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Riassunto

A. Introduzione
| biosensori destano notevole interesse in diversi campi biotecnologici, grazie alla
loro versatilita d'utilizzo come la diagnostica, lo sviluppo di dispositivi biomedicali ed il
monitoraggio di inquinanti in acque potabili (Ligler and Rowe, 2004). | biosensori sono
costituiti da un trasduttore ottico (o elettrico, meccanico, ecc.), che costituisce l'elemento
sensibile, ed una sonda biomolecolare, che dona specificita al dispositivo, perché capace
di legare selettivamente le molecole target. Entrambi gli elementi sono oggetto del
presente lavoro di tesi, che studia le proprieta di diversi materiali per poi sviluppare
dispositivi biosensoristici.

B. Trasduttori ottici adoperati

| materiali nanostrutturati possiedono proprieta fisiche e chimiche da cui
scaturiscono interessanti peculiarita (fotoluminescenza, riflettivita, 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) € un materiale nanostrutturato di notevole interesse, perche
ideale per I'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 proprieta ottiche di questo affascinante materiale, proprio in virtu delle cavita
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 cosi via), in modo da ottenere diverse strutture fotoniche
(Fabry Perot, specchio di Bragg, microcavita ottica, sequenza multistrato aperiodica, etc.
visibili in Figura 1 C), con elevata qualita ottica (Letant and Sailor 2000, Moretti et al.
2006).
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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 e la sua instabilita 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 piu utilizzati per
applicazioni che vanno dall'ambito medico al monitoraggio ambientale grazie alle loro
uniche caratteristiche ottiche. Il metodo piu popolare per la preparazione di AuNPs in
acqua utilizza citrato per ridurre acido cloroaurico (HAuCl,) in condizioni di ebollizione, ma
diversi nuovi approcci sono stati sviluppati per ridurre i sali di Au (lll) 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 proprieta funzionali, ma d'altro canto, va considerata la loro tossicita che ne
e il principale svantaggio (Huo et al. 2008). Per questi motivi, queste molecole organiche
pericolose potrebbero essere sostituite da molecole amfifiiche 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
stabilita, la reattivita chimica, la natura non tossica e forte assorbimento e proprieta
dispersive (Manson et al. 2011, Tian et al. 2013). Per esempio biomolecule- e / 0
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 e rappresentato
in Figura 2.

Funzionalizzazione - Applicazione
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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 € 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
proprieta 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 I'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 Ill classe della famiglia delle metallotioneine. Sono oligopeptidi
costituiti da (y-glutammil-cisteinil),-glicina, dove n sta per un numero variabile di ripetizioni
del dipeptide y-glutammil-cisteina; tali ripetizioni, da 2 a 11 (da PC, a PCji;) sono piu
frequentemente da 2 a 5. | 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
piu basso grado di polimerizzazione per mezzo dellenzima Glutatione y-
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. E pertanto importante per le piante possedere meccanismi che ne
mantengano le concentrazioni entro limiti di sicurezza; la sintesi delle fitochelatine &
attivabile nell'arco di pochi minuti e costituisce pertanto un'importante risposta fisiologica
per il mantenimento delllomeostasi cellulare e per la detossificazione. In questo studio
sono state utilizzate Fitochelatine di tipo 6 (PCg), con la seguente struttura generale (y-
Glu-Cys)esGly 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 attivita
superficiale, note da circa 10 anni per le loro peculiari proprieta. Prodotte da funghi
filamentosi, sono bio-surfattanti e auto-assemblano in membrane anfifiliche alle interfacce
solido-liquido o aria-liquido. Per le loro proprieta, 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 (Wdsten et al. 2001). La famiglia delle idrofobine fungine é stata divisa in due
classi in base a caratteristiche strutturali e funzionali: le idrofobine di classe | 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 Il 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'abilita di modificare sensibilmente la bagnabilita 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
dimostrera che le idrofbine potranno essere adoperate sia come stabilizzanti/passivanti
dei materiali nanostrutturati e sia come sonda biomolecolare in grado di interagire
guantitativamente con gli analiti target.

