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ABSTRACT

This thesissummarieghree year®f research othe development of innovatiy@orous silica
baseddevicesfor biosensing and drug delivepprposesPoroussilicon (PSi), is one ofmost
exploited nanostructured materialbiomedicine Due to its opticabndelectricalproperties
high specific surfacearea tailorable morphology and surface chemist®Siis an ideal
transducer material fdhe realization of high sensitive and selectiw@sensorsin this work,
different poroussilica structures have beenexplored for the development of labélee
oligonucleotidebiosensorrealized byin situ synthesis ofbioprobe on porous platform
Different functionalization strategies have been also explored in order to P&ilsairface
more chemically stablélherealization oflabelfree aptameiPSisensorwith great stability,
fast response time, high sensitivity aspkcificity for the detection of humaldthrombin has
been successfullydemonstraté Diatomite, & emergingnatural porous silica material of
sedimentary originwith similar physiochemicgbroperties of mamade porous silicorhas
been also exploited as potentialplatform for biomedical application Its norntoxicity,
biocompatibility, high specific surface area, tailorable surface chemistry, as well as thermal
and chemical stability makdadomite a viable cheap surrogate to synthetic porous $dica
realization of nanebased drug delivergystem In this thesis work the potentialities of
diatomite nanoparticles(DNPs) as safe nanovectors for drug delivery in cancer cdimsve
been successfulldgemonstratedSince the silica surface of diatomite is covered itgnsl
groups, it can besasily modified with functional reactive grouper the conjugation of
biomolecules (e.g., DNA, antibodies, enzymés)order to realizeadvanced healthcare
devices Different approaches of functionalization based on covalent bond for preparation of
bioengineereddiatomite NPs for therapeutic moledes transport into cancer celisere
developed.Preliminary in vitro and in vivo studies endorsedthis cheap, natural and
biocompatible nanomaterial fdrugdeliveryapplications
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CHAPTER1 INTODUCTION

1 INTRODUCTION

1.1 Nanostructured porous siliconbaseddevices for biomedical applications

Nanotechnology hasallowed the development of innovative nanostructured materials
characterized by enhanced properties with respect to their correspondent bulk materials. In
recent years, nanomaterials have been used for a wide ranggplafations,including
electronics, radicine, food, pharmaceutics, energy production, consumer products, and so on
[11 3]. Application of nanostructuredanaterialsin biomedicine offers several advantages
compared to traditional materialdue to the possibilityo radically change and tune the
physicochemical properties [4]. For example, the porosification of materials at the nanoscale
results in the enhancementof their biochemical properties such as bioactivity,
biocompatibility, avoiding the triggering of immune responses and inflammatogesses

into human bodytypical of bulk materialg5]. Over the last decades, several types of organic,
inorganic and natural materials have been used for biomedical applicationst Dasethat

has highly impacted biomedical field is porous silic@RSi) [6]. PSi obtained by
electrochemical etching of doped crystalline silicanone ofthe most exploited synthetic
nanostructured material due to its peculiar properties6]5Morphology pore sizeand
surface chemistry can be easily changed andraited, makingit a very versatile material

[7]. Due to its opticaland electrical properties and to its spongdike morphology
characterized by a high specific surface af8j hasbeen largely used in fabricatiarf
innovative  biosensors 8{11]. Moreover, thermal stability, chemical inertness,
biocompatibility, high loading capability, adaptable dissolution kineticdarthis material
suitable for development of nanodevices for drug delivery applicatioris?] 13. In recent

years, emerging natal porous materials have also been suggested to overcome the
shortcomings of synthetic porous materials, finding in diatomiteobtiee most outstanding
surrogate 14]. Diatomite, also known as diatomaceous earth, is a fossil material of
sedimentaryorign f or med over centuries by siliceous
unicellular microalgae diatoms, with similar physicochemical properties of-maale
fabricated PSi [15, 16]The unique properties of this inexpensive material hieand
applicdaion in several fieldsincluding optics, photonics, sensing, biosensing, filtration,
immunoprecipitation, microfluidics, catalysis and nanofabricatiofi 21]. Due to ordered

pore structure, high surface area, tailorable surface chemistry, high permgeabilit
biocompatibility, nortoxicity, low cost, low density, optical and photonic properties,

diatomite has been exploited as an innovative platform in several biotechnological
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applications resulting as a viable and promising cheap alteentatisynthetic pmus silica
[14, 22, 23.

1.2 Synthetic oligonucleotides fobioengineering ofnanostructured devices

Surface modification of nanostructured devices vitbmolecules(i.e., bioengineering)is

one of the most challenging and fastest growing componentanbtechnology, which
transforns inert materials in advancednes for medical purpose.2f]. Among different
biomolecules used for thfanction(i.e., enzymes, proteins, antibodies, peptides) R2N4Aits
derivatives are consideed suitable as constructiomateriaé in nanosciencedue to their
peculiar propertie25]. DNA is a double stranded helical moleculgatcan be separated into
singlestranded DNA (ssDNA) units complementary to one other. When these ssDNA
structure are broughttogether, they form again the duplex structure. Despite its simplicity,
the enormous specificity of the adenitteymine (A'T) and guaninicytosine (GC)
Watson Crick hydrogen bonding allows the development of high selebiimerobes for the
development o$pecific DNAdevices The power of DNA as a molecular tool is enhanced by
the ability to synthesize DNA sequesae®ith peculiar properties by automated methi2g.
Engineeed syntheticnucleic acigd, different from the canonical DNA can fold into vargou
other secondary structures such aguadruplexe$27]. G-quadruplexes are unusual nucleic
acids that can form within specific repetitive G rich DNA or RNA sequences, characterized
by the stacking of units (@trads), consisting of four guanines orgadizn a square planar
arrangement. Each guanine is linked to the two adjacent ones by Hoogsteen hydrogen bonds,
involving the amino and imino protons and the nitrogen N7 and oxygen O6 atoms (Figure
1.1). Many reports suggest that-geadruplex structurefiave important applications in
several and different areas, ranging from medicinal chemistry to the nanotechnf28gies
29]. An interestingpropertyof G-quadruplex structures is thiétey may serve as scaffold of
aptamers. Aptamers are amerged clas®sf singlestranded RNA or DNAoligonucleotides

able tofold into well specific threedimensional(3D) structurs, generated from SELEX
techniqug30, 31] This process relying on DNA or RNA libraries allows automatic synthesis
of a large variety of nucleicacid sequencewith great selectivity dr nonnucleic acids
moleculesIn contrast to other nucleic acid molecules, aptamers are able to interact with their
targets through a structural recognition similar to an antibadyigen reaction with
dissociationconstant in the range of picdo nanemolar, thus referred to as chemical
antibodies [32].



CHAPTER1 INTODUCTION

Fig. 1.1.Graphical representation of a-@&trad and a Gguadruplex.

However, dfferent from antibodies, the chemical nature of nucleic acids allows easy
synthesis and various feasible ways to engineer aptawigisextended bioavailability,
regulating ability, and muHiunctional properties Aptamers can be easily obtained by
automatic synthesiwith good reproducibility contrary to antibodies which are obtainenh by
vivo immunization of animals.30i 32]. Aptames are thermally stableeven after a 95 °C
denaturationthey can refold into thei correct 3D conformatioronce cooled to room
temperatire, unlike proteinbasedantibodieswhich permanently lose their activity at high
temperature$30]. The targets of aptamers range from small molecules, to proteins; virus
infected cells, stem cells, and cancer célsemical fatures and biological functiortsave
made aptamers a weattractive tool in biomedical applicatiomanging frombioassaygo
targeted therapy Moreover, aptamer technolfy has shown a great potentidor
bioengineeringof nanostructuredlevices In the past few years, integration of functional
aptamers intcmanomaterialfhias become a new interdisciplinary field that aims at providing
new hybrid sensing systems for specific and sensitivéegular recognition 33, 34].
Aptamer used as bioprobe fitre development of biosensor, opened new generation of DNA
biosensors called aptasenso85]] Due to their unique properties, aptamers hold many
advantages over antibodies, which have been widely used as recognition elements in
biosensingTo date, ptame-based biosensors have successfully detectarge number of
analytes of interest, including small organic molecules, metal ions, and proteins, by taking
advantages dhehighly selective interactions of the aptamer with the target analytes and high
signals amplification by the unique optical, electrical, and magnetic properties of various

sensing platfornused[35]. This novel integrationhighlighted the potentiality of aptamers as



CHAPTER1 INTODUCTION

emergingoolsfor fabrication of new sensing devices f&lective and sensitive detection of a
wide range of analytesith greatadvancesn healthcare applications.

1.3 Porous silica optical biosensors for human disease diagnosis

A growing need for small, fast, efficient and portable devices able to detect fcspealyte

has meant biosensing one of the most rapidly expanding research field, ranging from a broad
of applications inluding clinical diagnosticsenvironmental monitoring, veterinary and food
quality aontrol. A biosensor isan hybrid device constited by a biomolecular probe,
employed to selectively recognize a biochemical target, immobilized on a transducer surface
which converts the target recognition into an analytical sig8@il38]. The porous silicon

(PS) obtained by electrochemical partial dissolutiordopedcrystalline siliconis by far one

of the most intriguing optical transducfar developing of a wide variety of chemical and
biological sensors6] 7]. The potential application of the PSi struesirto molecular
screening for biomedical applications has gained widespread attention of scientific
community, as demonstrated by several papers which proved the potentiality-ludse8i
biosensors to detect analytes in heterogeneous mixture and in hoent@tions 39]. PSi
biosensors are labélee devices relying on electrical, electreatical and optical
mechanisms [4312]. Optical biosensors are the most prevalent PSi biosensors, characterized
by very short analysis time and high sensitivity. Moerowptoinstruments used for
measurements are namvasive and safe also in harsh conditions sucim /0 monitoring

inside a patient body where, for example, electiizaked devices could be harmful [43he
labelfree sensing mechanism of PSi oglicstructures is based on the changetrair
refractive index on exposure to the substances to be detected, due to their infiltration in the
pores and air replacement. The consequence of the refractive index variation is a change in
the reflectivityspectum of the deviceRigure 1.2).The selectivity of PSi device isbtained

by a proper chemical surface functionalization (i.e., covalent immobilization) with
biomolecular probes able to detect the target molecule from a complex mixture. The
achievement of PSi as biosensor depends thmn stability of its surface chemistry.
Unfortunately, thefreshly preparedhydrogen terminated (8H) PSi structures suffer
instability in ambient air and aqueous solutions due to an uncontrolled oxidatitire of
surface [44]The uncontrolled oxidation of PSi is a major probl@nbiosensor develapent,

due tothe continuous change ithe refractive index of device whichalsifies thesignal
transductiorf45. Many thermal and chemical strategies have been developed to stabilize PSi,

thus preserving its optical properties bbosensing
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Analyte in complex mixture

Reflectivity (a. u.)

