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Summary

The here proposed work is aimed to introduce new functionalities on a
microgravimetric sensor based on suspended microchannel resonator (SMR)). In
particular, a novel label-free sensing approach is envisioned, conceiving a high-
capturing substrate (porous beads), used as mass-carrier, with 3D laser machined
SMR devices. In order to do that, a deep knowledge of their peculiar functionalities
as distinctive systems is required.

The SMRs had shown great potential in the biosensing field. In particular, the
design proposed by Manalis et. alin 2007 has been extensively applied to the study of
eukaryotic cells, ranging from the monitoring of single cell growth to the
determination of the therapeutic susceptibility. The main drawback of the actual
SMR platforms is represented by the fabrication process, which generally requires
expensive, time consuming and complex processing techniques. Moreover, only few
examples of label-free biomolecular assays based on these sensors have been presented
in the literature. These approaches generally exploit the selective functionalization of
the inner walls of the suspended channel, in order to promote the immobilization of
specific biomolecular capturing probes (.e. ssDNA, antibody or other
macromoleculesy. Unfortunately, this method shows some limitations mainly due to
the inhomogeneity of the functionalization of the channel walls and the control of

the fluid dynamic aspects to promote the binding kinetics between probe and target



molecules. Furthermore, this approach suffers of a limited reusability, due to the
difficulty to chemically clean the microsystem.

This work shows for the first time an innovative, rapid and monolithic fabrication
process to get totally transparent SMRs. The resonators have been developed entirely
in glass with a 3D microfabrication approach that simplifies and speeds up the
fabrication process. Starting from a microscope glass slide, a femtosecond laser
micromachining technique directly defines, within a single step, both the suspended
bridge resonator and the embedded microfluidic channel that are subsequently
released by a KOH etching. The mechanical characterization of these resonating
bridges showed that the mass resolution and sensitivity in air environment are
comparable to those reported in the state-of-art SMRs, while they perform better
than commercial microcapillary glass resonators.

In order to develop a label free bioassay, a new integrated approach was
investigated: the use of a mesoporous bead as high binding capturing vector was
proposed. The idea comes from the possibility to exploit the same characterization
concept used for the study of the single cell, flushing the beads inside the channel and
monitoring the mass variation due to the interaction between probe and target
molecules. Using this approach, the limitation due to the functionalization inside the
channel is avoided, thanks to the possibility to directly add specific functionalities
during the beads synthesis. At the same time, the optimization of the detection assay
can be preliminary conducted using well-known biomolecular strategies. In this
perspective, the thesis work was mainly devoted to the development of a bioassay
compatible with the integration into the SMR platform and in particular it was
mainly focused on the optimization of a DNA-DNA hybridization assay using the
mesoporous silica beads as capturing substrate.

The work started with the optimization of the strategy of synthesis to obtain micron-
size porous beads compatible with the inner channel dimension. A co-condensation
method, in acidic environment, was preferred to other synthesis strategies. In fact,

using this approach it has been possible to obtain, with high efficiency, mesoporous
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beads with difterent chemical functionalities already embedded into the porous
framework. After a careful physical-chemical characterization, the MPTMS (3-
mercaptopropyltrimethoxisilaney modified beads were chosen as preferential material
for the immobilization of the ssDNA probe. The non-specific signals, deriving from
undesired interactions between the molecules involved in the assay, represent a
crucial aspect for the future integration of the assay into the SMR platform. In fact,
this phenomenon will aftect the evaluation of the beads mass variation generating false
positive results. For this reason, the optimization of the bioassay was carried out
searching the best configuration for the non-specific signal suppression. The
optimization of the molecular recognition allows to obtain a relatively high limit of
detection (LOD), which ranges between 11 and 3 pM, thus being comparable with
well-know biomolecular tests such as the enzyme linked immunosorbent assay
(ELISA). The dynamic range and the LOD relative to the bead-based assay could be
in principle further improved with the integration of this protocol with the
quantification of the target amount directly with the SMR platform, using a label-

free approach.
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Chapter 1

Introduction

Biosensors are integrated platforms able to exploit particular sensing interface to
detect biological phenomena [1], i.e. the antigen-antibody interaction, the DNA-
DNA hybridization or even more complex mechanisms. One of the main advantages
in the usage of the biosensors is the possibility to directly monitor a specific biological
mechanism in complex matrix maintaining high sensitivity, selectivity and time
stability [2]. This is mainly due to the particular sensing interface, which characterizes
this type of sensors. The sensing interface is generally constituted of specific
bioreceptors (i.e. enzyme, antibody, microorganism...y able to interact with the
biological sample to be analyzed (Figure 1.1y. The bioreceptor is generally
immobilized or connected to the sensing system using difterent strategies, including
physical adsorption, chemical cross-linking, or selective confinement inside
dedicated trapping structures [3]. Then, the interaction between the receptor and the
analyte must be converted in a measurable signal. For this reason, a second
fundamental component of the biosensing system is the transduction module, which
allows the conversion of the biological phenomena in a quantitative or qualitative
information. Many different strategies, based on electrochemical, optical,
piezoelectric, acoustic, microgravimetric and many other methods, can be exploited
to actuate this conversion. Among the microgravimetric approaches, the
micromechanical biosensors assume a great importance in the development of label-
free sensing platforms with high mass sensitivity. The majority of mechanical

biosensors can be classified, according to the operation mechanism, into Micro or



Nanoresonators, Suspended Microchannel Resonators and Quartz Crystal

Microbalance.
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Figure 1.1 Schematic representation of a biosensor working mechanism. The most important elements that

compose a biosensor are put in evidence, like the bioreceptor binding site, the transducer module and the output

signal analyzer.

New approaches of micro and nanofabrication are increasing the use of the
mechanical resonator as powerful sensing tool [4-9]. In particular, the ability to apply
the standard wafer scale semiconductor processing techniques to the mechanical
device fabrication has enlarged the field of application of these platforms [8]. The first
typology of micrometer-sized resonator became popular with the atomic force
microscope (AFM) invention in 1986 [10]. This approach takes into account the
possibility to obtain topographic information, of micron-sized features, by raster
scanning with a miniaturized phonograph. A sharp tip mounted on a cantilever beam
was used to probe the sample surface [11,12], which bends according to the
interaction forces between the tip and the sample. The small dimensions of the
cantilever (micro or submicrony ensured a high resonance frequency, which makes
the system less sensitive to the external vibrations and guarantees a low spring
constant. With the pioneering works by Barnes et a/. and Thundat et al. in 1994,
these mechanical platforms were modified removing the sensing tip and the beam
resonator started to be used in a wide range of applications, ranging from health
science to physical-chemical research. In their work, the bimorph effect, due to a one
side gold coating on a cantilever, which normally causes severe drift problems to the

AFM set-up, was exploited to realize a very sensitive micron-size thermometer [13].



Moreover, following studies demonstrated that keeping a metal-coated cantilever at
constant temperature, small changes of humidity or the presence of vapors could be
easily detected analyzing the surface stress [14,15]. Exploiting the same concept, the
cantilever sensors have been used to online measure the formation of self-assembled
monolayer (SAM) [16], opening a new field of applications related to the monitoring
of molecular binding phenomena [17-19], thus making the cantilevers more and
more attractive as label-free sensing platforms [20,21]. One of the first innovative
work on this field was the study of the specific binding between two complementary
DNA strands [22]. The widespread use of these platforms in the biosensing field is
mainly due to the remarkable ability to detect small variations of mass or surface stress
that reveal the presence of specific biomolecular recognition events that are usually
difficult to detect. Furthermore, these intrinsic characteristics scale advantageously
with the reduction of the physical size of the resonant platform. For this reason,
considering the miniaturized dimensions ¢micro or nanoscale), the cantilevers hold
promises as portable and highly parallelized sensors [23]. These characteristics coupled
with the possibility to operate in difterent modes [24] allow to simultaneously obtain
different information linked to the variation of the cantilever mechanical properties.

The two main operational methodology are the static and dynamic mode [25].
In the former, the static deflection of the cantilever is measured and exploited to
directly measure the surface or bulk stress induced respectively by molecules or other
material deposition and by humidity or temperature changes [13,26—29]. The second
operational mode is based on the possibility to directly and quantitatively link the
resonance frequency of the resonator with its mass. Thus, if the mass changes, due for
example to a molecules layer deposition or other immobilization/absorption
phenomena [19,30], the change can be estimated by monitoring the cantilever
resonance frequency shift. This method allows to reach impressive mass sensitivity
since the minimum detectable mass variation is related to the total mass of the device.
Further improving the operating condition, like working in vacuum environment,
the dynamic mode allows to estimate mass changes in the atto to zeptogram scale (e.g.
by using nanoelectromechanical systems [31,32]).

Unfortunately, when the aim of the sensing application is the detection and the
study of biological species in their native environment, comes out one of the

predominant problem of these devices: the viscous drag damping, which drastically



affects the quality factor (Q) and the effective mass [33,34]. Consequently, the
minimum detectable frequency and the sensitivity of the device are drastically
reduced [35]. Difterent possible solutions have been proposed, such as microplates
[36], micropillars [37] and plate wave sensors [38] that are able to reduce this
limitation even if their sensitivity result to be inferior if compared to the beam based
resonators. To overcome these problems different strategies have been employed,
including the “dip and dry” approach that consists in the measurement of the
resonance frequency, in air or in vacuum, immediately after the exposure of the
resonator to the desire incubation solution followed by the drying of the cantilever
surface [39]. Unfortunately, this approach has numerous drawbacks like poor
reliability, increase of possible contaminations, unfeasibility of real-time
measurements and time consuming sample preparation. The most attractive
alternative was presented by Burg and Manalis in 2003 [40]. In their work, a new
approach to minimize the viscous drag and the damping problems associated with the
vibration of a cantilever in fluids was shown for the first time. They proposed to
overcome these phenomena confining the fluid directly inside the cantilever, leaving
the beam exterior in vacuum or in a gaseous environment. In order to do that, an
innovative design was proposed. The standard suspended resonator shape was
transformed into a suspended microchannel resonator (SMR) by empty the inner
volume of the suspended beam (Figure 1.2). Furthermore, thanks to the possibility of
vacuum packaging the whole suspended structure, the characteristic high sensitivity
was preserved [33].

Contfining the liquid inside the beams means to be able to get mass and density
information and to carry out real time biomolecular detections [24]. Furthermore,
this new design enabled not only to avoid the common problems related to the in-
fluid measurement, but also to directly track both position, velocity and growth of
new target analytes like bacteria, cells and particles. However, the fabrication process
still represents the main drawback in the implementation of these platforms for the
development of new point-of-care devices and for the large-scale integration with
pHPLC, PCR and flow cytometers [41,42]. In fact, the SMRs are currently
fabricated with challenging, time-consuming and expensive micromachining
techniques [33]7[43] that require complex multi-step microfabrication procedure for

the creation of the embedded microfluidic channel [33,44,45]. An alternative



solution would be needed to guarantee a widespread diftusion of this sensing

technology for biological and chemical detection.

Figure 1.2 Suspended microchannel resonator ay SEM images of a SMR characterized by the cantilever
shape, the dashed line highlights the channel path (rom Manalis et al. 2006y; by particular of the embedded
microfluidic channel; dy correlation between the particles position and the amplitude of the resonance peak (from
Manalis et al. 2007).

Even if the SMRs have found a wide range of application in the biosensing field,
especially in the single cell and single particle studies, the exploitation of these
platforms, as potential transduction system for the improvement of existent bioassay
@.e. biomarkers quantification, binding kinetics...y has shown limited diffusion
[46,47]. The main problem is the poor specific area of the embedded channel that
should be used as capturing surface for target molecules detection. Furthermore, to
guarantee the specific binding of the capturing molecules on the channel surface, a
functionalization process must be taken into account [46]. This approach requires to
set-up a dedicated system of functionalization steps able to guarantee a high coating
homogeneity. In order to avoid these problems, an alternative is represented by the
integration of high adsorbent surfaces into the SMR, for example by using high
porous beads as carriers. The beads can be flushed back and forth in the SMR
monitoring the mass variation. In this way, both the capturing molecules loading and
the target binding can be real-time monitored.

Moving from the 2D-based system of the channel wall [8,9] to the 3D-based

system of the beads ofters the possibility to overcome the main problems linked to
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the channel functionalization. In fact, the functionalization of the beads can be done
in batches, reducing the statistical difference of the process, and can be directly
integrated during the beads synthesis [20-22]. Furthermore, the usage of porous beads
increases the surface area available for the immobilization of the capturing molecules
[10-12], fundamental in the analysis of low volume samples containing low
concentrations target analyte [16].

Materials like mesoporous silica has been deeply studied as ideal substrate for the
synthesis of micro or nanoparticles with high surface area and high modification
degree that involve both the morphology (beads and pores dimensionsy and the
surface chemistry, which can be modulated depending on the final application [22-
24]. In the field of medical microdevices, the possibility to fully integrate a substrate
with high capturing capability, high-throughput properties and scalability, can be
considered as one of the most important requirement. The use of porous beads can
supply these needs and can be used as versatile substrate for high throughput and
label-free detection approaches.

Considering the two main constrains, which limits the SMIR diffusion as effective
bioassay platform, this thesis work was first focused on the development of a new
fabrication approach based on the femtosecond laser direct writing. In this context,
the as fabricated glass SMRs were deeply characterized from the mechanical point of
view. Furthermore, the capability of the SMR to distinguish liquids with difterent
concentration was tested and as proof of concept, the resonators were used as
microgravimetric platform for P. fluorescens counting. In the second part of the
work, the possibility to develop a new biosensing approach, based on the integration
of mesoporous beads into the SMR, was investigated. In particular, the mesoporous
silica was studied as suitable substrate for the synthesis of functionalized microbeads.
Afterwards, a protocol that takes into account the reduction of non-specific
contaminants was optimized and a bioassay based on a DNA-DNA interaction was
developed. The future integration of the two components optimized during this
thesis work, the bead-based assay and the innovative glass SMR, would increase the
potential application of these resonant platforms in the field of the biosensing

technology.



Chapter 2

Fundamentals of Micromechanical

resonator

2.1. Introduction

A mechanical resonator is a sensitive suspended structure characterized by a
specific frequency of vibration. According to the equipartition theorem, for an ideal
dosslessy vibrating mechanical structure, the kinetic energy and the potential energy
are endlessly converted at the eigenfrequency with a constant vibrational amplitude.
This phenomenon occurs at discrete vibrational modes, defined eigenmodes [48].
However, for a real mechanical structure the commutation between kinetic and
potential energy is aftected by small losses at every cycle, due for example to the
medium interaction, clamping system and other intrinsic losses. Therefore, in a real
mechanical structure the eigenfrequency is more appropriately defined resonance
frequency and it is associated to a well define resonance mode [49].

Each resonator is characterized by a singular natural resonance frequency (£ that
could change as function of the mass, force or stress variations applied to suspended
structure, making these platforms particular attractive in the sensors field. Depending
on the final purpose, the mechanical resonators could be shaped following difterent
geometries [50] like beams [51-54], strings [55], diaphragms, plates [56] or membrane
[57,58].



2.2, Resonance Frequency

Focusing the attention on the beam resonators, for a thin structure (L >> w >>
hy the behaviour of the system can be easily described by the “Euler Bernoulli Beam

Equation” [59]:

Eliz+ pA6—2Z=O a1
dx* dt?
Where E'is the Young’s modulus, /is the geometric moment of inertia, p is the
mass density and A is the cross sectional area.
The modelling of the bending behaviour can be derived under three
fundamentals kinematic assumption:
- The cross-section is infinitely rigid (own plane)

- The cross-section return plane after deformation

- The cross-section should be normal respect to the deformed axis
2.2.1. Single clamped beam

The Euler Bernoulli equation is a fourth order differential equation, therefore
four boundary conditions are needed to solve it and derive the resonance frequency
(4, of the system. If we consider a single clamped beam, as show in Figure 2.1., these
boundary conditions can be obtained bearing in mind the following assumptions: no
displacement or rotation should be shown at the fixed end of the beam, and the

bending moment or shear force should not interest the free end of the beam

Figure 2.1 Graphical representation of a single clamped beam (cantilever).

The resonance frequency can be obtain implementing the related boundary

conditions and can be defined as,
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Where £,L is the wave number, n is the operation mode, £ is the Young’s
modulus, p is the density and, ¢is the thickness of the beam.
The wave number change in function of the mode of operation and is given by,

k,L = 1.875,4.694,7.855
2.3

when n=1,2,3

_@n-Dr

> when n > 3 24

k,L

The first four flexural modes are clearly visible in Figure 2.2.; increasing the
number of modes, new nodes are added: these points of non-vibration limit the
oscillation of the structure and decrease the amplitude of the associated vibrational

mode. At each n-mode is associated -7 nodes.
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Figure 2.2 Schematics representation of the first four flexural or bending mode of a cantilever. Picture from

the “Fundamentals of nanomechanical resonator, Schimit et al. Springer 2016).



2.2.2. Double clamped beam

In the case of a doubly clamped beam (Figure 2.3y the suspended structure is fixed
at both ends, therefore the boundary condition derive from a single assumption: no

slope or displacement due to the clamp at the fixed ends

L

Figure 2.3 Graphical representation of a doubly clamped beam.

As said before for the single clamped beam, implementing the boundary
conditions it is possible to define the characteristic resonance frequency of the

structure as,

(kL) ¢ E

(2.5
2r L2 [12p(1 —v?)

fn

where k,L is the wave number, n is the operating mode, E is the Young’s
modulus, p is the density, v is the Poisson ratio and L is the length of the beam.
The wave numbers associated to the first four flexural modes, visible in Figure

2.4, are given by,

k,L = 4.7300,7.8532,10.9956 2.6

when n=1,2,3

T
k,L=2n+ 1)5 when n >3 2.7y
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Figure 2.4 Schematics representation of the first four flexural or bending mode of'a doubly clamped beam.

Picture from the “Fundamental of nanomechanical resonator, Schimit et al. Springer 2016.
2.3. Quality Factor

The quality factor () is the parameter that defines the sharpness of the resonance
peak. From the physical point of view, the Qfactor is the ratio between the amount

of energy stored and the energy lost at the resonance,

w
Q=2m 2.8
where Wand A Ware respectively, the totally energy stored and lost during one cycle
of oscillation.
In other words, the Q factor describes the damping eftect at which the resonator
undergoes: low damping result in high Q factor and vice versa. This parameter can
be calculated as the ratio between the resonance frequency and the frequency

bandwidth at -3 dB of the maximum amplitude (Figure 2.5),

__F 2.9
= N w 2

A good approximation of the @ factor can be calculated taking into account the
ratio between the resonance frequency and the full width at half maximum (FWHM),

derived from the Lorentian pick of the curve.
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Figure 2.5 Q factor and damping effect, schematic representation of the bandwidth variation (evaluated at

-3 dB) due to the damping effect.

A second method to define the Q factor of a resonator is represented by the ring

down analysis. In this case the resonator is put under vibration at his natural resonance

frequency, then switching off the drive signal the amplitude of the oscillation is

recorded while it decreases as function of time (Figure 2.6y. The ring-down response

to initial excitation is therefore used to evaluate the Q factor taking into account the

logarithmic decrement method.
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Figure 2.6 Ring-down response to an initial excitation, the exponential decrement behaviour when the

driving signal is switched oft is reported.

The decay of the resonance amplitude follows an exponential low that can be

expressed as:

(2.10,



where, £1s the resonance frequency, Q1is the quality factor, ¢is the time and 7'is the

time constant and can be used to determine the quality factor as:

Q =nfT 2.11,

Generally, high Q factor means high vibrational amplitude and sharp peak at the
resonance and both are related to precision with which it is possible to determine the
resonance frequency of a mechanical resonator. For this reason, a high Q factor is
desired for applications that require high sensitivity to distinguish small mass
variations. Many different dissipation mechanisms are involved in the definition of

the quality factor.

1 1 N 1 N 1 N 1 512
== 212
Q Qmedium champing Qintrinsic Qother

where, Qedium represent all the losses due to the interaction of the mechanical
resonator with both fluidic and ballistic medium (i.e. liquid damping and gas damping
due to the fluid presence inside and outside the mechanical structure). Qjumping stands
for all the losses generated from the physical clamping sites of the structure, and
Qinerinsic 18 @ sum of all the dissipation mechanisms that can happen within the bulk or
at the surface of the resonator. Qe describe different dissipation mechanisms that
can derive from other sources, like the electrical charge damping, due to the presence
of charges tapped on the mechanical structure, or the magnetomotive damping,
which derives from electrical dissipation in resistive element, often used for the

transduction techniques.
2.4 Frequency response to mass

The mechanical resonators are very sensitive to change of mass, temperature, and
applied force: these phenomena cause a response of the device, such as a change in
frequency or amplitude of vibration [60]. The response to mass changes can be easily
described considering the frequency of the first order of vibration, deriving from the

equation of the simple harmonic oscillator derived from the lumped-element model,
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where the resonant system is described by the mass, spring and dashpot approximation

(Figure 2.7y,

1 [k Vk - 2.13)

nT opdm” 2m

Figure 2.7 One-dimensional oscillator schematically represented taking into account the lamped-element

model. Picture from the “Fundamental of nanomechanical resonator, Schimit et al. Springer 2016.

Therefore, for small variations, the mass change and the frequency shifts are linked

by the following relationship:

A
Am ~ fn+1 fn — _z_fm (214)

o fn
where £,,;1s the frequency after the mass added and A£is amount of the shift.

This approximation is valid only in linear oscillator regime; indeed, in non-linear
condition the resonator is not able to instantaneously dissipate the energy
accumulated and the beam stiftness increase, affecting the resonance frequency.

This model shows some limitations: in this case the beam is described by a spring
with punctiform mass and dissipation. Nevertheless, introducing the effective
parameters the individual resonance of a continuous mechanical structure can be

simplified using this model,

_ 1 Jkerrn 215
=75 2.15,
T [Meffn
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where k.zand m.gare the effective spring constant and mass of a specific normal
mode. After a mass change, due for example to the deposition of a molecule with

mass equal to m’, the new resonance frequency is given by,

1 k

fTL+1 = E (m + m*)eff

(2.16y
Now it is clear that applying a change in mass, force or other physical parameters,
the frequency is simultaneously shifted to a new value. The ability to detect the

change that causes a detectable frequency shift is defined responsivity and is given by,

_ Afmerp

R
Ameff

217

If the change of the input parameter is small (Am.g the response can be
linearized. Thus, the responsivity can be described as the linear slope of the response
to the related stimulus. If we consider the sensor output (4 as function of the input

parameter (1112.4, the responsivity is given by,

d
5 — fonerr) _ _ famerp 2.18)
ameff 27neff

Furthermore, it is important to minimize the responsivity to other inputs in order
to avoid cross-response.

Considering that one of the wide applications of the resonant sensor is the
detection of small masses, it is important to establish the minimum amount of mass
(Amy,,;; that causes a detectable frequency shift (A4,,,. This parameter is called

sensitivity and can be approximated as follow,

ATnmin ~ ER_1Afmin (2' 19)

As we can see from the relation above, the minimum amount of detectable mass
is dependent on the minimum detectable frequency shift. This value is directly

affected by the frequency resolution,
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and it is linked to the noise deriving from the read-out system and the resonator
itself. Using this expression of frequency noise, it is possible to reformulate the

minimum detectable mass as

AMypin = SR S frmin 221
1
OR = — (2.22)
Zmeff

From the above relations, it is clear that the minimum detectable mass is
principally aftected by two intrinsic characteristics of the resonator: the mass itself and

the Quality factor.

2.5. Frequency noise

The frequency stability is described by the phase noise measurement of the
oscillator and it is generally defined for a set of measured values. There are numerous
methods to measure the frequency or phase noise, specifically they can be grouped in
two big characterization methods: spectral domain based or time domain based.
Focusing the attention on this last strategy, one of the approach that is typically used

is represented by the Allan deviation.

2.5.1. Allan’s deviation

The resolution and accuracy of a measurement done with a mechanical resonator,
can be limited by random fluctuation (noisey and by variation of the instrumentation
parameters (drifty [61]. In order to characterize how these parameters can affect the
system performance, it is necessary to find the best way to distinguish the difterent
types of noise and drift. Unfortunately, the usage of the standard deviation does not

allow this distinction [62]. In fact, this method is based on the variation of each
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individual measurement from the mean measured value and taking into account the
magnitudes of these phenomena, it results difficult to evaluate the overlap in time or
in spectral power density.

