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Summary

The here proposed work is aimed itaroduce newfunctionalitieson a
microgravimeic sensombased orsuspended microchannel resonator (SMR). In
particular, anovel labelfree sensing approachenvisioned conceivinga high-
capturing substrate (porous beads), used asamgss with3D laser machined
SMR devices In order to do thata deep knowledge of their peculiar functionalities
as distinctive systsm required.

The SMRs haghown great potential in the biosensing.fielgharticulay the
design proposed Idyanalis et. a 2007has 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 ecsuming and complex processing techniques. Moreover, only few
examples of labélee biomolecular assays based on these sensors have been presented
in the literature. These approaches generally exploit the selective functionalization of
the inner walls dhe suspended channel, in order to promote the immobilization of
specific biomolecular capturing probes (i.e. ssDNA, antibody or other
macromolecules). Unfortunately, this method shows some limitations mainly due to
the inhomogeneity of the functionalizatiof the channel walls and the control of

the fluid dynamic aspects to promote the binding kstegimveen probe and target



moleculesFurthermore, 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 SMIRe.resonatoisave been developed entirely
in glass with a 3D microfabrication approach that iespand speeds up the
fabricaibn process. Starting from a microscope glass aligentosecond 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 eticly. The mechanical characterization of these resonating
bridges showed that the mass resolution and sensitivity in air environment are
comparable to those reported in gtateof-art SMRs, while they perform better
than commercial rarocapillary glasssanators.

In order to develop a labaleé bioassaya new integratedapproach 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 uad 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 iswided, 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 vkelbwn biomolecular strategies. In this
perspective, théhesis work was mainly devoted to the development of a bioassay
compatible with the integration into the SMR platform and in particularas
mainly focused on the optimization of a DNDNA hybridization assay using the
mesoporous silica beads as capgtstibstrate.

The work started wit the optimization of thstrateg of synthesis to obtain micron
size porous beads compatible with the inner channel dimensiocitod®nsation
method, in acidic environment, was preferred to other synthesis straidgiets.

using this approach it has bpeassible to obtain, with high efficiency, mesoporous

ii



beads with different chemical functionalities already embedded into the porous
framework. After a careful physichlemical characterization, the MPTMS (3
mercapopropyltrimethoxisilane) modified beads were chosen as preferential material
for the immobilization of the sSDNA probe. The ngpecific signals, deriving from
undesired interactions between the molecules involved in the ragsagent a
crucial aspedor the future integration of the assay into the SMR platform. In fact,
this phenomenon will affect the evaluation of the beads mass variatiomgéaiseati
positive results. For this reason, the optimization of the bioassay was carried out
searching # best configuration for the na@pecific signal suppression. The
optimization of the molecular recognition allows to obtain a relatively high limit of
detection (LOD), which ranges between 11 and 3 thisbeingcomparable with
well-know biomolecular tés such as the enzyme linked immunosorbent assay
(ELISA).The dynamic range and the LOD relative to the {deaskd assay could be

in principle further improved with the integration of this protocol with the
quantification of the target amount directly whle SMR platform, using a label

free approach.
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Chapter 1

Introduction

Biosensors aretegrated pladtfmsable to exploiparticularsensingnterface to
detectbiological phenomend], i.e. the antigerantibody interaction, the DNA
DNA hybridization oreven more complex mechangs@ne of the main advantagye
in the usage of the bioserss®the pgsibility to directly monitaa specifibiological
mechanism in complex matrimaintaininghigh sensitivity, selectivity and time
stability{2]. This is mainly due to the particular sensing interface, which characterize
this type of sensor3he sensing interfads generally constituteof specific
bioreceptos ( i . e . enzyme, a nt ialldeotdinteractwith the o or gani s
biological sampldéo be analyzedFigure 1.1) The bioreceptoris generally
immobilized or connectdto the sensing system using different strategiesling
physical adsorptipnchemical craslinking, or selective confinementnside
dedicated trapping structuf8 Then, theinteractionbetween the receptor and the
analyte must be converted innaeasurable signdfor this reason, a second
fundamental component of the biosensistesy is the transduction modusdich
allowsthe conversion of the biological phenomena in a quantitativeatitagjve
information Many different strategies, based on electrochemical, optical,
piezoelectric, awristic, microgravimetric amdany other methodsan be exploited
to actuate this conversiolAmong the microgravimetric approash the
micromechanical biosarrsassume a great importance in the development of label
free sensing platfosnwith high masssensitivity. The majority of mechanical

biosens@can beclassiéd, according téhe operation mechanism, into Micro or
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Nanoresonatyy Suspended Microchannel Resomst@nd Quarz Crystal

Microbadance.
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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 m@rand nanofabrication are increading useof the
mechanicalesonator as powerful sensing fd]. In particular, the ability to apply
the standard wafer scale semiconductor processing techniques to the ahechanic
device fabrication has enlarged the field of application of these p[8{farhesfirst
typology of micrometersizedresonatorbecame popular with thatomic force
microscopg AFM) invention in 198610]. This approachakesinto accountthe
possibility to obtain topographic informati@f micron sized featurgdy raster
scanningvith a miniatirized phonograptA sharp tip mounted on a cantilever beam
was usedot probe the sample surfadél1,12] which bends according tthe
interaction force between the tip and the samflbe small dimensions of the
cantilever(micro or submicron) ensuredhigh resonance frequency, which makes
the system less sensitive to the external vibratnohguarantsea low spring
constantWith the pioneering works by Beset al. and Thundat etal in 1994
these mechanical platformere modified removing the sergtip and the beam
resonatorstarted to be usead a wide range of applicatpmangng from health
sciencéo physicalchemical researdm.their work the bimorph effe¢tue toa one
side gold coatg on acantileverwhich normally causes severdtgnoblemgo the

AFM setup, wasexploited to realize a very sensitiveron- sizethermometef13].



Moreover, following studies demonstrated that keeping a ooettdd cailever at
constant temperature, small changes of humidibhe@resence of vapors cooél
easily detecteshalyzinghe surface strd44,15] Exploiting the same concefte
cantilever sensangave been used to onlimeeasure the formation of safsembled
monolayer (SAM)16], opening a new fieldf applications relatéolthe monitoring
of molecular binding phenomeiia71 19], thus makingthe cantileversnore and
more attractivas labefree sensing platforrf0,21] One of the firstnnovative
work onthis field wathe studyof the specific binding betwedwo complementary
DNA strand422]. The widespread use of these platforms in the biosensing field
mainlydueto theremarkabl@bility to detect small variatewf massr surface stress
that reveathe presence of specific biomolectg@ognition eventthat are usually
difficult to detect. Furthermorgheseintrinsic characterisiscale advantageously
with the reductn of the physical siz¥ the resonant platfornfror this reasqgn
consideringhe miniaturized dimensions (micro or nanoscée)cantileversdid
promises as portalledhighly parallé&edsensorf®3]. These characteristics coupled
with the possibility to operate in different mg@dgallow tosimultaneouslgbtain
different information linked to the variation of the cantilever mechanical properties.

The two main operatioal methodology ar¢he static and dynamic mof&5].
In the former, the static deflection of the cantilever is measured and exploited to
directly measure the surfacdulk stress inducedspectivelpy molecules or other
material deposition aty humdity or temperaturehangegl3,26 29]. The second
operatioml modeis based on the possibility to direetiyl qantitativelylink the
resonance frequenaof/the resonator with itaassThus, if the mass chasgduefor
exampleto a molecules layer deposition ather immobilization/absorption
phenomeng19,30] the change can be estimat®d monitoring the cantilever
resonance frequeneyift This method allows to reach impressive s&sstivity
sincethe minimumdetectablenassariationis related to the total mass of the device
Further improving theoperatingcondition like workingin vacuum environment,
the dynamic mode alics to estimate mass changes iattheozeptogram scafe.g.
by usingnanoelectromechanical syst¢8is32).

Unfortunately,when the aim of the sensing application is the detection and the
study of biological species in their native environmmarthes out one of the
predominanproblemof these devicethe viscous drag dampjnghich drastically



affectsthe quality factor (Qand the effective mag33,34] Consequentlythe
minimum deéctable frequencgnd thesensitivity of the devicare drastically
redued [35]. Different possible solutiorfgave beemroposedsuch as microplates
[36], micropillars[37] and plad wave sensor88] that are able taeducethis
limitation even itheir sensitivity result to be inferibcompared tdhe beam based
resonata To overcome thge problems different strategies have leeployed,
includingt he Kdi p and dryk appr cemenhof theh at cons
resonance frequency air or in vacuumimmediately after thexposureof the
resonatoto the desire incubation solution followed by the drying of the cantilever
surface[39]. Unfortunately, this approachas numerous drawbacK&e poor
reliability, increase of possible contamingtioonfeasibility of redime
measuremestand time consumingample preparationThe most attractive
alternativewas presented Burg and Manalis in 200[&0]. In their work, a new
approachio minimize the viscous drag and the damping problems associatiee with
vibration of a cantilever in fligadvas shown for the first tim&hey proposedo
overcomehese phenomemanfining the fluidirectlyinside the cantilevegadving
the beam exterior in vacuum or in a gaseous environment. In order to,dm that
innovative design was proposetihe standard suspended resonator shape was
transformed into a suspked microchannel reswtor (SMR) by empty the inner
volume of the suspended beggigure 1.2. Furthermorethanks to th@ossibility &
vacuum packaginfpe whole suspended structutes characteristic higeensitivity
was preservdd3].

Confining the liquid inside the beams means to be agk nwass and density
information and to carry out real time biomolecular detexfis#]. Furthermore,
this new design enadlaot onlyto avoid the common problemslatedto thein-
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 platfahas for
development of new poinf-care devices and for the lasgpale integration with
MHPLC, PCR and flow cytometergll,42] In fact, the SMRs are currently
fabricated with challenging, tirnsuming and expensive micromachining
technique$33][43] that require complex mulstep microfabrication procedure for
the creation of the embedded microfluidic char{88l44,45] An alternative



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

u.\\

technology for biological and chemical detection.
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Figure 1.2 Suspended microchannel resonator a) SEM imageSMR characterized by the cantilever
shapethe dashed line highlights the channel ffatim Manalis et al. 2006)) particular of the embedded
microfluidic channel; d) correlation between the particles position and the amplitude of the reson@mre peak
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 studiesxpiogation of these
platforng as potential transduction system for the improvieafiexistenbioassay
(i . e. bi omar ker s gu an has Showrlanited diffusion bi ndi ng
[46,47] The main problem is the poor specific area of the embedded channel that
should be used aapturing surface for target molecules detedfimhermore, to
guarantee the specibinding of the capturing molecules on thannelkurface, a
functionalization process must be maké&o accoun{46]. This approach requsé&
setup a dedicated $gm of functionalizatiostepsable toguarantea@high coating
homogeneityIn order toavoid these problemen alternative igpresented bihe
integration of high adsorbent surfac®o the SMR, for exampley using high
porous beads as cagidrhe beadsan be flushed back and forth in the SMR
monitoring the mass variatidn this wayboth the capturing molecules loading and
the target binding can be rdthe monitored.

Moving from the 2D based systeof the channel walB,9] to the 3D-based
systenof the beadsffersthe possibilit to overcome thenainproblemdinked to
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the channel functionalizatiomm fact, the functionalization of the beads can be done
in batches, redurg the statistical difference of the process, and can be directly
integrated during the beads syntli28i22]. Furthermoretheusage of porous beads
increasethe surface area available for the immobilizatiore @iagbtuing molecules
[10-12], fundametal in the analysis of low volume sampglestaining low
concentration target analyf{é6].

Materials like mesoporous silica has been deeply studied as ideal substrate for the
synthesis of micro or nanojees with high surface area and Mmgbdificaton
degree that involve both the morphology (beads and pores dimensions) and the
surface chemistry, which can be modulated depending on thepphehtior22-

24]. In the field of medical microdevices, the possibility to fully integrate a substrate
with high capturing capability, higimnroughput properties and scalability, can be
considered as one of the most important requirement. €t psrous beads can
supply these needs and can be used as versatile subbigitehmughputand

label free degction approaches.

