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Riassunto  

A. Introduzione 
I biosensori destano notevole interesse in diversi campi biotecnologici, grazie alla 

loro versatilità d'utilizzo come la diagnostica, lo sviluppo di dispositivi biomedicali ed il 
monitoraggio di inquinanti in acque potabili (Ligler and Rowe, 2004). l biosensori sono 
costituiti da un trasduttore ottico (o elettrico, meccanico, ecc.), che costituisce l'elemento 
sensibile, ed una sonda biomolecolare, che dona specificità al dispositivo, perchè capace 
di legare selettivamente le molecole target. Entrambi gli elementi sono oggetto del 
presente lavoro di tesi, che studia le proprietà di diversi materiali per poi sviluppare 
dispositivi biosensoristici. 

 

B. Trasduttori ottici adoperati 
I materiali nanostrutturati possiedono proprietà fisiche e chimiche da cui 

scaturiscono interessanti peculiarità (fotoluminescenza, riflettività, etc.) che li rendono i 
mattoni fondamentali per lo sviluppo della prossima generazione di strumenti e dispositivi 
per applicazioni biotecnologiche. In particolare nel presente lavoro di tesi, i seguenti due 
tipi di materiale nanostrutturato verranno presi in considerazione:  

• silicio poroso (PSi), 
• nanoparticelle d'oro (AuNPs). 

Il Silicio poroso (PSi) è un materiale nanostrutturato di notevole interesse, perchè 
ideale per l'immobilizzazione di biomolecole, data la sua peculiare caratteristica di matrice 
a struttura simile ad una spugna con un'area superficiale dell'ordine di centinaia di metri 
quadrati per centimetri cubici (Sailor, 2012). Il PSi viene fabbricato tramite attacco 
elettrochimico (Figure 1 A-B) di silicio cristallino drogato in acido fluoridrico (HF) (Laurell et 
al. 1996). Le proprietà ottiche di questo affascinante materiale, proprio in virtù delle cavità 
che lo caratterizzano, dipendono dal vuoto contenuto e possono essere accuratamente 
controllate modificando i parametri del processo (tempo di attacco, concentrazione di HF, 
livello di drogaggio del silicio, e così via), in modo da ottenere diverse strutture fotoniche 
(Fabry Perot, specchio di Bragg, microcavità ottica, sequenza multistrato aperiodica, etc. 
visibili in Figura 1 C), con elevata qualità ottica (Letant and Sailor 2000, Moretti et al. 
2006).  

 

 
Figure 1. Rappresentazione schematica della cella e lettrochimica adoperata per la 

fabbricazione di chip in PSi (A); immaggine macrosc opica dei chip in PSi (B); esempi di strutture 
ottiche in PSi (C). 

 
L'inconveniente principale di questo materiale è la sua instabilità chimica, infatti il 

PSi appena fabbricato si degrada rapidamente se esposto all'azione dell'ossigeno 
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atmosferico provocando una sostituzione dei legami Si-H con quelli Si-O-Si (Ouyang, 
2005). Per queste motivazioni, come dimostrato di seguito in questo lavoro, una corretta 
procedura di passivazione deve essere studiata, ottenuta ad applicata.  

Le nanoparticelle d'oro (AuNPs) sono tra i materiali nanostrutturati più utilizzati per 
applicazioni che vanno dall'ambito medico al monitoraggio ambientale grazie alle loro 
uniche caratteristiche ottiche. Il metodo più popolare per la preparazione di AuNPs in 
acqua utilizza citrato per ridurre acido cloroaurico (HAuCl4) in condizioni di ebollizione, ma 
diversi nuovi approcci sono stati sviluppati per ridurre i sali di Au (III) in acqua in presenza 
di diversi ligandi stabilizzatori delle particelle colloidali (Li et al. 2011). Gli stabilizzatori 
sono importanti elementi che proteggono dall'aggregazione delle particelle e ne 
controllano le proprietà funzionali, ma d'altro canto, va considerata la loro tossicità che ne 
è il principale svantaggio (Huo et al.  2008). Per questi motivi, queste molecole organiche 
pericolose potrebbero essere sostituite da molecole amfifiliche come il polietilenglicole 
(PEG) per preparare soluzioni biocompatibili di AuNPs (Li et al. 2014, Spadavecchia et al. 
2014, Doane et al. 2010, Manson et al. 2011). Recentemente, grandi progressi sono stati 
compiuti nell'uso di nanoparticelle di oro, per applicazioni biomediche, grazie alla loro 
stabilità, la reattività chimica, la natura non tossica e forte assorbimento e proprietà 
dispersive (Manson et al. 2011, Tian et al. 2013). Per esempio biomolecule- e / o 
biopolimeri coniugati con AuNPs sono largamente utilizzati come marcatori o veicoli per il 
rilascio di farmaci, nonché per prodotti cosmetici, come componenti anti-invecchiamento 
per la protezione della pelle (Zenhai et al. 2011, Parab et al. 2011). Le nanoparticelle 
modificate mostrano anche cariche elettrostatiche che consentono forti interazioni con 
proteine ed enzimi. Tali interazioni giocano un ruolo fondamentale nello sviluppo di 
dispositivi biosensoristici. Una schematizzazione delle fasi necessarie per lo sviluppo di un 
dispositivo per applicazioni biotecnologiche basato su nanoparticelle d'oro è rappresentato 
in Figura 2. 

 
Figure 2. Rappresentazione schematica delle tre fas i necessarie allo sviluppo di un sistema 

stabile basato su nanoparticelle d'oro per appliacz ioni biotecnologiche. 
 

C. Sonde biomolecolari scelte 
La bioconiugazione delle sonde molecolari costituisce un ulteriore argomento 

oggetto di studio di questo progetto di tesi. Diversi sono i metodi di bioconiugazione dei 
materiali nanostrutturati utili nello sviluppo di nano-biosistemi per applicazioni 
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sensoristiche. Materiali auto-assemblanti, presenti anche in natura, sono estremamente 
interessanti come interfacce funzionali tra i trasduttori artificiali e il mondo vivente (De 
Stefano et al. 2007). Le suddette interfacce non richiedono alcuna procedura chimica, né 
strumentazione speciale per la loro deposizione. Insieme ai materiali auto-assemblanti, 
fondamentale è lo studio dell'utilizzo di amminosilani e crosslinker (Zhang et al. 2010). 

Obiettivi di questo progetto di dottorato sono: 
• Studio delle condizioni di bioconiugazione su materiali nanostrutturati tramite due 

strategie: 
o immobilizzazione di biosonde tramite approccio covalente (utilizzando 

aminosilani e reticolanti); 
o immobilizzazione di biosonde tramite approccio non covalente (sfruttando le 

proprietà di auto-assemblaggio di proteine); 
• Sviluppo di biosensori per applicazioni biomedicali ed ambientali. 
 
Molti tipi di biomolecole possono essere utilizzate nello sviluppo dei biosensori. 

Proteine ed anticorpi sono da molto tempo ormai considerate come biomolecole di 
interesse primario in questa area di applicazione. Le suddette molecole contengono un 
ricco numero di catene laterali utili per l'immobilizzazione su supporti solidi e siti attivi utili 
per il monitoraggio delle interazioni molecolari. 

Le Fitochelatine sono proteine citoplasmatiche a basso peso molecolare ricche in 
cisteina appartenenti alla III classe della famiglia delle metallotioneine. Sono oligopeptidi 
costituiti da (y-glutammil-cisteinil)n-glicina, dove n sta per un numero variabile di ripetizioni 
del dìpeptide y-glutammil-cisteina; tali ripetizioni, da 2 a 11 (da PC2 a PC11) sono più 
frequentemente da 2 a 5. I gruppi sulfidrilici (o tiolici) -SH della cisteina permettono la 
chelazione dei metalli pesanti e ne prevengono quindi l'interazione con i componenti 
cellulari. Le fitochelatine possono infatti formare complessi molecolari con vari metalli 
pesanti, i quali non possono esercitare effetti tossici perché sottratti alla libera circolazione 
all'interno del citoplasma cellulare (Sigel et al. 2009). Le fitochelatine si rinvengono nelle 
piante, nei funghi e in tutti i gruppi di alghe tra cui cianobatteri e licheni. La sintesi delle 
fitochelatine avviene direttamente a partire dal glutatione oppure da un'altra fitochelatina a 
più basso grado di polimerizzazione per mezzo dell'enzima Glutatione γ-
glutammilcisteiniltransferasi (Cobbett et al. 2000). Tali organismi, a differenza degli 
animali, traggono nutrienti (per esempio, rame e zinco) e metalli potenzialmente tossici 
(per es. cadmio, piombo o mercurio) dall'ambiente acquatico o terrestre. Le concentrazioni 
di questi elementi, sia quelli essenziali che i non essenziali, possono variare per cause 
naturali o antropiche. È pertanto importante per le piante possedere meccanismi che ne 
mantengano le concentrazioni entro limiti di sicurezza; la sintesi delle fitochelatine è 
attivabile nell'arco di pochi minuti e costituisce pertanto un'importante risposta fisiologica 
per il mantenimento dell'omeostasi cellulare e per la detossificazione. In questo studio 
sono state utilizzate Fitochelatine di tipo 6 (PC6), con la seguente struttura generale (γ-
Glu-Cys)6Gly acquistate dall'azienda AnaSpec S.p.A. per lo studio dell'interazione 
molecolare con ioni piombo in seguito alla loro coniugazione su AuNPs e su PSi. 