The Allan deviation analysis provides an eftective way to analyse the noise and
drift components. In contrast to the standard deviation, this method is based on the
measurement to measurement variation, and the data, represented in the form of log-
log plot (magnitude versus time), provides the way to identify different types of noise
and drift [48]. In our application, the Allan deviation provides a measure of the
frequency variability averaged over a time period [63] (Figure 2.8).

The Allan deviation can be described as the square root of the variance, and it is
the difterence of two successive fractional frequency, yg) and yg+7), measured

respectively at time ¢+1T and t+d+1)T and it is generally defined as:

e N 2.23
o(t) = [5((ay)?) = Z(NH);@M,T vt e

where T is the averaged time.
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Figure 2.8 Time scale of the measurement interval. Picture from the “Time domain oscillator stability

measurement, Allan variance”, Application Note Rohde&Schwarz 2015.

Using the Allan variance for a given integration time, it is possible to directly
estimate the frequency noise starting from the phase fluctuation.
The main time dependent variations are three:
- White noise and thermomechanical noise, which are directly proportional to
t'2 and generally affect the resonator behaviour during the initial time

frames;

- Flicker noise that gives a flat contribution (1) through the integration time;
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Random walk and thermal drift, which are associated with the t'/2 behaviour

and generally affect the measurement at long time frames.

Taking into account the log-log plot of the Allan deviation as a function of the sample

averaging time (Figure 2.9), the mentioned signal variations can be easily
distinguished and analysed
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Figure 2.9 Allan deviation log-log plot, the curve represent the typical behaviour of the Allan deviation as
function of the sample averaging time. Picture from the “Fundamental of nanomechanical resonator, Schimit et
al. Springer 2016.
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Chapter 3

SMR Design and Fabrication

31. Introduction

In the last decade, thanks to the pioneer works of Manalis and coworkers [64,65],
the usage of SMRs is giving a large contribution in bioanalytes characterization and
development of a new biosensing concept. Indeed, the SMRs can reach impressive
mass resolution @p to 10°" gy coupled with high throughput [66]. These
characteristics are quite suitable for the study of small variation in the mass and density
of single particle and cell [23,67]. Nevertheless, the fabrication process is generally
quite complex and based on traditional micromachining approaches [33].
Furthermore, in order to reach such high mass resolution the resonator need to be
packaged in a vacuum environment that reduces the viscous damping produced
during the vibration of the beam in air [34].

In this work, it is proposed the use of the femtosecond laser writing process that
is widely applied in the production of microfluidic lab-on-chip [68-71].

This fabrication process brings interesting advantages if applied to the SMRs
fabrication. First, the femtosecond laser writing can be exploited to highly simplity
the standard SMR fabrication, which normally needs numerous steps of bulk and
surface micromachining [33]. With this approach it is has been possible to define the
resonator geometry and the embedded channel in a single step, using a transparent
material that in principle can be amorphous or crystalline [72,73]. Using a well-

known material like fused silica [74—=76], it is possible to couple this fabrication with
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other post-processing modifications via standard micromachining, for the integration
of other component necessary for example for the transduction of the device or to
connect a microfluidic system.

The femtosecond laser patterning can be considered a “cold” process able to
reduce the generation of bulk stress related to the local heating due to the fabrication.
Furthermore, this approach enables to define the SMR geometry and the consequent

beam release working with a single material.

3.2 Femtosecond laser micromachining: physical

mechanism

The usage of femtosecond laser processing is currently attracting great interest
from the scientific community [77]. In order to understand this interest, it is
important to explain how transparent dielectric materials interact with the light, and
in particular which is the absorption processes that governs the interaction between
intense laser pulses and matter [78—80].

Commonly, if a transparent dielectric material is exposed to a continuous low
intensity illumination, the light will be transmitted, indeed these materials show an
energy gap (£y greater than the single photon energy (Avy [81]. Using a laser pulsed
illumination, the interband transition, between valence and conduction band, is
equally forbidden, if we consider the possibility that linear absorptions takes place.
However, the transition can be promoted, at high intensity, by non-linear absorption
phenomena [82] and three different processes can be involved: multiphoton (MPA),
tunneling and avalanche ionization [83,84]. For multiphoton ionization, 2 photons
are simultaneously absorbed such that the total energy (n24vy is enough to pass thought
the energy gap. The tunneling ionization can take place only if the electric field of
the laser pulse is sufficiently high to reduce the Coulomb potential energy barrier,
enabling the tunneling of an electron from the valence band to the conduction band.
Finally, the avalanche ionization occurs thanks to the presence of an electron in the
conduction band, due for example to one of the phenomena explained above or to
thermally excited impurity of defect states. When this electron absorbs energy from
multiples photons the energy increase and become greater than the band gap energy,

causing the excitation of electron from the valence to the conduction band.
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The probability that one of these non-linear absorptions occur depends on the
duration of the pulse [79]. For long pulse (pico to nanosecondsy the local peak
intensity result too low and multiphoton or tunneling ionization are forbidden even
for rather high pulse energy. In this case, the interband transition can be only
promoted by avalanche ionization if an initial “free electron” is present in the
conduction band due to impurities or dislocation. Unfortunately, their presence in
the material is subjected to large fluctuation and this mechanism results poorly
reproducible and erratic. On the other hands, using a short laser pulse (sub-pico to
femtoseconds) the peak intensity results high enough to promote multiphoton and

tunneling ionization.

Carrier excitation | | Absorption of photons
| | Avalanche ionization
Thermalization | | Carrier—carrier scattering
| | Carrier—phonon scattering
Thermal and | | Shock-wave emission
structural events N
| | Thermal diffusion
Resolidification | |
10" 10" 10-® 10®
Time (s)

Figure 3.1 Time scale of the femtosecond laser pulse/transparent material interaction. The green bars show
the typical time scale of different fundamental processes involved during the irradiation. Picture from

“Femtosecond laser micromachining in transparent materials”, Gattass et al. Nature Photonics, Vol 2 April 2018.

If the intensity exceed a certain threshold, some free electrons in the focal volume
act as “seeds” for the avalanche ionization, starting a ripple effect that increases the
number of free electrons and turns the material into strongly absorbing [81].
Furthermore, for short pulses the free electron plasma formations occur on a shorter
timescale and the energy transfer to the lattice is avoided (Figure 3.1y. Indeed, this
process requires typically few picoseconds. It is therefore clear that using the same
light but exposing the material to ultrashort pulses the interaction between the light
and the matter causes a permanent change of the material properties in a controlled
and reproducible fashion [85]. Moreover, only a small volume inside the bulk is
affected and typical problems due to long pulses [71], like microcracks, shockwave

and thermal diftusion [86,87] are avoided (Figure 3.2).
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Figure 3.2 Schematic diagram of different laser matter interaction, ay continuous wavelength laser
unfocused resulting in the transmission of the sub-band gap light, by long pulsed laser focused in the solid volume
produce an uncontrolled modification of the matter, ¢y ultrashort pulsed laser tightly focused enable the controlled

modification of the volume exposed to the laser light.

The resulting physical and chemical changes are depended on the material
properties and on the exposure parameters, like energy and pulse duration,
wavelength of the incident light and repetition rate. For example, in glass the non-
linear absorption and relative material modifications take place for intensities around
1-5x10"3 W/cm?, corresponding to a fluency of 1-5 J/cm? for 100 fs pulse duration.
The relative pulse energy needed to reach the desired fluency depends on the focusing

conditions and can range from pJs to nJs [70].
3.3. Femtosecond writing principles

Using an ultrafast laser, the modifications can be induced not only at the surface of
the transparent material, but also in the volume. With other techniques (nanosecond
UV lasery the modification start at the first contact point between the laser and the
material [71], instead for femtosecond laser the matter modification occurs only in
the beam focal volume that can be easily moved inside the transparent materials. The
modifications induced by a femtosecond laser can involve physical or chemical
properties of the material, like refractive index, optical susceptibility, chemical
susceptibility [88], crystal structure, morphology and absorption coefficient, just to

cites the most important [78,80]. Thanks to such properties, coupled with the cost
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effective process and the possibility to manipulate difterent substrate, the femtosecond
laser writing is becoming one of the most interesting techniques for a variety of new
applications. The possibility to simplify the micromachining of transparent materials
like glass [78], crystals [73] and polymer [72], using one step procedure is becoming
more and more attractive for lab-on-chip [71] and driving source for particles
accelerators.

The fabrication of 3D structures by ultrashort pulsed laser can be achieved by
two different methods. The first is commonly named “femtosecond laser-assisted
etching” [71,88]. In this case, the laser is used to induce a local modification of the
chemical resistance against specific etching reagents. After the exposure, the material
undergoes to a selective wet etching that allows to remove the exposed part. The
second method consists in the direct ablation of the glass and is commonly named
“water-assisted laser drilling” [71].

The most common procedure used for the fabrication of embedded structure in
glass is the femtosecond laser-assisted etching. The possibility to write directly inside
the glass and to remove selectively the laser-modified region is particularly suitable
for the creation of buried microfluidics [71,89], and suspended structures. After the
laser exposure, the change of chemical resistance against specific etchant reagents is
probably due to the variation of Si-O-Si bond angle under hydrostatic pressure or
compressive stress induced by the laser irradiation [70]. A second mechanism that
could explain the rising chemical susceptibility, takes into account the formation of
self-ordered nanocraks [90] whit perpendicular orientation to the laser polarization
direction. In fact, the presence of these nanocraks can explain the acceleration of the
wet-etchant diffusion inside the modified region, with the resulting etching rate
increase. Both the hypothesis are still under debate.

Even if the mechanism that regulates the behavior of the material after the laser
exposure is not yet clear, two different wet etchants can be used to remove the
modified material [88]. A solution of Hydrofluoric Acid (HF) [91] or a safer
alternative represented by the use of Potassium Hydroxide solution (KOH) [92].
Even if the etching rate, for this second etchant, is lower compared to HF solution,
it seems quite suitable for the fabrication of microchannel with aspect ratio of about

200:1 [93,94].
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The main problem due to this fabrication approach is the surface roughness after
the wet etching [70]. Compared to standard micromachining procedures, the
roughness is higher and ranges from tens of nanometers to hundreds nanometer. This
decreases drastically the usability for microfluidic application. Nevertheless, difterent
post-processing approaches have been tested to avoid this problem. Promising results
have been obtained with heat treatments, CO; laser reflow and oven annealing,

which allow to reduce the roughness down to few nanometers [71].
34. Laser writing Set—up

The femtosecond laser writing process of the glass suspended microchannel
resonators (SMRs)y was accomplish with the fully integrated 3D printer f100 Head
system. The laser used for the processing of the devices was a 1030 nm Ytterbium
laser fiber, focused with a 50X objective (NA 0.65). The writing system (Figure 3.3)
is regulated thanks to CAD-CAM software, which allows to transform the device

design, opportunely drawn in DXF or STL format, into the physical prototype.

a) Measurement
(Powermeter/autocorrelator, etc. )

Femtosecond laser \ DM

i o OL
GP: Glan prism - ””””””””
VF: Variable filter — Sample
SH: Shutter T CT T
BS: Beam splitter XYZ-Stage
DM: Dichroic mirror »
OL: Objective lens llymination :] ¢ Miror

b)

Figure 3.3 Femtosecond laser direct writing system, ay schematic configuration of a general writing system
rom He et al. 2014 do1:10.3390/s141019402), by images of the Femtoprint® writing head.

The femtosecond laser set-up is generally composed by a combination of a A/2
plate and a Glan prism that are used to adjust the laser power. A more precise tuning

of this parameter can be accomplished by variable neutral density filter. Another
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important parameter that has to be controlled during the process is the exposure time:
generally controlled by the means of a mechanical shutter. The stability of the input
laser power is monitored splitting the input beam into two. One is the reference beam
and the second split beam is send through a microscope objective and focused in a
small working area.

During the fabrication process, the laser pattern is written inside the glass moving
the sample holder thanks to high-precision XYZ stage. In order to monitor the
writing procedure a dichroic mirror and a charge-coupled device camera are used,

the writing patter results clearly visible due to the change of the refractive index.
35. SMRs design

3.5.1. Double clamped beam

The SMRs here presented is a double clamped beam with a microchannel
embedded in the bulk material. The fluidic connections are one inlet and one outlet
directly in contact with the buried microchannel, as shown in Figure 3.4. The total
length of the channel ranges between 1.8 and 2 mm, with a total volume between
565 and 628 pL, the suspended segment of the microchannel has a variable length and
volume. In fact, the bridge was design with different dimensions (length and width),
keeping constant the beam high equal to 30 um. The dimensions have been chosen
following one important constraint: the minimum diameter of interaction (d,,;) at
the laser focal point. Working with a 50X objective this value is 8 pm and imposes
the minimum channel dimension. The diameter of interaction was defined
experimentally as the sum of the modified glass spot diameter (d,,,;, observable
immediately after the writing process and the broadening (Axom) due to the KOH

etching (2 pumy

Amin = dwr + Akon 3D

The broadening is mainly caused by a border eftect due to the isotropic diffusion

of the heat out of the focal volume. Considering an high-repetition rate process the
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heat does not spread out the substrate but is confined in the proximal area, which
subsequently can undergo to KOH etching.

In principles the volume of interaction can be further optimized tuning the
energy per pulse, however this parameter influence also the efficiency of the KOH
etching after the laser exposure. It was observed that lowering the energy value below
a certain value can ensure a smaller volume of interaction but the glass modification
results inefficient in terms of KOH susceptibility. Considering this constrains and
working in the optimal condition of magnification, numerical aperture (NA) and
energy/pulse, the beam thickness limit was set at 30 um (as minimum achievabley and

the minimum channel diameter was set at 10 pm.

Figure 3.4 Schematic illustration of the glass SMRs design. ay Clamped clamped beam and embedded
channel chip, by-c) detail of the suspended bridge with a big and small-buried microchannel respectively.

The ratio between thickness, width and length has been chosen to avoid mixed
in-plane and out-of-plane modes. Five difterent lengths (250 — 450 - 500 — 700 -
750 -1000 pmy and difterent beam width (50 — 70 — 75 - 90 um) have been tested. In
order to investigate the effect of the viscous damping due to the squeezing of air under
the beam, four difterent gap conditions have been tested. For 450 pm long beam, the
gap was design 20, 100, 200 um high, and compared to gap free beam.

The liquid to solid ratio is an important parameter to increase the resonator
performance. Unfortunately, the beam height has to be keep constant but in order to
increase the liquid to solid ratio we varied the ratio between the width of the buried
channel and the beam. In particular, for 50 pym width beam the microchannel was
design with a round (10x10 umy and rectangular (10x30 pum) geometry. The same

designs were tested for 75 pm width beam, with a small variation of the dimensions
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of the rectangular geometry (10x55 pmy. The micrometric dimensions of the buried
channel are compatible with the flow through of micrometer-sized analytes, such as
particles, mammalian cells, yeasts or bacteria.

The clamping corners of the beam have been design with a rounded shape in

order to avoid residual stress after the release of the suspended structure.
3.6. SMRs fabrication procedures

The difterent SMR designs were fabricated using fused silica as substrate. This
glass was preferred to other type of glasses because of the high grade of purity that
ensure superior optical and thermal properties. In fact, compared to other transparent
materials, fused silica shows several advantages, first it is able to maintain a high optical
transparency for a broad band of wavelengths, down to the UV range, and it is
characterized by a very low fluorescence background. Furthermore, fused silica glass
is commonly used in standard microfabrication processes, like photolithography and
etching, thus enabling to couple the femtosecond writing with other processes for the
integration of electronic components or other post-process modifications. The
choice of fused silica is particularly suitable for many applications in the biosensing
field, in particular it is chemically inert (biocompatible), hydrophilic, “nonporous”,
stable in time, optically clear and it is compatible with electro-osmotic flow. From

the chemical point of view, it can be easily modified in order to increase the bio-

affinity to certain molecules or biological agents.

Laser focusing
in the bulk glass

Released SMR +

embedded microchannel
Laser exposed

region

1. Fused silica glass 2. Femtosecond laser 3. KOH wet
slide writing etching

Figure 3.5 Schematic illustration of the femtosecond laser patterning, the writing process is highlight in red

and the suspended microchannel resonator release after KOH etching is highlight in blue.
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The glass suspended microchannel resonators were realized with the
collaboration of Femtoprint®, which followed the optimization of the fabrication
parameters. The fabrication process [95] (Figure 3.5y consists on the modification of
a 0.5 mm thick fused silica substrate using a 1030 nm femtosecond pulsed laser
(Ytterbium fibery. The SMR structure and the buried channel were patterned by
moving the glass slide with respect to the focal spot of the laser, working with a single-
path transverse write method. The focal volume exposed each time to the laser was
around 523 pum?®, the minimum achievable using a 50X objective with 0.65 NA.
During the fabrication process, the usage of 50X and 20X objectives were compared
in order to understand how this can affects the final beam structure. In particular, the
use of different objective magnification was useful to investigate the minimum beam
thickness, the channel dimensions achievable and the stress induced with this
tabrication process. The 50X and 20X objective show distinct volumes of interaction
with the fused silica substrate (Figure 3.6y. In particular, working with 50X objective
means higher numerical aperture and lower field of view, which can improve the
axial resolution of the laser spot defining a spherical volume of interaction. In
contrast, the 20X shows a lower numerical aperture that means higher asymmetry of
the laser spot with lower energy density and higher spatial distribution of the volume
of interaction. These conditions, promote the formation of an elliptical spot (Figure
3.6b-c), which can show difterent dimensions as function of the energy/pulse used.
In fact, decreasing the energy it has been possible to obtain a narrow channel, but
with an extremely elongated shape (Figure 3.6by. For the 20X objective a process
with higher energy was prefer in order to limit this phenomenon and to promote the
fabrication of beam with thickness within 35 pum. Independently to the objective
used, at the focal point, the energy absorbed by non-linear mechanism changes the
local density of the fused silica, modifying the chemical susceptibility to wet etching
reagents. So that, after the exposure the patterned silica substrates were immersed in
highly concentrate KOH solution (for 8 hours): the exposed regions are dissolved
with an etching rate 200 times higher in comparison to the pristine glass. The use of
KOH brings significant advantages, compared to HF etching. In fact, this process is
less affected by three main limitations: maximum length achievable, shape and aspect
ratio of the buried channel. Indeed, KOH shows higher etching selectivity of laser

exposed glass with respect to HF etching, this results useful in order to maintain the
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channel dimensions constant along the beam length and to maintain the channel
diameter as near as possible to that of the focal point of the laser. Actually, after the
KOH etching the central part of the channel shows dimensions approximately equal
to those of the laser illumination. In fact, even if the center is the last portion reached
by the etching solution, and the openings are the parts of the channel that remain in
contact for the entire duration of the etching bath, the difference in diameter is less
than 2 pm. Exploiting the removal of the laser exposed material by KOH, it has been
possible to realize the microchannel pattering with a single laser scanning line,
avoiding the typical conical shape characteristic of HF etching procedures that
required more complex fabrication process to obtain the same result. Furthermore,
the typical length saturation, that causes the reduction of the permeability along the
beam length, was not observed for KOH etching. The etching selectivity results
independent from the etching time, making possible prolonged etching essential to
obtain long channel (2 mmy with an aspect ratio of almost 200 (between length and
widthy.

The microchannel inside the suspended beam have to be as small as possible, in
fact this influences the thickness of the beam itself, which is crucial for the device
performance. Considering that the laser spot size define the minimum diameter
achievable (10 umy, the higher selectivity shown by KOH enabled to maintain a good
tolerance between the pattern and the channel dimensions even after the wet etching

process, allowing to keep the beam walls as thinner as possible.

50X — objective (medium-high NA) 20X — objective (low NA)
a) : * | .

Figure 3.6 SEM images of the microchannel inlet, which show difterent channel shape and dimension. a)
A totally spherical channel was obtained working with a 50X objective (medium-high NA), in contrast by an
elliptical channel was obtained working with a 20X objective dow NA), varying the energy/pulse the minimum

channel diameter was modify.

Since the non-linear absorption takes place only at the focal point, the laser can
penetrate the bulk material, enabling to center the patterning of the buried channel

in the middle of the suspended structure, with a good Z-tolerance. The top surface
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of the suspended beam correspond to top surface of the fused silica wafer, this strategy
was preferred in order to conserve a “good” reflectance of the surface. This
characteristic is fundamental for the mechanical characterization that we will see in
the following chapters, was performed with an interferometric system.

The Femtroprint® fabrication process allowed to reach a resolution < 1um, a
XY tolerance of 1 um, a Z tolerance of +2 pm during the alignment and a position
accuracy of 0.5 pm. After the laser writing the treated surfaces shown a roughness <
100 nm (Figure 3.6.). Eventually, the roughness can be further diminish, below 10
nm, using a specific polishing process.

The laser condition plays a key role during the femtosecond laser processing, in
particular the spatiotemporal beam profile, polarization, repetition and scanning rate
can affect the final shape of the exposed region. Tuning these parameters, it has been
possible to obtain an almost round channel (Figure 3.7dy without re-deposition of

tused silica or not correctly exposed materials (Figure 3.7a-b-c.).

Figure 3.7 SEM images of the possible fused silica damage that can occur during the laser writing process,
ay-by fused silica re-deposition, ¢y modification of the channel surrounding and dy high roughness of the inner

walls surfaces.

Furthermore, from the SEM characterization of the SMRs, it is possible to
appreciate also the difterent channel dimensions. In Figure 3.8 are reported the
channels obtained after the laser patterning. In this case, the laser was focalized with
a 20X objective. Working in these conditions the minimum channel dimensions are

30 um cheighty and 14 um (widthy and the channel shows an almost elliptical shape.
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The laser spot dimensions defines the minimum high of the channel, but the width

can be further tuned, obtaining channel with square or rectangular shapes.

Figure 3.8 SEM images of channel inlet obtained with a 20X objective, ay-by-c) represent the three different

channel width, which were designed to evaluate the impact of the channel volume on the mechanical properties
of the SMR..

The different depth of the gap under the suspended bridge can be observed from
the SEM images below (Figure 3.9). In the following chapter, it will be deeply
describe the influence of the different beam and channel dimensions on the
mechanical properties and it will be analyze how the channel gap could influence the

vibrational motion of the suspended structure.

100 um gap

200 pm gap free gap

Figure 3.9 SEM images of the gap under the SMRs. Four different gap configuration has been (20-100-
200 um and free gap) designed to evaluate the viscous damping impact. In particular, 20 — 100 — 200 um and free
gap has been fabricated (a-b-c-d respectively).

3.7. SMRs morphological analysis

In order to evaluate the effectiveness of the fabrication process and to verify that

the embedded channel was properly buried, an interferometric reconstruction of the
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glass surface was performed. Exploiting the differential interference between the flat
and defected surfaces has been possible to detect easily the presence of holes. Indeed,
due to a non-homogeneous alignment of the laser along the Z-axis, some of the
samples could present only partial buried channel. As can be observed from the Figure
3.10, comparing the interferometric response of flat and damaged surface, the holes
present along the channel pattern show a different contrast (Figure 3.10c). This
difference is not appreciable by the images captured by the optical microscope (Figure

3.10b-d), in fact in this case the completely and partial buried channel show the same
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Figure 3.10 Morphological analysis of the SMRs, a-cy are the interferometric response for an intact and
damaged surface, respectively, b-dy optical images of the same samples were the presence of the damage is clearly

not appreciable.

A second method that has been used to evaluate these defects is the scanning
electron microscopy. From Figure 3.11 the defects are easily detectable, and the
hypothesis of a miss-alignment along the Z-axis during the fabrication process is
confirmed. Both the characterizations were performed for all the new samples
tabricated in order to understand the correlation between the fabrication parameters

and the presence of defect along the channel pattern.
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Figure 3.11 SEM images of the SMRs, ay from the picture is clearly visible the presence of some superficial

damage due to the wrong Z-alignment of the femtosecond laser during the writing process, by detail of the SMR.
and relative damage along the central part of the beam, c) detail of the channel inlet where a wrong Z-alignment

of the laser beam is clearly visible.