Considering the two main constrgiwhich limits the SMR diffusion as effective
bioassay platform,isithesis work wafirst focused on the development of a new
fabrication approach based on the femtosecond laser direct writing .cimtbxt,
the as fabricated glass SMiere deeply characterized from the medadupioint of
view. Furthermorethe capability of the SMR to distinguish liquids with different
concentration was tested and as proof of concept, the resovemrusedas
microgravimetric platform foP. fluorescensounting. In the second part of the
work, the possibilityo develop a new biosensing approaealsed on the integration
of mesoporous beaidso the SMR was investigated. In particuldnre mesoporous
silicawas studied as suitable substrate for the synthesis of functionalized microbeads
Afterwards,a protocol that takes into account the reductionnoft specific
contaminants was optimizadd a bioassay based on a EIDA interaction was
developed The future integration of théwo components optimized during this
thesis work, the beddased assay and the innovative glass BMRIJ increase the
potential application of these resonant platforms in tloe diiethe 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
(lossless) vibrating mechanical structueekinetic energy and the potential energy
are endlessly converted at éigenfrequencyith a constant vibtimnal amplitude.

This phenomenoroccurs at discrete vibrational modes, defaigdnmode[48].

However, for a real mechanical structure the commutation between kinetic and
potential energy is affected by small losses at every cycle, due for example to the
medium ineraction, clamping system and other intrinsiedoBserefore,in a real
mechanical structuthe eigenfrequencis more appropriately definedsonance
frequenciandit is associated to a well deftegonance modé9].

Each resonator is characterized bygalsinnatural resonance frequergylifat
could change as function of the mass, force or stress variations applied to suspended
structure, making these platf@mparticular attractive in the sensors field. Depending
on the final purpose, the mechanieslonators could be shaped following different
geometriefb0]like beamfb i 54), string$55], diaphragms, platg] or membrane
[57,58]



2.2. Resonance Frequency

Focusing the attentioon the beam resonators, for a thin structure (L >> w >>

h) the behaviour of the system can be etesilyibedb y t h e KoHluBeanr
EquatB9ponk

1a 14 -
08% "o T 2.1)

WhereEi s t he Yo uhisghk geometrid mdmans of inertiais the
mass density aids the cross sectional area.

Ber n

The modelling of e bending behaviour can be derived under three

fundamentals kinematic assumption:
- The crosssection is infinitely rigid (own plane)
- The crosssection return plane after deformation

- The crosssection should be normal respect to the deformed axis

2.2.1.Single clamped beam

The Euler Beroulli equation is a fourth order differential equation, therefore

four boundary conditions are needed to solve it and derive the resonance frequency

(7,)of the system. If we consider a single clamped beam, as Bigawei2.1, these

boundary conditioscan be obtained bearing in mind the following assumptions:

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

1V w

L

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

The resonance frequency can be obtain implementing the related boundary

conditiorsand can be defined as,
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Where k,L is the wave number; is the operation modé&Ei s t he YounglJds

modulusmis the density andis the thickness of the beam.

The wave number change in function of the mode of operatidns given by,

Q0 p& X DH WK L L
(2.3)
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The first four flexural modes are clearly visibleigare 2.2.; increasing the
number of modes, new nodes are added: {h@isés of nonvibration limit the
oscillation of the structure and decrease the amplitude of the associated vibrational

mode. At eaclm-mode is associateed? nodes.
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Figure 2.2 Schematics representatiotthef first four flexural or bending mode of a cantilever. Picture from
t h e KFu sdmranomechaaidal resonator, Schimit et al. Springer 2016).



2.2.2.Double clamped beam

In the case of a doubly clamped béagure 2.3) the suspended structure is fixed
atboth ends, therefore the boundary condition derive from a single assumption: no

slope or displacement due to the clamp at the fixed ends

Figure 2.3 Graphical representation of a doubly clamped.beam

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

structure as,

2 s o
"Q — (2.5)
¢ 0 plp ¢

where k,L is the wave number; is the operating modési s t he Younglds
modulusmis the densityz is the Poisson ratio ahds the length of the beam.

The wave numbers associatethtfirst four flexural modes, visibleFgure
2.4, are given by,

V0 1§ oM@ v dpcBO WL @ (2.6)
0'Mit  pico
N0 ¢ p < VMEE o (2.7)
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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 KFundamental of nanomechanical resonat

2.3.  Quality Factor

The quality factor@) is the parameter that defitteesharpness of the resonance
peak. From the physical point of view, tffid¢actor is the ratio between the amount

of energy stored and the energy lost at the resonance,

0 ¢ = (28)

where W and3- W are respectively, the totally energy stored and lost during one cycle
of oscillation.

In other words, theD factor describes the damping effect at which the resonator
underg@s:low damping result in higtp factor andrice versa. This parameter can
be calculated as the ratio between the resonance frequency and the frequency

bandwidth at 3 dB of the maximum amplitudBigure 2.5,

0 —o— (2.9)

A good approximation of th@ factor can be callated 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.

11



Small damping

Medium damping

-3dB

Amplitude (a.u.)

Heavy damping

fo f (Hz)

Figure 2.5 Q factor and damping effect, schemagiresentation 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 nataraieeso
frequency, then switching off the drive signal the amplitude of the oscillation is
recorded while it decreases as function of igaré 2.6). The ringdown response
to initial excitation is therefore used to evaluate the Q factor taking intotatbeou

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 &ffreported

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

expressed as:

R (2.10)
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where, fis the resonance frequen@yis the quality factot,is the time and’ is the

time constant and can be used tordetee the quality factor as:

0 “ QY (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 mechanicahatsr. For this reason, a high Q factor is
desired for applicatierthat require high sensitivity to distinguish small mass
variations. Many different dissipation mechanisms are involved in the definition of

the quality factor.

cyo
o
o
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where, Qnediumrepresent all the losses due to the interaction of the mechanical
resonator with both fluidic and ballistic medium (i.e. liquid damping and gas damping
dueto the fluid presence inside and outside the mechanical structdsghsQands
for all the losses generated from the physical clamping sites of the structure, and
QintrinsiciS @ sum of all the dissipation mechanisms that can happen within ¢ine bulk
at the surface of the resonatognQdescribe different dissipation mechanisms that
can derive from other sources, like &fectrical charge dampjmmge to the presence
of charges tapped on the mechanical structure, omdgeetomotive 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 causspanse of the device, such as a change in
frequency or amplitude of vibratif@0]. The response to mass changes can be easily
described considering the frequency of the first ordésration, deriving from the
equation of the simple harmonic oscillator derived from the lulpetent model,

13



where the resonant system is described by the mass, spring and dashpot approximation
(Hgure 2.7),

5 P _Q _Qa - (2.13)
¢ a
Vm
m
c = k

Figure 2.7 One-dimensional oscillator schematically represented taking into account thedémyeed
model . Picture from the KFundamentpanger20i6). nanomechani cal

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

by the following relationship:
Yo  ¢—=—a c¢=a (2.14)

wheref,.;is the frequency after the mass addedasdmount of the shift.

This approximation is valid only in linear oscillator regime; indeed,-himear
condition the resonator is not able to instantaneously dissipate the energy
accumulated and the beam stiffness increase, affecting the resonancg.frequ

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

simplifiedusing this model,

(2.15)
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where k.and mgsare 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 equab 177, the new resonance frequency is given by,

N o PR R (2.16)

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 tabiigfect the

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

—S"Q (2.17)
" Ta '

If the change of the input parameter is smatl.g the response can be
linearized. Thus, the responsivagn be described as the linear slope of the response
to the related stimulus. If we consider the sensor odtf@as function of the input
parameter/fis, the responsivity is given by,

' 0

2.18
P Ta ca (2.18)

Furthermore, it is important to minimize the responsivity to other inputs in order
to avoid crossesponse.

Considering that one of the wide applications of the resonant sensor is the
detection of small masses, it is important to establistiniheum amount of mass
(3mmin) that causes a detectable frequency shift.(This parameter is called
sensitivity and aabe approximated as follow,

Yé P YQ (2.19)

As we can see from the relation above, the minimum amount of detectable mass
is depadent on the minimum detectable frequency shift. This value is directly
affected by the frequency resolution,
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10 (2.20)
andit is linked to the noise deriving from the read system and the resonator
itself. Using tis expression of frequency noise, it is possible to reformulate the

minimum detectable mass as

Ya 1P 1 Q (2.21)

(2.22)

From the above relations, it is clear that the minimum detectable mass is
principally affected 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 redaslues. 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 eppinatis typically used

is represented by the Allan deviation.

251A1 1l anJs deviati on

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

allow this distinctiorj62]. In fact, this method is based on the variation of each
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individual meagement 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 effective way to analyse ta@doise
drift components. In contrast to the standard deviation, this method is based on the
measurement to measurement variation, and the data, represented in the ferm of log
log plot (magnitude versus time), provides the way to identify different typise of no
and drift[48]. In our application, the Allan deviation provides a measure of the
frequency variability averaged oxe¢ime period63] (Fgure 2.8).

The Allan deviation can be described as the square root of the variarigs, and i
the difference of two successive fractional frequefm@yand y(7+1) measured
respectively at timg+/z and#,+(/+1¥, andit is generally defined as:

vy P o (2.23)
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wherez is the averaged time.
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Figure 2.8 Time scale of theme asur e ment interval. Picture from the K
measurement, All an variancek, Application Note Rohde&Sc!

Using the Allan variance for a given integration,tiime possible to directly
estimate the frequency noisetstgifrom the phase fluctuation.
The main time dependent variations are three:
- White noise and thermomechanical noise, whicldiegetlyproportional to
z Y2 and generally affect the resonator behaviour during the initial time

frames;

- Flicker noise that gives a flat contributizf through the integration time;
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Random walk and thermal drift, which are associated wit}ftehaviour
and generallyff@ct the measurement at long time frames.

Taking into account the lefpg plot of the Allan deviationafinction of the sample

averaging time(Hgure 2.9) the mentioned signal variations can be easily
distinguished and analysed.
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Figure 2.9 Allan deviation logog plot, the curve represent tlypital behaviour of the Allan deviation as
function of the sample averagingtié. ct ur e from t he
al. Spmger 2016).
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Chapter 3

SMR Design and Fabrication

3.1. Introduction

In the last decade, thanks to the pioneer works of Manalis and cojédrk&is
the usage of SMRs is giving a large contribution in bioanalytes characterization and
development of a new biosensing concept. Indeed, the SMRs camp@Edsive
mass resolution (up to "30g) coupled with high throughpul66]. These
characteristics are quite suitable for the study of small variation in the mass and density
of single particle and cfll3,67] Nevertheless, the fabrication process is generally
quite complex and based on ttadal micromachiningapproacheg33]
Furthemore, in order to reach such high mass resolution the resonator need to be
packaged in a vacuum environment that regtiee viscous damping produced
duringthe vibration of the beam in §84].

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

This fabrication process brings interesting advantages if applied to the SMRs
fabrication. First, the femtosecond laser writing can be exfiibighly simplify
the standard SMR fabrication, which normally needs numeteps of bulk and
surface micromachinig3]. With this approach is has been possible to define the
resonator geometry and the embedded channel in a singlesstgm transpent
material that in principle can be amorphous or crystfllihé3] Using a well

known material likdused silici741 76], it is possible to couple this fabrication with
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other post processing modificatiewia 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 | aser pattecessablego can
reduce the generation of bulk stress related to the local heating due to the fabrication.
Furthermore, this approach enabbedefine 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 community77]. In order to understand this interest, it is
important to explain how transparent dielectric materials intathdher light, and
in particular which is the absorption processes that governs the interaction between
intense laser pulses and m@t&B80].

Commonly, if a transparent dielectric material is exposed to a continuous low
intensity illuminationthe light wil be transmied, indeed these materials show an
energy gapA,) greater than the single photon enefgy[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 promitat high intensity, by nelinear absorption
phenomend82] and three different processes can be involved: multiphoton (MPA),
tunneling and avalanche ionizat[88,84] For multiphoton ionization? photons
are simultaneously absorbed such that the total emevgg €nough to pass thought
the enegy 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 photas 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 Rbinear absorptions occur depends on the
duration of the puls€/9]. For long pulse (pico to nanoseconds) 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 tramsitione only
promoted by avalahe i oni zati on i f an initial Kfre
conduction band due to impurities or dislocation. Unfortunately, their presence in
the material is subjected to large fluctuation and this mechanism resuylts poorl
reproducible and erratic. On the other hands, using a short laser pufseo(sob
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 | Thermal diffusion
Resolidification |
1Il.'l'15 1Il]"? 1I[]'g 1i]'5
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
KFemtosecond | aser mi cr o m@attass ehal. Nagure iPhotortics, %0l ZAprd 2088nt  mat er i «

If the intensity exceed a certain threshold, some free electrons in the focal volume
act as Ks e e dsibnizdtionr stattirg @ ripple effécatimtincreases the
number of free electrons andrris the material into strongly absorbif&f].
Furthermore, for short pulses theefedectron plasma formations occur on a shorter
timescale and the energy transfer to the lattice isdy®idgure 3.1). Indeed, this
process requisagypically few picoseconds. It is therefore clear that using the same
light but exposing the materialutirashort pulses the interaction between the light
and the matter causes a permanent change of the material properties in a controlled
and reproducible fashid85]. Moreover, only a small volume inside the bulk is
affected and typical problems due to long pjig¢dike microcracks, shockwave
and thernal diffusior{86,87]are avoided (Figure 3.2).
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Figure 3.2 Schematic diagram of different laser matter interaction, a) continuous wavelength laser
unfocused resulting in the transmissitthe subband gap light, b) long pulsed laser focused in the solid volume
produce an uncontrolled modification of the matter, c) 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 parametdes energy and pulse duration
wavelength of the incident light and repetition rate. For example, in glass-the non
linear absorption and relativeterial modifications take place for intensities around
1-5x103 W/cm?, corresponding to a fluency ef1J/cm for 100 fs pulse duration.

