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Abstract

Nowadays, both gene mutations detection and function investigation are expected to assume a key
role in diseases understanding and in many other biotechnological fields. In fact, gene mutations
are often cause of genetic diseases and gene function analysis itself can help to have a broader vi-
sion on cells health status. Traditionally, gene mutations detection is carried out at pre-
translational/sequence level (transcriptomic approach). On the other hand, the function of innu-
merable sequenced genes can be investigated by delivering them into cells through transfection
methods and observing their expression result at post-translational level (proteomic approach). In
this context, Micro-ElectroMechanical Systems (MEMSs) offer the intrinsic advantages of minia-
turization: low sample and reagent consumption, reduction of costs, shorter analysis time and
higher sensitivity. Their applications range from the whole cell assays to molecular biology inves-
tigations. On this subject, the thesis deals with two different tools for gene analysis: a Lab-on-Cell
and cantilever-based sensors for in-vitro cell transfection and label-free Single Nucleotide Poly-
morphisms (SNPs) detection, respectively. Regarding the first topic, an enhanced platform for sin-
gle-site electroporation and controlled transfectants delivery has been presented. The device con-
sists of a gold MicroElectrode Array (MEA) with multiple cell compartments, integrated
microfluidics based on independent channels and nanostructured titanium dioxide (ns-TiO,) func-
tionalized electrodes. Different activities have been reported, from the study of the microfabrica-
tion substrates bioaffinity and device development to the electroporation results. The functional
characterization of the system has been carried out by electroporating HelLa cells with a small
fluorescent dye and then, in order to validate the approach for gene delivery, with plasmid for the
enhanced expression of the Green Fluorescent Protein (pEGFP-N1). The second research activity
has been focused on a detection module aimed at the integration in a Lab-on-Chip (LOC) for the
early screening of autoimmune diseases. The proposed approach consists of piezoresistive SOI-
MEMS cantilever arrays operating in static mode. Their gold surface (aimed at the binding of spe-
cific thiolated DNA probes) has been deeply analyzed by means of Atomic Force Microscopy
(AFM) and X-ray Photoelectron Spectroscopy (XPS) revealing an evident gold non-uniformity and
low content together with oxygen and carbon contaminations. Different technological and clean-
ing solutions have been chosen in order to optimize the system. However, other improvements will
be required. Moreover, the feasibility of the spotting technique has been demonstrated by verifying
microcantilever mechanical resistance and good surface coverage without cross-contaminations.
Finally, as future perspective, possible biological protocols and procedures have been also pro-
posed and discussed starting from literature.
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CHAPTER 1. INTRODUCTION

Chapter 1

1 Introduction

1.1 The Context: Gene Analysis in the “-Omic” Era

The “-Omic” era and in particular the related genome sequencing have strongly increased
the scientific interest towards gene analysis. A deeper understanding of gene function by
means of efficient cell transfection and a rapid identification of DNA mutations are in fact
more and more required in most of the biotechnological fields, from the study of eu-
karyotic gene regulation and expression in general to Single Nucleotide Polymorphisms
(SNPs) detection for diagnosis purposes.

Nowadays, different chemical and physical transfection techniques are used to deliver nu-
cleic acids (or other molecules of interest) into cells. Among the physical methods, bulk
electroporation lacks the spatio-temporal control over the process: it does not allow to se-
lect single or specific groups of cells (desirable requirement especially in highly heteroge-
neous tissues) and to monitor the transfection result in real-time. Moreover, a good bio-
compatibility and the possibility to perform multiple tests on the same chip represent
necessary requirements, especially in perspective of high-throughput screening.

On the other hand, gene analysis at sequence level needs portability, automation, reduction
of sample and reagent volumes, and the possibility, starting from a crude sample (whole
blood or saliva), to provide a genetic profile without labelling procedures.

In order to comply these demands and especially the request of high-throughput in-vitro
screening with spatio-temporal control over the process and fast label-free gene analysis,
alternative microscale approaches are increasingly required. In this context, Micro-
ElectroMechanical Systems (MEMSs) are emerging as alternative miniaturized and port-
able instrumentation for biomedical applications providing high sensitivity with low re-

agents consumption.
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1.2 Thesis Content and Innovative Aspects

On this subject, the thesis deals with two different tools for gene analysis: a Lab-on-Cell
and cantilever-based sensors for in-vitro cell transfection and SNPs detection, respec-

tively:

(1) Lab-on-cell: integrated platform for the electroporation of cells grown in adhesion.

This research activity has been described from the choice of the microfabrication materials
suitable for the cell line culture to the real electroporation results, representing the most
substantial experimental part. This activity mainly presents the improvements of an elec-
troporation system for cells grown in adhesion [Vassanelli 2008] comprising multiple cell
compartments, underlying microfluidics, and patterning of the electrode active areas with
nanostructured titanium dioxide (ns-TiOy). Multiple cell compartments and underlying mi-
crofluidics make possible the delivery of different transfectants solutions into specific ar-
eas of the same cell population, while the surface functionalization improves cell adhesion,
specifically where the voltage is applied to adherent cells. Thus, the demand of high-
throughput systems for in-vitro cell assays with good biaffinity properties has been satis-
fied from a technological point of view and experimentally demonstrated by the obtained
successful gene tranfection. Both biological and physical factors have been taken into ac-
count for the optimization of the experiments. Further technological and experimental im-

provements have been discussed in conclusions.

(2) Cantilever-based sensors: detection module aimed at the integration in a Lab-on-

Chip (LOC) system for early diagnosis and screening of autoimmune disorders

based on typing of Human Leukocyte Antigens (HLAS).

Nowadays, microcantilever-based sensors feasibility for DNA detection has been demon-
strated. However, they are not consolidated for diagnosis purpose. Moreover, less attention
is given to the surface analysis and functionalization procedure. As for the previous topic,
surface holds a key role. The upper layer of the microcantilevers has been deeply analyzed.
Technical changes and cleaning procedures have been chosen in order to optimize it and
also the sample deposition procedure has been assessed. However, since this research ac-

tivity regards preliminary studies devoted to the system optimization for the subsequent
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and a real usage of the array for SNPs detection, biological protocols and procedures have
been proposed and discussed in conclusions.

1.3 Structure of the Thesis

This thesis begins with the description of the state of the art related to gene analysis in
Chapter 2. “State of the Art”. In particular, this Chapter is divided into two sections in or-
der to deepen different approaches for gene study: Cell Transfection (Section 2.1) and
Gene Sequence Analysis for Diagnostics (Section 2.2). Starting from traditional techniques
employed to deliver genes into mammalian cells (viral-mediated processes, chemical, me-
chanical and physical approaches) (Paragraph 2.1.1), the attention is focused on electropo-
ration. Some theory about pore formation and resealing is introduced in Paragraph 2.1.1.1.
Then, in Paragraph 2.1.1.2 bulk electroporation is compared with single-cell electropora-
tion. In this context, the emerging role of probes and microsystems is highlighted by pre-
senting an overview of the main advances achieved in this field, with particular attention
towards microdevices for both suspended and adherent cell electroporation (Paragraph
2.1.1.3). The significant role of materials bioaffinity and the related phenotypic behaviour
consequent to cell-substrate interaction are discussed in Paragraph 2.1.2. Finally, Section
2.1 closes with the main current requirements in perspective of real high-throughput cell
in-vitro screenings and the thesis contribution in this direction (Paragraph 2.1.3). On the
other hand, Section 2.2 regards, as anticipated, gene study at sequence level. It introduces
LOCs emphasizing the need of label-free DNA detection. Paragraph 2.2.1 is devoted to
label-free systems, in particular microcantilever-based sensors. Their two different work-
ing modes (static and dynamic) are here described, together with possible read-out systems
whose suitability for in liquid DNA detection is discussed. As in the previous Section, also
this one ends with moving beyond the state of the art for real application of microcantile-
vers in diagnostics. The importance of surface and functionalization procedure study, dis-

cussed in this thesis, is here anticipated (Paragraph 2.2.2).

Chapter 3. “Lab-on-Cell for Gene Transfection” is devoted to the first research activity
concerning an integrated platform for adherent cell electroporation. The choice of different

candidate substrates for its microfabrication is described in Paragraph 3.1.1. The Pulsed
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Microplasma Cluster Source (PMCS) technique employed for their functionalization with
ns-TiO; is explained in Paragraph 3.1.2 as well as the deposited film characterization and
related features. Then, a deep investigation of the substrates surface chemical composition
(Paragraph 3.1.3) precedes the real bioaffinity experiments carried out to define both cell
viability and morphology on the materials (Paragraph 3.1.4). The schematic representation
explaining the working principle and structure of the proposed system is shown in Para-
graph 3.2 which is followed by the real development steps of the device: electroporation
module (Paragraph 3.3) divided into the MicroElectrode Array (MEA) microfabrication
(Paragraph 3.3.1) and procedure for electrodes functionalization with ns-TiO, (Paragraph
3.3.2); microfluidics development and final packaging (Paragraph 3.4) with the relative
microfluidic structure testing (Paragraph 3.4.1). Section 3.5 reports the experimental
method for cell electroporation. It includes the description of the electroporation set-up
(Paragraph 3.5.1) and the choice of biological and physical factors suitable for the elec-
troporation protocols (Paragraph 3.5.2). The real functional characterization of the devices
represented by the biological tests is discussed in Section 3.6 showing the electroporation
results with a preliminary value of electroporation efficiency calculated after gene transfec-
tion (Paragraph 3.6.1). Finally, this Chapter ends with the conclusions summarizing all the
activities performed and the obtained results (Paragraph 3.7).

Chapter 4. “Cantilever-based Sensors for Gene Analysis” is devoted the second research
topic focused on a DNA detection module to be integrated, in future, into a LOC system.
After an introduction about the general subject, the design of the microcantilevers is
shortly described (Paragraph 4.1), whereas in Paragraph 4.2 the main microfabrication
steps for the structures realization are summarized. Most part of this research activity is
aimed at the characterization of the Au immobilization layer of the microcantilevers, as de-
scribed in Section 4.3: after the first AFM and XPS analysis demonstrating non-uniformity
and low content of Au, technical changes and a cleaning procedure are proposed as im-
provements (Paragraph 4.3.1 and 4.3.2). Besides the surface analysis, Chapter 4 reports
the study of the functionalization procedure (Section 4.4). More precisely, after an intro-
duction on functionalization procedures, this section is divided into Paragraph 4.4.1 and
Paragraph 4.4.2 which describe the deposition of phosphate buffer and fluorescein on the
microfabricated cantilever arrays, respectively. Also this Chapter reports, at the end, the

conclusions summarizing the research steps and the achieved results (Paragraph 4.5).
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In Chapter 5 “Conclusions” main activities and results are reported and discussed. In par-
ticular, similarly to Chapter 2, this final part of the thesis is divided into two sections. The
first one (Section 5.1) reports the results concerning the Lab-on-Cell platform; the second
one those regarding the cantilever-based array sensors (Section 5.2). More precisely, the
first part is focused on the electroporation protocol optimization (Paragraph 5.1.1) and on
the improvements of the platform itself (Paragraph 5.1.2). The possibility to entrap the
cells and to have internal reference electrodes is also discussed in Paragraph 5.1.3. New
applications of the Lab-on-Cell are suggested in Paragraph 5.1.4. On the other hand, in the
Section 5.2 the problem of having a low content of Au and C contamination is discussed in
order to find out possible solutions (Paragraph 5.2.1). Finally, starting from literature, the
steps for the real usage of the proposed detection module in diagnostics are listed giving
suggestions regarding biological protocols and procedures (Paragraph 5.2.2), from the
sensitive layer generation to the DNA target hybridization and response evaluation. Future

applications are cited in Paragraph 5.2.3.

Acknowledgments, Bibliography and Annexes sections complete this thesis.
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Chapter 2

2 State of the Art

As introduced in Chapter 1. Introduction, thanks to the completion of the whole human
genome sequencing, functional genomics and proteomics tools have recently gained sig-
nificant attention. In fact, the interest towards gene analysis is increasing at different levels
and especially aimed at study (1) function by delivering genes into cells and observing
their relative expression; (2) sequence in order to detect DNA mutations for diagnosis pur-
poses. The following sections (2.1. Cell Transfection and 2.2. Gene Sequence Analysis for

Diagnostics) summarize the main state of the art advances in both the analysis fields.

2.1 Cell Transfection

At present, it is well known that the plasma membrane represents the cell dynamic and
flexible structural component mainly acting as selective barrier against molecules crossing
[Alberts 2000]. It has been broadly studied in order to develop an efficient transfection
method. The word transfection refers to exogenous DNA molecules transfer into receiving
cells. Once transfected, DNA is generally maintained in the cell cytoplasm for two-three
days. During this period, foreign genes undergo many regulative pathways which control
the chromosomal material expression of the host cell. Subsequently, dilution and degrada-
tion phenomena cause the DNA loss in most cases. In fact, transient or stable transfections
can be distinguished depending on the exogenous DNA integration or not into own chro-

MOSomes.

2.1.1 Mammalian Cell Transfection Techniques

In general, gene delivery into mammalian cells is inefficient per se, because it needs an

abundant source of starting cells in order to assure an acceptable number of transfected
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cells at the end of the experiment. For this reason, available cell lines able to continuously
grow in culture can be employed for the routine assessment of new transfection proce-
dures. An ideal transfection technique should ensure the following characteristics:

1. High transfection efficiency;

2. Low toxicity;

3. Reproducibility of the experiments in-vitro and in-vivo.

Nowadays, different techniques are used to deliver exogenous DNA into cells complying
with the above requirements with peculiar advantages and showing specific drawbacks. In
general terms, these techniques can be divided into four categories: (1) viral-mediated
processes and (2) chemical, (3) mechanical or (4) physical approaches. The first group in-
volves biological vectors such as adenoviruses and retroviruses in a process corresponding
to cell infection [Anson 2004]. Preparation difficulty, immunity rejection and viral toxicity
represent the main disadvantages [Chuah 2003]. Among the second category, chemical re-
agents exploit the DNA co-precipitation with calcium phosphate [Graham 1973] or the
complex generation between DNA and a variety of polycations in polyfection (e.g. DEAE-
dextran [McCutchan 1968]) or cationic lipids in lipofection [Felgner 1987]. They are not
very expensive and the experimental procedure is simplified. Nevertheless, they do not
guarantee a good transfection efficiency and they are prone to a certain variability. As a
matter of fact, the DNA transfer is not direct, thus limiting the internalization and expres-
sion because of essential intermediate steps (i.e. cell attachment, endocytosis, complex dis-
sociation). On the contrary, direct transfection techniques are represented by mechanical
(microinjection, particle bombardment - gene gun) and physical (sonoporation, laser irra-
diation, electroporation) approaches. Mehier-Humbert et al. have highlighted their working
principles, employed materials, advantages and limitations providing a complete summary
according to the following performance criteria: transfection efficiency, toxicity, targeting
and practicality [Mehier-Humbert 2005]. Microinjection represents the most direct method
allowing the selective DNA delivery into specific cell compartments (e.g. cytoplasm or nu-
cleus) by employing a glass needle controlled by a micromanipulator with the highest effi-
ciency (up to 100%). However, it is too laborious. Moreover, the high cost, the application
difficulty and the possibility to transfect only one cell at a time make it impractical for
most researchers. In the so-called gene gun or biolistic technique (coming from biological

and ballistic contraction) heavy metal particles carriers of sub-microgram quantities of
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DNA per dose are accelerated to the sample. Thus, the transfection can indiscriminately
occur in each cell compartment, interfering whether with cell structure or function. In gen-
eral, physical approaches are well tolerated. By applying ultrasounds, sonoporation forms
small transient pores mainly due to acoustic cavitation mechanism and improving cell
permeability. The technique can be employed for the transfection of different tissues. In la-
ser irradiation, the thermal effect changes the cell permeability in the laser impact region.
This technique suffers from appropriate know-how requirement, expensive and cumber-

some laser sources.

Among the physical methods, electroporation, also called electropermeabilization,
represents one of the most employed transfection techniques. The traditional bulk
electroporation generates transient nanopores in the plasma membrane of suspended cells
by applying a homogenous electric field between two large electrodes at a distance in the

range from mm to cm [Weaver 1996, Ho 1996].

2.1.1.1 Pore Formation and Resealing

Different models try to find the right explanation of the electroporation mechanism. Lipid
membrane instability could be due to macroscopic factors, such as thinning and
compression, or to the transition from hydrophobic to hydrophilic pores, more stable above
a critical pore radius [Weaver 1993, Neumann 1999].

Nevertheless, there is a commonly accepted concept: nanoscale pores form as a
consequence of the transmembrane potential increase which follows the application of a
high voltage. More precisely, under an external electric field both the natural resting
potential (AWy, typically about -70 mV) and the induced membrane potential (AWE)
contribute to the potential difference across the membrane (A¥n= AWot+ AWE). In this
context, electroporation occurs when AW, exceeds a critical threshold value (AWY).
Experimental procedures have determined this value to be in the range of 200 mV-1V and
the relative critical electric field E, from 100 Vem™ up to 10 kVem™ depending on the cell
type [Neumann 1972, Zimmermann 1974, Teissie 1993, Weaver 1993, Rols 2006].

The membrane permeabilization initially occurs at the cell pole facing the positive

electrode. In fact, because of the negative interior of the cell membrane, that is the region

9
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where the capacitance of the membrane is first exceeded when an external field is applied.
The area of the membrane which is permeabilized depends on the pulse amplitude,
whereas the degree of permeabilization can be controlled by pulse duration and pulse
number [Gabriel 1997].

