morphology, make this material a suitable candidate for the
realization of platforms for general screening and biosensing applica-
tions. This strategy will offer a promising way for the development

of an user-friendly aptamer-based biosensors for screening biological



samples.

Furthermore, I focused on a technological problem, regarding the
need of substrates to perform correlative light-electron microscopy
(CLEM), designing, developing and testing a device which improve
the feasibility of correlative fluorescence/confocal and scanning elec-

tron microscopy.



...A chi ¢’¢ sempre stato, chi vicino, chi lontano, chi con un sorriso,

chi con uno sguardo, chi con un: “ Sogne! 7, chi con il suo esempio...
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Introduction

Nanotechnology, with the development of tools and processes used to fabricate,
measure and image nanoscale objects, is playing an important role in the progress
of biosensing where the main demands are for high sensitivity, high specificity and
fast response (1). In recent years biosensors have become important and practical
tools in the field of healthcare, chemical and biological analysis, environmental
monitoring, food safety control, and homeland security. Early detection increases
the probability of curing diseases and significantly decreasing the rate of mortal-
ity. However, many of the conventional test methods currently available are slow,
require large amounts of sample materials and may lead to false positive or neg-
ative results. Therefore, there is a demand for tools able to give fast and reliable

responses.



1. INTRODUCTION

1.1 Nanomaterials for biosensing applications

Nanomaterials can be generally defined as materials with at least one dimension
in the size range of 1-100 nm. Operating at a length scale of one-billionth of a
meter, the properties of nanomaterials are significantly different from the bulk
due to the high surface-to-volume ratio (2).

The increased sensing surface and strong binding properties can be exploited to
improve the sensitivity of the detection system whether based on solid nanostruc-
tured supports or based on the use of nano-objects (e.g. nanoparticles, nanorods,
nanotubes, etc.) for biosensing applications. Thus, over the last fifteen years,
efforts have focused on the use of nanotechnology to develop nanostructured ma-
terials (e.g.graphene and ZnO nanowires, mesopourous silica-based materials,
nanotubes, nanowalls and nanorods, nanoparticles, etc.) as biomolecule immobi-

lizing matrices/supports to improve biosensing performance (1, 3).

1.1.1 Nanoparticles and nanotubes

Nanoparticle-based biosensors are particularly attractive because they can be eas-
ily synthesized in bulk using standard chemical techniques, and do not require
advanced fabrication approaches (4). They also offer particularly high surface
areas due to their extremely small size and are typically used as suspensions in
solutions (during the time when they interact with the analyte). Most biological
molecules can be labelled with metal nanoparticles without compromising their
biological activities (5). One example is the use of gold nanoparticles (6) due

to their biocompatibility, their optical and electronic properties, and their rela-
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tively simple production and modification (7). In fact these metal nanoparticles
are extensively used in surface plasmon resonance biosensor (SPR): this method
is usually based on the change of the dielectric constant of propagating surface
plasmons’ environment of gold films where the detection of the analyte can be
recorded in different ways like the changes of the angle, intensity, or phase of
the reflected light (8, 9). This phenomenon is strongly dependent on the size,
shape of the nanoparticle and the dielectric constant of its environment (10).
The environmental dependency represents a great advantage for (bio)-analytics
since the recognition event can result in a change of the oscillation frequency and
therefore to a color change of the gold nanoparticles observable with the naked
eye. Taking advantage of these properties a wide series of efficient colorimetric
biosensors were developed for DNA or oligonucleotide detection, or immunosen-
sors (11, 12, 13, 14). Magnetic nanoparticles are frequently used as alternatives
to fluorescent labels in biosensor devices. A relevant advantage of using magnetic
nanoparticles is the possibility to concentrate the analyte before the detection
event. Magnetic nanoparticles functionalized with a bioreceptor can simply be
mixed with the analyte solution and interacts specifically with the target. After
applying an external magnetic field, the nanoparticles agglomerate and can be
separated from the solution. Efficient isolation of DNA strands in complex media
was achieved in a fast and efficient manner using silica or gold coated core/shell
nanoparticles (15, 16, 17). The use of magnetic nanoparticals for labeling is par-
ticular interesting for biosensing applications since biological entities do not show
any magnetic behavior or susceptibility and, therefore, no interferences or noise is

to be expected during signal capturing (18). An ultra-high sensitive magnetore-
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sistant biosensor was developed for Escherichia coli (19) detection or Salmonella
identified in skimmed-milk samples with a limit of detection (LOD) of 1 colony
forming-unit (cfu)/mL using a magneto-genosensing setup (20). Another example
of nanomaterials devoted to biosensing are carbon nanotubes (CNTs). In particu-
lar, carbon nanotubes possess the outstanding combination of nanowire morphol-
ogy, biocompatibility and electronic properties (21). Therefore, carbon nanotube
interfaces present enhanced capacities, e.g. to approach the active sites of a redox
enzyme and to wire it to the bulk electrode. Furthermore, their ease and well
documented organic functionalization (22) brings new properties to nanostruc-
tured electrodes such as specific docking sites for biomolecules or redox mediation
of bioelectrochemical reactions. Moreover, CNT films exhibit high electroactive
surface areas due to the natural formation of highly porous three-dimensional net-
works, suitable for the anchoring of a large amount of bioreceptor units, leading

consequently to high sensitivities (23, 24).

1.1.2 Nanostructured ZrQO, for biosensor applications

A biosensor is a self-contained integrated device which is capable of providing
selective quantitative analytical information using a biological recognition ele-
ment which is in direct spatial contact with a transducer element . Hence the
performance of biosensors depends on their components (see figure 1.1). One
important element is the matrix material (i.e. the layer on which are immobilized
the recognition biomolecule and transducer), acting a crucial role in defining the

stability, sensitivity and shelf-life of a biosensor (25).

! According to the definition of International Union of Pure and Applied Chemistry (IUPAC)
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Analytes

Bio-receptors

Matrix layer

Transducer

Figure 1.1: Sketch of elements composing a biosensor - Analytes are the
target of the detection, bio-receptors are the biological component which interact
with the analytes and the matrix layer is the physical interface, between transducer
and biological components, on which bio-receptors are immobilized. The transducer
is the component that transform the signal coming from the interaction between
analytes and bio-receptors into another signal that can be measured and processed.

Among the various types of nanomaterials that have been developed (polymers,
metal nanoparticles, self-assembled monolayers (SAMs), etc.) for biological appli-
cations, nanostructured metal oxides (NMOs) have recently aroused much interest
as immobilizing matrices for biosensor development (26, 27, 28, 29). Nanostruc-
tured oxides of metals such as zinc, iron, cerium, tin, zirconium and titanium
have been found to exhibit interesting nanomorphological, functional biocompat-
ible and non-toxic properties. These materials exhibit enhanced electron-transfer
kinetics and strong adsorption capability, providing suitable microenvironments
for the immobilization of biomolecules (30). Different methods have been used for
the fabrication of NMOs structures, including solgel methods for the production

of three-dimensional (3D) ordered rough nanostructures (28, 31), radiofrequency
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sputtering for rough nanostructures (27), pulsed-laser deposition (PLD) (32),
nanoparticles self-assembly (33). The controlled preparation of a nanostructured
metal oxide is considered to play a significant role in the development of biosen-
sors. Nanostructured zirconia nanoparticles and films have recently been consid-
ered as a potential solid support for the immobilization of bioactive molecules
in biosensor applications, due to their high thermal/mechanical/chemical resis-
tance, excellent biocompatibility, and their affinity towards groups containing
oxygen (30). During the past few years, both functionalized and unfunction-
alized zirconia nanoparticles have been developed as solid supports for enzyme
immobilization and biocatalysis (34). For example, to immobilize hemoglobin for
a novel hydrogen peroxide biosensor (35, 36), to immobilize DNA for investigat-
ing the effects of lanthanide on its electron transfer behavior, for the detection of
DNA hybridization (37), to detect urea (38) and to detect electrochemically glu-
cose (39). These examples show how the application of nanostructured zirconia
as a support for biosensors is a growing field. In particular since our group has the
knowledge to fabricate nanomaterials, by the deposition of nanometric cluster,
characterized by a random nanoscale roughness, I took advantage of this exper-
tise to develop a cluster-assembled nanostructured zirconia thin film (ns-ZrO,)

for the realization of a platform suitable for biosensing applications.

1.2 Case of study: aptamers as bioreceptors

The case studied in this work presents the use of aptamers as bioreceptors for

the targeting of Staphylococcus aureus. Theoretically, the recognition component
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is the key for the sensor performance. An ideal recognition component should
possess the characteristics of high sensitivity, admirable selectivity, fast response,
robust performance and versatility for various targets. With these criteria, an-
tibodies and aptamers are two of the mostly used recognition components (40).
Antibodies, responding to specific antigens, have been widely applied in the con-
struction of various sensors. However, as a functional protein, an antibody is
sensitive to its envirnoment and its activity is unstable. Despite the large use
of enzymes and antibodies in biosensing (41, 42), aptamers, since their discov-
ery in 1990 by both Gold’s group and Szostak’s group (43, 44), have been used
in a wide variety of applications in either basic research or, especially, health-
related diagnostics and therapeutics (45, 46, 47) and are becomig an alternative

to antibodies.

Aptamers are small single-stranded DNA (ssDNA) or RNA oligonucleotide seg-
ments, which bind to their targets with high affinity and specificity via unique
three-dimensional structures. Aptamers are identified through an in vitro selec-
tion process called Systematic Evolution of Ligands by EXponential enrichment
(SELEX) (figure 1.2) which specifically isolates aptamers for a target of interest

involving iterative rounds (48).

In a SELEX process, in general (figure 1.2 a), a random aptamer or oligonu-
cleotide library pool (DNA or RNA) is incubated with the target of interest, with
heating and cooling to promote formation of stable structures. After washing,
the bound sequences are eluted and incubated with a control target (if negative
selection is required) to remove sequences that exhibit recognition with the con-

trol as well. The protein-bound aptamers are then recovered. These sequences
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Incubation
RNA/ssDNA with target ANAJSSDNA P rositive

library ‘ library seecton\

Amplification Extracted bound
Partition selected sequence oligonucleotides
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selected sequence RNA
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o ; oligonucleotides selection
oning an nucleic acids

sequencing

Figure 1.2: Scheme of Systematic Evolution of Ligands by EXponential
enrichment (SELEX) - In a a general SELEX process. In b a SELEX process
adapted to target cells. Figures adapted from (49).

are amplified with PCR, or reverse transcription-PCR.. ssRNA or DNA sequences
representing the recovered sequences are then generated from these PCR prod-
ucts and used in the subsequent selection round. The process is repeated until the
pool is enriched for sequences that specifically recognize the target. The enriched
pool is cloned and then sequenced to obtain the individual sequences known as
the aptamer. While in Cell-SELEX (figure 1.2 b), living cells are used as targets
to generate aptamers that specifically recognize cells, starting from a library of
ssDNA. This library, which has a random sequence of 30-40 bases and a region
flanked by primer sequences of 18-20 bases, is incubated with the target cells.
The library and forward primers are labeled with a fluorophore, so that the sense
strand of the PCR product for each round, which serves as the library for the next
round, is also fluorescently labeled, enabling the entire process to be monitored
by flow cytometry. After washing, the DNA sequences bound to the target cell

surface are collected and then incubated with the negative control cells. All the
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DNA sequences that bind to the negative control cells are removed. To avoid
recognition of normal cells, the aptamers bound to these nonspecific proteins are
removed. The remaining sequences are amplified for the next round of selection.
Generally, about 20 rounds of Cell-SELEX are required to isolate aptamers with
the highest selective affinity to the target cells (45).

The aptamer’s high affinity is attributed to the remarkable dissociation constants
(K4) ranging from picomolar to nanomolar levels between aptamer and its target
(50). The excellent selectivity derived from the reason that aptamer can distin-
guish even minor structural differences between targets and their analogs (51).

Advantages in using aptamers:

e Aptamers can bind with a broader range of targets, including metal ions,
amino acids, other small organic molecules, viral proteins, even cells and

bacteria (52, 53, 54, 55)

e Aptamers can be successfully obtained from synthetic chemicals with char-

acteristics of higher purity and lower costs.

e Aptamers can be flexibly modified with various chemical tags including

fluorescence probes, electrochemical indicators and nanoparticles.

e Aptamers are small in molecular weight and more stable maintaing the

same characteristics after repeted steps of denaturation and renaturation.