During the optimization of the fabrication process, this problem was almost
totally solved introducing a surface mapping. This step allowed to define a
homogeneous distribution of alignment coordinates along the wafer surface,

overcoming the non-ideal flattens of the substrate.
38. SMRs packaging

In order to perform flow through liquid measurements, the SMR chips were
integrated with a microfluidic system. A PDMS microfluidic cover, bonded to the
fused silica chip via plasma oxygen, was used as standard process for the microfluidic
integration.

The PDMS microfluidic system was designed to contain two bypass channels (50
x 50 pum)y that precisely overlap to the inlets of the channel embedded in the SMR
(Figure 3.12.y. The design contains also four cross-mark to simplify the alignment
process. The PDMS system was realized by means of a silicon mold fabricated with
standard fabrication techniques based on silicon etching (Figure 3.12a.y. A Silicon
wafer (500 pm thicky was coated with 2 ym of AZ1512 photoresist with the ACS
200 coater (Figure 3.13a.y. The photoresist was than patterned and developed
respectively with the MLA 150 laser writer and ACS 200 coating and developer
system (Figure 3.13by. The designed was scaled by 1.5% in order to compensate the
PDMS shrinkage after the polymerization.
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R.Calmo
EPFL-LMIS4-2018 FemtoSMR-DEP [ PDMS SMR

Figure 3.12 PDMS microfluidic interface, a-by silicon mold design and the detail of the PDMS fluidic (in
grey) overlap to the SMR structure (in red), ¢y SMR chip bonded to the PDMS fluidic interface.

The top silicon not protected by the photoresist was etched with the Adixen
AMS200 Deep Reactive Ion Etching (DRIE) etcher from Alcatel Micro Machining
Systems, obtaining the reverse fluidic channels (50 pm highy (Figure 3.13d). The resist
was then stripped from the watfer, and the silicon surface was silanized with
Trichloro(1H,1H,2H,2H-perfluorooctylysilane (PFOTS) (Figure 3.13f). The as
obtained Silicon mold was than utilized to prepare the PDMS microfluidic cover

(10:1 polymer/ cross-linker ratioy with a thickness of 0.5 mm.

a) Photoresist coating e) Stripping

b) Direct writer

.l_lu“lll”ll_l f) PFOTS deposition

-1

c) Photoresist development g) PDMS curing

—t—

d) Dry Si etching
h) PDMS demolding

[ g |

Figure 3.13 Silicon mold fabrication and PDMS fluidic release: the process flow, for the mold realization
consist of five difterent step that concern the photoresist coating (ay, the transterring of the fluidic pattern by laser
direct writing (by, the photoresist development (which removes the non-exposed photoresisty (c), the dry etching
of the unprotected silicon surfaces (dy, which allows to transfer the fluidic pattern on the silicon wafer and the
final photoresist stripping (e). Once the mold is fabricated, the silicon surface have to be passivated by a PFOTS
¢y deposition that is essential to ensure the PDMS de-molding after the polymerization (g-hy.
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3.8.1. PDMS bonding process

The PDMS-fused silica bonding was performed using the Oxigen Plasma activation.
The chamber pressure, RF power, and exposure time were optimized in order to
obtain the maximum strength of the bonding. The pressure in the chamber has been
varied setting the oxygen flow in the range 20-70 SCCM, with the injection valve
opened at 100% or 50%. In order to evaluate the variation of these parameters on the
bonding effectiveness, PDMS and fused silica were exposed to the same plasma
condition and a peeling test was performed. Furthermore, the PDMS surface
activation was evaluated by means of contact angle (CA) measurements as function of
the changed parameter. The drop images acquired to evaluate the CA were post-
processed with the function Drop-Snake of the software Image].

The first test for the bonding optimization concerned the tuning of the chamber
pressure, ranging from 171 mTorr to 528 mTorr. The RF power and the time of
exposure were respectively fixed at 20 W and 30 sec. The average contact angles as
function of the chamber pressure are reported in Figure 3.14. Considering the values
and the associated standard deviations (each measurement was repeated six times)
there is no remarkable variation due to the pressure change, nevertheless 364 mTorr

was selected as the optimal condition for the next optimization test.

‘] }} :

34 364 mTorr
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Figure 3.14 Chamber pressure optimization. The best condition (red doty was selected evaluating the
variation of the water contact angle as function of chamber pressure, keeping constant the RF power and the

exposure time.

In the second set of measurements was analyzed the influence of the RF power
variation in the range of 20-60 W. The chamber pressure and exposure time were

kept constant (364 mTorr and 30 sec). In Figure 3.15 is reported the contact angle
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distribution as function of the RF power, as expected for high power level the contact
angle increase. For RF power superior than 20 W the ion bombardment is slightly
reducing the surface activation. However, the values remain below 10° that is the

threshold to evaluate the effectiveness of the process.
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Figure 3.15 RF power optimization. The best condition (red dot) was selected evaluating the variation of
the water contact angle as function of power applied, keeping constant the chamber pressure and the exposure

time.

The last set of optimization concerned the exposure time (from 10 to 60 sec), the
best result for RF power and chamber pressure deriving from the previous sets of
optimization were used as fixed parameters. From the Figure 3.16 it is possible to
notice that for exposure time higher than 10 sec the contact angle decrease under 10°,
with an apparent minimum at 40 sec. Afterwards, a peeling test was performed, the
bond strength for the different exposure time was considered effective, except for 10

SeC exposure.

Contact angle (deg)

10 20 30 40 50 60
Exposure time (s)

Figure 3.16 Exposure time optimization. The best condition (red doty was selected evaluating the variation

of the water contact angle as function of exposure time, keeping constant the RF power and the chamber pressure.
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The optimized values of chamber pressure, RF power and exposure time were
used to perform an aging test (Figure 3.17). The contact angle as function of time
shows a logarithmic growth that gradually stabilizes to the value of 55°. For times
above 5 minutes, the contact angle increases over 10° and the surface activation
effectiveness start to decrease. Nevertheless, 5 minutes is a duration time long enough
to perform correctly the alignment procedure between the PDMS cover and the

fused silica resonator chip.
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Figure 3.17 Aging test. The PDMS surface, activated with the best exposure parameters (RF power,
chamber pressure and exposure time), were aged for different time in order to evaluate the strength of the PDMS-

glass bonding even if the contact between the two material takes place after a variable amount of time.
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Chapter 4

Mechanical characterization and

validation

4.1. Introduction

In order to deeply characterize the mechanical properties and the operating
conditions of the glass SMRs, two difterent systems were used: a Laser Doppler
Vibrometer and a lock-in/Phase-Locked Loop (PLLy analyser. The first system was
used to measure the resonance frequency spectrum of each SMR and to analyse the
frequency response due to the filling of the channel with different liquids. The Lock-
in/PLL amplifier was used to analyse the output signal, thanks to the possibility to
perform a sweep and the direct monitoring of the frequency oscillation over time. In
this case, the optical system and the output signal are managed by the Laser Doppler
Vibrometer. Furthermore, the two systems were used to analyse in two different way
the Q factor of the difterent SMRs. In particular, the Lock-in/PLL analyser was used

for the ring-down measurements.
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4.2 Measurement Set—up

4.2 1.Laser Doppler Vibrometer

The Vibrometer system was used to control both the actuation and detection
system for the SMR analysis. The laser Doppler Vibrometer used in this work was a
Micro-System-Analyser MSA500 from Polytec (Figure 4.1ay. The working principle
of the integrated detection system is based on optical interference: the laser beam
emitted from a source is split in two coherent beams with respective intensity I, and
I, (Figure 4.1by. The first is used as probe of the sample vibration and the second as
reference beam. The total intensity of the beams is modulated taking into account the

“interference” term:

ItOt = 11 + 12 + 21/ (1112)C05[2T[(T1 - rz)/l] (41)

where r; and ry are respectively the optical path of the reference and working beam.
When the sample vibrates, the frequency of reflected beam shifts depending on the
moving velocity of the sample, according to the Doppler effect. The frequency

variation can be described according to the formula:
Afp =2-v/A “4.2)

where vis the object’s velocity and A is the wave length of the incident beam.

Laser m
E E [~ Mirror
$2 7
@
Bragg
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3£ L |4l l ' Detector
o Beam
Lens Splitter
[ e -+ Sample m
—

=+ Piezo disc

— Vacuum
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Figure 4.1 Laser Doppler Vibrometer: experimental set-up. ay The head of the Laser Doppler Vibrometer
and the vacuum chamber used for the mechanical characterization of the SMRs; by schematic representation of

the interferometric system; ¢y schematic representation of the vacuum chamber and the external actuation system.
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The reference beam follows an optical path constant over time (r, = constanty,
eventual thermal effects are negligible. On the contrary the vibration of the sample
makes the path of the probe beam variable as function of time, rj=r¢ty. The
interference between the two beams generate a light/dark pattern varying in time that
reach the detector. The generated interferometer pattern is then converted by the
detector in a voltage signal proportional to the velocity of the sample.

The Micro-System-Analyser integrates a signal generator for the actuation of the
piezo disc, used to put in vibration the samples fixed on top of it by means of a
conductive tape. The piezo disc is inserted in a vacuum chamber, which can be
evacuated by a membrane and a turbomolecular pumps (MINI-Task System, Varian

Inc. Vacuum Technologiesy up to a vacuum level of 2:107 mbar. (Figure 4.1c).
4.2.2. Lock-in and PLL

The measurement of the frequency stability and ring-down analysis were
performed using a HF2LI/PLL system (Figure 4.2y, purchased from Zurich
Instrument. The lock-in analyser was used to directly actuate the piezo disc and to
collect the output signal from the Vibrometer system.

o Input channel 1
1, et

P
I” m
- - (. -

-

Phase PiC
Detector Controller

Phase PID =
Fctonssnswinnezs o | -

Figure 4.2 Schematic representation of the Lock-in and Phase-Lock-Loop system, image from the Zurich

instrument website HF2LI/PLL systemy.

The lock-1in allowed to perform a frequency sweep and to measure the amplitude
and phase of the vibration of the sample as function of the frequency. The resonance
frequency can be easily isolated thanks to the amplification respect other frequency
components. This amplification is possible through a dual-phase demodulation. The
Phase-locked loop component results particular important to perform the frequency
tracking in a very short period of time. The PLL uses the phase difference between

two signals to control the frequency of the loop. The typical PLL configuration is
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characterized by a frequency generator from which an output signal is generated and
subsequently splitted in two arms. The measurement arm is used to analyse the
mechanical platform under study and depending on the device solicitation (change of
strain, mass, etc..) can undergo a phase shift. The reference arm 1s used to set the phase
to a specific set point and when compared with the measurement arm allows to
estimate the difference between the signals. This difference is than used as input to

the loop gain element and to calculate the shift from the frequency output.
4.3. Frequency characterization

The mechanical properties of the different SMRs were characterized by means
of the Laser Doppler Vibrometer. In order to understand the behaviour of the glass
SMRs, a vibrational spectrum was recorded up to 5 MHz comparing the observable
resonance modes in air and in vacuum. The limit of 5 MHz was chosen as
measurement range, but can be in principle extended in order to investigate higher
resonance modes. Nevertheless, the high frequency resonance modes show a limited
signal amplitude, which results hardly discernible form the background noise for in
air measurement. In Figure 4.3 are reported the vibration spectra for the 500 L x 75
W x 30 H um SMR with an embedded channel of approximately 10 x 10 pm,
fabricated using a 50X objective. As expected, the resonance peaks are sharper and
the noise floor is reduced when the mechanical characterization was performed in
vacuum compared to those in air. The resonance frequency and the quality factors,
associated to the different vibrational modes, are reported for each of the investigated
modes. In Figure 4.3 the variation of the Q factor between air and vacuum
measurements is also clearly visible. The Q factor was calculated taking in to account
the ratio between the resonance frequency and the frequency bandwidth at -3dB,
both computed by a Lorentz fit that is reported for each frequency peak (blue fitting
curvey. The frequency characterization (up to 5 MHzy enabled the visualization of
four flexural and two torsional modes. For each of them the graphical reconstruction
of the vibrational mode is reported (Figure 4.3y, which was obtained from the direct
analysis of a scan-grid measurement. In fact, this approach allowed to obtain the
frequency spectrum from different scan-points along the resonant structure, creating
a map of the vibrational behaviour of the whole SMR. This measurement allows to

easily associate each resonance peak with the correspondent vibrational mode.
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Figure 4.3 Example of a mechanical characterization of an SMR.. Six different resonance modes for air (red

liney and vacuum (grey liney measurement are reported, each of them is associat

reconstruction.
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For all the fabricated SMRs (showing different dimensions) at least the first vibrational
mode has been recorded and analysed. The corresponding resonance values,

dimensions and mass are reported in Appendix B.

4.4, Quality factor characterization

In order to better understand the influence of the dimensions of the SMR, the Q
factors of the different samples were analysed and compared. In particular, it is
important to remember that the change in the magnification of the objective, used
for the SMR fabrication, can affect the minimum thickness of the beam and the
minimum dimension of the channel. For this reason, the distribution of the Q factor
was analysed as function of both the beam dimension and the empty volume ratio
(V/Vyp = volume channel/volume beam.

20X obj --> 45 um thickness - 0.16 Vc/Vb
50X obj --> 30 pum thickness - 0.09 Vc/Vb

_ -ll-- 20X objective_Air
3000 --- 20X objective_Vacuum
) A A% - WF-- 50X objective_Air
2500 - / Tt--._ -'W-50Xobjective_Vacuum
5 2000-
3] / -
8 /! v
o 15004
10004 /
W R e
500+ "/‘ _‘___7=:__i_»-—i'ft:l
| -
0 T ‘

450 500 550 600 650 700 750
Length (um)

Figure 4.4 Q factor variation as function of the SMR length. Q factor values associated to different SMR
length, the 20X and 50X-based fabrication are compared. Each SMR was characterized in air and in vacuum

environment in order to evaluate the Q factor variation as function of the surrounding media.

In Figure 4.4 it is possible to observe the Q factors distribution as a function of the
length of the beams fabricated with the two difterent objectives. From a first analysis,
it seems that for the SMRs fabricated with the 20X objective, the Q factor is smaller
than the one fabricated with the 50X objective. In fact, two different phenomena

occur using high magnification objective: the reduction of the minimum beam

thickness achievable and a different induced strain contribution. These can partially
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contribute to the enhancement of the Q factor for the samples fabricated with the
50X objective respect the ones fabricated with the 20X objective.

Considering the possibility to obtain difterent embedded channel dimensions a
second analysis of the Q factor variation was taken into account. From the graphs in
Figure 4.5 it 1s possible to observe the Q factor variations as function of the beam
length, with a variable V¢/Vb ratio. Comparing beams with the same dimensions, but
with different Vc/Vb ratio, the channel dimension seems to affect the Q factor,
especially for the 450 pm long SMRss (Figure 4.5a). In this case, the SMRs that exhibit
a higher V¢/Vb ratio show also the highest Q factor. The relative variation of this
parameter, between air and vacuum characterization, seems to be higher for the 450
um long and 75 ym wide SMRs (Figure 4.5ay. This trend results completely inverted
observing the Q factor for the 45 um wide beam (Figure 4.5b), where the highest
increment was shown from the 750 um long beam. The overall Q factors variation
@ir to vacuumy seem to be less marked if compared to the variation observed for the

SMRs fabricated by the 50X objective (Figure 4.4y.
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Figure 4.5 Evaluation of the width impact on the Q factor. SMRss with same length and thickness, but with
different width, have been characterized in air and in vacuum and compared; a-by in the graph the Q factor for
75 and 50 pm wide SMRs are reported, respectively; for each device is specified the ratio between the channel
and the bulk volume (Vc/Vb.

From a general point of view, the major influence over the Q factor variation seems
to be directly linked to the objective used for the fabrication and thus to the Vc/Vb

ratio and thickness of the beam that can be obtained. Furthermore, the thickness
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seems to aftect in a minor way the variation of this parameter, even if the Vc/Vb trend
as a function of the beam length results to be not completely clear.

A second element that could influence the performance of the SMR is the dimension
of the gap under the beam, which can be a source of squeeze damping. Four difterent
gap were designed, 20 uym — 100 um — 200 um and free gap (hole-throughy. The
influence of the gap height was analysed evaluating the Q factor and trying to
understand if a small gap can contribute negatively, increasing the squeeze damping
and thus reducing the Q value.

As it is possible to observe from the Table 4.1, for each gap condition the Q factor
values were analysed. In order to better understand the influence of this parameter,
the Q factor was computed for both in air and in vacuum measurements and for two
difterent SMR designs (450L x 50W x 45H and 450L x 75W x 45H). The Q factors

vary between 200 and 350, but no clear correlation between the gap depth was found.

Sample
(beam width — gap config.)

Q factor
A

Q factor

(Vacuum)

50-20 umy 285.34 + 17.60 403.62 + 30.21
50-100 qum) 329.64 £19.25 32239 + 14,44
50-200 qum) 254.23 £+ 45.88 293.52 £ 32.15
50-free gap 224.68 £ 37.67 32422 +1.49
75-20 qum) 199.13 + 18.75 272.32 £+ 7.06
75-100 qum) 373.98 £+ 13.07 360.68 +7.93
75-200 qum) 298.69 + 5.88 270.08 £ 1.00
75-free gap 161.75 + 40.35 203.91 £+ 16.42

Table 4.1 Q factor variation as function of the gap configuration, tested for two beam classes

characterized by different width: 50 pm and 75 pm.

The variation of the SMR width (50 and 75 umy seems to affect partially the
overall behaviour of the Q factor. In both cases, the Q factor fluctuations are not
completely proportional to the gap height. Observing the experimental data it has
been hypothesized that the main contribution to the Q value is probably due to some
tabrication defects (i.e. induced stressy or to the clamping losses phenomenon (also
considering the results obtained from the vacuum characterizationy. As stated in
Chapter 2, the Q factor is the sum of different energy dissipation contributions that
can derive from the interaction with the surrounding medium (liquid or gas), from
the clamping of the beam to the substrate or from the intrinsic mechanisms of
dissipation (i.e. material friction, thermoelastic losses or phonon-phonon interaction

losses).
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For the analysed SMRs, the medium-interaction losses can be approximated
taking into account the gas environment contribution, where the dominant damping
mechanisms can be describe by the pure fluidic regime. This assumption it has been

confirmed by the evaluation Knudsen number (K,

K, =— @1

where Aris the mean free path length of the gas and Z,represents the significant
length scale of the mechanical structure. Two of the most common damping sources
have been considered: the squeezed-film dampingand the drag—force damping. The
first contribution describe how the proximity of the suspended beam to the
underlying substrate can aftect its vibration and the quality factor (Q,. In particular,
the gas molecules trapped in this physical space can act as damping source, reducing
the final Q of the resonator. On the contrary, when the beam is sufficiently far away
from the substrate, the source of damping is represented by the collisions of the
surroundings gas molecules with the beam surfaces, drag-force damping (Q,. The
length scale (L, is set equal to the gap depth (20-200 pmy for the squeezed-film
damping, and equal to the beam width for the drag-force damping. Considering the
air at atmospheric pressure, the A~ 70 nm and subsequently K, < 1, confirming as
dominant bending mechanism the fluidic regime. In this perspective, the two

bending contribution can be describe as follow

= phdg “.2y
s ,UWZ
pwh

Q4 = _8,u 4.3

where Q;and Qg are respectively the approximation of the quality factor due to
the squeezed-film and drag-force damping, which have a dependency on the density
(P), Viscosity (W), beam thickness (hy, beam width (w), gap depth (dy and to the angular
frequency (w). As it is possible to observe from Table 4.2, these damping forces
produce a small impact on the final Q. For the SMR with a gap of 20 um
dndependently from the beam widthy the squeezed-film damping shows a higher
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contribution respect to the drag-force damping. In this case, it is evident how a gap
height of 20 pum is probably the limit above which the gas damping is mainly
governed by the drag-force contribution instead of the squeezed-film. In order to
define the damping components with higher impact on the Q, the contribution of
the clamping was evaluate. The attachment loss is mainly caused by dissipation of
vibrational energy through the anchor point between the resonator and the substrate.

The vibration of the beam, at frequency £ produces a shear wave with wavelength

Ap = @4

CS
f

where ¢ is the speed of the shear waves propagating through the solids
(dependent on the Young’s modulus and on the density of the substrate). If the
substrate thickness (A, is small compared to the shear wavelength, but still greater

than the thickness of the beam (41, the clamping-loss factor can be describe as

w h?

7T 4.5
L h? R

QL =4

where A is a weak function of Poisson’s ratio and is equal to 3.40 if a double
clamped beam geometry is considered. Observing the results obtained for the
different beam dimensions analyzed (Table 4.2y, the clamping factor seems to
drastically aftect the final Q value. The last contributions that needs to be evaluated
are the intrinsic losses, focusing the attention on material friction (Qgcrion) and
thermoelastic losses (Qzgp). For the first contribution, the dissipation factor (1) can

be parametrized in terms of loss tangent (¢an §) as function of the Young’s modulus

n =tand = Q]?rliction (4-6)

For the fused silica the dissipation factor is comprise between 0.9 and 1-10-> and
the contribution of the material friction to the final Q results comparable to that of
the gas damping for the 20 pm gap. The second contribution due to the intrinsic
losses is represented by the thermoelastic effect. In this case, the dissipation is due to

the thermal relaxation phenomena and in particular to the presence of spatial area
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with difterent strain-induced temperature. The contribution of this mechanism to

the final Q can be modelled following the Zener’s approach as Debye peaks

Qrip = A

T =

wT
1+ (wr)?

Ea’T,

pcy

h?pc,
w2k

A7y

4.8y

4.9

where A and T are respectively the relaxation strength and the relaxation time.

As it possible to observe from the equation above, the fundamental loss contribution

(Qy 1s strongly dependent on Young’s modulus (£), coefficient of thermal expansion

(@), temperature ( 77, density of the beam material (p), thermal conductivity (&) and

specific heat (¢,). The Qzgprepresents for the reported resonators (Table 4.2y the less

affecting contribution in terms of final Q, which seems strongly dominated by the

clamping losses. Furthermore, the 20 um gap samples show an higher impact of the

squeezed-film damping compared to the drug-force damping. In fact, these are the

only SMRs, which show a gap with lower depth compared to the width of the beam.

This seems to partially contribute (0.50 —0.85 %) to the lowering of the final Q factor.

SMR
Qs Qu Q/Qq Qe Qrep Qhinal

(W-dp
50-20 qum) 103105 202105 051 54022 3.1810°  533.12
50-100umy 132107 20610° 6400 54022 32410° 53589
50-200my  1.0910°  21310° 51200 54022  336:10° 53596
75-20 qumy 41710 27510° 015 36014 28910° 35533
75-100qumy  58810° 31010 1894 36015  32510° 35841
75-200qmy 466107 307105 15170 360.14  32210° 35843

Table 4.2 Dissipation energy contributions to the final quality factor.

4.5.

Responsivity

A preliminary frequency characterization has been used for the determination of the

responsivity for each resonant structure. The first mode resonance frequency

distribution has been analysed and it is displayed in Figure 4.7a. Taking into account
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SMRs with same nominal dimensions dength, width, thickness and channel
configurationy, the first mode resonance frequency results to be distributed in a
relatively narrow range (5.30 and 6.55 %) of values for the beams with length equal
to 450 pm and 500 um. Increasing the length of the SMR, the resonance frequency
range seems to be slightly enlarged. This phenomenon can be due to a higher
variability of the channel dimensions. Increasing the length of the SMR, the KOH
diffusion inside the embedded channel is slowed down, and in some cases it results in
a not homogeneous diameter of the central part of the channel and thus in an overall

variation of the resonator mass.
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Figure 4.6 Glass SMR resonance distribution and responsivity. ay The distribution of the first resonance
frequency, associated to three different SMR length configurations (450 — 500 — 750 pmy, is reported. by The

responsivity associated to different SMRGs is reported as function of their mass.