Le idrofobine sono piccole proteine (circa 100 residui amminoacidici) ad alta attività 
superficiale, note da circa 10 anni per le loro peculiari proprietà. Prodotte da funghi 
filamentosi, sono bio-surfattanti e auto-assemblano in membrane anfifiliche alle interfacce 
solido-liquido o aria-liquido. Per le loro proprietà, le idrofobine hanno diversi ruoli biologici, 
ad esempio sono coinvolte nella formazione e nel rivestimento di ife aeree, spore, corpi 
fruttiferi e nell’adesione delle ife a superfici idrofobiche durante le interazioni simbiotiche o 
patogene (Wösten et al. 2001). La famiglia delle idrofobine fungine è stata divisa in due 
classi in base a caratteristiche strutturali e funzionali: le idrofobine di classe I formano un 
film estremamente robusto costituito da strutture di tipo amiloide chiamate "rodlet" che 
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possono essere depolimerizzate solo in acidi forti (i.e. TFA 100%), mentre i polimeri 
formati dalle idrofobine di classe II sono non fibrillari e meno stabili, possono essere sciolti 
in etanolo o soluzioni acquose di sodio dodecil solfato (SDS) (Zampieri et al. 2010). Le 
principali caratteristiche dei film d'idrofobine rispetto agli altri film proteici sono la loro 
maggiore resistenza chimica e l'abilità di modificare sensibilmente la bagnabilità della 
superficie dei materiali (Hou et. al 2009), Infatti, per la loro natura amfifilica, il rivestimento 
di idrofobine converte superfici idrofobiche in idrofiliche e vice versa. In questo progetto, si 
dimostrerà che le idrofbine potranno essere adoperate sia come stabilizzanti/passivanti 
dei materiali nanostrutturati e sia come sonda biomolecolare in grado di interagire 
quantitativamente con gli analiti target. 

Infine, la rivelazione di arsenico data la domanda mondiale diffusa per rilevarne e 
quantificarne l'inquinamento, sia naturale che di origine antropica, è stata oggetto di 
ricerca. Per questa rilevante e crescente domanda di dispositivi semplici da usare a basso 
costo, soprattutto nei paesi in via di sviluppo, enzimi estratti da interessanti forme di batteri 
sono state oggetto del presente studio. Thermus thermophilus HB27 è un organismo 
estremofilo capace di vivere in ambienti geotermici ricchi di arsenico: questo batterio ha 
sviluppato capacità sia ossidante che riducente nei confronti dell'arsenico, svolgendo così 
un ruolo importante nella sua speciazione e biodisponibilità (Paez-Espino et al 2001, 
Girhing et al 2009). Meccanismi di riduzione dell'arsenato (Jackson et al 2003, Macy et al., 
2000) possono essere individuati su tre famiglie: la prima famiglia è stata caratterizzata 
come ArsC glutatione glutaredossina dipendente (ArsC-GSH / GRX) ed è stata identificata 
nei batteri enterici (per esempio Escherichia coli); il secondo è noto come ArsC 
tioredossina dipendente (ArsC-Trx) ed è stato trovato in batteri Gram-positivi (ad esempio 
Staphylococcus). L'ultima famiglia, che comprende il gene ars2, è stato amplificato da 
Saccharomyces cerevisiae (Mukhopadhyay et al. 2002). Attività microbiche giocano un 
ruolo critico nel ciclo geochimico dell'arsenico, perché possono promuovere o inibire la 
sua produzione da parte di materiali sedimentari, principalmente da reazioni 
ossidoreduttive (Reyes et al.2008, Oremland et al., 2005, Bartolucci et al. 2013). La 
riduzione di arsenico pentavalente, As (V), a arsenico trivalente, As (III), è la principale 
reazione che causa il rilascio di arsenico dalle superfici minerarie nelle acque sotterranee; 
infatti, oltre ad essere più tossico, l'arsenito è la forma più comune di arsenico trovato in 
falde contaminate (Murphy et al. 2009). Entrambi gli stati di ossidazione di As verranno 
rivelati tramite un saggio a occhio nudo che sfrutta l’enzima derivante da Thermus 
thermophilus HB27 ArsC (TtArsC). 

 

D. Dispositivi ottici per applicazioni biosensorist iche sviluppati 
Le interazioni molecolari monitorate nel presente studio di tesi hanno trovato 

applicazione in ambito biomedicale ed ambientale.  
 

a. Monitoraggio di oligosaccaridi in soluzioni acqu ose  
Studi di monitoraggio di oligosaccaridi in soluzioni acquose sono stati effettuati 

tramite l'utilizzo di silicio poroso e nanoparticelle d'oro, con le caratteristiche interfacciali 
modificate tramite l'utilizzo di idrofobine come biosonde stabilizzanti. In entrambi i casi è 
stata verificata la presenza di glucosio in fase solida ed in soluzione acquosa. In 
particolare, nel caso del silicio poroso è stato in primis verificata la capacità delle 
idrofobine di stabilizzare le superfici di PSi e proteggerlo da soluzioni acide contenenti 
acido fluoridrico. Inoltre, le suddette superfici, nonostante il riassemblaggio delle idrofobine 
(indotto per favorire la suddetta passivazione del dispositivo) sono state caratterizzate 
come ancora capaci di interagire con il D-glucosio. Mentre nel caso delle nanoparticelle 
d'oro, è stata provata l'abilità delle idrofobine di agire da tensioattivi e da biosonde attive in 
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soluzione. Le idrofobine infatti sono capaci di stabilizzare le soluzioni colloidali di oro e 
contemporaneamente restare attive nei confronti delle biomolecole presenti nell'ambiente 
circostante. La caratterizzazione del nuovo sistema sviluppato ha rivelato un'affinità di 
legame di 7.3 ± 0.3 mg/mL ed una sensibilità di 0.13 ± 0.06 a.u./mg mL-1 per il D-glucosio 
in soluzione. 
 

b. Monitoraggio dell'interazione molecolare PSA-Ant i/PSA  
Il presente studio ha sfruttato un procedimento chimico semplice e riproducibile per 

l'immobilizzazione su superficie d'oro di nanobastoncelli di oro opportunamente 
funzionalizzati. Lo scopo è stato di ottenere una superficie quasi-ordinata di 
nanobastoncelli di oro legati covalentemente ad una superficie d'oro che può essere 
utilizzata, per esempio, per il bioriconoscimento antigene/anticorpo tramite risonanza 
plasmonica di superficie (SPR). Come esperimento per provare il concetto, abbiamo 
scelto di quantificare l'antigene prostatico specifico (PSA), che è il marcatore del cancro 
alla prostata tramite SPR in trasformata di Fourier, rivelando una sensibilità di 37±2 cm-

1/mgL-1. 
 

c. Rivelazione a occhio nudo di ioni di arsenico  
Un interessante saggio ad occhio nudo per la rivelazione di ioni di arseniato ed 

arsenito è stato sviluppato tramite l'utilizzo di nanoparticelle d'oro. Grazie alle capacità di 
aggregazione delle nanoparticelle in seguito all'esposizione a sali di metalli pesanti quali 
arsenico pentavalente e arsenico trivalente, si distinguono nettamente dalle analisi ad 
occhio nudo anche basse concentrazioni (85 µM). Infine, lo studio basato sullo 
spostamento del plasmone superficiale localizzato in presenza di ioni metallici che non 
sono substrati (Cd2+, Pb2+ e Hg2+) dell'enzima ha indicato che il bioriconoscimento è 
altamente specifico, ma non completamente selettivo.  

 
d. Rivelazione label-free di ioni piombo  

Monitoraggio di ioni piombo in soluzioni acquose sono state portate a termine tramite 
metodiche ottiche e gravimetriche. In particolare, sono state ottenute costanti di affinità di 
3.5±0.6 ppb e 10±2 ppb e sensibilità di 0.18±0.03 ppb/nm e 0.07 ± 0.03 ppb/Hz nel caso 
del PSi e di risuonatori in quarzo, rispettivamente. E' stato verificato inoltre che questo 
sistema è reversibile, con un massimo di sei cicli di rigenerazione. Il lavoro fornisce un 
buon punto di partenza per lo sviluppo di un biosensore nanostrutturati reversibili per 
realizzare un futuro dispositivo Lab-on-Chip (LoC) per il rilevamento in situ di metalli 
pesanti. 
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Summary 

Biosensors are interesting tools in various biotechnological fields, because of their 
versatility in fields such as diagnostics, development of biomedical devices and monitoring 
of pollutants in drinking water (Ligler and Rowe, 2004). Biosensors are constituted by an 
optical (or electrical, mechanical, etc.) transducer, which constitutes the sensitive element, 
and a biomolecular probe, which gives specificity to the device, because it is able to 
selectively bind target molecules. Both elements are the subject of this thesis, that studies 
the properties of different materials and characterization techniques for biosensing devices 
development. 