]
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700 800 900 1000 1100
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PSi biosensor Selective recognition Optical Read-Out

Fig. 1.2. Scheme dbibelfree sensing mechanism of PSi optical biosensor.

Once passivatedhe PSi surface, the functionalization with biomolecular probes can be
achievedthus realizing a specific biosensor. Chaptebdsed on preliminary studies for the
development of DNAPSI biosensor byn situ solid phase oligonucleotides (ON) synthesis
describes the fabrication process, passivation and characterization of mesaplicons
based oligonucleotide sens@ince thechemistry used for the solid phase synthesis and
deprotection of ON is quite aggressive for the PSi suppiissurface was stabilized by
thermal oxidationfollowed by a silanization The in situ synthesis of singlstranded
polythymine ON bioprobe, ds8 been used as strategy to biofunctionalize the trang€dacer
surface. The advantages ofn situ synthesis with respect to conventionak situ
immobilization are not only the increasing of DNA probe density but also the process
automation, and the posdity of surface local functionalization [43]Finally, the ON
deprotection and labdétee optical detection of DNANA hybridization with a
complementaryON sequencéiave been demonstratetius opening the prospective for the
development of more specifisNA-PSi biosensathrough solid phase synthesis without any
restriction on theON sequencecomposition and limitation of PSi surface stabilityhe
development ofa PSi aptasensor bin situ synthesis of andihrombin aptamer (TBA)
bioprobe for labefree optical detection of human thrombirs described in Chapter Ihe
TBA is a well characterized chdlike antiparallel quadruplex structure trsgtecificallybinds

the thrombin. Thrombin, a serine protea, plays important role in thmagulationcascade,
thrombosis and haemostasis. The higimomolarange of thrombin in blood was known to
be associad with diseasestherefore|t is important to assess this proteintedce level with
high sensitivity. TBA aptamer has been synthetized in macrops( por e si ze
aminemodified PSi structure which allowed a correct synthesis of the macroprobe with

proper yield, with respect to mesopordi® * pore sizeé 50 nm)one. Further, it was proved
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the stability, selectivity, reversibility and lownrlit of detection of PSaptasensor, resulting as

a promisng device for vascular diseases early diagnosis.

1.4 Diatomite as natural porous silica material for drug delivery

The application of nanotechnology in mede&for human disease diagnosis, treatmant]

control of biological systems has been refertedas nanomedicine 46, 47. This new
emerging research field, paving the way for medical innovations, seeks to deliver a valuable
set of research tools and clinically helpful nanostructured devicdsifoan health48, 49.

During the last decades, great efforts have been made in the development of innovative drug
delivery systems, thus overcoming the drawbacks of conventional drug ther@iég] [
Nanoparticle (NRpased drug delivery systems haveoyided many advantages over
conventional drugformulations such as selectivdrugs delivery to pathological sites,
enhanced solubility of poordwater soluble drugs, improved pharmacokinetics and short half
lives of degradable molecules (e.g., peptidestgims, DNA), simultaneous delivery of drugs

for combination therapy to reduce the drug resistance. Despite the vast assortment of
nanomaterials to develop nanocarriers, porous silicon/silica based devices are the most used
drug delivery platforms due tilve remarkable properties of this material. The most popular
example among them are synthetic mesoporous -$illiRe (MPSNPs) B3i 55. Due to
excellent biocompatibility, high surface area, thermal stability, chemical inertness and
diffusion controlled drugelease mechanism, MPS has been considered an ideal material for
drug delivery applications5[ 6, 53i 55]. However, the synthesis of MA$Ps is time
consuming and costly, involving higimergy consumption and toxic materialS6][
Therefore, to address senof these disadvantages, it was suggested to explore alternative
natural porous silica materials for drdglivery applications [14, 23]The cheap fossil
compound diatomite appears to be the most outstanding example of 3D structures biologically
derivedporous silica, given by Mother Nature, as shown in FigureDis@omite possesses a
combination of structural, mechanical and chemical features that can overcome challenges
associated with conventional delivery of therapeutic agents and offer severnatibgegaover
existing synthetic delivery systems [14, 1Although, due to its peculiar properties diatomite

is surprisingly still scarcely used in nanomedicine. In Chapter 4, the realization cbsaiied
nanoparticles from diatomite powder ahe exploration of their potentialities as nanovectors

for drug delivery in cancer cellare described. A purification procedure based on thermal
treatments in strong acid solutions to mdkstomite safer material for medical applications,

fabrication techniges to reduce the micrometric diatomite powder to nanoparticles (DNPs),



CHAPTER1 INTODUCTION

Fig. 1.3. Frustules from some different diatom algae species.

morphological and chemical characterization of the nanomaterial, as vpeéllasinary tests

of cytotoxicity and cellur uptake, are presentad detail Since the silica surface of
diatomite is covered by silanol (SiOH) groups, it can be easily modified with functional
reactive gr ouQPGBOHT NHH, T CHO) for the conju
DNA, antibodies, enzyme) in order to prepare bioengineered devices. In Chagifézrent
functionalization procedures for the preparation of biofunctionalized DNPs agoxion

carriers for transport through cellular membranes of therapeutic molecules (i.e., small
interfering RNA and sorafenib) and the res
physicochemical properties, biocompatibility and cellular uptake, are desdnb@bapters,

a preliminaryin vivo toxicity studyof diatomite NPswvas evaluatethy usingHydra vulgaris

asnewsimplein vivomodel.
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CHAPTER2 OLIGONUCLEOTIDES MODIFIED POROUSSILICA OPTICAL DEVICES FORLABEL-FREEBIOSENSING

2 OLIGONUCLEOTID ES-MODIFIED POROUS SILICA  OPTICAL
DEVICES FOR LABEL -FREE BIOSENSING

(Papers J1, J2, P1)

Significant efforts are being devoted to the development of more efficient DNA chip
technology for applications in areas of social interest, such as ey@ression analysis,
medical diagnostics, and human therapies [1]. Commercial DNA chips use probes or targets
labelled with chromophores or radioisotopes where the molecular recognition events (i.e., the
hybridization of probes with targets) are monitobgdfluorescence microscopes. Even if the
fluorescence based technique is a standard in genomic applications, this method is strongly
dependent on the labelling procedures, which sometimes can give undesirable effeets on
molecular interactions [2, 3Moreover, reading and quantifying hundreds of thousands of
fluorescence spots in a single run is not straightforward nor always precise. To overcome
these limitations, a new class of laliide DNA chip has been proposed, which uses direct
electrical or ofical detection methods4[6]. The labelfree optical PSi devices promise to
offer sensitivity, selectivity, and low cost method for the detection of DNA hybridizafion [

DNA chips can be classified as a special class of biosensors since they arel fealize
immobilization of single stranded oligonucleotide (ON) bioprobe, on a transducer surface.
Eachmolecular interaction between the bioprobe and its ligand, such as hybridization to the
complementary DNA sequence, is then transduced into an analytgaél sby an
electrochemical optical, surface plasmon resonarzased or electrical device, depending

on the specific technology used. Porous silicon (PSi) is by far one of the most popular
transducer material due to its peculiar physical and chemicpégies 8]. PSi is fabricated

by electrochemical etching of crystalline silicon in agueous hydrofluoric acid. Depending on
etch time, current density and acid concentration, several porous morphologies can be
obtained, from micropores (average pores siZzenm) to macropores (average pores size >

50 nm) B]. The resulting spongkke matrix is characterized by eery large specific surface

area (up to 300 fitnm). Even if electrochemical etching induces silicon dissolution, the PSi
surface results smoo#nough to get very good quality optical devices, also in the case of
multilayered structureslp]. Periodic, or quasperiodic, alternation of high and low porosity
layers is used for fabrication of Bragg reflectors, microcavities, -Nhokse sequences:lal

these photonic devices exhibit resonance wavelengths that can be used as monitoring peak in
quantifying biomolecular interaction from the optical point of viewWi[li3]. Unfortunately,

the PSi structures suffer instability from oxidation and corrosioragneous solutions,
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especially simulating biological conditions. Lots of chemical protocols have been reported in
literature in order to passiteaand functionalize surfacesh& immobilization of biological
species should not prevent their functions, ahdstshould also assure their correct
organization and orientation. PSi surface can be properly functionalised in order to covalently
bind biological molecules such as single or double stranded DNA, proteins, enzymes,
antibodies, aptamers and so on, which @ bioprobes. There are many routes to achieve
surface functionalization which are based on proper chemical or biological processes. PSi
surface can be activated by specific chemical groups, nainstty i NH, or T COOH, that

could form very stable bondsuch as sulphide or peptide bond, with the biological molecule
considered [4]. For some biomolecules that are usually synthesezesituand then coupled

on PSi surface, there is also the possibility of directly growing the moleculesn(istu
syntlesis) using PSi as support in thecadled solid phase synthesik3| 15]. In this chapter

the realization of labdree DNA-PSi device by in situ ON synthesisis described Since the
chemistry used for the solid phase synthesis of ON can be aggtessive against the PSi
solid support, chemical stability of PSi supports is a key issue for the biosensor realization. In
particular, it is well known that PSi suffers on exposure to alkaline solutions (commonly used
for the deprotection of ON) whichasily corrode the silicon skeleton; so a tradiebetween

PSi surface passivation and suitable sphése synthesis chemistry is strictly required. The
fabrication,passivation and functionalization of PSi devices by using two different siloxanes,
a comprison of their effectiveness fan situ ON synthesis and hybridization with

complementary ON sequence, are describetbtail

2.1 Porous silicon fabrication by electrochemical etching

PSiis a very versatile material due to its peculiar morphologica}siphl, and chemical
properties: evidence of this is the huge number of papers about PSi features and devices based
on this nanostructured material, that appear in the literature everylg£a®]. One reason

for this clear success is the easy fabricabbsophisticated optical multilayers by a simple,
but not trivial, computecontrolled electrochemical etching proce$tie PSi structure is
formed by electrochemical dissolution of doped crystalline silicon wafers in hydrofluoric acid
(HF) based solutianThe cell used for the electrochemical etching is schematized in Figure
2.1. The silicon wafer is the anode; it is placed in bside contact on an aluminum plate
while the front side is sealed with anrldg and exposed to the anodising electrolytiee
cathode is made of platinum. The anodisation cell is made of a fagtlyresistant polymer

such as polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE).