Thanks to the accurate characterization of the first resonance mode (/) and to the
estimation of the resonator mass, the responsivity (R) of each SMR was computed.
Considering the results displayed in the Figure 4.6b the responsivity distribution, the
resonator with the best performance was selected. It is possible to observe that the

responsivity varies between 15 to 539 Hz/ng for the SMIR | the best result is associated
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with the smaller beam length and the bigger channel volume. A detailed list of the

SMRss responsivity is reported in Appendix B.
4.6. Allan deviation analysis

In order to evaluate the noise and the frequency stability affecting the resolution
and the accuracy of the measurement done with this new class of mechanical
resonator, an Allan’s deviation analysis was performed. The behaviour of each SMR
was recorded in air and the results for different designs obtained from 50X and 20X
objective-based fabrication were compared. In Table 4.2 it is possible to observe the
Allan’s deviation values (g7) for each SMR and the relative mass resolution that can
be obtained as product of the 1/ and frequency resolution (£)‘or). The data for each

resonator are reported in the Appendix B.

1 Allan’s .
length channel ¢hy  channel (w) mass mass resolution
MHz)  Dev. 0.~

Hm Hm Hm) HS ppmy =
450x50x45 32.17 14.69 1.76 1.18 0.33 1.16
450x50x45 31.28 34.96 1.15 1.23 0.32 0.74
450x75x45 32.17 14.69 2.88 1.22 0.43 2.48
450x75x45 30.55 59.04 1.56 0.98 0.19 0.59
500x50x45 32.17 14.69 1.96 0.85 1.17 4.59
500x50x45 32.17 14.69 1.96 0.41 1.12 4.39
500x50x45 31.28 34.96 1.27 1.01 1.64 4.17
500x75x45 32.17 14.69 3.20 0.89 1.21 7.74
750x50x45 32.17 14.69 2.94 1.23 0.19 1.12
750x50x45 32.17 14.69 2.94 1.01 0.42 2.47
750x50x45 31.28 34.96 1.91 0.89 0.30 1.15
750x75x45 30.55 59.04 2.60 1.19 1.22 6.34
750x75x45 32.17 14.69 4.80 0.83 0.58 5.57
750x70x30 8 7.5 3.16 0.21 0.02 0.13
500x75x30 8 7.5 2.27 0.37 0.03 0.14
700x75x30 8 7.5 3.41 0.25 0.02 0.14
700x80x30 8 7.5 3.87 0.43 0.01 0.08
700x80x30 8 7.5 3.87 0.42 0.02 0.15

Table 4.3 Allan’s Deviation and mass resolution values. Allan’s deviation values for different SMRs design
obtained from the 20X-based fabrication method (first section of the tabley and from the 50X-based fabrication
method (second section of the tabley. The mass resolution values (obtained from the mass and the Allan’s deviation
of each SMR, are also listed in the table.
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The SMRs fabricated using the 50X objective show the smallest frequency
fluctuations and consequently the highest mass resolutions, around few hundreds of
temtograms. For the SMRs fabricated with the 20X objective, the mass resolution
varies between 7.74 and 0.59 pg. The lowest values are associated to the SMRs
characterized by a small channel (34.96 / 14.69 um), width and length equal to 75
and 500 pm respectively. However, the overall Allan’s deviation values distribution,
obtained for the glass SMRs, is comparable to other mechanical resonator that show
similar device mass [96,97]. The Allan’s deviation values have been also analysed as a
function of the environment at which the SMR is exposed (Figure 4.8). In particular,
three conditions have been tested: vacuum and air inside and outside the SMR | and
water inside the SMR (in air environment). As expected, the minimum frequency
fluctuation corresponds to the vacuum condition, which allows to obtain the smallest
value of Allan’s deviation (o7 = 3.98-10-%). In this case, the SMR has been actuated in
vacuum, reducing the source of damping due to the movement of the fluid molecules

in the surrounding medium.
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Figure 4.7 Allan’s Deviation as a function of the filling fluid, conducted in three different configurations:
vacuum/vacuum (dark blue line), Air/Air dight blue liney and Air/Water (grey liney. The first mentioned

environment represents the surrounding medium and the second the filling fluid.

The results obtained from the channel filled with air or water, in air environment,
show the same behaviour and the minimum fluctuation is recorded almost at the same
o7 and time values for both the experimental conditions (Air: o7 = 6.34:10% and 7 -
0.33 sec, Water: gr=7.8910% and 7 = 0.33 sec). Indeed, for the water filled channel,

the minimum of the Allan curves is only slightly shifted compared to the air filled

channel. This shows how the SMR can be used for fluid measurements without
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affecting the overall stability of the frequency, which result to be an important aspect
for high-resolved measurements. The frequency stability results almost independent
on the filling liquid (see the Allan’s curve for air and water). In fact, the surrounding
fluid gives the main impact on the frequency stability. As it is possible to observe from
the Figure 4.7 the Allan’s curve obtained for in vacuum measurement showed the

higher stability.
4.7. Liquid density measurements

After the mechanical characterization of the SMRs, the ability in distinguishing
liquids with different mass density was verified analysing various standard solutions.
The SMRs fabricated with the 50X and 20X objective were compared to define an
experimental responsivity for each of them (Figures 4.9a and 4.10.

The microchannel resonator was filled exploiting the PDMS microfluidic system
described in Chapter 3, while the SMR was kept in vibration in air surrounding
mediay. The resonance frequencies for the empty SMR (£ and filled with liquid are
reported in Figure 4.9a and 4.9c; the measurements were conducted at room
temperature (22 °Cy. All data points were obtained averaging a minimum of three
repeated measurements for each liquid, in single point modality. In order to minimize
possible contaminations between the different liquids, after each characterization the
channel was cleaned and the value of fundamental resonance restored. As expected,
for both SMR types, the resonance frequency changes linearly with the fluid density
(Figure 4.9a and 4.9¢), so that the SMR density responsivity can be defined as the
slope of the calibration curve. In Figure 4.9b are reported the frequencies curves
relative to the first resonance mode of the SMR fabricated with the 50X objective.
Changing the filling liquid, the resonance frequency is shifted to lower values as a
function of the density increase.

For the 50X SMR, the density responsivity is 8.9 Hz/kg'm?, which is one order
of magnitude smaller than the density responsivity estimated for the 20X SMR (46.8
Hz/Kg'm?). However, considering the volume normalization the experimental mass
responsivity resulted the same for both the SMRs, as reported in Table 4.3. Through
the frequency resolution (£)0r), obtained from the Allan’s deviation (Appendix B),
and the previously calculated density responsivity, it has been possible to estimate the

mass density resolution, which resulted 1.04-10-> kg/m® for the 50X SMR and
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8.01-107 kg/m? for the 20X SMR, i.e. the highest value among previously cited
sensors. The inverted trend between the two types of SMR is due to the strong eftect
of the Allan’s deviation values, which describe the 50X SMR as the device with the
major frequency stability. However, the density responsivity, for both the SMRs, is
comparable or better respect to the resonant microcapillaries used for the same

purpose [25,26].
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Figure 4.8 Frequency shift as a function of the filling fluid. ay The first mode frequencies measured filling
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frequency plotted for different fluid used to fill the SMR. ¢y The frequencies measurement as function of the
filling liquids (calibration ploty has been repeated for the SMR fabricated with 20X objective. In this case, the
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Analysing the behaviour of the quality factor as a function of the fluid viscosity
(Figure 4.10ay, the SMR in vacuum environment showed the highest Q factor value,

as easily expectable. On the other hand, small variations of the Q factor (between

53



1.35% and 13.75%) are experienced when the SMR is filled with different fluids in
comparison to the same air-filled microchannel, confirming that the damping is
mainly dominated by the interaction with the surrounding air and by the clamping
losses, rather than the fluid inside the channel. The general trend shows a non-
monotonic dependence of Q-factor on fluidic viscosity and density (Figure 4.10b),

as stated by theory and experiments concerning energy dissipation in SMRs [31,4].
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Figure 4.9 Q factor as function of viscosity and density of the filling fluid. a-by Q factor variation due to
the viscosity and density of the measured fluid. As expected, the variation follows a non-monotonic behavior for

both the physical properties of the filling fluid.

4 8. Measurement of Bacterial cells

4.8.1. Methods: bacterial culture

Considering the great impact of the SMRs implementation in the field of
biomedical diagnostics, as demonstrated by Manalis et al. [32,33], the here presented
glass SMRs were validated also for this kind of application. The measurement
approach was based on the microgravimetric analysis of P.fluorescens bacteria (0.3 x
1.3 um, rod shape), suspended in aqueous solution at different concentrations. This
non-pathogenic microorganism was selected as representative strain of the

pathogenic P.aeruginosa, responsible of multi-drug resistance in nosocomial
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infections [34,35]. P. fluorescens DSMZ 50090 (ATCC 13525y was streaked and
grown overnight on a DSM1 agar plate (composition per liter: 5 gr peptone, 3 gr
meat extract, 15 gr agar, pH 7.0y at 20 °C [28]. Then, the plate was resuspended with
5 mL of fresh DSM1 broth. The optical density at 620 nm (ODygy0) of the tenfold
diluted suspension was adjusted to 1.6 and finally serially diluted for the
microgravimetric test. Considering the small sampling volume (157 picoliter) inside
the SMR, the starting stock concentration was adjusted at 2-10° CFU/mL. This
concentration allowed to have a relevant number of bacteria present at the same time

in the microchannel.
4.8.2. Microgravimetric analysis

The number of bacteria, for each dilution, was evaluated taking into account the
mean relative frequency shift A4/, caused by the bacterial mass present in the
microchannel, and the mean P.Auorescens density (1.13 g/em2y [98]. The At/
represent the relative frequency variation with respect to the blank solution, in which
the P.fluorescens cells are dispersed (ratio of dilution 0.00y: in this way the frequency
variation can be directly linked to the mass of bacteria. The A#%) are expressed as
negative values, in agreement with the well known mass-frequency relationship

described by equation 2.14.
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The results of the microgravimetric analysis reported in Figure 4.10a shows an
almost linear A#/f)variation decreasing the dilution ratio. To evaluate the eftectiveness
of the measurement protocol, each dilution was measured at least three times. In
order to minimize any possible contamination between the measurements, after each
characterization the channel was cleaned and the fundamental resonance restored.

Considering the mean density of P. fluorescens, it has been also possible to
evaluate the number of bacteria that caused the frequency shift (Figure 4.10by.

In order to evaluate the intra and inter-experiment variability, the
microgravimetric test was repeated a second time, following the same culture
conditions and testing some of the dilution condition displayed in Figure 4.11. In the
new analysis, the blank and only the three most representative dilutions were tested:
0.01, 0.05 and 0.10 (Figure 4.11y. The SMR was able to distinguish the different
samples with a good confidence, confirming the SMR performance obtained in the
previous test. The intra and inter experiment tests show an extremely high
repeatability, with a small increase of the variability for the lower dilution ratio, which
can be easily explained by the intrinsic variation of the bacterial growth rate in the

two batches.
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Figure 4.11 Repeatability of the bacteria-counting test. Mean resonance frequency shift associated to the
solution containing different concentration of bacteria: the test was repeated two times with multiple sampling
for each concentration, in order to determine the intra and inter-experiment repeatability. The number of bacteria

was extrapolated from the average of the test-1 and test-2.

Considering the linear behaviour observed from the variation of the resonance

frequency as function of the dilution ratio, the limit of detection (LOD) and limit of
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quantification (LOQ) can be easily determined as 150 and 481 bacteria, respectively.
These figures of merit were calculated as three and ten times the standard deviation
of the blank, considering the linear fit in Figure 4.12. Finally, this proof of concept
experiment shows that the here presented SMRs can be exploited for real time
monitoring of bacterial growth with enhanced performances, if integrated into a

recirculating system.
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Chapter 5

Beads assay

5.1. Introduction

The modern approaches for the bioanalyte detection are manly based on the
immobilization of the capturing molecules on flat surfaces [99-103], which show two
important constraints: the low intrinsic possibility to enhance the capturing ability
and the diffusion-limited transport characteristics deriving from 2D systems. In most
cases, these issues are connected to the optimization of time consuming amplification
strategies [104,105]. Compared to the 2D systems [106,107], the usage of 3D
substrates offer the possibilities to overcome these problems thanks to the high surface
area available for the immobilization of the biorecognition elements [73,108,109],
increasing the sensitivity and lowering the limit of detection [110,111]. In this
context, one of the most interesting 3D substrate is represented by porous micro or
nanoparticles. In fact, the kinetics that is involved in the binding of the analytes to the
capturing molecules, immobilized on these porous media, is similar to the kinetics
that governs the binding of two free molecules in solution [112]. Furthermore, the
high binding capability of porous media results fundamental in the analysis of low
volume samples with low target analyte concentration [113].

Independently from the system type (2D or 3D), the chemical properties of the
immobilization substrate play a key role in the selectivity of the biomolecular assay.
Generally, the functionalization of a planar microarray requests serialized and time-

consuming process [114—116]. In contrast, the functionalization of the beads can be
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done in batches, reducing the statistical difterence of the process, and can be directly
integrated during the beads synthesis [117-119].

Materials like mesoporous silica have been deeply studied as ideal substrate for
the synthesis of micro or nanoparticles with high surface area [120]. Furthermore, the
mesoporous silica shows high modification degree that involves both the morphology
(beads and pores dimensionsy and the surface chemistry, which can be modulated
depending on the final application [119,121,122]. In the medical microdevices field,
the possibility to fully integrate a substrate with high capturing capability, high-
throughput properties and scalability, can be considered as one of the most important
requirements [111,113,123,124]. The usage of the porous beads can supply these
needs and can be used as versatile substrates for the integration on many different
sensing platform, based on both label and label-free detection approaches.

In this work, the main purpose taken into account was the use of this 3D substrate
for the optimization of a DNA-DNA hybridization assay, to be directly integrated in
the SMR platforms. This will allow the creation of a label-free sensing system able to
couple the characteristic high mass sensitivity of the SMR, with the high capturing
capability of the mesoporous beads. The DNA-DNA hybridization assay was selected
as a model test based on oligo-probes as biorecognition element, due to their broad
application in the detection of relevant medical biomarkers [125—-127]. In order to do
that, it has been necessary to optimize a bioassay at the beads scale. The mesoporous
silica (mS10,) was chosen as preferential material, thanks to the easy procedures of
synthesis that can be used to obtain it. Furthermore, this material shows two
important advantages: the pores dimensions that can be easily tuned to be compatible
with the DNA immobilization (20 bp long) and the possibility to modify the oxydrilic
superficial groups by simple chemical strategies that makes selective the particles
loading. In the literature, many difterent approaches for the synthesis of mesoporous
silica beads can be found. In this work the attention was focalized on the acid
condensation and on the co-condensation methods for the rapid synthesis of
multifunctional substrates. Through the carful tuning of temperature, reagent
concentration and time of reaction, it has been possible to obtain mesoporous silica
beads with an average diameter of 6 pm, which correspond to the desired dimension
range compatible with the dimensions of the SMR embedded channel. Afterward,

this method was coupled with a co-condensation strategy, chosen in order to add
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specific functional groups on the microbead surface. The co-condensation method
was preferred, to more standard post grafting process, in order to keep the
morphological properties of the modified beads closest to pristine mesoporous silica.
In fact, the co-condensation of specific alkoxysilane with the silica precursor generally
shows a limited impact on the beads and pores dimensions. For this purpose, two
different organosilane were used: amminopropyltriethoxysilane (APTES) and
mercaptopropyltrimethoxysilane (MPTMS), obtaining two different batches of
mesoporous beads that have been deeply investigated as substrate for the DNA-DNA

hybridization assay.

5.2. Mesoporous silica materials

The increasing interest on porous solid materials date back to 1992, when the
Mobil Research and Development Corporation synthetized for the first time a solid
mesoporous aluminosilicate gel [128]. The synthesis was developed exploiting the
liquid crystal mechanism and they defined this new material with the name of MCM-
41 (Mobile Crystalline Materials or Mobil Composition Metter).

Considering the IUPAC definition, a mesoporous material should be
characterized by a pore size in the range of 2 — 50 nm, distributed into the material
with an ordered structure [129]. The morphology of these structures can vary
depending on the starting precursors and on the reaction conditions that can affect
both the pores shape and size. So far, scientist from all over the world contributed in
the development of a wide spread variety of mesoporous materials [130]. The most
studied are the MCM (Mobile Crystalline Materialsy [131,132], the SBA (Santa
Barbara Amorphous) [133,134], the KIT (developed by Korea scientistsy and the
FDU (Fudan University of Chinay series [135,136]. Each of them constitute a specific
class of mesoporous material with a well define associated structure (Figure 5.1y;
among them the hexagonal, the cubic and the lamellar phase constitute the most
common type of structure associated to the synthesis of mesoporous materials

[117,130,137].
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Figure 5.1 Most common types of mesostructured frameworks obtained by the synthesis of mesoporous
silica based materials. Picture from “Mesoporous silica nanoparticles: A comprehensive review on synthesis and

recent advances” R.. Narayan et al. Pharmaceutics 2018, 10, 118, doi:10.3390/pharmaceutics10030118.

The mesoporous silica micro or nano-particles (MSMs and MSNs, respectively)
are one of the possible materials that can be obtain exploiting the liquid crystal
mechanism [138-141]. The MSMs and MSNs are attracting wide interest in many
research field like efficient adsorbent carriers for drugs, proteins, DNA, RNA and
enzymes loading [123,142]. In fact, the possibility to obtain a uniform porous
structure, with tunable pore size, makes these materials suitable for the realization of
controlled delivery systems for drugs and other macromolecules [143,144].
Furthermore, the beads surface can be easily functionalized with a great variety of
chemical groups [145,146] that results particular attractive also for the usage of this

materials in the field of air and water purification [122].

5.3. Mechanism of mesostructured formation

The liquid crystal mechanism [140], proposed by the researchers of Mobil
Corporation, is based on the supramolecular assembly of the surfactant micelles into
well defined structures, which promote the formation of the mesophase [147]. In this
case, the surfactant micelles act as soft template [130,148] that coordinate the “guest”
species to rearrange around the surfactant structure (Figure 5.2y [148], as result of the
spontaneous behaviour to reduce the interface energy [149,150]. The liquid crystal
mechanism, or “soft-template method” is one of the two possible methods that can

be used for the synthesis of mesoporous materials, a second strategy is based on a hard-
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template method [151,152]. In this case, a preformed mesoporous solid act as
structure directors for the rearrangement of the “guest” species; this approach is also
known with the name “nanocasting”. For the micro and nano-particles synthesis, the
soft-templating method is generally preferred to the hard-templating method; this is
probably due to the simplicity of the synthesis procedure and of the tailoring of the

mesoporous structure.

In water
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with surfactant micelles
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self-assembly in
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993“&

Condensation and
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Figure 5.2 Surfactant micelles self-assembly into a rod-shape structure, which is used to direct the
condensation and hydrolysis of the silica precursor forming the characteristic mesoporous framework of the silica
based materials. Picture from “Mesoporous silica nanoparticles: A comprehensive review on synthesis and recent
advances” R. Narayan et al. Pharmaceutics 2018, 10, 118, doi:10.3390/pharmaceutics10030118.

Nevertheless, the synthesis of mesostructured silica is based on complex building
blocks if compared to the metal or semiconductor nano and micro-particles synthesis.
In fact, the characteristic mesostructured requires to take into account the delicate
interaction between organic templates and inorganic species (or silica precursors)
[153]. Among the experimental factors that should be controlled, the silica
condensation rate, the interaction of silica-template, the kinetics of assembly and the
growth/nucleation rate play a key role in in the mesostructured formation
[117,122,154]. The majority of the mesostructured silica particles are obtained by the
modified Stober’s method (sol-gel processy [155]. This strategy involves the
hydrolysis and condensation of the silica precursor (Si-OR and Si-OH-containing
speciesy into a colloidal solution (soly that is fundamental to form the ordered

inorganic network (gely and subsequently the particles [155]. From the structural
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point of view, the ordered network can be described as a connection of SiOy
tetrahedra (or S1O3 — hybrid materialy by corner sharing, stabilized by the siloxane
bonds (Si-O-Siy between the precursor molecules. The stability of the gel phase is
strongly dependent on the hydrolysis and condensation rate that should maximize the
number of siloxane group, decreasing the number of free silanol (Si-OH) and alkoxo
(Si-OR)) species in solution.

There are two difterent types of precursors that can be used in the mesoporous
silica synthesis: the aqueous solution of silicates that contains difterent silicate species
@netasilicatey and the silicon alkoxide (Si-ORy), mainly tetramethoxysilane (TMOS,
and tetraetoxhysilane (TEOS). Focusing the attention on the silicon alkoxide, the
hydrolysis/condensation reaction can take place both in acid and basic conditions and
the hydrolysis of the Si-OR into Si-OH groups must precede the condensation
(Figure 5.3). Starting from the Si-OH terminal groups associated to the precursor
molecules, this condensation step involves the Si-O-Si network formation followed

by water or alcohol release.

=S5i—OR + H,O — =S5i—OH + ROH Hydrolysis
=S5i—OH + Si—OR - =S5i—0-Si=4+ ROH Condensation
=Si—-OH+=Si—-OH - =Si—0-Si=+ H,O "

Figure 5.3 Typical reaction pathway of hydrolysis and condensation of the silica precursor during the sol-
gel synthesis of the silica based materials. Picture from “The Sol-Gel Handbook: Synthesis, Characterization, and
Application”, First Edition 2015 Wiley-VCH.

One of the advantages of the silicon alkoxides is the possibility to introduce specific
functional groups, directly during the synthesis process [119,145], using for example
an alcoxysilanes mixture (R’Si(ORy); + Si(OR);) or a diorganodialkoxysilanes
R’Si(ORy,), which are rarely used because of their tendency to turn into chained
structures instead of branch like-structures. The nature of the R’ substituents can
directly stabilize or destabilize the intermediate forms during hydrolysis/condensation
reaction, so the components of the alcoxysilanes mixture must be chosen carefully
[155].

The sol-gel process can take place in the presence of both acidic and basic
catalysts, with a difterent hydrolysis/condensation rate [130]. Under acidic conditions,
the pH 1s generally set below the point of zero charge (PZCy and the =S1-O-, =Si-
OH and =Si-OR groups are protonated during the hydrolysis step, with the creation
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of leaving groups. Consequently, the central silicon atom becomes more
electrophilic, (due to the change of the electron density distribution), and thus more
subject to hydrolysis and condensation reactions. On the contrary, under basic
conditions the mechanism of reaction is governed by a nucleophilic attack (Sn2-type)
of the silicon atom by the negative charged ions: OH~ during the hydrolysis reaction

and =Si-O- during the condensation reaction (Figure 5.4y.

|
=Si-OX + YOO =——= | _=Si —— YO-Si= + XO
Y = H, =Si c|)x

Figure 5.4 Nucleophilic attack pathway of the silicon atoms (alkoxysilane precursory involved in the
synthesis of the mesoporous silica materials under acidic conditions, where, X and Y are respectively R and H for
the hydrolysis reaction or R/H and Si= for the condensation reaction. Picture from “The Sol-Gel Handbook:
Synthesis, Characterization, and Application”, First Edition 2015 Wiley-VCH.

Considering the two mechanisms (for acidic and basic catalysts), it is possible to
predict the reaction rates related to the hydrolysis and condensation [153]. In
particular, under acidic conditions the hydrolysis and the condensation rates increase
proportionally to the electron density, but for the basic conditions a negative charged
intermediate must be stabilized, thus the reaction rate for both, hydrolysis and
condensation, increases when the electron density decreases. These behaviors have
several consequences on the gel-phase formation, for example in acidic media the
hydrolysis of monomeric SitOR ), is favored with respect to the partially hydrolyzed
S1(ORy4_«(OH), and to the oligomeric forms, which exhibit a larger number of Si-
O-Si bonds. Therefore, in acidic conditions, the formation of chain-like network is
preferential and is mainly due to the hydrolysis and condensation reactions aftecting
the central silicon atoms (Figure 5.5). For basic catalysts, the observed behavior is
exactly the opposite: the terminal silicon is the atom preferentially involved in the
hydrolysis and condensation reactions and the network shows a branch-like structure
(highly condensed, (Figure 5.5y. Furthermore, considering the sol-gel reaction in co-
presence of multiples alkoxysilane [156] (with special functionalitiesy or diorgano-
dialkoxysilanes (with double functionalities), the acidic catalysts promote, with higher

rate respect to the base catalyst.
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Figure 5.5 The silicon atoms involved during the hydrolysis and condensation of the akoxysilane; ay in
acidic condition the central silicon is preferentially aftected and represent the elongation point of the condensed
network (chian-likey; by in basic condition the terminal silicon represent the main involved atom during the

condensation giving rise to a branch-like network.