Nowadays, five steps are considered to be involved in pore generation mechanism: (1)
Pores induction (< 1us, ns range [Beebe 2003, Vernier 2006]) due to the application of the
external electric field; (2) Expansion (us-ms range) during which the pore density in-
creases depending on the pulse duration. The higher the permeability, the higher the cell
conductivity; (3) Stabilization or membrane reorganization. It occurs when the electric
field decreases; (4) Resealing (from seconds to minutes). In absence of field the imperme-
ability of cells is spontaneously recovered. Nevertheless, physical settings sensitively in-
fluence the electroporation result. Pores can be distinguished in transient (reversible/self-
repairing) or not (irreversible) depending on parameters of external electric field, charac-
teristics of the electroporation medium (conductivity) and of the cell (electric properties
and shape) that is exposed to the electric field [Canatella 2001]. If these parameters are not
suitable and accurately evaluated, irreversible electroporation takes place and cell death is

inevitable.

2.1.1.2 Bulk/Batch Electroporation vs Single-Cell Electroporation

As for most of the traditional transfection procedures, one of the main limitations of bulk
electroporation is the lack of spatio-temporal control over the process: it does not allow to
select single cells (desirable requirement especially in highly heterogeneous tissues and
primary cultures), and to monitor the transfection result in real-time. To circumvent these
disadvantages, alternative microscale approaches are increasingly required. Single cell
electroporation (SCEP) represents a promising tool in biochemical research, where ma-
nipulation and analysis at single cell level are required. Unlike bulk electroporation involv-
ing a homogeneous electric field applied to a whole cell population, SCEP is characterized
by two possible working principles:

M Inhomogeneous electric fields focused near selected single cells;

(i) Single cells isolation from their population in order to impose the electric pulses di-

rectly on them.

10
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Moreover, the variety of outcomes typical of the bulk electroporation is replaced by the
possibility to optimize the electroporation protocols (generally using pulses in the order of
few volts) by directly looking into the single responses.

In the last years, different research groups have extensively reviewed the emerging SCEP
techniques. A complete guidance comes from Wang et al. [Wang 2010]. Olofsson et al.
have thoroughly discussed the multiplicity of systems employed to perform SCEP
[Olofsson 2003]. Microfluidic single cell analysis has been also deepened with a brief in-
troduction to SCEP chips [Chao 2008]. Moreover, Fox et al. have discussed electropora-

tion by using microfluidic devices [Fox 2006].

2.1.1.3 Microfabricated Devices for the Electroporation of Target Cells

Currently, different methods are able to perform in-situ and in-vivo electroporation. Solid
microelectrodes [Lundqvist 1998], modified Atomic Force Microscopy (AFM) silicon tips
[Nawarathna 2008], electrodes filled with transfer material [Bestman 2006], Electrolyte
Filled Capillaries (EFC) [Nolkrantz 2001, Agarwal 2009, Wang 2009] and micropipettes
[Haas 2001 and Hewapathirane 2008 optimized the electroporation method for Xenopus
laevis Tadpodes, Rae 2002, Rathenberg 2003, Pakhomov 2007, Uesaka 2008, Barker
2009] (also in combination with microelectrodes [Karlsson 2000, Ryttsen 2000, Alberg
2001, Tanaka 2009]) are employed as probes claiming a great spatio-temporal control over
cell transfection.

Nevertheless, microfabricated devices are strongly emerging in this field for both

manipulating selected cells in suspension or in adhesion.

Some of the most significant examples of microfabricated devices aimed at suspended cell
electroporation are here reported. In 2001, Y. Huang and B. Rubinsky developed the first
chip based on single cell trapping in microholes by pressure difference (between the top
and bottom microfluidic chambers of a three-layered device) and electroporation by
constricted field [Huang 2001]. In order to achieve high efficiency of gene transfection an
improved device characterized by microfluidic channels was proposed by the same
research group in order to handle cells in a flow-through manner [Huang 2003].

Electroporation using field constriction at micro-orifices was presented also by O.
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Kurosava et al. in a more recent work demonstrating its application for the measurement of
cell response to external stimuli [Kurosawa 2006]. In the integrated PDMS multiple patch
clamp array developed by Khine et al. cells were laterally immobilized and electroporated
at the end of microchannels [Khine 2005, Khine 2007, lonescu-Zanetti 2008]. Channels
and microholes are the main components of another successful example: gene transfer was
performed in stem cells by employing a silicon glass device characterized by two channels
connected by microholes acting as trapping sites [\Valero 2008]. Single-cell electroporation
by employing a planar micropore chip in combination with 2-D scanning vibrating

electrode technology was also reported [Haque 2009].

Instead of entrapping cells at microholes or at microchannels opening smaller than the cells
(as described up till now), in other systems electroporation occurs in channels or confined
regions larger than the cells. A droplet-based microfluidic device was described: droplets
containing cells flowed through two microelectrodes on the substrate [Zhan 2009]. The
amplification of the electric field in the narrow region of a microchannel was exploited by
Wang et al. for both lysis and electroporation [Wang 2006, Wang 2008]. Others performed
cell lysis by electroporation, for example using 3D electrodes [Lu 2006] and a
dielectrophoresis (DEP)-based chip [Ramadan 2006]. Ti/Pt electrodes deposited on a glass
microscope slide were used to dielectrophoretically move and electroporate monocytes
[MacQueen 2008]. Moreover, micropulsed radio-frequency was also employed in a chip
allowing a 3D electric field distribution [He 2007]. Finally, among the most recent works,
three groups have given great contributions in the microengineering field. Geng et al.
improved the flow-through Wang’s group electroporation chip described before with five
narrow sections for the transfection of a large amount of cells [Geng 2010]. Andresen et al.
proposed an injection molded chip comprising conducting polymer electrodes [Andresen
2010]. Moreover, both cell arraying and electroporation were carried out by Mottet et el. in

a transparent LOC including 3D microfluidics and thick electrodes [Mottet 2010].

However, since most part of human body cells grows in adhesion and especially in case of
mammalian cells there is an increasing cell line usage as model system similar to the in-
vivo one, the development of microsystems well-suited for adherent cells electroporation is
gaining more and more attention. A variety of mechanisms have been published. One of
the first and easiest is represented by a defined cell culture cavity and thin-film electrodes

parallel lines developed on a glass slide [Lin 2001, Lin 2003]. Moreover, gene transfection
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was enhanced by employing an attracting field for DNA plasmids increasing their concen-
tration close to the adherent cells [Jen 2004]. A porous membrane-based electroporation
device was reported: cells were cultivated on a microporous alumina membrane and below
it a polydimethylsiloxane (PDMS) film characterized by microholes was added. The elec-
tric field generated between two electrodes (one positioned above the cells and the other
below the PDMS film) was concentrated in the areas defined by the holes allowing the se-
lective electroporation of cells grown in those regions [Ishibashi 2007]. Alternatively, Vas-
sanelli et al. proposed an array of planar cell-size microelectrodes (each one independently
addressable) microfabricated in FBK facilities, allowing cells to be cultivated, randomly
adhere and be selectively transfected [Vassanelli 2008]. Chang et al. employed pairs of
thick and closely opposed microelectrodes to focus the horizontal electric field on targets
(individual neuronal axons as reported example) in between them [Chang 2009]. PDMS
was used also by Kim et al. for the development of a multi-channel electroporation chip
able to generate multiple electric field gradients on the same device depending on the
channel length were cells were cultivated. The high-throughput of the system (up to five
channels) was exploited to simultaneously and easily analyze the cell response to increas-
ing electric fields [Kim 2007]. Among innovative and extremely recent works, Koester et
al. reported the new local micro invasive needle electroporation (LOMINE) carried out on
the PoreGenic® chip consisting of DEP and needle electrodes array [Koester 2010]. Three-
dimensional electrodes were employed also by Braeken et al. Their sub-cellular dimen-
sions allowed to locally stimulate cardiomiocytes and single neurons in-vitro [Braeken
2009, Braeken 2010].

2.1.2 Cell-Substrate Interaction and Bioaffinity Requirements in Microsystems
Field

Bioaffinity represents a fundamental parameter for the appropriate choice of the most suit-
able materials to develop BioMEMS-based devices aimed at in-vitro cell assays. The cell
capability to recognize and interact with a substrate represents the first essential step allow-
ing cell proliferation, migration and differentiation. In general tissue architecture and
morphogenesis, cell adhesion follows a specific protein-mediated mechanism. These pro-

teins are mainly integrins, a large family of heterodimeric transmembrane proteins that
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transmit the signal from the cell surface to the thick network of cytoskeletal filaments that
make up the cell scaffold. In particular, the interaction between cell surface integrin recep-
tors and ExtraCellular Matrix (ECM) adhesion molecules generates a signal cascade fol-
lowed by actin cytoskeleton reorganization and consequently the cell morphology change.
The cell, initially round-shape (integrin inactivated state), then becomes spread (integrine
activated state). This second morphological state represents an adhesion strengthening
which involves focal adhesion junctions assembly and forces along the basal cell surface
[Gumbiner 1996]. Also the complex nature of the interaction between cells and biomate-
rials has been studied and reviewed, giving a deep explanation about the molecular basis of
this mechanism by means of transcriptomic and proteomic tools. The ECM composition is
influenced by the substrate surface features. This aspect causes different integrins activa-
tion patterns and spatial arrangement, then reflected in the cell phenotype [Gallagher
2006].

In fact, it is well known that cell phenotypic behaviour and response strongly depend on
the nature of the employed material. Its properties (i.e. roughness, chemical composition,
wettability, surface functionalization or patterning, topographical features) cause specific
cell response due to the direct contact of the cell culture with the substrate and altered phe-
notypes can also reveal altered cell functions, due for example to an incompatible substrate
[Dewez 1999, Lampin 1997, Ito 1999, Berry 2004]. More specifically, the surface charac-
teristics affect the serum protein adsorption layer which represents the real cell-substrate
interface [Lynch 2007]. Cell-material interaction has been also studied by using microfab-
ricated substrates [Petronis 2003, Digabel 2010].

As a consequence, microfabrication technology applied to cell culture is a topic constantly
under study in order to develop enhanced system aimed at performing assays on cells
grown in suitable conditions similar to the in-vivo microenvironment [Park 2003, Bha-
driraju 2002].

In particular, the interest towards surface modifications for the development of biomimetic
substrates aimed at cell culture and tissue engineering is more and more increasing [Healy
1999, Lan 2005]. Moreover, since in-vivo cells are surrounded by nanoscale topography,
there is a strong attention towards nanotechnology for the development of biocompatible
microsystems and also implantable biomedical devices [Sniadecki 2006, Polizu 2006]. In
fact, nanoscale features are often integrated in order to influence cell adhesion and shape
[Yim 2005, Bajaj 2007].
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2.1.3 Moving beyond the State of the Art

A good biocompatibility and the possibility to perform multiple tests on the same chip rep-
resent necessary requirements, especially in perspective of high-throughput screening. Be-
yond the state of the art, the possibility to strictly control the delivery of different transfec-
tant solutions toward specific areas of the same cell population represents one of the main
goal. In fact, current methods usually allow the delivery of only one transfectant at a time.
In this context, microfluidics is becoming an important feature in microdevices for cell
analysis and system biology in general [Yi 2006, Szita 2010]. Beyond the multi-channel
microsystem proposed by Kim et al. able to test different electrical protocols on the same
chip (Paragraph 2.1.1.3), some other recent advances have been introduced in this field.
From a structural point of view, Wang et al. developed a microfluidic cell array suitable for
high-throughput cell screening. It is characterized by individually addressable chambers
where different cells groups can be cultivated and different reagents can be delivered.
However, they do not perform electroporation or gene transfection [Wang 2008]. Thus, the
possibility to electroporate different cell groups with different transfectants represents a
challenge for the development of real high-throughput Lab-on-Cell platforms.

In this context, the following thesis deals with a Lab-on-Cell for the electroporation of ad-
herent cells. It is characterized by multiwells for cell confinement, a microfluidic structure
based on independent channels and ns-TiO, functionalized electrodes for the improvement
of cell adhesion specifically where the voltage is applied. Chapter 3. Lab-on-Cell for Gene

Transfection is dedicated to this integrated platform.

2.2 Gene Sequence Analysis for Diagnostics

In the last decade the development of biological analysis systems has raised a great interest
within the scientific community. Microsystems technologies are able to comply with the
requirement of reduction of time, costs and increased sensitivity, by means of micro-Total
Analysis Systems (pu-TAS). These integrated, miniaturized devices are capable to carry out
different steps of an analysis technique all on the same chip [Lee 2004, West 2008]. In par-
ticular, a DNA-based p-TAS, also called LOC, should perform the biological sample
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treatment, amplify the DNA, and detect specific DNA sequences (oligonucleotides) on the
same device [Anderson 2000, Campas 2004, Easley 2006]. Its main advantages are (1) im-
proved performances related to higher sensitivity, throughput and automation of the analy-
sis; (2) portability; (3) reduced costs because of minute sample and reagents volume con-
sumption (microlitres); (4) integration of many analysis steps which allows, starting from a
crude sample (whole blood or saliva), to rapidly provide a genetic profile. Among possible
applications, the key one is the Point-of-Care (POC) diagnostics which opens up new per-
spectives in the field of personalized medicine and treatment. In particular, BioMEMS,
with the integration of microelectronics and nanobiotechnology, are enabling the realiza-
tion of biosensors able to perform sample handling and to detect specific bioaffinity reac-
tions (DNA/DNA, antigen/antibody, enzyme/receptor) by means of suitable functionaliza-
tion procedures (covalent binding, matrix entrapment, cross-linking and adsorption)
[Bashir 2004].

In literature, several research works devoted to the development of integrated LOC devices
for DNA analysis have been presented. For instance Dobson et al. have reviewed the state
of the art with respect to commercial or semi-commercial systems for POC applications
[Dobson 2007]. In particular, it can be evinced that the first generation of LOCs for mo-
lecular diagnostics at POC level is mainly based on (quantitative-fluorescent) Real Time
Polymerase Chain Reaction (RT-PCR) [Zhang 2007]. This method allows also multiple de-
tections per assay by means of the so-called multiplex PCR [Edwards 1994]. PCR based
systems are usually employed for pathogen detection by identifying one or few target se-
quences [Dobson 2007, Malic 2007]. However, also real array technologies are available in
this context, allowing to detect a large number of SNPs or DNA sequences thanks to their
multiplexed structure. Among the most employed techniques, DNA microarray technology
[Pritchard 2008] is characterized by high-throughput capabilities, but needs, like RT-PCR,
sample labelling procedures.

2.2.1 Micro-ElectroMechanical Systems (MEMSs) for DNA Hybridization Detec-

tion: Cantilever-based Arrays

The detection of a specific DNA sequence can be performed by exploiting the DNA hy-

bridization phenomenon. This is the chemical reaction during which a single-stranded
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DNA (ss-DNA) binds its complementary by means of base pairing (adenine with thymine
and guanine with cytosine). Thanks to its simplicity it is more commonly used than the di-
rect sequencing of DNA. Moreover, the hybridization process is very efficient and specific.
The working principle is the following: if two ss-DNAs perfectly match they can bind each
other, otherwise the hybridization does not completely occur. Thus, this reaction can be
sensitive also to small variations such as a single base mutation between two strands, al-
lowing the detection of SNPs often responsible for genetic diseases.

In this context, a great interest is currently given to the development of label-free detection
systems: electrochemical [Drummond 2003], waveguide [Bliss 2007] and Surface Plasmon
Resonance (SPR)-based [Boozer 2006, Abdulhaim 2008] methods. Among the electro-
chemical systems, lon Sensitive Field Effect Transistors (ISFETS) [Fritz 2002, Kim 2004,
Ingebrandt 2007] and potentiometric systems [Numnuam 2008] have been reported in lit-
erature. In general, electrochemical methods are characterized by high sensitivity and
SNPs detection capability. On the other hand, devices based on SPR have been also used to
detect DNA hybridization with high sensitivity results. On the market some laboratory in-
strumentations are available, like the Biacore S51 [Myszka 2004]. However, SPR is diffi-
cult to implement in miniaturized portable systems because of the measurement principle
requiring the precise alignment for the optical excitation and detection parts [Abdulhaim
2008]. Other approaches encompass optical biosensor Microsystems; they are based on the
integration of highly sensitive Mach-Zehnder interferometer devices [Sepulveda 2006].
Nowadays, among a large number of MEMS-based devices developed in order to detect
the DNA hybridization event, most of them are constituted by cantilever array sensors
[Sepaniak 2002, Ziegler 2004]. Microcantilevers are typically silicon suspended bars (less
than 1um thick, from tens to hundred of pum long and some tens of pm wide, thus 0.01 the
size of their macroscopic counterparts Quartz Crystal Microbalances - QCM [Wang 1997])
able to detect the interaction between a specific functional layer and the analyte of interest.
Depending on the functional layer, they are suitable for chemical or biological sensing. In
particular, if the cantilever surface is properly functionalized with a specific probe, able to
selectively bind a particular target molecule, the device can behave as a chemical or bio-
chemical sensor. Different sensitive films are available, ranging from polymeric coatings
(polyetherurethane - PEUT, phthalocyanines, etc.) for gas sensing applications to DNA
oligonucleotide probes for detection of specific gene sequences. In fact, if the functional

layer is a Self Assembled Monolayer (SAM) constituted by known ss-DNA probes, a spe-
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cific oligonucleotide sequence, present in a unknown sample, can be easily detected. In
case of complementary target, the following hybridization induces a differential stress be-
tween the top and the bottom surfaces of the cantilever, driving the deflection of the beam
[Fritz 2000]. Cantilever-based sensors are extremely versatile; they can be operated in air,
vacuum, or liquid. They can be mass-produced by means of micromachining as miniatur-
ized sensor arrays increasing their potentiality as low cost devices with high performances,
high level of integration and portability [Raiteri 2001, Baller 2000, Rasmussen 2003,
Datskos 2004]. In spite of the large availability of cantilevers for AFM, silicon, silicon ox-
ide, and nitride cantilevers for biosensing are rarely commercially available (e.g. Can-
tiChip8 array of eight nanomechanical cantilevers with integrated electrical read-out [Can-
tion]). Cantilevers are present with different shapes, dimensions, and force sensitivities
capable of measuring in the 10-11 N range at the levels of single molecular interactions.
The adsorption of target molecules on the microcantilever sensitive layer induces both an
increase of cantilever mass and the generation of superficial stress. Therefore, two different
working modes can be used for cantilever-based measurements: the dynamic and the static
mode, respectively [Datskos 2004, Ziegler 2004, Lang 2005]. The former exploits the
resonance phenomenon, the latter the deflection. However, both deal with beam bending
and thus sometimes they can be contemporaneously exploited.
In dynamic mode a change in resonance frequency due to analytes adsorption is measured.
In fact, the shift in the cantilever resonance frequency (Af=fo-f; (Hz)) reveals the mass
variations (with respect to the reference condition) due to the binding of target molecules
(Af > Am). The beam vibrates at its Eigen-frequencies generating a stress distribution and
deformation typical for each resonance mode. In the first mode, the resonance frequency
can be estimated by the simplified models reported in literature [Hansen 2001, Raiteri
2001, Datskos 2004, Ziegler 2004], where the structure is considered as a simple spring-
mass oscillator. The mass variation with respect to the initial mass my can be expressed as
follows:

k 1 1
- A’ [ fl2 - ]
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where k is the elastic constant
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with E that is the Young’s modulus of Si, and W, t and L the width, thickness and length of
the beam, respectively.