12
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Fig. 2.2. Anodic +V curve for silicon in HF. In the region A pore formation occurs. In region
C there is the silicon electropolishing. The region B is a transition zone where pore formation
and electropolishing compef#9] .

For highly resistive silicon substrafe> f ew mqgq/ cm) an evaporated n
necessary to ensure the Schottky contact between the aluminum plate and the semiconductor.
Figure 22 shows the anodicV curve ofcristalinesilicon (n- or p-type)in HF based solution;

the differentdissolution regions of the curve are labeledCAPore formation takes place in
region A. At anodic overpotentials i n exce
el ectropolishes. At i ntermedi ate overr@otent |
pore formation and electropolishing compete for control over the surface morphology. The
resulting structure within this region is generally porous in nature but the pore diameters
increase rapidly as the electropolishing potential is approached. Tdwt dissolution

chemistries of silicon are still in question, although it is generally accepted that holes are
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required in the initial steps for both electropolishing and pore form§t@n The Figure2.3
illustrates the chemical dissolution mechanisnggested by Lehmann and Goséat has
received great attentiofl7]. If a hole of the silicon substrate has the sufficient energy to
reach the surface nucleophilicattack on SiH bond by fluoride ion can occur and d Si
bond is formed (step 1 indiire2.3).

H, Hat
H H FH F- F
2/ \/ e \/
' M"_‘>/$|
N \ . N s N \ ’
Si S S5 Si Si Si
L N N 7N N PN
4 5 B F
N/ +2HF
Si_  —w SiFa2- + 2H+
K F VAR
N a—F- FF
W F Y"‘ H o H
A s N4 Nov
si Si $i Si
LAY N LY 0N

Fig. 2.3. Dissolution mechanism of silicon in hydrofluoridric acid (HEY].

Due to the polarizing influence of thei &i bond, another 'Fon can attack and bond under
generation of an fimolecule and injection of one electron into the substrate (steps 2 and 3).

The polarization induced by thei&i groups reduces the electron density of thieSSi
backbonds; these weakened bonds will now be attacked by HEo(dtep 4) in a way that

the glicon surface atoms remain bonded to hydrogen atoms (step 5). The silicon tetrafluoride
molecule reacts with the HF to form the highly stabl&iFs. In this work, microcavities
constituted by a @&/ 2 | ayer ( opt ipariadl Braggh i ¢ k n e
reflectors (BRs), were obtained alternating low (L) and high (H) refractive index layers whose
thicknesses satisfy the Bragg relationshigmn.n.d.= giwheremi s an i ngiseger a
Bragg wavelength. The microcavities were preparecelegtrochemical etching of highly

doped pcrystalline silicon (0.001 qgq cm resist.i
solution (HF:.ethanol 1:1) in dark at room temperature (8TP]. Before the anodization

process the silicon substrates were imneeiseHF solution for 2 min to remove the native

oxide layer. Since the PSi fabrication process isselbping, it is possible to obtain adjacent

layers with different porosities by changing the current density during the electrochemical
etching RO. A current density of 200 mA cfifor 1.2 s was applied to obtain low refractive

index layers (p=1.542;d. =125 nm) while a current density of 100 mA€was applied for

1.4 s for high refractive index layers4&1.784; ¢ = 108 nm). After electrochemicalquess,
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pores dimension was increased to favour the infiltration of biological matter by rinsing the
freshrmade PSi microcavities in a KOH ethanol solution (1.5 mM) for 15 8jinFigure 24
showsscanning electron microscog8EM) top view images of PSitructure andistogram

of pores size distributiorwhich revealsa mesoporous morphology constituted by paovitk

an average value & nm.PSi is a material characterized by a high chemical reactivity; if
stored in ambient air, the texture becomesigdgrtoxidized and the refractive index changes
[21]. To stabilize the PSi and eliminate the problem of aging, the thermal oxidation of the
structure isgenerallyused. The thermal oxidatiomas performed in pure @by a twostep
process: pr@xidation at400 °C for 30 min followed by oxidation at 900 °C for 15 min. The
oxidation reduces or completely removes thiegHSirom the skeleton substituting it by SIiO

that isotropically grows also into the poreg][2

Number of pores (a. u.)

0 10 30 50
Pores size (nm)

Fig. 24. SEM image ofmesoporoussilicon and corresponding histogram of pores size
distribution. Scale bar corresponds to 200 nm.

2.2 Aminosilane-modified porous silica devices

A key requirement of PSi use in biosensing is the high stability of the material during
experiments in biological solutionsya@ding the degradation of the biosensor and/or possible
alteration of measurement resultg][2Vioreover, for biosensor development the PSi surface
should provide coupling points for the immobilization of biomolecules, preserving their
specific functionalities through a good control of their orientation and organization on the
surface. There armany strategies for modifying PSi surfaces, among themassémbled
monolayeranodified PSi surfaces is the most attractive[24]. For biosensing applications

of PSi, seHassembled monolayers generate layers with-teflhed packing that improve the
suiface stability and coupling points for the immobilization of bioprob&$. [Phe two most

popular silane coupling agents arear@incpropyktriethoxysilane (APTES) and-&mino
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propytdimethytethoxysilane (APDMES) able to form an aminosilane layer on &x&ace
through the formation of BOi Si covalent bondsBoth reagents contain a short 3
aminopropyl group and provide a distal amine group for biomolecule attachBefote
functionalizing 5 with aminosilane the reaction conditits wereoptimized on ¢ystalline
silicon to this aim Eight different silane films, namely %8, werepreparedby incubating
silicon substrates at room temperature (RT) for 30 or 60 min, into 5% silane solutions

prepared by direct solution of silane compounds in ethanol odaminytoluene, (Tabl2.1).

0 5%

p— /I\ /I\/I\

APTES | | |
s T e
Thermal .
oxidation 1 Piranha PH ?H PH OH (I) Silanization
treatment
SIOI —_— i —_— — § % §
APDMES
/ I\ / I\ / I\
I |

—— SlOi

Fig. 25. Scheme of cristalline silicon surface modification by APTES and APDMES

The scheme of silanization process performed on silicon surface is illustrated irbFithe2.
thickness and uniformity of APTES and APDMIEyers were investigated by spectroscopic
ellipsometry (SE). Tabl2.1 reports SE values: film thicknesksiloxanesncreases with time
deposition; 60 min samples are always thicker than 30 min samples in every combination of
solute (APTES and APDMESnd solvent (ethanol and toluene). Moreover, APTES thin
films are thicker than APDMES onesnce APTES is able to reticulate, while APDMES is
not. Best resultsn terms ofaminosilanefilms homogeneity, also assessed by atomic force
microscopy analysis(data non shown)were obtained on samples incubated in solutions
containing 5% aminosilane in dry toluene for 30 min. These conditions were used to graft the
silane molecules on the PSi surfaces. The surface of PSi microcavities were hydroxylated by
Piranha solution (HO.:H,SO; 1:4 at RT, 30 min) thus increasing their reactivity by
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introductionof 1 OH groups. After Piranha treatment, samples were extensively washed in
milli-Q® water flow and then silanized by immersion in different 5% aminosilane solutions,
APTES or APDMES, in dry toluene for 30 min at RT. Excess of ungrafted silanes was
removed by rinsing samples thriémes in dry toluene for 2 mirMeasurement of transducer
optical spectra by spectroscopic reflectometry is very useful to give quantitdoveation
about PSi stability, chemical functionalization and analyte biomolecular recognition.

Sample Silane Solvent Incubation time (min)  Silane thickness R)
S1 Aptes 5%  Ethanol 30 5.50.3
S2 Aptes 5%  Ethanol 60 17.3:0.3
S3 Aptes 5%  Toluene 30 26.4:0.3
S4 Aptes 5%  Toluene 60 81.3:0.8
S5 Apdmes 5% Ethanol 30 0.2+0.2
S6 Apdmes 5% Ethanol 60 3.0+0.3
S7 Apdmes 5% Toluene 30 4.2¢0.3

Tab. 2.1. Sample preparation conditions and ellipsometry data.

Optical transducers respond to refractive inddmange associated with the binding of
inorganic/organic matter as a result of surface chemical functionalization and/or recognition
of analyte [®]. The replacement of air in the pores increases the average refractive index of
PSi layers, resulting in shift of reflectivity spectra towards greater wavelengthsFigure

2.6, reflectivity spectra of PSi microcavities before (i.e., PSi multilayers thermally oxidized)
and after silanization process by APTES and APDMES are reported; in both cases, red shifts
of spectra can be observ@ithe phenomenon is due to formation of a thin silane film on pore
walls, which increases the average refractive indexes of PSi laygarticular, a red shift of

21 nm has been registered for microcavity treated by APTE®fe&hdm in case of APDMES
silanized structureThese different values are due to diverse thicknessed §ilane layers

coating internal surface of pores, quantified applying the following equatfn [2

Dn — nafter _ nbefore o 4l (nlayer _ nbefore) [21]

pore pore pore D pore

where [hyore IS the increase of pores refractive index due to presence of silaneDagehe

before
pores diametenyer is the refractive index of silane layer® silanization process.
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Fig. 26. A) Reflectivity spectra of a PSi microcavity before (solid line) and after (dash line)
the APTES functionalizatioiB) Reflectivity spectra of a PSi microcavity before (solid line)
and after (dash line) the APDME®@nctionalization.

before _ _1
In our case, Poe ar

Niaye=NapTESNAPDMES1.46(0.01), measured by spectroscopic
ellipsometry, and=15 nm(becaus@xidizedstructure) [68]. By changing thickness t (from

0.1to 1 nm, by 0.1 step) in Eq. 2d set ofDnyere Values, which have been used to calculate

PSi microcavity spectrum reghifts, were obtained [28]Redshift observed in case of
APTES danization (21 nm) corresponds to 0.7 nm thick layer comp(fagh=0.086); the

lower shift measured for APDMES treatment (6 nm) corresponds to a layer with a calculated
thickness of 0.2 nm(Dh,ee==0.024). This result depends on the ability of APTES to
polymerize, because it has three potential points to attach PSi substrate or other silane
molecules, while APDMES cannot do it, since it has an only one point to attach substrate (see
binding schemes in Figure4?.[29].