5.4. The synthesis of mesoporous beads: affecting

variables

5.4.1. pH of reaction

The charge of the silica species is strongly dependent on the pH of the synthesis
solution, which directly affects the kinetics of reaction [153,154]. For example, at
neutral pH the rates of hydrolysis and condensation are inversely proportional (Figure
5.6ay and the equilibrium between them determines the nature of the network
structure, as discussed in the previous paragraph. Going in to detail, when an acid
catalyst (pH<2) 1s employed, the hydrolysis rate is faster than the condensation and
the limiting step is represented by the particles nucleation. This leads to the formation
of a less dense mesostructure, characterized by a high density of silanol groups that
can represent an advantage for the post-synthesis functionalization. On the other
hand, a basic catalyst can further improve the kinetics of the hydrolysis reaction,
resulting in a more dense material. Furthermore, the charges of the silica species affect
the choice of the surfactant that must be used as structure director. Many difterent
pathways of interaction are possible, in particular the formation of the mesophase is
always allowed using surfactants (S* or S7y with opposite charge respect to the silica

species in solution (I* or I).

65



a) b)
— CONAENSation  s==sas charges == == hydrolysis

ILT of silica Silicu dissubves

“ [&
Mo @ @\
So1x)° :

I': Si=0Or

Charge density

1": Si==OH
Iz Si=—On,*

Silica condensation rate

Figure 5.6 pH of reaction affection the condensation/hydrolysis reaction. ay Kinetics of the silicon
condensation rates as function of the pH and relative ratio neutral/charged species in solution; by Possible pathway
of interaction between the surfactant micelles and the silica precursors as function of relative charge of the species
in solution. Pictures partially modified from “Synthesis of mesoporous silica nanoparticles” Wu et al. Chem Soc
Rev 2013, DOI: 10.1039/c3cs35405a and form “A Review: Fundamental aspects of silicate mesoporous
materials” Z.A. Alothman, Materials 2012 doi:10.3390/ma5122874.

Nevertheless, the possibility to obtain the formation of the mesophase using
surfactants with the same charge of the silica species is allowed in presence of specific
mediating ions (M* or X7y (Figure 5.6by. Finally, a third pathway is possible in
presence of neutral silica species (I’ and non-ionic surfactants (S%: in this case the

interaction among them is promoted by hydrogen-bonding [154].
5.4.2. Surfactants and Swelling agents

The formation of the mesophase depends on the presence of surfactants in
solution and in particular on their type and concentration [157]. In fact, at low
concentrations the surfactant molecules exist as monomers, whereas increasing the
concentration they start to combine into isotropic micelles, to reduce the entropy of
the system [158-160]. This concentration threshold is also known as “critical
micellization concentration” (CMC), and with a further increase of the concentration
of surfactants the micelles start to organize into tightly packed array, limiting the
surface or interfacial tensions. Depending on the concentration, different array of
micelles can be obtained, i.e. exagonal, cubic or lamellar structures that are

characteristic of the Liquid Crystal Phase [161,162].
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The formation of a particular phase depends not only on the concentration of
surfactants, but also on the nature of the surfactants itself (.e. the length of the
hydrophobic chain, the type of hydrophilic head, the presence of specific counter
ionsy. Generally, increasing the length of the hydrophobic carbon chain the CMC is
decreased, on the contrary the CMC is shifted to higher values if the radius of the
counterion is increase, as well as increasing the pH or the temperature of the synthesis
solution [130,154]. The CMC can be reduced also increasing the ionic strength of
the synthesis solution or increasing the valence of the counterions.

The presence of the surfactants not only affects the structure of the Liquid Crystal
Phase, but also the pores size and the thickness of the pore walls. Depending on the
interaction between the inorganic silica species and the organic surfactants, the
thickness of the pore walls can be varied. For example, if the interaction is promoted
by hydrogen bonding, the framework structure shows thicker walls with enhanced
thermal and hydrothermal stability [130]. The size of the pores can be tune changing
the hydrophobic chain length that directly affects the aggregation number and the
diameter of the micelles. A further increase of the pore diameter can be obtained
using auxiliary organic species (i.e. trimethylbenzene) as fillers [163]. In fact, these
species are strongly hydrophobic and once added into the synthesis solution they are
solubilized inside the surfactant micelles, which lead to an increase of the diameter of
the micelles first and consequently to that of the pores. The mesostructures obtained
from the addition of the swelling agent show larger pores dimensions, but the pore
structure tends to a wormhole-like connection, which is not suitable for the loading
of macromolecules of large dimensions. As mentioned at the beginning of the
paragraph, difterent species of surfactants can be used for the synthesis of the
mesoporous materials. Recent developments have shown great potential in the usage
of the non-ionic surfactants, in particular the triblock-copolymers (Pluronic P65,
P123 and F127y [157]. These surfactants can be also associated with different
compound of the benzene as swelling agent to enlarge the pore dimensions. In
particular, the triblock-copolymers are interesting as structural agent for the synthesis
of mesoporous materials in acidic conditions, obtaining networks with 3D cubic, 2D

hexagonal, foam-like or disordered structure (pore sizes 5-30 nmy [164].
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5.4.3. Alkoxo roup/H,O ratio (R,,)

The R, parameter defines how much the silanol group formation is favoured
respect to Si-O-Si groups [155]. In particular, the increase of the water amount in
the reaction solution, corresponds to lower Ry, favouring the Si-OH formation.
Generally, four equivalent of water are required to completely hydrolyse the SiOR )4
species and this ratio have to be taken into account, together with the pH, in order

to optimize the hydrolysis/condensation rate.
5.4.4. Electrolytes

The presence of electrolytes in solution can aftect the gelation behaviour of the
sol-gel process. Increasing the concentration of charged species, the repulsive barrier
among the particles is reduced inducing the coagulation of the colloidal solution. This
phenomenon, if not controlled, can reduce the reproducibility of the sol-gel process.
In particular, unwanted salt contamination must be avoided, and depending on the
catalyst used, it could be necessary to take into account the possible contamination

due to the presence of acid or basic counterions.
5.4.5. Reaction temperature

The synthesis temperature for the mesoporous structure can range from 10 to 150
°C, and together with the pH and the composition of the synthesis solution, strongly
affects the particle and pore sizes [165]. The ideal temperature can be selected taking
into account two important parameter: the Critical Micelle Temperature (CMT),
which define the low temperature threshold for the micelles formation, and the
Cloud Point (CP) that determine the temperature at which the surfactant precipitates
[130]. Particular attention must be applied in the use of non-ionic surfactants that
become insoluble at high temperatures. In these cases, the usage of an acid catalyst
can shift the CP to higher values, enabling the synthesis at high temperature.
However, a low reaction temperature (that reduce the reaction ratey is often desirable
in order to obtain materials with crystalline regularity. Furthermore, the reaction
temperature can affect also the particle dimensions; higher temperatures normally

promote higher hydrolysis/condensation rates [130].
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The regularity of the mesoporous structure can be further improved and
stabilized by post-synthesis hydrothermal treatments [166]. Depending on the
duration of the treatment the mesophase can be also transformed from one network

structure to another.

5.5. Template removal

The removal of the template is a fundamental step in order to obtain a free and
available porosity [130,154]. This procedure can affect the characteristics of the
mesoporous structures and can be performed using different strategies, such as
calcination, extraction with solvents, microwave digestion or irradiation using
ultraviolet lamps [167]. The calcination is the most common method and ensures a
complete elimination of the template. In fact, the organic surfactants can be easily
decomposed at high temperature (> 350°Cy under oxygen or air atmosphere, but in
order to avoid the collapse of the mesoporous structure, the calcination must be
conducted by using a slow ramp of temperature increase. This approach is particularly
suitable in the case of bare mesoporous silicates that do not show any particular
chemical functionalities incorporated in the structure. Depending on the nature of
the surfactant the calcination temperature can range between 350 and 550 °C: high
temperature are usually suitable for the removal of the triblock-copolymer and long-
chain alkyl surfactants.

The extraction of the template in organic solvent solution represents a second
effective way to remove different types of surfactants. Ethanol or THE
(tetrahydrofuraney are used as extracting agents, and to improve the removal of the
template, the extraction is usually conducted at 80 — 100 °C [168]. This process results
particularly useful for the treatment of mesoporous materials synthetized in the
presence of alkoxysilane with specific chemical functionalities, like the one used to
obtain particles vza co-condensation process. Unfortunately, the extraction in organic
solvent solution is not able to completely remove the surfactants, especially if the
trybock-copolymer has been used as template. In this case, the extraction efficiency

is about 95% [130].
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5.6. Functionalization

In the last years, new bifunctional and multifunctional mesoporous materials have
been largely investigated, creating a new class organic/inorganic solids with specific
properties and reactivity that allow the use of mesoporous materials as catalyst,
adsorbent or sensor substrates [169]. To get the proper functionality, a wide range of
organic moieties can be incorporated into the mesoporous structures. In particular,
for the silica based materials the surface modification can involve different
functionalities, including amine, thiol, carboxylic, chromophore, epoxide,
imidazole, and so on [170]. Considering the typical sol-gel process exploited for the
synthesis of these materials, the functional groups can be easily incorporated into the
structure by two main strategies: grafting and co-condensation procedures
[156,171,172]. The addiction of functionalities using the grafting procedures is
generally based on the superficial modification of the pore wall during a post-
synthesis approach. On the contrary, the co-condensation process allows to directly
embed the functionalities into the mesoporous framework during the synthesis of the
silica beads. Both the strategies show advantages and constraints. In particular, the
grafting procedure can be used to incorporate a wider variety of functional groups
respect to the co-condensation procedures that require to exploit a precursor
compatible with those reagents used for the synthesis of the mesoporous silica
materials. Unfortunately, the grafting procedures drastically modify the
morphological properties of the mesoporous framework, especially because the
addiction of the functionalities using the post-synthesis procedures affect the pore
shape and dimensions [156]. This problem can be avoid using the co-condensation
approach that can ensure a constant pore dimension compared to the non-modified

mesoporous framework.

5.7. Methods

5.7.1. Microbeads synthesis

The synthesis of the mesoporous silica beads was accomplished by means of a
versatile surfactant/swelling agent template strategy, deeply characterized by Huang

et al. 2015 [135]. The synthesis procedures was adapted and modified in order to
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obtain the desired silica microbeads that exhibit different functionalities incorporated
into the mesoporous framework. A block copolymer surfactant (Pluronic F127) has
been chosen as surfactant and combined with a micelle expander characterized by

high solubility in the surfactant micelles (toluene).

Synthesis of mesoporous silica microbeads (Figure 5.7). The synthesis
started with the dissolution of 1 g of F127 in 60 mL of HCI aqueous solution (2M);
the mixture was kept under constant stirring at 500 rpm at room temperature, until
the complete dissolution of the surfactant. Then, 3 mL of toluene or
trimethylbenzene were added and the mixture was kept at 12 °C, 500 rpm. After 24
h, 4.5 g of tetraethyl orthosilicate (TEOS) were added drop by drop, continuously
stirring the mixture for 24 h at 12 °C. Then, the reaction mixture was transferred into
a polytetrafluoroethylene (PTFE) bottle, diluted adding 40 mL of HCI (2M) and
thermal treated at 100 °C for 1 day. The obtained product was finally separated by
centrifugation (4000 rpm for 10 miny, washed three times with ethanol and dried at
60 °C. The as synthetized microbeads were calcined at 550 °C under air atmosphere

for 6 h, in order to remove the surfactant.

Synthesis of modified mesoporous silica microbeads (Figure 5.7). The
procedure described above was adapted in order to realize a co-condensation process
for the incorporation of NH,, COOH and SH functionalities. The strategy foresee
the addition of a specific organosilane immediately after the TEOS addiction step.
Using this strategy it has been possible to modify the chemical properties of the
mesoporous framework. In particular, for the NH, and SH functionalities, 0.18 and
0.09 g of (3-aminopropyhtriethoxysilane or (3-mercaptopropylytrimethoxysilane
were respectively added (drop by drop) to obtain a modified beads characterized by
1:25 and 1:50 organosilane/TEOS ratio. After the thermal treatment, the surfactant
template has been removed using an extraction method based on concentrated
ethanol at 80 °C for 24 h.

The COOH functionalities has been obtained modifying the NH, terminals
using a solution of succinic anhydride (50 mM)y in THF and 5% TEA for 3 h at room
temperature, by adapting a previous functionalization method [173]. After the
reaction, the beads were washed 3 times in THF, 2 times in ethanol and finally 2

times in water followed by drying at 60 °C.
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Figure 5.7 Synthesis protocol of mesoporous silica beads characterized by ultra large pores. ay Schematic
representation of the mesoporous bare silica framework formation in acidic conditions; by Schematic

representation of the one-pot synthesis used for the formation of a functional mesoporous framework.

5.7.2. Measurement protocols

Branauer-Emmett-Teller analysis (BET). The properties of the beads
mesoporous framework has been evaluated by the BET analysis (micrometrics —
ASAP 2020 Plusy. The N, adsorption/desorption has been investigated using 0.06 g
of dry beads powder cooled down at 77 K (ramp rate 283 K/min).

Scanning electron microscope analysis (SEM). The morphology of the
pores has been characterized by means of a scanning electron microscope — Carl
ZEISS MERLIN™, The beads powder were dispersed in ethanol in order to obtain
a 2 mg/mL mixture, subsequently 5 pL of the mixture were deposited on a silicon
substrate and dried at room temperature for a few minutes. The samples, as prepared,
were used for the SEM analysis.

Thermal gravimetric analysis (TGA). The incorporation of the new chemical
functionalities into the mesoporous beads was evaluated by TGA analysis in the
temperatures range of 25 — 800 °C. 18-27 mg of powder were analysed and the
amount of organosilane incorporated was evaluated taking in to account the

following equation:
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Fourier—transform infrared spectroscopy (FTIR). For what concern the
NH, and COOH modified beads, the eftective incorporation of the new
functionalities was also evaluated by means of FTIR spectroscopy. Few milligrams of
bead-powder were pressed in order to obtain a thin tablet, subsequently dried under
N> flux and analysed in the 600-4000 cm™! range.

Ellman’s test. The presence of the SH functionalities, incorporated during the
co-condensation synthesis, was evaluated by a chemical test based on the DTNB
reagent (5,5’-dithio-bis-[2-nitrobenzoic acid]y. The free thiols embedded in the
mesoporous framework react with the DTNB molecules, producing the cleavage of
the disulphide bond andthe release of free TNB-2 anions, which in water and at
neutral or alkaline pH has a yellow colour, easily detectable measuring the relative
optical absorbance at 412 nm. In order to obtain this reaction a specific protocols
must be followed, which include the preparation of two working solutions. Solution
A: 50 mM sodium acetate and 2 mM DTNB have been dissolved in deionized water.
Solution B: 1 M Tris has been dissolved in water and the pH adjusted at 8. Then, 50
uL of solution A, 100 pL of solution B and 840 uL of water have been poured into a
1.5 mL Eppendorf and carefully mixed. The optical absorbance (421 nmy of the as
prepared solution has been used to evaluate the background signal. Subsequently, 10
uL of bead powder solution (2 mg/mL in watery were added and incubated for 5, 30
and 60 min (each condition of incubation was evaluated in triplicatey. The reaction
solution was collected and the optical absorbance measured after the beads separation
(centrifugation at 8 g for 3 miny. Furthermore, in order to estimate the concentration
of free thiols, a standard calibration curve was build analysing the optical density of
different concentration of L-cysteine (starting from 1 mM,). Each point of the
calibration curve was evaluated in triplicate.

Bead-based assay: Pores availability. The free-entrance in the pores
framework has been verify by the evaluation of the fluorescein isothiocyanate (FITC)
uptake. First, a stock solution of FITC (1 uM) was obtained dissolving the reagent in
sodium phosphate bufter at pH 7. Then, 2 mg of bead-powder were incubated
overnight with the FITC solution, in order to promote the complete diffusion of the

molecules inside the mesoporous framework. Afterwards, the bead-powder was
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separated from the solution by centrifugation (8 g 3 min), and washed three times
with sodium phosphate bufter. The residual solution was used to evaluate the amount
of uptake, comparing the fluorescence intensity of the solution with and without the
particles incubation, with the fluorescence spectrometer Perking Elmer LS55. The
concentration of the uptake was evaluated using a calibration curve obtained from
standard concentration of FITC in sodium phosphate buffer (starting from 1 uM,.
Considering the high fluorescence intensity, the samples and the calibration solutions
were diluted 1:400 just before the spectrofluorometric measurement. The silica beads
separated after the FITC incubation were collected and suspended in ethanol (2
mg/mL), few pL of the suspension were used for the optical analysis (fluorescence
optical microscope Leica DMLB) of the fluorescence emitted from the FITC
molecules adsorbed by the beads.

Bead-based assay: Passivation. Different passivation agents were tested to
reduce the background signal, which can derive from non-specific interaction
between the silica surface of the beads and the reagents/molecules used during the
bead-based assay. An ELISA-like test was used for this purpose, and a specific
molecules label with an HRP-enzyme was used to report this event. Herein, the
main protocol used for the passivation of the silica and modified silica beads is shown.
2 mg of beads powder was incubated overnight with 500 pL of sodium phosphate
buffer (pH 7), the solution was constantly kept under stirring at 400 rpm at 22 °C.
The beads were separated from the buffer by centrifugation (8 g - 3 miny), and
incubated with the selected blocking agent, bovine serum albumin (BSA) or cysteine,
for 1 h at 22 °C under continuous stirring (400 rpmy. Then, the beads were separated
by centrifugation (8 g — 3 miny and incubated with 500 pL of streptavidin-HRP (50
ug/mLy in saline sodium citrate (SSCy-tween bufter, for 1 h at 22 °C under
continuous stirring (400 rpmy. Subsequently, the beads were separated by
centrifugation (8 g — 3 min) and washed three times with the SSC-tween bufter. The
beads were finally re-suspended (Figure 5.8y in 500 uL of deionized water, 15 pL of
them were poured in a 1.5 mL Eppendorf and incubated with 200 uL of TMB
substrate. The reaction was blocked after 30 sec adding 200 pL of H,SOy4. Then, the
reaction solution was separated from the beads by centrifugation (8 g — 3 miny and
the relative optical density (ODy was evaluated by the means of a microplate reader

Ivymen Optic System at two different wavelengths (450 and 630 nmy. Considering
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the large number of combination between blocking agent type (BSA and cysteine)
and condition of incubation, in this section it is not reported the related list of the

possible variations that can be easily evaluated from the experimental section.

(a) (b) (c) (d) (e)
—
Waiting time
45 sec
Beads pellet H,0 addition Beads solution TMB addition H,;S0, addition
(8 g—3 min) (variable volume) (15 pL) (200 pL) (200 pL)

and beads pellet

Figure 5.8 Schematic representation of the final steps relative to the ELISA-like test. The beads previously
incubated, with specific molecules of interest, were separated from the washing buffer and re-suspended in 500
uL of water (a-by. Subsequently, 15 pL of this solution were sampled and putted in a new Eppendorf (c). Finally,
200 puL of TMB and 200 puL of H,SO, were added (with a waiting time of 45 sec) (d-e). The colorimetric reaction
was quantified sampling 200 uL of the final solution (after the beads separation) (f).

Bead-based assay: Immobilization and Hybridization. The same protocol
described above for the passivation, was slightly modified and used for the ssDNA
probe immobilization and hybridization. In particular, the first step of incubation was
modified by incubating the beads with 1 pM of ssDNA probe in sodium phosphate
buffer (pH 7). After the overnight incubation the beads were separated from the
solution by centrifugation (8 g — 3 miny and washed three times with sodium
phosphate buffer. For the probe immobilization tests, the ssDNA was labelled with a
biotin molecule that can react with high specificity with Streptavidin-HRP (Str-
HRP). The incubation step with the blocking agent was removed and the optimized
passivating agent was directly added into the bufter for the Str-HRP incubation (SSC
5X —tween 0.025% - BSA 1%).

For the hybridization test, the immobilization protocol was further modified. In
particular, the ssDINA probe without biotin label was incubated O/N, the incubation
was followed by some washing steps and finally the ssDNA target was incubated. In
particular, 1 uM ssDNA target in SSC 5X — tween 0.025% bufter was incubated for
1 h at 22 °C (continuously stirring), then the beads were separated by centrifugation

(8 g — 3 min) and washed three times with the same buffer. Finally, the beads were
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incubated with 50 ug/mL of Str-HRP in SSC 5X — tween 0.025% - BSA 1% buffer.
For the TMB/H,SO, colorimetric reaction and the OD measurement was used the
same protocols show for the passivation tests. Furthermore, for both immobilization
and hybridization different condition of: concentration (DNA target between 1000
nM to 0.001 nM / DNA probe from 1 to 10 pM), time of DNA incubation (from 10
min to 60 miny, final volume (100 — 250 — 500 — 1000 pLy and time of TMB
incubation (45 sec, 2 min and 30 sec or 5 miny were tested, but in order to simplify
the reading the related protocols variations can be directly evaluated from the

experimental section.
5.8. Microporous silica beads characterization

The as-synthetized mesoporous silica beads were deeply physico-chemically
characterized, in order to understand the influence of the different strategies of
synthesis on the beads and pores dimensions and on the pores structure and
morphology. The BET physical absorption was used to analyse the specific surface
area and the pores dimensions as function of the synthesis method. In particular, by
means of this technique it has been possible to investigate the influence of the
synthesis temperature, the swelling agent (tetramethylbenzidine and Toluene) for the
acid-condensation method, and the presence of different type and concentration of
organosilanes (APTES and MPTMS; for the co-condensation synthesis.

The mesoporous structure was analysed also from a morphological point of view.
The silica beads have been characterized by a scanning electron microscope (SEM).
The characterization of the mesoporous structures obtained by co-condensation, due
to the addition of different organosilanes, was of great interest in order to select the
synthesis method able to preserve pore size and morphology as similar as possible to
those obtained for the pristine mesoporous beads.

Following, the microporous beads synthetized by the co-condensation method
were chemically analysed in order to qualitatively and quantitatively confirm the
presence of additional chemical functionalities. For this purposes, three difterent
techniques were used: TGA, FTIR and Elman’s test. The TGA was used to quantify
the presence of new chemicals groups as function of different organosilanes type and
concentration. The FTIR and the Elman’s test were used as qualitative analysis in

order to verify the chemical nature of the added functional groups. Furthermore, the
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Ellman’s test was used as semi-quantitative method for the study of free thiols groups
and particular to investigate the availability of these functionalities to small molecules

interaction.
5.8.1. Specific surface area and pore size

The preferential method for the synthesis of the mesoporous silica beads was the
acidic condensation, as motioned in paragraph 5.7.2 the influence of different
synthesis temperatures and swelling agents were taken into account in order to obtain
beads with diameter of 3 — 6 pm and pore size greater than 15 nm. Thanks to a
combined physical and morphological analysis it has been possible to understand the
influence of these parameters.

The BET analysis has revealed that decreasing the synthesis temperature, from
room temperature (RT=20 °Cy to 14 °C, and fixing the swelling agent (toluene) the
particles size increases from few hundred of nanometre to few micrometre (Figure
5.9a and 5.9by. The specific surface area is kept constant (400-450 m?/gy and the
absorption isotherm has shown a typical type IV shape, characteristic of mesoporous
materials. Further reducing the synthesis temperature to 12 °C the particles size seems
to be stabilized and the specific surface area is increased up to 550-600 m?/g (Figure
5.9¢y keeping the characteristic isotherm with a type IV shape, which describe the
absorption behaviour for the mesoporous materials [158,174].

In order to reduce the risk for the operator, a difterent swelling agent was tested,
in the same synthesis condition. In particular, the TMB agent was used as substitute
of toluene. From the BET analysis the increment of the specific surface area seems to

be comparable to the 12 °C/toluene synthesis (Figure 5.9d) as well the isotherm shape.
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Figure 5.9 BET adsorption/desorption curves characteristic of different mesoporous silica beads: a-b-c)
respectively synthetized at 22-14-12 °C using toluene as swelling agent; dy synthetized at 14 °C using TMB as

swelling agent. In the inset of each graph are displayed the SEM images of the mesoporous silica beads.