The relative pulse energy needed to reach the desired fluency depends on the focusing

conditions and can range fr¢ds to nJ30].

3.3. Femtosecond writing principles

Using an ultrafast laser, the modifications can be induced not only at the surface of
the transparent material, but alsdavolume. With other techniques (nanosecond

UV laser) the modification start at the first contact point between the laser and the
material[71], instead for femtosecond laser the mattatification 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 sisityp chemical
susceptibility88], crystal structure, morphology and absorption coefficient, just to

cites the most importafit8,80] Thanks to such properties, coupled with the cost
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effective process and the possibility to manipulate different substrate, the femtosecond
laser writing is becoming one of the most intieiggsechniques for a variety of new
applications. The possibility to simplify the micromachining of transparent materials
like glas§78], crystal§73]and polymef72], using one step procedure isdraing

more and more attractive for dab-chip [71] and driving source for particles
accelerators.

The fabrication of 3D structures by ultrashort pulsed laser can be achieved by
two diffe r e n t met hods. The first I sassistedmmo n | y
e t ¢ h[r1Bg] kn this case, the laser is used to induce a local modification of the
chemical resistance against specific etching reagents. After the ¢kpasaterial
undergoes to a selective wet etchirag allows to remove the exposed .pée
second method consists in the direct ablation of the glass and is commonly named
Kwateisi sted [flpaser drillingk

The mostcommonprocedurausedor the fabrication of embedded structure in
glass is the femtosecond fassisted etching. The possibility to write directly inside
the glass and to remove selectively the tasdified region iparticularly suitable
for the creation of buried microfluidig&l,89] and suspended structures. After the
laser exposure, tlibange of chemical resistance against specific etchant reagents is
probably due to the variation of St Si bond angle under hydrostatic pressure or
compressive stress induced by the laser irradié@io® second mechasm that
could explain the rising chemical susceptipthiyes into account tiiermationof
selfordered nanocra{80] whit perpendicular orientation to the laser polarization
direction. In factthe presence of these nanoccaksexplain the acceleratiorttoe#
wet- etchantdiffusioninside the modified regionyith the resultingetching rate
increaseBoth the hypothesis are still under debate.

Even if the mechanism that regulates the behavior of thaahatfter the laser
exposures not yet clear, two different wet etchants can be used to remove the
modified materia[88]. A solution of Hydrofluoric Acid (HF)91] or a safer
alternative represented by the use of Potassium Hydroxide solution [&XDH)

Even if the etching rate, for ttiecond 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
roughress is higher and ranges from tens of nanometers to hundreds nanometer. This
decreasalrastically the usability for microfluidic application. Nevertheless, different
post processing approaches have been tested to avoid this problem. Promising results
havebeen obtaiad with heat treatments, CQOaser reflow and oven annealing,
which allow to reduce the roughness down to few nanonjéfgrs

3.4.  Laser writing Set- up

The femtosecond laser wnmigi process of the glass suspended microchannel
resonators (SMRs) was accomplish with tihe idegrated 3D printer f10dead
system. The laser used for the processing of the devices was a 1030 nm Ytterbium
laser fiber, focused with a 50X objective (N@6D. The writing system (Figure 3.3)
is regulated thanks to CADAM software, which allows to transform the device

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

a) Measurement
(Powermeter/autocorrelator, etc.)

N2plate GP  VF SH

Femtosecond laser I l |

|

'

BS | |

! '

E o

GP: Glan prism Rt — =S
VF: Variable filter - Sample

SH: Shutter —— Controller — |

BS: Beam splitter XYZ-Stage
DM: Dichroic mirror —_— »
OL: Objective lens lllumination :] p Mirror

b)

Figure 3.3 Femtosecond laser direct writing system, a) schematic configuration of a general writing system
(from He et al. 2014 d0i:10.3390/s141019402), b) images of the Femtoprint® writing head.

The femtosecond laser-sgt is generally composed by a combinationl (% a
plate and a Glan prism that are used to adjust the laser power. A more precise tuning
of this parameter can be accomptidby variable neutral density filter. Another
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important parameter thatdta be controlled during the process is the exposuge tim
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 higtecision XYZ stage. In order to monitor the
writing procedure a dichroic mirror and a chacgepled device camease used,
the writing patter res@clearly visible due to the change of the refractive index.

3.5.  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 connestéme one inlet and one outlet
directly in contact with the buried microchannel, as shown in Figur&t&4otal
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 microcharmnehhakle 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 constrdi the minimumdiameter of interadn (d/,;») at
the laseffocal point. Working witha 50X objective this value 8 { m and imposes
the minimum channel dimensionThe diameter of interaction wasefined
experimentally as the sum of theodified glass spdiameter ¢,), observable
immediately aftethe writing procesgndthe broadening%xoy) due to the KOH

etching(2t m)

Q Q y (3.1)

The broadening is mainly caused by a border dtfedb the isotropic diffusion

of the heat out of the focal volun@onsidering an highepetition rate process the
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heat does not spread out the substradtes lmonfinedn the proximalarea which
subsequentlyan uergo toKOH etching.

In principles the volume of interaction can be furthtimizedtuning the
energy pepulse, however this parameter influence alseftiveencyof the KOH
etchingafter he laser exposuiéwas observed that lowering the energy value below
a certain value can ensure a smaller volume of ficieraat the glass modification
results inefficient in terms of KOH susceptibil@pnsidering this constrains and
working in theoptimal condition of magnification, numerical aperture (NA) and
energy/pulséhe beam thickness limit was set at 30 um (as minimum achewéble)

the minimum channel diameter was set at 10 um

Figure 3.4 Schematic illusition of the glass SMRs desigh.Clamped clamped beam and embedded
channel chip, bE) detail of the suspended bridge with a bigarad buriedmicrochannel respectively.

The ratio between thickness, width and lerigtlbeen choseto avoid mixed
in-plane and oubf-plane modes. Five different lengths (2860- 5001 700-
750-1000 pum) and different beam width (501 75- 90t m) have been tested. In
order to investigate the effect of the viscous damping due to the squeszimper
the beam, four different gap condisbave been tested. For 45@ long beam, the
gap was design 20, 100, 200 high, and compared to gap free beam.

The liquid to solid ratio is an important parameter to increase the resonator
performance. dfortunately, 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, fot BOwidth beam the microchannel was
design with a roun@0x10t m) and rectangular (10xBfnh) geometry. The same
designs were tested for{#d width beamwith a small variation of the dimensions
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of the rectangular geometry (10%56). The micrometric dimensions of the buried
channel are compatible with thewllthrough of micrometesized 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 rédual stress after the releddbe suspended structure.
3.6. SMRs falrication procedures

The different SMR designs were fabricated using fused silica as .sUb&rate
glass was preferred to other type of glasses because of the high grade of purity that
ensure superior optical and thermal properties. In fact, compatieertmansparent
materials, fused silica shows several advafitsigess able to maintairhayh optical
transparency for a broad band of wavelengths, down to the UV range, and it is
characterized by a very low fluorescence background. Furthennserksilica 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 qstcess modificains. The
choice of fused silica is particularly suitable for many applications in the biosensing
field, in particular it is chemically 1ine
stable in time, optically clear and it is compatible with elestrmtc 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 femtosecoret lgatterning, 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 redlizedhe
collaboration of &mtoprint®, which followedthe optimiation of the fabrication
parametersTlhe fabrication proce$85] (Figure 3.5ronsists on the modification of
a 0.5 mm thick fused silica substrate using a 1030 nm femtosecond pulsed laser
(Ytterbium fiber).The SMR structure and the buried channel wagaterned by
moving the glass slide with respect to the focal spot of the laser, working with a single
path transverse write methdthe focal volume exposed each time to the laser was
around 523 md, the minimum achievable using a 56Mjective with 0.65NA.

During the fabrication procesise usage dd0X and 20X objectives were compared

in order to understand howiditan affects then&l beam structurén particular, the

use of dferent objective magnificatiovas useful to investigate the minimusarn
thickness the channeldimensionsachievableand the stress inducedth this
fabrication procesghe 50X and 20X objective shadistinct volumes of interaction

with the fused silica substr@gure 3.6)In particular, working with 50X objective
meanshigher numerical aperture and lower field of view, which can improve the
axial resolutiorof the laser spot defining a spherical volume of interadtion
contrast, the 20X shaa& lower numerical aperture that means higher asynwhetry

the laser spaetith lower energy density and higher spatial distribution of the volume
of interaction. These conditions, promote thiamation of an elliptical spot (Figure
3.6b-¢), which can show different dimensions as function adrtbegy/pulse used

In fact, decresing the energy it has been possible to obtain a narrow channel, but
with an extremly elongated shape (Figure 3.6r the 20X objective a process
with higher enagy was prefer in order to limit this phenomenon and to promote the
fabrication of beam whitthickness within 35 pmndependentlyto the objective

used, athe focal point, the energy absorbed by- hlw@ar mechanism changes the
local density of the fused silica, modifying the chemical susceptibility to wet etching
reagents. So that, after theosure the patterned silica substrates were immersed in
highly concentrate KOH solutioriof 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 advanesy compared to HF etching. In fact, this process is
less affected by three main limitagiomaximum length achievable, shape and aspect
ratio of the buried channel. Indeed, KOH shows higher etching selectivity of laser
exposed glass with respect to Hikiet, 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 tlthannel 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 duratiorf the etching bath, the difference in diameter is less
than 2 m. 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 shag®aracteristic of HF etching procedures that
required more complex fabrication process to obtain the sameF@shérmore,
the typical length saturation, that causes the reduction of the permeability along the
beam length, was not observed for KOH eighThe etching selectivity results
independent from the etching time, making possible prolonged etching essential to
obtain long channel (2 mm) with an aspect ratio of almogb@®@en length and
width).

The microchannel inside tlseispendedeam ha@ 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 spotdsitbree the minimum diameter
achievable (1{0m), the higher selectivity shown by KOHadahed 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) 20X — objective (low NA)

Figure 3.6 SEM images of the mmbchannel inletwhich showdifferent channel shapad dimension. a)
A totally spherical channel was obtained worliitly a 50X objective(medium high NA), in contrast b) an
elliptical channel was obtained working ve®0X objective(low NA), varyingthe energy/pulse thminimum
channetiameter was modify

Since the noflinear 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 suspend&ducture, with a good-Zolerance. 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 Kg:¢
characteristic is fundamental for ttechanical characterization that we will see in

the following chapters, was performed with an interferometric system.

The Femtroprint® fabrication process allowed to reach a resolutipmgdl
XY tolerance of £1 m, a Z tolerance of #2n during the aligment and a position
accuracy of 0.pm. After the laser writing the treated surfaces shown a roughness <
100 nm (Figure 3.6.Eventually, the roughnesan be further diminish, below 10
nm, using a specific polishing process.

The laser condition playkey 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 almestind channel (Figure 3.7d) without deposition of

fused silica or not correctly exposed materials (Figurb-8.Ja

Figure 3.7 SEM images of the possible fused silica damage that can occur diaseg Wréing process,
a)b) fused silica +deposition, c) modification of the channel surrounding and d) high roughness of the inner
walls surfaces.

Furthemore, from the SEM characterization of the SMRs, it is possible to
appreciate also the differemannel 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
30t m (heighy and 14 m (width) 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 furthetuned obtaining channel with square or rectangular shapes.