Infine, la rivelazione di arsenico data la domanda mondiale diffusa per rilevarne e
guantificarne l'inquinamento, sia naturale che di origine antropica, & 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 € un organismo
estremofilo capace di vivere in ambienti geotermici ricchi di arsenico: questo batterio ha
sviluppato capacita sia ossidante che riducente nei confronti dell'arsenico, svolgendo cosi
un ruolo importante nella sua speciazione e biodisponibilitd (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 & stata caratterizzata
come ArsC glutatione glutaredossina dipendente (ArsC-GSH / GRX) ed ¢ stata identificata
nei batteri enterici (per esempio Escherichia coli); il secondo e noto come ArsC
tioredossina dipendente (ArsC-Trx) ed e stato trovato in batteri Gram-positivi (ad esempio
Staphylococcus). L'ultima famiglia, che comprende il gene ars2, e stato amplificato da
Saccharomyces cerevisiae (Mukhopadhyay et al. 2002). Attivita 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 (Ill), e la principale
reazione che causa il rilascio di arsenico dalle superfici minerarie nelle acque sotterranee;
infatti, oltre ad essere piu tossico, l'arsenito € la forma piu 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 I'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 I'utilizzo di silicio poroso e nanopatrticelle d'oro, con le caratteristiche interfacciali
modificate tramite l'utilizzo di idrofobine come biosonde stabilizzanti. In entrambi i casi &
stata verificata la presenza di glucosio in fase solida ed in soluzione acquosa. In
particolare, nel caso del silicio poroso e stato in primis verificata la capacita 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, e stata provata l'abilita 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‘affinita di
legame di 7.3 + 0.3 mg/mL ed una sensibilitd di 0.13 + 0.06 a.u./mg mL™ 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
immobilizzazione su superficie d'oro di nanobastoncelli di oro opportunamente
funzionalizzati. Lo scopo €& stato di ottenere una superficie quasi-ordinata di
nanobastoncelli di oro legati covalentemente ad una superficie d'oro che puo 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 I'antigene prostatico specifico (PSA), che ¢ il marcatore del cancro
zl;llla pr?stata tramite SPR in trasformata di Fourier, rivelando una sensibilita di 37+2 cm’
/mgL™".

c. Rivelazione a occhio nudo di ioni di arsenico

Un interessante saggio ad occhio nudo per la rivelazione di ioni di arseniato ed
arsenito e stato sviluppato tramite l'utilizzo di nanoparticelle d'oro. Grazie alle capacita di
aggregazione delle nanopatrticelle 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 uM). Infine, lo studio basato sullo
spostamento del plasmone superficiale localizzato in presenza di ioni metallici che non
sono substrati (Cd?*, Pb** e Hg*") dellenzima ha indicato che il bioriconoscimento &
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 affinita di
3.5+0.6 ppb e 10+2 ppb e sensibilita 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 e 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 nanopatrticles (AuNPSs).

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:

v glucose interaction monitoring with an affinity constant of about 40mM;

v PSA-Anti/PSA interaction monitoring witha a sensitivity of 37+2 cm™*/mgL™;

v’ 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);

v' naked eye assay for arsenic ions speciation (also at 85uM).
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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

15



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

16



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

1. Introduction to Nanostructured Materials:
Properties and Biomaodifications

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.

POROUS SILICON BASED PHOTONIC STRUCTURS FOR OPTICAL
MONITORING OF BIOCHEMICAL INTERACTIONS

I. Rea, A. Calid, M. Terracciano, J. Politi. L. De Stefano, |. Rendina
CNR-IMM, Unit of Naples, via P. Castellino 111, 80131, Napoli

Porous silicon based optical biosensors are moving from academic laboratories fo market
appfications, especially in the field of medical diagnosis and prognosis. One of the most
important issues is the interface between the photonic fransducer and the biomolecules that
is used as very specific and seleciive probe against analytical fargefs. In this work, we
present our achievements in developing oplical infegrated devices for genomic, profeomic,
and medical applications.

1. Introduction

The development of biochips is a major thrust of the rapidly growing biotechnology industry,
which encompasses a very diverse range of research efforts including genomics, proteomics,
computational biology, and pharmaceuticals, among other activities. Advances in these
areas are giving scientists new methods for unraveling the complex biochemical processes
occurring inside cells, with the larger goal of understanding and freating human diseases. At
the same fime, the semiconductor industry has been steadily perfecting the science of
microminiaturization. The merging of these two fields in recent years has enabled
biotechnologists to begin packing their traditionally bulky sensing tools into smaller and
smaller spaces, onto so-called biochips. These chips are essentially miniaturized laboratories
that can perform hundreds or thousands of simultaneous biochemical reactions. Biochips
enable researchers to quickly screen large numbers of biological analytes for a variety of
purposes, from disease diagnosis fo detection of bioterrorism agents. In Figure 1, the
schematic of a porous silicon based biosensor is presented: the support is fabricated by
electrochemical etching of silicon that makes spongy the bulk material, molecular bioprobes
are attached on its surface, and, finally, molecular interactions with their biological
counterparts are monitored by optical signals.
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Figure 1 - Schematic of a porous silicon based biosensor.

2. Optical detection

Opfical transduction is more and more used since photonic devices could be small,
lightweight and thus portable due to the integrability of all optical components. Furthermore,
optical devices do not require electric contacts. Fluorescence is by far the most used optical
signaling method but a wide-use sensor can not be limited by the labeling of the probe nor
the analyte, since this step is not always possible.