The variation of surfacevettability before and after silanization processes was characterized
by measurements of water contact angle (WGC# shown in Figure 2. The control of
surface wettability plays a key role in stud@sbiomolecules immobilizatiariThe oxidizd

PSi is $rongly hydrophilic,resulting in a WCA value of (12.6+0.8)°; APTES, with its alkyl
chain and three ethoxy groups, induces an increase of the WCA to (34+1)° corresponding to a
reduction in the degree of hydrophilicity; APDMES, characterized by the sagielagin but

two methyl groups, creates a surface with a higher WCA (42+4)°
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WCA=12.6 (0.8)° ' WCA=34 (1)° ' WCA=42 (4)°

Porous Si0O, Porous SiO, Porous Si0,
+ +
APTES APDMES

Fig. 2.7. Water contact angle measurements performed on oxidized porous silicon before and
after APTES and APDMES modifications .

voids

porous
Sio,

porous
sio,
+
APTES

porous
Si0,
+

APDMES

Fig. 28. AFM images of bare oxidized P&id aminosilane modified oxidized PSi surfaces .

Atomic force microscopy(AFM) was usedto characterizeéhe samplessurfacebefore and
after aminosilane modification. The AFM images of bare oxidized PSi, APTES and
APDMES-modified PSi surfacesare reportedin Figure 2.8. AFM image of porous SiO,
revealsa spongelike structurecharacterizedy hillocks and voids randomlydistributedon

the whole surface;poressize can be estimatedto be on the order of 20 nm. After APTES
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grafting (porousSiO,+APTES, mostvoids disappeardue to partial pore cloaking by silane
layer coating the pore walls. Quite same result is obtainedin the case of APDMES
modification (porousSiO,+APDMES): evenif APDMES forms a thinnerlayer, voidsin the

porousmatrix arestrongl reduced.

2.3 In situ synthesisof oligonucleotideon porous silica

Fabrication of biosensors and microarrays, and more generally of each inorganic device
coupled to a biomolecule, has inain issue in bioconjugationg, the immobilization of a
working biological probe onto a solid surfacBioconjugation represents a current challenge
crossing both material sciences and biomedical applicatBms3]]. In order to develom

DNA biosensor, e in situ oligonucleotidesynthesis on PSi surfase&an bechos@ as an
alternative method to the traditionak situimmobilization of DNA fragmentsin situ
technique allowsto covalently biofunctionalize aminemodified PSi structure, directly
growing oligonucleotide sequence on the surface, tintaginng high ON surface coverage

and flexibility in the choice of the probe sequen82.[ After a preliminary characterizabn

of PSFAPTES (PSiL;) and PSFAPDMES (PStLp) devices a comparison of their
effectiveness foin situ ON synthesis was evaluated by exposing the devmdke same
synthesis. Solid phase ON syntheses were performed by a PerSeptive Biosystem Expedite
8909 DNA automated synthesizer. Therh@r polythynine ON strand was assembled on the
different aminosilane modified microcavities, following phosphoramidite chemistry by
thirteen growing cycles3B, 34]. PSi structures, PSi, -NH, (La= APTES, I, = APDMES),

were introduced in a suitable column reactor to be used in the automated synthesizer; the
syntheses were performed according to the scheme reported in E@gule all cases, the

first reaction step involved the attachment of thergling neleobase to the amino group of
PSitbound APTES or APDMES. This step required the activation of the protected
phosphoramidite dissolved in dry acetonitrile via protonation by weakly acidic tetrazole (0.45
M in acetonitrile). Once the first nucleobase wastahed on the solid support, the ON growth
was obtained by repeating the following sequential steps of the automated ON synthesis:
Coupling: reaction of the protected phosphoramidite dissolved in dry acetonitrile and
activated via protonation by weaklyidic tetrazole (0.45 M in acetonitrile) with theGH

ON terminal group.

Oxidation: oxidation of the unstable phosphite triester linkage to the more stable

phosphotriester by standard oxidizing solution of iodine in pyridine/acetonitrile.
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Capping acy | ati on of tOR eON terminal ggoupe by adetidj anhydride in
pyridine and tetrahydrofuran to minimize deletion products and simplify the purification
process.

Detritylation: re mo v a |  -difmethoxigtréyl (BNWJ) protecting group from the somrt

b o u n dermifaNjnucleotide with the deblocking solution of trichloroacetic acid in
dichloromethane (3% w/w).

The amount of DMT cation released by acid treatment was used as a direct measure of the
efficiency of the ongoing synthesis. The releasthefprotecting group generates a bright red
orange colour solution in which the quantity of the DMT cation can be measured online by
UV-Vis spectroscopy a%m™) Atshe endhof éath growing tycld thed M
support was thoroughly washed wébetonitrile before the beginning of the successive cycle.
The quantification of functionalization yield of each synthesis cycle by ultraviolet (UV)
spectroscopy af tdiemethoxtatit (DMT) groua released in sdlutiol, dvas
performed [B]. In the first one, yield is quite constant and high (approximately 100%
experimental errors), while in the second one there is a dramatic decrease: each solid phase
synthesis step involves an increasing inefficiency as oligonucleotide length is increased.
Efficiency of coupling to PSAPTES (Figure 2.0 (A)) falls just afterthe forthbase growth;

this threshold is pushed after the seventh thymine in case-&FEWVES (Figure 210 (B)).

T
N(pi)2 H ﬁ) 1 ﬁ 1 ?H ] ?H ‘
\ g .
§Si.|,_“,,.r\'||3 + /P—O— ODMT é*hlfL.L}rN*LT—o ODMT g-ﬁl-l-a..,--\ll—Fl'—O O—FI’—O O—Pl—o OH 4
i 1 11
R,O _]-. OR; —1-— OR4 ORy l/ ORy l/ ——
11
3 (PSi-L, ,-T
L, = APTES : 2 3 R,=CH,CH,CN (PS-LasTha
L,= APDMES ii[ o
4 R=H

Fig. 29. Synthetic procedure for solid phase synthesis of aminosilané BS|PSiL, - T13),
i) standard automatic synthetic cycle; iihgsphatesieprotetion, K;CO; (0.05 M)/MeOH
dry.

Aminosilane I3 F (mollg)  SSA(m%g) F (nmolicm?)

APTES 0.12t0.01 (2.6t0.2)x10° 39 0.0620.005
APDMES | 0.170.01 (3.7+0.2)x10° 43 0.086:0.005

Tab. 2.2. Functionalization values calculated for the P&iuctures modified with the two
aminosilanes.
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Fig. 2.10. Coupling yield calculated by means of DMT measurements performed on the PSi
samples silanized with APTES (A) and with APDMES (B).

In general, coupling yield to PAPDMES is greater than that of RBIPTESfor all the
synthesiscycles, up to ta 13" thymine T13). This experimental result can be reasonably
ascribed to higher steric hindrance of pores caused by thicker APTES film with respect to
APDMES one UV intensity meaurements at T13+(ls, first column of Table 2.2) also enable

the quantification of functionalizatioR in terms of mol/g for both samples (PSi, weight

about 0.3 mg) by using LambeBeer formula (molar absorptivitg=71700 M'cm™). Data
obtained are reported in Tal#e? together with the specific surface ar&5f of PStL,p PSi
sampl es fias et ched®SAwmlues of alboatrl@0cTy enedswreel by by
BrunauerEmmettTeller (BET) method 15]; the KOH process induces ancriease of
porosity of about 6% corresponding to an increas8®Aequal to 106 ffig, quantified by
spectroscopic reflectivity (50 nm blue shift of the microcavities spectra, data not shown here).
On the contrary, thermal oxidation decreases SSA to 6@ (106 ni/g to 43 ni/g), due the
isotropic silica growth also into the poré&S]. PSiL, , SSA values, shown in TaB.2 have

been calculated by applying a simplified model based on the cylindrical shape of the pores
taking into account the thicknesssifane layer on the pore walls (0.7 nm for APTES and 0.2
nm for APDMES). Samples functionalization in terms of nmof/dast column in Tabl&.2
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is the ratioF/SSA.The better coupling yield obtained f&BiPDMES-modified PSiresults in
higher number of wles per square centimetre with respect toARFES oneg(about 0.09vs

0.07). The resultsdlemonstrate the possibility of synthetizingligonucleotide sequenan a
silanizedporous matrixvithout harming its structur@and monitoringON synthesidy optical
spectroscopyrurthermore, chemical stability of the support material turns to be key issue for
hybridization experimenSince APDMES-PSisample showmanhigher functionalizatiomlue

to less steric hindrance of pordgan APTES ongt was ugd for hybridization studies with

complementary and nabmplementargequence

— (solid) after APDMES

1.2 - - - - (dash) after APDMES+T13 .

| - (short dash) after APDMES+T13+C20
----- (dot) after APDMES+T13+A20

06 |-

Reflectance (a. u.)

04 |

02|,

Akp=7 nm

0.0 i " 1 L 1 1 s -y L
600 650 700 750 800 850

Wavelength (nm)
Fig. 211 Reflectivity spectra of the PSi microcavity after the APDMES functionalization
(solid line), after the T13 synthesis (dash line), after the C20 incubation @&wirtline), and
after the A20 incubation (dot line)

2.4 Label-free optical detection of DNADNA hybridization

In molecular biology, hybridization (or hybridisation) is a phenomenon in which single
stranded deoxyribonucleic acid (DNA) or ribonucleic acid (RNAplecules anneal to
complementary DNA or RNA [§. Hybridization is a basic property of nucleotide sequences
and is the underlying mechanism of molecular recognition of id&ensors.The
hybridization of DNAPSI PSkL,-T13) biosensor to complementarklgo-dA20) and non
complementary (FlualC20) oligonucleotide sequences has been monitored by spectroscopic
reflectometry and, for comparison, also by fluorescence microscopy. Figliestiows
reflectivity spectra of device before synthesis process, a3 synthesis, and after
complementary DNA interaction: a red shift of 22 nm has been detected after T13 synthesis,
which is a value higher than 11 nm obtained in case of oxidized multilehleMHis red shift
increase is due to a higher chemical stabdf the PSi platform during the synthesis process.