The resonance frequency f, for the first resonance mode is:

(oL [k _1 [ewe
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where m* is the effective mass that can be related to the mass of the beam, m, through the
relation m* = nm, where n is a dimensionless geometric parameter equal to 0.24 for a rec-
tangular cantilever.

Therefore, both m* and k are related to physical properties and geometry of the beam.
Higher sensitivities can be achieved from thin, low-density devices.

Another important parameter is the quality factor Q which depends on the viscous damping
of the cantilever vibration. The detection of the resonance frequency and the amplitude of
the read-out for a given actuation intensity are strictly related to the quality factor, which
can be estimated by Q=fy/Af whose value increases when the measurement is carried out in
vacuum. Q depends on the corrected cantilever mass, on the damping and on the natural

circular frequency:

*

@y - M
b
where b is the drag coefficient for the beam motion and in first approximation it is propor-

Q=

tional to the beam width and fluid viscosity. The efficiency of the resonance method is
strongly affected in liquid environment, making the deflection mode more suitable for such
applications. However, an improvement of the quality factor can be achieved by using a
feedback system for the actuation, where the signal detected from the cantilever is fed to
the actuator. This has been demonstrated to improve the read-out efficiency of orders of
magnitude [Vidic 2003], making this approach usable also in liquid phase, although gener-
ally deflection mode can provide better performances in liquid. Actuation can be per-
formed with several approaches, including integrated and discrete piezoelectric devices,
electrostatic and magnetic induction set-up [Vidic 2003, Rogers 2003].

In deflection mode, bending of the cantilever 8, due to the chemical-physical reactions
which specifically occur on one side of the beam, is measured. Nevertheless, the bending
is related not only to the reaction-induced stress, but also to physical properties and geome-
try of the beam, according to the following equation:
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P L2 .(12—v).(7

E-t
where v is the Poisson’s ratio of the material and ¢ is the induced stress on the top side of
the microcantilever.
Thin — low elastic modulus devices show best sensitivities in static mode, even if the ther-
mal vibration noise increases by reducing the structure stiffness [Butt 1995]. In fact, com-
pliant structures are preferred in deflection mode, while stiff and light structures are more
suitable for the resonance one. This aspect must be taken into account when selecting the
materials and technologies to realize a cantilever structure. Recently, polymeric beams
(with Young modulus orders of magnitude lower then Si-based materials such as crystal-
line Si, SiO; and Si3N,) have been developed for static mode [Thaysen 2002, Calleja 2005,
Johansson 2005]. Nevertheless, their stability in operative conditions should be investi-
gated. Moreover, polymer-based technologies are not easily integrated with standard tech-
nologies and CMOS read-out with respect to other approaches.
Among the techniques employed to detect the cantilever bending (optical, piezoelectric and
piezoresistive read-outs, electrostatic or electromagnetic based methods [Datskos 2004]),
the most commonly used are the optical and piezoresistive read-outs [Carrascosa 2006],
suitable for both the working modes.
In the optical read-out method it is possible to measure the absolute value of cantilever
bending by means of a photodetector sensitive to the optical deflection of an incident laser
beam. The need of a sophisticated alignment system for the optical beam makes this ap-
proach not really suitable in case of detection module with array architecture. The piezore-
sistive method needs a dc-biased Wheatstone bridge in order to measure the changes in re-
sistivity of the cantilever material due to surface stress variations. For LOC applications
where DNA-sensing properties are needed, the optical read-out is often employed because
of its high sensitivity. Nevertheless, this method shows several significant drawbacks such
as the possible beam refraction in liquid samples, high sensitivity to opacity and the diffi-
culty to assure the collimation of the laser with the beam. The piezoresistive read-out re-
veals to be more suitable for the development of portable devices, due to its easiness of
implementation into a microfabrication process [Mukhopadhyay 2005, Choundhury 2007].
Piezoresistivity is related to a carrier mobility change in semiconductors as a consequence

of an induced stress. It can be exploited by different approaches [Creemer 2001] for sens-
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ing events generating surface stresses: resistors, diodes and field-effect transistors with in

general comparable sensitivities.

2.2.2 Moving beyond State of the Art

Nowadays, the feasibility of microcantilever-based DNA biosensors has been demon-
strated for DNA detection in general and also for single-base mismatch identification [Fritz
2000, Hansen 2001, McKendry 2002, Alvarez 2004, Mukhopadhyay 2005, Stachoviak
2006, Yang 2008]. However, even if the integration of an electronic interface realized with
a CMOS technology has been also proven [Verd 2005, Yu 2007, Yu 2008], this technique
is not still consolidated for real diagnosis purpose. In fact, a real LOC with an integrated
cantilever array is not yet available for this type of application. Moreover, the development
of high density arrays, comprising from ten to thousands of differently functionalized can-
tilevers, represents one of the most important challenges in genomics. In fact, high-
throughput platforms are becoming more and more requested in order to allow real-time,
fast and simultaneous detection of a variety of DNA sequences, especially polymorphisms
for diagnosis purpose. Compared to the current high-throughput DNA microarray technol-
ogy [Pritchard 2008], cantilevers arrays are a promising alternative, because they permit
the direct analysis of molecules without need of fluorescent labels. Since the labelling pro-
cedure is a compulsory step in almost all the routine tests, time consuming and very expen-
sive, the cantilever-based technology will improve the genetic analysis in terms of time and
cost effectiveness. The expected ultra-high sensitivity of the device (which can reduce or
even avoid the need of DNA amplification, thus simplifying the structure of a LOC de-
vice), and the label-free detection mechanism could give a high added value to a diagnosis
system.

However, apart from the intrinsic advantages coming from the development of cantilever-
based systems, in literature less attention is given to the study of important preliminary
phases such as the surface analysis and cantilever functionalization. For example, Tabard-
Cossa et al. reported the study of the effect of morphology, adhesion, cleanliness of the
sensitive layer on surface stress measurements [Tabard-Cossa 2007]. Also Desikan et al.
evaluated the effect of nanometric morphology on the stress sensing properties [Desikan

2006]. Others analyzed the ink-jet printing method for the functionalization (immobiliza-
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tion of probes) on microcantilevers [Bietsch 2004]. For this reason, a deeper knowledge of
the immobilization layer (and how to optimize it) is still needed also in order to circumvent
difficulties during the practical application.

Regarding these aspects, the thesis deals with the analysis of the immobilization layer of
microcantilever arrays which will be integrated in a LOC for autoimmune diseases diag-
nostics. The necessity of further optimization and the functionalization procedure have
been also discussed. Chapter 4. Cantilever-based Sensors for Gene Analysis is dedicated to

these studies.
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Chapter 3

3 Lab-on-Cell for Gene Transfection

3.1 Comparative Bioaffinity Studies for in-vitro Cell Assays on MEMS-based De-
vices

In order to choose the optimal materials for the Lab-on-Cell microfabrication bioaffinity

studies were performed. Moreover, since there was an increasing attention toward nanopar-

ticle-assembled materials for the development of biocompatible devices (see Paragraph

2.1.2. Cell-Substrate Interaction and Bioaffinity Requirements in Microsystems Field), a

comparative analysis was carried out to check cell growth and morphology differences also

on ns-TiO, films.

3.1.1 Candidate Substrates for Bioaffinity Tests

Different candidate substrates were chosen among those most employed for the develop-
ment of MEMS-based devices [Maluf 2004, Beeby 2004] and deposited on Si wafers
where an oxide layer (300 nm) was previously grown as adhesion interface. Both sub-

strates and employed microfabrication technologies are listed in Table 3.1.

Table 3.1. Substrates and relative microfabrication technologies employed for bioaffinity study.

Substrates Microfabrication technology
Ti (120 nm) Sputtering
Si_N, (100 nm) Plasma Enhanced Chemical Vapour Deposition (PECVD)
SiO_(18 nm) Plasma Enhanced Chemical Vapour Deposition (PECVD)
Au (150 nm) Evaporation: electron beam deposition
Pt (150 nm) Evaporation: electron beam deposition
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More precisely, SiO, was deposited over a 100 nm Si3N4 layer and an intermediate layer of
Cr (5 nm) was used as adhesion promoter for Au and Pt layers. These two substrates were
also subjected to an hard bake (30 min, 190°C) in order to improve the metal adhesion.
Then, each wafer was treated with an oxygen plasma in order to remove organic com-
pounds. Finally, the wafers were cut by means of a dicing saw.

As shown in the schematic sketch (Figure 3.1), a comparison between the materials re-
ported in Table 3.1 (Zone 1), fabricated in FBK facilities, and ns-TiO; film (Zone 2) was
carried out by depositing the last one on approximately one half of each substrate, while

masking the other half. In Figure 3.2, two examples are presented.

Zone 1 Zone 2

I Ns-TiO,: 50 nm
I Substrate (Table 1)
[1 Grown SiO,: 300 nm

B Bulk <100> Si: 500 pm

Figure 3.1. General cross-section of the deposited materials.

Figure 3.2. (Left) Au and (Right) Ti substrates (20 mm x 20 mm) functionalized with ns-TiO,.

3.1.2 Cluster-assembled TiO, Film Deposition and Characterization

TiO, films were deposited by means of Supersonic Cluster Beam Deposition (SCBD)
technique [Wegner 2006]. A Pulsed Microplasma Cluster Source (PMCS), developed by
IFN-CNR (Trento) was employed and the same research group carried out the deposition
[Toccoli 2003].

24



CHAPTER 3. LAB-ON-CELL FOR GENE TRANSFECTION

This method is suitable for the assembly of nanostructured and nanocrystalline metal ox-
ides films in a Ultra High Vacuum (UHV) apparatus. The source, schematically shown in
Figure 3.3, is based on the expansion of a neutral gas in vacuum with a fixed percentage of
oxygen (He+0O; 0.1%).

Anode
f\p
‘\ Nozzle
Pulsed (2 mm)
Valve
Cathode

Figure 3.3. The Pulsed Microplasma Cluster Source (PMCS) employed for the substrate functionalization
with ns-TiO, (IFN-CNR, Trento).

The gas mixture goes through a pulsed valve into a small chamber, where directly flows on
two metal Ti electrodes. Between the electrodes a pulsed synchronized high voltage dis-
charge causes the seeding of the beam by clusters of Ti that, combining with O,, forms
nanoclusters of TiO, of different shape and size. The distribution of clusters exits from the
source forming a seeded beam that goes to hit the substrate in the deposition chamber gen-
erating a ballistic growth of clusters. The deposited film features strongly depend on the

set-up conditions (i.e. expansion parameters and discharge characteristics).

Besides the deposition, IFN-CNR (Trento) and CNR-Licryl Laboratory-CEMIF.CAL (De-
partment of Physics, University of Calabria) analyzed the obtained film. In detail, the opti-
cal, morphological and structural characterization of the TiO, was carried out by means of
Spectroscopic Ellipsometry (UVisel, Jobin Yvone) [Vedam 1998, Losurdo 2002, Kamin-
ska 2005], Scanning Electron Microscopy (SEM) [Goldstein 2003] and local micro-Raman
analysis [Ferraro 2003] by means of a microprobe set-up (Labram, Horiba-Jobin-Yvon),
respectively.

More precisely, an in-situ spectroscopic ellipsometer allowed to evaluate and control in

real-time the film thickness (average thickness 50 nm) during the deposition or at defined
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growth stages of the film (spectra not shown). Moreover, SEM technique gave information
about grain structure and relative dimension. Figure 3.4 shows the typical morphology of
the produced ns-TiO; films.

Magn Det WD j——— 500nm
00x SE 3

YD }
82 2007-09-07 5 2007-09-07

Figure 3.4. (Left) SEM micrographs of one TiO, sample grown by means of PMCS source; (Right) The high-
resolution image shows the typical nanostructured morphology of the films with an average grain dimension
of 10 nm (IFN-CNR, Trento).

The micrographs reveal that the assembling of clusters grows the film. At higher magnifi-
cation grains dimensions can be clearly assessed: the morphology of ns-TiO film is char-
acterized by nano grains ranging from 8 to 20 nm in size, with the presence of distributed
larger clusters in the micron scale. This kind of morphology presumes also a high porosity
present in the films, confirming the result achieved with the data extracted by the ellip-
sometry where the films showed a porosity of about 50%.

CNR-LICRYL Laboratory - CEMIF.CAL (Department of Physics, University of Calabria)
performed a micro-Raman analysis on the larger clusters revealing a crystalline structure of
TiO, mostly in the Anatase phase. In Figure 3.5, a typical micro-Raman spectrum of the
larger micrometric grains of TiO,, showing a predominant Anatase phase.

In fact, the three Eg modes predicted for Anatase [Giarola 2010], a strong peak at 151 cm™,
a shoulder at about 200 cm™ and a broad band at 633 cm™, as well as one of the B;, mode
at 409 cm™ are clearly observable. The one-phonon peak of the c-Si substrate, occurring at
520 cm™, prevents the observation of the two Anatase modes, Big and Ay, usually ex-
pected in that frequency range [Giarola 2010]. Modes assignable to the other TiO, phase,
Rutile, are also clearly detected: a weak band at about 240 cm™, usually defined as disor-
der-induced [Balachandran 1982] and the Eg mode, at about 450 cm™, as a shoulder of
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the 409 cm™ Anatase mode. Finally, two—phonon scattering from Si substrate generates
two weak and broad peaks at about 300 and 970 cm™ in the observed spectrum. The large
bandwidths of the modes and the frequency shifts with respect to the values commonly re-
ported in literature [Giarola 2010] could indicate small size crystal domains and strained

structures in the deposited TiO..
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Figure 3.5. Micro-Raman spectrum on a grain of TiO, deposited on c-Si. Excitation source was the 633 nm
line of He-Ne laser. A notch filter allowed the observation only above 150 cm™ (CNR-LICRYL Laboratory ,
University of Calabria).

The deposition parameters were optimized in order to obtain the maximum of controlled
crystalline Anatase phase. More precisely, the crystalline structure was maximized by set-

ting 450 ms opening time and 1250 V discharge voltage.

3.1.3 X-ray Photoelectron Spectroscopy (XPS) Analysis of the Substrates

Before evaluating the substrates bioaffinity, a deep investigation about the surface nature
was necessary. In fact, as explained in Chapter 2 (Paragraph 2.1.2. Cell-Substrate Interac-
tion and Bioaffinity Requirements in Microsystems Field), the phenotypic behaviour of
cells strictly depends on material properties (i.e. hydrophobicity, charge, chemical compo-
sition, roughness) [Dewez 1999, Ito 1999].
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In this context, besides the SEM analysis which clearly revealed the nanometric structure
and porosity of the cluster assembled TiO; films, the analysis of the substrates chemical
composition represented another relevant step before the biological response assessment.

The atomic concentrations of TiO, film and of the selected materials (Table 3.1) were de-
termined by XPS [Barr 1994] (tilt 30°) analysis (Scienta ESCA 200 instrument equipped
with a hemispherical analyzer and a monochromatic Al KR (1486.6 eV) X-ray source in
transmission mode). A representative chemical composition of all analyzed ns-TiO, films

deposited on the different substrates is reported in Table 3.2.

Table 3.2. Atomic concentration of TiO, film deposited by PMCS as determined by XPS surface analysis (tilt
30°), expressed in percentage (MiNALab-FBK).

Nanostructured film O (%) C (%) Ti (%)

TiO; 444 39.7 158

Chemical composition of substrates resulted as expected in terms of atomic concentration
(Table 3.3).

Table 3.3. Atomic concentration of the analyzed materials as determined by XPS (tilt 30°), expressed in per-
centage (MiNALab-FBK).

Substrates O%) C®) N(@) Si(%) Ti(%)  Au/Pt(%)
Ti (Sputtering) 43.1 41.9 - - 15.0 -
SisNs (PECVD) 33.9 16.4 12.3 37.3 - -
SiO; (PECVD) 444 23.9 - 31.7 - -
Au (Electron beam) 19.8 50.7 - - - 29.5
Pt (Electron beam) 22.7 42.3 - - - 35.1
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However, XPS analysis revealed the presence of carbon contaminations with percentage
values ranging from 16% to 50%. It is a common evidence that samples exposed to the air

for a certain time before the XPS analysis can be affected by contaminations.

3.1.4 Materials Bioaffinity: Cell Viability and Morphology Studies

Once evaluated the chemical properties of the candidate materials (functionalized on one

half with ns-TiO;), the bioaffinity degree of the same substrates was studied.