Reagentless optical biosensors are monitoring devices, which can detect a target analyte in
a heterogeneous solution without the addition of anything than the sample. In the fields of
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genomics and proteomics this is a straightforward advantage since it allows real-time
readouts and, thus, very high throughoutputs analysis. A label free optical hiosensor can be
realized by integrating the hiological probe with a signaling material, which directly
transduces the molecular recognition event into an optical signal.

There are many advantages of optical sensing. Optical sensing schemes are sensitive. By
measuring differences in wavelengths or fimes, optical signals can be readily multiplexed.
Some optical technigques, such as fluocrescence, have intrinsic amplification in which a single
label can lead to a million photons. In addition, some optical techniques are zero or “hlack®
background in which the only source of signal is due to the presence of the species being
measured, thersby enabling high sensitivity measurements. Finally, optical signals travel in
an ocpen path—no wires or other fransmitting conduits are necessary. This feature enables
remote measurements to be made.

There are a varety of optical sensing transduction mechanisms including:

. Luminescence

. Fluorescence—intensity, lifetime, polarization
. Phosphorescence

. Fluorescence resonance energy transfer

. Absorbance

. Scattering

. Raman-surface enhanced, rescnance

. Surface plasmon resonance

. Interference

3 Porous silicon based photonic structures

Another rubric for classifying optical sensors revolves around the categories of materials,
surfaces, and arrays. In the materials field, there is a burgecning effort in developing new
materials for performing optical sensing. Such materials encompass wark in the fields of
polymers, ceramics, and semiconductors as well as more conventional inorganic and organic
materials. These matenals can be used as new recocgnition agents, as supports for
immebkilizing sensing materials, as materials for concenirating analytes, and as intrinsic
optical sensors with integrated functionality including hinding and signal fransduction. This
latter goal of creafing materials that integrate binding with optical signal transduction is a
major area of interest and investigation.

The current interest in porous silicon (P31 results from the demonstration of efficient visible
photoluminescence of this mafteral, first reported by Prof. Canham in 1990. However, PSi is
not a new material: it was first reported over 40 years ago by Uhlir. During studies of the
electropolishing of silicon in agueous hydrofluorc acid (HF), he observed that the surface
often became black, brown or red. Maore detailed studies were performed by Tumer and
Archer, but these fiims were not recognized as being PSI. It was Watanabe et al. who first
reported their porous nature. Porous silicon, then, has been investigated for applications in
microelectronics, optoslectronics, chemical and biological sensors, and biomedical devices.
The in vivo use of porous silicon was first promoted by Leigh Canham, who demonstrated its
resarhability and biocompatibility in the mid 1990s. Subsequently, P31 or porous 3102
{prepared from PSi by oxidation) host mafrices have been employed to demonstrate in vitro
release of the steroid dexamethasone, ibuprofen and many other drugs. The first report of
drug delivery from P3i across a cellular barrier was performed with insulin, delivered across
monolayers of Caco-2 cells. An excellent review of the potential for use of PSi in various drug
delivery applications has recently appeared.

The basic method to fabricate PSi is electrochemical dissolution of single crystalline silicon
wafer in a hydrofluoridic acid electrolyte solution. This is obiained by monitoring either the
anodic current (galvanostatic) or voltage (potentiostatic). Today, the elecirochemical etching
is a standard method to fabricate nanostructured porous silicon: a proper choice of the
applied current density, the electrolyte composition, and the silicon doping allow precise
control over the morphology and, consequently, on the physical and chemical properties of
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the porous silicon siructure. Computer controlled electrochemical etching processes are
exploited for the realization of porous silicon films of controlled thickness and porosity
{defined as the percentage of void in the silicon volume).

Nanoporous, mesoporous and macroporous sfructures can be achieved, with pore size
ranging from few nanometers up fo microns. Moreover, since the eiching process is seif-
stopping, it is possible to fabricate with a single run process multiiayer stacks made of single
layers of different porosity. The dielectric properies of each PSi layer, and in particular its
refractive index n, can be namely modulated between those of crysialline silicon {n = 3.54,
porosity = 0% and air (n= 1, porosity = 100 %); so that alternating high and low porosity layers,
lot of photonic structures, such as Fabry-Perot interferometers, omni-directional Bragg
reflectors, optical filters based on microcavities, and even complicated quasi-periodic
sequences (Thue-Morse) can be simply realized, as it is shown in Figure 2.
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Figure 2. Experimental reflectivity spectra of different PSi optical structures.