The spectrum shifts furtheof 7 nm after the complementary DNA exposure, thus
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demonstrating the detection of DNANA interaction. In Figure 21 it is also possible to
observe how exposure to noomplanentary sequence does not induce any shift, confirming
specificity of biosensor. Optical monitoring of TTA20 hybridization has also been proved
by fluorescence analysig Figure 212, bright field (A) and fluorescence (B) images of PSi
Lp-T13 surfaceafter incubation with labelled complementary (FWi20; left image) and
noncomplementary (FlualC20; right image) sequences, are reported. While in bright field
imaging surface samples appeared indistinguishable, switching from-kgighsource to
fluorescencdight source, a fluorescence (maximum peak valii@ counts; average intensity
=34 counts) on exposure to complementary ON sequence was observed. On the contrary, chip
incubated with noitomplementary sequence appeared completely dark (maxineak p
value=7 counts; average intensitys counts)further confirming the specificitpf the DNA-

biosensor.

Bright field Fluorescence

Chip edge

1
1
I
]
I
I
I
1
I
-
]
]
I
I
1
1
1
I

S

T13/Fluo-dA20

T13/Fluo-dC20 T13/Fluo-dA20 11 T13/Fluo-dC20

Fig. 2.12. Bright field (A) and fluorescence (B) images of the PSi surface functionalized with
T13 after the incubation with the solutiotentaining FluedA20 (left) and FlualC20 (right).
Scale bar=1 mm.
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3 LABEL-FREE PS APTASENSOR FOR HUMAN THROMBIN
DETECTION

(Papers J3,J4, P2, P4

Aptamers are an emerged class of sisfifanded oligonucleotides generated from SELEX
techniquesq, 2. Aptamers by folding into weltlefined secondary or tertiary structures are
able to specifically bind theitarget molecules with high affinity, and swe classified as
powerful ligands for diagnostic and therapeutic applicati®@}s Aptamers a bioprobes
opened new generation of DNA biosensors called aptasefor®ue to their unique
properties, aptamemovide more advantages than conventional bioprobes (e.g., ant[Body)
5]. One of the most studied-@uadruplexbased aptamer iftombintbinding aptamer (TBA).

It demonstrated able tb i n-thronibin, a key protein involved in the clotting process,
prewventing the pathological process of thrombd&is7]. In this chapter, the realization of
high sensitive and reversible P&ised TBA biosensor by situ synthesis for the detection of

hu ma rthrobhbin moleculés described. Human thrombin is a serin pasealso known as
coagulation factor |lthat converts soluble fibrinogen (factor I) into insoluble strand of fibrin
(factor la) with crucial role in coagulation and hemostaf§]s The equilibrium between
production and inhibition of this enzyme pretememorrhagic or thrombic phenomena

The concentration of thrombin in healthy subject can be almost absent until getting up from
nM to uM level in the coagulation procesd.[High level of thrombin in the blood (beyond
the normal coagulation phenomehooould determine pathological coagulation giving
thrombotic disorder such as thromboembolism, ischemic stroke etc., fatal for human health
[8]. Moreover, some disorders on central nervous system (SNEH as Alzheimecould be
potentialy related to hjh levels of thrombipwhich involves degeneration of neurons and cell
death; as well as anvolvementof this serinprotease in cancer diseaSe 1J. In this chapter
preliminary studies on mixe@N in situ synthesis and PSi stabilitg hewdeprotection ON
conditionare reportedThen the fabrication and characterization of a selective, sensitive and
reversible PSaptasensor througin situ synthesisfor thrombin molecule detectioms

described.

3.1 Mixed oligonucleotidemodified porous silica
The high selectivity of oligonucleotides and derivativesaisrucial aspect for DNA
biosensors developmentl]l]. The use of mixedequence of oligonucleotideand an

increasing of probe length Yiabeen shown to enhance the selectivity of DbiAsensaqr
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particularly for the detection of noenucleic acid a@rgets[12]. The 19mer mixed sequence
oligonucleotide S5GATTGATGTGGTTGATTTT3" was assembled on two different
aminosilane modified microcavities, following phosphoramidite chemistyy nineteen
growingcycles The fabrication and aminosilameodification of PSi ricrocavities by APTES

or APDMES were performed following the procedures ctésed in Chapter .2Before the
synthesis of mixed ON sequence the stability of ammualified-structures to standard
deprotection condition of nucleobases, was evaluated. Alkaline solutions are commonly used
for the standarddeprotection of nucleobases with drawback to easily corrode the silicon
skeleton; so a tradeff between PSi surface passivation and-fA8ndly ON deprotection
conditions of mixed ONon PSi supportss required.The reflectivity spectra and graphs of
peakshift vs incubation time for APTESand APDMES modified PSi before and after
treatment with 33% aqueous ammonia (17 h, 55 °C) used in the stashejamatection
condition are reported in Figure 3.1. The stability of the surfaces were tested by a full dip in
ammonia solution for different time80, 60, 90, 120 min)The results showed that the
destructive effect of ammonia solution was about the $antsth samples: a blue shift of 25

or 50 nm was detected after 30 min or 1 h, respectively, and the complete dissolution of the
silicon matrces occurred after 2 h. Becauagueous ammonia could not be used in
deprotection steps, the saturated metharastienonia dry solution agn alternative strategy

was tested13]. Both the two aminosilarenodified PSi structures were highly stable at this
condition. In both devices a perfect overlap of sf@ebefore and after the treatment was
observed, thus confirming the feasibility of this deprotection strategy (data not shown). Once
deprotection conditions were checked and set up for PSi samples,-maodifted PSi
structures, were used as supports faomatedn situ solid phase mixe@N synthesis using

the standard phosphoramidite chemistitye amount of Bdimethoxytrityl released after the
detritylation step was used to quantify the functionalization yield of each synthese by
UV/Vis spectrosopy (Figure 3.2) Up to the fourth coupling cycle almost the same coupling
yield for both aminosédnefunctionalized PSi supportgas observed. From the fifth cycle on,

the couplingyields dropped for both supports, even if higher functionalization yieldse
generally observed for PSi supports functionalized with APTES. Both PSi microcavities gave
a medium vyield process, mainly due to average pore size (about 20 nm). PSi photonic devices
with pore dimensions greater than that value, but alwaggpatiblewith high optical quality
response in the visibleear infrared, could be suitable to maximize yield of mised
synthesisFigure 3.2 also shows the reflectivity spectra of devices before and aftersihe

synthesis process: red shifts of 60 nm and 70 nm were detected respectively for ARTES
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Fig. 3.1. A) Reflectivity spectra of APTES modified PSi microcavity before (solid line) and
after 30 (dashed line) and 60 min (dotted line) of incubation in 38Pk at 55°C.
Corresponding peak shift vs incubation time. B) Reflectivity spectra of APDMES modified PSi
microcavity before (solid line) and after 30 (dashed line) and 60 min (dotted line) of
incubation in 33% Nklat 55°C. Corresponding peak shift vs inatibn time.

APDMES-modified devices, thus indicating that more ON had grown on the latter device
with respect to the first on&his experimental result is ascribed to the less steric hindrance of
pores due to thinner APDMEfim, as previously describeid Chapter 2 After to in situ
synthesis, the samples were exposed to dry/MelOH solution in order to deprotect the
mixed-ON sequence. A blue shift of only 2 and 4 nm, attributed to the removing of be2nd N
isobutyryl (on G), N6 benzoyl (on A) and M benzoyl (on C) from PSAPTES and PiS
APMES was observed, respectively (data not showmg. ability of dry NH/MeOH solution

to completely deprotect the PR&iinosilanebound ON, was also confirmed by
chromatographic analysis, proving complete cleavinthefamide bound 12, N-4 and N6
groups after 3 hours at RFurthermore, the ammonia in dry MeOH is able to quickly remove
the 2cyanoethyl phosphate protecting group [1Bhis data, together with findings on the
compatibility with the silicon structurendicate the dry NEIMeOH solution as the best
choice to deprotect mixe@N sequence, giving the possibility of realizing mepecific
DNA-PSi biosensor without promoting the basic hydrolysis on the support, which instead

occusin aqueous conditions.
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The mixedON sequences werdetachedform PSi solid supportspurified by High

Performance Liquid Chromatography (HPL&)d compered to control ON mixed sequence

respectively(data not shown)The resultsshowed an incompletsynthesis of both ON

sequencesconfirming the needf a macroporous structurgs solid support, in order to

optimize the mixeedDN synthesis.

3.2 Anti-thrombin aptamer -modified porous silica biosensor

TBA PSiaptasensor for labdtee thrombin detection was developed via solid phase synthesis

on macroporous silicordevice. Macroporous silicon structurgvith pore sizeincluded

between100 and 200 nm (Figure 3.3)was fabricated by electrochemical etching ef n

crystalline silicon (0.00 . 0 2

hydrofluoric acid (HF 5% in weight)/ethanol solution at room temperature (RT). A current

density of 20 mA/crhwas applied for 90 s to produce a single layer of PSi with a porosity of

52% (n = 1.54)
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Fig. 3.3. SEM image of macroporous silicon and corresponding histogram of pores size
distribution. Scale bar corresponds to 200 nm.

Beforethe etching procedure, the silicon substrate was immersed in HF solution for 2 min to
remove the native oxide layer. Subsequently the thermal oxidation was performed to passivate

t he PSi surface. The PSi struct [U4.dheopicald act s
path (nPSiL) of the PSi layer was calculated from the reflectivity spectrum by fast Fourier
transform (FFT) which displays a peak whose position along #dvasxcorresponds to two

times the optical path (2nPSiL) of the layet5[ As previously demonstrated,oth
aminosilane compound§f.e., APTES and APDMES}khown a good protedon of PSi

structure against reagents used fior situ synthesisln this case, the silanization procedure

was developed by using APTEBus obtaining aette coating of PSi poresdue to the

property of the aminosilane fmlymerize. Moreovemacroporous silicon structutesed for

the realization offBA-aptasensogihas alesssteric hindrance oporesthan mesoporousne
whichrequireson the contraryaminosilanehin film.

In Figure 34 (A), normal incidence reflectivity spectra are shown for oxidi2&d layer

before and after aminosilameodification and corresponding Fourier transforms (F&®

reported in Figure3.4 (B). The FFT peak shift of about 30nis due to an increase of the PSi

layer average refractive indexs result of APTES coating pbrewalls. PSFAPTES device

has been exposed to synthesis of TBA based on phosporamidite chemistry, quantifying the
functionaliation yield of each synthesis cyclebyY s pectroscopy after de
dimethoxytritil (DMT) group releasd in solution In Figure 3% the synthesis yield for

PSt APTES kept fairly constant throughout all TBA synthesis contrary to what was

previously observed for fner mixedON synthesis
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Fig. 3.4. Reflectivity spectra (A) and correspondent FFT (B) of a PSi oxidized structure before
(black line) and after (red line) the APTES functionalization.
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Fig. 3.5. Coupling yield calculated by means of DMT measurements performed on the
silanizedPSi sample with APTES.