These unique characteristics make aptamers an ideal recognition element for

biosensors.
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1.2.1 Aptasensor targeting Staphylococcus aureus

Aptasensors are aptamer-based biosensors with excellent recognition capability
towards a wide range of targets (40). As said before, the case of study of this PhD
work is the development of a platform for immobilization of aptamers targeting S.
aureus. Staphylococcus aureus is a common pathogen found on human skin and
into human respiratory tract. It is a Gram positive coccus, presenting the typical
bacterial structure except flagella and it has been recognized as an opportunistic
pathogen. S.aureus infections are often acute and pyogenic, involving the skin
and postoperative wounds and, if not adequately treated, they may spread to sur-
rounding tissue or via bacteremia to metastatic sites, thus involving other organs,
inducing pneumonia, osteomyelitis, acute endocarditis, meningitis and abscesses.
The prognosis of these infections is dramatically worsened when the etiological
agent is resistant to methicillin. For this reason, there is currently a huge demand
for rapid methods to detect S. aureus with the potential to be incorporated into
point-of-care (PoC) diagnostic systems (56). Conventional methods to detect S.
aureus, such as biochemical assays, always require the growth of bacterial cells,

at least one day, for bacterial identification delaying the diagnosis.

Since the final aim of this PhD work is the development of a platform suitable
for aptamers immobilization to detect Staphylococcus aureus, in this introduction
we will focus maninly on aptasensor targeting this bacteria. A first report of ap-
tamers used as bio-recognition elements against S.aureus is reported by Cao et al.
(53). In this paper, a panel of ssDNA aptamers specific to S. aureus was obtained

by a whole bacterium-based SELEX procedure and applied to probing S.aureus.

10
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After several rounds of selection with S. aureus as the target and Streptococ-
cus and S. epidermidis as counter targets, the highly enriched oligonucleic acid
pool was sequenced and then grouped under different families on the basis of the
homology of the primary sequence and the similarity of the secondary structure.
Eleven sequences from different families were selected for further characterization
by confocal imaging and flow cytometry analysis. Results showed that five ap-
tamers demonstrated high specificity and affinity to S. aureus individually. The
five aptamers recognize different molecular targets by competitive experiment.
Combining these five aptamers had a much better effect than the individual ap-
tamer in the recognition of different S. aureus strains. In addition, the combined
aptamers can probe single S. aureus in pyogenic fluids. Their work demonstrated
that a set of aptamers specific to one bacterium can be used in combination for
the identification of the bacterium instead of a single aptamer (53). Starting form
the assumption that the aptamers developed in Cao’s work were specific for S.
aureus, we decided to use these aptamers as biorecognition elements immobilizing
them onto the cluster-assembled zirconium oxide thin films developed during this
PhD project. In another work by Zelada-Guillen (56) in 2012, a first example
of biosensor able to detect Staphylococcus aureus in real-time has been reported.
The biosensor is based on a network of single-walled carbon nanotubes (SWC-
NTs) acting as an ion-to-electron potentiometric transducer and anti-S. aureus
aptamers are the recognition element. Carbon nanotubes were functionalized
with aptamers using two different approaches: first non-covalent adsorption of
drop-casted pyrenil-modified aptamers onto the external walls of the SWCNTs;

second covalent bond formation between amine-modified aptamers and carboxylic

11
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groups previously introduced by oxidation at the ends of the SWCNTs. Both of
these approaches yielded functional biosensors but there were large differences
in the minimum detectable bacteria concentration and sensitivity values. They
demonstrated that potentiometric biosensors based on single-walled carbon nan-
otubes as ion-to-electron transducers and aptamers as recognition elements, are
excellent biosensors for ”real-time” and ”label-free” detection of S. aureus as they
improve on all the current detection methods for this pathogen. Otherwise the
biosensor performance parameters depending on the functionalization approach
employed during the biosensor construction demonstrate how the immobilization
step is crucial for the development of a highly sensitive biosensor. A more recent
example by Chang et al. (52) in 2013, shows a rapid, ultra-sensitive, low cost,
and non-polymerase chain reaction (PCR)-based method for bacterial identifica-
tion. The method is based on the measurements of the resonance light-scattering
signal of aptamer-conjugated gold nanoparticles. Thanks to this method they
detected single S. aureus cell within 1.5 hours. What is missing in the field of
aptasensor targeting Staphylococcus aureus, is a support for high density and
functional surface immobilization of aptamers, besides a user-friendly read-out of
the detected molecules which can be easily implemented into a low-cost, high-
throughput, multiplexed clinical diagnostic point-of-care device (PoC). In general,
more attention should be paid to understand the mechanism behind the molecules
interaction with surfaces in order to design materials with specific chemical and
physical properties affecting the immobilization in the desired way. In this sce-
nario biomaterial arrays, based on the production of a large material library in

a microarray format, are used for finding the material with the best performance

12
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for a specific application, such as the realization of substrates for the functional
immobilization of enzymes or the synthesis of antifouling surfaces. This approach
can also be used as a fast pre-screening step for the selection of nanostructured
materials for applications in the fields of in wvitro cell culture, tissue engineering
or implants, allowing the identification of the best surface among those of the
library that adsorbs proteins that promote cell adhesion and differentiation such
as integrins or growth factors. The material developed in this work can be eas-
ily implemented into a platform for high-throughput screening of whatever the
nanostructured surfaces (being the technique used for the material fabrication
able to control nanoscale morphology independently from surface chemistry) for
bioreceptor immobilization or the immobilization conditions used. In fact, this
material, combined with microarray technology improve the definition of the op-
timal conditions (e.g. pH, salt concentration, bioreceptor concentration, etc.) for
immobilizing bioreceptor on nanostrutured surfaces (57, 58). Part of this PhD
work has been carried on, within the CARIPLO’s project: “ Development of an
innovative user-friendly colorimetric biosensor based on aptamer-functionalized
nanomaterials for the detection of Staphylococcus aureus from different biological
source ", at Fondazione Filarete, Milan, Italy. The final goal of the CARIPLO’s
project is the development of a new user-friendly detection system, for the rapid
targeting of S. aureus, based on a colorimetric system switching in the visible re-
gion in order to not require any expensive detection system and be so potentially
available for a point-of-care (PoC) diagnostic system.

In the first chapter an overview of the use of nanomaterials in biosensing appli-

cation is discussed. Moreover an example of nanomaterials applied on biosensing

13
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of Staphylococcus aureus is given, focusing on the aptamer as the bioreceptor
element. In the second chapter the goal of the project is described. In the third
chapter the techniques used for the fabrication, characterization and implementa-
tion of the material developed in this work, as biosensing platform, are described.
In the fourth chapter the presentation of results and their discussion is the focus.
In addition to the project for the realization of a sensor for bacterial detection I
have been involved in the development of a device for Correlative Light-Electron
Microscopy (CLEM). In particular my task consisted of the design and fabrica-
tion of a support suitable for both confocal microscopy and scanning electron

microscopy (SEM). This will be described in detail in the Appendix.

14



Aim of the project

The aim of this PhD project was the realization and characterization of a plat-
form, based on cluster-assembled nanomaterials, suitable for a biosensing appli-
cations. The proof of concept to demonstrate the feasibility of this platform for
this pourpose has been conducted immobilizing aptamers for the development of

a biosensor targeting S.aureus.

15



2. AIM OF THE PROJECT

The concept, behind the idea to realize a new user-friendly and cheap biosensor
targeting S.aureus, is to to immobilize, on a nanostructured support, aptamers hy-
bridized with labeled-peptides that could be displaced in the presence of S.aureus

inducing a colorimetric switch in the visible region (see figure 2.1).

S. aureus

~10+60 nm1

Figure 2.1: Concept of the Apta-SENSOR device - The idea is to immobilize
aptamers hybridized with labeled-peptides on a nano-structured support. Since
bacteria have a higher affinity towards aptamers,their presence, in the biological
sample, displaces the peptides which going in solution, induce a colorimetric switch.
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Materials and Methods

3.1 Nanostructured Zirconia fabrication

3.1.1 Supersonic Cluster Beam Deposition

Nanostructured thin films were grown on glass microscope slides by deposit-
ing a supersonic seeded beam of ZrO,_, clusters produced by a pulsed mi-
croplasma cluster source (PMCS) under high vacuum conditions. Figure 3.1
shows a schematic representation of the deposition apparatus consisting of two
differentially pumped vacuum chambers separated by a gate.

Cluster beam deposition process consists of the following main steps:
e Clusters are produced in the cluster source by plasma condensation
e Clusters are then extracted from the source and a seeded beam is produced

e Clusters are deposited on the substrate
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3. MATERIALS AND METHODS
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Figure 3.1: PMCS scheme - Schematic view of the apparatus used for SCBD
(not to scale)(59)

The source (PMCS), located in the first chamber called ”expansion chamber”,
is composed by a ceramic hollow body inside of which is obtained a cylindrical
cavity (volume of few cm?) at whose end there is a solenoid pulsed valve which
regulates the inlet of an high pressure gas (see Figure 3.2). The opposite end is
connected to the second chamber (called ”deposition chamber”) through a low
conductance nozzle and it represents the cluster beam exit. In the cavity of the
source is insert a cylindrical zirconium rod.

The source works in a pulsed regime and every cycle of work is a four-step
process:

1. Introduction in the source cavity of a pulsed Argon delivered by the solenoid
valve (pulse duration of the order of hundreds of microseconds, pressure of

40 bar, typical repetition rate 2-4 Hz)

2. Ignitium of an argon plasma by applying a voltage between the electrodes

(voltage 850 V)
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3.1 Nanostructured Zirconia fabrication

Figure 3.2: SCBD apparatus - On the left the deposition machine composed

by the deposition chamber and the expansion chamber. On the right a detail of
the gas inlet.

3. Sputtering of the cathode and condensation of cluster

4. Extraction of the nanoparticles by carrier gas expansion through the nozzle

and formation of a seeded supersonic beam

The PMCS operation principle is based on the ablation of the zirconium cathode,
continuously rotated by means of an external motor in order to allow constant
ablation conditions for all pulses and a homogeneous consumption of the rod, by
an argon plasma jet ignited by a pulsed electric discharge. After the ablation,
ZrQq_, ions thermalize with argon and condense to form clusters. The mixture
of clusters and inert gas is then extracted in vacuum through a nozzle to form
a seeded supersonic beam, which is collected on a substrate located in the beam
trajectory. The use of supersonic beams of cluster allows a stronger control of the
cluster mass distribution and kinetic energy with the possibility to obtain very
high deposition rates (60) and very collimated beams (61). With this technique

it is possible to control the roughness of the deposited thin films by changing
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3. MATERIALS AND METHODS

the thickness of the material deposited since the two parameters (thickness and

roughness) are correlated by the calibration curve shown in Figure 3.3.
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Figure 3.3: Roughness vs Thickness calibration curve - Log-log plot of the
evolution of roughness with ns-ZrOy film thickness at room temperature and the
corresponding linear fit (62).

Exploiting simple aerodynamic effects one can control the divergence of the su-
personic beam and the mass distribution of the particles in it (63). By using very
collimated beams, high deposition rates can be achieved, moreover, simply by us-
ing stencil masks placed in contact with the substrate, patterned films with very
high lateral resolutions can be obtained making this technology compatible with
the other planar microtechnologies (63). Since clusters have low kinetic energies,
well below the binding energy of atoms in the aggregates, when they impact on
the surface there is no substantial fragmentation and the deposited film retains

a memory of the structure the cluster had in the gas phase (64).
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3.2 Electron beam evaporator

3.2 Electron beam evaporator

Flat thin films were grown on glass microscope slides by depositing zirconium by a
conventional custom-made evaporation system, the pressure inside the deposition
chamber was brought to 6.0x10~¢ mbar. The beam was switched on and set to
a voltage of 6 kV, and the evaporation was started by gradually increasing the
current to 165 mA, a value at which zirconium (99.999% pure, Kurt J. Lesker,

Hastings, UK) starts to melt, evaporate and deposit at a rate of 0.2 A /sec.

3.3 Samples annealing

To study the influence of temperature on the morphology and crystal stucture
of cluster-assembled thin films, we performed an annealing in a oven with a
controlled dry-air flux following a ramp of 50°C in 5 min and then heating the

sample at fixed temperature for 2 hours.

3.4 Nanostructured Zirconia Characterization

This part will describe different morphological, structural and spectroscopic char-
acterization techniques used in this thesis, including atomic force microscopy
(subsection 3.4.1), x-ray diffraction (subsection 3.4.2), high-energy resolution
photoemission spectroscopy (subsection 3.4.3) and high-resolution transmission

electron microscopy (subsection 3.4.4).
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3. MATERIALS AND METHODS

3.4.1 Atomic force microscopy

The atomic force microscope (AFM) is a high resolution scanning probe tool to
determine direct images of material surfaces as well as details about film rough-
ness. To obtain the topography images the AFM uses the interaction between a
small tip and the sample surface. Figure 3.4 shows the design of a standard AFM

system.

detector and
feedback electronics

o —e—

photodiode

laser

cantilever and tip
sample surface

PZT scanner

Figure 3.4: Schema AFM - Sketch of AFM microscope composed by a piezoelec-
tric scanner where the sample is placed; a cantilever ending with a nanometre tip; a
laser beam impinging the cantilever and a photodiode, divided into four quadrants,
to register the cantilever deflection and the systems for feedback control.