Figure 3.8 SEM images of channel inlet obtained with a 20X objectix); @)represent the three different
channel width, which were designed to evaluate the impact of the channel volume on the mechanical properties
of theSMR.

The different depth of the gap under the suspended bridge can be observed from
the SEM imagebelow (Figure 3.9). In the following chapter, it will be deeply
describe the influence of the different beam and channel dimensions on the
mechanical propeesandit 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 hez0hHah
200t m and free gap) designed to evaluate the viscous damping impact. In particLid, 200f m and free
gap has been fabricated{e- d respectively).

3.7. SMRs morphological analysis

In order to evaluate the effectiveness of the fabrication processeaiiy 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 phetescedéed,

due to a norhomogeneous alignment of the laser along tlai some of the
samples could present only partial buried channel. As can be observed-igumethe

3.10, comparing the interferometric response of flat and damaged surfaalesthe
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 skamé¢he
optical features.

Figure 3.10 Morphological analysis of the SMRs;)aare the interferometric response for an intact and
damaged surface, respectivelg) bptical images of the same samples nepedsence of the damage is clearly
not appreciable.

A second method that has been used to evaluate these defects is the scanning
electron microscopy. Frofagure 3.11 the defects are easily detectable, and the
hypothesis of a misdignment along the -&xis during the fabrication process is
confirmed. Both the characterizations were performed for all the new samples
fabricated 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, a) from the picture is clearly visible the presence of some superficial
damage due to the wrong @ignment of the femtosecond laser during the writing process, I)fde@aBEMR
and relative damage along the central part of the beam, c) detail of the channel inlet where alignomgn?
of the laser beam is clearly visible.

During the optimization of the fabricatigmmocessthis problem was almost
totally solved ntroducing a surface mappinghis step allowed to define
homogeneous distribution of alignment cbhoates along the wafer surface,
overcominghenon-ideal flattens of the substrate.

3.8.  SMRs packaging

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

The PDMS microfluidic system was designed to contaibypass channels (50
x 501 m) that precisely overlap to the inlets of the channel embedded in the SMR
(Figure 3.12.). The design contains also four-anask to simplify the alignment
process. The PDMS system was realized by means of a silicon matddatitic
standard fabrication techniques based on silicon etching (Figure A.82&pn
wafer (504G m thick) was coated with{an of AZ1512 photoresist with the ACS
200 coater (Figure 3.13a.). The photoresist was than patterned and developed
respectiely with the MLA 150 laser writer and ACS 200 coating and developer
system (Figure 3.13b). The designed was scaled by 1.5% in order to compensate the

PDMS shrinkage after the polymerization.
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Figure 3.12 PDMS microfluidic interface &) silicon mold design and the detail of the PDMS fluidic (in
grey) overlap to the SMR structure (in red), ¢) SMR chip bonded to the PDMS fluidic interface.

The top silicon not protected by the photoresist was etched withdikenA
AMS200 Deep Reactive lon Etching (DRIE) etcher from Alcatel Micro Machining
Systemgbtainingthe reversfluidic channels (§0m high) (Figure 3.13d). The resist
was then stripped from the wafer, and the silicon surface was silanized with
Trichloro(1H,1H,2H,2H- perfluorooctyl)silane (PFOTS) (Figure 3.13f). The as
obtained Silicon mold was than utilized to prepare the PDMS microftoidic
(10:1 polymer/ crodiker ratio) with a thickness of 0.5 mm.

a) Photoresist coating e) Stripping

b) Direct writer

LT ovmorsoesoton

— e——

c) Photoresist development g) PDMS curing

—_— —

d) Dry Si etching
h) PDMS demolding

g gy |

Figure 3.13 Silicon mold fabrication and PDMS fluidic release: the process flow, for the mold realization
consist of five different step that concern the photoresist coating (a), the transferring of the fluidic pattern by laser
direct writing (b), the lpotoresist development (which removes the egposed photoresigt), the dry etching
of the unprotected silicon surfaces (d), which allows to transfer the fluidic pattern onrtheagdicand the
final photoresist stripping (e). Once the mofdtigcated the silicon surface have to be passivated by a PFOTS
(f) deposition that is essential to ensure the PDM$tteng after the polymerization (g.
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3.8.1.PDMS bonding process

The PDMS fused silica bonding was performed using the Oxigen Plasma activatio
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/R0SCCM, with the injection valve
opened at 1004 50%. In order to evaluate the variation of these parameters on the
bonding effectiveness, PDMS and fused silica wereedxfmshe same plasma
condition and a peeling test was performed. Furthermore, the PDMS surface
activation was evaluated by medm®ntact angle (CA) measurements as function of
the changed parameter. The drop images acquired to evaluate the CA were post
processed with the function Drdgnake of the software ImageJ.

The first test for the bonding optimization concerned the twfitige 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 reportEigjime 3.14. Considering the vaki
and the associated standard devsafgath 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.

Contact angle (deg)

T

34 364 mTorr

T T T T T T T T T
150 200 250 300 350 400 450 500 550
Chamber pressure (mTorr)

Figure 3.14 Chamber pressure optimization. The best condition (red dot) 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 measurersaats analyzed the influence of the RF power
variation in the range of 2600 W. The chamber pressure and exposure time were
kept constant (364 mTorr and 30 seckitjure 3.15 is reported the contact angle
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distribution asuinction of the RF power, as expected for high power level the contact
angle increas€or RF power superior than 20 ¥e ion bombardment is slightly
reducing the surface activation. However, the values remain below 10° that is the

threshold to evaluatedteffectiveness of the process.
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Figure 3.15RF power optimization. The best condition (red dot) was selected evaluating the variation of
the water contact angle as function of power applied, keepingntahst 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 parameteosn fhe 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. Afterwaadseeling test was performtg
bond strength for the different exposure timeowsasidered effectivexcept for 10

SecC exposure

Contact angle (deg)

10 20 30 40 50 60
Exposure time (s)

Figure 3.16 Exposure time optimizatioithe best condition (red dot) was selected evaluating the variation
of the water contact angle as function of supotime, 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 thgitadually 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 alignmeptocedure between the PDM®verand the
fused silica resonator chip.

60

40 1

30 4 (X

}i
20

Contact angle (deg)

T T T T
0 50 100 150 200 250
Aging time (min)

Figure 3.17 Aging test. The PDMS surface, activated with the best exposure parameters (RF power,
chamber pressure and exposure timerg wged 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 orde to deeply characterize the mechanical properties and the operating
conditions of the glass SMRs, two different systeme used: a Laser Doppler
Vibrometer and a loekn/Phaselocked Loop (PLL) analyser. The first system was
used to measure the resomafmequency 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 directnibaring of the frequency oscillation over time. In
this case, the optical system and the output signal are managed by the Laser Doppler
Vibrometer. Furthermordhe two systems were used to analyse in two different way
the Q factor of the differeiSMRs.In particular, the Lockn/PLL analyser was used

for the ringdown 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 analysifieTlaser Doppler Vibronestused in this work was a
Micro- SystemAnalyser MSA500 from Polytec (Figure 4.1a). 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 rgspgatgnsity 4 and
I, (Figure 4.1b)The first is used as probdlaf samplevibration and the second as
referencdeam The total intensity of the beams is modulated taking into account the

Kinterferencek term:

0 0 0 ¢ "O0mEE T 1 T (4.1)

where p and g 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 \elocity of the sample, according to the Doppler effect. The frequency

variation can be described according to the formula:
Ww'Q ¢ O (4.2)

wherevi s t he o bj eldstthe waveslengttoot thetingideat bedm.

Laser m
el
Eg2 Lj Mirror
o =
@ & J
Bragg
cell
EE ]
H E ‘ |4l | . Detector
a3 5 ==
o Beam
Lens splitter Il
- - - Sample m
——_
T T == Ppiezo disc
hhhhhh — Vacuum
chamber

Figure 4.1 Laser Doppler Vibrometer: experimental geta) The head of the Laser Doppler Vibrometer
and the vacuum chamber used for the mechanical characterization of the SMRs; b) schematic representation of
the interferometd system; c) schematic representation of the vacuum chamber and the external actuation system.
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The reference beam follows an optical path constant over gimeastant),
eventual thermal effects are negligible. On the contrary the vibration of the samp
makes the path of the probe beam variable as function of t#r(g). The
interferencdéetweerthe two beams generate a light/dark pattern varying in time that
reach the detector. The generated interferometer pattern is then converted by the
detectorin a voltage signal proportional to the velocity of the sample.

The Micro- SystemAnalyser integrates a signal generator for the actuation of the
piezo disc, used to put in vibration the samples fixed on tofyfmeans of a
conductive tape. The piezasd is inserted in a vacuum chamber, which can be
evacuated by a membrane and a turbomolecular pumps M#kISystem, Varian
Inc. Vacuum Technologies) up to a vacuum level of 2ndifar. (Figure 4.1c).

4.2.2.Lock-in and PLL

The measurement of the frequenstability and ringlown analysis were
performed using a HF2LI/PLkystem (Figure 4.2), purchased from Zurich
Instrument. The lockin analyser was used to directly actuate the piezo disc and to

collect the output signal from the Vibrometer system.

& Input channel 1
] -
: 'k’m

S

— Digital inputs 0/1

Figure 4.2 Schematic representation of the l-atland Phaséock- Loop system, image from the Zurich
instrument website (HF2LI/PLL system).

The lock in allowed to perform a frequency sweeptamnteasure the amplde
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 apthaale demodulatioThe
Phasdocked 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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charaatrized 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, efccan undergo a phase shift. The reference arm is 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 elenm¢ and to calculate the shift from the frequency output.

4.3.  Frequency characterization

The mechanical properties of the different SMRs were characterized [/ mean
of the Laser Doppler Vibrometer. In order to understand the behaviour of the glass
SMRs, a vibational 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. Neverthelesshitpe 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 BRO
W x 30H tm SMR with an embedded channafl approximately 10 x 10m,
falricated using a 50X objectivis 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 frequencyeanubthy 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 takingaunt
the ratio between the resonance frequency and the frequency bandw@iiB,at
both computed by a Lorentz fit that is reported for each frequency peak (blue fitting
curve). The frequency characterization (up to 5 MHz) enabled the visuabtation
four flexural and two torsional modes. For each of them the graphical reconstruction
of the vibrational mode is reported (Figure 4.3), which was obtained from the direct
analysis of a segnd measurement. In fact, this approach allowed to obtain the
frequency spectrum from different sgarints 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 SMRifferent resonance modes for air (red

line) and vacuum (grey line) measuremeatreportedeach of thenis associated to relatithe mode shape
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 characterizatio n

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 pdtrtisular,
important to remembedhatthe 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 analyseab function oboth the beam dimension and tleenpty volume ratio
(VJ/Vp = volume channeldlume beam).

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

_ --ll-- 20X objective_Air
3000 --- 20X objective_Vacuum
A A% - WF-- 50X objective_Air
2500 - / Tt--._ -'W-50Xobjective_Vacuum
§ 2000
5] |
8 /! v
o 15004
10004 /
Vo g ”
500 v IR »
.: . SR :' s e S m R RS
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 50%ased fabrication are compared. Each SMR was charactedzeahih 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 distribuadaresion of the

length of the beams fabricated with the differentobjectives. 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 objectivefact two differentphenomena

occur using high magnification objectitbe reductionof the minimum beam
thickness achievable and a diffeirhicedstrain contributionThesecan partially
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contribute to theenhancemenof the Q factor for the samples fabricated with the
50X objectiverespecthe ones fabricated with the 20X objective.

Considering the possibility to obtain different embedded channel dimensions a
second analysi§the Q factowvariationwas taken into accouriirom the graphs in
Figure 4.5 it is possible to observe the Q factor vasatsofunction of the beam
length, with a variable Vc/Vb rati@omparing beams with the same dimensions, but
with different Vc/Vb ratio, the channel dimeamsiseems to affect the Q factor
especially for the 450n long SMRs (Figure 4.5a). In this case, the SMRs that exhibit

a higher Vc/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
t mlong and 7% m wide SMRs (Figure 4.5a). This trend results completely inverted
observing the Q factor for the #iin wide beam (Figure 4.5b), where the highest
increment was shown from the 745® long beam. The overall Q factors variation

(air to vacuum3deem to be less markedampared to theariationobserved for the
SMRs fabricated by the 50X objective (Figure 4.4).