Nanostructured materials have physical and chemical properties arising interesting 
peculiarities (such as photoluminescence, reflectivity, etc.) that make them the 
fundamental building blocks for the development of the next generation of tools and 
devices for biotechnological applications. In particular, the following two types of 
nanostructured material were studied: 

• porous silicon (PSi); 
• gold nanoparticles (AuNPs). 
Further item of the present thesis is the bioconjugation of molecular bioprobes. It is 

well known that there are several methods of bioconjugation useful in the development of 
nano-bio-systems for sensor applications. Self-assembling materials, found in nature, are 
extremely interesting as functional interfaces between the artificial transducers and the 
living world (De Stefano et al. 2007). These interfaces do not require any chemical 
procedure, nor special equipment for their deposition. Along with the self-assembling 
materials, essential is the study of the use of aminosilanes and crosslinker (Zhang et al. 
2010). Moreover, it is well known that an optimization study of bioprobes immobilization is 
a hot topic in biosensors study. Therefore, objectives of this PhD project are:  

� Study of spotting conditions of bioconjugation onto nanostructured materials by 
two strategies: 
o immobilization of biomolecules by covalent approach (using aminosilane and 

crosslinker); 
o immobilization by non-covalent approach due to self-assembling of proteins; 

� Development of biosensors for biomedical and environmental applications. 
Molecular interactions monitored by label-free optical techniques performed onto different 
nanostructured materials found application in both biomedical and environmental 
monitoring fields. Interesting devices were finally obtained: 

� glucose interaction monitoring with an affinity constant of about 40mM; 
� PSA-Anti/PSA interaction monitoring witha a sensitivity of 37±2 cm-1/mgL-1; 
� reversible device for lead ions detection in aqueous environment were developed, 

with a LOD of 2ppb (5 times lower then World Health Organization legal limit for 
drinking water); 

� naked eye assay for arsenic ions speciation (also at 85μM). 
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ABBREVIATIONS 

AuNPs:  Gold Nanoparticles 
AuNRs: Gold Nanorods 
DLS: Dynamic Light Scattering 
FT-IR: Fourier Trasform Infrared (Spectroscopy) 
FT-SPR: Fourier Trasform Surface Plasmon Resonance 
LoC:  Lab-On-a-Chip 
LSP: Localised Surface Plasmon 
LSPR:  Localised Surface Plasmon Resonance 
PM-IRRAS: Polarization Modulation Infrared Reflection Absorption Spectroscopy 
PSi:  Porous Silicon 
QCM: Quartz Crystal Microbalance 
SPR: Surface Plasmon Resonance 
SR: Spectroscopic Reflectometry 
TtArsC: Thermus Thermophilus Hb27 Encodes Chromosomal Arsenate Reductase  
ZnO NWs:  Zinc Oxide Nanowires 
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1. Introduction to Nanostructured Materials:  
Properties and Biomodifications 

 
 

 
The PhD entitled "BIOCONJUGATION OF ENZYMES AND PROTEINS ON 

MULTIFUNCTIONAL AND NANOSTRUCTURED SOLID SUPPORTS FOR 
BIOMOLECULAR INTERACTIONS MONITORING" was performed at National Research 
Council - Institute for Microelectronics and Microsystems, in collaboration with Department 
of Chemical Sciences, University of Naples under the co-tutoring of Dr. Luca De Stefano 
and Prof. Paola Giardina. 

Nanostructured materials denomination is referred to materials with delicate 
structures of “small” sizes, in the range between 1 and 100 nm, and with specific 
properties and functions related to the “size effect” (Niemer 2001, Cui et al. 2003, 
Whitesides et al. 2003). These materials, thanks to their unique properties, have the 
capability to be adapted and integrated into biomedical devices. In the last twenty years, 
medicine, biology, engineering and biotechnology (discipline able to cross all the fields 
cited) are among the most promising and challenging fields involved in the application of 
nanostructured materials (Safarik et al. 2009). Rapid advancements of nanostructured 
materials have been made in a wide variety of biomedical applications, including novel 
tissue engineered scaffolds and devices, site-specific drug delivery systems, non-viral 
gene carriers, biosensor and screening systems, and clinical bio-analytical diagnostics and 
therapeutics (Bauer et al. 2004). Noticeable examples could be done: nanocomposites 
have been used to stabilize and regenerate bone matrices (Kikuchi et al. 2004, Bradt et al. 
1999); biosensing of nanotubes and nanowires has demonstrated unprecedented 
sensitivity for biomolecule detection (Alivisatos et al.  2004, Penn et al. 2003, Drummond 
et al. 2003) and nanoscale assemblies/particles have been used to deliver high 
concentrations of therapeutic drugs and/or biomolecules, possessing high bio-affinity to 
specific host sites for precise drug administration (Moghimi et al. 2003, Takeuchi et al. 
2001, Muller et al. 2001). 

In the present section will be discussed the main characteristics of the two 
nanostructured materials adoperated in this PhD thesis: Porous Silicon and Gold 
Nanoparticles. Both materials will be biomodified by different approaches here introduced 
and widely discussed and applied in section 2 and 3. 

 

1.1 Porous silicon for biomolecular interactions monito ring  

As a general introduction to porous silicon material and devices for biomolecular 
interaction monitoring, the proceeding published in 2013 conference "Fotonica" helded in 
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Milano on "Porous silicon based photonic structures for optical monitoring of biochemical 
interactions" is reported below. 
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1.1.1 Characterization and optimization of bioprobe s bioconjugation by 
covalent approach   

Crucial point in porous silicon based device development is the bioprobe 
immobilization that should be a process that both avoids the affection of bioprobe 
functionality and passivate the surface. 

The immobilization procedures studied in the present PhD thesis to passivate the 
surfaces used two principal strategies: 

• covalent approach; 
• non-covalent approach. 

The first approach take advantage by using several intermediate molecule (silanes 
and cross-linker molecules) in order to passivate the surfaces and to allow the bioprobe 
rearrangement onto passivated surfaces thanks to appropriated spacer arms adoperated. 
Immobilization procedures of bioprobes onto transducer are performed by a chemical 
derivatization of the material. In literature very used procedures involves aminosilane and 
crosslinker molecules in order to passivate the surfaces. The bioprobes, in these 
approaches, can be attached by primary amines given by amino-terminal silane. If primary 
amines are used as the biomolecule's reactive group, homobifunctional cross-linker are 
then employed. In past, the most common methods for immobilizing biomolecules onto 
amino silane surfaces employs glutaraldehyde, but several studies (Walt and Agayan 
1994) have demonstrated that the commercial aqueous solutions of glutharaledehyde are 
a mixture of mono and multimer structures. These different structures all react with 
proteins in different ways which may affect the degree and type of immobilizzation. 
Moreover, glutaraldheyde molecules exhibits a strong fluorescence with an emission in 
green part of visible light. This emission could hide an eventual fluorescence emission due 
to biomolecules immobilization or biomelecular recognition mechanism. 

Since the use of amino-terminal silane and crosslinker molecules is very important 
and useful in bioprobes immobilization, the first part of this PhD thesis section was 
focused on optimization of parameters (time of interaction, temperature of reaction, 
molecules concentration, etc.) used during immobilization procedure. The preliminary 
study was effectuated on cristalline silicon matrices (chemically reactive as PSi) using a 
generic bioprobe as Protein A. The entire functionalization study and characterization is 
reported in the following section. 
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1.2 Gold nanoparticles properties and characterizations  

One of the most commonly used metal-based nanoparticles in biosensing, 
nanomedicine, etc. are the gold nanoparticles (AuNPs). These are available in the range 
from 1 to more than 120 nm and they disclose considerable applications in optics, 
catalysis, materials science and nanotechnology also including biology and nanomedicine 
(Bosselier and Astruc 2009).  

While there is a large number of ways to synthesize AuNPs, the most common is to 
start from HAuCl4 (Figure 1.1). The first reported synthesis was performed by Michael 
Faraday in 1857, where he described the formation of deep red solutions of colloidal gold 
(the so called "activated gold") by reduction of an aqueous solution of chloroaurate (AuCl4

-

) using phosphorus in CS2 (a two-phase system) (Daniel and Astruc 2004). Through the 
years many other methods were investigated in order to obtain colloidal gold suspensions: 
one of the most important was the Turkevich method, introduced in 1951, where the 
reduction of Au3+ to Au0, obtained with a small amount of sodium citrate, evolved in a 
single water phase (Turkevich et al. 1951). In this synthesis, the growth of the NPs is 
controlled by varying the citrate/gold ratios: the citrate ions form a double layer around the 
particles, stabilizing them electrostatically. Generally, smaller amount of citrate yields 
larger nanospheres.  

 

Figure 1.1. Schematization of gold nanoparticles sy nthesis starting from HAuCl 4 solution. 

Even if it is possible to produce nearly monodisperse gold nanospheres, the major 
limitations of this method are the low yield and the restriction of using water as solvent. As 
already mentioned, every nanostructure used for medical purposes needs to be water-
soluble and biocompatible, and AuNPs are not an exception. They are turned to water-
soluble NPs typically by using water soluble thiol ligands, which can be divided into three 
groups:  

� thiols terminated with a polyethylene glycol (PEG) moiety that are employed to 
form “inert surfaces” which resist to nonspecific adsorption of biomolecules; 

� simple alkyl-thiols with a polar end group such as a carboxylate or an 
ammonium ion;  

� biomolecules such as peptides, glycosides, DNA sequences, containing a thiol 
group or linked to a short alkyl thiol.  
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In particular, the last two categories may display some possibilities of functional groups at 
the interface and can be exploited to create medical diagnostic and therapeutic 
nanostructures (Gentilini et al. 2008, Pengo et al. 2003, Simard et al. 2000). Another way 
to functionalize gold NPs surface with specific organic molecules is through ligand-
exchange reactions. Ligand-exchange reactions are mainly used for two reasons: to 
achieve more monodisperse, homogeneously coated NPs and to obtain multi-
functionalized gold NPs, in such a way the final NPs are characterized by various 
properties deriving from a mixed ligand shell (Daglar and Aydogan 2013). 