Since each sample was characterized by both treated and non-treated areas, it was possible
to contemporarily investigate the bioaffinity degree of the same cell culture on these two

different surfaces.

After a deep cleaning of the substrates (sterilized in 70% EtOH and rinsed with deionised
H,0), bioaffinity was assessed by performing cell culture on different samples. For this
purpose, the substrates were placed in a 12-well Tissue Culture PolyStyrene (TCPS) mi-
croplates (Falcon) and SKOV-3 human ovarian carcinoma cell line (American Type Cul-
ture Collection, ATCC) was cultivated in adhesion (5.000 cells/cm?) following the stan-
dard procedure on polystyrene (Biological protocols for SKOV-3 cell line maintenance and
culture on substrates are reported in Appendix A, Paragraph 1). As control experiment, the
same polystyrene microplates were used and cells were directly cultivated on them. Sam-
ples and controls were maintained at 37°C in 5% CO, atmosphere.

Short-term viability assay (24 hours after plating) was performed by incubating cells with
0.5 uM Calcein AcetoxyMethylester (Calcein AM, Molecular Probes) for 10 min. Calcein
AM is a cell viability marker. It is a non-fluorescent compound able to cross the viable
cells membrane. Inside the cell it is hydrolyzed by endogenous esterase becoming a green
fluorescent anion molecule retained in the cytoplasm.

The result was observed on opaque substrates by means of a direct fluorescence micro-
scope (Leica DMLA), while an inverted microscope (OLYMPUS 1X50) was employed for
polystyrene control materials inspection. A CCD digital camera (Leica DFC 420C) was
used in order to digitize images. Figure 3.6 shows the short-term viability assay result on a
TCPS control.
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Figure 3.6. Fluorescence microscopy image of SKOV-3 cells grown for 24 h on TCPS as control, after stain-

ing with Calcein AM. 10X magnification.

Results of Calcein AM tests obtained on the microfabricated and functionalized materials
are summarized in Figure 3.7. In general, these images reveal all a good bioaffinity of the
employed materials, with a more evident higher cell density on SisN4. Moreover, a homo-
geneous cell growth characterized every sample and no cellular debris were detected as

sign of toxicity.
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Figure 3.7. Fluorescence microscopy images of SKOV-3 cells cultured for 24h on Ti, Si3N,, SiO,, Au, Pt,

and on the same substrates functionalized with nt-TiO, films, after staining with Calcein AM. 10X magnifica-

tion.
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Since the Calcein AM assay is specific for the identification of viable cells, it represented a
useful tool for a precise cell density evaluation. A direct counting of labelled cells on im-

ages allowed to calculate the Viable Cell Density for each type of substrate:

Viable Cell Density = total amount of viable cells/cm?

In particular, an average cell density was calculated considering six different regions per
substrate: three in the ns-TiO, functionalized surface and three in the other one.

Moreover, in order to evaluate not only the best materials in terms of cell growth but also
the effect of the ns-TiO; film on cell adhesion, a deeper analysis of the cells morphological
appearance was carried out. Two main cell phenotypes were identified: round-shape and

well adherent spread cells, as marked in the example of Figure 3.8.

Figure 3.8. Cells morphological appearance: examples of round-shape cell (red circle) and well adherent

spread cell (yellow circle).

The round-shape is typical of cells in suspension, while the spread one is characterized by
a flat morphology due to the contact points generation among cells ECM and/or with the
serum proteins adsorbed to the substrate surface [Lynch 2007, Eisenbarth 2002].

Given that the cell morphology reflects the cell response to the substrate (Paragraph 2.1.2.
Cell-Substrate Interaction and Bioaffinity Requirements in Microsystems Field), the opti-
mal condition was considered the spread one. The relative percentage was calculated as

follows:

% Spread cells = (Spread Cell Density/ Viable Cell Density) x 100
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Both quantitative (which considers the total Viable Cell Density) and morphological analy-

sis (which considers only well adherent spread cells) are summarized in the histograms of

Figure 3.9A and 3.9B, respectively.
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Figure 3.9. Quantitative (A) and morphological (B) analysis of SKOV-3 cells after 24 hours from plating.
Cell density (cells/cm?) and percentage of spread cells are represented.

After 24 hours cell densities on TiO, films and substrates were almost comparable or even
higher (i.e. SisN4 and Au) with respect to that observed on TCPS controls. However, if
only well adherent spread cells were analyzed (Figure 3.9B), it was demonstrated that TiO,

deposited by PMCS (TiO, +) increased the percentage of spread cells, suggesting that this
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nanostructured material can promote cell adhesion, improving the bioaffinity of the candi-
date materials for MEMS-based devices.

3.2 Schematic Representation of the Integrated Platform for Cell Electroporation

The proposed integrated microsystem was designed in order to allow addressed cell elec-
troporation and to control the delivery of different transfectants solutions into specific ar-
eas of the same cell population in perspective of high-throughput screening. The first re-
quirement was satisfied by the development of a MicroElectrode Array (MEA)-based
electroporation module, whose microfabrication substrates were chosen on the basis of the
bioaffinity study results (Paragraph 3.1.4. Materials Bioaffinity: Cell Viability and Mor-
phology Studies).

Secondly, the delivery of different transfectants was performed by pressure-driven flow
through a microchannel-based fluidic structure integrated below the MEA and connected
with it through crossing microholes. The working principle and structure of the Lab-on-
Cell are summarized in Figure 3.10.

Figure 3.10. Schematic illustration of the Lab-on-Cell.
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The device concept can be simplified in few steps: (1) Cell inoculum and plating; (2) Ran-

dom adhesion of cells on MEA; (3) Transfectant solutions delivery through microfluidic

channels and electroporation; (4) Pores resealing and electroporation result analysis by

means of optical or fluorescence microscopy depending on the employed electroporation

marker.

3.3 Electroporation Module Development

The comparative bioaffinity studies (Section 3.1 Comparative Bioaffinity Studies for in-

vitro Cell Assays on MEMS-based Devices) allowed to choose the optimal materials for the

device microfabrication, performed in FBK facilities. In particular, the selected materials

suitable for the cell culture were:

Au as electrodes metal

Amorphous SisN4 as passivation layer

Both Au and SizN4 had showed an optimal cell response in terms of viable cell den-
sity. In fact, the quantitative analysis (which considered the total viable cell den-
sity) had revealed a higher cell growth on these two substrates. Besides the great
bioaffinity, Au is a good conductor and Si3Ng4 is completely impermeable to ions

representing a suitable layer for the extracellular electrolyte insulation.

Ns-TiO, for the functionalization of the electrodes active areas

This type of functionalization was chosen in order to improve the cell adhesion
specifically where the voltage was applied. In fact, the morphological analysis
(which considered only well adherent spread cells) had demonstrated that TiO; in-
creases the percentage of spread cells suggesting that this ns-material can promote
cell adhesion. This parameter plays a key role in adherent cell electroporation, as it

could improve the overall transfection efficiency.
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3.3.1 MEA Microfabrication

The electroporation module consists in an array of planar microelectrodes. It was charac-
terized by two levels of metal structures (buried connection lines made of Al 1% Si +
Ti/TiN and Cr/Au electrodes) in order to reduce the fabrication costs, while improving the
device electrical performances. Passing holes allowed the delivery of transfectants solu-
tions from the microfluidic structure (integrated below the MEA) into desired areas of the
chip (as anticipated in Paragraph 3.2). Wafer and chip layouts, and dimensions of each

part are shown in Figure 3.11 and listed in Table 3.4, respectively.
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Figure 3.11. (Left) Wafer and (Right) chip layouts. Two structures were developed: with three or four groups

of electrodes. On the right the example with four groups is shown.

Table 3.4. Geometrical parameters of the MEA-based module.

Parameter Value
Electrode diameter 50 um
Membrane dimension 20 - 60 pm
Holes dimension 3-4pum
Chip dimension lecmx1lcm

In detail, the microfabrication process, carried out by C. Collini, started from a 500 pum
thick Si wafer (double side polished). A multilayer of dielectrics was grown and deposited
on the top of Si (SiO,/SizN4/SiO, ~ 1 um of thickness), in order to insulate the electrodes
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and realize a tensile membrane for the injection system. An Al 1% Si + Ti (410/60 nm)/
TiN (140 nm) multilayer was deposited by sputtering and patterned by photolithography
and plasma dry etching to define electrodes, lines and contact pin zones. A layer of
Si3N4/SiO; (200/20 nm) was then deposited by PECVD for insulating the metal lines of the
electrodes. Contacts were opened through the SizsN4/SiO, layer by a plasma dry etching. A
layer of Cr/Au (5/150 nm) was evaporated and in order to define the electrodes photolitho-
graphy and wet etching were carried out.

4 um holes were opened across the electroporation module, more precisely in the middle of
each well containing the transfectant solutions (see Paragraph 3.4 Microfluidics Develop-
ment and Final Packaging of the Integrated Platform). In particular, the back multilayer of
Si0,/Si3N4/SiO, was patterned by photolithography and plasma dry etching to define the
inlet regions, whereas the SizN4 layer was patterned by photolithography to define the
inlets on the dielectric membrane. A tetramethylammonium hydroxide (TMAH) wet etch-
ing step from the wafer back side was used to form the inlet zones. Then, the remaining
multilayer membranes (with width varying from 20 to 60 um and thickness of 1.2 um) was

etched by means of plasma dry etching to completely dig the holes (Figure 3.12).
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4. 815N,/810, (200/20nm) PECVD 8. Front dry etching and a few additional
deposition steps are required to complete the chip

Figure 3.12. Fabrication process of the MEA-module. Only the main steps are here reported.
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The result of the microfabrication process is shown in Figure 3.13.

Figure 3.13. Microphotograph of the Au circular electrodes array (more precisely one region) and (Inset) the

membrane of dielectric multilayer with passing hole.

3.3.2 Electrodes Functionalization with ns-TiO,

After the fabrication of the microelectrode array (dry etching shown in Figure 3.12 (8)) ad-
ditional steps were carried out. Amongst them, the electrodes functionalization with ns-
TiO, by means of PMCS technique (Paragraph 3.1.2. Cluster-assembled TiO, Film Depo-
sition and Characterization) in order to improve cell adhesion. The peculiar properties of
PMCS make this technique suitable for the functionalization of microelectronic biocom-
patible devices, like the planar MEA. The films were deposited at room temperature (RT),
without requiring any annealing post treatment which could damage the matrix of elec-

trodes.

A fabrication step based on lithography [Levinson 2005] and lift-off was implemented in
order to allow the functionalization of the Au electrodes, specifically in the active zone,
where the voltage is applied to adherent cells. In particular, the whole device was covered
with negative photoresist (MaN 1420, Microresist Technology GmbH) patterned in such a
way to leave the active areas of the electrodes exposed to the beam. After the PMCS ns-
TiO, deposition on the whole array surface, a lift-off procedure was carried out in order to
remove both photoresist and unwanted TiO,. The main steps and functionalization result
are shown in Figure 3.14.
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Figure 3.14. Lithography and lift-off combined process for the ns-TiO, functionalization of the electrode ac-
tive areas: (1) microelectrode with patterned photoresist before ns-TiO, deposition; (2) TiO, deposition by
means of PMCS on the whole electroporation array; (3) photoresist removal together with the unwanted
TiO,.

In Figure 3.14 (3), the TiO, deposition is visible only on the electrode, while the remaining
regions are clean. The presence of microscopic droplets was due to characteristic process
of the cluster formation, where the gas dynamic of the supersonic expansions allowed the

aggregation of larger micrometric clusters, together with others in the nanometric range.

3.4 Microfluidics Development and Final Packaging of the Integrated Platform

The microfluidic channels were realized using a PDMS/Si hybrid structure. The fluid inlets
were formed on a PDMS layer by using soft lithography techniques. This layer was then
bonded on the back side of the Si electroporation device using oxygen plasma activation.
Figure 3.15 (Left) shows a cross section of the microfabricated device with a detailed view
of the employed materials, one hole and the relative microchannel. In order to complete the
fluidic connections fused silica tubes were added. Finally, the chip was inserted in a cus-
tom Printed Circuit Board (PCB) and the packaging was completed with the addition of
two different three-dimensional chambers:
1. An inner quartz multi-well chamber to contain small amounts of different transfec-
tant solutions (each well of 2-3 mm diameter, ~ 20 pl total capacity). This chamber
was realized by isotropically etching a 500 um thick- quartz wafer. The glass wafer
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was masked with 500 nm of undoped polysilicon and etched with 40% HF at an

etching rate of 37.5 um/hour. Then, it was glued on the chip with epoxy resin.

2. An external polystyrene chamber/plastic cap for the whole cell culture and medium

confinement (27 mm diameter, 1 ml capacity).

Figure 3.15 (Right) shows a picture of the final packaged device. Some details of the pack-

aging components are reported in Table 3.5.

Target Cells
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Figure 3.15. The integrated platform: (Left) Schematic cross section of the integrated system; (Right) Exam-

ple of final packaged device with a 4-well inner chamber.

Table 3.5. Details of the packaging components and of the final device.

PCB dimension ~3cmx3cm
Chip dimension lcmx1lcm
Fused silica capillary tubes - inner diameter 150 pm
Fused silica papillary tubes - outer diameter 360 um
Number of electrodes per well 12-18
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3.4.1 Testing of the Microfluidics Structure

The robustness of the membrane and the effectiveness of the microfluidic approach feasi-
bility were initially evaluated by using deionised H,O fluxed through the capillary tubes.
Figure 3.16 shows the electroporation chamber filling phases through the 4 um hole. The

membrane robustness was characterized upon different operating conditions.

Figure 3.16. Microphotographs showing the chamber before (Left) and during (Right) the filling phase
through the 4 pm hole.

Since the pressure-driven flow was generated by means of a syringe pump, it was quite dif-
ficult to ensure a fine control of both flow pressure and rate. However, no membrane
breaking effects were observed during the procedure as well as after the complete filling of

the microchamber.

3.5 Experimental Method for Cell Electroporation

Before starting the electroporation experiments, each chip status was checked under the
stereoscopic microscopy (OLYMPUS SZX7). Moreover, since the wire bonding is manu-
ally performed and some defects can occur each chip was electrically characterized. An
electrode addressing system and a PCB board with a PLCC (Plastic Leaded Chip carrier,
Yamaichi) in which each integrated platform was mounted were employed. A standard so-
lution with known conductivity (1413 pS/cm KCI, Crison) was used and each electrode
connection signal was checked by means of 419A LF Impedance Analyzer (Hewlett Pack-
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ard). Measurements were performed at 100 kHz frequency. An external Pt electrode was
used as reference. Figure 3.17 shows the components of the experimental set-up for the

electrical characterization of the devices.

Impedance analyzer

Y4

i 7/

PCB board with PLCC

/i

Electrodes addressing system

Figure 3.17. (Left) Complete experimental set-up for the electrical characterization of the devices: impedance
analyzer, PCB board with PLCC, electrodes addressing system and a Pt reference electrode; (Right) Enlarged

picture of an integrated platform placed on the PLCC and the electrodes addressing system.

Electrodes which gave open circuit were marked as not working and were not used in fur-
ther electroporation experiments. A reference system was created in order to make the
electrodes identification easier also for the subsequent electroporation choice and observa-
tion. In Figure 3.18 are shown two pictures employed for the identification of electrodes on
4-wells and 3-wells devices, respectively. They represent the electrodes addressing system
with specified electrode numbers. The position of the respective electrodes on the chip is
indicated in the inset. This system allowed to associate the signal reading or the voltage

application (during the electroporation) to precise electrodes on the chip.

42



CHAPTER 3. LAB-ON-CELL FOR GENE TRANSFECTION

3B 6B - 1gAL CAL2A ) 5A 8A

1B /2B ; 17A 3A ‘6A
2B 5B \ 16A 19A | 4A 7A

Im 78 ‘ “ ARX 9A
ﬂﬁ 8B 9B 10B = | 154 10A 11A 12A
8 118 | |

‘ - 13A 14A 15A|

% 8D 19D
| [l ] )

16B 19B 12B 9B
178 13B 10B

18B 15B' 14B 11B 8B

Figure 3.18. Electrode identification system on the addressing system.

Once electrically characterized the chips, and after a deep cleaning (Extran Soap, absolute
EtOH and milli-Q H,0), U.V. light sterilization and overnight equilibration of the biochip
surface with culture medium, human cervical cancer HelLa cells (ATCC) were cultivated
on the integrated platforms at CIBIO (University of Trento) (Appendix A, Paragraph 2.
Biological Protocols for Hela Cell Line Maintenance and Culture on Lab-On-Cell Inte-
grated Microsystem). 24 hours later, cell monolayer was rinsed with warm PBS in order to
remove the not well adherent cells and it was carefully observed under the microscope in
order to evaluate both cell distribution over the MEA and general morphology. Only the
well working electrodes in presence of adherent cells were selected for the electroporation
experiment. This analysis was performed in order to have a better control on the statistical
evaluation of electroporation yield (see Paragraph 3.6.1. Electroporation Efficiency) and
to identify after electroporation the following unwanted effects:
- False positives (labelled cells on not selected electrodes);

- Cell detachment in response to an excessively invasive electroporation protocol.
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3.5.1 Electroporation Set-up

The electroporation set-up consisted of the same electrode addressing system (shown in
Figure 3.17), a wave generator (Tektronix AFG3102) and a fluorescence microscope
(Nikon Microscope Eclipse 90i) for the result analysis. For the optical inspection of the
chip and cell culture status before the electroporation tests the OLYMPUS BX51M micro-

scope was employed (Figure 3.19).

Figure 3.19. Complete set-up for the electroporation experiments.