20X obj --> 45 um thickness - 75 um width 20X obj --> 45 um thickness - 50 um width
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Figure 4.5 Evaluation of the width impact on the Q factor. SMRs with same length and thickness, but with
different width, have been characterized in air and in vacuum and comygreditee graph the Q factor for
75 and 5Q m 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 dder the fabrication and thus to the Vc/Vb

ratio and thickness of the beam that can be ebtdtarthermore, the thickness
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seems to affect in a minor way the variation of this parameter, even if thieerdVb
asafunction of the beam length resultd&onot 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 different
gap were designed, 2tn1 100t m1 200t m and free gapdle through). 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 ispossible 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
different SMRdesigns (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 Q factor Q factor
(beam width gap config.) (Air) (Vacwm)
5020 m) 285.34 £ 17.60 403.62 + 30.21
50-100¢ m) 329.64 £ 19.25 322.39+14.44
50-200¢ m) 254.23 + 45.88 293.52 + 32.15
50 free gap 224.68 + 37.67 324.22 +£1.49
7520 m) 199.13 +18.75 272.32 +7.06
75100¢ m) 373.98 £ 13.07 360.68 + 7.93
752001 m) 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: 5@& and 75 m.

The variation of the SMR width (50 and 7B) seems to affeptartiallythe
overall behaviour of the Q factor. In both cases, the Q factor fluctuations are not
completelyproportional to the gap heighbseving the experimental data it has
bean hypothesizéthatthemain contribution to th€) valueis probably due to some
fabrication defes{i.e. induced stress) torthe clamping losspbenomenonalso
considering the results obtained from the vacuum characterizAsosiated in
Chapter 2the Q factor is the suni differenterergy dissipation contributiotisat
can derivdrom the interaction with the surrounding medium (liquid or des)
the clamping of the beam to the substratéram the intrinsic mechanisms of
dissipation (i.ematerial friction, thermoelastic lessr phonor phonon interaction

loses.
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For the analysed SMRRthe mediuminteraction losses cée approximated
taking into accont the gas environment contributiomherethe dominant damping
mechanismesan be descibby the pure fluidic regime. This assumption it has been

confirmed by the evaluatiddnudsen numbefk},)

4.1)

C=| I

wherel ris the mean free path length of tres@nd., represents thggnificant
length scale of the mechangtalicture Two of the most common damping sources
have been considered: ttgueezediim dampingnd thedray- force dampinglhe
first contribution describe how the proximity of the suspended beam to the
underlying substrate can affect its vibratrmhthe quality factoy. In particular,
the gas molecules trapped in this physical space can act as daro@jrgdiacing
the final Q of the resonator. On the contrary, when the beam is sufficiently far away
from the substratehe source of damping is represented by the cdlsidhe
surroundingglas mtecules with the beam surfaa#sig force damping(Q,). The
length scaléL) is setequal tothe gap deptlj20- 200 { m) for the squeezediim
dampingand equal to the beam width for &g force dampingConsideringhe
air at atmospheric pressutlee ;a 70 nmand subsequently,< 1, confirning as
dominant bending mechanism the fluidic regirre.this perspectivethe two

bending contribution can be describe as follow

. "

0 — (4.2)
V)

- " 0Q

0 — (4.3)
Y

where Qs;and Qyare respectively tlagproximation of thguality factor due to
the squeezedi/m anddrag force dampingvhich haveadependencgn the density
(M), viscosityt(), beam thickness (h), beam width (w), gap depth (t) toredangular
frequency {). As it is possible to observe from Table #the® damping forces
produce a smalmpact on the final QFor the SMR with a gap of 2pm
(independently from the beam widthe squeezediim dampingshows aigher
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contribution respect to thérag force dampingn this case, it is evidembw a gap
height of 20t m is probably thdimit above which the gas dampingmasinly
governed by the drafiprce contributioninstead of the squeezlin. In order to
definethe damping components wittigher impact on th®, the contribution of
the clampingvasevaluag. The attachmentossis mainly caused by dissipation of
vibrational energy through the ancpoint between the resonatmd the substrate.
The vibration of the beam, at frequerfgyroduces shear waweith wavelength

@ 4
- 9 4.9

where ¢ is the speed of the shear waves propagating through the solids
(dependent on the YoungJds modulfthe and on
substrate thicknesg)(is small compared to the shear wavelebgthstill greater
than the thicknesd the beam/), the clampingloss factor can loescribe as

0 Bd=iz (4.9

where A is a weak function of PoissonJs
clamped beam geometry is considef@bserving the results obtained for the
different beam dimensions analyzed (Table 4.2),langpinog factor seems to
drastically affect the final Q value. The last contribathan needs to be evaluated
are the intrinsic losse®cusing the attention omaterial friction(Q#icrion) and
thermoelastic loss(Q7zp). Forthe firstcontribution the dissipatiorfactor(s) can
be parametrized in terms of losstandeniYas f unct i osmaddlust he Youn

— b HE1D (4.6)

For the fused silica the dissipation factor is comprise between 0.9-amehd -10
the contribution of the materiaidtion to the final Q results comparable to that of
the gas dampinigr the 20f m gap The second contribution due to the intrinsic
losses iepresented by the thermoelasftfect In this casehe dissipation is due to

the thermal relaxation phenomeaad in particular to the presencespéial area
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with differentstraininduced temperature. The contributiof this mechanism to

the final Q can be modell ed following
o ypHTT 4.7)
y 21 (4.8)
P20 (4.9

wheres- andz are respectively the relaxation strength and the relaxation time.
As it possible to observe from the equation above, the fundamental loss contribution
(Q) is stronly dependentolY o u n g J s Anocodfficient af thermal expansion
(), temperatureTy), density of the beam materigl thermal conductivityk) and
specific heaty). The Qrzp represents for the reported resonators (Table 4.2) the less
affectingcontribution in terms ofinal Q, which seems strongly dominated by the
clamping losseBurthermore the 20f m gap samples show an higher impact of the
squeezediim dampingcompared to thelrug force dampingin fact, these are the
only SMRs which showagap with lower depth compared to the width of the beam
This seems to partially contrib(@e501 0.85 %]}o the lowering of the final Q factor

SMR y |
(w-ap) Qs Qo Q4Qq Qe Qrep Qrinar

5020 { m) 1.03-16 2.02:16 0.51 540.22 3.18-168 533.12
50-100( m) 1.32:10 2.06-16 64.00 540.22 3.24-16 535.89
50-2001( m) 1.09-168 2.13-16 512.00 540.22 3.36-16 535.96
7520t m) 4.17-10 2.75-16 0.15 360.14 2.89-16 355.33
75100( m) 5.88-16 3.10-16 18.94 360.15 3.25-16 358.41
752001( m) 4.66-10 3.0710° 151.70  360.14 3.22:16 358.43

Table 4.2 Dissipation energy contributisto the final quality factor.
4.5. Responsivity

A preliminary frequency characterization has been used for the determination of the
respnsivity for each resonant structure. The first mode resonance frequency

distributionhas been analysed #@riddisplayed in Figure 4.7a. Taking into account
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SMRs with samenominal dimensions (length, width, thickness and channel
configuration), the fitsmode resonance frequency results to be distributed in a
relativédy narrow rang€5.30 and 6.55 % values for the beams with length equal
to 450t m and 50Q m. Increasing the length of the SIMRe resonance frequency
range seems to be slightly enkhrgehis 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 sonteesadesin

anot homogeneoudiameter of the central paftthe channel and thus in@averall

variation of theesonatomass
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Figure 4.6 Glass SMResonance distributieend responsivity. @he distribution of thefirst resonance
frequency associated to theaifferent SMR length configurati®(@501 5001 750t m), is reportedb) The
responsivity associated to different SiRsported as function of their mass

Thanks to the accurate characterization of the first resonancefgnadd {o the
estimatiorof the resonator mass, the responsiijyof each SMR was computed.
Considering the results displayed in the Figuretdegtesponsivity distribution, the
resonator with the best performance was selected. It is possible to observe that the

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

SMRs responsivity is reported in Appendix B.

4.6.

Allan deviation analysis

In order to evaluate the rs@ and the frequency stability affecting the resolution

and the accuracy of the measurement done with this new class of mechanical
Al l anJs

resonator

was recorded in air and the results féereifit designs obtained from 50X and 20X

an

devi at

i on

anal ysis

objective based fabrication were compared. In Table 4.2 it is possible to observe the

Al |

be obtained as product of thd Hnd fregency resolutionf{Az). The data for each

resonator are reported in the Appendix B.

anlJs

length channel (h) channel (w) mass o Alla mass resolutio
() () tm g MPPl g
ppm)

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
450x75%x45 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 75 3.16 0.21 0.02 0.13
500x75x30 8 7.5 2.27 0.37 0.03 0.14
700x75x30 8 7.5 341 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

Table43A1 | anJs admasesolutbomal ues. Al lands deviati on

obtained from the 20>based fabrication method (first section of the table) and from tHeaS6u fabrication

method (second section of the table). The mass resolution values (obtainedf h e
of each SMR) are also listed in the table.
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The SMRs fabricated using the 50X objective show the sthiediguency
fluctuations and consequently the hggh®ass resolutions, around few hundreds of
femtograms. For thEMRs fabricated with the 20X objective, the mass resolution
varies between 7.74 and 0.59 pg. Thwestvalues are associated to the SMRs
characterized by a small channel (34.96 / 14%9width and length equal to 75
and50dm respectively. However, the overall /
obtained for the glass SMRs, is comparable to other mechanical resonator that show
similar device maf@6,97]The Al |l anJs deviation aalues he
function of the environment at which the SMR is exposed (Figure 4.8). In particular,
three conditioshave ben tested: vacuum and air inside and outside the &MR
water inside the SMR (in air environment). As expet¢tedminimum frequency
fluctuationcorresponds® the vacuum condition, which allows to obtaingheallest
val ue of AlA=8.98316%). Idthizvcase,tthe 8MR hés baetuated in
vacuum, reducinthe source of damping due to the movement of the fluid molecules

in the surrounding medium.

—o— Vacuum
—o— Air
Water

10° -

Allan Deviation (c.}

10°®

T
0.01 0.1 1 10

7 (sec)

Figure 47A1 | anJs Bfanctioreot the dilling fauig conducted in three different configurations
vacuum/vacuum (dark blue line), Air/Air (light blue line) and Air/Water (grey Tihe) firstmentioned
environmentrepresentthe surrounding medim 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
Az and time values for both the experimental condifiain: A;=6.34-10% andz =
0.33 gc, WaterA;=7.89-10% andz =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 th@verall stability of the frequency, which result to be an important aspect

for high resolved measurements. The frequency stability edsudtstindependent

ont he filling liquid (see the Allands curyv
fluid gives the main impact on the frequency stability. As it is possible to observe from

the Figure 4t he Al l anJds curve obtained for in v

higher stability.
4.7.  Liquid density measurements

After the mechanical characterization of the SMRe 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 (Figuresnt Sa1D).

The microchannel resonator was filled exploiting the PDMS microfluidic system
described in Chapter 3, while the SMR was kept in vibration in air (surrounding
media). The resonance frequencies for the empty i filled with liquid are
reported in Figure 4.9a and 4;%he measurements were conducted at room
temperature (22 °C). All data points were obtained averaging a minimum of three
repeated measurements for each liquid, in single point modality. In order to minimize
possible contaminahs 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 4.90 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 liquidthe resonance frequency is shifted to lower vales as
function of the density increase.

For the 50X SMRthe density responsivity is 8.9 Hz/k§-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 Taliheough
the frequency resolutiorf{(z) , obtained from the All ands
and the preously calculated density responsivity, it has been possible to estimate the
mass density resolution, which resulted 1.64Kkydm?® for the 50X SMR and
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8.01-1@° kg/n? for the 20X SMR, i.e. the highest value among previously cited

sensorsThe inverteditend between the two types of SMR is due to the strong effect

of the AllanJds deviation values, whi ch

major frequency stability. However, the density responsivity, for both the SMRs, is
comparable or better respeéa the resonant microcapillaries used for the same

purpose [25,26].
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Figure 4.8 Frequency shift afunction of the filling fluid. aJ he first mode frequencis®asured filling
the SMR (fabricated i 50X objective) with five fluglofdifferent density (calibration plot).TH)eresonance
frequencyplotted fordifferent fluid used to fill the SMR. Ehe frequenciesneasurement as function of the
filling liquids(calibration plothas been repeatéat the SMR fabricated with 20X objectivia this casehe
liquids used for the test are slightly different regpécisereported in the graph (a).