Between all the advantages, offered by differently functionalized AuNPs, the most 
interesting property derives from the Au core. In fact, the great interest to AuNPs is due to 
the electronic properties of Au. According to the Mie theory, an electromagnetic frequency 
induces a resonant coherent oscillation of the free electrons on the surface of a spherical 
nanoparticles, called surface plasmon resonance (SPR), only if the particle size is much 
smaller than the light wavelength (Ghosh and Pal 2007) (Figure 1.2). For metal 
nanoparticles, the localized SPR (LSPR) results in an enhanced electromagnetic field at 
the metal nanoparticle surface (Link and El-Sayed 2009). For AuNPs the plasmon 
resonance is observed down to 3 nm diameters, below which the NP can no longer be 
considered as a “normal metal” with a conduction band (Bosselier and Astruc 2009). As a 
result, an enhanced electromagnetic field appears at the AuNP surface above this size 
allowing surface-enhanced optical properties revealed using spectroscopic techniques. 
Thus, the signal intensity of the SPR bands is several orders of magnitude larger than 
those of all the organic dyes. Therefore, from a biomedical point of view, plasmon 
absorbance is an important feature for gold nanoparticles. Gold exhibits size-tunable 
plasmon absorption due to electrons confinement, in both the ground and excited state, to 
dimensions smaller than the electron mean free path (≈20 nm for gold). If the nanoparticle 
size is further reduced, confinement of the free electrons reaches a second critical size 
scale called the electron Fermi wavelength. This starts to happen at a size lower than 3 
nm and should result in discrete, quantum-confined electronic transitions that heavily 
affect the plasmon absorption properties (Zheng et al. 2004).  
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Figure 1.2. LSPR absorption of three different gold  nanoparticles solutions.  
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Gold nanostructures could be the perfect tool for diagnostic and therapy, due to 
their versatility. Some techniques, as NIR fluorescence imaging and photothermal therapy, 
take advantage of the specific signals given by tailored shapes of gold complexes. 
Nanorods, as said before, present two characteristic plasmonic peaks in the UV-Vis-NIR 
spectrum (Figure 1.3). These techniques employ longitudinal oscillation of electrons, which 
gives rise to a strong long wavelength band in the NIR part of the spectrum. These peaks 
can be tuned properly to have the maximum of longitudinal absorption peak of the surface 
plasmon resonance in the range of 700 - 900 nm. Despite nanorods, gold nanoparticles 
present just one characteristic surface plasmon resonance peak in the UV-Vis spectra, 
around 520-540 nm depending on their dimension and shape. Also with NPs, SPR can be 
used to have a very peculiar signal for imaging. It is possible, for example, to enhance a 
signal due to the very intense electric field that is created around the AuNPs. This is the 
case of surface enhanced Raman spectroscopy (SERS), which takes advantage of 
Raman effect: when a photon is scattered by an atom or a molecule, it could be scattered 
elastically (Rayleigh scattering) or inelastically (Raman scattering). Due to their unique 
optical properties, this interesting materials is very useful in biosensing and biomedical 
applications. 
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Figure 1.3. LSP absorption of gold nanorods solutio n shows a transversal plasmon 
oscillation (at 560nm) and a longitudinal plasmon o scillation (at 760nm).  

 

1.3 Aims of the project  

Within the scenario offered by the unique properties of nanostructured materials as 
Porous Silicon and Gold Nanoparticles, this work focused in particular on the applications 
of these nanostructures as biosensing tools for environmental and biomedical applications. 
Consequently, this thesis is now split in two macroareas: 

o section 2 is focused on label-free devices developed for biomedical 
applications;  
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o section 3  is focused on characterizations of heavy metals detection in 
aqueous solutions for environmental monitoring applications. 
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2. Porous Silicon and Gold nanoparticles based 

devices for biomedical applications  

 

 
Biomedical devices development concerns the preliminar study of biomolecular 

interaction between bioprobes and target analytes. The bioprobe should be efficiently 
immobilized onto the tranducer. Transducers are fundamental components in biosensing 
devices for biomedical application; in fact, they are deputed to transduce a signal that vary 
as function of biomolecular recognition. Since nanostructured materials have physical and 
chemical properties (such as photoluminescence, reflectivity, etc.), in last twenty years 
they easily became fundamental building blocks as tranducer element in development of 
the next generation of tools and devices. Therefore, a study of bioconjugation optimization 
should be evaluated. 

In the present PhD thesis the following two types of nanostructured material were 
studied: 

o porous silicon (PSi); 
o gold nanoparticles (AuNPs). 

The following sections will be focused on the description of different bioconjugation 
approaches performed onto PSi (section 2.1 ) and AuNPs (section 2.2 ). 
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2.1 Porous silicon based device development  
2.1.1 Hydrophobin-based porous silicon passivation for glucose interaction 
monitoring 
The study of interfaces plays a key role in hybrid bio/non-bio devices development: 

the need to integrate biological molecules into devices with inorganic transducers without 
denaturating or simply affecting the functionalities of the biological molecule became a hot 
topic. In past studies, Vmh2 Class I Hydrophobins was used to functionalize the silicon 
surfaces. The film of Vmh2 nanometer thick, deposited on crystalline silicon, has proved 
an efficient protection for the etching with KOH in the liquid phase leaving unaltered the 
optical properties (De Stefano et al., 2007; De Stefano et al., 2008); moreover, Vmh2 was 
found able to interact with sugars both in solution and on silicon surfaces (Rea et al. 
2012). 

In the following study, it will be presented the double effect of Vmh2 as both 
passivating and active layer onto porous silicon surfaces. Hydrophobins proteins were 
used to passivate three different optical structures based porous silicon: 

• Microcavity; 
• Rugate Filters; 
• Thue Morse structures. 

Onto each optical structure object of study the interaction monitoring with glucose 
aqueous solution at 1.2 mg/mL concentration was performed. Characterization as 
spectroscopic reflectometry, water contact angle and fluorescence microscopy 
investigation were performed. 
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2.2 Gold Nanoparticles based interaction monitoring   
Despite the considerable variety of AuNPs properties and contributions, the present 

PhD thesis will focus as first on synthesis and stabilization of gold colloidal solutions using 
innovative stabilizers (such as PEG diacid and Hydrophobins proteins) alone and in 
competition; then, standard seed-growth synthesis in presence of CTAB as stabilizer was 
also studied for gold nanorods synthesis.  

 
2.2.1 HFB as co-stabilizer in gold nanospheres synt hesis  

The utilization of biomolecules to tune the surface properties and assembly of AuNPs is a 
very attractive approach that has received considerable attention. For instance, (1) 
biomolecule and/or biopolymer-conjugated AuNPs are largely used as biomarkers and 
biodelivery vehicles in the medicine/pharmacy, and in cosmetic products (Song et al. 
1997). In the past decades, though many synthetic strategies have been developed to 
prepare AuNPs in organic or aqueous solvent (Cui et al. 2008). 

The surfactant-like properties of hydrophobins from Pleorotus ostreatus were studied at 
the air-water interface, at surfaces, and in solution. They can form a highly stable coating 
which can be used to promote biocompatibility, to improve stability and particle size of 
suspension and emulsions, or to preserve the activity at a surface or a solid material. On 
the surface of the folded molecule, there is a coherent hydrophobic patch which makes the 
molecule amphiphilic. The amphiphilicity gives the protein the ability to strongly stick to 
hydrophobic surfaces, which makes HFB suitable, for surface immobilization. In this work 
we used HFB class I, extracted from basidiomycete Pleurotus Ostreatus to synthesize 
three types of hybrid gold nanoparticles in which HFB molecules plays a double role as 
surfactant and reagent in the synthetic process of AuNPs. 
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We  report a  simple and original method to synthesize gold nanoparticles in  which a  fungal protein, 
the hydrophobin Vmh2 from Pleurotus ostreatus and dicarboxylic acid-terminated polyethylene-glycol 
(PEG)  has been used as  additional components in  a one step process, leading to hybrid protein–metal 
nanoparticles (NPs). The  nanoparticles have been characterized by  ultra-violet/visible, infrared and X- 
ray  photoelectron spectroscopies, dynamic light scattering and also by  electron microscopy imaging. 
The results of these analytical techniques highlight nanometric sized, stable, hybrid complexes of about 
12 nm, with outer surface rich in functional chemical groups. Interaction with protein and antibodies has 
also been exploited. 

© 2015 Elsevier B.V. All rights reserved.

 
 

1.  Introduction 

 
Gold Nanoparticles (AuNPs) have been used in the last decade in 

many popular fields of investigation such as nanomedicine, imag- 
ing,  environmental monitoring and biomolecular sensing, due to 
their unique physical and chemical properties [1,2],  which can  be 
tailored for any  specific application. 

The  utilization of biomolecules to  tune the surface properties 
and the assembly of  AuNPs  is  a  very attractive approach that 
has   received considerable attention:  this technology combines 
the advantages of green chemistry, since harmless biological sub- 
stances are  used instead of some aggressive chemical compounds, 
with the unique properties of  biological probes, leading to  the 
next generation of  nanometric  complexes. Biomolecules and/or 
biopolymer-conjugated AuNPs  have been used as  biomarkers in 
diseases early diagnosis and as  in  vivo  drug delivery vehicles in 
medicine/pharmacy applications, and also  in  cosmetic products 
[3,4]. 

 
 
 

∗ Corresponding author. Fax: +39 0816132598. 

E-mail address: luca.destefano@cnr.it (L. De Stefano). 