3.5.2 Choice of the Electroporation Protocol

Starting from previous studies and acquired knowledge at BioSiLab S.r.I, different biologi-
cal and physical factors were investigated in order to determine the optimal electroporation
protocol for the specific HelLa cell line.
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Biological factors:

Cell density
An adequate cell density is required in order to assure efficient signal pathways

amongst cells. In fact, when the number of cells is too low and cells are distributed
far from each other they are not able to communicate amongst themselves with
negative consequences on the metabolic activity of the whole cell population. On
the other hand, an excessive cell density implies the culture growth in bilayer mak-
ing difficult both the initial electrode selection and electroporation result assess-
ment.

50.000 cells/cm? was identified as the optimal plating condition, considering that
the experiments were performed 24 hours after the seeding and required a good cell

monolayer over the microelectrode array.

- Transfectants concentration and incubation time after electroporation

Before considering the parameters cited above, the employed transfectant are listed

here:

1. Lucifer Yellow (Sigma-Aldrich, St. Louis, MO, U.S.A.), a small (475 Da) fluo-
rescent dye used in order to evaluate the feasibility of the proposed approach;

2. pEGFP-N1 plasmid (Mountain View, CA, USA), a 4.7 kb plasmid for the en-
hanced expression of the Green Fluorescence Protein (GFP). The possibility to
perform gene expression and the viability of cells after electroporation were
verified by transfecting this plasmid.

Their optimal concentrations were identified in order to save reagents but obtaining
at the same time a good result. For instance, when the concentration is too low,
consequently also the fluorescent signal is low as well, making the electroporation
result difficult to be identified. Moreover, also an excessive concentration is unfa-
vourable. It can affect the cell viability because of toxic effects or generate high

background, thus limiting the optical detection.

Finally, the selected concentrations were:
1. Lucifer Yellow: 0.5 mM (diluted in PBS);
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2. pEGFP-N1 plasmid: 0.5 pg/pl (diluted in TRIS-EDTA - TE - buffer solution,
Sigma-Aldrich, St. Louis, MO, U.S.A.,DNAse/RNAse free).

The incubation time was also adjusted depending on the transfectant type:

1. Lucifer Yellow: 5 minutes, light protected, in order to ensure the pores reseal-
ing after the electroporation and to avoid the fluorophore photobleaching.

2. pEGFP-N1 plasmid: ~ 6-10 hours in order to allow the gene expression; ~ 24
hours for the cell viability assessment after electroporation. In both cases the
chip were maintained at 37°C in a 5% CO; environment until the observation

result.

Physical factors or electric pulse features:

Pulse shape
Rectangular pulses were tested for all the electroporation experiments. This shape

is usually employed also in bulk electroporation.

Amplitude/Electric field strength

The amplitude was changed from 5V to 9V in order to define a right compromise
between electroporation result and HelLa cell viability maintenance. The value was
decided in order to (a) identify a threshold voltage, higher than the rest membrane
potential (0.7 V, as explained in 2.1.1.1 Pore Formation and Resealing) and below
which no electroporation occurs and to (b) avoid cell damaging, detachment from

the substrate or even death due to the excessive voltages.

Pulse duration
A constant duration was chosen (200 us period - 50% duty cycle — 100 ps pulse
width).

Once chosen the experimental protocol, single-site electroporation was performed. In de-

tail, after the positioning of the platform in the PLCC socket, the transfectant solutions

were injected by pressure-driven flow through microchannels. Then, a single pulse with

specific features was applied independently to each microelectrode. In order to assure a
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better distribution of the electric field, also the electroporation tests were carried out using
the external Pt electrode as reference. It was inserted above the chip in contact with the

whole medium and connected to the signal generator.

3.6  Single-Site Electroporation Results: Lucifer Yellow (LY) Uptake and Gene Ex-

pression

Successful LY delivery was obtained by applying a 100 ps wide and 6V amplitude electric
pulse to the electronic circuit. After 5 minutes incubation (light protected) and washing
with PBS, the electroporation was monitored by means of fluorescence microscopy. Figure
3.20 demonstrates the specificity of the transfection: only the four cells positioned on the
selected electrode have been specifically stained, thus demonstrating, in that region, the

permeabilization of the membrane due to the opening of transient pores.

e
*

Figure 3.20. Fluorescence micrographs of Hela cells electroporation with Lucifer Yellow (0.5 mM): (Left)

autofluorescence view of the cell population; (Right) specific uptake of the fluorescent dye. 10X magnifica-

tion.
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In order to deliver pEGFP-NL1 into cells a higher electric pulse (7 V, 100 us) was applied
and the chips were maintained in fresh nutrient DMEM medium at 37°C in 5% CO, at-
mosphere. Cells were observed 10 and 24 hours after electroporation in order to evaluate
gene expression and cell viability, respectively.

The successful expression of the fluorescent protein after 10 hours demonstrated the plas-

mid uptake (Figure 3.21).

50 pm 50 pm

Figure 3.21. Hela cells electroporation with pEGFP-N1 (0.5 pg/ul): (Left) pre-electroporation; (Middle)
autofluorescence view of the cell population; (Right) specific uptake of the plasmid with consequent expres-

sion of GFP. 10X magnification, @10h after electroporation.

Moreover, the maintained well spread morphology over time (after 24 hours) proved that

the electroporation protocol was not invasive and did not affect cell viability (Figure 3.22).

50 pum 50 um

50 pm

Figure 3.22. Two examples of HelLa cells electroporation with pEGFP-N1 (0.5 pg/ul): (Left) autofluores-
cence view of the cell population; (Right) specific uptake of the plasmid with consequent expression of GFP.

10X magnification, @24h after electroporation.
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With respect to the case at 10 hours from the electroporation event, after 24 hours cells
were closed to the selected electrodes, but not exactly over them. This aspect does not rep-
resent a sign of aspecific electroporation, but it is due to the evolution of the cell culture
itself (cell replication/mytosis) and in particular to the different localization of the same

cells over time (cell migration).

3.6.1 Electroporation Efficiency

In general, the Electroporation Yield is expressed as follows:

EP Yield (%) = (n° of electrodes with labelled cells/total number of selected electrodes) x 100

In case of gene transfer this value is called EP Efficiency (%) because it considers both
the Electroporation Yield und cell viability after the electroporation event. Only not dam-
aged cells are able to express the proteins. Preliminary gene transfection experiments al-
lowed to approximately measure this value. The protocol characterized by a 7V pulse gave
a maximum EP efficiency value of 50%.

3.7 Conclusions

Summarizing, this research activity concerns an improved platform for cell electroporation,
whose main features are the electrodes functionalization and controlled transfectants deliv-
ery.

At first, bioaffinity studies were performed in order to choose the best materials for the de-
vice microfabrication. The candidate substrates were Ti, SisN4 SiO,, Au and Pt. Moreover,
since there was an increasing attention towards nanoparticle-assembled materials in the
fabrication of biocompatible microsystems, a comparison between these materials and ns-
TiO, film deposited by PMCS was performed. To explore the differences, SKOV-3 cell
line was cultivated over them and a short-time (24h) Calcein AM-based viability assay was

carried out. By calculating the total viable cell density (quantitative analysis), SisNsand Au
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demonstrated an higher cell growth with respect to both TCPS control and the other mate-
rials. The morphological analysis (which considered the only well adherent spread pheno-
type) showed that TiO, film increased the percentage of spread cells suggesting that this
ns-material could promote cell adhesion.

According to the bioaffinity results, the MEA-based electroporation module was microfab-
ricated by employing SisN4 and Au as materials exposed to the cell culture: SisN4 as pas-
sivation layer and Au as metal for microelectrodes. In addition, in order to improve the cell
adhesion only on the active areas of the electrodes, specifically were the voltage is applied
during the electroporation event, a microfabrication process based on lithography and lift-
off was studied. A microfluidic structure and silica tubes were integrated to inject different
transfectant solutions into desired areas of the chip, through passing holes previously
opened on the MEA (single-site delivery). Two different chambers were also added for
tranfectants and cells confinement, respectively.

Besides the substrates bioaffinity, also the complete Lab-on-Cell biocompatibility was
demonstrated. In fact, HeLa cells were successfully cultivated using traditional protocols
and single-site electroporation was performed. In order to evaluate the feasibility of the
technique LY was employed demonstrating the specificity of the transfection. Moreover,
gene expression and maintained cell viability after electroporation were assessed transfect-
ing pEGFP-N1 plasmid. In both cases the electroporation protocols were optimized by in-
vestigating both biological and physical factors (i.e. cell density, transfectants concentra-
tion and incubation time, electric pulse features with particular attention to the amplitude).
Finally, preliminary results allowed to obtain a rough estimation of 50% electroporation
efficiency.
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Chapter 4

4 Cantilever-based Sensors for Gene Analysis

As described in Chapter 2. State of the Art, nowadays there is an increasing attention to-
wards integrated systems for gene analysis. In particular, beyond methods able to perform
gene transfection (Chapter 3. Lab-on-Cell for Gene Transfection), others can detect muta-
tions at DNA sequence level.

The main target of this research activity was the immobilization layer and functionalization
procedure study of a microcantilever-based module developed in FBK facilities. The fol-
lowing detection system was microfabricated with the future aim to be integrated in a LOC
for the early diagnosis and screening of autoimmune diseases. In particular, the diagnosis
of chronic autoimmune diseases such as Multiple Sclerosis (MS) and Rheumatoid Arthritis
(RA) will be based on the label-free detection of Human Leukocyte Antigens (HLAS).
These genes are the major determinants used by the body’s immune system for recognition
and differentiation of self from non-self (foreign substances). Since many HLA molecules
exist, but some of them are more common in certain autoimmune diseases, the HLA detec-
tion by DNA hybridization (with SNPs resolution) would be very useful in diagnostics.
However, a system like this could be extended to many others applications in diagnostics
by only considering different DNA probes specific for a genetic disease or the detection of
pathogens. In fact, the working principle will be the same.

The proposed detection module will work in bending mode (i.e. stress-detection mode)
with a piezoresistive read-out system. The choice of the bending working principle is due
to the fact that in dynamic mode the resonance frequency depends not only on the absorbed
mass, but also on environmental parameters, such as density and viscosity of the medium.
Since DNA hybridization is an analysis to be performed in liquid (were the resonance fre-
quency is reduced, making the dynamic mode less sensitive), the static mode is preferred.
In addition, since the laser light can be absorbed by a liquid, while the piezoresistive read-

out is efficient in any liquid medium, this last read-out method was considered (as ex-
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plained also in Paragraph 2.2.1 Micro-ElectroMechanical Systems (MEMSs) for DNA Hy-
bridization Detection: Cantilever-based Arrays).

As a first approach, the detection and read-out electronics will be created in a hybrid inte-
gration structure. One chip will constitute the sensing module made by a MEMS-based
cantilever array, and another one will be represented by an Application Specific Integrated
Circuit (ASIC) able to manage and process the analog signal coming from the cantilever
array. Then, the full integration of both the sensing and read-out modules will be per-
formed in order to comply with the demand of portability of the LOC. The final LOC sys-
tems will also include a PCR chamber for the amplification of the DNA target before the
detection. The system will be integrated with Personal Digital Assistants (PDAS) and diag-
nostic software for the realization of an automated and portable diagnostic system (Figure
4.1).

Disposable LOC Non-disposable system
Graphical representation of system
components to be developed

PCR module

Analog circuitry

+ LOC bias, signal
conditioning and
control circuitry

Hcontroller-
based board

(discrete components)

LOC management,

Microfuidi detector readoutand
» DSP, data
Detection . transmission
module ASIC interface management

+ Detector switch and

Connection to PDA

readout
7y W
=k
- 5 k", - http:/ v arduino.cc
Slide-like approach for
improving b ~
functionalisation and "
handling of the p
detector '

Figure 4.1. LOC system approach.

4.1  Design of MEMS-based Cantilever Arrays

When high sensitivity is required, a proper technology is needed in order to reduce the
beam thickness to sub-micron scale [Ziegler 2004]. Since the sensitivity of microcantilever

devices operated in static mode is proportional to the beam curvature due to surface inter-
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action, selection of materials and device thickness were the major design and technical
points. As described in Chapter 2. State of the Art (Paragraph 2.2.1 Micro-
ElectroMechanical Systems (MEMSs) for DNA Hybridization Detection: Cantilever-based
Arrays), different read-out methods are available. However, for POC applications piezore-
sistive read-outs take advantage of the good sensitivity, high robustness, simple read-out
principle and easy integration for large arrays. This choice was anticipated also in the pre-
vious introduction.

Both analytical and Finite Element (FE) analysis were performed by the BioMEMS group
and focused on the evaluation of expected sensitivity and response with different techno-
logical approaches.

In Table 4.1, simulated responses to the typical concentration of 400 nM 12 bp-DNA with
single mismatch are reported for single crystal beams (thickness 340 nm Si, 200 nm SiO,:
“SOI”) with implanted resistors (100 nm junction depth), SiO, beams with single crystal
piezoresistors etched in the device layer of a SOI wafer (thickness 400 nm SiO,, 100 nm
Si: “Si0,-S0TI”), SiO, beams with poly-Si piezoresistors (thickness 400 nm SiO,, 100 nm
poly-Si, 200 nm SiO,: “SiO,-poly”) and single crystal beams (thickness 340 nm Si, 200 nm
SiOy: “SOI”) with poly-Si resistors (100 nm thickness poly-Si, with 200 nm SiO; for de-

vice passivation), “SOI-poly”.

Table 4.1. Result of analytical evaluation of performances achievable with different technologies. Pls. see the
main text for the description of the technologies.

Device type Expected sensitivity (AR/R) [M'] Response @ 400 nM [ppm]
SOl 13.7 5.5

SiO; - SOI 111 4.5

SiO; - poly 7.5 3

SOI - poly 11.7 4.7

The reported thicknesses are the result of an optimization based on analytical models in-
cluding the mechanical properties of the structures and an applied surface stress equivalent

to DNA interaction. The optimization was performed in terms of detector response for each
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technology by taking into account technical constraint and device suitability. The analyti-
cal model was developed on the basis of data extracted from [Fritz 2000] and preliminarily
compared with results described in [Mukhopadhyay 2005].

As shown, the highest response can be achieved with implanted resistors on single crystal
Si. Moreover, the optimal design of devices was considered by FE simulations. Results of
read-out sensitivity for different implants types as a function of position along the beam are
shown in Figure 4.2, reporting the n-type implant largely outperforming p-type resistors for

planar stress condition, which are the ideal conditions for long beams working in static

mode.
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Figure 4.2. Simulated response of piezoresistive element to single-base mismatch at 400 nM DNA concentra-
tion, as a function of position along the beam.

As reported in Figure 4.2, the graph demonstrates that the maximum response values can
be achieved by positioning the resistors near the microcantilevers anchorage point.

The final microcantilever structure is described in Figure 4.3. Resistors are placed near the
anchorage point of the cantilever because in that region the structure is subjected to the
highest stress. In particular, a Wheatstone bridge will be integrated. Its structure will be
based on four equal resistors: two reference resistances on the bulk, one resistance on the
reference microcantilever and one on the test microcantilever. The full Wheatstone bridge
configuration allows an increased reference potential control and larger area and pad num-

ber.
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Figure 4.3. Structure of a complete microcantilever with integrated read-out.

Silicon-On-Insulator (SOI) approach for the realization of suspended thin beam:

= SOl wafer, device layer: 340 nm thickness

= Buried oxide (BOX): 400 nm thickness

= Structure definition: dry and wet bulk micromachining
= Passivation SiO; layer: 200 nm (on beam)

=  Doping (from implant test):

Substrate doping: p ~lel7at/cm®
Piezoresistors doping: n ~8e18at/cm?®, junction depth ~75nm, R ~2k€¥/sq.

For details see A. Adami’s Thesis [Adami 2010].

4.2  Sensor Microfabrication: SOI-MEMS Cantilevers

Starting from Figure 4.3 and details listed in the previous paragraph, the proposed techno-
logical approach was based on SOI substrates, allowing an extreme reduction in beam
thickness (380 nm) - parameter that is related to the sensitivity of the overall biosensor -
and n-type implanted piezoresistors with low junction depth. Besides high sensitivity, the
SOI approach is characterized by high reproducibility. Nevertheless, in order to perform
the surface studies and to choose the optimal functionalization procedure, the read-out in-
tegration was not necessary. For this reason, the technological development was initially
focused on the realization of just the device mechanical structures without implanted resis-

tors. A technological process was developed and performed by the M. Decarli in the micro-
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fabrication laboratory of FBK. Each mechanical structure of the devices was based on
crystal Si and PECVD deposited SiO, as adhesion layer. Moreover a Au layer was added
for promoting the covalent binding of DNA probes with thiol-based chemistry (probes with
—SH as functional group).

In detail, the CMOS-compatible fabrication process started with a multilayer mask deposi-
tion on both sides of the SOI wafer (Soitec). The substrate had a 340 nm thick crystal Si
device layer, a 400 nm thick BOX layer and a 525 um thick handle layer. The lithographic
definition of the geometry of the cantilevers arrays was performed. Then, the beams were
etched through the device layer with a standard Reactive lon Etching (RIE) step, in which
the BOX layer acted as an etch stop. Since in static mode the biochemical reaction must se-
lectively occur only on one side of the cantilever, the top area was covered by a Au film
(20 nm) by employing a PECVD SiO, as adhesion layer. Moreover, an interface of Cr was
also used. In particular, the immobilization layer consisted in the e-beam evaporation of
Cr/Au (3/20 nm) on top of each beam and lift-off definition of the geometrical pattern on
the beams. Bulk micromachining was the last step of the fabrication process and the most
critical in terms of yield of the cantilevers arrays. Tetramethylammonium hydroxide
(TMAH) was employed as a wet anisotropic etchant, in order to remove Si from the handle
layer (backside). Finally, microcantilevers were released by oxygen plasma. The process
flow is depicted in Figure 4.4.