Analysing the behaviour of the quality factor as a function of the fluid viscosity
(Figure 4.10a), theMR in vacuum environment showed the highest Q factor value,
as easily expectable. On the other hand, small variations of the Q factor (between

53

de:



1.35% and 13.75%) are experienced when the SMR is filled with different fluids in
comparison to the same-é&ited 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 trersda Sham
monotonic dependence of-@ctor on fluidic \scosity and density (Figure 4.10b),

as stated by theory and experiments concexnargy dissipation in SMRs [3]L,
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Figure 4.9 Q factor as function of viscosity and density of the filling fkbjl.Gafactor variation due to
the viscosity and density of the measured fluid. As expected, the variation follewsoaatonic behavior for
both the physical properties of the filling fluid.

4.8. Measurement of Bacterial cells

4.8.1.Methods: bacterial culture

Considemg the great impact of the SMRs implementation in the field of
biomedical diagnostics, as demonstrated by Manalis eB8l, [tz here presented
glass SMRs were validated also for this kind of application. The measurement
approach was based on the agcavimetric analysis Bffluorescertsacteria (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.aeruginosaresponsible of middrug resistance in nosocomial
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infections [385]. P. fluorescer®SMZ 50090 (ATCC 13525) was streaked and
grown overnight on a DSM1 agar plate (composition per liter: 5 gr peptone, 3 gr
meat extract, 15 gr agar, pH 7.0) at 20 °C [28]. Then, the plateswspended with

5 mL of fresh DSML1 broth. The optical density at 620 nmg§pbf the tenfold

diluted suspension was adjusted to 1.6 and finally serially diluted for the
microgravimetric test. Considering the small sampling volume (157 picoliter) insid
the SMR, the starting stock concentration was adjusted dtGFUImL. 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 dilutionsveaaluated taking into account the
mean relative frequency shi#t?f;), caused by the bacterial mass present in the
microchannel, and the meadfluorescendensity (1.13 g/cr¥) [98]. The 3/
represent the relative frequency vanmatvith respect to the blank solution, in which
the P.fluorescen=lls are dispersed (ratio of dilution 0.00): in this way the frequency
variation can be directly linked to the mass of bacteriazThare expressed as
negative values, in agreementhwtihe well known masBequency relationship

describedby equation2.14.
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Figure 4.10 Pseudomonas fluorescerisrogravimetric analysis. a) Mean relative frequency shifts (for the
first resonance mode) dioethe mass of bacteria contained in solution with different concentration. b) Number
of bacteria extrapolated from the microgravimetric analysis and associated to different concentration.
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The results of the microgravimetric analysis reported in Figa ghows an
almost lineas#/fyvariation decreasing the dilution ratio. To evaluate the effectiveness
of the measurement protocol, each dilution was measured at least three times. In
order to minimize any possible contamination between the measuraiftenesch
characterization the channel was cleaned and the fundamental resonance restored.

Considering the mean density Bf fluorescenst has been also possible to
evaluate the number of bactéhatcaused the frequency shift (Figure 4.10b).

In order to evaluate the intra and inexperiment 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 andyothe three most representative dilutiere tested:

0.01, 0.05 and 0.10 (Figureld). 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 enipent 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 bacter@unting 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 conawration, in order to determine the intra and inéxiperiment repeatability. The number of bacteria
was extrapolated from the average of theltesd tes®.

Considering the linear behaviour observed from the variation of the resonance
frequency as fution 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, cosidering 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 surf@@es03] which show two
important constrais: the low intrinsic possibility to enhance ¢bapturing ability
and the diffusioflimited transport characteristics deriving from 2D systems. In most
cases, these issues are connectesldptiimization of time consuming amplification
strategie$104,105] Compared to the 2D systerji®6,107] the usage of 3D
substries offer the possibilities to overcome these problems thanks to the high surface
area available for the immobilization of the biorecognition elefi&ni§8,109]
increasing the sensitivity and lowering the limit of detedfi®f,111] In this
context, one of the most interesting 3D substrate is represented by porous micro or
nanoparticles. In fact, the kineticat is involved in the binding of the analytes to the
capturing molecules, immobilized on these penmedia, is similar to the kinstic
that governs the binding of two free molecules in sol{titi?} Furthermore, the
high binding capability of porous media results fundamental in the analysis of low
volume samples with low target analyte concentritic3}

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, théunctionalization of a planar microarray requests serialized and time

consuming proce§kl4 116] In contrast, the functionalization of the beads can be
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done in batches, reducing the statistical difference of the process, and can be directly
integrated during the beads synttj&&ig 119]

Materials like mesoporous sil@vebeen deeply studied as ideal substrate for
the synthesis of micro or nanoparticles with sugface arga20] Furthermore, the
mesoporous silica shows high modification degree that sivatlv¢he morphology
(beads and pes dimensions) and the surface chemistry, which can be modulated
depending on the final applicatidi9,121,122]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
requirement$111,113,123,124|The usage of the porous beads can supply these
needs and can lbsed as versatile substrates for the integration on many different
sensing platform, based on both label and fie@tetection approaches.

In this work, the main purpose taken into account was the use of this 3D substrate
for the optimization of a DNADNA hybridization assay, to be directly integrated in
the SMR platforms. This will allow the creation of a tdied sensing system able to
couple the characteristic high mass sensitivity of the SMR, with the high capturing
capability of the mesoporous teal he DNA DNA hybridization assay was selected
as a model test based on efigobes as biorecognition element, due to their broad
application in the detection of relevant medical biomdd&#s127] In order to do
that, it has been necessary tintipe a bioassay at the beads scale. The mesoporous
silica (mSiQ 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 dimesglwat 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 differamiproaches for the synthesis of mesoporous
silica beads can be found. In this work the attention was focalized on the acid
condensation andn the ccecondensation methods for the rapid synthesis of
multifunctional substrates. Through the carful tuning eofiperature, reagent
concentration and time of reaction, it has been possible to obtain mesoporous silica
beads with an average diametertohgéwhich correspond to the desired dimension
range compatible with the dimensions of the SMR embedded channel. Afterward,
this method was coupled with a condensation strategy, chosen in order to add
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specific functional groups on the microbead suffé@eco 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 cecondensation of specific alkoxysilane with tloa gitlecursor 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
mes@orous beads that have been deeply investigated as substrate for BldADNA
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 syigbdtfor the first time a solid
mesoporous aluminosilicate ff18] The synthesis was developed exploiting the
liquid crystal mechanism and they defined this newiatatéh 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 &02nm, distributed into the material
with an orderedstructure[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 amksSo far, scientist from all over the world contributed in
the development of a wide spread variety of mesoporous mgt8@hiEhe most
studied are the MCM (Mobile Crystalline Materigl$81,132] the SBA (Santa
Barbara Amorphou$133,134] the KIT (developed by Korea scientists) and the
FDU (Fudan University of China) selfi£35,136] Each of them cotitute a specific
class of mesoporous material with a well define associated structure (Figure 5.1);
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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KIT-5
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Figure 5.1 Most common types of mesostructured frameworks obtained by the synthesis of mesoporous
silica based material s. Picture from KMesoporous silica
recent advancesk R. 208 18,y1Hndoi:¢033%/pharmé&buacsl00BA1EBuUt i Cc s

The mesoporous silica micro or ngperticles (MSMs and MSNs, respectively)
are one of the possible materials that can be obtain exploiting the liquid crystal
mechanisnfl38 141] The MSMs and MSNs are attracting wide interest in many
research fieltlke efficient adsorbent carriers for drugs, proteins, DNA, RNA and
enzymes loadin§l23,142] In fact, the possibilityotobtain a uniform porous
structure, with tunable pore size, makes these materials suitable for the realization of
controlled delivery systems for drugs and other macromoldtd@d44]
Furthermore, the beads sudacan be easily functionalized with a great variety of
chemical groupfl45,146]that results particular attractive also for the usage of this

materials in the field of air and water purificdtl@2]

5.3. Mechanism of mesostructured formation

The liquid crystal mechanisfh40] 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 mesdpA@kén this
case, the surfactant micelles act asrepfate[130,148f hat coor di nate t he
species to rearrange around the surfactant str(fetgure 5.2)148] as result of the
spontaneous behaviour to reduce the fissterenergjl149,150] The liquid crystal
mechanism, oK s 4 fetmp | at e met hodk i s one of the tw
be used for the synthesis of mesoporous materials, a second strategy is based on a hard
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template method151,152] In this case, a preformed mesoporous solid act as
structure directors for the rearrangement
knownwi t h t he name Knanoc aspgariclegsknthesisghe t he mi
soft templating method is generally preferred to the tearglating method; this is

probably due to the simplicity of the synthesis procedure and of the tailoring of the

mesopoous structure.

In water

MSN (MCM-41})

0 0%
L !
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L

Mesostructured solid
with surfactant micelles

Surfactant
molecules

Rod-shaped micelles
self-assembly in
hexagonal array

Condensation and
hydrolysis of silica around
surfactant micelles

Figure 5.2 Surfactant micelles se§sembly into a reshape structure, which is used to direct the
condensation and hydrolysis of the silica precursor forming the characteristic nseSapwwork of the silica
based material s. Picture from KMesoporous silica nanopal
advancesk R. Narayan et al . Phar maceutics 2018, 10, 118

Nevertheless, the synthaxisnesostructured silica is based on complex building
blocks if compared to the metal or semiconductor nano and padioles synthesis.
In fact, the characteristic mesostructured requires to take into account the delicate
interaction between organicnmelates and inorganic species (or silica precursors)
[153] Among the expemental factors that should be controlled, the silica
condensation rate, the interaction of siteraplate, 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
modi fi ed St o b-gel precessyibs] Hiuisd strafegyoimvolves the
hydrolysis and condensation of the silica precurs@R%ind St OH - containing
species) into a colloidal solution (sol) that is fundamental to form the ordered
inorganic network (gel) and subsequently the partidd&$ From the structural

62



point of view, the ordered network car lbescribed as a connection of ;SiO
tetrahedra (or S hybrid material) by corner sharing, stabilized by the siloxane
bonds (SIO-Si) between the precursor molecules. The stability of the gel phase is
strongly dependent on the hydrolysis and condemsatethat should maximize the
number of siloxane group, decreasing the number of free sila@él)(&nhd alkoxo
(SFOR) species in solution.

There are two different types of precursors that can be used in the mesoporous
silica synthesis: the aqueolistism of silicates that contains different silicate species
(metasilicate) and the silicon alkoxidedRi,), mainly tetramethoxysilane (TMOS)
and tetraetoxhysilane (TEOS). Focusing the attention on the silicon alkoxide, the
hydrolysis/condensation reantcan take place both in acid and basic conditions and
the hydrolysis of the -®)R into SikOH groups must precede the condensation
(Figure 5.3). Starting from the-GH terminal groups associated to the precursor
molecules, this condensation step invahe$i O- Si network formation followed

by water or alcohol release.

=S5i—OR + H,O — =Si—OH + ROH Hydrolysis
=S5i—OH + Si—OR - =Si—0-Si=+ 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 silicallad mat er i al s . -@®el Handbooke SyiithesispChad¢acterizatidh,cahd
Applicationk, Fi-vGHt Edition 2015 Wil ey

One of the advantages of the silicon alkoxides is the possibility to introduce specific
functional groups, directly during tegnthesis procg449,145] using for example
an al coxysil anes+ SiOR)t ar i eiorgadiadkoxysiaRes
(R2J Si ()AWRiEh are rarely used beaao$their tendency to turn into chained
structures instead of branchdké¢ r uct ur es . The nature of th
directly stabilize or destabilize the intermediate forms during hydrolysis/condensation
reaction, so the components of the alctayss mixture must be chosen carefully
[155]

The solgel process camke place in the presence of both acidic and basic
catalysts, with a different hydrolysis/condensatidi 8&jeUnder acidic conditions,
thepH is generally set below the point of zero ch@g€) and th& SFO-, k Sk
OH andk SiOR 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 #thchange 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 aatkp€S

of the silicon atom by the retgye charged ions: OHluring the hydrolysis reaction

andk St O during the condensation reaction (Figure 5.4).