The sample is mounted on a piezoscanner responsible for the movements in the
x, v and z directions. The tip is attached on a cantilever and it is generally
made out of silicon or silicon nitride with a nominal radius of 5-10 nm. During
the measurement, the tip moves at few hundred angstroms over the surface or

even slightly touches it. An interaction force between the tip and the surface

22



3.4 Nanostructured Zirconia Characterization

leads to a deflection of the cantilever. This deflection of the cantilever is detected
optically. A laser beam is reflected on the tip surface and hits the photodetector
which consists of a four-section split photodiode able to detect displacements of
the laser beam of 10 A. Monitoring the difference between opposite diodes, the
knowledge of the distance proportion between the tip and the detector and the
length of the cantilever allows a quantification of movements at the Angstrom
scale. The difference of the top and bottom diodes identifies the torsion of the
tip. These mechanical movements are transformed into electric signals. The use
of appropriate software allows real topography images of the sample surface to
be created. There are two basic modes of operation: the contact or the tapping
mode. Each mode uses different physical effects for surface analysis. In the
contact mode, the tip actually makes physical contact with the surface. The
tip is approached to the sample until the interactions between the tip and the
sample cause the bending of the cantilever. In this way the cantilever deflection is
measured while the tip is scanning through the sample. In the non-contact mode
(tapping mode), an oscillation of the cantilever is produced near the sample’s
surface (typically 10-100 A). This mode has the advantage of lowering the possible
sample contamination and reducing the tip damage. On the other hand, the
force registered will be some orders of magnitude lower than in contact mode.
The cantilever is vibrated at a frequency close to its resonance (on the order of
hundreds of kHz); when it is approached to the sample, changes in the resonance
frequency or in the oscillation amplitude are registered. At the same time, the
phase lag between the input oscillation signal and the cantilever output can be

recorded. This phase lag is used to monitor changes in the mechanical properties
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3. MATERIALS AND METHODS

of the sample surface, detecting regions with different adhesion or friction. This
information can, in some cases, be connected to chemical changes in the sample

surface.

3.4.1.1 Experimental

The investigation of the morphology of the substrates was carried out in air using
a Multimode AFM equipped with a Nanoscope III controller (Veeco Instruments).
The AFM was operated in tapping mode using single crystal silicon tips with
nominal radius of curvature 5-10 nm and cantilever resonance frequency in the
range 200-300 kHz. Scan areas were 2pum x 1 pm with scan rates of 1.5-2 Hz for
each sample. Sampling resolution was 2048 x 512. Typically at least three images
have been acquired on each sample. AFM images were processed using custom
routines written in MATLAB® environment !. Each AFM-image was flattened
subtracting a global plane and line-by-line first-or occasionally second-polynomial
functions in order to get rid of the tilt of the sample and of the scanner bow. Root-
mean-squared (o) roughness, parameter which describe the surface morphology,

has been calculated from:

1 _
_ T2
0= N Z(hw h) (31)
17]
where h;; represents the height values and N the number of height values in the
AFM topographic map, h is the average height. Root-mean-squared roughness

is a measure of surface corrugation, i.e. of the dispersion of surface height val-

ues around the average height h. The evolution of the surface morphology with

IMatlab- version 7.4.0.287 (R2007a) The MathWorks Inc.
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3.4 Nanostructured Zirconia Characterization

increasing annealing temperature was also investigated; in particular for five dif-
ferent degree steps from ambient temperature to 800°C. Samples were thermally
annealed in air using an oven at 250-400-600-800°C, reached through a slow ramp

and maintained for 2 hours.

3.4.2 X-ray Powder Diffraction

X-ray diffraction is a method used in the characterisation of the structures of
crystalline materials which allows the identification of phases present and the
determination of a given material’s unit cell dimensions. By performing studies
as a function of time, temperature, pressure or dynamic chemical environment it is
possible to obtain information which will help the understanding of the behaviour
of a material. When a material is exposed to an incident beam of X-rays, the
X-rays interact with the atoms present which act as secondary point sources and
re-radiate the X-rays in all directions. If the atoms exist in a periodic array, the
constructive and destructive interference phenomenon of diffraction occurs. This
can be most simply described in terms of Bragg’s law. It was shown by W. L.
Bragg that every diffracted beam of X-rays can be regarded as a reflection from
sets of parallel planes of lattice points. The angles of incidence and reflection must
be equal and co-planar with each other, whilst also being normal to the reflecting
plane. To define a plane, three integers are required to detail its orientation with
respect to the edges of a given unit cell. These are known as the hkl or Miller
indices. The spacing between successive planes within a material is determined
by the lattice geometry and thus dpi is a function of the unit cell parameters.

The path difference, 21, between two reflected beams is equal to 2dsin 0 (Figure
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3. MATERIALS AND METHODS

3.5). If constructive interference is to occur this path difference must be equal to

an integer number of wavelengths, n\. This leads to the Bragg Equation 3.2.

2dsinf = n\ (3.2)

incident reflected
X-rays X-rays

Figure 3.5: Diagram showing the path difference for two beams at angle

f reflected by different planes -

In a powder diffraction experiment, a large (ideally infinite) number of crystallites
are placed in the path of an incident X-ray beam. Each crystallite in the powder
sample gives rise to a discrete diffracted beam of X-rays. However, as there are
an infinite number of randomly oriented crystallites, each individual diffracted
beam becomes a cone (figure 3.6) of diffraction, and the individual hkl spots are
distorted into rings of intensity. For a crystalline sample each set of lattice planes
in a given material will be in every possible orientation, meaning at least one of
each set of planes will be at the Bragg angle to the incident beam, thus leading
to diffraction for those planes. When recording a powder diffraction pattern, we
are therefore left with a one dimensional diffraction pattern expressed (typically
graphically) as the diffracted intensity versus the diffraction angle, 26.

In order to quantify the changes in structure and microstructure of the material

with temperature, Rietveld refinement can be performed on the data. Rietveld
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3.4 Nanostructured Zirconia Characterization

Figure 3.6: Diagram describing the formation of cones of diffraction
when performing powder diffraction - X-rays travel from the source to the

sample, at which point they are diffracted

analysis is a whole profile structure refinement method based on least-squares
fitting. The powder diffraction pattern of the sample is obtained in digital form,
and the Rietveld process treats these digital data as an intensity measurement
(yi) at each of several thousand increments (step -i). A calculated profile of the
structure is compared to the experimental profile, and then selected parameters
are refined by a least-squares method in order to provide the best fit between the

calculated and experimental profiles.

3.4.2.1 Experimental

XRPD measurements have been performed at Elettra synchrotron radiation fa-
cility in Trieste, at the Material Characterization by X-ray diffraction beamline
(MCX) in order to determine the thermal expansion and structure evolution,
up to 1000°C, of nano-structured ZrO,_,. To carry out the experiment it has
been used a monochromatic radiation (A=0.7866A) and the set up described in

(65, 66). The powdered samples were obtained by scratching a pristine deposited
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3. MATERIALS AND METHODS

film and then introduced in a quartz capillary inserted into a closed furnace, (see
Figure 3.7) (for accurate temperature control in the range 25-1000°C) and sealed

to a device able to switch from vacuum to air or inert gas (N2) atmospheres.

Figure 3.7: The MCX beamline endstation - Detail of the furnace imple-
mented into the MCX beamline: the furnace provides an atmosphere and tempera-
ture controlled environment for powders in capillaries and a temperature controlled

environment for thin-film samples.

Diffraction signals have been collected by translating curved (cylindrical) imaging
plate detector to assure a constant sample-detector distance and avoid geometrical
corrections for intensity. Raw data (pixel vs intensity) extracted with Fit2D
software (67, 68) are converted into an angle/intensity histogram by a preliminary
calibration performed with the NIST standard Si powder. Rietveld analysis of
converted spectra has been performed with GSAS software (69). The accurate

crystallite sizes have been calculated by fitting the whole XRPD spectrum. The
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3.4 Nanostructured Zirconia Characterization

samples were undergone to thermal annealing in air and in moderate vacuum. The
annealing treatments followed the same protocol for all the applied experimental
measurements, namely a ramp of 50°C in 5 min and then heating the sample at
fixed temperature for 20 min, In order to make comparable as much as possible the
data obtained from different experimental techniques. For XRPD measurements
the diffraction patterns were acquired with the sample held at fixed temperature
inside a furnace mounted at the end of the beamline filled with air or evacuated

at 1073 mbar.

3.4.3 Electron Photoemission Spectroscopy

Photoemission spectroscopy (PS) is the most important and widely used exper-
imental technique to gain information about occupied electronic states. This
technique, extremely surface sensitivity, typically sampling the top 50-100A of
the material, direct consequence of the short mean free path (5-20 A) of the low
energy electrons through the sample, is based on the photoelectric effect (see
Figure 3.8): when a solid is irradiated by light, photons excite electrons from oc-
cupied states into empty states (Within the solid), whence, if their energy exceed
the solid work function, they are released into the vacuum and detected by an
electron-energy analyzer.

The absorption of an incident photon of energy hr causes the emission of an

electron having energy:
Epin=hv-E;-¢

where ¢ is the work function, the E;, the binding energy of the electronic level
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3. MATERIALS AND METHODS

excited by absorption of the photon, is a fingerprint of the different atomic species
and also reflect their chemical environment. The use of synchrotron radiation to
perform PS has the advantages of being high intensity, tunable with sharply de-
fined photon energy, thus permitting selection of photon energy and to maximize
the cross section for a transition of interest. Another advantages of PS is that the
energy resolution of practical system is high enough to resolve the small changes
in electron binding energy that accompany changes in the chemical state of the

atom being excited.

Photon " Electron
hv » Ey

Probe X

Figure 3.8: Sketch of Photoelectric effect -

These shifts arise from the fact that as electronic charge is added to or removed
from a given atom in the process of forming chemical bond. The resulting change
in the screening of the core electrons results in small changes in the energy of the
allowed electronic states. The magnitude of these changes is on the order of 1 to

5eV.
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3.4 Nanostructured Zirconia Characterization

3.4.3.1 Experimental

The Photoemission experiments have been carried out at Materials Science Beam-
line (MSB) at the ELETTRA synchrotron radiation source in Trieste, Italy. The
photoelectron spectra have been recorded at normal emission by a Specs Phoibos
MCD 150 hemispherical analyzer operating for high resolution spectra at a pass
energy of 20 eV. A gold mesh was used to measure the incoming photon flux.
The photoemission spectra were acquired by using a photon energy of 650 eV or
320 eV and 50 eV with a photon energy step of 0.1 eV. The samples investigated

are shown in Table 3.1.

Sample Thickness Roughness Annealing Gas exposition

SMP1 300 nm 30 nm no no
SMP2 300 nm 30 nm 150°C UHV H,O
SMP3 300 nm 30 nm 150°C UHV CH;COOH

Table 3.1: Samples tested - Overview of samples and measurements.

The samples have been mounted on special holder as shown in Figure 3.9 a,
which allows the current passage for the sample heating and then inserted into
the measurements chamber (Figure 3.9 b). The temperature has been measured
by a Nichel-Chromium thermocouple till. The HyO exposure has been performed
for 20 minutes at 5x107® mbar (~45 L) while the CH3COOH exposure for 6
minutes at 5x107® mbar (~15 L).

The error associated at the temperature measurements is around 10°C; enough

for the scope of our experiments. Every measured photoemission line has been
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Figure 3.9: MSB endstation - In figure a the holder for the sample anneal-
ing by joule heating, in figure b the sample mounted into the chamber for XPS
measurements

normalized dividing by the flux of incident photons to be comparable with the

other lines, of the same electronic level, acquired at different time points.

3.4.4 High Resolution Transmission Electron Microscopy

HRTEM is a technique that uses the interaction of energetic electrons with the
sample and provides morphological, compositional and crystallographic informa-
tion. The electron emitted from filament passes through the multiple electromag-
netic lenses and make contact with the screen where the electrons are converted
into light and an image is obtained. The speed of electrons is directly related
with the electron wavelength and determines the image resolution. A modern
HRTEM is composed of an illumination system, condenser lens system, an ob-
jective lens system, magnification system, and the data recording system. A set
of condenser lenses focuses the beam on the sample and an objective lens collects
all the electrons after interacting with the sample and form an image of the sam-

ple, and determines the limit of image resolution. Finally, a set of intermediate

32



3.5 Customized aptamer microarrays

lenses magnifyies this image and projects it on a phosphorous screen or a charge
coupled device (CCD). HRTEM is an instrument for high-magnification studies
of nanomaterials. High resolution makes it perfect for imaging materials on the
atomic scale. A main advantage of a TEM over other microscopes is that it can
simultaneously give informations in real space (in the imaging mode) and recip-
rocal space (in the diffraction mode). The high-resolution transmission electron
microscopy (HRTEM) uses both the transmitted and the scattered beams to cre-
ate an interference image. It is a phase contrast image and can be as small as
the unit cell of crystal. All electrons emerging from the specimen are combined

at a point in the image plane.