I

|

1. SoOl-Ssili On Insulat
ficon Bn insutator 4. Gold deposition

l

|

2. Etch Mask Deposition 5.  TMAH Mask Opening

|
}

3. Cantilevers definition 6. Bulk Micromachining

Figure 4.4. Simplified schematic process flow for cantilever detector array fabrication.
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In addition to favourable sensing properties of single devices, an array configuration can be
easily implemented with MEMS technologies, as shown in the SEM picture of Figure 4.5.
The obtained configuration could allow the detection of multiple species at the same time,
as well as the implementation of reference sensors to reject both physical and chemical in-
terfering signals. Repetitions necessary for statistical confirmation could be also consid-

ered.

Figure 4.5. SEM picture of fabricated devices: an array of four 380 nm thick microcantilever structures is
shown (JEOL JSM-6100, MTLab-FBK).

As it can be clearly seen, the beams are deflected upwards (~ 30 um) due to an unbalance

of the residual stresses of thin films deposited on the cantilevers.

4.3 Microcantilever Material Characterization: Gold Layer Analysis

Since the functionalization procedure and hybridization event occur exactly there, the ap-
plication under study required an optimal immobilization layer in terms of Au uniformity
and content (%). The uniformity is a key parameter governing the suitability of the SAM to
sufficiently sense the stress resulting from the hybridization reaction. On the other hand,
the Au percentage represents the amount of linkage points for the binding of thiolated
DNA probes onto Au. In fact, the immobilization efficiency is requested also in terms of
surface grafting density of the probe molecules and uniformity of coverage, which must be

high enough to generate a surface stress as large as possible. A low probe density and a bad
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coverage (for instance non uniform) would drastically decrease the sensitivity of the de-
vice.
Initially, the surface layer (Cr/Au — 3/20 nm) was characterized in terms of roughness by
means of AFM (NT-MDT Solver Pro.). Moreover, also XPS (Scienta ESCA 200 instru-
ment equipped with a hemispherical analyzer and a monochromatic Al KR-1486.6 eV-X-
ray source in transmission mode) was employed in order to better understand the chemical
composition and thus the quality for the subsequent functionalization process. For both the
analysis, macro substrates (1x1 cm?) with the following features were employed:

1. Same Si substrate used for the cantilevers microfabrication;

2. SiO; deposited by means of PECVD;

3. Evaporation of Cr/Au (3/20 nm): interface/immobilization layer respectively.

Before the analysis, the substrates were subjected to annealing (210°C, 1h, N, atmosphere)
in order to simulate the thermal treatment of real microcantilevers and oxygen plasma
(process also used to release the structures).

Figures 4.6 and 4.7 show the AFM analysis on a 15x15 pm? surface and a narrow 2x2 um?
area, respectively.

45nm

¥:15 um

x 15 ym

0,5nm

Figure 4.6. AFM analysis: (Top left) image of 15x15 um? area; (Top right) 3D representation; (Bottom)
Roughness profile, Ra= 0, 468 nm (BioSint-FBK).
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Figure 4.7. AFM analysis: (Top left) image of 2x2 um?area; (Top right) 3D representation; (Bottom) Rough-
ness profile, Ra= 0, 430 nm (BioSint-FBK).

The results demonstrate that the top layer is almost flat (Ra=0,430 nm). However, the Au
surface is not very uniform. Especially the 2x2 um? analysis shows scattered Au islands
over the surface.

Au atoms seem not to generate a uniform layer and above all Au is insufficient to allow a
suitable SAM generation.

In order to assess the chemical composition of the Au layer characterizing the cantilever
array, an XPS analysis was performed on substrates without treatments, after annealing and
after both annealing and oxygen plasma. The study was carried out at two different tilt an-
gles. The analysis at 90° corresponds to about 10 nm deepness into the layer, while the
analysis at 15° is focused on 3-4 nm of surface. This last measurement is more sensitive to
the surface composition, thus possible contaminants become important. XPS analysis con-
firmed the non-homogeneity observed by AFM. Moreover, it revealed a very low percent-
age of Au (8.6%) after the treatments, together with high levels of O and C contaminants
and evidence of Cr also on the upper surface.

In detail, as evinced from Table 4.2, also samples without treatment revealed on the sur-
face of interest (15° tilt angle) a not very high content of Au (31.6 %) and significant con-
taminations, especially of C (56.2 %). Annealing procedure decreased the Au percentage to

25.1 % and C contamination to 45.1 %, whereas it increased O contamination (from 12.2
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% to 24.1 %) and Cr release from the interface layer. The last step of oxygen plasma de-
creased once again Au until 8.6 %, and caused an increased in C contamination and Cr
presence on the surface. Moreover, as expected, oxygen plasma revealed further undesired
Au oxidation (O content 33.3%).

Table 4.2. Atomic concentration of Cr/Au film after specific microfabrication steps, as determined by XPS
surface analysis (tilt 90° and 15°), expressed in percentage (MiNALab-FBK).

Cr/Au sample (90°) and (15°) O 1s (%) C1s (%) Cr2p (%) Au 4f (%)

Without treatments (90°) 4.7 19.9 - 75.3
Without treatments (15°) 12.2 56.2 - 31.6

After annealing (90°) 15.9 17.6 3.7 62.9

After annealing (15°) 24.1 45.1 5.7 25.1

After annealing and oxygen plasma (90°)  27.3 17.3 21.8 33.6
After annealing and oxygen plasma (15°)  33.3 50.6 7.5 8.6

The surface changes after the treatments can be easily observed in the following histogram
(Figure 4.8).
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Figure 4.8. Histogram representing the atomic concentration variations of the Cr/Au film after the treatments.
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4.3.1 First Improvement: Ti (instead of Cr) as Adhesion Layer

The Au conditions revealed by XPS and AFM analysis described in the previous paragraph
were not suitable to obtain a good SAM, that means a uniform and high density probe
deposition. For this reason, another interface was evaluated, Ti instead of Cr (Table 4.3 and
Figure 4.9). Also this analysis showed that annealing and oxygen plasma caused a release
of interface layer (atoms of Cr or Ti) on the surface, even if with different percentages.
However, the substitution of Cr with Ti as adhesion layer revealed a lower Au degradation
whose final percentage value corresponded to 28.1%. Regarding the contaminations, the O
one was less invasive with respect to the previous case. Thus, for the further fabrication
process, Ti was employed as adhesion layer. However, C content was still too high and a

specific cleaning procedure was required.

Table 4.3. Atomic concentration of Ti/Au film after specific microfabrication steps, as determined by XPS
surface analysis (tilt 90° and 15°), expressed in percentage (MiNALab-FBK).

O1s C1s Ti2p Au 4f
Ti/Au sample (90°) and (15°) (%) (%) (%) (%)

Without treatments (90°) 1.5 14.7 - 83.8
Without treatments (15°) 3.8 50.6 - 45.7
After annealing (90°) 6.9 23.2 Traces 69.9
After annealing (15°) 14.3 54.4 8.8 22.5

After annealing and oxygen
9.1 20.5 Traces 70.4

plasma (90°)

After annealing and oxygen

15.5 53.5 2.9 28.1

plasma (15°)
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Figure 4.9. Histogram representing the atomic concentration variations of the Ti/Au film after the treatments.

4.3.2 Second Improvement: Ar Plasma Treatment

Standard wet chemical procedures were not compatible with microcantilevers arrays,
mainly because the piezoresistive read-out Al connections could be etched by solutions
like piranha (H2SO,4 (98%) and H,O; (30%)). In order to decrease the C contamination,
while improving the Au layer, Ar plasma treatment was chosen as cleaning procedure. Dif-
ferent treatment parameters were changed (power, duration and gas flow) to select the pro-
tocol giving the best result. The optimal conditions allowing the best surface cleaning
without surface damage were obtained by applying an Ar plasma treatment with these
characteristics: 30% flow, 15 Watt, 3 minutes. The XPS results are listed in Table 4.4.

Table 4.4. Atomic concentration of Ti/Au film after Ar plasma treatment as determined by XPS surface
analysis (tilt 90° and 15°), expressed in percentage (MiNALab-FBK).

O 1s (%) C 1s (%) Ti2p (%) Au 4f (%)
Ti/Au (90°) 9.8 16.8 traces 73.4
Ti/Au (15°) 18.7 45.5 4.1 31.7

Au percentage increased from 28.1 % to 31.7 %, whereas the C contamination decreased

from 53.5 % to 45.5 %. Ti percentage increased, as well as O content. The comparison be-
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tween the Ti/Au film analysis before and after the Ar plasma treatment is shown in Figure
4.10. The surface changes coming from the Ar plasma treatment seemed not to signifi-

cantly improve the Au content. Further treatments should be considered (Chapter 5. Con-

clusions).
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Figure 4.10. Histogram representing the comparison between the Ti/Au film before and after the Ar plasma
treatment.

4.4  Cantilever Functionalization

A consistent part of the success of bioaffinity detectors is related to the availability of
proper functionalization techniques, allowing the immobilization of high-quality SAMs of
DNA probes on the structures, especially on high-density devices. In general, bioreceptors
immobilization on the sensor surface strongly affects the quality of microcantilever analy-
sis, since it influences not only the efficiency of DNA attachment, but also the degree of

the subsequent specific or not binding. The immobilization process should:

avoid any change in the mechanical properties of the cantilever;

be uniform, in order to generate a surface stress as large as possible;

be stable and robust, with molecules covalently anchored to the surface;

allow accessibility by the target molecules.
For this reason, suitable procedures for suspended structures were investigated. The main

techniques generally used to deposit DNA probes on cantilevers consist in the ink-jet spot-
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ting and the incubation in dimension-matched glass capillaries (each one filled with a spe-
cific oligonucleotide solution) [Lang 2005] (Figure 4.11).

Figure 4.11. Deposition techniques for cantilevers: (A) coating by ink-jet spotting; (B) incubation in micro-

capillaries [Lang 2005].

Since the second system is stiff to be applied for high density arrays functionalization, the
ink-jet spotting technique was chosen. Nevertheless, a contact spotter was available. Like
the ink-jet spotting, also the mechanical microspotting method is frequently employed to
produce DNA microarrays and can deposit precise volumes of reagents in desired regions
of a substrate by performing direct contact of solid or capillary pins. A system of x, vy, z
movement guides the spot localization. Moreover, in general the coating by means of a
spotter is faster than incubation in microcapillaries (1-5 min vs. 15-30 min). It is versatile
and permits to functionalize only the upper side of the cantilever without contaminate the
other one. In addition, a spotter requires lower sample volumes with respect to the micro-
capillary-based method. Others techniques employed for DNA functionalization belong to
the class of the so called contact printing [Yu 2005].

4.4.1 Evaluation of Spotting Technique Feasibility and Microcantilever Mechanical

Resistance: Phosphate Buffer Deposition

Initially, the spotting feasibility and the mechanical resistance of microcantilevers at pin
contact had to be assessed. In order to achieve this purpose the custom BioRad VersArray

Chip Writer Pro System (Biorad) was employed at CIVEN (Coordinamento Interuniversi-
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tario Veneto per le Nanotechnologie, Venezia — Marghera) (Figure 4.12).

Figure 4.12. (Left) VersArray ChipWriter Pro Systems (Biorad) employed for technique feasibility and canti-

lever resistance assessment; (Right) Telechem pin used for the deposition.

More precisely, the spotting technique was tested on a chip consisting of 4 arrays of 4 can-
tilevers (i.e. a total of 16 beams) stuck on a typical microscopy glass (25x75 mm?) fixed in
turn in a specific position under the spotter by means of a magnet. Array geometrical pa-

rameters and photograph are shown in Figure 4.13.
4975 pm

5125 pm 2650 pm

wrg/6l]

pus pn i

wrig/lLz

wrl 0og

wr 008

100 pm 150 pm

Figure 4.13. (Top) Chip layout (4 arrays of 4 cantilevers); (Bottom left) 4 microcantilevers array layout; (Bot-

tom right) Optical microscopy photograph of the microfabricated array.
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In order to demonstrate the feasibility of the deposition method potassium phosphate
monobasic solution (KH,PO,4, 1 M, pH 3.8) was employed (Sigma-Aldrich). As frequently
described in literature [Alvarez 2004, Calleja 2005, Mukhopadhyay 2005] it is a solution
commonly used as immobilization buffer for the deposition of DNA probes, also in mi-
croarray technology. Technical difficulties were considered. Since the quality of cantilever
analysis is strongly influenced by the functionalization process, X, y, z pin directions and
volumes were optimized in order to ensure a good coverage avoiding cantilever breaking.
At first, the movement of the spotter pin and drop localization were precisely determined
adapting the parameters to the array structure reported in Figure 4.13. More precisely,
these parameters correspond to the position of the spots along the microcantilevers (x), the
distance between deposition points (y) and pin height (z) relative to more or less contact
with the cantilevers surface. For the z direction the upwards deflection of microcantilevers
(~ 30 um) was taken into account. Also the right pin contact time was established in order
to limit the breaking possibility. Regarding the spotting machine, humidity, temperature
and pin type were selected to avoid the sample evaporation, while using environmental
temperature with a small amount of reagent consumption, respectively. In Table 4.5 the set
parameters are listed. It must be noticed that the spot diameter refers to the case of deposi-

tion on a planar surface as in classic microarray development.

Table 4.5. Spotting machine setting: humidity and temperature parameters; pin type with relative drop vol-

ume and spot diameter.

Internal humidity of the spotting system ~50%
Plate temperature RT
Pin external diameter
- ~50 pm
TeleChem SMP3 Stealth quill pin
Sample total volume inside the pin 65 nl
Drop volume 0.65 nl
Spot diameter ~100 pm

(depending on the pin contact time: 0.03 sec)
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The evaluation of procedure suitability was performed by SEM investigation; a picture of
microcantilevers with KH,PO, deposition is shown in Figure 4.14. No washing step was
employed, because the aim of this study was just to find out the right deposition conditions

to cover most part of the microcantilever avoiding microcantilever breaking.

S FE Lot
188rm CHDES

Figure 4.14. SEM picture of microcantilevers after spotting of KH,PO, buffer solution (1M, pH 3.8) (JEOL
JSM-6100, MTLab-FBK).

The result revealed a clear coverage of the upper surface of each beam, which can be in-
ferred from the crystallites present along the cantilevers after the spotting procedure. An-
other key aspect was the yield of the adopted spotting procedure. Microcantilevers are
fragile structures and they can be easily broken if they are touched by the tip of the spotter.
The micrometric control on X, y, z movement allowed to obtain a 100% yield of the depo-
sition method. The best approach involved the deposition of a single drop spotted on the
non-clamped edge of each beam, allowing the coverage of the complete beam depending
on both the upwards curvature of the beams and the surface wettability, as clearly evinced

from the distribution of potassium-phosphate crystals on almost the whole top surface.
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4.4.2 Avoiding Contaminations: Fluorescein Deposition

For the application described in the introduction of this Chapter (LOC for autoimmune dis-
eases diagnostics) each cantilever should be differently functionalized from the others. As
a consequence, the biggest trouble would be the cross contamination among different DNA
solutions. This situation would make the device useless, because incapable to detect spe-
cific DNA sequences present in an unknown sample. In order to overcome this problem the
right distance between deposition points and the volume to be deposited had to be carefully
established, as pointed out also in the previous paragraph. In order to make the inspection
easier than in case of a saline buffer, a fluorescent dye was spotted: a 80 mM fluorescein
solution (in 0.05 M carbonate buffer, pH 9, Sigma-Aldrich). This deposition study was per-
formed by the BioSint group using a contact spotter available in FBK, the Biodyssey Cal-
ligrapher Spotter Machine (Biorad). It is smaller than the BioRad VersArray Chip Writer
Pro System previously used for the feasibility evaluation of the contact spotting technique,

but it has the same functional characteristics (Figure 4.15).

Figure 4.15. (Left) Biodyssey Calligrapher Spotter Machine (Biorad) employed for the deposition of fluo-
rescein solution (80 mM).

The plate was cooled (10°C) and the internal humidity of the spotting system was main-
tained at 60% in order to preserve the fluorescein sample and avoid its rapid evaporation.
Two kinds of pins were used, solid and capillary pins. The solid pin employed (MCP 310s,
310 um diameter) had the best performance. Unlike quill pins, solid pins have the drop ex-
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ternally hanged up to the tip and they deposit it also by means of a drop weak contact on
the surface. For this reason capillary pins (which require a direct pin contact to release the
drop) seem to be more invasive. However, also in case of buffer solution deposition, after a
deep procedure study any cantilever damage was observed. Like in the previous deposition
test, no washing step was carried out. Figure 4.16 shows the result. Again, the deposition
was performed on the whole microcantilevers length, by depositing only one drop. No con-

tamination and crashing of the levers were observed.

1° spot

Figure 4.16. Epifluorescence microscopy images of the fluorescein spotting procedure: each picture repre-
sents the deposition of one drop on one cantilever at a time until achieving the deposition on the whole array

without contaminations and microcantilever breaking (BioSint-FBK).

45 Conclusions

Summarizing, this research activity was focused on the detector module of a LOC for early
diagnosis of autoimmune diseases such as MS and RA. In particular, the proposed ap-

proach consisted of piezoresistive SOI-MEMS cantilever arrays operating in static mode.
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Their surface was characterized by a Au immobilization layer deposited in order to allow
the future covalent binding of specific thiolated DNA probes. The relative fabrication
process was described. Moreover, a deep surface study was performed on macro substrates
developed by following the same procedure in order to evaluate the suitability of the top
material for the further biological procedure (DNA functionalization). Since the first AFM
analysis revealed an evident Au non-uniformity, the substrates were analyzed at different
microfabrication steps by XPS. This analysis demonstrated a very low content of Au after
the microfabrication treatments (annealing and oxygen plasma) with the presence of O and
C contaminations as well as Cr release from the interface. Different technological and
cleaning solutions were chosen. More precisely, a Ti interface replaced the original one
made of Cr as adhesion layer. Moreover, an Ar plasma treatment (3 min, 15 Watt power,
30% flow) was carried out as cleaning procedure. These two modifications allowed to in-
crease the Au content from 8.6% to 31.7% and to decrease the O and C contamination with
respect to the initial samples. However, especially C contamination was still high and the
obtained maximum value of Au did not represent a good starting point for further biologi-
cal functionalization. For this reason, as future perspective, other improvements are re-
quired.