The specific surface area analysis was further supported by the visual analysis of
the pore shape and size. As it is possible to observe from Figures 5.10a and 5.10b the
pore width distribution seems to be unaftected by the change of the synthesis
temperature, from RT to 14 °C. In fact, using toluene as swelling agent for both the
synthesis temperature, the pore dimension is centred at about 15 nm. Further
decreasing the temperature to 12 °C a temperature threshold is reached, below which
the pore dimension is slightly increased (17-20 nm) and the incremental pore volume
is doubled respect to the previous synthesis temperature (Figure 5.10c).

Unfortunately, the pore size analysis has revealed that changing the swelling
agent, the diameter distribution is no more centred on a specific pore width and the
incremental pore volume drastically drop down (Figure 5.10d). Furthermore, as it
possible to observe from the SEM images (Insets Figure 5.9a-b-c)y the pore
morphology and distribution seems to be much more regular for the 14 °C/toluene
and 12 °C/toluene synthesis. Observing the SEM image that show the mesoporous
structure for the 14 °C/TMB synthesis (Inset Figure 5.10d) the morphology of the

pores is not clear, but this can be due also to the SEM image quality.
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Figure 5.10 BET pore volumes as function of the width distribution, characteristic of different mesoporous
silica beads; a-b-c) respectively synthetized at 22-14-12 °C using toluene as swelling agent; dy synthetized at 14
°C using TMB as swelling agent. In the inset of each graph are reported the SEM images of the mesoporous

framework obtained from the different synthesis methods.

Considering the results relative to the specific surface area and the pore dimension
analysis, the synthesis conditions that allow to reach the desired particles and pore size
seem to be the 12 °C/toluene method. These synthesis conditions were applied to
the co-condensation method in order to obtain microparticles with the desired
dimensions and with specific superficial functional groups. In particular, two different
organosilanes were used to obtain three different chemical functionalities on the
microparticles surface. The APTES molecule was used to add amine and carboxyl
groups, thanks to the possibility to further modify the amine terminal group with a
post-treatment with succinic anhydride (SA) in THF reaction solution. A second
organosilane, the MPTMS, was used to add thiol groups. For both organosilanes, two
different concentrations were tested: 1:50 and 1:25, that represent the organosilane
APTES or MPTMS) to TEOS silica precursor) ratio. In the following paragraphs,
the type and the concentration of organosilane tested for the mesoporous silica beads

are stated and resumed in Table 5.1.
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Sample name Silica precursor Organosilane Ratio

Bare mSiO, TEOS - -
50NH, TEOS APTES 1:50
25NH, TEOS APTES 1:25

50COOH TEOS APTES+SA 1:50
25COOH TEOS APTES+SA 1:25
50SH TEOS MPTMS 1:50
255H TEOS MPTMS 1:25

Table 5.1 Resume of the reagents ratio used for the synthesis of the bare and modified mesoporous silica

beads; for the co-condesation process the silica precursor/organosilane ratio are specified.

In order to investigate the influence of the organosilane addition on the
mesoporous structure, a BET analysis has been conducted and the specific surface area
and pore size distribution were compared with the pristine mSiO; beads results. In
Figures 5.10a and 5.10b the absorption/desorption isotherm behaviour for the
APTES and MPTMS modified mSiO, beads are reported, respectively. For the
samples 50NH, and 50COOH (Figure 5.11ay the hysteresis curves show a shape
similar to the one characteristic for the pristine mSiO, beads, which is representative
of the presence of interconnected mesopores with a wide shape and dimension
distribution. The specific surface area, computed by the BET analysis, is around 565
and 469 m?/g for the 50NH, and 50COOH, respectively. The increment of the
APTES concentration, during the co-condensation process, seems to drastically affect
the specific surface area and the adsorption/desorption isotherm shape. In particular,
observing the hysteresis curves for the sample 25NH,; and 25COOH (Figure 5.11a)
it is possible to hypothesize the presence of interstitial pores due to small particles
aggregates. For these samples, the specific surface area has been reduced respectively
to 341 and 391 m?/g, as it is possible to observe from Table 5.2. Concerning the
addition of the MPTMS molecules, this seems to partially reduce the specific surface
area to 560 and 624 m?/g for the 50SH and 25SH samples, respectively. In contrast
to what observed for the addition of the APTES molecules, for the MPTMS the
specific surface area seems to increase with the organosilane concentration.
Furthermore, the hysteresis curve for the 25SH sample shows a shape comparable to
mesoporous materials with a narrow distribution of the mesopore size. For the 50SH
samples, the hysteresis curve seems to be comparable to the one attained with the

pristine mSiO; beads, with a wider distribution of pore size and shape.
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Comparing the specific surface area values of the difterent modified mSiO, beads
with that characteristic of the pristine mSiO, (740 m?/g), it seems that the addition of
the organosilane, during the co-condensation process, could reduce the overall
specific surface area. In general, the increment of the organosilane concentration
seems to affect the morphology and size of the pores in a different way depending on

the type of the organosilane.
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Figure 5.11 BET analysis of different modified mesoporous silica beads; ay comparison of the
adsorption/desorption behaviour between the bare and the modified mSiO, with two different ratio of APTES
(50NH, and 25NH,) and APTES+SA (50COOH and 25COOH). by comparison of the adsorption/desorption
behaviour between the bare and the modified mSiO, with two different ratio of MPTMS (50SH and 25SH).

The hypothesis about the modification of the pore size and shape distribution has
been confirmed analysing the density functional theory (DFT) computation of the
pore width (Figures 5.12a and 5.12by and the SEM images for the different sample
reported in paragraph 5.8.2). Focusing the attention on the pore width distribution,
it is possible to observe the change of the pore width as function of the APTES and
MPTMS concentration. For the 25NH, and 25COOH samples, the pore size
distribution is wider than the one observed for lower APTES concentration and for
the pristine mSi1O; (Figure 5.12ay. In particular, the pore distribution seems to be
expanded between 16 and 30 nm, but the pore volume is halved respect to the 50NH,
and 50COOH samples (Figure 5.12ay, which show a pore width distribution more
similar to the bare mSiO, (between 16-20 nmy. The expansion of the pore size
distribution can be due to the presence of interstitial pores, deriving from the

aggregation of small particles and not to a real mesoporous structure.
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For what concern the 50SH and 25SH samples, the pore width distribution seem
to be kept quite narrow (Figure 5.12b), even if it is possible to identify two different
interval: 16 - 20 nm for the 50SH sample and 20 — 27 nm for the 25SH samples.
Furthermore, for this last sample the pore volume seems increased if compared to the
bare mSiO,. For the 50SH sample, it is possible to observer a small increment of the
pore volume for the pore width from 20 to 27 nm that is not present in the bare

mSiO; sample.
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Figure 5.12 BET analysis of different modified mesoporous silica beads; ay comparison of the pore width
distribution between the bare and the modified mSiO, with two different ratio of APTES (50NH, and 25NH,)
and APTES+SA (50COOH and 25COOH). by Comparison of the pore width distribution between the bare and
the modified mSiO, with two difterent ratio of MPTMS (50SH and 25SH).

) ) DFT DFT pore
BET surface BJH adsorption BJH desorption

Sample , , , pore size volume
area (nr/g) pore area (nr/g) pore area (nr/g) s

(111 (cnr’/g)
mS10, 740.84 501.86 878.30 17.57 5.63
50NH, 565.31 486.22 762.28 17.57 4.61
50COOH 479.91 447.36 691.96 17.57 3.88
505SH 560.03 460.21 778.68 17.57 3.39
25NH, 341.97 341.08 475.28 22.51 2.06
25COOH 391.60 380.62 511.61 23.65 1.94
255H 624.97 559.84 935.38 23.65 6.97

Table 5.2 Resume of the BET analysis. In the table are reported the BET surface area, BJH

adsorption/desorption pore area and DFT pore size for the bare and modified mesoporous silica beads.

Considering the results obtained from the BET analysis, the mSiO, beads
modified with MPTMS during the co-condensation process seem to be suitable

candidates for the optimization of the DNA-DNA hybridization assay. In particular,
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the possibility to maintain a specific surface area similar to the pristine mSiO, beads

and to improve the pore distribution are interesting features for this purpose.
5.8.2. Morphological analysis

The BET analysis was followed by the morphological study of the silica beads
and pores shape, accomplished by means of a scanning electron microscope. From
the analysis of Figure 5.13a, the mSiO, sample shows an homogeneous particle size
distribution, this homogeneity seems to be slightly reduced due to the presence of the
organosilanes in the co-condensation process, which can influence the reaction
kinetic. In particular, for the modified mSiO, beads with APTES (Figure 5.13b) the
average particles size has been slightly increased respect to the pristine mSiO; sample,
with a significant presence of damaged particles. For what concern the MPTMS
modified beads, the overall particle dimension has been reduced even if the diameter

dispersion seems to be characterized by a lower homogeneity (Figure 5.13c¢).

8 um 1um 200 nm

mSiOz

mSi0,-APTES

mSi0,-MPTMS

Figure 5.13 SEM images of different modified mSiO, beads; a-b-c) are respectively the images relative to
bare, APTES modified and MPTMS moditied mSiO, beads; The series 1-2-3 represent the 5, 50 and 250 kX

magnifications.
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Analysing the mesostructured network obtained with three different synthesis
approaches, the pristine mSiO, beads show a honeycomb ordered structure
(hexagonal cellsy. The addition of organosilane during the co-condensation synthesis
affected the mesostructured in difterent way depending on the organosilane type. By
using APTES, the obtained mesostructured network totally loosed the characteristic
ordered hexagonal shape to acquire an interstitial porosity, primarily due to small
particles aggregation. Contrary, the addition of MPTMS during the co-condensation
seems to preserve the ordered hexagonal structure observed for the pristine mSiO5,
even if slightly modified in terms of pore dimensions as already observed form the
BET analysis.

Considering the particles dimension observed from the SEM analysis, the beads
population was characterized by the means of a granulometer, which allowed the
evaluation of the particles size distribution. As it possible to observe from the graph
reported in figure 5.14, the beads population shows an average diameter of about 5
um. The distribution is quite homogeneous and the presence of a shoulder above 10
um can be mainly due to the formation of aggregate. The small peak between 0.1 and

1 um can be referred to the presence of a limited presence of particles still at the

growing stage.
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Figure 5.14 Particles size analysis. ay Mesoporous silica beads diameter distribution obtained from the

granulometry analisys at 1.3 mbar, by SEM images (1kX) of the beads population.

5.8.3. Functional group analysis

The eftective functional groups incorporation, in the mesoporous structure, has

been verified by means of different analyses. In particular, the amount of incorporated
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organosilane has been evaluated by TGA, whereas the chemical nature of the
functional group has been attributed by FTIR spectroscopy and Elman’s test.

In order to understand the effectiveness of the co-condensation as method for
the incorporation of new chemical functionalities, the TGA was used to compare the
high temperature degradation behaviour of the different mesoporous beads. First of
all, the pristine mSiO, was analysed as reference material (Figure 5.14), the
degradation has been subsequently compared to the one observed for the modified
silica beads (measurement repeated for two mSiO, samples). As it is possible to
observe from the thermograms in Figure 5.14, the pristine mSiO, shows the major
weight loss around 64.80 — 66.43 °C, mainly caused by the evaporation of adsorbed
water molecules [175]. In the second temperature range (150 — 600 °Cy a further
decrease of the sample weight is observed about 2.36 — 2.04%, probably due to the

degradation of synthesis residues.
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Figure 5.15 TGA of the unmodified mesoporous silica beads; a-by are the thermograms obtained from two

different synthesis batches of pristine mSiO, beads, respectively.

Analysing the thermograms of the APTES modified mSiO,, the first weight loss
is observed up to 150 °C (Figure 5.15a-by. This weight loss is similar for both the
APTES concentration and seems to be slightly lower than the one observed for the
pristine mSiO;, which is probably due to the reduction of the specific surface area
and a different hygroscopic behaviour. A second weight loss can be observed in the
150 =600 °C range [176][177]: 15.50% tor the APTES 50 and 18.72% for the APTES
25 . The difterence between the percentages is probably linked to the different
amount of organosilane added/incorporated during the co-condensation process.

Some of the APTES modified beads were further treated with SA in THF solution,
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in order to transform the amine groups into carboxyl groups. The as treated samples
were analysed with TGA in order to understand the amount of amine terminal groups
converted in carboxyl groups (APTES/SA). Analysing the relative thermograms
(Figure 5.15c-d), for both the starting concentration of APTES/SA, three different
thermal transitions are observed. The first around 70 °C is mainly caused by the
adsorbed water loss as already observed for the previous samples. In this case, the loss
is further reduced to 2.03 and 2.12%, this can be due to a further reduction of the
specific surface area respect to the APTES modified beads. Differently for what
observed for the APTES samples, in the 150 — 600 °C range there are two visible
weight losses, one around 207 — 209 °C and a second one around 278 — 281 °C.
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Figure 5.16 TGA of the unmodified mesoporous silica beads; a-by are respectively the thermograms
obtained from two different APTES content (1:50 and 1:25 ratioy; c-d) are respectively the themograms obtained
after the modification of the APTES mSiO, (1:50 and 1:25 ratioy with succinic anhydride post-synthesis

treatment.

The first weight loss has been observed only for the APTES/SA samples, and can
represent the amount of amine groups converted in carboxyl groups (subsequently

degraded). The loss is respectively 3.27% for the APTES/SA 50 and 4.19% for the
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APTES/SA 25. The second weight loss is associated at the same transition temperature
observed for the APTES samples. In particular, for the APTES/SA 50 the weight loss
percentage (16.53 %) is compatible to that observed for the APTES 50. In the case of
the APTES/SA 25, the weight loss (16.30%) is slightly smaller than what observed for
the correspondent APTES samples.

Considering true the assumption that attribute to the weight loss at 207 — 209 °C
to the degradation of the carboxyl groups, the limited conversion of the APTES
terminal amine can be due to two main factors. The concentration of SA could be
too low, limiting the conversion, or the SA diftusion thought the mesopores could
be prevented by the mesoporous structure itself or it requires more time for the
diftusion inside the whole bead.

The same TGA test was performed also for the MPTMS modified beads. The
thermograms in Figures 5.16a-b show the degradation behaviour for the MPTMS 50
and MPTMS 25 samples. For both it is possible to observe two thermal transitions,
the first at low temperature (< 150 °Cy corresponding to the loss of the adsorbed
water molecules. The second, between 243 — 357 °C, due to the loss of the MPTMS.
For these samples, the loss percentage seems to be not directly correlated to the
amount of the organosilane added during the co-condensation process. In particular,
for the MPTMS 25 the weight loss, of about 7.93%, result to be smaller than the
weight loss associated to the MPTMS 50 sample (20.79%). Nevertheless, it is worth
to notice that increasing the MPTMS concentration the hydrolysis/condensation rate

can be modified disadvantaging the organosilane incorporation.
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Figure 5.17 TGA of the unmodified mesoporous silica beads; a-by are respectively the thermograms

obtained from two different MPTMS content (1:50 and 1:25 ratio).
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The quantity of organosilane incorporated during the co-condensation process
has been estimated taking into account the specific surface area, derived from the BET
analysis and the milligrams of organosilane lost during the TGA. In the Table 5.3 the
organosilane density are resumed for each samples; the values take into account the
correction relative the weight loss due to the synthesis residues in the 150 — 600 °C
temperature range. This factor has been calculated as the average of the weight loss,
at high temperature, for two samples of pristine mSiO,.

As expected from the trend of the thermograms, the silane density increases with
increasing concentration of the organosilane added during the co-condensation
process. Only the MPTMS modified beads show an inverted trend and the highest
silane density was recorded by the MPTMS 50 sample. The as-calculated silane
density can be misleading for the quantification of the amine group conversion to
carboxyl group. In fact, the values reported in Table 5.3 shows the silane density
related to the total weight loss of the system APTES + SA. Considering the thermal
degradation step at 207 — 209 °C (Figures 5.15¢c-d), it 1s possible to suppose that the
weight loss due to the degradation of the carboxyl groups is 21.76 and 39.21% of the
total APTES/SA loss, for the SA 50 and SA 25 samples, respectively. Converting these
percentage values, the correspondent carboxyl group densities are 1.72:10'3 and
4.48'10" molecules/cm?. If the hypothesis is true, the conversion of the terminal

amine group of the APTES modified particles, involved only some of the available

groups.
. H>O Stlane ) .

Specific Area Silane density

Sample , adsorbed  embedded ,

Aar/g anolecules/cnr)

(118) (1118)
Pristine mS10, 769.0441 1.64 - -

APTES50 569.8806 1.291 4.3 1.14-10"
APTES/SA50 493.6356 0.4829 3.94 7.91-1018
MPTMS50 569.8806 0.9246 4.84 1.37:10"
APTES25 341.9749 1.3068 4.75 2.31-10"
APTS/SA25 341.6031 0.5727 4.4 1.14-10"
MPTMS25 624.9655 0.485 1.38 357101

Table 5.3 Evaluation of the silane molecules embedded as function of the specific area of bare and modified

mesoporous silica beads.

Two different strategies were used in order to confirm the incorporation of the
APTES (or APTES/SA) and the MPTMS molecules in the mesoporous structure of
the silica beads. Concerning the modification with APTES and APTES/SA, the
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presence of the amine and carboxyl group was verified by the means of the FTIR
analysis (Figure 5.17a-by. The characteristic Si-O-Si stretching, related to the silica
matrix and the condensation of organosilane (APTES) are clearly visible in the region
comprised between 1000-1250 cm™. The CH, stretching (WC-Hy), due to the
backbone of the siloxane, are identified by the peaks at 2800-2980 cm™! (Figure
5.17cy. The presence of the primary amine bending (§N-H) at 1614-1617 cm™!
confirms the incorporation of the APTES molecules during the co-condensation

process.
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Figure 5.18 FTIR spectra ay of bare and APTES or APTES/SA modified mSiO, beads; b-cy magnification

of the FTIR peaks related to the amine and carboxyl functionalities and to the siloxane framework, respectively.

Unfortunately, the stretching of the primary amine resulted not clearly visible
due to the overwhelming of the broad peak relative to the hydroxyl group stretching
LO-H) at 3400-3700 cm™!. The secondary amide stretching (VC=0) at 1644-1652
cm! is representative of the effective reaction of the NH, terminal group,
characteristic for the APTES modified beads, with the SA molecule. The vO-H
shows a reduced intensity for the APTES and APTES/SA modified samples, whereas

the vC=0 is not present in the APTES samples, as expected. The eftective covalent
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bonding between the primary amine, of the APTES molecules, with succinic
anhydride is further confirmed by the stretching of the C-=O dimer H-bonded
(terminal carboxyl acidy at 1718-1722 cm!.

Furthermore, the §N-H, is drastically reduced and the N-H (secondary amine
bending) appear as proof of the amide bonding formation. As it is possible to observe
from Figure 5.17b, there is a decrement of the peaks corresponding to the §N-H and
8O-H as function of the concentration of the modified APTES/SA 50 respect to the
APTES/SA 25. The same behaviour is observed also for the characteristic SN-H, of
the APTES modified beads.

A few peaks correspondent to some ethoxy moieties are visible in the region

comprised between 1390-1440 cm™!

, their presence is probably due to the
incomplete siloxane condensation or to the presence of non-hydrolized APTES.
The effective incorporation of the MPTMS in the mesoporous matrix was
verified by means of the Elman’s test. This was preferred to the standard FTIR analysis
because the aliphatic thiol stretching generally present a very low intensity peak at
2500-2580 cm™!. The Elman’s test allows the direct quantification of free sulthydryl
group at neutral pH. The Elman’s reagent reacts specifically only with the free thiol
group and the reaction is characterized by a high molar extinction and very short
response time. As it is possible to observe in Figure 5.18, the amount of available thiol
functionalities is lower than the total amount of MPTMS incorporated during the
co-condensation process. The molecule density was computed taking as reference
the calibration curve of known concentration of L-Cysteine that was used as
reference thanks to the quantification of its characteristic thiol functionality. In order
to avoid an underestimation of the bonded DTNB molecules, the quantification has
been evaluated testing three different reaction times: 5 — 30 — 60 minutes. The
variation of the density values between these conditions is limited to a small range
and also the negative controls (pristine mSiO,) show a relative increase of the signal

increasing the reaction time.
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Figure 5.19 Ellman’s test ay Cysteine standard calibration curve used for the quantification of the unknown
amount of SH functionalities; by molecules density of SH functionalities for the MPTMS modified mSiO, beads,

the time of incubation with the DTNB reagent was varied in the 5 — 60 min range.

There is a slight difference between quantification of the incorporated thiol
functionalities, evaluated by TGA (1.37-10' molecules/cm?), or by Ellman’s test
(6.62°10"® molecules/cm?). This can be mainly due to different phenomena. For
instance, the structure of the mesopores can block the diffusion of the molecules into
the whole internal area of the microbeads. Furthermore, the TGA cannot completely
distinguish between the weight loss due to MPTMS chemically incorporated and
synthesis residues.

Considering the results obtained by the physico-chemical analysis of the
modified mesoporous beads, the MPTMS samples has been chosen as preferential
substrate for the DNA-DNA hybridization assay. The addition of this organosilane
during the co-condensation synthesis seems to keep the specific surface area close to
that characteristic for the pristine mSiO; beads. Furthermore, the superficial free thiol
groups allow the usage of a simple reaction chemistry for the immobilization of the
DNA probe. In fact, modifying the 5 terminal of the DNA sequence with a thiol
group and adjusting the pH of the reaction it is possible to easily immobilize the probe

via disulphide bond formation.

5.9. Optimization of the DNA hybridization assay

The optimization of the DNA-DNA hybridization assay was conducted starting
from the evaluation of the pores availability and the thiol group reactivity. In the
previous paragraph, the physico-chemical properties of the MPTMS modified
particles were tested, in particular the presence and the amount of the thiol

functionalities was quantified by the means of the Elman’s test and the TGA,
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respectively. In order to understand the correlation between the incorporated thiol
functionalities and their eftective accessible amount, a preliminary FITC conjugation
assay was performed and the results for the MPTMS 50 and MPTMS 25 samples were
compared.

The optimization of the DNA-DNA hybridization assay was conducted by
means of a modified ELISA-like protocol, exploiting the conjugation of the DNA
sequences with a biotin molecule to quantify both the probe immobilization and the
hybridization event. Indeed, thanks to biotin, the presence of the DNA sequences
could be easily detected via biotin-streptavidin-HRP interaction. First, the non-
specific adsorption, due to the mesoporous structure of the beads, was studied testing
different passivation agents (BSA and Cysteine) and different incubation conditions.
Once the non-specific adsorption was reduced, the optimization of the DNA-DNA
hybridization test started with the analysis of the influence of the passivation agent on
the probe immobilization and hybridization. In order to lower the limit of detection,
different assay procedures were tested: in particular, the DNA probe concentration
was optimized to reach the maximum efficient assembly on the mesoporous surface.
The volume and the time of probe incubation were changed in order to understand
how this could influence the kinetics of probe immobilization.

A broad range of target concentrations was tested (1pM to 0.1nM) in order to
quantify the LOD reachable with this ELISA-like detection method. Furthermore,
the final volume used for the microbeads suspension and the time of reaction of the
TMB substrate were tested in order to further increase the ability to detect low

concentration of the DNA target.
5.9.1. Evaluation of the pores availability

The effective access inside the mesoporous structure and the availability of the
thiol functionalities were tested by means of a FITC conjugation assay. The high
chemical reactivity between the isothiocyanate terminal group (FITC moleculey and
the terminal thiol functionalities on the MPTMS beads was exploited for this
purpose. The conjugation test was repeated three times in order to check the
homogeneity of the MPTMS beads synthesis and the amount of conjugated FITC
was evaluated by fluorescence spectrometry evaluating the decrement of the

fluorescent signal as function of three difterent beads samples (Figure 5.19). In order
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to avoid the saturation of the signal, the starting concentration of the FITC solution
was 1 uM, diluted 1:400 (2.5 nM) for the fluorescence measurement. Comparing the
samples MPTMS 50 (50SHy and MTPMS 25 (25SH) to the pristine mSiO, beads it
is possible to observe an intense reduction of the signal, due to the presence of
superficial thiol functionalities. With this analysis the lower MPTMS content of the
25SH samples compared to the 50SH has been also confirmed. The same behaviour
was observed from the TGA quantification of the thiol groups and the Elman’s test.