3.4.4.1 Experimental

The high resolution transmission electron microscopy experiments have been per-
formed at the University of Cambridge using a FEI Tecnai F20 microscope oper-

ated a 200kV.

3.5 Customized aptamer microarrays

In order to find the right conditions for aptamer immobilization on cluster-
assembled ZrO, the protocol developed by our group called Protein Surface Inter-
action Microarray (PSIM) for the hightroughput study of biomolecules-surfaces
interaction (57, 70) has been used. The protocol consists in spotting small volume
droplets of fluorescent biomolecules on the surface under investigation. After in-

cubation, blocking, washing and drying, the amount of adsorbed biomolecules is
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evaluated by reading the fluorescent signal with a commercial microarry scanner,

see figure 3.10.
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Arraying biomolecules gradient Blocking and washing

Drying and Scanning

Figure 3.10: PSIM protocol - Sketch PSIM protocol: first fluorescent
biomolecules solutions, in a wide range of dilution are spotted on several bio-
materials in parallel. Secondly biomaterials slides are incubated in a controlled
atmosphere, then immersed in a blocking solution and next rinsed. Finally, the
slides are dried with a gentle nitrogen flux and the fluorescent signal is read with
a commercial microarray scanner

3.5.1 Aptamers

The aptamers, SA20 and SA23, have been chosen among a panel of ssDNA de-
scribed by Cao et al. in their work (53), to test the feasibility of the substrate
as platform for biosensing application, moreover the aptamer SA17, described in
(52), has been chosen after preliminary results indicating that the aptamer pre-

viously picked, in particular SA23, was not as specific as reported in the Cao’s
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3.5 Customized aptamer microarrays

paper. HPLC purified aptamers were supplied as lyophilized samples and then
dissolved in PBS 1X buffer. SA20 and SA23 have been purchased from SIGMA-
ALDRICH®, SA17 and SA23b Biotin-TEG modified have been purchased from

PrimmBiotech. The aptamers are listed in the Table 3.2.

Aptamer Sequence mer Labeling Modification

GCAATGGTACGGTACTTCC
GCGCCCTCTCACGTGGCACTCAGA

SA20 88 Cyb none
GTGCCGGAAGTTCTGCGTTAT
CAAAAGTGCACGCTACTTTGCTAA
GCAATGGTACGGTACTTCC
GGGCTGGCCAGATCAGACCCCGGA

SA23 88 Cy5 none
TGATCATCCTTGTGAGAACCA
CAAAAGTGCACGCTACTTTGCTAA
TCCCTACGGCGCTAACCCCCCCAGTCCGT

SA17 62 Cy3 Biotin-TEG
CCTCCCAGCCTCACACCGCCACCGTGCTACAC
GCAATGGTACGGTACTTCC
GGGCTGGCCAGATCAGACCCCGGA

SA23b 88 Cy 3 Biotin-TEG
TGATCATCCTTGTGAGAACCA

CAAAAGTGCACGCTACTTTGCTAA

Table 3.2: Aptamers tested - Sequences, size, labelling, modification.

3.5.2 Immobilization of aptamers on nano-structured ZrQO,

In this study small droplets (450 pL) of fluorescent aptamers, indicated in table
3.2, dissolved in PBS buffer (pH 7.4) have been spotted at different concentra-
tions, on cluster-assembled ZrO, using an automated sciFLEXARRAYER S3-

Scienion AG spotter, Figure 3.11, in an array format at 65% controlled humidity
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3. MATERIALS AND METHODS

in order to avoid drop evaporation. After spotting, slides have been incubated for
20 minutes at room temperature and 65% humidity. After incubation slides have
been blocked once in BSA 2% (W/V) for 5 minutes and washed 3 times in PBS
for 3 minutes and 3 times in doubly-distilled H,O for 1 minute. Slides have been
then dried under gentle nitrogen flux. Fluorescence was then quantified using
a microarray scanner TECAN and images have been analyzed using Scan-array

Express Software.

nozzle

Aptamer drops

Nano-structured zirconia
on microscope slide

Figure 3.11: Microarray generation - In figure a step of the PSIM protocol:
spotting of aptamers

A second protocol was followed after the preliminary results: the spotting condi-
tions are the same but, after incubation, slides have been blocked once in blocking
solution with PBSMT (PBS 1X + 5 mM MgCly+ 0.1% (V/V) Tween20) for 10
minutes and washed 3 times in PBSMT for 3 minutes, 3 times in PBSM (PBS 1X
+ 5 mM MgCly,) for 3 minutes and finally in doubly-distilled H,O for 1 minute.
Slides have been then dried under gentle nitrogen flux. Fluorescence was then
quantified using a microarray scanner TECAN and images have been analyzed

using Scanarray Express Software.
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3.5 Customized aptamer microarrays

3.5.2.1 Nano-structured ZrO, surface functionalization

In order to immobilize biotin-TEG 5’-functionalized aptamers, on the nanostruc-
tured surface via biotin-streptavidin binding, the zirconia surface was covered
with streptavidin. In particular, a custom microarray was realized, with the
technique described in Section 3.4, made only by 3 uM Alexa 647 labeled strep-
tavidin spots. This microarray was then used as substrate for the immobilization

of biotin-TEG functionalized aptamers.

3.5.3 Test of immobilized aptamer activity

In order to verify if the aptamer immobilization conditions were suitable for the
generation of a platform for bacterial detection a test to check the activity of
the immobilized aptamers was conducted. In particular, a fluorescent peptide,
conveniently designed by the Molecular Modelling Laboratory (Department of
Chemistry, University of Parma), specific for SA23 aptamer, was used as probe.
The testing procedure was conducted using aptamers microarray, as described
in the Subsection 3.4.2, with an intermediate step of aptamers incubation with
ITa_2 fluorescent peptide immediately after the blocking step. In particular, for
the 15 minute incubation, a concentration of 20 uM of fluorescein-labeled Ila_2
dissolved in PBS, was used. Then the fluorescence signal was imaged in the xy
and xz planes using a Leica TCS SP5 confocal microscope, 20X dry objective,

with 512 x 512 image resolution.

37



3. MATERIALS AND METHODS

3.6 Detection of S. aureus-aptamer interaction

To verify if the condition for immobilizing aptamers on nano-structured surfaces
were right for the maintenance of aptamer activity and specificity for bacterial
recognition, a direct test of bacteria detection was performed. Specifically the

protocol presented here was followed:

e Incubation with 5uM streptavidin for 20 minutes

Washing with PBSM, 1 time for 5 minutes

Incubation with 5 pM biotin-TEG-aptamer-Cy3 labeled for 15 minutes

Washing with PBSMT, 3 times for 3 minutes

Incubation with S. aureus or E. coli, 10® bacteria/ml for 45 minutes at RT

Washing with PBSMT and PBSM, 3 times for 3 minutes each

Mount the slide with glycerol for confocal imaging

The bacteria were cultured in solution, using LB Broth (Miller) from SIGMA-
ALDRICH® as growth medium, in a thermoshaker at 37°C overnight. Then
the concentration of bacteria was measured using a spectrophotometer with fixed
lambda (A=600 nm). Before the incubation with immobilized aptamers the bac-
teria had been stained with Hoechst 33258 from SIGMA-ALDRICH® ( 3ul per

ml of solution ).
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3.6 Detection of S. aureus-aptamer interaction

3.6.1 Fluorescence confocal microscopy

The microscope slides, prepared as described in section 3.4, had been imaged in
the xy and xz planes using a Leica TCS SP5 confocal microscope using a Diode
(561 nm) laser with 30% laser power, a 40X oil immersion objective, 1024 x
1024 image resolution and UV (405 nm) at 35% laser power, 40X oil immersion

objective and 1024 x 1024 image resolution.

3.6.2 Electrophoretic Mobility Shift Assay (EMSA)

To assess the possible interaction between aptamers and the surface proteins of
S. aureus, aptamers SA23 (53) and SA17 (52) have been tested with membrane
proteins from Staphylococci cells. To this purpose, surface-associated proteins
were prepared by lysostaphin treatment under isotonic conditions, as described
(71). The detection of S. aureus-aptamer complexes was achieved by staining of
the aptamers with SyBr Green, a cyanine dye capable of binding DNA with high
affinity. In addition, F. coli was used as a negative control to ensure specificity
of S. aureus-aptamer interactions. A detailed protocol follows:

Sample preparation

e S. aureus membrane protein extracts (SAUQC, SAU1, SAU2, SAU3) after

lysostaphin treatment: 50 ug
e F. coli extracts (negative control): 50 ug

e Aptamers SA23/SA17: 5.5 pg, 11.8 pg
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e Binding buffer: 0.5 M Tris-HCI pH 6.8, 10% (V/V) glycerol for 30 min at

25°C

Electrophoretic Mobility Shift in native conditions
e Non denaturing polyacrylamide gel at 4%, 6%, 8%, 10%, 12% concentration
e Electrophoresis buffer: Tris/Borate/EDTA (TBE) 0.25X, 20 mM, pH 7.5
e Pre-run: 20 min at 100 Volt constant

e Run: 140-210 Volt constant for 2 hrs at 4°C

Detection and acquisition of band
e DNA sequence

— SyBr Green |

— Chemidoc and Quantity-one
e Protein extracts

— Silver acid/Silver basic/Blue Comassie

— GS-800 and Quantity-One
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Results and Discussion

In this chapter, the results obtained in this work will be presented. In the first
section, the growth and characterization of cluster-assembled zirconia, which will
be subsequently used as platform for aptamer immobilization, are presented.
Morphological characterization of cluster-assembled ZrO,_, thin films reveals a
correlation between the film thickness and its surface roughness and an evo-
lution of the surface roughness as a consequence of high temperature anneal-
ing. Moreover the crystalline structure and the spectroscopic characteristics of
these cluster-assembled thin films have been investigated respectively by XRPD,
HRTEM and PS. In Section 4.2, the protocol followed for the aptamer immobi-
lization on cluster-assembled ZrO,_, thin films and the surface functionalization
are described. In section 4.3, the preliminary results about bacteria-immobilized

aptamer interaction are discussed.
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4. RESULTS AND DISCUSSION

4.1 Nanostructured Zirconia

By the use of the SCBD, cluster-assembled thin films, deposited on glass micro-
scope slides and silicon substrates, have been realized (as described in Section
3.1). For the investigation of the role of temperature in the morphology evolu-
tion, samples with thickness ranging from 50 nm to 600 nm have been analyzed.
For the XRPD study a sample obtained by scratching the material deposited on
glass was investigated. For the PS study a sample with a thickness of 300nm
characterized by a roughness of 30 nm was examined. For the immobilization of
aptamers two kinds of cluster-assembled thin films, deposited on glass microscope
slides in many replicates, have been realized: one type with a thickness of 70 nm
and one type with a thickness of 300 nm. For the HRTEM measurements the
samples have been deposited on glass substrates and then scratched in order to

get a powder which was placed on a TEM grid coated with Carbon.

4.1.1 Morphological Characterization

Since the surface roughness is crucial in the molecules immobilization affecting the
adsorbed density of molecules and their functionality (57, 58), AFM characteri-
zations have been performed. The overall film morphology of cluster-assembled
zirconium oxide thin films is characterized by nanometer-scale porosity and gran-
ularity, dominated by grains of size 5-20 nm, which represent the aggregates of
primeval zirconium clusters produced in the cluster source. It is possible to see
how the roughness increases as the thickness of the material deposited increases

(Figure 4.1 A-D). AFM topographic images show an uniform evolution in the
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4.1 Nanostructured Zirconia

S d@m)  2pm

Figure 4.1: AFM analysis of nanostructured zirconium oxide surfaces
with increasing level of roughness - B-D AFM topographic images showing
uniform evolution in the surface morphology with increasing film thickness to dif-
ferent levels of nanoroughness as evident from surface scan profiles I-L. A Surface
topography of flat zirconium reference and I cross section profiles shows flat sub-
strate characteristics. Three-dimensional visualization of AFM topography E-H.
All images corresponds to 2x1 ym? scan area. Note that A,E,I: smooth zirconium;
B,F,J: 50 nm; C,G,K: 100 nm, D,H,L: 200 nm thick ns-ZrOx film.
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4. RESULTS AND DISCUSSION

surface morphology with increasing film thickness to different level of nanorough-
ness as evident from surface scan profile in Figure 4.1, I-L.