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

Figure 5.4 Nucleophilic attack pathway of the silicon atoms (alkoxysilane precursor) involved in the
synthesis of the mesoporous silica materialsagidie conditions, where, X and Y are respectively R and H for
the hydrolysis reaction or R/H andk Sor the condensation reactidhi ¢t ur e f fGelmlanbbdke S ol
Synthesis, Characterization, -\6&Chd Applicationk, First

Consideing the two mechanissfor acidic and basic catalysts), it is possible to
predict the reaction rates related to the hydrolysis and condefsa8pnrin
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 thepdelse formation, for example in acidic media the
hydrolysis omonomeric Si(OR)is favored with respect to the partially hydrolyzed
Si(OR),.x(OH) and to the oligomeric forms, which exhibit a larger number of Si
O-Si bonds. Therefore, in acidic conditions, the formation of dha@metwork is
preferential and is &/ due to the hydrolysis and condensation reactions affecting
the central silicon atonfBigure 5.%. For basic catalysts, the observed behavior is
exactly the opposite: the terminal silicon is the atom preferentially involved in the
hydrolysis and condsation reactions and the network shows a biigkeBtructure
(highly condensed) (Figure bFRurthermore, considering the-sg@l reaction in co
presence of multiples alkoxysil§b®6] (with special functionalities) or diorgano
dialkoxysilanes (with double functionalities), the azadiatysts promote, with higher

rate respect to the base catalyst.
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Central silicon Terminal silicon
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Figure 5.5 The silicon atoms involved during the hydrolysis and condensation of the akoxysilane; a) in
acidic condition the central silitds preferentially affected and represent the elongation point of the condensed
network (chianlike); b) in basic condition the terminal silicon represent the main involved atom during the
condensation giving rise to a braigle network.

5.4. The synthesis d 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 readtid8,154] For example, at
neutral pH the rates of hydrolysis and condensation are inversely proportional (Figure
5.6a) and the equilibrium between them detees the nature of the network
structure, as discussed in the previous paragraph. Going in to detail, when an acid
catalyst (pH<2) is employed, the hydrolysis rate is faster than the condensation and
the limiting step is represented by the particles tiaoleBhis leadto the formation
of a less dense mesostructure, characterized by a high density of silanol groups that
can represent an advantage for the poghesis functionalization. On the other
hand, a basic catalyst can further improve the ldinéttbe 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 different
pathways of interaction are possible, in partithgaiormation of the mesophase is
always allowed using surfactant®n(S) with opposite charge respect to the silica
species in solutiort @r I°).
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Figure 5.6 pH of reaction affection the condensafiydrolysis reaction. a) Kinetics of the silicon
condensation rates as function of the pH and relative ratio neutral/charged species in solution; b) Possible pathway
of interaction between the surfactant micelles and the silica precursors as fueletive charge of the species
in solution. Pictures partially modified from KSynthesi
Rev 20183, DOI : 10.1039/c3cs35405a and form KA Review:
mat er i a lothrkan, Katekials 2812 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 (Mor X°) (Hgure 5.6b). mally, a third pathway is possible in
presence of neutral silica spec®siiid nonionic surfactants Sin this case the

interaction among them is promoted by hydregending[154]
5.4.2.Surfactants and Swelling agents

The formation of the mesophase deseon the presence of surfactants in
solution and in particular on their type and concentrdfibidi] In fact, at low
concentrations the surfactant molecules exist as monamersas increasing the
concentration they start to combine into isotropic micelles, to reduce the entropy of
the systen]158 160] This concentration threshol d
mi cellization concentrationk (CMC), and wi
of surfactants the micellearisto 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 Crydtdlas¢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 (i.e. the length of the
hydrophobic chain, the type of hydrophilicalde the presence of specific counter
ions). 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 thetpeltemperature 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 Crysta
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 stabi[ity30] 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) a§lfiBirén fact, these
species are strongly hydrophobic and once added into the synthesis solution they are
solubilized inside the surfactant micelles, whahto 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 wormhelike connection, wkch is not suitable for the loading
of macromolecules of large dimensions. As mentioned at the beginning of the
paragraph, different species of surfactants can be used for the synthesis of the
mesoporous materials. Recent developments have shown greiélpotihe usage
of the nonionic surfactants, in particular the triblazkpolymers (Pluronic P65,

P123 and F127)157] These surfactants can be also associated with tdifferen
compound of the benzene as swelling agent to enlarge the pore dimensions. In
particular, the tribloclcopolymers are interesting as structural agent for the synthesis
of mesoporous materials in acidic conditions, obtaining networks with 3D cubic, 2D

hexayonal, foarmlike or disordered structure (pore siz8) him)[164]
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5.4.3.Alkoxo roup/H ,0 ratio (Ry)

The R\, parameter defines how much the silanol group formation is favoured
respect to SO-Si groupg155] In particular, the increase of the watepant in
the reaction solution, correspatd lower R,, favouring the SOH formation.
Generally, four equivalent of water are required to completely hydrolyse the;Si(OR)
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 affect the gelation behaviour of the
sol gel process. Increasing the concentration of charged species, the repulsive barrier
among the particles is vegd inducing the coagulation of the colloidal solution. This
phenomenon, if not controlled, can reduce the reproducibility of thge$process.

In particular, unwanted salt contamination must be avoided, and depending on the
catalyst used, it could hecessary 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 compositof the synthesis solution, strongly
affects the particle and pore qi¥6S] The ideal tenperature 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 thetsuntfarecipitates
[130] Particular attention must be applied in the use ofiordn 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 synthdsighatemperature.
However, a low reaction temperature (that reduce the reaction rate) is often desirable
in order to obtain materials with crystalline regularity. Furthermore, the reaction
temperature can affect also the particle dimensions; higheratemgsenormally

promote higher hydrolysis/condensation A3}
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The regularity of the mesoporous structure can be further improved and
stabilized by postynthesis hydrothermal treatmefit66] Depending on the
duration of the treatment the mesophase can be also transformed from one network

strucure to another.

5.5. Template removal

The removal of the template is a fundamental step in order to obtain a free and
available porositj130,154] This procedure can affect the characteristics of the
mesoporous structures and can be performed using differegfiestrasuch as
calcination, extraction with solvents, microwave digestion or irradiation using
ultraviolet lamp§l67] 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°C) under oxygen or air atmosphere, but in
orde 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 factionalities 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 tritd@citymer and long
chain alkyl surféants.

The extraction of the template in organic solvent solution repassetond
effective way to remove different types of surfactants. Ethanol or THF
(tetrahydrofurane) are used as extracting agents, and to improve the removal of the
template, thextraction is usually conducted at 800 °C[168] This process resslt
particularly useful for the treatment of mesoporous mat®dtsetized in the
presence of alkoxysilane with specific chemical functionalities, like the one used to
obtain particleg/aco- condensation process. Unfortunately, the extraction in organic
solvent solution is not able to completely remove the sutfaaapecially if the
trybock copolymer has been used as template. In this case, the extraction efficiency
is about 959%d 30}
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5.6. Functionalization

In the last years, new bifunctional and multifunctional mesoporous materials have
been largely investited, creating a new class organic/inorganic solids with specific
properties and reactivity that allow the use of mesoporous materials as catalyst,
adsorbent or sensor substifd®3] To get the proper funanality, 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, xiepo
imidazole, and so d&70] Considering the typical sgel process exploited for the
synthesis of these materials, the functional groups can be easilsailecbirto the
structure by two main strategies: grafting anedcotwlensation 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, themodensation 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
resgct to the cecondensation 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 eéhmesoporous framework, especially because the
addiction of the functionalities using the p®githesis procedures affect the pore
shape and dimensidi$6] This problem can be avoid using thecomdensation
approach that can ensure a constant pore dimension compared to rtinedfead

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. 2019135] The synthesis procedures was adapted and modified in order to
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obtain the desired silica microbeads that exhibit differestionalities 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 diskution 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 °Ch@n, 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 min), washeeerhimes 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 abavas adapted in order to realize-a&ondensation process
for the incorporation of NB} COOH and SH functionalities. The strategy foresee
the addition of a specific organosilane immediately after the TEOS addiction step.
Using this strategy it has beersgiiole to modify the chemical properties of the
mesoporous framework. In particular, for the Nidd SH functionalities, 0.18 and
0.09 g of(3-aminopropyl)triethoxysilaner (3- mercaptopropyl)trimethoxysilane
were respectively added (drop by drop) to ol@anodified 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 beabtained modifying the NKHterminals
using a solution of succinic anhydride (50 mM) in THF and 5% TEA for 3 h at room
temperature, by adapting a previous functionalization m¢iva] After the
reaction, the beads were washed 3 times in THF, 2 times in ethanol an@ finall

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. a) Schematic
representation of the mesoporous bare silica fraknefwomation in acidic conditions; b) Schematic
representation of the oot 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 framewo has been evaluated by the BET analysis (micrometrics
ASAP2020 Plus 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 morplology of the
pores has been characterized by means of a scanning electron micrGstbpe
ZEISS MERLIN™. The beads powder were dispersed in ethanol in order to obtain
a 2 mg/mL mixture, subsequently |5 of the mixture were deposited on a silicon
substate 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 enéhgsis
temperatures range of 2800 °C. 1827 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 effective incorporation of the new
functionalities was also evaluated by me&idRfspectroscopy. Few milligrams of
beadpowder were pressed in order to obtain a thin tablet, subsequently dried under
N, flux and analysed in the 68000 cm! range.

El | ma n Je presersée of the SH functionalities, incorporated during the
co-condensation synthesis, was evaluated by a chemical test based on the DTNB
r e a g e Rdithio-(pi§ [2- Bithobenzoic acid]). The free thiols embedded in the
mesoporous framework react with the DTNB molecules, producing the cleavage of
the disulphide bond ari# release of free TNBanions, 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 includee 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
t L of solution A, 100 L of solution B and 840L of water have been poured into a
1.5 mL Eppendorf and carefully mixed. The optical absorbance (421 nm) of the as
prepared solution has been used to evaluate the background signal. Subsequently, 10
t L of bed powder solution (2 mg/mL in water) were added and incubated for 5, 30
and 60 min (each condition of incubation was evaluated in triplicate). The reaction
solution was collected and the optical absorbance measured after the beads separation
(centrifugatia at 8 g for 3 min). Furthermore, in order to estimate the concentration
of free thiols, a standard calibration curve was build analysing the optical density of
different concentration of-cysteine (starting from 1 mM). Each point of the
calibration curvevas evaluated in triplicate.

Bead based assay: Pores availability.The freeentrance in the pores
framework has been verify by the evaluation of the fluorescein isothiocyanate (FITC)
uptake. First, a stock solution of FITG (1) was obtained dissolvirgetreagent in
sodium phosphate buffer at pH 7. Then, 2 mg of -lpeaeder were incubated
overnight with the FITC solution, in order to promote the complete diffusion of the

molecules inside the mesoporous framework. Afterwards, thepdeddr was
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separatettom the solution by centrifugation (8 g 3 min), and washed three times
with sodium phosphate buffer. The residual solution was used to evaluate the amount
of uptake, comparing the fluorescence intensity of the solution with and without the
particles indoation, 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 frigin 1
Considering the high fluoseence 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), fewt L of the suspensiamere 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: PassivatiorDifferent passivation agents were tested to
reduce the backgroundgsal, which can derive from nespecific interaction
between the silica surface of the beads and the reagents/molecules used during the
beadbased assay. An ELi8Ke test was used for this purpose, and a specific
molecules label with an HRPnzyme wassed 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 witlf BQ@J sodium phosphate
buffer (pH 7), the solution was constantly kept ustiging at 400 rpm at 22 °C.

The beads were separated from the buffer by centrifugation 8ngin), and
incubated with the selected blocking agent, bovine serum albumin (BSA) or cysteine,
for 1 h at 22 °C under continuous stirring (400 rpm). Thenb#ads were separated

by centrifugation (8 g 3 min) and incubated with 5@@ of streptavideHRP (50

tg/mL) in saline sodium citrate (SS@g¢en buffer, for 1 h at 22 °C under
continuous stirring (400 rpm). Subsequently, the beads were separated by
centrifugation (8 g 3 min) and washed three times with the-38€en buffer. Tk

beads were finally-uspended (Figure 5.8) in $Q0of deionized water, 1{3_ of

them were poured in a 1.5 mL Eppendorf and incubated withf RGif TMB
substrate. The reaction was blocked after 30 sec adding &8,SO,. Then, the

reaction solutin was separated from the beads by centrifugation 38vgn) and

the relative optical density (OD) was evaluated by the means of a microplate reader

Ivymen Optic System at two different wavelengths (450 and 630 nm). Considering
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the large number of comtation 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 Etd3ést. The beads previously
incubated, with specific molecules of interest, were separated from the washing buffeusppashded in 500
t L of water (gb). Subsequently, {3 of this solution were sampled and putted in a new Eppendorf (c). Finally,
200t L of TMB and 20Q L of H,SO, were added (with a waiting time of 45 se®)(dr he colorimetric reaction
was quantified sampling 200 of the final solutiofafter 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 ssSDNA
probe immobilization and hybridization. In particular, the firsoétegubation was
modified by incubating the beads withM 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 min) and washed three times with sodium
phosphate buffer. For the probe immobilization tests, thefsaiahl labelled with a
biotin molecule that can react with high specificity with Streptar&iR (Str
HRP). The incubation step with the blocking agent was removed and the optimized
passivating agent was directly added into the buffer for-tHRBtincubation (SSC
5X 1 tween 0.025% BSA 1%).