For the pristine mSiO, sample, a slight reduction of the fluorescence intensity is

visible compared to that of the starting FITC solution (1 pM,.
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Figure 5.20 FITC uptake test, a-b-c) the reduction of the FITC fluorescence intensity as function of the
substrate used (bare and SH modified mSiO, beads); the test was performed three times; dy FITC standard
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This indicates a non-specific absorption phenomenon of the FITC molecules
into the mesoporous structure of the silica microbeads. In order to avoid any possible
contamination, the buffer solution (used for the dilution of the measured solution)
was analysed and the fluorescent signal is reported in the graph as dashed line (Figures
5.19a-b-cy. The amount of the conjugated FITC was computed by means of a
titration curves measured for each test (Figure 5.19dy. The peak area correspondent
to each FITC concentration was evaluated integrating the fluorescent signal, and the
linear fit of the different concentrations was used to determine the unknown FITC
concentration for the mSiO,, 50SH and 25SH samples. The quantity of FITC
conjugated molecules is reported in Figure 5.20a as molecule density
(molecules/cm?), calculated taking into account the specific superficial area of each
samples (measured by the BET analysis, paragraph 5.8.3). The FITC density reported
in Figure 5.20a was calculated as the average over the three conjugation tests. The
lower amount of thiol functionalities for the 25SH samples is confirmed as mentioned
above, but considering the difterent specific superficial area for the 50SH and 25SH
samples, the final FITC density variation is about 3°10!Y molecules/cm?.

The different fluorescence intensity between the microbead samples has been
observed also by means of an optical microscope, equipped with a suitable
fluorescence-imaging set-up. Form Figures 5.20b-c-d, a different fluorescent
emission is appreciable for the three samples, the MPTMS50 shows the higher
emission, as expected from the previous experiments. The fluorescent emission of the

mSiO;, due to physically adsorbed or trapped FITC, is only slightly visible.

2.1x10"

1.8x10""

‘oisw

1.5x10"" -

1.2x10"

0SSWLdW

9.0x10" +

FITC moleculesicm?

6.0x10"0

T

3.0x10"° /

0.0

SZSWLdIN

. T
mSi02 mSi02-MPTM350  mSiO2-MPTMS25

Figure 5.21 Figure 5.19 FITC molecules density ay grafted by the SH functionalities of the modified mSiO,

beads; by microscope images of the FITC fluorescence intensity.
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The amount of thiol functionalities accessible to the FICT molecules was compared
to the amount of functionalities incorporated during the co-condensation process and
the results are reported in Table 5.4. As expected, the thiol functionalities reachable
by the diffusion of the FITC molecules into the mesoporous structure are smaller than
the total amount of functionalities incorporated during the synthesis. This can be due
to the structure of the mesopores, not completely interconnected, or to the diffusion

kinetic that could require a longer time of incubation.

Sample SH density ¢molecules/cm’y TGA SH density (molecules/cnr’)
FITC test
MPTMS 50 1.37-10% 1.78x0.11y10!
MPTMS 25 3.57-10% 1.51¢x0.03y"10"!

Table 5.4 Comparison of the SH incorporated during the co-condensation synthesis: comparison of TGA
and FITC test based quantification.

5.9.2. Optimization of the surface passivation

One of the major problems in the optimization of a biomolecular assay is the false
positive rate, which can be correlated with the presence of interference species (like
other competitive molecules or the labelling molecules used for the event detection).
In order to avoid or reduce this phenomenon, it is fundamental to select the most
efficient passivation agent for this purpose.

Considering the surface chemistry of the MPTMS modified beads, the first
passivation agent taken into account was the cysteine molecule. In fact, working in
an oxidant environment the formation of a disulphide bond can be easily promoted,
coupling the terminal thiol of the cysteine molecule and the terminal thiol groups of
the MPTMS modified beads. It is well known that the acid dissociation constant
(pKay determines the thiol:thiolate ratio for a given pH value. For L-cystein at a
physiological pH of 7.4, the percentage of deprotonated thiol is around 10%, in fact
the pKa for this molecule is around 8-8.30. Indeed, in order to increase the
percentage of the thiolate anionic form, it is necessary to work at pH > 8. Concerning
the MPTMS modified beads, the surface charge for any pH value is negative, as
reported in the literature from the z-potential studies [178]. For these reasons, it is
important to optimize the reaction bufter evaluating the concentration of saline

species and surfactant agents. In particular, in order to reduce the repulsion due to the
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negative charged surface of the beads, three difterent buffer were tested: SSC
0.5X/Tween 0.025%, SSC 1X/Tween 0.025% and SSC 5X/Tween 0.05%.
Furthermore, to proof the effectiveness of the oxidant environment, three different

pH condition were taken into account: 4.5, 6.5 and 8.5.

1) SSC 0.5X+ tween 2) SSC 1X+tween 3) SSC 5X+ tween
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Figure 5.22 Passivation using cysteine as blocking agent: in the graph, the different condition of pH and

buffer used for the cysteine incubation are reported.

The results of the cysteine passivation are reported in Figure 5.21 and represent
the average OD values calculated over three repetitions for each condition of
incubation. The MPTMS modified beads were treated with the possible
combinations of buffer composition and pH wvalues, with and without cysteine.
Subsequently, the non-specific signal was evaluated incubating the MPTMS beads
with Streptavidin-HRP. The semi-quantitative amount of non-specific binding was
expressed in OD wvalues and it is depended on the colorimetric reaction due to the
conversion of the TMB substrate by the HRP enzyme. As expected, the best
passivation effect was obtained at pH value higher than 8.0, and the non-specific
signal has been further reduced increasing the SSC concentration in the incubation
buffer. The SSC 5X/tween 0.025% seems to ensure the minimum non-specific signal
and the minimum standard deviation. The same optimized protocol was tested on
the three different microporous beads types: pristine mSiO,, 50SH and 25SH
modified. The passivation test was repeated twice and the results are shown in Figure
5.22a-b. Unfortunately, a poor inter experiment repeatability was observed for both

mSiO, and 50SH samples. Furthermore, for the 25SH modified beads the OD values
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recorded are too high and for these reason the passivation protocol cannot be

considered effective.
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Figure 5.23 Cysteine passivation. Comparison of the effectiveness and reproducibility (a-by of the
passivation test for the bare and SH modified mSiO, beads. The value are the average of three repetitions, and the

error bars are their standard deviation.

Considering the poor repeatability of the cysteine passivation and the structural
properties of the substrate, the protocol was modified including a new passivation
agent, the BSA molecule. The low passivation efficiency can derived from the
mesoporous structure that is characterized by high specific negative charged surface
area that could attract the streptavidin molecules on the beads surface. The BSA was
tested as supporting molecule for the non-specific signal suppression, pre-treating the
mesoporous beads with a cysteine/BSA solution. Furthermore, for some of the tested
incubation conditions, the BSA molecule was added during the final incubation with
Str-HPR to enforce the passivating power. In order to understand, if the combined
use of BSA and cysteine was effective, different incubation conditions were tested for
the 50SH and 25SH samples. In particular, some of the sample were treated with or
without the addition of BSA to the cysteine solution and subsequently incubated with
Streptavidin-HRP or Streptavidin-HRP/BSA 1%. As it is possible to observe from
the Figure 5.23, all the samples treated with the BSA/cysteine solution show a low
non-specific binding signal, further reduced if the Str-HRP incubation was
conducted in a BSA 1% bufter. Analysing the 50SH and 25SH samples treated only
with cysteine, the non-specific signal was reduced below an OD value of 0.02 for the
50SH samples, only if the samples were finally incubated with Str-HRP in presence
of BSA 1%. This behaviour has not been observed for the 25SH samples, where the
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total suppression of non-specific signal was experimentally detected only for the
samples passivated with the BSA/cysteine solution. Comparing the results obtained
from the passivation of the 50SH and 25SH samples, the different passivation
strategies seems to be more effective for the MPTMS 50 microbeads, especially for
the BSA/cysteine treated samples. In general, the non-specific signals detected for

these samples are almost half the signals observed for the 25SH sample.
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Figure 5.24 Cysteine-BSA coupled passivation. ay Comparison of the effect of the passivation on the 50SH
and 25SH modified mSiO, beads and relative magnification (b-c).

The samples pre-treated only with cysteine show really high optical density
values, this behaviour can be correlated to the secondary interaction induced by the
presence of the cysteine molecule. In order to verity this hypothesis a third passivation
protocol was tested: in this case, the only passivation agent was the BSA molecules.
In particular, the eftectiveness of this method was evaluated using BSA as pre-
treatment agent and during the incubation of the Str-HRP. The experiment was
conducted taking into analysis the 25SH samples, that shown the higher non-specific
signals in the presence of cysteine. In Figure 5.24 the results are reported: removing
cysteine from the passivation pre-treatment the non-specific signals are decreased
below an OD value of 0.25. From this experiment, it is furthermore possible to
hypothesize that the presence of BSA only, in the Str-HRP incubation bufter, is

sufficient for the non-specific signal suppression. This result is quite interesting from
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the optimization point of view, in fact with this new protocol it is possible to totally

remove the primary passivation step and therefore to reduce the overall assay time.
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Figure 5.25 BSA passivation. Evaluation of the effectiveness of the BSA used as pre-treatment and/or during
the Str-HRP incubation. The OD scale was settled up to 2.25 in order to simplify the comparison with the graph
reported in figure 5.23.

5.9.3 Evaluation of the non-specific signal influence on

probe immobilization and target detection

Considering the best passivation test results and the amount of available
functional groups for the MPTMS modified microbeads, the 50SH samples has been
considered as reference samples for the optimization DNA beads assay. The influence
of the passivation method on the DNA probe immobilization and hybridization was
analysed comparing different incubation conditions. In particular, the second and
third passivation tests, executed in the previous paragraph, have been repeated
including the DNA probe immobilization step. The DNA probe utilised was a 20bp
sequence, modified at the 5” with a thiol group and at the 3” with a biotin-teg, which
allows to detect the amount of probe immobilized by the biotin-streptavidin
interaction. After the probe immobilization, the samples were treated with or
without cysteine and finally incubated with Str-HRP or Str-HRP/BSA 1%, the
results are reported in Figure 5.25a-b, respectively. The graph reported in Figure
5.25a confirms the low efficiency of the passivation method with cystein, in particular
for the 50SH samples. In fact, the negative controls (without DNA) show a poor

suppression of the non-specific signal for the cysteine-treated samples if compared to
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the non-treated ones. The cystein passivation seems to be effective only for the
pristine mSiO, sample; this is quite probably due to a lower non-specific adsorption
of the unmodified mesoporous structure and it is not directly associated with the
passivation process.

The same experiment has been repeated post-treating the samples with BSA 1%,
which was added in the Str-HRP incubation bufter (Figure 5.25by. For this
experiment a further negative control was taken into account: the noDNA/no-
cysteine. This new condition has been fundamental to analyse the passivation eftect
of the BSA molecules, added in the Str-HRP incubation process. As it is possible to
observe from the inset of the graph, the post-treatment with BSA was able to reduce
the non-specific signal without the need of the cystein passivation step. This new
protocols seems to be eftective for both the substrates (mSiO, and 50SH) and
compatible with the DNA probe immobilization. Focusing the attention on the
DNA/no-cysteine and DNA/cysteine samples, the molecules density detected for this

last samples is higher.
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Figure 5.26 Passivation test using two different strategies, the test was conducted with the ssDNA probe
immobilized on the beads surface. ay samples of bare and SH modified mSiO, beads passivated with cysteine; b

second test conducted by coupling the passivating eftect of cysteine with a post-treatment with BSA.

For this reason, the comparison between the passivation test with and without
Cysteine was repeated also in the presence of the target DNA sequence. Furthermore,
the hybridization test was repeated twice in order to evaluate the repeatability of the
protocol. All the samples were treated with BSA only during the Str-HRP
incubation, because, as confirmed in the previous paragraph, the passivating effect of
the BSA molecule can be considered eftective also as post-treatment (after the probe

immobilization and hybridization).
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Figure 5.27 Evaluation of the passivation effectiveness if applied to the hybridization test, the strategies
applied was the treatment with cysteine and subsequently with BSA during the Str-HRP incubation.

Analysing the graph reported in Figure 5.26, it is clear that the presence of the
cysteine molecules induce an overestimation of the amount of the DNA target
hybridized, even if the cause of that is not completely clear. For this reason, the BSA
post-treated protocol has been considered as the more effective way to reduce the
non-specific signal without influence the quantification of the hybridization event.
Indeed, the amount relative to the target DNA is compatible with the amount of the
DNA probe immobilized. Furthermore, this protocol shows a higher intra

experiment reproducibility compared to the cysteine passivation method.
5.9.4. Optimization of the DNA target detection

After the optimization of the passivation protocol, which can drastically influence
the quantification of the target amount, it has been possible to optimize the
parameters that can further improve the DNA target recognition, in terms of limit of
detection. In particular, there are different parameters that can be taken into account:

- the DNA probe incubation volume, in order to guarantee the homogenous

kinetics of diffusion of the probe molecules into the mesoporous structure of
the MPTMS microbeads;

- the DNA probe concentration, which is a critical parameter in terms of

surface density on the beads functionalities;

- the time of incubation of the DNA target as a function of the concentration:

lowering the target concentration an higher time range can be required to
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guarantee the complete diftusion of the molecules into the mesoporous

structure;

- the final suspension volume used for the enzymatic reaction, in order to be

able to distinguish different concentration of hybridized target;

- the enzymatic reaction time range that should be calibrated over the DNA
target concentration, in order to detect the smaller amount of molecules
present in solution.

The optimization test has been started considering the main critical aspect for the
optimization of a biomolecular assay on mesoporous substrate: the homogeneity of
the probe molecule immobilization. In order to guarantee the most effective
conditions for a homogeneous molecular diffusion, the time and the volume of the
probe incubation have been analysed (Figure 5.27 and 5.28). In particular, the
MPTMS beads were incubated with a 1 uM DNA probe solution and the kinetic of
absorption was qualitatively monitored by the UV -vis spectrometry. As it is possible
to observe from Figure 5.27, in the time range of 30 — 120 min there are some small
fluctuations of the absorbed quantity, but the kinetic can be considered almost at the
equilibrium comparing this range with the absorption curve of the overnight (O/N)

incubation.
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Figure 5.28 Evaluation of the ssDNA immobilization kinetic, the SH modified mSiO, beads were
incubated with the ssDINA and the kinetic of internalisation was evaluated by means of the UV -spectroscopy at

different time of incubation.

Taking this last condition as reference, a second experiment was conducted
changing the volume used for the DNA probe incubation. Four different conditions

have been taken into account (300-200-100-50 pLy and compared with two different
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volume of final suspension (Figure 5.28y. This volume is the amount of bufter
solution added to the beads before the division into smaller volumes that are used to
quantify the amount of the DNA probe immobilized (TMB-HRP reaction) (see
paragraph 5.7.3 — Figure 5.8y. The overall variability of the amount of probe
expressed as molecule densityy shows high values independently of the incubation
volume, with a lower variation of the total amount of probe for the samples suspended

in 1000 pL.
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Figure 5.29 ssDNA incubation volume, evaluation of the effect of the incubation volume and final

suspension over the immobilized DNA molecules.

Considering the results obtained from the previous optimization tests (time and
volume of incubationy, the influence of the DNA probe concentration was evaluated
through a hybridization test. In fact, analysing the amount of target molecules
dncubated at high concentrationy it is possible to understand if the density of the
probe on the mesostructures is efficient or not. In the graph reported in Figure 5.29,
it is possible to observe the correlation between probe concentration (incubation
solutiony and target molecule density. For probe concentration > 5 puM, the amount
of detected target starts to decrease, this means that the probe assembly is starting to
become more and more packed and the intramolecular space has been reduced,
lowering the free-space for the hybridization with the target molecule. Considering
both the hybridization test n® 2, which shows a lower variability of the tested
condition (Figure 5.29), the optimal concentration of DNA probe was evaluated to
be in the 2.5 — 5 uM saturation range. This should guarantee the most efficient

distribution of the probe sequences on the mesoporous structure.
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Figure 5.30 Evaluation of the DNA probe concentration, the ability to detect the DNA target was evaluated

varying the probe concentration. The test was repeated in order to evaluate the reproducibility.

Once the optimal concentration for the DNA probe immobilization was
selected, the ability to detect the DNA target molecules was evaluated, taking into
account the influence of the incubation time as preliminary experiment. Two
different target solutions were tested: 1 uM and 1 nM, in order to analyse the
behaviour for high and low concentration (Figure 5.30a-by. Furthermore, for the 1
nM target incubation, two different times of the TMB-HRP reaction were analysed
45 sec, 5 miny.

For the 1 uM DNA target, the time of incubation seems to not influence the
amount of hybridization events, and as it is possible to observe from Figure 5.30a the
effectiveness of the passivation protocol is confirmed by two negative controls. The
noProbe/Target that allowed to evaluate the non-specific signal related to the
eventual target adsorption onto the mesoporous bead and the Probe/noTarget, which
was essential to confirm the absence of non-specific signal associated with the
adsorption of the Str-HRP molecules. These results validate the efficiency of the
passivation approach also for the future integration of the bead assay with the SMR.

The same experiment was repeated for the 1 nM DNA target (Figure 5.30by: the
choice of two different TMB-HRP reaction times derives from the need to ensure
the proper time interval to correctly evaluate the difference between samples
incubated with low concentration of target solution. The molecule density
fluctuation for the difterent incubation time (within the same TMB-HRP reaction
time) seems to be confined inside a very narrow range. A slighter increase of the
molecule density is observed for longer TMB-HRP reaction time. This approach can

be useful in order to distinguish very low target concentration if the blank samples
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(Probe/noTargety does not undergo to an extreme increase of the non-specific signal

as function of the reaction time.
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Figure 5.31 Evaluation of the time of incubation for the DINA target detection, considering two different
concentration of DNA probe a-by 1 uM and 1 nM. Two different TMB-HRP reaction time has been tested: 45

seconds and 5 minutes.

Considering the results relative to the time of incubation and TMB-HRP
reaction time, the best condition (60 min of target incubationy has been used to
evaluate the dynamic range for the DNA-hybridization test. In Figure 5.31 the
amount of hybridized DNA molecules for the target concentration range comprise
between 0 — 1000 nM and 0 — 1 nM are reported; in order to compare the results,

both the ranges has been evaluated with a TMB-HRP reaction time of 45 seconds.

1.4)(10”@ 1.4X101Dm
1.2x10'"4 1.2x10104
1.0x10"" 4 e 1.0x10'04
B E
% 8.0x10'° % 8.0x10°
@ £
g 3
9 6.0x101° & 6.0x10°
2 2
4.0x10'° 4.0x10°
2.0x10'04 2.0x10°%
0.0 0.0 3 ; -
0nM 1nM  10nM 100 nM 1000 niM 0nM 0.001nM0.01PM 01nM 1nM
DNA target concentration DNA target concentration

Figure 5.32 Minimum concentration of DNA target detectable, the concentration of incubation was varied
in the 0-1000 nM (ay and 0-1 nM (b) ranges.

For the high concentration test (Figure 5.31ay the amount of hybridized DNA

target seems to reach a plateau above the concentration of 100 nM. On the contrary,
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the low concentration test (Figure 5.31by seems to undergo a flattening of the
response below 1 nM target concentration. Considering these results, it seems that
the bead assay shows a poor and a not eftective dynamic range. In the case of the low
concentration range, the same experiment was repeated increasing the TMB-HRP
reaction time. Unfortunately, the same strategy cannot be applied for high
concentration, in fact in this case it should be necessary to drastically reduce this
parameter, and a further reduction of the reaction time (below 45 secy can be
inconvenient if applied to the manual procedure.

In Figure 5.32a-b is possible to observe the detected amount of DNA target for
the low concentration range at higher TMB-HRP reaction time. This strategy seems
to be poorly effective on the capability to distinguish the target concentration in the
0.001 — 0.1 nM range. The main observable eftect has been the increase of the signal

associated with the 1 nM target concentration for both the TMB-HRP reaction time.
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Figure 5.33 Evaluation of the effect of the TMB reaction time, different concentration of DNA target were

detected at two reaction: ay 2 min and 20 sec, by 5 min.

Considering the results obtained from the previous experiments and since the
DNA-hybridization assay can be optimized also using a modifiable amount of
microparticles, a new intermediate dynamic range has been tested. In particular, the
final suspension volume has been changed, trying to concentrate the amount of beads
in the volume used during the TMB-HRP reaction. Four difterent conditions has
been tested (100 — 250 — 500 — 1000 pLy. In this case, the target concentrations range
(0 — 100 nMy was selected in order to understand the behaviour for medium-low
target concentrations. As it is possible to observe from the graphs reported in Figure
5.33, when changing the final volume from 1000 pL (the reference standard for the

previous experimentsy to 100 pL, both the dynamic range and the molecules density
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values are increased of one order of magnitude. The relative limit of detection,
estimated from 3 times the standard variation of the blank samples (3SDyy + blk)

ranges between 11.97 to 3.13 pM.
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Figure 5.34 Variation of the final suspension volume and evaluation of the related LOD, different volume
of the final suspension were tested in order to detect the DNA target incubated in the 0-100 nM range. The limit

of detection for each final suspension volume is reported in the graphs.

The dynamic range and the LOD relative to the bead assay could be theoretically
further increased with the integration of this protocol with the direct quantification
of the amount of target with the SMR platform. In this case, the quantification would
be directly executed using the microgravimetric approach, which shows the
possibility to reach a minimum detectable mass of 0.09 pg (for the best glass SMR
fabricated).
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Conclusion

In this work, an innovative process for the rapid fabrication of a monolithic glass
SMR has been presented. The process was based on a femtosecond laser writing of a
fused silica substrate, enabling the reduction and simplification of fabrication
procedures that are normally based on complex and time-consuming approaches.
The femtosecond 3D approach has permitted to define in a single-step the suspended
resonant structure and the embedded microfluidic channel. In fact, the usage of a
transparent substrate opened the possibility to directly focus the laser spot inside the
suspended structure, creating the channel path during the same step that involved the
SMR geometry definition. SMRs with different dimension of the suspended beam
and the embedded channel were tested, and the minimum detectable mass and the
responsivity of each platform were estimated. The resonance properties of the as
fabricated SMRs have been accurately characterized in terms of frequency, quality
factor and Allan’s deviation. The best result showed a mass resolution of 0.09 pg and
a mass responsivity of 539 Hz/ng, making this glass SMRs competitive with the state
of the art resonators. Furthermore, the ability of the SMR to be used as high precision
platform for the liquids density detection has been verified, and a density resolution
of 1.04:10-3 kg/m?® was observed. The performance of the glass SMR could be in
principle further improved by reducing their dimensions, in particular decreasing the
thickness of the suspended structure, and using a difterent transparent substrate for the
fabrication, like material with higher Young’s modulus d.e. sapphire - AL, O3).

Considering the increasing interest in these platforms as high sensitive devices for

the study of single cell or single beads, the biosensing capability of the glass SMRs has
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been demonstrated by evaluating the presence of P. fluoresces (microbial mass)
contained in different solutions (variable concentrationy. The LOD and LOQ
calculated from the microgravimetric measurements are respectively 150 and 481
bacteria. The total transparency of our SMR provides the opportunity of monitoring
the channel even using an inverted microscope, thus paving the way for a new
methodology of integrated optical and microgravimetric characterizations.

In this context, the second part of the thesis work was focused on the
optimization of an innovative bioassay based on the use of mesoporous beads as
capturing substrates. The idea derived from the possibility to flow and stop the beads
directly inside the SMR, thus defining a new label-free sensing system that couple
the high capturing ability of the porous beads with the high mass sensitivity of the
SMR. In this perspective, the work has been centred on the development of a specitic
bead-synthesis protocol and on the optimization of the bead-based assay, evaluating
the capturing capability and defining the LOD for the labelled-sensing configuration
(ELISA-like approachy. In fact, the integration of the bead-based assay into the SMR
platform requires a deep knowledge of the functionalities of each of them as singular
systems. For the SMR platform, this knowledge has been acquired, during the first
part of the thesis work, by the careful mechanical characterization and testing the
SMRs as density sensors. For what concern the bead-based system, a systematic
optimization of a DNA-DNA hybridization assay was conducted. In particular, many
different aspects were analysed: the bead-DINA interaction and the evaluation of the
non-specific signal influence, which results fundamental for the creation of a label-
free sensing approach based on the gravimetric detection of the binding event. The
final evaluation of the DNA target detection has been essential for the estimation of
the LOD range that can be reached with the bead-based assay. Optimizing the DNA
target concentration and the volume involved in the incubation and detection
solution the best LOD values range from 11.97 to 3.13 pM. This value could be
further improved with the integration of the bead-based system with the SMR,
removing the barrier of the labelled sensing.