The cluster-assembled ZrO,_, behaviour under heating conditions was also in-
vestigated in order to understand better the evolution of surface morphology in
view of a possible way to control the morphology just by thermal treatment. The
evolution of surface morphology depending on the effect of thermal annealing of
five samples with thickness ranging from 50 nm to 600 nm was studied in more
detail. In figure 4.2 the topographic maps of the sample 150 nm thick, after
different thermal treatments (as indicated by the labels) are shown.

In figure 4.2 by comparing each single image, it is possible to notice that the sur-
face maintains its nanostructure nature also after thermal annealing treatments at
high temperature. Although the nanostructured is preserved, the surface rough-
ness has a small increase after thermal treatment, as shown in Figure 4.3. This
roughness enhancement can be explained by the growth of grain size after coa-
lescence promoted by the temperature or by the phase transition as shown by
XRPD analysis (see Section 4.1.2). The evolution of grain dimension in cluster-
assembled zirconium oxide thin films is still under investigation.

Since from the AFM results we have seen that temperature plays a fundamental
role for the roughness evolution and grain size growth, we characterized the in-
fluence of temperature on crystalline structure of the thin films by Fast Fourier
Transform (FFT) analyses of HRTEM images and XRPD measurements. More-
over, as performed for the AFM measurements, we investigated the role of tem-

perature in crystalline phase transition.
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4.1 Nanostructured Zirconia

Figure 4.2: ns-ZrO,_, surface topographic maps - Surface morphology evo-
lution of a sample characterized by a thickness of 150nm depending on thermal
annealing process,from as deposited sample, at 250°C, 400°C, 600°C and 800°C
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Figure 4.3: Evolution of roughness vs thickness - In the graph are shown
the trend of roughness increasing after thermal treatment at 250°C, 400°C, 600°C
and 800°C

Figure 4.4 a represents a TEM micrograph of a pristine sample, whereas figure
4.4 b is a sample after annealing up to 950°C in air. The size of the nanopar-
ticles composing a thin film, characterized by a roughness of 18 nm before and
after annealing in air up to 950°C, was extrapolated from TEM images. The
grain size histograms in figure 4.5 confirm that the annealing treatment promotes
the increase of the grain size of the cluster-assembled zirconia films. In partic-
ular the nanocrystal diameter dispersions, for the sample annealed at 950°C is
more than doubled with respect to the non-annealed sample (see Figure 4.5 b).
Moreover, the mean value of the particle size increases from 6 nm, for the non-
annealed sample, to 14 nm, for the thermal-treated sample, demonstrating how

the temperature fosters grain coalescence.
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4.1 Nanostructured Zirconia

Figure 4.4: TEM images of cluster-assembled zirconia oxide films before
and after annealing - In panel a the image of a deposited cluster-assembled
zirconia; in b the image of cluster-assembled zirconia annealed up to 950°C in air.
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Figure 4.5: Hystograms of grain diameters distributions for a cluster-
assembled zirconia films before and after annealing - In a nanoparticle
diameter distribution extrapolated from the TEM image for the sample not an-
nealed; in b nanoparticle diameter distribution extrapolated from the TEM image
for the annealed sample up to 950°C in air



4. RESULTS AND DISCUSSION

4.1.2 Structural Characterization

To characterize the structure of the material, before and after thermal treatment,
a Fast Fourier Transfor analysis of HRTEM images was performed. The FFT of
the lattice related to the non-annealed sample matches a cubic phase pattern, as
shown in Figure 4.6, whereas the FFT of the lattice corresponding to the annealed

sample matches the monoclinic phase pattern as shown in Figure 4.7.

Cubic Zr0, [110]

N
N\ ~Q®
\ X

Figure 4.6: FFT of cluster-assembled zirconia films not annealed - Zoom
of HRTEM image of nanoparticles forming the non-annealed sample; in the top
right is the FFT of the image; in the bottom right is the theorical model of the
cubic crystal phase.

From this structural analysis it is evident that cluster assembled films are formed
by the aggregation of small nanocrystals having the highest structural symmetry
and that the annealing process, in air, induces grain size increasing (confirming
the AFM results) together with phase transition. The x-ray powder diffraction
(XRPD) pattern for the pristine sample is shown in Figure 4.8. Within the limit of

the experimental resolution, the structural Rietveld fit is compatible with zirconia
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4.1 Nanostructured Zirconia

Monoclinic ZrO, [210]

Figure 4.7: FFT of cluster-assembled zirconia films annealed at 500°C -
Zoom of HRTEM image of nanoparticles forming the sample annealed at 500°C; in
the top right is the FFT of the image; in the bottom right is the theoretical model
of the monoclinic crystal phase

in cubic phase with a refined unit cell parameter of 5.1253(5) A. The annealing
experiments were performed either in air and in low vacuum (~ 107% mbar), in
order to assess the role of the oxygen abundance in the phase transition and in

the change of nanocrystal size.

The increasing of temperature is then expected (as detected by FFT analysis
of HRTEM images) to favor the transition from the metastable cubic phase to
the stable monoclinic phase in the range of temperatures examined (see section
3.4.2.1), but even the amount of the available molecular oxygen can foster the
phase transition by promoting the full oxidation of the sample. With these ex-
periments we want to investigate how the mutual occurrence of thermal energy
and oxidizing environment leads to the coalescence of adjoining nanocrystallites.

Figure 4.9 reports the fractions of the cubic and monoclinic phases as a function
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Figure 4.8: Diffraction graph of cluster-assembled zirconia showing X-
ray intensity as a function of 2-theta angle - The peak positions indicate the
cubic crystal phase of the non-annealed sample.

of the annealing temperature. The top panel shows the behavior in vacuum,
whereas the bottom one in air. As the temperature increases, the plots reveal
the appearance of the monoclinic phase and the decreasing of the cubic phase.
The generation of the stable phase takes place at 190°C and 480°C in air and in
vacuum respectively. The transition from cubic to monoclinic structures is acti-
vated at lower temperature in air rather than in vacuum. Indeed the intersection
of the fractions of cubic and monoclinic phases at 50% occurs at 647°C in vac-
uum and 477°C in air, even though the phase transition is completed (all of the
components are characterized by a monoclinic phase) at the same temperature.

The observed different rapidity indicates that once the transformation is primed
the temperature is the main ruler of the process. However, it is interesting to

observe as the same thermal treatment is operated in air and in low vacuum the
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4.1 Nanostructured Zirconia

05L Vacuum

0.0~
1.0e—e

Fraction

"Cubic"
Monoclinic

0.5+

0.0F : .
0 200 400 600 800 1000
Temperature (°C)

Figure 4.9: Plot of the fraction of monoclinic and cubic crystal phase in
function of temperature - The graph shows the trend followed by the fraction
of crystal phases of cluster-assembled zirconia films during the annealing in air
(bottom graph) and in vacuum (top graph). In air the transition starts before that
under vacuum conditions, and the 50 % fraction of cubic and monoclinic occurs at
647 °C in vacuum and 477 °C in air. In both cases a complete shift from cubic to
monoclinic phase is reached around ~ 850 °C
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4. RESULTS AND DISCUSSION

trigger of the phase transformation is not only due by the temperature but also
by the abundance of oxygen. Thus, even if the data are related to the followed
heating-up protocol, it can be argued that the oxygen has a fundamental role in
the phase change as well as in the aggregation of the nanocrystals. Investigating
the growth of the nanocrystal dimension of the cubic and monoclinic phases as
a function of the annealing temperature, we see in Figure 4.10 that in the the
pristine sample the dimension of the crystallites is around 5 nm, in good agree-
ment with the mean value obtained with the analysis of the grain size distribution
from TEM images (6.0 £ 1.7 nm). From figure 4.10 it can be also observed as the
annealing in a more oxidizing environment favours nanocrystal growth, almost
doubling diameter in size (~75nm) at about 1000 °C with respect to the vac-
uum case (~40 nm). From these results, in agreement with AFM and HRTEM
measurments, we can speculate that oxygen has a relevant role in promoting and
favouring crystal coalescence and phase transition although is closely related to

the temperature.
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Figure 4.10: Plot of particles size dimension versus temperature - In the
plot on the left is shown the trend followed by nanoparticle size dimensions as
a function of temperatures for both the cubic and monoclinic phases of cluster-
assembled zirconia films annealed in air. The plot on the right shows the trend
followed by nanoparticle size dimensions as a function of temperatures for both the
cubic and monoclinic phases of cluster-assembled zirconia films annealed in vacuum.
It is evident how the vacuum conditions favour the growth of the nanoparticls size.
In particular, the dimensions of grains for the sample annealed in vacuum reach
~75 nm while the dimensions of grains for the sample annealed in air reach ~40
nm
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4. RESULTS AND DISCUSSION

4.1.3 Spectroscopic Characterization

Interfaces between metal oxide and biologically active molecules are important
in biocatalysis, biocompatibility and biosensors. For this reason we investigated
the reactivity of the cluster-assembled ZrO,_, towards water and acetic acid
(used as model of carboxyl-terminated compounds such as aspartic acids and
glutamic acids which are amino acid residues of streptavidin), characterizing by
photoemission spectroscopy (PS) the Cy,, Oqg, Zrsq core levels and the valence-
band of the sample listed in Table 3.1. To promote the desorption of atmospheric
contaminants from the surface, films have been fairly annealed in situ (1 x 1079
mbar) at 150°C for 15 minutes. C;; peak was used as reference for the binding
energy scale (Cyis binding energy for carbon contamination is fixed at 285 eV).
The spectra analyzed have been normalized according to the Iy and Shirley-type
background was subtracted. In Figure 4.11 the Zrsy core level spectra of the
samples described in table 3.1: two contributions corresponding to the Zry;s
and Zr3d% are recognizable. In particular, for the sample as deposited, they are
situated at 182.0 eV and 184.3 eV, respectively. For the sample exposed to water
for 20 minutes at a pressure of 5x10~% mbar the peaks are shifted 0.5 eV, towards
higher energy, with respect to the peaks corresponding to the as deposited sample.
The peaks belonging to the sample exposed to acetic acid for 6 minutes at a
pressure of 5x10~% mbar are shifted 0.3 eV, towards higher energy, with respect
to the peaks corresponding to the as deposited sample. To notice how the effect of
the exposition to molecules containing oxygen pushes the maximum of the peaks,

characteristics of Zrsy core level spectra, in the direction of high energy; which
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4.1 Nanostructured Zirconia

is evidence of the increasing degree of oxidation of the cluster-assembled zirconia

surface.

In Figure 4.12 the C;3 XPS core-level spectra are shown. Four contributions
characterize this spectra: one at 285.0 eV is representative of C-C and CH bonds,
one at 285.8 eV is peculiar to the C-OR bond (where R stays for residues e.g.,
hydrogen (H)), one at 287.2 eV distinctive of C=0 bond and the last one at 288.9
eV characteristic of O=C-OR bond. It is interesting to notice the shift of the
peak corresponding to the O=C-OR bond after water and acetic acid exposure
towards higher energy. Moreover the intensity of the peak corresponding to O=C-
OR bond of the sample exposed to acetic acid increases as a consequence of
the adsorption of the carboxyl group by the porous surface of cluster-assembled
zirconia. The intensity of the O=C-OR peak for the sample exposed to water it
is not increased too much, with respect to the intensity of the peak of the sample
exposed to acetic acid, even if it has been exposed to a higher concentration.
The reason behind this behaviour can be the lower affinity of cluster-assembled
zirconia for water compared to acetic acid.

In Figure 4.13 the O, XPS peak of the 3 cluster-assembled zirconia films samples
consisting of a component at 530.1 eV corresponding to O-Zr bond, another
component at 531.9 eV corresponding to O-R bonds and the last one at 532.3 eV
representative of O=C-R bond.

The as deposited sample presents a shoulder distinctive of the combined effect of
atmospheric contamination and O-R bond, which disappears in the spectra of the
sample exposed to water, this effect is mainly due to the effect of the annealing

at 150°C which removed the contamination. For the sample exposed to acetic
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Figure 4.11: Zrs, core level spectra - On the bottom, in red, the spectra of the
as deposited sample, in the middle, in blu,the sample exposed to 45L of water:the
peak corresponding to the ngdg level is shifted 0.5 eV from the same peak into the
as deposited sample, on the top, in green, sample exposed to 15L of acetic acid:
also in this case the peak corresponding to the ZrBd% is shifted 0.3 eV
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Figure 4.12: Cy; core level spectra - On the bottom, in red, the spectra of the
as deposited sample, in the middle, in blu, the sample exposed to 45L of water, on
the top, in green, sample exposed to 15L of acetic acid

o7



4. RESULTS AND DISCUSSION

O 1s
- 530 eV
.................. 531 9 eV
532.3 eV
200x10°
acetic acid

150 —
»n
o
(&)
T
[}
N
S
£
[*]
4

100 —

—— water
50 —
—— as dep
0= | | T | | T

536 534 532 530 528 526 524
Binding Energy [eV]

Figure 4.13: O;; core level spectra - On the bottom, in red, the spectra of
the as deposited sample characterized by a shoulder at 531.9 eV representative of
O-R bond, in the middle, in blu, sample exposed to 45L of water: the shoulder at
531.9 eV is not present anymore, consequence of the anneling treatment, on the
top, in green, the sample exposed to 15L of acetic acid: the shoulder at 532.3 eV
is charcateristic of O=C-OR bond
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4.1 Nanostructured Zirconia

acid, this shoulder is slightly moved to 532.3 eV and more pronounced respect to
the as deposited sample. Although this sample has undergone an annealing the
shoulder is still present meaning that che COOH group of the acetic acid reacted

with the surface of cluster-assembled zirconium oxide.