Ionic  detergents can  be usefully exploited as stabilizing agents 
during the synthesis of nanoparticles, since they not only prevent 
particles aggregation but also  help in  tuning composition, shape 
and size. To date, a variety of stabilizers have been employed in the 
synthesis of AuNPs [1,5,6]. Even if surfactants play an important role 
in contemporary pharmaceutical biotechnology, since can  control 
wetting, stability and bioavailability of drugs [7,8], most of them are 
toxic, and the removal of excess stabilizer causes unwanted effects, 
such as aggregation of the particles, which is a matter of concern 
in various clinical applications. Moreover, lyophobic colloids, such 
as  polymers, which require energy for  their formation, are  quite 
unstable from the thermodynamic point of view, and frequently 
form large aggregates. Colloids association such as micelles, on the 
other hand, can  form spontaneously self-assemblies under certain 
conditions, and are  thermodynamically more stable towards both 
dissociation and aggregation [9].  Organic molecules exploited in 
AuNPs  synthesis can  be  substituted by  polyethylene  glycol (PEG) 
in order to obtain biocompatible PEG-stabilized gold  nanoparticles 
[10].  Recently, Spadavecchia et al.  have reported a  one-solution 
synthesis approach to  prepare polymer modified gold  nanoparti- 
cles using dicarboxylic PEG as stabilizer agent which demonstrated 
high stability under realistic biomedical conditions [11].  More- 
over, gold   nanoparticles synthesis was demonstrated  by  using
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a  mixture of  a  protein, namely collagen, and surfactants  [12]. 
Collagen and Hydrophobins can  be  considered useful biological 
agents as  co-surfactants in  one-pot gold  nanoparticles synthesis. 
Collagen is  one of  the most important and abundant structural 
protein in  the extracellular matrix, largely used in  biomedical 
and  biomaterials  applications  [13,14]. Hydrophobins  (HFB)  are 
small (about 100  amino acid  residues) proteins produced by  fil- 
amentous fungi. They  are  highly surface-active, and self-assemble 
at hydrophilic/hydrophobic interfaces into an  amphipathic nano- 
metric layer at interfaces between different phases (air–liquid, 
solid–liquid). HFB are  classified in  class I (highly insoluble layer) 
and class II (easily soluble layer). Both  types of hydrophobins have 
been used to disperse hydrophobic materials; to stabilize foam in 
food  products; to  immobilize enzymes, peptides, antibodies, and 
cells,  on  surfaces [15–18]. Hybrid nanoparticles  made of collagen 
or  hydrophobins proteins as  co-stabilizers could be  of interest in 
many fields, from biotechnological to biomedical applications. 

The biological functions of HFB are linked to the reduction of the 
water surface tension, and to their ability to self-assemble into an 
amphipatic membrane when they reach an interface, thus allowing 
fungi to escape from aqueous environment and to facilitate air dis- 
persal of the spores [19,20]. On the surface of the folded molecules, 
there is a coherent hydrophobic patch, which makes the molecule 
amphiphilic. The  amphiphilicity gives the protein the ability to 
strongly stick to  hydrophobic surfaces [21],  forming a highly sta- 
ble  coating which can  be  used to  promote biocompatibility [22], 
and to act as an intermediate layer for cells,  proteins, or other type 
of molecules binding. Previous studies [23,24] demonstrated the 
ability of  class II HFB from Trichoderma reesei  to  efficently coat 
thermally-hydrocarbonized  porous silicon nanoparticles and to 
synthesize beclomethasone dipropionate/protein-coated nanopar- 
ticles for  drug delivery purposes. The  HFB Vmh2 purified from 
Pleurotus ostreatus was used in the present work: Vmh2 aggregates 
in very stable nanometric layer and its  peculiar properties at the 
air–water interface, on surfaces, and in solution have been recently 
studied [25,26]. 

Hybrid biological–organic–metal nanoparticles have been syn- 
thesized in  which Vmh2 molecules played a  double role in  the 
formation of AuNPs, as a “natural” surfactant and additive reagent. 
We  also  engineered hybrid nanoparticles in which Vmh2 protein 
was coupled with non-ionic surfactants, namely PEG diacid, in the 
synthesis, thus changing chemical and optical properties of AuNPs. 
The  resulting hybrid PEG–HFB–AuNPs are  very interesting since 
they expose chemical groups with non fouling characteristics and 
also  ensure a satisfying accessibility of HFB for biomolecular inter- 
action. 

 

 
2.  Experimental 

 
2.1.  Materials 

 
All   chemicals  were  reagent   grade  or    higher  and  were 

used  as   received  unless  otherwise   specified.  Tetrachloroau- 
ric    acid    (HAuCl4 ),   sodium   borohydride   (NaBH4 ),   Polyethy- 

lene   glycol  600    Diacid  (PEG),   N-hydroxysuccinimide   (NHS), 
1-(3-dimethylaminopropyl)-N -ethylcarbodiimide  hydrochloride 
(EDC), Bovine Serum Albumine (BSA), phosphate buffered saline 
(PBS,  0.1 M,  pH  1.68,   7,  12),   trifluoroacetic acid   (TFA), Sodium 
Dodecyl Sulfate (SDS), methanol (CH3 OH), chloroform (CHCl3 ) and 
ethanol (C2 H5 OH) were purchased from Sigma–Aldrich. 

 
2.2.  Purification and  extraction of HFB 

 
White-rot fungus, P. ostreatus (Jacq.: Fr.) Kummer (type: Florida; 

ATCC No.  MYA-2306) was maintained at 4 ◦C  through periodic 

transfer on  potato dextrose agar (Difco)   plates in  the presence 
of  0.5% yeast extract. Mycelia were inoculated in  1 L flasks con- 
taining 500 mL  of  potato-dextrose broth (24 g/L)  supplemented 
with 0.5% yeast extract, grown at 28 ◦C in shaken mode (150 rpm). 
After  10  days of fungal growth, mycelia were separated by filtra- 
tion through gauze, treated twice with 2% SDS in a boiling water 
bath for  10 min, washed several times with water and once with 
60% ethanol to completely remove the detergent. The residue was 
dried under nitrogen, grinded and treated with 100%  TFA in  a 
water bath sonicator (Elmasonic S30,  Elma) for  30 min, and cen- 
trifuged (10 min at 3200 × g). The supernatant was dried, dissolved 
in  60%  ethanol and centrifuged (20 min at  3200 × g)  obtaining 
a  raw extract solution. The  ethanol was removed from the raw 
extract under vacuum at 40 ◦C  using rotavapor and the mate- 
rial  was freeze-dried, then lipids were extracted in  a mixture of 
water–methanol–chloroform 2:2:1 v/v  (5 min in  bath sonicator). 
After  centrifugation, proteins appeared as a solid aggregate at the 
interface between the water–methanol and the chloroform phases. 
They  were recovered by removal of liquid phases. The aggregated 
protein was dried, treated with TFA for  30 min in  bath sonicator, 
re-dried and dissolved in 80% ethanol. The sample was centrifuged 
(90 min at 12000 × g) and the supernatant dried, treated with TFA 
as above-described and re-dissolved in 60% ethanol [20]. 
 

 
2.3.  Synthesis procedures 

 
2.3.1.   Synthesis of hybrid hydrophobin gold nanoparticles 
(HFB–AuNPs) 

HFB–AuNPs   (Schemes 1  a  and 2  )  were prepared by  a  well 
assessed chemical reduction process [27]. Briefly, 5 mL of HFB solu- 
tion (150   g/mL) was mixed with 5 mL of 0.0001 M aqueous HAuCl4 

solution for 10 min. 600    L of 0.01 M NaBH4  was added drop-wise 

to the resulting solution, followed by rapid stirring. After  1 h with- 
out agitation, the solution became purple, the characteristic color 
of AuNPs. The product was centrifuged at 15000 rpm for 25 min and 
the pellet was recovered and purified by washing with milliQ water 
for three times. 

 
2.3.2.   Synthesis of hybrid PEG–hydrophobin gold nanoparticles 
(PEG–HFB–AuNPs) 

PEG–HFB–AuNPs (Schemes 1 b and 2) were prepared under the 
same conditions as  HFB–AuNPs.  2 mL of Polyethylene glycol 600 
Diacid (PEG) with a hydrodynamic diameter of 6 nm measured by 
TEM (Fig. S1 in supplementary materials) solution was mixed with 
5 mL of HFB solution and 5 mL of 0.0001 M aqueous HAuCl4   solu- 
tion under stirring at room temperature. After  10 min, 1.2 mL of 
NaBH4   (0.01 M)  was added drop-wise followed by  rapid stirring 
and kept without agitation for 2 h. The resulting red-rose solution 
was centrifuged and purified at the same conditions. 

 
2.4.  PM-IRRAS measurements 

 
Polarization Modulation-Infrared reflection absorption spec- 

troscopy  (PM-IRRAS)   spectra were  recorded on   a  commercial 
Thermo (Les Ulis, France) Nexus spectrometer. The external beam 
was focused on  the sample with a mirror, at an  optimal incident 
angle of 80◦. PM-IRRAS technique requires that samples to be ana- 
lyzed should be covalently bound to a gold plated glass slide. A ZnSe 
grid  polarizer and a ZnSe photoelastic modulator, modulating the 
incident beam between p- and s-polarizations (HINDS Instruments, 
PEM 90,  modulation frequency = 37 kHz),  were placed before the 
sample. The light reflected from the sample was then focused onto 
a nitrogen-cooled MCT detector. The presented spectra result from 
the sum of 128  scans recorded at 8 cm­1 resolution. Spectra were 
acquired after each step of  the gold  substrate functionalization. 
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Scheme 1.  Representation of  one-step synthesis of  hybrid hydrophobin gold nanoparticles without surfactants (a),  and with PEG Diacid as surfactant (b)  (dimensions of 

molecules are not in scale). 

 

 
 

Scheme 2.  Representation of proposed mechanism of AuCl4 
­ reduction and particle formation in the presence of PEG diacid and HFB as surfactants (dimensions of molecules 

are not in scale). 

Each  spectrum shown represents the average of three measure- 
ments. 