For the hybridization test, the immobilization protocol was further modified. In
particular, the ssSDNA probe without biotin label was incubated O/N, the incubation
was followed by some washing steps and finakbgEi¢A target was incubated. In
particular, I M ssDNA target in SSC 5Xtween 0.025% buffer was incubated for
1 h at 22 °C (continuously stirring), then the beads were separated by centrifugation

(8 g1 3 min) and washed three times with the same bhifelly, the beads were
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incubated with 5@ g/mL of StrHRP 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 imtioabiliza
and hybridization different condition of: concentration (DNA target between 1000
nM to 0.001 nM / DNA probe from 1 to 1jOM), time of DNA incubation (from 10

min to 60 min), final volume (1002501 5001 1000t L) and time of TMB
incubation (45 se@ min and 30 sec or 5 min) 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 assynthetizd mesoporous silica beads eveeeplyphysicechemically
characterized, in order to understand the influence of the different strategies of
synthesis on the beadnd pors dimensions and on the perstructure and
morphology. The BET physical absorption was used to analyse the spdaife
area and the padimensions as function of the synthesis method. In particular, by
means of this technique has beerpossible to investigate the influence of the
synthesis temperature, the swelling agent (tetramethylbenzidine and Taltieae) fo
acid condensation method, and the presence of different type and concentration of
organosilanes (APTES and MPTMS) for theaodensation synthesis.

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

Following, the microporous beads synthetized by thebodensation method
were chemically analysed in order to qualitatively and quantjtatordirm the
presence of additional chemical functionalities. For this purposes, three different
technigueswer e used: TGA, FTIR and El manJds test
the presence of new chemicals groups as function of different organosdares typ
concentration. The FTIR and the EIl manlds t

order to verify the chemical nature of the added functional groups. Furthermore, the
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ElI'l manJds t e s-tuanttative methos tbr thee studyg & free thiolsigso
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 motidnm paragraph 5.7.2 the influence of different
synthesis temperatures and swelling agents were taken into account in order to obtain
beads with diameter ofi36 { m 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 temperatre (RT=20 °C) to 14 °C, and fixing the swelling agent (toluene) the
particles size increases from few hundred of nanometre nudexnetre (Figure
5.9a and 519). The specific surface area is kept constandp@¥/g) and the
absorption isotherm hakown a typical type IV shape, characteristic of mesoporous
materials. Further reducing the synthesis temperature to 12 °C the patrticles size seems
to be stabilized and the specific surface area is increased up00 &#%0 (Figure
5.9c) keeping the chacteristic isotherm with a type IV shape, which describe the
absorption behaviour for the mesoporous matfir8sl 74]

In order to reduce the risk for the operator, a different 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 thdisgerface area seems to
be comparable to the 1@/toluene synthesis (Figured.as well the isotherm shape.
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Figure 5.9 BET adsorption/desorption curves characteristic of different mesoporobgailgad- c)
respectively synthetized at 22 12 °C using toluene as swelling agent; d) 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 arealgsis was further supported by the visual analysis of
the pore shape and size. As it isljess observe from Figures 5.10a andibth®
pore width distribution seems to be unaffected by the change of the synthesis
temperature, from RT to 14 °C. lmaét, 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?2d m) and the incremental pore volume
is doubled respect to the previoutisesis temperature (Figure §)10

Unfortunately, the pore size analysis has revealed that changing the swelling
agent, the diameter distribution is no more centred on a specdiwidth and the
incremental pore volumeraktically drop down (Figure 5d)0Furthermore, as it
possible to observe from the SEM images (Insets Figure-&).9he pore
morphology and distribution seems to be much more regular for the 14 °C/toluene
ard 12 °C/toluene synthesis. Observing the SEM image that shavesbgorous
structure for the 14C/TMB synthesis (Inset Figure 5d)@he morphology of the
pores is not clear, but this can be due also to the SEM image quality.
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Figure 5.10BET pore volumes as function of the width distribution, characteristic of different mesoporous
silica beads: la: c) respectively synthetized at2212 °C using toluene as swelling agent; d) synthetized at 14
°C using T™MB 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 symsis 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 cecondensation method in order to obtain microparticles with the desired
dimensions and with spcisuperficial 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 possipitio further modify the amine terminal group with a
posttreatment with succinic anhydride (SA) in THF reaction solution. A second
organosilane, the MPTMS, was used to add thiol groups. For both organosilanes, two
different concentrati@were tested: 1:58nd 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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Samplerame Silica precursor Organosilane Ratio

Bare mSiQ TEOS
50NH., TEOS APTES 1:50
25NH., TEOS APTES 1:25
50COOH TEOS APTES+SA 1:50
25CO0H 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 eoondesation process the silica precursor/organosilane ratio are specified.

In order to investigate the influence of the organosgaluition on the
mesoporous structure, a BET analysis has been conducted and the specific surface area
and pore size distribution were compared with the pristine n®#als results. In
Figures 5.10a and 5.10b the absorption/desorption isotherm behavithe fo
APTES and MPTMS modified mSi(heads are reported, respectively. For the
samples 50NHand 50COOH (Figure 5.H) the hysteresis curves show a shape
similar to the one characteristic for the pristine mi$&@ds, which is representative
of the preser of interconnected mesopores with a wide shape and dimension
distribution. The specific surface area, computed by the BET analysis, is around 565
and 469 rfig for the 50NH and 50COOH, respectively. The increment of the
APTES concentration, during the-amndensation process, seems to drastically affect
the specific surface area and the adsorption/desorption isotherm shape. In particular,
observing the hysteresis curves for the sample,26MH.5COOH (Figure 5.H)
it is possible to hypothesize the presesf interstitial pores due to small particles
aggregates. For these samples, the specific surfaesbaeareduced respectively
to 341 and 391 ffy, as it is possible to observe from Table 5.2. Concerning the
addition of the MPTMS molecules, thigses to partially reduce the specific surface
area to 560 and 624/ 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 theosiegee 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 trenedevath the
pristine mSiQbeads, with a wider distribution of pore size and shape.
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Comparing the specific surface area values of the different modified e#si©
with that characteristic of the pristine m&{@40 ni/g), it seems that the addition of
the organosilane, during the-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 typeof the organosilane.
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Figure 5.11 BET analysis of different modified mesoporous silica beads; a) comparison of the
adsorption/desorption behaviour between the bare and the modifiedwit8i@vo differer ratio of APTES
(50NH, and 25NH) and APTES+SA (50COOH and 25COOQOH). b) comparison of the adsorption/desorption
behaviour between the bare and the modified m®ith two different ratio of MPTMS (50SH and 25SH).

The hypothesis about the modification @ plore size and shape distribution has
been confirmed analysing the density functional theory (DFT) computation of the
porewidth (Figures 5.12a and 5b)2and the SEM images for the different sample
(reported in paragraph 5.8.2). Focusing the attentitimeguore width distribution,
it is possible to observe the change of the pore width as function of the APTES and
MPTMS concentration. For the 25NHand 25COOH samples, the pore size
distribution is wider than the one observed for lower APTES concentatidior
the pristine mSi@(Figure 5.13). 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 m)2which show a pore width distribution more
simiar to the bare mSi(between 16820 nm). 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 a26SH samples, the pore width distribution seem
to be kept quite narrow (Figure 5Hd)2 even if it is possible to identify two different
interval: 16- 20 nm for the 50SH sample andi2B7 nm for the 25SH samples.
Furthermore, for this last sample the poleme seems increased if compared to the
bare mSiQ. 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; a) comparison of the pore width
distribution between the bare and the modified m&i@ two different ratio of APTES (50N+and 25NH)
and APTES+SA (50COOH and 25@®). b) Comparisorof the pore width diribution between the bare and
the modified mSi@with two different ratio of MPTMS (50SH and 25SH).

. . DFT DFT pore
BET surface  BJH adsorption  BJH desorption

Sample pore size  volume

area (171g) pore area (fg)  pore area () (m) (i)
mSiO, 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
50SH 560.03 460.21 778.68 17.57 3.39
25NH, 341.97 341.08 475.28 22.51 2.06
25CO0OH 391.60 380.62 511.61 23.65 1A
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 moddigatous silica beads.

Considering the results obtained from the BET analysis, the, ra&#0s
modified with MPTMS during the ec@ondensation process seem to be suitable

candidates for the optimization of the DNDNA hybridization assay. In particular,
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the possibility to maintain a specific surface area similar to the pristindeesi®©

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

The BET analysis was followed by the morphological study ofithebsiads
and pores shape, accomplished by means of a scanning electron microscope. From
the analysis of Figure 5d4,3he mSiQ sample shows an homogeneous particle size
distribution, this homogeneity seems to be slightly reduced due to the presence of th
organosilanes in the -@amndensation process, which can influence the reaction
kinetic. In particular, for the modified mSi®eads with APTES (Figure 5)3he
average particles size has been slightly increased respect to the prigtsaenpi8|O
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 characterizeddoyer homogeneity (Figure 5c}3

8 um 1um 200 nm

mSiOz

mSi0,-MPTMS

Figure 5.13 SEM images of different modified mgkigads;-d- c) are respectively the images relative to
bare, APTES modified and MPTMS modified mSi@ads; The series243 represent the 5, 50 and 250 kX
magnifications.
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Andysing the mesostructured network obtained with three different synthesis
approaches, the pristine mgi®eads show a honeycomb ordered structure
(hexagonal cells). The addition of organosilane during-tbentensation synthesis
affected the mesostruadrin different 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. Congrahe addition of MPTMS during the -ccondensation
seems to preserve the ordered hexagonal structure observed for the pristgine mSiO
even if slightly modified in terms of pore dimensions as already observed form the
BET analysis.

Considering the parties dimension observed from the SEM analysis, the beads
populationwascharacterized by the means of a granulometer, which allowed the
evaluation of the particles sizstribution As it possibl® observe from the graph
reported in figure 5.14, the begmspulation shows an average diameter of about 5
t m. The distribution is quite homogeneous and the presence of a shoulder above 10
t m can be mainly due to the formation of aggregagesmall peak between 0.1 and
1t m can beeferredto the presencef alimited presence of partislstill at the

growingstage.
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Figure 5.14 Particles size analysisM&soporoussilica beads diameter distribution obtained fiwen
granulometry analisys at 1.3 mbar, b) SB;yes (1kX) of the beads population.

5.8.3.Functional group analysis

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

been verified by means of different aealys particular, the amount of incorporated
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organosilane has been leated by TGA, whereas the chemical nature of the

functional group has been attributed by
In order to understand the effectiveness of theoodensation as method for

the incorporation of new chemical functionalitiee, TGA was used to compare the

high temperature degradation behaviour of the different mesoporous beads. First of

all, the pristine mSi©was analysed asference material (Figure 5,14he

degradation has been subsequently compared to the one olmsehedibdified

silica beads (measurement repeated for two ,ns8i@ples). As it is possible to

observe frm the thermograms in Figure 5,1He pristine mSi@shows the major

weight loss around 64.8066.43 °C, mainly caused by the evaporation of adsorbe

water moleculefl75] In the second temperature range (LBDO °C) a further

decrease of the sample weightliserved (about 2.8@.04%), probably due to the

degradation of synthesis residues.

Figure 5.15TGA of the unmodified mesoporous silica beat}};are the thermograms obtained from two
different syrtesis batches of pristine mSi@ads, respectively.

Analysing the thermograms of the APTES modified m$@ first weight loss
is observed up to 15€ (Figure 5.1&b). This weight loss is similar for both the
APTES concentration and seems to bethligwer than the one observed for the
pristine mSiQ@, 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
1501 600 °C rang€l76]177} 15.50% for the APTES 50 and 18.72% for the APTES
25 . The difference between the percergaggrobably linked to the different
amount of organosilane added/incorporated during theomdensatiorprocess.
Some of the APTES modified beads were further treated with SA in THF solution,
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