In figure 4.14 the UPS spectra of VB of four samples, three samples as described
in table 3.1, and one sample just annealed at 150°C for 15 minutes: VB states
in the range of 5-12 eV are related to Oy, orbitals with some admixing of Zr
valence states (72, 73). The features, below the VB, at 15.5 eV can be attributed
to residual atmospheric contamination, the peak at 23.7 eV corresponds to Oo,

orbital while the peak at 33 eV is due to Zry,,.

In figure 4.15 a comparison between the VB of the as deposited sample and the
sample exposed to water molecules is shown and, at the bottom of the graph is
also reported the difference between the spectra. In particular it is possible to
notice the rising of the signal of hydroxyl groups coming from dissociative water
adsorption (30 states of OH™ placed at about 11 eV) and the broadening of the
O, signal.

The VB states for the as deposited sample show two peaks, which are a bit
more defined with respect to the samples exposed to water and acetic acid. This
difference can be explained by the increase in oxygen and carbon species adsorbed
on the cluster-assembled zirconia surface. In figure 4.16 a comparison between the
VB of the as deposited samples and the sample exposed to acetic acid molecules,
at the bottom of the graph it is reported the difference between the two spectra.
Also in this case the signal increases close by 11 eV and 28 eV. The VB states

start to lose the two peaks shape respect to the as deposited sample.
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Figure 4.14: VB spectra of cluster-assembled zirconia - From the bottom
to the top: the VB of the as deposited sample; VB of sample annealed at 150°C in

UHV; VB of sample exposed to 45L of water and VB of sample exposed to 15L of
acetic acid.
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Figure 4.15: VB spectra of the as deposited and water exposed cluster-
assembled zirconia films - The graph shows the two UPS spectra of the sample
before and after water exposure. In the bottom the signal coming from the differ-
ence between the VB of the as deposited sample and the VB of the sample exposed
to 45L of water. Main differences are in the 10-13 eV and 23-33 eV ranges.
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Figure 4.16: VB spectra of the as deposited and acetic acid exposed
cluster-assembled zirconia films - The graph shows the two UPS spectra of
the sample before and after acetic acid exposure. In the bottom the signal coming
from the difference between the VB of the as deposited sample and the VB of the
sample exposed to 45L of water. Main differences are in the 10-13 eV and 23-33

eV ranges
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4.2 Aptamer-functionalized nanostructured
Zirconia

Comparing figures 4.15 and 4.16 the difference between the two spectra in the
range of 10-13 eV and 23-33 eV, is more pronounced for the sample exposed to
15L of acetic acid. Since the amount of molecules facing the zirconia surface is
less in the case of acetic acid exposure but the signal is higher with respect to
the water exposure we can imagine that the cluster-assembled zirconia surface is

more reactive towards molecules exposing COOH groups.

4.2 Aptamer-functionalized nanostructured

Zirconia

In order to exploit the possibility to realize an aptamer-based biosensor for bacte-
ria detection it has been taken advantage of the microarray technique in order to
test different experimental conditions for aptamers immobilization in one single
experiment. Moreover, these microarrays have been used to test bacteria-aptamer
interactions. In figure 4.17 is shown the layout of the aptamer-microarray created

to test the bacteria-aptamer interaction.
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Figure 4.17: Aptamer-microarray - Microscope slide coated with a thin film
of nano-structured zirconia with spots of aptamers (described in table 3.2).
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From images acquired by the commercial scanner reader it is evident that the ap-
tamers are immobilized on the nanostructured surface since we are seeing a fluo-
rescence signal (figure 4.17). But this is not sufficient to assert that the aptamers
are immobilized in a functional way allowing them to be "active” in bacterial
recognition. So to verify that the immobilizing conditions applied in the micorar-
ray generation were appropriate directly the aptamer-microarray with a labeled-
peptide probe (section 3.5.3) designed ad hoc for aptamer SA23 was tested. We
expected a fluorescence signal coming from the hybridization between SA23 and
peptide ITa_2 and no signal from the others aptamers immobilized on the nano-
structured zircoia surface. Actually what we found was no signal at all. It means
that the aptamers once immobilized on nano-structured zirconia do not keep their
functionality. It is likely that some interactions ( such as electrostatic interaction
between aptamers negatively charged phosphodiester backbone and the charge of
the surface) occurs between aptamers and surface leading to incorrect folding of
the aptamer. To overcome this problem it was decided to use modified aptamers
with Biotin-TEG (74) increasing the oligo—biotin distance to 15 atoms using a
triethyleneglycol (TEG) spacer, in order to avoid any possible interaction between
surface and the aptamers. In this way the immobilization of the aptamer, on the
previously coated streptavidin nano-structured zirconia, takes place through the
well known biotin-streptavidin binding. The new microarray has been tested with

the fluorescin-labeled peptide (Ila_2) and the result is shown in figure 4.18.
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4.2 Aptamer-functionalized nanostructured
Zirconia

Streptavidin 3uM Biotin-TEG SA23 5uM 2a_2M 20uM Merge

Figure 4.18: Confocal microscopy: XY view spots on ns_ZrO; - From
left to right spot of streptavidin physisorbed on cluster-assembled zirconia sur-
face, SA23 aptamer functionalized with Biotin-TEG immobilized on the surface
via Biotin-Streptavidin bindings, peptide used as probe for the SA23 aptamer,
merge of the three fluorescence signals

In this case the expected signal coming from the hybridization between SA23 ad
ITa_2 is visible in figure 4.18. It tells us that the aptamer has been immobilized
keeping the correct folding. Images of the layers of biomolecules absorbed on the

nano-structured zirconia surface have been acquired, as shown in figure 4.19.
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Figure 4.19: Confocal microscopy: Z view spots on ns_ZrQO, - Layers of
adsorbed fluorescent biomolecules on cluster-assembled zirconia surface. Clockwise
from the top left:layer of 3uM streptavidin, 5uM SA23 aptamer, 20uM peptide and
the resultant merging of the three fluorescence signals.
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4.3 S. aureus-aptamers interaction

4.3 S. aureus-aptamers interaction

Within the Cariplo’s project it was decided to focus on the single aptamer SA23
(53) for the first proof of concept for the aptasensor realization. For this ap-
tamer a specific peptide IIa_2 had been designed. Nevertheless I decided to test
in parallel a recently published (52) aptamer specific for S. aureus since the pre-
liminary results on SA23 specificity for S. aureus were not promising. Following
the protocol described in section 3.4 and imaging the microarray by the use of a
confocal microscope we have found no significant differences in S. aureus or F.
coli recognition by the SA23 microarray, as it is possible to see in figure 4.20.
From these results it would seem that the aptamer is not specific for the S. au-
reus. This founding is also confirmed by an EMSA experiments performed by the
porteomics group, at Fondazione Filarete, led by Professor Gabriella Tedeschi

(described afterwards).
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Figure 4.20: Confocal microscope images of Bacteria - On the left image
S. aureus, stained with Hoechst, hybridized with previously immobilized SA23
aptamer; on the right E. coli, stained with Hoechst dye, hybridized with previously
immobilized SA23 aptamer. Both bacteria have been incubated at a concentration
of 10® bacteria/mL.

As stated before, in parallel an investigation was conducted on aptamer SA17
(52). In this case, although some E. coli bacteria have been found stuck on the
aptamer-functionalized nanostructured zirconia, they are far less than S. aureus
(see figure 4.21). Also for this aptamer an EMSA experiment was conducted
which confirms the specificity of SA17 versus S. aureus. In figure 4.22 a particular
along z axis of the bacteria "recognized” by the aptamer immobilized on nano-

structured zirconia.
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Figure 4.21: Confocal microscope images of Bacteria - On the left image
S. aureus, stained with Hoechst, hybridized with previously immobilized SA17
aptamer; on the right F. coli, stained with Hoechst dye, hybridized with previously
immobilized SA17 aptamer. Both bacteria have been incubated at a concentration
of 10® bacteria/mL.

Figure 4.22: Confocal microscopy: Z-axis view of bacteria - Layers of
adsorbed aptamers on nano-structured zirconia surface and S. aureus bacteria stuck
on it
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Through EMSA experiments we tested the interaction between SA23-S. aureus
with SA23-F. coli being used as a negative control. It is possible to see in figure
4.23 a and b, the regions highlighted in red into the lane correspondig to the
complex aptamer-bacteria, in which it is possible to speculate the presence of

interaction between aptamer-bacteria protein, are present also in the negative

control E.coli.

E.Coli + CAO
S.Aureus + CAO
E.Coli + CAO

CAO

| S.Aureus + CAO
CAO

10% PAA
12% PAA

SyBr green | SyBr green |

Figure 4.23: SA23 aptamer-Bacteria interaction - EMSA results at two
different gel concentrations 10% and 12% PAA. In both figures, the two regions
highlighted in red where it is possible to suppose interaction between aptamer-
protein, are visible also in the negative control.

This result leads up to assert that interaction between SA23-S. aureus has non
sspecific behaviour. For this reason we decided to discard the use of SA23 in

the subsequent experiments addressed for the realization of an aptamer-based
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4.3 S. aureus-aptamers interaction

biosensor for bacterial detection. A specific binding between aptamer SA17 (52)

and S. aureus was observed particularly on native 10% polyacrylamide gels (figure

4.24).

E.coli+ SA17
S.aureus + SA17

SA 17

10% PAA

Figure 4.24: SA17 aptamer-Bacteria interaction - EMSA results of inter-
action between SA17 aptamer and S. aureus: three different regions of possible
aptamer-protein interaction are visible (indicated by the arrows).

Therefore, the specificity of SA17 binding using three different clinical strains
of bacterium (figure 4.25) was evaluated. Changing the strain of S. aureus, the
same regions were identified on the gel, regions where we suppose there is an
interaction between bacteria-protein. The result suggest that the proteins that
bound to the aptamers are the same and are independent of the clinical strain
under investigation. No evidence of interaction between SA17 aptamer and F.
coli was found. All these results suggest that the aptamer SA17 is strain-aspecific.
A step forward was made by identifying the proteins bound to the aptamer SA17

by tandem mass spectrometry. Bands, detected on Silver stained-gels, have been
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SAU QC +SA17
SAU 1 +SA17
SAU 2 + SA17
E. Coli+ SA17

SAU3 + SA17

Q
g
)
3

SA17
SAU1

EER!

-

Figure 4.25: Comparative analysis of 3 different S. aureus strains - By
changing the strain of S. aureus, on the gel, the regions where it was supposed
there was an interaction between bacteria and protein are indicated by the arrows.
No interaction found with E. coli.
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excised and digested in situ by trypsin. Peptides have been separated by liquid
chromatography using an ultimate 3000 HPLC and directly electro-sprayed into
the LTQ-Orbitrap.velos mass spectrometer. Data base searching was performed
using the Sequest search engine contained in the Proteome Discoverer 1.1 soft-
ware. Four proteins have been identified that share Gram positive cocci surface

proteins LPxTG motif profile and NEAT domain:
1. serine aspartate repeat-containing protein E/sdrE
2. iron-regulated surface determinant protein A/IsdA
3. surface protein/SasE

4. immunoglobulin G binding protein A/spA

Only proteins identified in at least three different experiments have been consid-

ered as positively identified.
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4.4 Summary

The zirconia nano-structured substrate developed in this PhD project is promis-
ing as platform for the genration of a biosensor based on the immobilization of
receptors for the detection of biomolecules to pathogenic agents.

In particular, microarray technique opens to the possibility to develop biosensor
able to screen in parallel more target since the chance to immobilize multiple re-
ceptors, on the same substrate, retaining their structure and functionality. More-
over the high surface-to-volume ratio that characterize the porous materials on
which the microarrays are created, allows the adsorption of an higher amount of

biomolecules in a functional way with respect to a flat surface (57, 58).