Moreover, also the feasibility of the spotting technique was demonstrated for high density
microcantilevers array functionalization by employing a typical immobilization buffer used
also in microarray technology (KH,PO,) and a fluorescent dye (fluorescein). By studying
the right spotter parameters (X, y, and z pin directions, pin type, time contact, humidity and
temperature) both the microcantilever mechanical resistance and a good surface coverage
were assessed. Moreover, no cross contamination among microcantilevers was observed

with a 100% deposition yield.
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Chapter 5

5 Conclusions

5.1 Lab-on-Cell Results Discussion and Future Perspectives

Starting from the summary reported in Paragraph 3.7 Conclusions, the results obtained by
using the Lab-on-Cell integrated platform are here discussed and interpreted in order to

suggest optimal solutions and evaluate future improvements.

5.1.1 Electroporation Protocol Optimization

During the electroporation tests protocols were optimized by investigating biological and
physical factors (Paragraph 3.5.2 Choice of the Electroporation Protocol). Regarding the
physical parameters, a single rectangular pulse (100 ps width) was always applied, while
its intensity was increased from 6 V (enough for LY transfection) to 7 V in order to allow a
significant plasmid delivery. This result demonstrated the effect of the applied voltage on
pores diameter: higher the pulse amplitude, higher the pores dimension. This conclusion
confirms the data reported by Wolf et al.: higher the electric field, higher the electroperme-
abilization [Wolf 1994]. It follows that the pulse amplitude represents a key parameter to
induce permeabilization and to control the cell surface area where electroporation occurs,
as demonstrated by the different molecular weight of the biomolecules delivered into cells.
Moreover, it must be pointed out that the pulses were applied to the electronic circuit.
However, the voltage reaching the cell membrane should be proportional to the applied
pulse amplitude, even if lower and strongly dependent on the cell adhesion strength. For
this reason, further studies (Electrochemical Impedance Spectroscopy-EIS and voltam-
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metry) should be performed in order to assess the real voltage amplitude applied to HeLa
cells. Two different conditions should be evaluated: in presence or not of HeLa cells. The
same study should be repeated also after the electroporation event providing interesting in-

sights about the adhesion status and general cell culture condition.

Since the 50% electroporation efficiency represents a preliminary result, it is difficult to
carry out a real comparison with other systems. However, it can be considered a good
achievement with respect to traditional physical methods, especially in terms of good cell
condition maintenance after the electroporation event [Mehier-Humbert 2005].

Nevertheless, considering that in case of voltages > 8 V cell detachment often occurred
(data not shown) other parameters could be changed in order to improve the electropora-
tion experiments and thus the efficiency. As future perspective, other physical and biologi-

cal factors should be taken into account: other pulse features and buffer composition.

Width, number and delay between pulses

Higher is the pulse width, lower is the voltage necessary to the pores generation, because
the permeabilization increases when the pulse duration increases too. The pulse number
improves both electroporation itself until a plateau as well as the electroporation velocity.
On the other hand, the delay between pulses should be as short as possible, because the
transfection yield decreases when the time delay between pulses increases [Wolf 1994]. In
case of macromolecules transfection, pulse duration plays a role even more important. The
relative transfection mechanism is more difficult than that involving small molecules. In
fact, small compounds can diffuse across the electroporated cells also for a certain time af-
ter the pulse application. Differently, when plasmid vectors are involved a DNA-
membrane complex is generated whose stability depends on pulse duration. In order to in-
crease the obtained 50% value of electroporation efficiency, the single rectangular pulse
applied during the experiments should be followed by a decreasing pulsed ramp of higher
duration. The first high pulse contributes to the real membrane electropermeabilization,
while the second series of lower and decreasing pulses allows the DNA-membrane stabili-
zation and the maintenance of the pores open for a certain time (sufficient for the uptake)
[Rabussay 2003].
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Pulse polarity and shape

DNA transfection significantly increases if it is performed by applying bipolar pulses. To-
gether with bipolar pulses also unipolar negative pulses could positively affect the uptake
of DNA or negatively charged molecules [Kotnik 2003]. Unlike pulse amplitude, number
and duration, the hypothetic role of the pulse shape has not been yet understood and sys-
tematically studied. However, the current research opinion considers a sinusoidal pulse less

invasive for the cell population.

Electroporation buffer composition

Electroporation technique often induces damages on cells: DNA breaking, reactive oxygen
species production, calcium level fluctuations are some of the possible consequences
which contribute to the cell survival reduction [Meldrum 1999]. By modifying the buffer
composition cell viability could be preserved. Trehalose represents an example of stable
sugar usually excluded from cell membrane which can increase the number of viable elec-

troporated cells when added to the transfectants solution [Massauer 2001].

5.1.2 Electroporation Platform Improvements: Controlled Transfectants Delivery
and Electrodes Functionalization

The improvements of the platform mainly consisting of the channel-based microfluidics
and ns-TiO, functionalization of the microelectrodes allowed the delivery of different
transfectants solutions into desired areas of the same cell population (single-site delivery)
and increased the adhesion of cells exactly where the voltage was applied. The first aspect
has satisfied the current requirement in electroporation field of having a platform able to
perform multiple tests on the same chip representing an added value for high-throughput
screening. The second one is a key parameter in electroporation of cells grown in adhesion,
as it could improve the overall transfection efficiency. Both these observations deserve to

be deepened.
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5.1.2.1 Microfluidics Module Optimization

Silica tubes and microchannels were filled with the transfectants solutions by means of a
syringe pump. This pressure-driven injection system showed a great dead volume in the

inlet channels, consequently increasing the reagents consumption.

This drawback could be reduced by providing (i) a hole for each reaction site/electrode and

(i) a dielectrophoresis (DEP)-based delivery:

(i) A p-hole in the middle of each circular electrode (instead of one hole per well)

could improve the transfectant distribution amongst electroporation sites.

(i) The physical effect called DEP [Clague 2001, Crews 2007] is the movement of par-
ticles (also not charged) in non uniform electric fields. In fact, when an electric
field is applied to a system consisting of particles suspended in a liquid, a di-
pole moment is induced, due to the electrical polarizations at the interface be-
tween the particle and the suspending liquid. This phenomenon could reduce
the transfectant volumes or more precisely the relative concentrations by mov-
ing biomolecules instead of fluids. Moreover, the proposed approach could lead
to a less invasive injection system. In order to achieve this purpose a new mi-
crofluidic structure should be studied. In this context, another research activity
carried out in these years regarding a DEP-based microdevice for microbeads
and cell separation demonstrated good performances [Morganti 2010]. The pos-
sibility to integrate a similar module, mainly consisting in InterDigitated Elec-
trodes (IDEs) arrays, with the electroporation MEA will be taken into consid-

eration.

5.1.2.2 Ns-TiO, Film Effects on the Electroporation Protocol

The bioaffinity studies reported in Chapter 3 (Paragraph 3.1.4 Materials Bioaffinity: Cell
Viability and Morphology Studies) not only confirmed the yet well known biocompatibility
of Ti [Casaletto 2001, Matsuno 2001, Brunette 2001, Armitage 2003, Carbone 2006], but
by considering the only well adherent spread phenotype, showed that ns-TiO; film in-

creased the percentage of spread cells. The cell-Ti interaction has been yet studied by
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means of gene expression profiling [Carinci 2003] and as reported in literature cluster as-
sembled TiO; shows a surface morphology that mimics the extracellular environment
[Raspanti 2006]. For this reason, the obtained results find confirmations also in literature
and suggest that this ns-material represents an ideal surface for living cells and can pro-

mote their adhesion.

The electroporation tests reported in this thesis were performed on integrated platforms
with ns-TiO, functionalized MEAs. However, preliminary results obtained from a com-
parative study between functionalized and not MEAs revealed that in presence of the ns-
material the electric pulse required to the pores opening was about 1 V lower. The voltage
decrease could represent the direct consequence of the cell adhesion increase evinced also
from the bioaffinity studies. In general, because of electrode reactions and the electric dou-
ble layer formation the electrode/solution interface is affected by an important potential
loss. Unlike bulk electroporation (characterized by a large amplitude of the total potential,
kV), in microsystems the most part of the potential applied drops across the interface (V).
For this reason, when the cell is well spread, the contact between cell and electrode is
stronger, thus reducing the electrode/solution interface and justifying the necessity of a
weaker pulse for the electropermeabilization. Unfortunately, because of a not significant
statistics, the obtained data were not reported. For this reason, the influence of nt-TiO, film
on the electroporation parameters should be deepened (considering also different film
thicknesses and the relative degree of cell adhesion -focal contacts- for example by stain-
ing with anti-Vinculin antibodies) as well as its potential role on the overall transfection
efficiency. Considering the effects of TiO, on cell adhesion, an higher transfection effi-

ciency could be expected with respect to simple matrix of electrodes.

In this context, also the DEP-based microdevice relative to the research activity anticipated
in the previous paragraph revealed a change in experimental parameters due to the pres-
ence of nt-TiO, film deposited by PMCS. Impedance measurements were carried out on
microdevices with and without TiO, coating by using the interdigitated electrodes and em-
ploying different buffer conductivities. As expected, the graphs showed a variation in the
curves slope at low frequencies. This was due to the presence of the film that changed the
interface impedance. In particular, the interface behaviour seemed to be more resistive af-
ter the film deposition, as also visible in the phase graph. Tests performed on ns-TiO,

coated microdevices confirmed the preservation of functional efficiency and DEP capabil-
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ity with both beads and cells, but their specific cross-over frequencies were significantly
reduced. These variations were probably due to the impedance change seen by the elec-
trodes after film deposition that caused a shift in the Clausius-Mossotti factor curves.
Moreover, using microdevices without the ns-film, the formation of particle aggregates
was often observed. When this situation occurred, the particle levitation was hampered.
Presumably, this was due to electrical interactions between the metal electrode surface and
the particles caused by the absence of passivation of the chip. This effect was strongly lim-
ited in presence of the ns-TiO, film and a better bead detachment was observed [Morganti
2010]. Thus, a correlation between electroporation and DEP results should be investigated
and deeply studied improving our understanding about the ns-TiO, influence on the ex-

perimental procedure in general.

5.1.3 Cell Entrapment and Internal Reference Electrodes

Since DEP represents an efficient method for molecules manipulation as well as separa-
tion, it could be integrated on the MEA module in order to provide cells entrapment on the
electrodes. The main result would be represented by a substantial increase of the probabil-
ity to have cells on the electrodes (otherwise randomly seeded on the MEA). In this per-

spective, a different MEA layout should be designed.

With respect of the employed prototypes, new devices could have a higher number of elec-
trodes (up to 300 electrodes) with improved functionalities. More precisely, with the aim
of exploiting the DEP effect a metal line could be included all around the working elec-
trodes. The same metal line may work as internal reference electrode as well. Another pos-
sibility in order to replace the external Pt electrode (optimal because of a good electric
field distribution) with an inner one is represented by the integration of a large electrode in

the electroporation chamber.

Besides the DEP-based cell entrapment, an alternative solution concerns the MEA coating
with a repulsive/toxic film except the electrodes active areas. This feature could solve also
another issue; that one observed 24 hours after the electroporation (Paragraph 3.6. Single-
Site Electroporation Results: Lucifer Yellow (LY) Uptake and Gene Expression): cell mi-

gration. In perspective of long-term experiments and in order to perform multiple transfec-
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tions over time, cells should be blocked on their relative electrodes. Nevertheless, this ap-
proach needs to be deeply studied. Since it drastically reduces the total number of cells
(able to grow only on the electrodes), the cell culture status in such environment (very far

from the in-vivo condition) should be evaluated.

5.1.4 Different Cells and New Applications

In order to evaluate the feasibility of the technique a small fluorescent dye (LY) was em-
ployed demonstrating the specificity of the transfection. Moreover, gene expression and
maintained cell viability after electroporation were assessed by transfecting pEGFP-N1
plasmid and observing cell morphology 24 hours after the electroporation. Nevertheless,
thanks to its structure, which can allow multiple in-vitro assays, this versatile integrated
platform may provide an useful tool for high-throughput screening in general and basic
biomedical research. Many other cell lines and primary cultures could be employed and
different applications achieved. Moreover, in principle, any transfectant solution could be

used.

Here few application examples (from gene analysis related applications to more general

ones, for basic research and high-throughput screenings) are listed:

- Functional genomics studies

At present, plasmidic vectors are frequently used to deliver genes into cells. They
have three main features: 1. Ori sequence directing plasmid replication in host
cells; 2. A selective dominant marker to make transfected cells easy to be distin-
guished from cells without plasmid; 3. Unique sites for the restriction enzyme
cleavage forming the polylinker region or multiple cloning site where genes of in-
terest can be enclosed. The employed GFP encoded plasmid represents a widely
used marker to follow expression dynamics and localize proteins. By adding to this
reporter gene DNA sequences with unknown function it is possible to obtain easily
identifiable chimera proteins [Naylor 1999].

77



CHAPTER 5. CONCLUSIONS

Together with gene transfection, RNA interference could improve the knowledge
about gene function by silencing procedures involving short interfering RNASs (si-
RNASs) delivered into cells [Hannon 2002].

These two mechanisms are useful also for the identification of regulative sequences

involved in gene expression control and considerable protein production.

Identification of gene expression localization

Neurons could be cultivated on Lab-on-Cell to identify were the gene expression
occurs. The system may have a great potentiality coming from the possibility to
electroporate different cell compartments with different electrodes and different

transfectant solutions.

Study of signal transmission pathways

The communications between neurons, for example, may be stimulated by deliver-
ing calcium or other second messengers, or through the expression and silencing of

genes involved in the synaptic plasticity.

Identification of gap-junction among cells

It can be assessed by observing the delivery of transfected molecules from a cell to

another one.

New particles transfection and high-throughput screenings in general:

Study of nanoparticle delivery such as Quantum Dots (QDs) and relative toxicity in

cells;
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High-throughput drug screening for pharmacological analysis and preclinical as-
sessments. In this context, multiple transfections over time could give indication

about the possible toxicity of the drug after more than one dose.

5.2 Cantilever-based Sensors Results: Discussion and Future Perspectives

Starting from the summary reported in Chapter 4 (Paragraph 4.5 Conclusions), the results
obtained by analyzing the immobilization layer surface and by spotting on microcantile-
vers are here discussed in order to suggest further solutions and biological protocols for the

real POC application of the proposed detection module.

5.2.1 Further Improvements of the Au Immobilization Layer: Cantilevers Cleaning

As previously described in Paragraph 4.3 Microcantilever Material Characterization:
Gold Layer Analysis the quality of the immobilization layer which covers the top surface
of the microcantilevers was assessed. In order to solve the problem of Au non-uniformity
and low content (8.6 %) together with O and C contaminations, technical changes and
cleaning procedure were performed. In detail, the Cr interface was replaced with a Ti adhe-
sion layer. Moreover, an Ar plasma treatment (3 min, 15 Watt power, 30 % flow) was car-
ried out as cleaning step. These two modifications allowed to increase the Au percentage
from 8.6 % to 31.7% and to decrease the O and C contaminations with respect to the initial
samples. However, especially C contamination was still high and the obtained maximum
value of Au did not represent a good starting point for further biofunctionalization. Other
steps should be evaluated, for instance the coverage and protection of the Al read-out con-
tacts followed by wet-cleaning with piranha solution (10 min) and a rinse with deionized
water. This cleaning step was adopted also by [Steel 2000, Alvarez 2004]. Nevertheless,
also the contacts “passivation” by means of epoxy resin would not be sufficient. In fact,

resin is etched by piranha too. In general, oxides are piranha-resistant materials. However,
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their deposition is not completely compatible with the necessity to create the read-out con-
nections. Thus, the microfabrication process should be better controlled. Other cleaning
procedure described in literature consist of a rinse with isopropanol, acetone, ethanol and
deionised water (DI water) [Calleja 2005], or UV-o0zone treatment for 20 min by using an
UV tip cleaner (Bioforce Laboratories) [Mukhopadhyay 2005]. In any case, the XPS sur-
face analysis should be carried out immediately after the microfabrication in order to not
leave the systems exposed to air which represents the main cause of C contamination.
Moreover, the right procedure for the array immersion in liquid will be evaluated in order

to avoid the cantilever sticking and damage.

5.2.2 Real Usage of Microcantilever Arrays for Autoimmune Diseases Diagnostics:

Biological Protocols and Procedures

The research activity relative to Chapter 4. Cantilever-based Sensors for Gene Analysis
was focused on the detection module of a LOC for early diagnosis of autoimmune diseases
such as MS and RA. In particular, the proposed approach consisted of piezoresistive SOI-
MEMS cantilever arrays operating in static mode. The suitability of the spotting technique
on simple mechanical structures (with no integrated read-out) was demonstrated (Section
4.4 Cantilever Functionalization). Thus, after further improvements of the Au immobiliza-
tion layer discussed in the previous paragraph, the proposed system could be employed for
the application in exam. In particular, this section describes all the steps involved in the
process, from the sensitive layer generation with high HLA detection ability to the DNA

target hybridization and relative device sensitivity and response evaluation.

5.2.2.1 DNA Probes Synthesis

The DNA sequences, specific for MS and RA diagnosis, identified by a genotyping
through lllumina technique [Steemers 2007] on healthy individuals and patients, will be
produced using an automated DNA synthesizer (external service, for example from M-
Medical S.r.1).
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One of their terminal ends (either 3’ or 5°) will be modified during the synthesis by adding
a linker moiety for surface immobilization. More precisely, a hexyl spacer (CH;)s linked to
a thiol functional group (-SH) will be added to one end of the HLA sequences. The thiol
group will be necessary to enable the covalent linkage between DNA probes and gold sur-
face of the microcantilevers. The choice of this modification depends on the high specific-
ity of the sulphur-gold linkage. Its free energy is so low that the desorption will occur with
very low probability. The hexyl spacer will increase the spacing between the DNA chain

and the sensor surface improving the accessibility of probes to the DNA target.