The maximized yield synthesis of TBA macromolecwigs ascribedo less steric hindrance

of macroporous structure than mesoporous one allowing tmect@nd complete bioprobe
growth [16]. Figure 36. shows reflectivity spectra (A) with corresponding FFTs (B) of
PSt APTES before and after the situ synthesis process: a calated FFT peak shift of 36

nm confirmed the successful of TBA growth on device making the PSi structure sensitive to
thrombin detection.The target molecular recognition of DN#osensor requires the
deprotection of each base constituting the ON grown on the PSi. SikepRasensor (RS

TBA) was deprotected by ammonia solution under anhydrous conditiongdiihethanol)

which promotes the effective deprotection of the phosphate and exocyclic amino groups of

nucleobases without the basic hydrolysis of the PSi .
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Fig. 3.6. Reflectivityspectra (A) and corresponding Fourier transforms (B) of aminosilane
modified PSi before (black line) and after the TBA synthesis (red line).
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Fig. 3.8. Scheme oT BAstructure (A) and TBASi biosensofB). In presence of thromhin
TBA folds into an antiparallel unimolecular-@uadruplex dictating its thrombihinding

affinity.

3.2.1 Human thrombin detection

Because offBA capability of inhibiting the activity of thrombin, extensive studies on the
structure of TBA were carried out to knamd demonstrate the binding mode between TBA
and thrombin §]. In presence of thrombin and/or monovalent catigrBA folds into an
antiparallel unimolecular @uadruplex dictating its thrombininding affinity [7] (Fig. 3.8)

After the deprotectionprocess the PSiaptasensor was exposed to different molar
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concentration of thrombin solutions (13, 27, 54 and 109 nM). Figurst®@sthe optical
spectra of labelree PSiaptasensor (Aafter interaction with different thrombin concentration
and correponding FFTs (B). FFT peak shifs proportional to the amount of analyte (i.e.
human thrombin). When the control solution of albun{iiSA) at different molar
concentratioawasincubated withPSiaptasensor surface no obvious peak shift was observed,

confirming specificity of the aptasensor (Fid.G).

—— TBA-biosensor—— TB 13 nM—— TB 27 nM —— TB 54 nM —— TB 109 nM 1 0_—""’“ i TB 13 nM TB27nM ——TB 54nM—— TB 109 nM

—

FFT intensity (a.u.)

Reflectance (a.u.)

T T T T T T T T
800 1000 1200 1400 1600 6000 7000 8000 9000
(A) Wavelength (nm) (B) 2n, L (nm)

Fig. 3.9. Reflectivity spectra (A) and corresponding Fourier transforms (B) of-DiBsensor
after exposure to thrombin solutions (13, 27, 54 and 109 nM).

—— TBA-biosensor HSA 1,0 |—— TBA-biosensor HSA

Reflectance (a.u.)
FFT intensity (a.u.)
i

0.3+

T T T T T T T T
800 1000 1200 1400 1600 60‘00 7060 80‘00 SOIOO
(A) Wavelength (nm) (B) 2n_L (nm)

Fig. 3.10. Reflectivity spectra (A) andorresponding Fourier transforms (B) of TBA
biosensor after expogeito the control HSA solutior{$3, 27, 54 and 109 nM).

3.2.2 Reversibility, sensitivity, and limit of detection of PSi aptasensor

The reversibility of biosensor is an advantageous requirementadthe continuous sensing
measurement bthe same device, resulting beneficial in terms of money and time consuming
[17]. The reversibility of TBAbiosensor was proved by exposing the device to melting
temperature of TBA. DNA melting, also called DNAn@guration, is the process by which
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doublestranded deoxyribonucleic acid uimgs and separates into singleand through the
breaking ofhydrogen bonsl between the base$g]. At melting temperaturef 53 °C TBA
straighteningloses the typical &uadruplex structure and then thrombin binding affinity.
However, the process is reversible tlhosling the temperature the aptamer comes back in the
form it was originally L19. The Figure 3l1 reports reflectivity spectra (A) with
coresponding FFTs (B) of TBAiosensor before (i.e. analyte saturated) and aftévrezand

after exposure to thrombin. The results showed that spectrurstoietaptasensor (RBA-
biosensor) coincides tthat of TBA-biosensor before thrombin detectiacgnfirming the
reversibility of the aptasensor. A FFT peak shift of 68 nm was measured after exposure of R
TBA-biosensor to thrombin solution (109 nM) demonstrating a preserved functionality of the

biosensor to recognize thrombin.

— TBA-bi ——R-TBA-bi —T in detecti

0.9+ 88 nm
==

06
06
0,4

FFT intensity (a.u.)

Reflectance (a.u.)

02
034

00

T T T T
800 1000 1200 1400 1600 60‘00 70‘00 80‘00 90‘00
(A) Wavelength(nm) (B) 2n, L (nm)

Fig. 3.11 Reflectivity spectra (Aand corresponding Fourier transform¢B) of TBA
biosensor after TBA synthesis (black lirefler recondition (red line), andfter exposure to
solution of thrombin (blu line)

Since TBA acts as inhibitor of enzymatic activity tbe thrombin, MichaelisMentenslike
equationwas used as model of enzyme kinetic to describe TIBAmMbIn interaction 30].
The qtical thickness of TBAiosensor as fugtion of thrombin concentratiois reported in
Figure 3.12; data werfitted by OriginLab Softwaie by using Mi chlkel i s a
equation:
: . .. YO
06 GE g
where @aemax represents the maximum rate achi
substrate concemtions;the affinity constanK,, is the substrate concentration at which the
reaction r at e 20. Ky conatdnt gives inforpatiomaabiout the affinity of the

enzyme toward the substrate: a low value gfikdicates a high affinity for the substrate. The
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calculatedK, value for PSiaptasensors 18.6 + 9.2 nM, sensitivity of 1.3 + 0.3nm fM

(calculated in the range of linearity of system respoase )imit of detection (LOD) of O +

0.9 nMarecomparabldo accurate methods for thrombin detectiddi R2].

70+

60 -

50 4

40 -

nd (nm)

30 4 i

20 ,-/.:

Fig. 3.12. Optical thickness of TBRiosensowvs thrombin concentration. Experimental data

40 S50 60 70
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T
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(black symbols) were fitted using Michadlientenlike kinetic model
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4 DIATOMITE : A NATURAL NANOSTRUCTURED MATERIAL FOR BIOMEDICAL
APPLICATIONS

(Papers b, P3)

In recent years, emerging natural porous materials for biomedical applications have been
suggested to overcome the shortcomings of the synthetic porous matiemdilsy in

di atomi te a vi alDiatemitesisi a rcregpafossl cdmpouril ] formed by
fragments of diatom siliceous skeletons, with similar physicochemical properties ef man
made fabricated PSi [4, 5]. Due to its peculiar properties such as ordered pore structures,
amorphous $ica, high surfae area, tail@ble surface chemistry, high permeability,
biocompatibility, nortoxicity, low cost, optical and photonic properties, diatomite heen

used in different applications, including optics, photonics, filtration, sensing, biosensing, and
proten separation [671T12]. The main constituent
Food and Drug Administration (FDA) as Generally Recognized as Safe (GRAS, 21 CFR
Section 573.340) for foods and pharmaceuticals production, and classified fhdteip of

ANoOt classifiable as to its <carcinogenicit?
Research on Cancer (IARC) [13]. Surprisingly, its use in nanomedicine is still undervalued,
and only recently diatonirustules have been explored as microcapsules oral drug

delivery, resulting in a nonytotoxic biomaterial with high potential to improve the
bioavailability of loaded oral drugs by sustaining the drug release and enhancing the drug
permeability [11].In this Chapter,the fabrication ofdiatomite nanoparticles (DNPsj}s
described A multistep chemical procedure to purify the NPs from organic and inorganic
impurities, is also reported The potentialies of DNPs as nanocarrier for drug delivery

applications througin vitro cytotoxicity and cellulainternalization studiesreinvestigated.

4.1 Diatomite powder from mining industries to nanovectoring: morphological and
composition analysis

Diatomite is a fossil material of sedimentary origin formed by fragments of diatom skeletons,
called frustules. Rstules of diatoms, singleell photosynthetic algae largely diffused in

aguatic environments, are mainly constituted by amorphous silica and are characterized by a
specific surface area up to 206/g[14]. In nature, there are different kinds of diatcatsout
110,000 species) varying in size (from 2 &m
abundance, easy availability, excellent biocompatibility,-toxicity, thermal stability, and

chemical inertness make diatomite an intriguing material for abwagplications ranging

from filtrati on t Datomiegpowdes due toits sedsneritaly 6rigénd | .
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10 15 2 25 55 gg

Particles size (micron)

Fig. 4.1 SEM images of purified diatomite structure$ A and particles size histogram (F)
calculated from (A).

contain some tracesf impurities such as organic components and metallic oxides (MgO,

Al;,03, FeOs) coming from the environment. A multistep procedure based on mechanical
reduction of frustules to NPs and chemical purification treatments, were developed in order to
make DNPssafer and more biocompatible vehicles for medical applicatidheut 5g of

crashed diatomite powered (DEREF Spa, ltaly) was resuspended into 250 mL of absolute
ethanoland sonicated for 18 h to break large aggregates. The dispersion was sieved through a
nylon net filter with pore size of 41 &m, a
diatomite nanopowder was purified to remove the organic and inorganic impurities. First, the
sample was centrifuged and the pellet treated with Piranha solutiorHzEM,, 10% HO,)

for 30 min at 80°C. Then, the NPs dispersion was centrifuged for 30 min at 13.500 rpm,
washed twice with distilled water, resuspended in 5 M HCI, and incubated overnight at 80°C.
DNPs were then centrifuged for 30 min at 13.500 rpm andhedhsvice with distilled water

to eliminate HCI residues. The diatomite powder was morphologically characterized before

and after the processing by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and dynamic light scattering @Lanalysis. Before the processing,
diatomite resulted as a mixture of fragments with circular, elliptical, elongated, and squared
shape, with dimension distribution ranging from few mistonup t o ~40 & m, as
Figure4.1. After the mechanical and emical treatmenisdiatomite powder appeared as an

heterogeneous populaticonstituted by nanostructures morphologicdifferent inshape
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500 hm

Fig. 4.2.TEM images of bare {a) and increasing zoom of the pores of the NPs (d).

and sie. As shown irFigure4.2 (C, D) the porous structure of the NPs is preserved even
after the breaking of the diatomite powder in nanoparticles, where it is clearly visible the
hierarchical pore organization on the surface of the diatomite NPs and the mesopores (10 nm
< pores diameter < 50 nm) inside macropores (pores diameter > 50 nm). Dee peculiar

porous nature, diatomite NPs can be very promising for the loading of a wide size range of
molecules from small molecules to peptides, oligonucleotides, proteinanthddies for the
preparation of targeted NPs for drug delivery applications [20,S24¢. and surface charge of
purified DNPs dispersed in water (pH = 7) were determined by DLS. The average size and
zetapotential ofNPswer e 220 N 90 nnmspetivaly. The r@gatie Valuerofv |
zetapot ent i al is due to the presendetmentin si | an
Piranha solutionCompared to other nanocarriers, the nanometric size and morphology of
these particles make them suitable iagddelivery applications [22].