Chemical procedures of gold–glass substrate functionalization, 
based on  self-assembling monolayers (SAMs)  of  cysteamine in
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absolute ethanol, have been previously optimized [28].  Briefly, the 
freshly cleaned gold substrate was immersed in an unstirred 10 mM 
ethanol solution of    -mercaptoethylamine (cysteamine) at room 
temperature, in  the dark, for  6 h.  The  gold  substrates were then 
washed with ethanol and milliQ water to  remove the excess of 
thiols. Two  series of glass slides were prepared by  using 2 mL of 
PEG–HFB–AuNPs and  PEG–AuNPs at 2 × 10­6 M [11]  dissolved in 
2 mL of buffer solution (PBS pH 7), in which ½ Eq. of EDC/NHS was 
added, and stirred for 2 h (activation) to form an amide link between 
COOH groups of both HFB protein and PEG diacid, and NH2   end 
groups of the cysteamine on  gold  surface. The  colloidal solution 
was spotted on  cysteamine–gold-coated surface for  12 h at room 
temperature.  Vmh2 solution (150   g/mL)  was deposited on  gold 
surfaces functionalized by PEG–AuNPs (same procedures and con- 
centrations for 2 h), then washed in milliQ water and dried under 
nitrogen flow. Study of interaction with BSA was achieved accord- 
ing to the following procedure: BSA (5 mg/L in PBS pH 7) was drop 
deposited on  the nanostructured surfaces; after 1 h, BSA solution 
was removed, and the surface was rinsed with a buffer solution 
then milliQ water and dried under nitrogen for  10 min. A similar 
protocol was used for anti-Immunoglobulin G/Immunoglobulin G 
(anti-IgG/IgG) interaction. 

 
2.5.  X-ray photoelectron spectroscopy (XPS) measurements 

 
XPS  analyses were  performed  using a  SPECS  spectrometer 

(SPECS, Germany) equipped by a monochromatized Al X-ray source 
(h   = 1486.6 eV) and a Phoibos 150  hemispherical energy analyzer. 
Pass  energies of  20 eV  was used, and 10 eV,  for  the survey and 
narrow scans respectively. Gold  nanoparticles were deposited on 
gold  surface and analyzed after rinsing and drying. Each  spectrum 
shown represents the average of three measurements. 

 
2.6.  UV/vis measurements 

 
Absorption  spectra   were   recorded   using  a   Jasco    V-570 

UV/VIS/NIR  Spectrophotometer  from Jasco   Int.  Co.,  Ltd.,  Tokyo, 
Japan. 1 mL  of  each nanoparticles solution were acquired in  the 
range between 200 and 800 nm after 30 min from synthesis; more- 
over 1 mL PEG–HFB–AuNPs were dissolved in PBS solution 0.1 M at 
different pH (pH 1.68,  7, 12) during 18 h. 

 
2.7.  TEM measurements 

 
Transmission electron microscopy (TEM) measurements were 

recorded on  a JEOL JEM 1011 microscope operating at an  accel- 
erating voltage of  100 KV. The  TEM images were collected after 
separating the surfactant from the metal particles by  centrifuga- 
tion. Typically 1 mL of the sample was centrifuged for 20 min at a 
speed of 14000 rpm/min. The  upper part of the colorless solution 
was removed and the solid portion was re-dispersed in  1 mL of 
water. 2    L of this re-dispersed particle suspension was placed on 
a carbon coated copper grid  and dried at room temperature. 

 
2.8.  Dynamic light scattering (DLS) measurements 

 
The size  and surface charge measurements were performed by 

dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern 
Instruments, Malvern, UK) equipped with a He–Ne laser (633 nm, 
fixed scattering angle of 173◦, room temperature 25 ◦C). 

 
3.  Results and discussion 

 
Combination of inorganic nanoparticles with organic materials 

to  form hybrids nanocomposites reveals unique physical, chem- 
ical,  optical and electrical properties which make them different 

and more applicable than macroscopic materials [29]. Amphiphilic 
proteins, such as  hydrophobins, could be  suitable for  both stabi- 
lization of colloidal solutions and active self-assembled layer for 
biosensing applications. Biointerfacial properties of gold  nanopar- 
ticles were already improved by coating them with a bifunctional 
PEG linker carrying two carboxylic groups. As example, the synthe- 
sis of PEG-capped gold nanoparticles (PEG–AuNPs) was achieved by 
reducing tetrachloroauric acid  (HAuCl4 ) with sodium borohydride 
(NaBH4 ) in the presence of PEG-diacid as a capping agent [30].  In 

the case of PEG–AuNPs,  PEG-diacid is used for the stabilization of 
the particles through electrostatic interactions between the car- 
boxylic acid  groups and the gold  surface in  the same way as  the 
citrate normally works. 

Some authors  have synthesized  spherical PEG–AuNPs  with 
uniform  size   distribution  by   a  simple  one  step  synthesis  by 
using a non-toxic stabilizer [31].  Other groups have reported the 
mechanism of  gold   nanoparticle formations in  the presence of 
poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide) 
block copolymers (PEO–PPO–PEO) varying temperature and sol- 
vent [32].  These block copolymers form cavities (pseudo-crown 
ether structure) that can  bind metal ions [33]  and reduction of 
bound AuCl4 

­ ions can  proceed via  oxidation of the oxyethylene 
and oxypropylene segments [34].   In  the case under study, the 
synthesis of  PEG–HFB–AuNPs was carried out by  reducing tetr- 
aclororoauric acid  (HAuCl4 ) in  presence of  HFB and PEG-diacid, 
as stabilizers and bland reducer, also  adding sodium borohydride 
(NaBH4 ) as strong reducing agent. The formation of gold  nanopar- 
ticles from AuCl4 

­ can  be  summarized in  three main steps (see 
Scheme 2): (1) formation of HFB–PEG diacid mixture (see also Sup- 
plementary Materials); (2)  reduction of metal ions (Au3+   to  Au2+ ) 
promoted by HFB–PEG diacid mixture, which leads to  the forma- 
tion of preliminary HFB–PEG–gold complex; (3) further reduction 
of Au2+  to Au0  due to NaBH4  reducer and growth of gold  particles 
and colloidal stabilization by molecules of PEG polymer. In this pro- 
cess,  interactions between AuCl4 

­ ions and mixture of HFB–PEG 
diacid molecules (attractive ion–dipole interactions vs  repulsive 
interactions due to  hydrophobicity) are  crucial in  controlling the 
reduction of AuCl4 

­ which governs the final particle size.  Metal 
salt reactivity is of extreme importance both in the bulk solution, 
where causes the nucleation of the first gold  seeds, and on the sur- 
face  of the fresh formed gold  particles, thus mastering the growth 
rate. 

In order to determine the shape and the size  distribution of the 
hybrid nanoparticles obtained by HFB as stabilizer, with and with- 
out PEG diacid, TEM images have been analyzed by measuring the 
diameter of at least 100  nanoparticles. The  average size  of parti- 
cles  of HFB–AuNPs  was found to be 7.0 nm ± 0.5 nm (Fig. 1a).  TEM 
image of PEG–HFB–AuNPs shows nanoparticles with an  average 
size of 12.0 nm ± 0.7 nm (Fig. 1b). Some particles display a somehow 

faceted shape as a result of their nanocrystalline nature. In previ- 
ous  studies [11,35], we  evaluated the diameter of PEG–AuNPs as 
7.0 nm ± 0.2 nm.  Further investigation on size distribution and sur- 
face  charge of nanoparticles in aqueous solution were performed 
by dynamic light scattering (DLS) and reported in Fig. 2. The  size 
distribution of PEG–HFB–AuNPs in aqueous solution highlights two 
ranges of NPs size: 16 ± 5 nm,  close to  that found by TEM images, 
and 140 ± 80 nm (by intensity of scattering). Volume particles size 
distribution  calculation (made by  Zetasizer  Nano ZS  software) 
reveals that the smallest NPs  represent 84% of  the total, while 
numbers distribution calculation (made by Zetasizer Nano ZS soft- 
ware) evaluates the 100% presence of nanoparticles as  10 ± 4 nm 
size  distribution. Moreover, zeta-potential measurements quanti- 
fies  a surface charge of 30 ± 4 mV, related to  the positive charges 
of Vmh2 hydrophilic moieties, and confirms that PEG–HFB–AuNPs 
form a stable colloidal aqueous solution. The polydispersion index,
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Fig.  1.  TEM images and size distribution histograms of HFB–AuNPs (a)  and PEG–HFB–AuNPs (b). 

 
 
 

 
 

Fig.  2.  Zeta potential (a)  and size distributions of PEG–HFB–AuNPs in water (pH 7) evaluations of intensity (b),  volume (c)  and numbers (d) by  DLS measurenments.
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Fig.  3.  UV–vis absorption spectra of  (1)  HFB, (2)  PEG–AuNPs, (3)  HFB–AuNPs and 

(4)  PEG–HFB–AuNPs. 

 
i.e., a measurement of nanoparticles size dispersion, has the value of 
0.35 ± 0.01, which means quite a uniform dimensional distribution. 

Characterization of localized surface plasmon (LSP) resonances 
by UV–vis  absorbance measurements is also  a topical point in the 
study of gold  nanoparticles. Fig. 3, curve 1, shows UV–vis  absorp- 
tion spectra of  HFB molecules characterized by  a  small peak at 
280 nm due to  the single aromatic residue in  the protein. Fig. 3, 
curves 2, 3 and 4 report absorption spectra of hybrid AuNPs,  all 
characterized by  a small peak at 300 nm and a large band in  the 
530–550 nm range. The  small shift of  the visible band position 
depends on the ratio of the gold  salt to the capping materials dur- 
ing  the reaction processes. In particular, PEG–AuNPs (Fig. 3 curve 
2) shows a plasmon peak at 520 nm; HFB–AuNPs  (Fig. 3 curve 3) 
shows a plasmon peak at 549 nm; this peak is generally ascribed to 
collective oscillation, known as the surface plasmon oscillation of 
the metal electrons in the conduction band [36,37]. The absorption 
peak of PEG–HFB–AuNPs is centered at 545 nm (see Fig. 3 curve 4). 
Organic and biological complexes adsorbed on surface allow a bet- 
ter dispersion of Au ions, which were reduced to form single AuNPs 
of quite uniform size.  UV–vis  spectra remain unaltered after stor- 
age  for more than three months at room temperature, proving the 
formation of a very stable particle suspension. 