5.2.2.2 DNA Grafting Density and Hybridization Efficiency

Before performing the real microcantilever functionalization with the synthesized DNA
probes, some parameters could be evaluated also on macro substrates (like those used for
the Au layer surface analysis, Section 4.3 Microcantilever Material Characterization: Gold

Layer Analysis) to find out the best experimental condition:

- Length of the probes chain

It will be evaluated in order to be long enough to include the specific SNP relevant
for the disease, but not too much in order to avoid unwanted flattened configuration
during the following step of immaobilization [Steel 2000]. Although the best length
from the detector point of view is in general < 24-mer, the best value will need to
be experimentally tested. As reported by Castelino et al. the grafting density (num-
ber of immobilized DNA probes/surface) strictly depends on the chain length:
smaller is the length, higher will be the immobilized probes density [Castelino
2005].

- SNP position along the DNA chain

The DNA probe sequence will be chosen paying attention also to the SNP position
along the chain. In fact, it has been demonstrated that with respect to perfectly
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complementary sequences the DNA target hybridization density (number of hybrid-
ized DNA target strands/surface) gradually lower for the following cases: a single
SNP near the anchorage point of the DNA probe, a single SNP in the middle of the
chain, multiple SNPs [Castelino 2005].

Probes and DNA target concentration

The final concentration of synthesized DNA solution will be in the order of 10° M
that is the typical desired concentration for immobilization purposes. Steel et al.
demonstrated that DNA concentrations in the range of 1-10 uM are sufficient to
saturate the active gold area [Steel 2000]. In general, the same DNA target concen-
tration could be employed for the hybridization experiments in order to have 1:1
DNA probes/targets ratio. Higher DNA target concentration could increase the
DNA probes probability to be “seen” by the targets as well as the hybridization ki-
netics. Castelino et al. used 2 uM DNA target [Castelino 2005]. However, in case
of real microcantilever measurements and not only studies of hybridization density
on planar substrates, lower concentrations could be enough to generate a good
stress with high response. For instance, the detection limit was identified even at 10
nM concentration [Fritz 2000].

lonic strength of the immobilization and hybridization buffer

Higher is the ionic strength of the immobilization buffer, higher is the grafting den-
sity until 200 mM. In fact, below the 200 mM osmotic forces are dominant,
whereas above this value hydration forces become important. On the other hand,
the hybridization density increases at high salt concentration. However, large probe
densities give rise to steric and electrostatic hindrances which limit the hybridiza-
tion event. Thus, lower is the grafting density, higher is the hybridization efficiency
(fraction of surface-grafted probe ss-DNA that is hybridized by target ss-DNA or
hybridization density/surface grafting density) [Castelino 2005]. For this reason,

the right compromise must be defined.
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In order to select the best protocol a deep characterization should be performed by chang-
ing one of the above parameters at a time. At the beginning, a selective etching followed
by SEM inspection could be performed in order to rapidly assess the presence of a SAM or
not on a Au substrate [Bietsch 2004]. However, in order to qualitatively verify and charac-
terize both the DNA SAM deposition and the hybridization event, a microscope inspection
or fluorescence scanning could be performed by using fluorescently labelled DNA
probes/targets (Cy3 and Cy5 are often employed to label DNA strands), intercalating
agents, or radiolabelling technique. For example, acridine orange is a fluorescent dye
which permits to distinguish single-stranded DNA (ss-DNA) from double-stranded DNA
(ds-DNA) thanks to different Stokes shifts (the emitted fluorescence is orange-red and

green, respectively).

On the other hand, a quantitative study of the grafting and hybridization densities will be
necessary in order to optimize the experimental conditions resulting in high hybridization
efficiency. As described by Casero et al. XPS and AFM analysis could provide semiquanti-
tative information about the amount of deposited sample, its morphology, coverage infor-
mation [Casero 2003, Petrovykh 2004]. Others employed XPS and fluorescence intensity
in order to characterize mixed DNA/AIKkylthiol Monolayers on Au [Lee 2006]. However,
the best analysis for quantitative measurement of DNA sample could be obtained by dis-
placing immobilized ss-DNA probes and hybridized ds-DNA by means of 12 mM p-
mercaptoethanol treatment for 24 hours [Castelino 2005]. The obtained sample should be

then analyzed by means of:

- Spectroscopy in UV-visible (UV/vis) light: the quantitative analysis can be per-
formed by exploiting the characteristic nucleic acids absorption at the specific

wavelength of 260 nm.

- Spectrofluorimetry: by using fluorescently labelled DNA probes/targets the quanti-
tative analysis can be performed by measuring the emitted radiation (instead of ab-
sorbed light) after excitation at the specific wavelength for the adopted fluorophore.
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5.2.2.3 DNA Probes Accessibility Enhancement: MCH Incubation

DNA probes can not only bind to Au through a covalent linkage by means of their sulphur
group, but also by weak chemisorptions via multiple amine moieties [Xu 1993, Leff 1996].
Such adsorption could interfere with the next step of DNA target hybridization. For this
reason, it will be necessary to displace the weakly adsorbed DNA probes (linked trough
amine-gold and not sulphur-gold interactions) and extend the properly bound chains in or-
der to enhance their accessibility. This aspect is crucial. According to the literature that de-
scribes the preparation of SAM on Au substrate, the treatment with 6-mercapto-1-hexanol
(MCH) [Steel 2000, Wang 2002] will be taken into account. This 6-carbon chain molecule
terminates with a thiol group (-SH) on one end and with an hydroxyl group (-OH) on the
other end. Through its -SH group it displaces the weakly adsorbed molecules, while
through its -OH group, which does not interact with the oligonucleotide probes, it acts as a
spacer between them, increasing their accessibility [Levicky 1998]. A mixed DNA
probes/MCH monolayer will be generated. As described in some works about DNA detec-
tion by means of cantilevers [Alvarez 2004, Calleja 2005] the treatment could consist in 1
hour incubation with ImM MCH, introduced into the liquid cell after oligonucleotides
immobilization. Thus, the MCH treatment represents another step to be included for the
optimization of the process. The target hybridization will be performed on macro sub-
strates both with and without MCH to compare the hybridization efficiency.

5.2.2.4 Cantilever Biofunctionalization

Once carried out the cleaning procedure (Paragraph 5.2.1 Further Improvements of the Au
Immobilization Layer: Cantilevers Cleaning), each cantilever should be coated by the pre-
viously synthesized DNA probes in order to create the biologically active surface. The
spotting technique described in Chapter 4 (Paragraph 4.4 Cantilever functionalization)
will be employed. However, also reference cantilevers, without any immobilized DNA
probe, will be taken into account. The optimal concentration of DNA probes with specific
chain length, SNP position and phosphate buffer (PB) ionic strength will be employed pay-

ing attention also to incubation time and temperature suitable for the deposition. Once
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functionalized, the cantilevers array should be rinsed in order to displace aspecific bindings

and could be maintained in vacuum until the hybridization procedure.

5.2.2.5 Sensitivity and Response Estimation: DNA Target Hybridization

As described in Chapter 2. (Paragraph 2.2.1 Micro-ElectroMechanical Systems (MEMSSs)
for DNA Hybridization Detection: Cantilever-based Arrays), the hybridization event
makes the cantilever to bend due to mechanical deformation. This bending will be detected
through the piezoresisitive electric system based on the Wheatstone bridge circuit made of
four resistors. Since under mechanical stress doped monocrystalline silicon changes its
electric resistance, it will be sufficient to measure the resistance changes during the reac-
tions. The tentative specifications for the response estimation are inserted in Table 5.1.
These specifications are based on studies performed by M. Decarli et al. using MEMS-
based silicon cantilevers arrays for another application (combinatorial analysis of thin-film

materials [Decarli 2006]) and will be tested for DNA hybridization detection purpose.

Table 5.1. Bias and signal: tentative specifications

Target resistance 15 kQ per resistors
Bias 2-5V
Output signal 3-20 uv
Response time (detector) 0.5-1h
Configuration Weathstone bridge

In order to evaluate the capability of the sensor to detect hybridization events, different
types of experiments could be performed: in presence of sample containing only full com-
plementary or completely aspecific (non-complementary) ss-DNAs. Tests will be carried
out also using mixed DNA target sample (complementary and non-complementary ss-
DNAs together) in order to evaluate the noise and the interference caused by the presence

of aspecific DNA. Another important step will be to check the ability of the cantilever-
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based device to distinguish between closely related sequences different only for single nu-
cleotides (SNPs detection) by comparing the output signals coming from the two tests (in
presence or not of SNPs). It could be interesting also evaluate the sensor response lowering
the homology (increasing the number of mismatches). The signal will be measured varying
the concentration of DNA target; more precisely serial dilutions will be performed in order
to establish the sensitivity of the sensor (detection limit). A strong correlation between sig-
nal intensity and DNA concentration is expected: higher the concentration, higher should
be the signal until a saturation point. Very interesting would be also to observe if the ab-
sorption of the complementary and mismatched strands causes a tensile or compressive
stress as a function of the hybridization buffer pH. Moreover, the position of a single or
multiple SNPs along the DNA chain could be considered in order to evaluate the best con-
figuration ensuring the highest surface stress and, consequently, the highest cantilever de-
flection. Since the literature works cited in 5.2.2.3 DNA Probes Accessibility Enhance-
ment: MCH Incubation don’t give any information about an improvement of the cantilever
sensitivity after MCH treatment, but emphasize only the increased quality of the DNA
monolayer, the target hybridization with both MCH treated and not treated cantilevers

should be evaluated in terms of detection accuracy and sensitivity.

It must be pointed out that, at the beginning, the hybridization experiments will be easily
performed distributing the sample (only DNA targets suspended in hybridization PB) di-
rectly on the array by means of a pipette, or by immersion of the cantilever array in a liquid
cell containing the sample. After preliminary tests, it will be taken into consideration also
the microfluidic part to perform the sample delivering from the DNA amplification module
of the LOC to the cantilever array, studying the volumes involved: that one coming from
the u-PCR module (~9ul) and that one needed to cover the whole cantilever array (~90ul
capacity). The possibility to add PB or Saline-Sodium Citrate (SSC) buffer (as in microar-
ray technology) will be also considered, by previously filling the hybridization chamber
ensuring a complete coverage of the array. Moreover, it must be noticed that the PCR sam-
ple is more complex than short ss-DNAs in PB usually employed for preliminary sensitiv-
ity and response evaluation. Firstly, PCR products are in general ~ 60-mer long, whereas
DNA probes are shorter (~ 12-14-mer). This complication could be solved for example by
choosing the PCR primers in such a way to generate DNA targets with a free end (more
precisely, the opposite end with respect to the anchorage point of the DNA probes). In this
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manner a hybrid with a free ss-DNA (~46-mer) will be produced without interfering with
the DNA probes and allowing an efficient hybridization. Secondly, the hybridization tests
will be performed in presence of the solution coming from the PCR module which contains
milliQ H,0, PCR buffer (Tris-HCI, KCI) and besides the DNA strands, MgCl,, Taqg poly-
merase, dNTPs and primers. The signals obtained with short ss-DNAs in PB and PCR
products in the complex sample will be compared. The necessity to perform a washing step
after hybridization will be evaluated. If the cantilever bending exclusively depends on the
surface stress generated due to hybridization reaction, the washing step will be not re-

quired. A comparative study (in case of washing or not) will be carried out.

At the end it will be also evaluated how many times the same cantilever array could be re-
used. This analysis will be performed by removing the bound targets and repeating the hy-
bridization comparing each time the hybridization signals. For this purpose, after each as-
say, the regeneration of the ss-DNA surface will be carried out by applying thermal or
chemical protocols: high temperature (95°C) can denature the double-stranded DNA (ds-
DNA) in two ss-DNAs and 30% urea in H,O breaks the hydrogen bonds between comple-
mentary bases. This last method could enable the same cantilever to be reused for at least
10 times [Fritz 2000].

5.2.3 Cantilever-based Sensors Future Applications

Once overcome cleaning difficulties and optimized the experimental conditions, the pro-
posed cantilever array would become of real importance in the field of autoimmune dis-
eases diagnostics. Its new application (HLA detection) and the effort to achieve a density
up to, at least, one hundred of cantilevers represent ambitious challenges in biomedical
field. The approach would permit in-situ and fast measurements (few minutes instead of
days) starting from a low amount of sample. The expected ultra-high sensitivity of the de-
vice (which can reduce or even avoid the need of DNA amplification, simplifying the
structure of a LOC device), and the label-free detection mechanism could give a high
added value to this project. Additionally, once proved the reliability of the system, the
same technique could be extended to the diagnostics of any other disease based on genetic

mutations, by changing the ss-DNA probes of the functional layer. In general, the proposed
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system could be used by the family doctor in its office, as diagnosis test before a special-
ized visit in a hospital.
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Appendix A

1. Biological Protocols for SKOV-3 Cell Line Maintenance and Culture

1.1.

on Substrates

Cell culture solutions and reagents for cell viability assays:

Complete RPMI medium: RPMI (Sigma-Aldrich, St. Louis, MO, U.S.A.) supple-
mented with 10% heat-inactivated of Fetal Bovine Serum (FBS) (Euroclone) and
L-glutamine (200 mM) (Sigma-Aldrich, St. Louis, MO, U.S.A)).

Since antibiotics act on cell membrane, penicillin and streptomycin were not added
in order to maintain cell culture as similar as possible to the in-vivo condition, nec-

essary requirement in bioaffinity studies.

Trypsin-EDTA Solution (1:10, Sigma-Aldrich, St. Louis, MO, U.S.A.) for the dis-
sociation of adherent cells from the culture substrates.

Phosphate Buffered Saline (PBS): NaCl 137 mM, KCI 2.7 mM, Na;HPO,4 10 mM,
KH; PO4 2 mM (Sigma-Aldrich, St. Louis, MO, U.S.A.) in milliQ H,0; pH 7.4.

Dulbecco Phosphate Buffer Saline (DPBS) (Sigma-Aldrich, St. Louis, MO,
U.S.A.): PBS with added ions. It was supplemented with EDTA 1mM (MERK), the

most commonly used ion chelating agent.

Calcein AM (Molecular Probes): stock solution 1 mM in DMSO, then diluted in
PBS (final concentration 0.5 uM).
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1.2. SKOV-3 cells maintenance

SKOV-3 human ovarian carcinoma cells (American Type Culture Collection, ATCC) were
routinely maintained in complete RPMI medium (pH 7.2-7.4) in 75 cm® Tissue Culture
(TC) flasks (Corning, Inc) and incubated at 37°C in a 5% CO, environment. The exhausted
medium was renewed two-three times a week with fresh complete RPMI medium.

When the cell culture reached the confluence, the medium was removed, the cell
monolayer rinsed with PBS and detached by incubation with Trypsin-EDTA (5 min,
37°C). The enzyme was inactivated by adding fresh medium and the cell suspension centri-
fuged for 5 min at 1300 rpm and room temperature. Pellet was resuspended in fresh me-

dium and transferred in new TC flasks (1:3).

1.3.  Culture conditions for bioaffinity evaluation

Before seeding the cells on the different substrates, the monolayer was incubated with
DPBS supplemented with EDTA (1h, 37°C). This detachment procedure is slower than the
trypsin enzymatic activity, but it was preferred in order to preserve the membrane recep-
tors, desirable requirement especially in case of bioaffinity studies. Cell suspension was
centrifuged (5 min, 1300 rpm, room temperature) and the pellet was suspended in DPBS.
Then cells were directly counted by Biirker camera and finally seeded on substrates (5x10°
cells/cm?). Samples were maintained in complete RPMI medium and incubated at 37°C in

a 5% CO, environment.

2. Biological Protocols for Hela Cell Line Maintenance and Culture on

Lab-on-Cell Integrated Microsystem

2.1 Cell culture solutions:

- Complete DMEM medium: high glucose DMEM (Sigma-Aldrich, St. Louis, MO,
U.S.A.) supplemented with 10% heat-inactivated of Fetal Bovine Serum (FBS), 2
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mM L-glutamine and 100 U/mL penicillin-streptomycin (Lonza, Basel, Switzer-
land).

- Trypsin-EDTA Solution (1:10, Sigma-Aldrich, St. Louis, MO, U.S.A.) for the dis-

sociation of adherent cells from the culture substrates.

- Phosphate Buffered Saline (PBS): NaCl 137 mM, KCI 2.7 mM, Na,HPO, 10 mM,
KH; PO4 2 mM (Sigma-Aldrich, St. Louis, MO, U.S.A.) in milliQ H,0; pH 7.4.

2.2. HelLa cells maintenance and culture on chips

HelLa cells (American Type Culture Collection, ATCC) were routinely maintained in com-
plete DMEM medium (pH 7.2-7.4) in 75 cm® Tissue Culture (TC) flasks (Corning, Inc)
and incubated at 37°C in a 5% CO, environment. The exhausted medium was renewed
two-three times a week with fresh complete DMEM medium. When the cell culture
reached the confluence, the medium was removed, the cell monolayer rinsed with PBS and
detached by incubation with Trypsin-EDTA (5 min, 37°C). The enzyme was inactivated by
adding fresh medium and the cell suspension centrifuged for 5 min at 1300 rpm. Pellet was
resuspended in fresh medium and transferred in new TC flask (1:3).

Before seeding the cells on sterilized integrated platforms, the same procedure was carried
out, but also direct counting on Burker camera was performed. Cells were suspended in
fresh complete RPMI medium, directly plated on chips (5x10” cells/cm?) and incubated at

37°C in a 5% CO, environment.
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