In order to demonstrate the effectiveness of the envisioned SMR -microbeads
system further challenges still need to be overcome. An important constraint, for the
implementation of the SMR -microbeads system, is represented by the need of an

efficient blocking system able to aggregate a certain number of microbeads in the
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middle of the SMR. In fact, the here presented resonator show, in principle, the
ability to distinguish the frequency variation due to a single microbead flowing inside
the channel. On the other hand, the frequency variation due to the biomolecules
loaded on a single bead is far smaller and in order to detect this event it is necessary to
sum the signals deriving from a population of beads present at the same time inside
the SMR. In this perspective, a first step was done trying to implement a
dielectrophoretic system, which is largely used in literature as tool for cells and
particles aggregation. Thanks to the compatibility of the SMR fabrication process
with standard lithographic techniques, it has been possible to add two coplanar
electrodes on top of the suspended beam that act as dielectrophoresis source
Appendix Cy. Considering the challenges under debate, it is clear that the SMR -
microbeads system still needs a deep study and optimization of boundary constraints

for its real operative applications.
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Appendix A: Single Clamped

beam design
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The clamped-clamped beam geometry has been chosen as preferential design to
test the femtosecond laser direct writing. In fact, this design shows less complex
fabrication problematic, which concern with the mechanical stability of the
suspended beam and the embedded channel path. Nevertheless, in order to
investigate the eftectiveness of this new fabrication method, a single clamped beam
design was also tested (Figure A.1y. The main constrain linked to the femtosecond
laser direct writing is the minimum beam thickness achievable, strongly dependent to
the minimum size of the laser spot. Working with a 50X objective, this size is around
10 um and it allows to obtain suspended beam with a minimum thickness of 30 pum,
making the beam structure quite heavy. This has a small impact for the realization of
a double clamped beam, but can drastically affect the mechanical stability of a single

clamped beam.

Figure A.1 Schematic representation of the single clamped beam. In red is highlighted the

embedded-channel path along the suspended structure and the connection with the inlets.

In fact, the main problem observed, in the cantilever fabrication, was the self-
standing properties, which limited the maximum length achievable around 750 pm,
coupled with a width of about 70 pm. The second problem observed was related to
the impossibility to completely empty the embedded microchannels from the
exposed glass, mostly at the tip of the beam (Figure A.2). This is probably caused by
the channel length coupled with the KOH etching protocol that is unfortunately
limited by the diftusion for distance higher than 2 mm. Nevertheless, this problem
can be in principle solved changing the design of the fluidic system by reducing the
distance between the cantilever structure and the inlet, finding a new design for the

PDMS fluidic interface.
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The as obtained suspended structure was tested from the mechanical point of
view. The first mode resonance frequencies of three cantilevers were measured: as it
is possible to observe from Figure A.2, the resonance frequencies range from 39 to
71 kHz. For each of the sample the Q factor air as surrounding mediay was estimated
from the Lorentz fit of the resonance curves (overlapped to the frequency peak in
Figure A.2). The values ranges from 1042 to 1385, which results in higher Q factors
with respect to the clamped-clamped beam ones. From the inset in Figure A.2
(optical microscope images of the SMR) it is possible to observe the critical aspect of
the channel opening, as previously described. In fact, the samples F2_2 and F2_3
show only a partial release of the embedded channel in the region near the clamping
(dracker line along the beam), which bridges to a different beam mass and resonance

frequency even if the dimensions are the same.

Lorentz Fit (F2_1)

Lorentz Fit (F2_2) Lorentz Fit (F2_3)

F2 3

Q=1059
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S

Normalized Amplitude

0.0 “ i g : : ;
37500 39000 40500 70500 72000 73500

Rescnance Frequency (Hz)

Figure A.2 First mode resonance frequencies. In the graph are represented the resonance peak and the
Q factor for three clamped beam, two of them show a partial presence of the embedded fluidic channel near the
clamping region.

Considering the first mode resonance frequency of these three samples as a good
approximation of the resonance frequency for the final SMR cantilever design-, and
considering the mass of the resonators comprised between 3.72 and 2.68 pg, the
responsivity should be in the range of few tens of Hz/ng. Therefore, the overall

responsivity results lowered with respect to the one estimated for the bridge samples.
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In order to complete the mechanical characterization of the single clamped beam,
Allan’s deviation analysis was performed (Figure A.3ay. The sample F2_1 was selected
as representative sample for the clamped beam set, and the results of the Allan’s
deviation were compared with the Allan’s deviation of the bridge resonator with the
same nominal dimensions (Figure A.3b-c). The glass cantilever shows a frequency
stability three times improved than the bridge resonator one, respectively 5.79-10-7
and 1.67-10-%. Considering the possibility to accomplish the complete release of the

embedded channel, the cantilever can be an attractive alternative to the bridge design.

1—o— Cantilever (length 750 um)
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Figure A.3 Allan’s deviation analysis. ay In the graph are reported the Allan’s deviation values as function
of the time, comparing the behaviour for a cantilever and a bridge suspended structure. b-dy Optical microscope

images of the bridge and cantilever SMR..
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Appendix B. SMRs

characterization
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Considering the large number of tested designs, this appendix resumes the main
mechanical properties related to different clamped-clamped beam resonators with
variable length, width and thickness. Taking into account the difterent geometries
and dimensions of the embedded channel (Chapter 3y, the resonance frequency (£
cair and vacuum measurementy, the mass and the responsivity (R) have been evaluated

and resumed in the Table B.1.

L w h channel channel ~ Mass 1, Air 1, Vac (f]fz y
wmy gy oy g pmy M Hz) 1z ng)
450 50 45 32.17 1469 176 1.177:10°  1.179:10° | 334
500 50 45 32.17 1469 196 8504105  8.503:10° | 217
750 50 45 32.17 1469 294  4.057'10°  4.059:10° 69
450 50 45 31.28 3496 115 1.23510°  1.237°10° | 539
500 50 45 31.28 3496 1.27  1.010-10°  1.010-10° | 396
750 50 45 31.28 3496 191 458510°  4.58410° | 120
450 75 45 32.17 1469 2838  1.21510° - 211
500 75 45 32.17 1469 320  8.870:10°  8.870:10° | 139
750 75 45 32.17 1469 480  4.42910°  4.43310° 46
450 75 45 30.55 59.04 156 9.790:10°  9.793-10° | 314
500 75 45 30.55 59.04 173 8.289:10°  8.293:10° | 239
750 75 45 30.55 59.04 2,60 442110°  4.427:10° 85
450 50 45 32.17 1469 176  1.170:10°  1.170:10° | 332
450 50 45 32.17 1469 176 1.19310°  1.194:10° | 339
450 50 45 32.17 1469 176 1.23510°  1.236:10° | 350
450 75 45 32.17 1469 288  1.06310°  1.064:10° | 185
450 75 45 32.17 1469 288  1.198:10°  1.198:10° | 208
450 75 45 32.17 1469 288  1.187:10°  1.187:10° | 206
400 75 30 8 7.5 182 7.552:10°  7.568:10° | 208
500 75 30 8 7.5 227 3.649110°  3.658:10° 80
750 75 30 8 7.5 341 2.48510°  2.491-10° 37
1000 75 30 8 7.5 454 1.40910°  1.410:10° 15
750 70 30 8 7.5 316 2141105  2.139:10° 34
700 90 30 8 7.5 3.87 432410 4.327°10° 56
700 90 30 8 7.5 3.87  4.156'10°  4.160:10° 54

Table B.1 Resonance Frequency (air and vacuum) and Responsivity (air), calculated considering the
mass of the empty resonator. The table is divided horizontally in two sections: the upper one is related to the
SMR fabricated with the 20X objective and the lower part is referred to the SMR fabricated with the 50X
objective. The samples that show the best responsivity are highlighted in red.

The resonance frequency related to the first flexural mode of each double
clamped beam are reported in figure B.1. Three main groups have been created in

order to display the experimental data as a function of the mechanical resonator
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length: figure B.1a 400-450 um, figure B.1b 500 pm and figure B.1c 700-750 um,
the only exception is represented by the beam long 1000 pm that was grouped in the

last set of data.
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Figure B.1 First mode of resonance, for different micromechanical resonators characterized by variable

length, width and thickness a-b-c).

The Q factor estimation was obtained by two difterent methods: considering the ratio
between the frequency and the width of the resonance peak at -3dB or by means of
the ring down analysis. In the first case, the parameters needed for the Q factor

computation were extrapolated using the Lorentzian fit of the resonance peak (as
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shown in the Chapter 4y. For the ring down analysis, the decay behaviour of the

amplitude signal was evaluated using an exponential decay fit,

t

A(t) =A06_T_C B1.1y

where the time constant T, 1s directly proportional to the Q factor. In fact, if the
teedback loop is not applied to the system, the resonator generally relaxes from a

perturbed state to a “natural” state in a frame time that is referred to the decay time

Tc= Q/H ﬁ)»

= 10 us - 460 k Sa's
ExpDecl Fit of meas_plotter_20181025_090508 B"S00_50_10"

0.18 Model ExpDec1
B TR A -
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Figure B.2 Example of exponential decay fit used for the computation of the Q factor from the ring
down analysis.
The averaged Q factor, computed with the two methods, have been compared and
resumed in Table B.2. The data are displayed as function of the micromechanical
resonator and channel dimensions. For most of the samples, both the Q factor

computations seem to return comparable values.

Q factor
L w h channel  channel ] Q factor
(Lorentzian SD ) SD
My oy ) (i) (i) P Ring down)
1)
450 50 45 31.28 34.96 362.26 8.21 399.34 5.48
450 50 45 32.17 14.69 224.68 37.67 293.78 25.97
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450 50 45 32.17 14.69 285.34 17.60 293.78 25.97
450 50 45 32.17 14.69 329.64 19.25 380.26 2.65
450 50 45 32.17 14.69 254.23 45.88 209.40 5.48
450 75 45 30.55 59.04 529.39 1.68 378.11 0.00
450 75 45 32.17 14.69 161.75 40.35 190.83 16.19
450 75 45 32.17 14.69 199.14 18.75 365.66 11.81
450 75 45 32.17 14.69 373.98 13.07 462.57 5.32
450 75 45 32.17 14.69 298.69 5.88 426.62 23.71
500 50 45 32.17 14.69 194.43 0.34 409.88 1.89
500 50 45 31.28 34.96 612.10 92.53 556.46 2.24
500 75 45 32.17 14.69 149.20 1.69 366.26 9.85
750 50 45 32.17 14.69 1003.82 1.39 837.76 3.60
750 50 45 31.28 34.96 250.43 1.01 403.07 6.11
750 75 45 32.17 14.69 384.29 3.27 398.48 4.92
750 75 45 30.55 59.04 443.96 1.76 551.16 0.00

Table B.2 Comparison of the Q factors calculated using the Lorentz fit or the Exponential decay fit.

For what concerns the Allan’s deviation analysis, two different approaches have
been used to evaluate the impact of the measurement set-up used. For this reason,
the SMRs fabricated with the 20X objective were analysed with an open and a close
loop system to compute the frequency stability. As it is possible to observe from the
Figure B.3 the two approaches return different frequency fluctuation. This
phenomenon is directly correlated to the evaluation of the minimum detectable mass.
In the worst case (beam length 450 pmy the Allan’s deviation values show high
variation between the close and open loop acquisition. The difference in the
evaluation of the minimum o seems to less affect the values related to the beam with
length equal to 750 pm (figure B.3e-f). The impact of the measurement set-up will

require further in-depth analyses that are not been complete yet.
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Figure B.3 Allan’s deviation analysis. The Allan’s deviation curves are reported in the graph and the

close (blu liney and the open (red liney loop response was compared for different SMRs length, a-by 450um, b-¢

»500 um and d-e)y 750 um.

136



Appendix C: Electrodes

integration
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The SMRs show great potentiality in the biological fields, such as the study of
single cell growth, the analysis of the antibiotic susceptibility, membrane
permeabilization and other related studies. In this context, the possibility to directly
manipulate the cells flowing inside the SMRs seems to be an attractive prospective
and require proper strategies in order to make it effective. The manipulation of the
physical location and the organization of cells and other particles, such as those
synthetized in this work for the beads-based bioassay, are a fundamental part in this
attempt.

Many techniques have been widely investigated, including surface modification,
acoustic forces, optical and electrical tweezers [179—-182]. This last approach, and in
particular the dielectrophoresis (DEP), is became more and more a common modality
for the particles/cells manipulation and trapping [183] for in flow analysis.
Considering our SMR design and the fabrication approach used, the DEP seems to
be an attractive solution for the controlled and spatially resolved confinement of
particles, taking into account the destabilizing force of the surrounding environment
(the liquid in which the particles are suspended and spread along the channely.

In order to understand the feasibility of an integrated SMR-DEP system, a
preliminary approach for the electrodes deposition on top of the suspended resonator
has been investigated. First of all, the SMR fabrication, based on the femtosecond
direct writing was deeply analysed, step by step, in order to identify at which stage of
the process the electrodes deposition could be integrated. Fortunately, the deposition
of metal electrodes on glass is a well-known process and in literature there are many
difterent approaches. Regarding the direct integration of the electrodes on top of the
SMR, three main strategies were taken into account and their compatibility with
SMR fabrication was evaluated:

[. A preliminary deposition of the electrodes followed by the two step process
for the SMR fabrication;
II.  Deposition of the electrodes after the SMR laser writing and release in KOH;
[II.  An intermediate electrodes deposition, immediately after the laser writing
process, but before the SMR release in KOH.
Each of these strategies shows some significant constraints. The first approach suftered
of two main problems: depositing the electrodes before the SMR laser patterning

makes the channel path definition not possible. In fact, the electrodes material would
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block the bulk penetration of the laser that should be focalized in the central plane of
the SMR to create the embedded channel path. The second problem is represented
by the electrodes material resistance against the aggressive KOH etching, at 80°C.

The second strategy, regarding the electrode deposition as last step, could
overcome the compatibility problems between the electrodes material and the
aggressive etching procedures needed for the SMR release. Unfortunately, the
presence of a suspended structure, characterized by a variable under-gap high, makes
the standard techniques of photoresist coating (d.e. spinningy not effective. In
particular the presence of discontinues surfaces, like the under-gap and the inlet for
the fluidic integration, creates a non-homogeneous coating at the edges of these
discontinuity that during the metal deposition can cause the formation of a short
circuit between the two electrodes.

Finally, the third approach minimizes the constraints. In particular, when
depositing the electrodes after the laser writing, the problem to overcome resulted
the compatibility between the electrodes material (considering also the deposition
process chosen for this purpose) and the aggressive KOH etching. Considering the
possibility to preserve the characteristic transparency of the glass SMR | the ITO
(Indium-Tin-Oxidey was proposed as possible electrode material. This material has
been widely used for the creation of transparent conductive electrodes in organic solar
cells application [184], thanks to its high transmittance in the visible range [185].
Compared to other typical electrode materials, like Platinum (Pty and Gold (Auy, the
ITO shows a higher resistivity that can vary from 2.6 to 3.4:10° Om, depending on
the deposition temperature and the O,/Ar flow ratio.

In this work, two different ITO-deposition strategies were tested, in particular
the deposition was carried out using a Radio Frequency (RF) sputtering system
(Spider 600y and two fused silica wafers were respectively coated with 200 nm of
ITO, deposited with and without O, (O,/Ar ratio of 1:7.5), at room temperature
RT). For the ITOO,)-sample the magnetron power was settled at 500 W and the
rate of deposition was 22.1 nm/min. The same power was also used for the ITO-
sample, but the deposition rate was increase up to 176.0 nm/min. Subsequently, the
ITO thin film was patterned to obtain the final electrodes design to be tested in the
KOH etching bath (80 °Cy. As it is possible to observe from the optical microscope
images (Figure C.1), both the ITO thin films were damaged by the KOH etching. In
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particular for the ITO(O,)-sample the thickness of the deposited film was drastically
reduced, as it is possible to deduce from the colour variation before and after the
KOH etching. On the contrary, the ITO-samples seems to be more resistant to the
effect of the etching bath, even if the prolonged exposure to high KOH
concentration at 80 °C caused the formation of a pinhole structure along the [TO-

film.

After KOH etching

IT0 (0,)

ITO

Figure C.1 Optical microscope images relative to the ITO resistance test. In the images are reported

the morphological aspect of the ITO(O,) and ITO samples before and after the KOH etching.

The poor resistance of the ITO and ITO-(O,) substrates to the KOH etching is
further confirmed by the transmittance spectra recorded before and after the exposure
to the etchant solution (Figure C.2y. The almost total removal of the thin film is
evident comparing the transmittance curves of the ITO-Oy) after the KOH with
that of the pristine fused silica. As expected, from the optical microscope images, the
100% transmittance result to be almost restored to the pristine value, confirming the
removal of the ITO-(O,) deposited. For the ITO substrate, the transmittance curves
show a similar behaviour before and after the KOH, even if slightly modified after

the KOH.
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Figure C.2 Transmittance spectra for the ITO and ITO-O,) samples. In the graph are reported the
transmittance curves before and after the KOH treatment. As reference is reported (red curvey, the transmittance

associated to the pristine fused silica.

Considering the results obtained from the KOH-test for the I'TO and ITO-(O,)
films, the possibility to use them as transparent electrodes material was discarded and
the test of standard electrodes materials, like Au and Pt, was considered. Two different
deposition protocols have been settled. For the Pt electrodes, a RT deposition was
performed using a Direct Current (DCy sputtering method (Spider 600). Firstly, an
adhesion layer of 20 nm of Titanium (T1) were deposited on the fused silica surface
with the following recipe: magnetron power 1000 W, Ar 2 sccm and deposition rate
equal to 120 nm/min. With the same power setting, 200 nm of Pt were deposited
with a rate of 230 nm/min and an Ar flow of 15 sccm.

For the deposition of the Au electrodes, an adhesion layer is needed to improve
the stability of the thin film on the fused silica surface. One of the most common
adhesion layer used for this purpose is the Chromium (Cr), which unfortunately
shows a poor resistance against aggressive etchant solutions. In order to increase the
overall stability of the Cr/Au layers, an evaporation approach (Alliance-Concept EVA
760 evaporator e-gun) at high temperature (300 °Cy was preferred to the sputtering
method used for the ITO and Pt electrodes. Furthermore, a double Cr-Au/Cr-Au
layer was deposited increasing the resistance to aggressive etchant and avoiding the
pin-hole formation thanks to the double layer. From the optical images reported in
Figure C.3, the higher stability of the Cr-Au/Cr-Au deposition was confirmed

observing the thin film condition before and after the KOH etching. On the contrary,
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the Ti/Pt electrodes have been considered incompatible with the prolonged KOH

bath that caused the almost complete removal of the Pt layer (Figure C.3).

After KOH etching

Cr-Au/Cr-Au

Ti-Pt

Figure C.3 Optical microscope images relative to the Cr—-Au/Cr-Au and Ti/Pt resistance test. In
the images are reported the morphological aspect of the Cr-Au/Cr-Au and Ti/Pt samples before and after the
KOH etching.

After the preliminary tests focused on the evaluation of the ITO, Au and Pt
resistance in highly concentrated KOH solution, the electrodes deposition and
patterning protocol were optimized (Figure C.4y. First, the SMR structure was
patterned with the optimized femtosecond laser writing process (Chapter 3y, then the
tused silica wafer was coated with a double Cr-Au/Cr-Au layer (evaporated at high
temperaturey. In order to transfer the electrode pattern, which is characterized by a
small gap of 20 um centred along the SMRs, the metal layers were coated with 2 pm
of a negative photoresist (AZ1512y and then patterned with a direct writing process
(MLA150 direct writery with 110 mJ/cm? dose and a defocus of -2. The not exposed
parts have been subsequently removed with the AZ1512 developer solution.

The electrodes shape was subsequently defined by Ion Beam Etching (Veeco
Nexus IBE350), with an exposure time between 7 min and 8 min. Finally, the
photoresist left was removed with an oxygen plasma for 10 minutes. As it is possible
to observe from the pictures in Figure C.5a, the electrodes were well aligned with

the suspended structure and the gap is centred along the beam.
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d) Photoresist development e) lon beam etching f) Photeresist removal and SMR
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Figure C.4 Schematic representation of the process flow for the electrodes integration. The
electrodes deposition and patterning were obtained following the depicted step by step process, which involves
the metal deposition followed by the photoresist coating. The electrodes geometries were patterned by the means
of a laser direct writing followed by the removal of the un-exposed resist. The geometry was finally obtained

using an ion beam etching followed by the photoresist removal and the SMR release by KOH etching.

Unfortunately, the preliminary femtosecond laser writing leaved some residues
along the SMR edges, due to a collateral re-deposition of fused silica. This caused
some discontinuities of the Cr-Au/Cr-Au layer and the subsequent detachment of
the thin film during the KOH etching (Figure C.5by. This problem can be easily
solved adjusting the exposure parameter of the femtosecond laser, in order to avoid
the fused silica re-deposition along the laser path. Considering the good results of the
electrodes deposition on top of the SMR, the design of the electrodes should be now
optimized in order to evaluate the effective possibility to integrate the DEP system

for the particles trapping in the middle of the suspended resonator.

Figure C.5 SEM images of the electrodes deposited on the SMR structures. ay Top-view of the

electrodes, the alignment was successfully obtained and the gap between the electrodes was pertectly centered
along the SMR structure. by detail of an adhesion defect of the Cr-Au/Cr-Au layer, probably due to the fused

silica redeposition, along the SMR edges, during the femtosecond laser writing.
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Water used during each step was Ultra-Pure Water dispensed from a DirectQ-
3UV Merck-Millipore (Milan, Italy).

Beads synthesis. Toluene (99.8%), , tetraethylorthosilicate (TEOS), 3-

aminopropyhtriethoxysilane (APTES, 98%, (3-mercaptopropylytrimethoxysilane
MPTMS 98%, tetrahydrofuran (THF, 99.9%, trimethylamine (TEA), succinic
anhydride (SA, 99%, 1,3,5-trimethylbenzene (TMB), hydrocloric acid (HCI, 37%),

Pluronic® F127, were purchased from Sigma Aldrich/Merk (Milan, Italy).

Ellaman’s test. 5-5’-dithiobis2-nitrobenzoic acidy >98% (DTNB), L-cysteine,
sodium acetate salt (>99%), Trischydroxymethylyaminomethane (TRIS base),
hydrocloric acid (HCI, 37%), were purchased from Sigma Aldrich/Merk (Milan,

Italyy.

Bead-based assay: pores availability. Fluorescein isothiocyante (FITC),
Monobasic sodium phosphate (NaH,POy), Dibasic sodium phosphate (Na,HPOy),
were purchased from Sigma Aldrich/Merk (Milan, Italy).

Bead-based assay: passivation, immobilization and hybridization.

Ethylenediamintetraacetic  acid (EDTA), Sodium hydroxide (NaOH),

polyoxyethyleneglycol-sorbitan monolaurate (Tween-20T™

BSA), L-cysteine, streptavidin  HRP conjugated (Str-HRP), 3-3’-5-5’

), bovine serum albumin

tetramethylbenzidne (TMB substrate for ELISA), saline sodium citrate (SSC, 20X,
were purchased from Sigma-Aldrich/Merck (Milan, Italy).

The synthetic DNA-sequences were purchased from IDT (Integrated DNA
Technologies, lowa USA), three difterent sequences were used:

Probe: 5'-ThioMC6-AGC CCA ACT TTC TCC GGT CC-3'

Probe i spel,: 5'-ThioMC6-TTT CTC CGG TCC CAT CTT TC-BiotinTEG-3'
Target b, 5'-BiotinTEG-GGA CCG GAG AAA GTT GGG CT-3'
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