The  nanoparticles were also  characterized by  PM-IRRAS spec- 
troscopy, after deposition on a flat  gold  surface (see Fig. 4). 

The  infrared spectra in  Fig. 4,  curves 2  and 4,  show absorp- 
tion bands at around  1660 cm­1 ascribed to  amide I (  C = O ), and 
1550 cm­1  for  amideII (  C-N  + ıN-H ), absorption is  found in  HFB, 
HFB–AuNPs   and  PEG–HFB–AuNPs (curve  1,  3,  4,  respectively); 
moreover, PEG AuNPs  and  PEG–HFB–AuNPs present a character- 
istic  broadband  at about 1100 cm­1 in the (  C-O ) region. Peaks at 
1400–1450 cm­1 clearly evidences PEG-carboxylic groups, which 
can  be  available for  further covalent links with proteins via  their 
amino groups. PM-IRRAS results clearly support the formation of 
hybrid protein–gold nanoparticles with free  chemical groups. 

PEG–HFB AuNPs  could be  considered a promising system for 
biological applications, in particular for their well-known biocom- 
patibility, and pH  stability. Physical and chemical properties  of 
AuNPs  are  also  monitored by  UV–vis  absorbance changes. Fig. 5 
displays UV–vis spectra of PEG–HFB–AuNPs registered after buffer 
exposure that still  show the HFB typical peak at 280 nm and the 
nanoparticles characteristic peak at 545 nm. This investigation sup- 
ports the ability of PEG–HFB–AuNPs to interact from acid  to basic 
pH solutions maintaining unchanged absorbance and consequently 
also  unchanged structure and physical–chemical properties. These 

 
Fig.   4.  PM-IRRAS  spectra of  (1)   HFB,  (2)   PEG–AuNPs,  (3)   HFB–AuNPs  and  (4) 

PEG–HFB–AuNPs. Note  that spectra 1–3 are four times enhanced with respect of 

spectrum 4. 

 

 
 
Fig.  5.  UV–vis spectra  of PEG–HFB–AuNPs in buffer solutions at pH  1.68 (A), 7 (B) 

and 12.45 (C). 

 

indications have been completed by XPS analysis, which is useful 
to understand the chemical differences of organic–inorganic com- 
plexes, by comparing PEG–AuNPs [11]  and  PEG–HFB–AuNPs. The 
XPS spectra of the PEG–AuNPs and PEG–HFB–AuNPs are  displayed 
in Fig. 6. The PEG–AuNPs C 1s peak was decomposed into three con- 
tributions, a main one at 286.6 eV and two weaker ones at 284.9 
and 289.2 eV; those last ascribed to carbon atoms in C  O   C, C  H 
and COOH respectively, thus in  good agreement with main PEG 
chemical groups. The O 1s peak was decomposed into two contri- 
butions at 532.9 and 533.9 eV: those are attributed to oxygen in the 
C  O   C PEG chains, and in water molecules, which could be trapped 
inside the PEG chains. Note that the Au 4f peaks were very intense, 
indicating that the PEG polymer is either inside a hybrid gold–PEG 
nanostructure or,  constituting a very thin or  discontinuous layer 
around the nanoparticles. 

The  spectra of the  PEG–HFB–AuNPs display significant differ- 
ences, namely the appearance of a strong N 1s peak, an almost full 
attenuation of the gold  signal, together with some changes in the C 
1s and O 1s profiles. The C 1s peak is again dominated by the contri- 
bution at 286.5 eV but the contribution at 289.2 eV (289.4 eV on the 
Au–PEG spectrum) is increased, obviously due to the amide and car- 
boxyl groups of proteins; the O 1s peak is now best fitted with three 
peaks, the additional contribution, at 532.0 eV, can  be  ascribed to 
the oxygen in  C&9552;O bonds, present in  the protein. The  N 1s 
peak, centered  at 400.1 eV, is  that of  the protein amino groups. 
Eventually, the Au 4f peak is now hardly detected, suggesting the 
dominating presence of proteins around the nanoparticles.
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with biomolecules. In conclusion, this last investigation reveals the 
ability of  PEG–HFB–AuNPs to  interact with biological molecules 
better than the original constituents, making them suitable for 
biomedical applications. 

 
4.  Conclusions 

 
In  the present work, we  showed that hybrid HFB–AuNPs  can 

be  synthesized via  a  simple one step method. The  key  role  of 
the HFB molecules during the growth process of  nanoparticles 
was investigated by  mixing it  with dicarboxylic acid-terminated 
polyethylene-glycol (PEG), as standard surfactants in the synthesis. 
Stable nanometric hybrid protein–organic–metal NPs  have been 
obtained, with average diameter of  12 nm for  PEG. XPS showed 
that Vmh2 strongly bind to  Au  core whereas surfactants act  as 
outer  shells. Even   if  engaged within the  hybrid complex, HFB 
can   interact with a  model protein, BSA, more than a  standard 
organic–metal NP can  do.  Moreover, interaction of nanoparticles 
with immunoglobulins wa  salso demonstrated. These results open 
a route to  simple, effective, and also  green chemistry synthesis of 
a new class of hybrid multipurpose NPs which will  be tailored for 
different biomedical application, such as  sensing, drugs targeting 
and delivering. 

 
Appendix A.  Supplementary data 

 
Supplementary data associated with this article can be found, in 

the online version, at http://dx.doi.org/10.1016/j.colsurfb.2015.09. 
021. 
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2.2.2 Glucose interaction monitoring by PEG-HFB AuN Ps   

The glucose in blood is commonly used as the marker in clinical diagnosis, and its 
monitoring is important to evaluate the human health condition. In recent years, 
determination of glucose with nanoparticles has attracted great interest because of their 
optical properties (Kang et al. 2008). However, most of these methods involving 
nanoparticles, are also based on enzymes, that can be easily denatured by environmental 
changes or digested proteases (Moatsou et al. 2008), though some instrumental methods 
for the detection of glucose with non-enzymatic methods have been developed (Adhikari 
et al. 2015).  
In this work, we exploited the peculiar properties of Vmh2 in order to use it both as 
stabilizer in one step synthesis and also as active biomolecular probe for glucose 
interaction monitoring.  
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2.2.3 Synthesis and application of gold nanorods   

Since their debut on the materials science scene, gold nanorods (AuNRs) attracted 
enormous interest in very different fields spanning from theoretical physics to applied 
medicine: AuNRs are actually powerful tools for probing plasmon propagation model in 
nano-optics; innovative elements in biomedical imaging, and even therapeutical agents in 
hyperthermia based therapies. The surface, for example an electrode or any other 
transducer material, receiving the nanoparticles can be prepared in order to enhance 
some specific properties with respect to others by a large amount of chemical or physical 
treatments such as wet functionalization, pre-patterning and any lithographic methods. 
The seeding-growth procedure is another popular technique that has been used for a 
century. Recent studies have successfully led to control of the size distribution (typically 
10-15%) in the range 5-40 nm, whereas the sizes can be manipulated by varying the ratio 
of seed to metal salt. The step-by-step particle enlargement is more effective than a one-
step seeding method to avoid secondary nucleation. Gold nanorods (AuNRs) have been 
conveniently fabricated using the seeding-growth method. Finally, sensing properties of 
AuNPs and AuNRs as as novel tools in perspective nanosciences and nanotechnology will 
be discussed. 

Among others, the self-assembling monolayers (SAMs) offer the possibility to 
modify any kind of surface with a plethora of terminal functions, which can bind any type of 
ligands by covalent, ionic or hydrogen interactions (Lee et al. 2003). In the following paper, 
we have implemented, and evaluated for sensing application, a simple and reproducible 
chemical procedure for gold nanorods immobilization by an original functionalization of 
gold surface: the aim is obtaining a quasi-ordered surface of AuNRs covalently bound to a 
gold surface that could be used for antigen/antibody biorecognition by surface plasmon 
resonance (SPR) measurements.  

In particular, will be showed the ability of novel hybrid nanobiosystem called PEG-HFB 
AuNPs to interact with BSA, antibodies and glucose molecules, and then AuNRs ability to 
interact with PSA and anti-PSA after a proper covalent organization onto gold planar 
surfaces. 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

68 

 



Porous Silicon and Gold nanoparticles based devices for biomedical applications 
 

69 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

70 

 



Porous Silicon and Gold nanoparticles based devices for biomedical applications 
 

71 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

72 

 



Porous Silicon and Gold nanoparticles based devices for biomedical applications 
 

73 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

74 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

75 

 

 

 

 3. Heavy metal detection in aqueous solutions by 
Porous Silicon and Gold nanoparticles based devices  

 

 

Environmental monitoring is fundamental theme of researches to investigate and to 
gain knowledge about natural processes as well as to regulate existing directives 
concerning chemical species in the environment. Portable, robust, accurate, specific, low-
cost methods and devices to perform in situ analysis are hot topics to achieve efficient 
environmental monitoring. These enable results to be available faster minimizing the risk 
of contamination eliminating the samples transportation and degradation. The information 
obtained must be of sufficient quantity as well as quality in order to give high-resolution 
temporal and spatial data on environmental processes and portable devices for in situ 
assays (Bulusu et al. 2000). 