The variation in the chemical composition of diatomite powder before and after purification
treatments was evaluated by energy dispersivayXspectroscopy (EDS), photoluminescence

(PL) and Fourier transform infrared spestcopy (FTIR) analyses, confirming the
improvement of the silica nanopowder quality due the removal of impuditidsgure 4.3,

EDS spectra show changes in chemical composition of the samples: after cleaning treatments,
the intensities of peaks correspling to calcium, iron and aluminum decreased, whetteas

silica peak increased (Figu#e3 C D). Detailed chemical composition of diatomite before

and after purification treatments is summarized in Tableld.Eigure 4.4, the FTIR spectra

of untreatedA) and purified (B) diatomite, are reported.
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Intensity (counts)

Intensity (counts)

vSpectrum 1

Fig. 4.3.SEM images of diatomite deposited on silicon before (A) and after (B) purification
treatments; corresponding EDS graphs [J.

Compounds Before Purification (%) After Purification (%)

SiO;
Al,05
K20
CaO
Fe03

92.1
3.3
1.0
1.8
1.8

94.6
2.7
0.8
0.9
1.0

Tab. 4.1.Chemical composition of frustules before and after purification treatments.

After the chemical treatment in acid solutions, the peak at 68bamd the band at 62680

cmirel at ed

metallic impurities from the diatomite amorphous silica matdrder UV excitation (325

to

Si

o1

Fe

and

Ferl

ON]

Fe

bonds,

nm), diatomite samples showed a blue photoluminescence, clearly visible byeyaké&ven

resp

if the origin of this emission is not completely clear, it is commonly believed that it is mainly

originated from surface defects including@®H groups and oxygen vacancies [23]. Laser

pumping generates excited electrons whose radiative decalyge® photoluminescence

emission. Figure 4.4 A shows the comparison between photoluminescence spectra of

diatomite before and after treatments. The untreated sample was characterized by a weak

signal with three main features peaked at 390 nm (3.18 eV)nd6@.7 eV), and 500 nm

(2.48 eV). After treatment, the peak at 390 nm became weaker, anothext ge&&nm (2.93
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eV) appeared, while the feature at 500 nm shifted to 490 nm (2.53 eV). These modifications
were due to the removal of metallic impuritiesrr the frustule surface, accordingty FTIR
characterization (Figurd.4 B). The absence of impurities significantly modified the PL

signal changing reactions of energy transfer by surface radiative recombination.

1.0 Untreated

508 |

Rl
- ———  1200-1050 cm B
0.5

Treated

PL signal (a.u.)

400 450 500 550 600 650
Wavelength (nm)
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=

@©

S
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=

i=)

w

i 1600

1 1 1 1 1
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Wavenumber (cm")
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>
IS
(o]
o]

Wavelength (nm)

Fig. 4.4.PL (A) and FTIR (B) spectra of diatomite before (untreated) and after (treated)
purification treatments.

4.2 Diatomite nanoparticles: toxicity and cell internalization studies

A critical issue for biomedical applications of new nanocarriers for drug delivery is the
evaluation of theipotential toxicity and biocompatibility [24]n vitro cytotoxicity of DNPs

was evaluated b§-(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromidMTT) assay,

a method based on the reductioM T by cellular oxidoreductases of viable cells, that yield

a crystaline blue formazan product.uman lung epidermoid carcinoma sglH1355) were
incubated with different concentrations of DNPs for 24, 48 and 72 h. The results obtained are
reported in Figur 4.5.The exposure of H1355 cells to increasing nanoparticle concentrations
(20 Lleg/1n®OL, ¢ @0 ML aengd/ nB 010 induged wery low toxicity being the
average viability of the cells slightly lower than 100%. This result also demonstrated that the
irregular shape of DNPs did not influence cell growth and morphology. In conclusion, the
MTT assay showed that H1355 cell viability was not affected even after 72 h of exposure to
DNPs concentr at iLpthus oopfirming theB Qsability gs/ naremtors in
nanomedicine [25, 26[NPs cell uptake was studied by using labe#dPs and confocal
microscopy analysis. PurifieldPswere amino modified with a 5%v/v) APTES solution in

absolute ethanol, stirrinfy h at room temperaturdfter this step, ta sample was centrifuged
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for 30 min at 13.500 rpm and supernatant discarded. The functionalized DNPs were washed
twice with absolute ethanol and the collected pellet was incubated for 10 min at 100°C
(curing process). The silanization of DNPs was evaludtgdFTIR spectroscopy. The
comparison between FTIR spectra of bidfes(A) and APTESfunctionalized powders (B) is
reported in Figure 4.6. The peak of Gi Si bond at 1100 cih) characteristic of diatomite
frustules, is well evident in both spectra. Bef&f@TES functionalization, it is also detected

the peak at 3700 to 3200 ¢roorresponding to 8OH group. The spectrum of functionalized
sample showed the silane characteristic peaks in the range between 1800 and“1@&& cm
the inset of Figure 4.6); iparticular, the peak at 1655 ¢nrcorresponding to imine group and

the peak at 1440 ¢ corresponding to asymmetric deformation mode of the @blup,

were observed [37 FTIR characterization clearly demonstrated the silanizatiosilafa

nanoparticles. Diatomite NPs were labellgdetramethylrhodamine isothiocyandfieRITC).

125

200,100@,2000, 300 M pg/ml of nanoparticles

100

75

20

Cell viability (%)

25

24h 48h T2h

Fig. 4.5. Cytotoxicity assessment of DNPs using MTT assay. Cell viability of H1355 cells
treated with 20, 100, 200 ama 373Q@ Datacrepresarit o f
the mean = s.d. (n=3). Cell viability was expressed as the percentage of viable cells compared
with cells cultured without nanoparticles as control (100%).

H1355 cells have beancubated withithe labelled NPsINPs*) at increaing concentrations

(5, 10, 15, pg/mL) for 24 hrigure4.7 shows representative confocal microscopy images of
cells treated with DNPscompared to untreated cells as cont@#ll nuclei were stained with
Hoechst 33342 (blue), cell membranes were staviddWGA-Alexa Fluor 488 (green), and
DNPs were labelled with TRITC (redjnages show an increase of fluorescence intensity at
increasing labelled NPs concentration and a homogeneous particles distribution in the

cytoplasm.
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Fig. 4.6.FTIR spectra oDNPs before (A) and after (B) APTES functionalization.
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Fig. 4.7.Confocal microscopy images of H1355 cells incubated with diff@@ncentrations
of DNPs* (A),and cell fluorescence intensity analy§i8) . Scal e bar corresp

The cell fluorescence intensitys labelled NPs concentration is reported in Figure 4.7 B;
fluorescence values were calculated for each cell from the TRITC images of Figure 4.7A.
Data showed an increase of the f |sawation®fcence
the signal can be observed for NP concentr
internalization of the carriers in the cells, images at different focal depth were recorded.

Figure 4.8 shows that going from upper cell surface to the fosige the cells, an increase
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of red diatomite fluorescence can be observed thus indicating the uptake of i&ifedy
H1355 cells. These results showed that an efficient NPs uptake into the cytoplasm of cancer
cells, demonstrating that DNPs couldnegent a promising tool for the delivery of anticancer

molecules.

Upper cell surface  m——— e | nside the cell

Hoechst

WGA-Alexa
Fluor 488

Diatomite-
TRITC

Merge

Fig. 4.8 Confocal microscopy image with different focal depth of H1355 cells incubated with
10 e€eg/ mL of DNPs*.
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5 BIONGINEERED DIATOMITE NANOVECTORS FOR DRUG
DELIVERY IN CANCER THERAPY

(Papers B, J7, P5)

The application of nanotechnology in the canterapy is expected to solve a number of
issues associated with conventional therapeutic agents, including lack of targeting capability,
nonspecific distribution, systemic toxicity, and low therapeutic index [1, 2]. Nanotechnology
has provided the opportiiy to get direct access of the cancerous cells selectively with
increased drug localization and cellular uptake, making the therapy more patient compliance
and efficient. Moreover, nadpased systems allovelivery of poor water solubilenolecules

(at least, mosthe anticancer drugs) difficult to administer and can also protect the new
therapeutic molecules such oligonucleotide analogs (e.g., SiRNA) from degradation,
preserving theirtherapeutic efficacy while irblood circulation [3,4]. Thus, the aim of
nanomedicine in cancer therapy is the production of nanosimlices to enhance the
bioavailability of drug molecules, improving the turtargeting and reducing the systemic

drug toxicity. In this Chapter the realization of biofunctibred DNPs for drug delivery in

cancer cells is describe8ince the silica surface of diatomite is covered by silanol (SiOH)
groups, it can be easily modiJdi e €CO@®HanD T SHnct
T CHO) for the conjs@egdNA antibodes, and enaymes) ire arder tee
prepare bioengineered devices. Different functionalization procedures for the preparation of
bioengeneered DNPs are described, and the results on the effective enhancement of the
D N Pghysicochemical propges, bocompatibility, cellular uptakend drug delivery, are

presented.