4.4.1 Development of a substrate for aptamer

immobilization

Due to the SCBD thechnique we can control the roughness of the material we
want to produce just by controlling the thickness of the material deposited. More-
over, it is important to highlight the fact that by changing the roughness we are
not changing the surface chemistry properties. This makes the cluster-assembled
zirconia films a material suitable for the investigation of the role of the nanor-
oughness, in biomolecules adsorption, cell growth and differentiation, without in-
troducing other parameters. Cluster-assembled zirconia presents characteristics
of thermal stability, in fact, as described in section 4.1.1, the surface maintains its
nanostructured nature even after thermal annealing treatments at high tempera-

tures. Another important quality of these zirconia nano-structured substrates is
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4.4 Summary

the crystalline phase which characterize the as deposited thin films; in fact it is
cubic with some content of tetragonal phase, as described in section 4.1.2, and it
presents a transition to a monoclinic phase which is temperature and pressure-
dependent. Since the crystal phase it is crucial for the bioactivity of zirconia
thin films (75, 76), our investigation exploited an important parameter that we
can control by post deposition treatment such as thermal annealing. Moreover,
the investigation of Zrsy,014, Cy, core-level and valence band of sample exposed
to water and acetic acid molecules revealed that the cluster-assembled zirconia

surface is more reactive towards carboxyl groups rather than hydroxyl group.

4.4.2 Aptamer immobilization on zirconia nano-structured

substrate

The cluster-assembled zirconia developed in this PhD work was used as a solid
support for immobilization of bioactive molecules, in particular aptamers, for
biosensing applications. The protocol developed for their immobilization pre-
serves the functionality of the nucleotides, as discussed in section 4.2. In theory
this substrate can be considered as an ”universal” platform for biomolecular im-
mobilization. What should be kept in mind is that some adjustments to the
buffer solutions should be addressed, depending on the characteristics of the
biomolecules under study. However, what can help in this sense is the possi-
bility to combine the nanostructure with the microarray technique, providing the
possibility to conduct experiments in an high-throughput way and test many

conditions in only one test.
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4.4.3 Bacteria recognition via immobilized aptamer

The advantages of using aptamers as receptors for biomolecules, bacteria or other
biologial entities recognition was already discussed in the introduction. With this
PhD work we attempted to demonstrate the feasibility to couple the aptamers
with nanostructured materials in order to improve the sensitivity and selectivity
of an aptamer-based biosensor, besides the possibility to develop a diagnostic tool
for S. aureus which can be cheap, not time consuming, disposable and easy to use
by anyone without particular skills. The preliminary results presented here, (see
section 4.3), seem promising for the realization of an apta-sensor. Unfortunately
the aptamer initially selected for the S. aureus recognition did not satisfy the
requirement of specificity, although Cao et al. (53) reported this aptamer as
specific for S. aureus within a panel of aptamers selected against S.aureus by
Systematic evolution of ligands by exponential enrichment (SELEX), so it has not
been possible to test the final goal of this project. Nevertheless another aptamer
was selected, SA17 (52), and this seems to be promising for the achievement of
the final goal of this project, even if more experiments need to be performed in
order to improve the S. aureus binding via aptamers immobilized on the nano-

structured zirconia and also to prevent the non-specific binding of FE.coli.

4.5 Future perspectives

To achieve the final aim of the Cariplo’s project a few more steps are still neces-
sary. In particular it can be helpful to find more aptamers specific for S. aureus

by performing new SELEX experiments, or finding new aptamers specific for the
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4.5 Future perspectives

proteins, identified by tandem mass spectrometry in order to create a microarray
with a panel of aptamers specific for S. aureus, thus improving the selectivity
of the aptasensor. Moreover this approach can be used to develop an innovative
biosensor (e.g. electrochemical, optical, electronic) where it is necessary to immo-
bilize bioreceptors and retain their functionality. Furthermore, these substrates
are suitable for cell culturing since they present good properties for cell adhesion,

growth, maintenance and differentiation.
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Customized patterned substrates for
highly versatile correlative light-scanning
electron microscopy
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Correlative light electron microscopy (CLEM) combines the advantages of light and electron microscopy,
thus making it possible to follow dynamic events in living cells at nanometre resolution. Various CLEM
approaches and devices have been developed, each of which has its own advantages and technical challenges.
We here describe our customized patterned glass substrates, which improve the feasibility of correlative
fluorescence/confocal and scanning electron microscopy.

he aim of correlative light electron microscopy (CLEM) is to combine the benefits of being able to observe

the sub-cellular features of living cells by means of light microscopy (LM), and reveal their ultrastructural

details using electron microscopy (EM)'~*. The technique is challenging because it is necessary to switch
from one device to the other: each requires an appropriately prepared sample, and one significant bottleneck is
caused by the slow and laborious process of relocating a region of interest identified by light microscopy when
switching to the electron microscope.

There are two principal types of CLEM: fluorescence/confocal microscopy with transmission electron micro-
scopy (TEM) or scanning electron microscopy (SEM). The first has seen the development of various protocols
and devices', and is widely used in biological laboratories®**, but the second is still relatively undeveloped’~’, and
one of its prevailing limitations is the lack of substrates that are optimally suited for relocating the sample when
switching from one imaging mode to the other®, in the absence of a single microscope equipped to do both®!*!",

In order to overcome this limitation, we have produced transparent, metal-patterned glass coverslips that are
ideal for high-resolution confocal microscopy, allow cell growth and proliferation, are resistant to electron
microscopy sample preparation procedures, and provide optimal contrast for SEM location. Commercially
available etched substrates for optical microscopy have proved to be expensive and incapable of providing
sufficient contrast for the SEM relocation of samples, whereas our patterned coverslips are cheap and rapid to
produce, can be used with all optical and scanning electron microscopes, and are easily customized in terms of the
choice of deposited metal and pattern design (Supplementary Figs. 1-3).

As proposed by Jimenez et al.,” we initially selected a square-based pattern for experiments using flattened HEK
and HeLa epithelial cells (see Methods). Each basic element of the pattern consisted of six solid 150 X 150 pm
squares surrounding a letter, was precisely the same size as that of the field of view of the 20X objective of the light
microscope (775 X 775 pm) in order to facilitate the rapid mapping of a number of regions of interest, and was
repeated 25 times (5 rows X 5 columns) so that it fitted the central area of a 10 mm round glass coverslip
(Supplementary Figs. 1 and 2b).

A second, circle-based pattern was designed for experiments using cultured neurons, which are characterised
by a cell body (soma) with a diameter of about 30 pum that has a number of protruding thin, branching neurites
with a length of tens of micrometres. The correlative analysis of neuronal morphology and neurite branching
requires a larger free coverslip surface in order to exclude any possible effect due to interactions between the cell
structures and the deposited metal, and so the basic element consists of eight 70 pm diameter solid circles
surrounding a letter or a number (Supplementary Figs. 1 and 2a), repeated 30 times (5 rows X 6 columns). Its
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size was selected on the basis of the same criterion as that used to
determine the size of the square-based basic element.

These two models fully satisfied our cell relocation needs, but the
same technical approach can be used to customise the pattern on the
basis of whatever cell shape (Fig. 1a).

We then used a stainless steel laser-cut mask to transfer the chosen
template to normal cell culture coverslips by means of a conventional
evaporation system based on the electron beam deposition (EBD) of
the metallic target (Fig. 1b). In order to find the metal and film
thickness that most easily identified the patterns using either micro-
scopic technology, we tested gold, titanium and zirconium, all of
which are known to be biocompatible and support cell adhesion
and growth'>'*. The best results were obtained using 70 nm thick
deposits of gold, 100 nm thick deposits of titanium, or 100-150 nm
thick deposits of zirconium (Supplementary Fig. 3¢), although all of
the described experiments were performed using titanium because it
is less expensive than the other metals, and the process of EBD is
faster (see Methods). The patterned coverslips were sterilized and
functionalized before seeding the cells, and cell viability and density
proved to be completely unaffected by the presence of the metal
deposits after 24-48 hours of culture (Supplementary Fig. 4). The
adherent cells were transfected with vectors encoding for the proteins
of interest and fluorescent tags, and the fluorescent signal in a subset

Design the most suitable pattern

Generate a laser-cut mask
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oo oo oo oo oo
0<00800-0060050
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Choose the most suitably Sterilize Seed the cells
patterned coverslip and functionalize
the coverslip

Transfect the appropriate
vector mix and start SEM

protein A

of living cells was acquired by means of low-magnification confocal
microscopy using fields of view containing the pattern coordinates.
After confocal imaging, the cells were fixed and processed for SEM
(see Methods) and, by using the reference markers on the coverslips,
we could immediately identify the same subset of cells, acquire
higher-resolution SEM images, and analyse all of the acquired data
(Fig. 1c).

This method was used to confirm the results of a previous study'*
of the effects of the overexpression of protein 4.1R (a major structural
element of the membrane cytoskeleton)'® in HEK cells. Confocal
microscopy suggested that 4.1R overexpression led to a number of
structural changes: the transfected cells were characterised by a larger
surface area and greater filopodia protrusion, a phenotype that was
completely reverted when ICIn (a multifunctional cytosolic pro-
tein)'® was overexpressed together with 4.1R (Fig. 2a). The HEK cells
were transfected with vectors containing the nucleotide sequence
encoding for 4.1R or ICIn, and a fluorescent protein (EGFP or
DsRed) separated by an IRES sequence (see Methods), and the use
of our square-based patterned coverslips allowed us to analyse the
same fluorescent cells expressing 4.1R alone (Fig. 2b), ICln alone, or
both 4.1R and ICln, which were first identified by means of confocal
microscopy and then imaged using the scanning electron microscope
(Fig. 2¢). The magnification and resolution of the EM consistently

Laser-cut mask and
coverslip assembly

Metal e-beam deposition Patterned glass coverslip

Acquire confocal images Fix the sample

sample processing

(e M0

PRV

Analyze data

B

Figure 1 | Flow chart showing the process of creating a CLEM patterned glass coverslip and preparing the samples. (a) From pattern design to laser-cut
mask. (b) Basic steps in creating a 10 mm diameter patterned glass coverslip. (c) Experimental protocol. The cells are seeded on an appropriately
patterned, sterilized and functionalized glass coverslip before being transfected with constructs encoding the investigated and fluorescent proteins. Once
the exogenous proteins are adequately expressed, the confocal microscopy images are acquired, and the samples are then fixed, immediately processed for
SEM, and transferred to the SEM image acquisition chamber. The acquired images are finally analyzed to obtain the data of interest. Scale bars: 100 pm in
the large confocal microscope and SEM large fields of view; 10 pm in the cell zooms: and 1 pm and 200 nm in the details.
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4.1R + (CIn

Merge

Figure 2 | 4.1R expression increases cell area and the number of filopodia protruding from cell edges. (a) Confocal images showing the morphology of
HEK cells overexpressing the indicated proteins (only the EGFP channel is shown). The area of the cells expressing 4.1R alone is larger than that of the cells
expressing EGFP or ICln alone, or those expressing both 4.1R and Icln. Scale bar: 20 pm. (b) CLEM was used to characterise the effect of 4.1R
overexpression on cell morphology precisely. The HEK cells adhering to the patterned coverslips were transfected with vectors encoding 4.1R-IRES-EGFP
(4.1R) and soluble DsRed (DsRed) (see On-line Methods). The cells expressing the protein of interest were identified in low magnification confocal
microscopy fields of view in bright field and fluorescence imaging mode (Merge, upper panel: scale bar 50 pum). High-resolution z-stacks of the selected

cells were acquired in order to characterise morphology in living cells (maximum projection shown in left lower panel: scale bar 10 pm). The cells were
then processed for SEM, the same field of view was rapidly relocated, and the same cells were imaged at low magnification (right upper panel: scale bar
50 pm), and then high-magnification images were acquired in order to characterise the selected cells morphologically at nanometre resolution (lower
panel: scale bar 10 pm; inset 1 pum). (c) Representative SEM images of HEK cells expressing the indicated protein. The overexpression of 4.1R alone (but
not the co-overexpression of 4.1R and ICln) increased cell area, as well as the number and density of filopodia. Scale bar 10 pm.

revealed a significant increase in cell surface area and filipodia den-
sity (with no effect on their length) in the HEK cells overexpressing
4.1R that was absent in the cells co-overexpressing ICIn.

In order to demonstrate that our substrates were suitable for the
growth and correlative imaging of different cell types, we also per-
formed CLEM experiments using fluorescently labelled HeLa cells
(Fig. 3, Supplementary Fig. 5b) and primary rat cortical neurons
(Supplementary Fig. 5a).