Since nanostructured devices revealed an enhanced ability to interact with target 
molecules also using low quantity of samples, in the present section will be discussed the 
study performed to detect lead ions and arsenic ions in aqueous solutions by using porous 
silicon based devices (section 3.1 ) and gold nanoparticles based assays (section 3.2 ) 
developed. 
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3.1 Porous silicon based optical monitoring 

3.1.1. Lead ions detection: optical vs gravimetric charact erization 

In the following section, it will be discussed oligopeptides bioconjugation onto 
porous silicon optical structure compared to quartz crystals bioconjugation. Then, the 
study was moved to lead ions interaction monitoring (Submitted Manuscript). 

Quartz Crystal Microbalance (QCM) and spectroscopic reflectometry (SR) are label-
free techniques very useful not only in biosensing measurements, but also for 
characterization of bioprobes conjugation on solid supports. The two techniques are 
completely different in both hardware frameworks and measurement protocols, but for this 
reason could be used in a very complementary way: QCM registered a continuum signal 
during all the steps of functionalization, QR has a planar surface of gold; while SR 
recorded the reflectivity spectra after each incubation step, PSi is characterized by a 
sponge-like matrix with a very large active surface area that allows the adsorption of a 
greater number of molecules inside the pores. The adsorption of substances into the PSi 
pores modifies its physical properties: in particular, since air is replaced by a denser layer 
of material, the average refractive index increases and the reflectivity spectrum red-shifts 
towards longer wavelengths, proportionally to the quantity of biological or chemical matter 
infiltrated into the pores. Since, the effectiveness study is crucial point in biosensors 
development, a comparative study between QR and PSi based devices functionalized up 
to phytochelatins oligopeptides was performed. The results highlighted the corrosive action 
due to phytochelatins and the reversibility of the interaction with lead ions for both devices. 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

77 

 

 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

78 

 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

79 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

80 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

81 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

82 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

83 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

84 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

85 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

86 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

87 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

88 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

89 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

90 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

91 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

92 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

93 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

94 

 

 



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid 
Supports for Biomolecular Interactions Monitoring 

95 

 

 



Heavy metal detection in aqueous solutions by Porous Silicon and Gold nanoparticles 
based devices 

 

96 

 

3.2. Gold nanoparticles based monitoring  

In the following sections, it will be discussed the enzyme and oligopeptides 
absorption onto peg diacid gold nanoparticles.  

In particular, the enzyme called TtArsC from Thermus thermophilus HB27 was 
used. This bacterium is an extremophile organism living in arsenic-rich geothermal 
environments that has developed ability in both oxidizing and reducing arsenic ions, thus 
playing an important role in its speciation and bioavailability. In the study reported in 
section 3.2.1, we report our results about adsorption of TtArsC enzyme on PEG-stabilized 
AuNPs (PEG-AuNPs) for monitoring its interaction with pentavalent arsenic ions (As (V)) 
and trivalent arsenic ions (As (III)). The nanobiosystem developed reveals the ability to 
speciate between arsenite and arsenate by a naked-eye visible change of color useful for 
in situ assays. 

In section 3.2.2, the study of PEG-AuNPs biomodified by Phytochelatin 
oligopeptides for lead ions interaction monitoring is discussed. Also in this case, 
phytocelatins show an aggressive surface coverage that corroded PEG AuNPs, but not 
PEG AuNRs. The study conducted highlighted the good self-assembling of Phytochelatins 
onto nanostructured material and the characterization of Lead ions interaction monitoring 
with the novel and stable nanobiosystem. 
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3.2.1. Arsenic ions detection  
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3.2.2. Lead ions detection 
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4. Conclusions 

 

 
 

The PhD entitled "BIOCONJUGATION OF ENZYMES AND PROTEINS ON 
MULTIFUNCTIONAL AND NANOSTRUCTURED SOLID SUPPORTS FOR 
BIOMOLECULAR INTERACTIONS MONITORING" performed at National Research 
Council - Institute for Microelectronics and Microsystems, in collaboration with Department 
of Chemical Sciences, University of Naples under the co-tutoring of Dr. Luca De Stefano 
and Prof. Paola Giardina, was focused on the study and development of innovative 
devices for biomedical and environmental monitoring applications. Nanostructured 
materials such as porous silicon and gold nanoparticles were used as transducer elements 
in order to develop sensible label-free biosensors. 

The first aim of the present work was the optimization of covalent biomodification of silicon 
derived materials for bioprobes conjugation. It was studied how the layer of bioprobe can 
be affected by incubation time, solvents and different aminosilanes during chemical 
procedure. Quantitative measurements based on Spectroscopic Ellipsometry, sessile drop 
and Atomic Force Microscopy reveal that smoother and homogeneous film can be 
obtained using the APDMES aminosilane in toluene incubated for 30 min. Anyway, all 
other samples show good functionalization degree proved by fluorescence 
characterization. The covalent approach was fundamental topic in porous silicon devices 
development for lead ions detection. The interaction monitoring of the lead ions in aqueous 
solutions have been completed by optical and gravimetric methods. In particular, affinity 
constants of 3.5 ± 0.6 ppb and 10 ± 2 ppb with a sensitivity 0.07 ± 0.03 ppb / Hz and 0.18 
± 0.03 ppb / nm and in the case of PSi and quartz resonators, respectively was evidenced. 
It was also verified that this system is reversible, with a maximum of six cycles of 
regeneration. The work provides a good starting point for the development of a biosensor 
nanostructured and reversible to achieve a future Lab-on-chip (LoC) device for the in situ 
detection of heavy metals. Concerning porous silicon based devices, it was studied also 
the possibility to passivate porous silicon optical structures by using Hydrophobins proteins 
as active layer that both passivate the device and interact with outer environment. In 
particular, interaction with glucose molecules was investigated after self-assembling onto 
porous silicon devices. Different optical techniques have been used in monitoring 
interaction between the self-assembled biofilm of Hydrophobin proteins and glucose 
molecules. The stability of compact protein biofilm penetrate into the intricate, sponge-like 
matrix of different PSi multilayers was proved by exposing them to diluted HF (1% V/V) 
solution showing the device protection. Furthermore, spectroscopic reflectometry does not 
reveal any red shift (∆λ<1 nm) of HFB-PSi optical spectra on exposure to glucose solution 
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(1.2mg/ml), but water contact angle measurements and fluorescence microscopy highlight 
the presence of oligosaccharides in HFB-PSi without any doubts.  

The second aim of the present work was focused on the gold nanoparticles based devices 
development. Firstly, the use of Hydrophobins as co-stabilizers in gold nanoparticles 
synthesis was characterized. It was showed that hybrid HFB–AuNPs can be synthesized 
via a simple one step method. The key role of the HFB molecules during the growth 
process of nanoparticles was investigated by mixing it with dicarboxylic acid-terminated 
polyethylene-glycol (PEG), as standard surfactants in the synthesis. Stable nanometric 
hybrid protein–organic–metal NPs have been obtained, with average diameter of 12 nm. 
XPS showed that Vmh2 strongly bind to Au core whereas surfactants act as outer shells. 
PEG-HFB-AuNPs were then employed as possible glucose monitoring platforms. All 
experimental results highlighted that Vmh2 gave ability to PEG-HFB-AuNPs to bind 
glucose also if intrinsically engaged with gold core. Aggregation behaviour was proved by 
DLS measurements and glucose interaction, as CO and CH signal enhancing, was proved 
by PM-IRRAS and XPS spectroscopies. In conclusion, a novel hybrid bio/non-
bionanosystem was developed for both interface stabilization and biomolecular interaction 
monitoring applications. A binding affinity of 7.3 ± 0.3 mg / mL and a sensitivity of 0.13 ± 
0.06 au / mg mL-1 were calculated. PEG-Gold nanospheres were also studied for arsenic 
ions and lead ions detection. In arsenic ions interaction monitoring, it was used a novel 
chromosomal arsenate reductase (TtArsC) as biomolecular probe to screen for the 
presence of arsenic in water. The novel and original nanobiocomplexes demonstrated 
stability and capacity to strongly bind the toxic ions. TtArsC-AuNPs showed greater 
sensitivity for arsenite ions, as opposed to what happens in nature, where arsenate ions 
are the main substrate of TtArsC enzymes. On these bases, TtArsC-AuNP 
nanobiocomplexes were found to be able to interact with arsenite ions solutions, veering to 
blue solutions, and arsenate ions solutions, veering to violet/pink solutions, at all 
concentrations tested. These phenomena were confirmed quantitatively by LSP shifts in 
UV–vis spectra, and DLS characterization reveals that the nanobiocomplex aggregates in 
the presence of arsenic ions. Finally, LSP band study in the presence of metal ions that 
are not enzyme substrates (Cd2+, Pb2+ and Hg2+) indicated that the biorecognition is highly 
specific but not completely selective. In the case of lead ions interaction monitoring, the 
study started by PEG gold nanospheres biomodification by Phytochelatin oligopeptides, 
but a corrosive behavior in neutral pH conditions was evidenced. Then, the study was 
moved to PEG gold nanorods biomodification with Phytochelatins. These hybrid 
nanocomplexes are stable and biologically active: even if linked on the gold nanorod 
surface, the peptides are able to strongly bind the heavy metal ions with an affinity 
constant in the range of picomolars. The signal changes, i.e. variation of the FT-SPR peak 
position, are important (more than 200 cm-1) even at a very low concentration (25 ppb) of 
metal ions: this result is very promising for the development of sensitive and effective 
nanoparticle-based biosensors. 
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