5.1 Diatomite biosilica nanocarriers for siRNA transport inside cancer cells

The availability of the human genome sequence has revolutionized the strategy of employing
nucleic acids wh sequences complementary to specific target genes as new promising tools
for therapeutic targets [5]. Development of sequespexific DNA or RNA analogs that can

block the activity of selected genetic sequences offers the possibility of rational dgbign

high specificity, lacking in many current drug treatments for various diseases, at relatively
inexpensive costs. Molecular therapy using small interfering ribonucleic acid (siRNA) has
shown to be a powerful approach for silencing gene associatecg wihety of pathologic
conditions caused by abnormal gene overexpression or mutation, such as various cancers,

viral infections, and genetic disorders .[6Jowever, SIRNA require delivery carriers for
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protection from nucleases and other environmentaltagerd to facilitate entry into the cell,
thus improve its systemic delivery. Its conjugation to nanovectors (including liposomes, gold,
magnetic and porous silicon nanoparticles, quantum dots) results to be possible strategies to

overcome these challengiproblems [7, 8].

5.1.1 Study of siRNA loading intodiatomite nanoparticles ONPs) and in vitro release

Porous diatomite nanocarriers were bioconjugated with siRNA in order to test their drug
delivery capability. LabellediRNA (siRNA*) complexed with a polyD-Arg peptide, was
loaded onto APTE$nodified DNPs, following the functionaktion procedure sketched in

Figure5.1.

Poly D-Arg mmﬂm\
complex

Fig. 5.1.Functionalization scheme of diatomi#swith labelled siRNA (SIRNA*).
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Briefly, APTESmodified functionalized DNPs reactwith N-( -mnaleimidobuyryloxy)
sulfosuccinimide este(sulfo-GMBS), a heterobifunctional cross linker reactive to amino
groups at one end and to sulfhydryl groups at the other NFhgdroxysuccinimidegNHS)

ester reacts withtheamimo di f i ed DNPs® surface as a nucl e
NHS leavingthe group forming an amide bond. Peptide/siRNA* complex (molar ratio 20:1)
was i mmobilized on the DNPsO6 sur eaufldryt hr oug
group of peptide cysteine residue andC®ond of the maleimide ring allfo-GMBS. A
nonpolar homopeptide was used as control for aspecific interactions with siRNA. The molar
ratio peptide/siRNA* used in the functionalization procedure has lastablished by a gel

shift assay, highlighting the complex electrostatic interaction as function of the positive
peptide (NH")/negative RNA (POJ charge ratios. siRNA (50 pmol) was mixed with
arginine peptides at various N/P ratio§ 2D The resultsshowed that the electrophoretic
migration of RNA was retarded with an increasing ratio of peptide/RNA (Figure 5.2A). The
intensity of the siRNA band decreased as the N/P ratio increased. No siRNA band was
observed at the N/P ratio of 20. This absence gfation was probably due to the complete
neutralization of nucleic acid charge by the arginine peptide and/or formation of a large
complex between the arginine and siRNA. These results strongly suggest that an arginine
peptide made of 8 residues could béisient to form a complex with a siRNA. In addition,

the capability of the peptide/siRNA complex to protect siRNA from nuclease degradation was
investigated. For this purpose, human pancreatic ribonucleas®tdBe) able to degrade
doublestrand RNAwas used [9].

N/P ratio
L. 1
0 0.1 1 5 10 20

Fig. 5.2.(A) Poly D-Arg peptide (N) and siRNA (P) were incubated at different molar ratios
(range @ 20, as indicated above each lane) and the formed complex was analyzed by gel shift.
(B) Effect of HPRNase on siRNA degradation; siRNA aldlame a), siRNA incubated with
HP-RNase in absence (lane b) or in the presence (lane c) of patg Peptide.
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As shown in Figure 5.2 (B), siRNA was rapidly degraded byRise (lane b), while, when
preincubated with peptide before adding RNase, noifsignt degradation was observed
(lane c). The results confirmed that a polyAly peptide strongly interacts with siRNA
forming a highly stable complex [9, 10]. Furthermore, the formation of the peptide/siRNA
complex improved the siRNA stability protedirt from nuclease degradation [11].

The capability of loaded DNPs to release siRNA* in solution was evaluated by fluorescence
intensity measurement of both supernatant and DNPs as function of time (Figure 5.3). sSiRNA
was released into supernatant in twages: an initial phase of 12 h (burst release), followed

by slow and sustained release phase over28.The fluorescence profile of DNPs showed

an opposite trend. The slow siRNA release observed was probably due to the progressive

weakening of the el¢static interactions between peptide and nucleic acid.

100 w

13

50

siRNA Release (%)

25

0 T T T
0 24 48 72
Time (h)

Fig. 5.3. Fluorescent labelled siRNA bound to DNPs (DNSRNA*) was incubated in
20mM Trig HCI and 20mMNacCl, pH 7.5 at 37 °C and at time intervals the fluorescence
intensity was measuredintekea mpl e supernatant (0) and diato

5.1.2 siRNA-modified DNPs: cellular internalization and gene silencing

H1355 cells were incubated with siRNA* modified DNPs (DN§BNA*) to evaluate the

siRNA uptake and cellular internalization. Brg 5.4 shows arepresentative confocal
microscopy image of cells treated with DNBERNA* compared to untreated cells as control.
Fluorescence images show cell nuclei stained with Hoechst 33342 (blue) and cell membranes
with WGA-Alexa Fluor 488 (green). Confocal micropgoanalysis was performed after
treatment wih DNP$ siRNA* for 24 h. In Figures.4 the presence of siRNA (labelled with
Dy547,red) into the H1355 cells treated with DNNBERNA* is evident.Merging theimage
showsthat siRNA molecules are localized in ttyoplasm. Red fluorescence (siRNA*) was

found as both spots and diffuse signali[14].
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Fig. 5.4 Confocal microscopy of cells treated widHiRNA*modified DNPs.Scale bar
corresponds to 20 &m.
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Fig. 5.5.(A) Immunoblotting analysis of GAPDH (uppeere | )  atubdlin (@der del) of

protein expression in DNIPSiRNA treated cells. Lanes: 1) control cells; 2)DNB&APDH

SiRNA; 3) DNPSSCHRs i RNA. (B) Densitometric intfensit:
tubulin used as internal control. The intensitiestltod bands were expressed in arbitrary
units. (C) I mmunobl otting an-awbuinflower gel)fprotédm APDH (
expression in lipofectamirgRNA transfected cells. Lanes: 1) control cells; 2) GAPDH

siRNA; and 3) SCRIRNA. (D) Densitometi ¢ i ntensi ty ban-tubuinati o o
used as internal control. The intensities of bands were expressed in arbitrary units. Each
measurement and Western blot was carried out in triplicate. Error bars indicate the maximum
deviation from the mearalue of two independent experiments.
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The efficiencyof DNP4 siRNA* internalization was quantified by fluorescence microscopy:
counting the number of red fluorescent cells and the total number of cells (determined in
bright field), a ratio of about 75%as calculated. Finally, the ability of the DNPSRNA
complexes to silence in H1355 cells targeted mRNA was investigated by Western blot
analysis. In particular, a siRNA against glyceraldehydph@sphate dehydrogenase
(GAPDH) and a scramble siRNA as contwre used. Moreover, to compare the efficiency

of the DNP$siRNA delivery system with that of other system, the commercially available
Lipofectamine 2000 transfection reagent was used. The elta@sults are reported in Figure

55. Compared to untreatezklls, GAPDH protein expression level after incubation of the
cells with DNP$siRNA complexes at 37 °C for 48 h was reduced (Panel A, upper gel) of
about 22% (lane 2) as evaluated from the densitometric intensity of the bands (Panel B). Cells
incubated wih DNP$ SCR' siRNA (lane 3) showed instead almost identical protein
expression level as control (lane 1), thus demonstrating the selective inhibition by siRNA.
Panels C and D report the expression level and the densitometric analysis, respectively, of
cells transfected with lipofectamine. In this case, GAPDH protein expression level (lane 2)
was downrregulated of about 20%ven if the delivery efficiency of DNPs and lipofectamine
2000 was similar, the use of diatomite as nanocarrier is more suitable faaheggplications

since it allows: (1) slow release of the loaded drug; (2) loading with one or more different
molecules (e.g., sSiRNA + drug); (3) biocompatibility of the system; and (4) selective targeted
functionalization to improve the delivery of atdimoral moleculs to a specific cell
population The results obtained endorse DNPs as innovative nanocarriers for sSiRNA
transport in cancer cells highlighted the fioric nature of the material, the effective cellular

uptake and gene silencing in cancdlsce

5.2 Enhancement of DNPsstability, biocompatibility and cellular internalization in
cancer cells

The main peculiarities of NPs as drug delivery systems are their low toxicity, high stability,
biocompatibility, and suitability for cellular uptake. Severaports in the literature have
demonstrated the enormous advantages arising from using polymers in the design of drug
nanocarriers, such as the reduction of-apacific aggregation in aqueous medium and the
increase of NPs stability, biocompatibility,udr loadirg, and cellular internalization [124].

The enhancement of the NPsO6 cellular upt ake
however, the cell membranes prevent drug carriers from entering the cells, unless an active

transport mechanism is inwed [15] An efficient approach to deliver NPs or molecules
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within the cells is to bind them to peptides that can cross the cellular membranes, enhancing
their translocation inside the cellGell penetrating peptideCPP bioconjugation has been

proved & a valid strategy to improve the intracellular drug delivery of conventional small

drug molecules, NPs or oligonucleotide, and pepgbiaged therapeutics, increasing their
systemic diffusion due to the CPPosceluroperty
membranes and deliver tleetherapeutics inside the cells [16, JHgrein, for the first time, a

valid biofunctionalization baskon PEGlation and CPP biocongiutian able to improve the

aqueous stability of DNPs, enhancing their hemocoroitiatj minimizing their cytotoxicity,

and increasing the solubility of a poorly waseduble anticancer model drug, sorafeniés
demonstratedIn order to obtain an effective DNPs PEGylation, the bare NPs were
hydroxylated by Piranha solution, thus ieasing the reactivity of their silica surface, by
introduction TOH groups. Covalent bond between PEG and DNPs requires the DNPs
salinization using an AFHS solution, which introduces the highly reactive amino groiips (

NH;) onto the NPs surfad®NPsAPT) that can be covalent conjugated with the carboxyl

groups of PEG molecules usidgethyl3-(3-dimethylaminopropyl)carbodiimid€EDC)/NHS

chemistry (Schemé&.1, 1) [18, 19] Without this doublestep chemical surface treatment, it

would not be possible to tdin stable covalentiponded PEG or CPP DNPs complexes. Due

to the polymer solubility in water and in a wide variety of organic solvents used during the
NPs modificati on, it is cruci al t hat the pol
order b avoid its untimely 