We here describe the development of a device and protocol that
make it possible to perform any kind of correlative imaging experi-
ment involving light and scanning electron microscopy. The main
advantages of the method are: 1) the possibility of using substrates of
different shapes and sizes with fully customized patterns designed ad
hoc for specific cell types or objects of interest, and a variety of
different metals (titanium, gold, zirconium), thus allowing the great-
est experimental flexibility; 2) the possibility of functionalising the
surface of the substrates in different ways depending on the cells used
(poly-L-lysine, fibronectin, collagen or laminin); and 3) the possibil-
ity of using any conventional fluorescence/confocal microscope and
scanning electron microscope, thus avoiding the need for expensive
integrated microscopes'®'!. Our reference marker system, which can
be easily detected by means of both LM and SEM, is simple to create
in any laboratory equipped with a conventional metal deposition
system simply by depositing one layer of metal on a glass substrate,
and allows a region of interest to be tracked when moving from one
instrument to the other, even if occasional distortions occur during
the processing of electron microscopy samples. In particular, as the
entire pattern is visible even to low-magnification SEM, it is possible
to zoom in on the appropriate marker and locate the cell of interest in
a few seconds. Furthermore, as a coverslip is the general substrate for
the SEM imaging of adherent cells, the sample can be conventionally
tilted on the SEM stage in order to acquire images from the desired
angle of view (Fig. 3¢), which allows high-resolution SEM images to
be superimposed on 3D reconstructions based on fluorescence
images acquired at higher magnification by means of confocal micro-
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scopy (Supplementary Fig. 5b). The refractive index of the material of
the substrates (glass) perfectly matches the light path of confocal
microscopes, and the deposited metals are highly stable under the
electron beam of the SEM, thus ensuring best-quality light and scan-
ning electron microscopy images, moreover, surface charge accu-
mulation (after coating and using acceleration voltages ranging
from 1 to 5 kV, see Methods) is comparable with that encountered
under identical imaging conditions using untreated glass coverslips
and silicon (Supplementary Fig. 6). The nature of these materials also
guarantees optimal conditions for cell (and primary neuron) growth
and viability, and the process of pattern deposition does not contam-
inate the surface of the substrate with debris as may occur when other
approaches are used (e.g. the laser sculpturing of Aclar® film)”
(Supplementary Fig. 7). Finally, the use of a patterned substrate does
not require any specific software, or holders or stages with fiduciary
markers to relocate a sample’s position.

For all these reasons, the use of patterned glass coverslips and a
robust cell preparation protocol for SEM is a highly promising means
of performing rapid, adaptable and accurate correlative experiments.

Methods

Pattern design. In order to design the best reference markers for identifying objects of
interest by means of both light and scanning electron microscopy, we created
different patterns based on the different sizes and morphology of the investigated
neurons, HEK and HeLa cells, including one suitable for round fibroblast/epithelial-
type cells and another for elongated neuronal-like cells, both of which were designed
by generating an AutoCAD® electronic file that could be read by a computerised
numerical control (CNC) machine. We started by drawing a single pattern, which was
then replicated in order to generate a grid that covered the central area of a 10 mm
round glass coverslip (Supplementary Fig. 1), and then replicated the features to fill a
square of 10 X 10 cm representing the final stencil mask we wanted to use for metal
deposition.

Stainless steel stencil mask production and maintenance. The mask was produced
by Societa Italiana per il Chemical Machining (San Donato Milanese, Milan, Italy),
which laser cuta 100 pm thick stainless steel substrate with a tolerance of +0.01 mm.
After each use, the mask is thoroughly washed with ethanol (Sigma-Aldrich Co., St.
Louis, MO, USA) in an ultrasonic bath (Elmasonic S30H, Singen, Germany) for 10
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Figure 3 | High-resolution optical and electron microscopy images of HeLa cells expressing EGFP. (a) Fields of view showing HeLa cells overexpressing
soluble EGFP growing on the patterned coverslip as acquired by means of optical microscopy (Bright field, Fluorescence and Sum) and SEM. Scale

bars 100 pm. The pattern was developed so that it could be easily visualised by both microscopes in order to allow the rapid relocation of the same cells
when moving from one to the other. (b) High-resolution optical images (Bright field and Fluorescence maximum projections), and a 3D reconstruction
of the two EGFP-expressing cells (red box) in (a). Scale bar: 10 pum. (c) Scanning electron microscopy images of the EGFP-expressing HeLa cell asterisked
in (b) showing the highly preserved ultrastructure obtained after SEM preparation on the patterned substrates, and the high-resolution details observable

after tilting the sample holder. Scale bars 2 pm.

minutes and dried with nitrogen (N,). This cleaning procedure is important to preserve
the size of the features and guarantee reproducible electron beam metal deposition.

Generation of patterned coverslips by means of electron beam deposition. Before
deposition, glass microscope coverslips with diameters of 10, 13, 15 and 24 mm
(VWR International, Milan, Italy) were sonicated (Elmasonic $30H) in ethanol
(Sigma-Aldrich Co.) and then in 2-propanol (Sigma-Aldrich Co.) for 30 minutes
each, and dried with nitrogen (N,). After being put into a coverslip holder with the
mask for pattern generation (Fig. 1), they were loaded into a conventional custom-
made evaporation system and the pressure inside the deposition chamber was
brought to 6.0 X 10~ mbar. The beam was switched on and set to a voltage of 6 kV,
and the evaporation was started by gradually increasing the current to 34 mA, a value
at which titanium (99.999% pure, Kurt J. Lesker, Hastings, UK) starts to melt,
evaporate and deposit at a rate of 0.2 A/sec. (the same deposition rate was also used for
gold and zirconium but, given their different physical properties, it was necessary to
use higher currents (respectively 420 mA and 165 mA) and longer deposition times).
The film thickness and rate of deposition were controlled by means of a quartz crystal
monitor. When the desired thickness was reached (100 nm in the case of titanium),
the beam was switched off, the chamber was vented, and the substrates were removed
ready to be used for the correlative experiments.

Sterilisation and lisation of the patterned Before seeding the
cells, the patterned coverslips were sterilized in a stove at 180°C overnight and/or
washed in ethanol 70% and/or exposed to UV radiation for 50 minutes,
functionalized with a drop of poly-L-lysine solution 0.1% w/v in water (Sigma-
Aldrich Co.) for five minutes, and then rinsed with bi-distilled water. For the
experiments described in Supplementary Figure 6, the silicon substrates were
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sonicated in acetone and isopropanol for 10 minutes, and sterilized using ethanol and
UV radiation before being functionalized with poly-L-lysine 1 mg/ml.

Cell cultures. HeLa or human embryonic kidney (HEK) 293T cells were grown in
Eagle’s minimum essential medium (EMEM; 12-125F, Lonza® Walkersville, Inc.,
Walkersville, MD, USA) supplemented with 10% fetal bovine serum (FBS), L-
glutamine 2 mM, non-essential amino acids 0.1 mM, penicillin 100 U, streptomycin
100 pg/ml, and sodium pyruvate 1 mM, and the cultures were maintained in a
humidified incubator at 37°C with 5% CO,.

The cells were split every 3-4 days when 80-90% confluent. Briefly, the culture
medium was discarded, and the cell layer was rinsed with phosphate buffer saline
(PBS: NaCl 136.89 mM, KCl12.69 mM, Na,PO, 1.47 mM, NaOH 10 mM, pH 7.4) to
remove all traces of serum, which contains trypsin inhibitor. Trypsin-EDTA 0.25%
was added, and the culture dish was put in an incubator at 37°C for five minutes, after
which complete growth medium was added and the cells were dissociated by means of
gentle pipetting. Appropriate aliquots of the cell suspension was added to new culture
dishes, and the cultures were incubated again at 37°C.

For the CLEM experiments, HeLa or HEK cells were seeded at a concentration of
160 cells/mm?” on the patterned coverslips functionalized with poly-L-lysine, and the
cultures were incubated at 37°C until cell adhesion.

After the patterned coverslips were cleaned with 100% ethanol at 37° for two hours,
washed with sterilized H,O, heated at 180°C for five hours, functionalized with poly-L-
lysine 1 mg/mL, and rinsed with water, rat hippocampal neurons were seeded on the
substrates at a concentration of 160 cells/mm” in Dulbecco’s modified Eagle’s medium
(DMEM) suppl d with 10% FBS, L-glut: 2 mM, tial amino acids
0.1 mM, penicillin 100 U, streptomycin 100 pg/ml, and sodium pyruvate 1 mM (all of
the reagents were purchased from Life Technologies™, Monza, Ttaly).
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Plasmids. The 4.1R-IRES-GFP and ICIn-IRES-dsRED vectors'’, expressing the
4.1R135 or ICln proteins and the fluorescent protein as two distinct polypeptides,
were a kind gift of Dr. Claudia Bazzini (Univerity of Milan, Milan, Italy) and of Prof.
Markus Paulmichl (Paracelsus Medical University, Salzburg, Austna), respectively.
The empty vectors: pIRES2-EGEP and pIRES2-dsREDexpress were used as controls.

HEK and HeLa cells were i ed 24 hours post: ding. In the co-
transfection experiments, each vector was equimolar in the transfection mix.

Neurons were transfected with pEYFP-C1 (Clontech Laboratories, Inc.© - St.
Germain en Laye, France).

Transient transfection. The cell lines were transiently transfected using the calcium
phosphate method, adding 1 pg DNA and 2.5 pl CaCl, 2.5 M (Sigma-Aldrich Co.)
for each 1.6 cm dish, and distilled water to bring the total volume to 25 pl. After five
minutes, 25 pl of HBS 2 (NaCl 140 mM, NaHPO, 1.5 mM, HEPES 50 mM, pH
7.05) were gently added to the CaCl,/DNA mix, and the transfection mixture was
then added dropwise to the cell culture. The dish was transferred to the incubator at
37°Cand 5% CO, and, after 6-10 hours, the medium was replaced by warm complete
medium and incubation resumed. The neurons were transfected after three days in
vitro (DIV) using 3 ug of DNA and the same procedure as that described for the cell
lines, and imaged on i vitro day 5.

MTT assay. HeLa cells were seeded at a concentration of 600 cells/mm? on 10 mm
glass coverslips or patterned substrates that were sterilized with 70% ethanol and 50
minutes of UV radiation, and functionalized with poly-L-lysine 1 mg/mL. Twenty-
four and 48 hours after seeding, the cells were incubated for four hours with the MTT
solution (3-(4,5-dimethyltk 1-2-y1)-2,5-dipt ium bromide, Cell
Proliferation Kit I, Cat. No. 11465007001, Roche Diagnostic GmbH, Mannheim,
Germany). After incubation, the purple formazan salt crystals were solubilised by
adding the solubilisation solution and incubating the plates overnight in a humidified
atmosphere (37°C, 5% CO,). The solubilised formazan product was
spectrophotometrically quantified using an ELISA reader (Tecan Sunrise, Tecan
Group Ltd., Ménnedorf, Switzerland). Cell viability was evaluated at each time point
in four independent experiments for each substrate.

Confocal microscopy. Images of the cells on the patterned coverslips were acquired
using a Leica TCS SP5 confocal inverted microscope (Leica Microsystems GmbH,
Wetzlar, Germany) with an HC PL FLUOTAR 20X 0.5 (NA 0.5) objective, a pixel size
0f378.8 X 378.8 nm, and a scan speed of 400 Hz (low resolution/low magnification).
EGFP was excited with a 488 nm laser line, and the PMT1 emission bandwidth was
500-550 nm; DsRED was excited with a 561 nm laser line, and the PMT2 emission
bandwidth was 570-650 nm; EYFP was excited with a 514 nm laser line, and the
PMT2 emission bandwidth was 525-600 nm; and the Hoechst nuclear dye was
excited with a 405 nm laser line, and the PMT1 emission bandwidth was 415-
455 nm. Bright field images were also acquired with the fluorescence channels
superimposed (Image] 1.45 software, Wayne Rasband, NIH, USA) in order to
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coverslip. During confocal image acquisition, the cells were kept alive in the
microscope incubator (Okolab, Naples, Italy) at 37°C and 5% CO, in DPBS (PBS
supplemented with CaCl, 1 mM, MgCl, 0.5 mM, and glucose 25 mM, pH 7.4).
The high-resolution images for the 3D reconstruction were acquired by means of
an HCX PL APO 63X 1.4 (NA 1.4) objective, a pixel size of 98.8 X 98.8 nm, and a z-
step size of 250 nm using the same parameters as those described above. The 3D
images were produced using the UCSF Chimera package from the Resource for
Biocomputing, Visualization and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081) (Supplementary reference).

Cell adhesion analysis. HeLa cells were seeded at a concentration of 600 cells/mm?
on 10 mm glass coverslips or patterned substrates that were sterilized with 70%
ethanol and 50 minutes of UV radiation, and functionalized with poly-L-lysine 1 mg/
ml. Twenty-four and 48 hours after seeding, the cells were fixed with
paraformaldehyde 4% in PBS for 30 minutes, rinsed with PBS, incubated with
Hoechst 33342 0.01 mg/mL (H1399, Molecular Probes®, Life Technologies Europe

Generation of the Aclar® patterned substrate for CLEM. A pattern with
coordinates consisting of an asymmetrical mesh of squares of about 140 um was
sculpted on Aclar® film using the pulsed laser of a microdissecting microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Before seeding the cells, each 10 mm
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