4, Surface functionalization

a PSi sensor cannot discriminate the components of a complex mixture because the sensing
mechanism is not selective. Some researchers have chemically or physically modified the
Si—H surface sites in order to enhance the sensor selectivity through specific interactions.
The common approach is to create a covalent bond between the PSi surface and the
biomolecules which specifically recognize the target analytes. The reliability of a biosensar
strongly depends on the functionalization process: how fast, simple, homogenous and
repeatable it is. This step is also very impartant for the stability of the sensar: it is well known
that ‘as-efiched” P35i has a Si-H terminated surface due to the 5i dissolution process which is
very reactive. The substitution of the 3i-H bonds with Si-C ones guarantees a much maore
stable surface from the thermodynamic point of view. Three different P3i surface modification
strategies in order to realize an opfical biosensor are here reported: the target is the
fabrication of sensitive label-free biosensors, which are highly requested for applications in
high throughput drug monitoring and disease diagnostics, unlabelled analytes require in fact
easier and faster analytical procedures.

FT-IR spectroscopy (Thermo - Micholet NEXIUS) has been used to compare the different
passivation procedures: a pure chemical process based on Grgnard Reactives;, a
photoinduced chemical modification based on the undecencic organic acid and a passivation
method simultaneous io the etching process. In each case the carboxyl-terminated
monoalayer covering the PSi surface acts as a substrate for the chemistry of the subsequent
attachment of the DNA sequences.
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Before the functicnalization process the PSi substrate has been immersed in an agueous
ethanal solution, containing millimolar concentration of KOH, for 15 min. This alkaline
treatment produces an increase in the porosity of about 15-20% so improving the infilttration
of the hiomaolecular probes into the pores. The process removes also most of the Si-H bonds
from the P3i surface that can he restored by rinsing the PSi device in a low concentration
HF-based solution {5 mM) for 30 5. Results of the second passivation method are shown in

Figure 3 as example.
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Figure 3. FT-IR spectra of the porous silicon monalayer before and after the photoinduced
functionalization process based on UV exposure.

5. Conclusion

This paper represents our main achievements in developing optical integrated devices for
genomic, proteomic, and medical applications: stariing from crystalline silicon, the most used
material in consumer electronic, we fabricate photonic structures that are properly
functionalized and hioconjugated with different molecular hioprobes which selectively
recognize target analytes of interest in the hiomedical field.
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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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silican dioxide surfaces, functionalized by twa aminosilane compounds (3-amina-propyl-triethoaysitane, APTES; 3-aming-propyl-dimethyl-
ethowysilane, APDMES) both dissolved In different solvents (dry ethancl and teluene), have been investigated by standard techniques
such as spectroscopic ellipsometry (SE), water contact angle (WA}, and atomic force microscopy (AFM). Silane thicknesses between 5 and
8o A have been found, depending on depesition conditions: surface wettabilities change, accordingly, These organic-inarganic interfaces
have alsa been modified by a cross-linker {bis-sulfosuccinimidy suberate) in order ta covalently bind a fluorescein labeled protein A, The
amount of protein linked to functional surfaces has been quantified by SE and fluorescence microscopy. These results could be very useful

in developing new platforms for aptical blosensing.
[D0I: Wit peffdx.dol.orgf10.2071/|e0s.2013.13075]

Keywords: Surface functionalization, biomaterials, ellipsometry, water contact angle, atomic force microscopy

1 INTRODUCTION

Bioconjugation chemistyy is a key issue not only for fab-
rication of senstive and selective biosensors, but also for
many technological devices, which can be nsed in biomedical
diagnostics and even n fundamental scientific sthudies, In
the last few years, multifunctional lab-om-chip platforms
for biomolecular interactions monitoring have been pro-
posed [1]-3], as well as new single molecule spectroscopy
methodologies [4, 5], all based on spedfic passivation pro-
tocols of support surfaces. The aim of these treatments is
immobilization on a solid support of biclogical molecules,
preserving their specific functionalities through a good
control of their orientation and organization. Even if glass [6]
and gold [7] have been classically used, and therefore their
passivation chemistries deeply studied in these kinds of
application, on the other hand, silicon, and silicon related
materials, are attraching growing interest, due to widespread
diffusion of microfabrication technologies, well developed in
the frame of consumer electronics. The moest common route
of silicon surfaces functionalization is to attach alkylsilanes
layers through the formation of 505 bonds between
the silanol groups present on oxidized silicon surface and
the hydrolyzed organcsilane molecules [8]. Recently, the
interaction mechanism between silane layers and silicon sur-
faces have been deeply charactered, up to mokcular level
[9H[11]. Although wet deposition by solution immersion is

Receiwed Septernber 23, 2013; revised ms. received Nowember 12, :mM3; PHHEh!ﬂ December a3, 2013
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the most common method to prepare these samples, mono-
functional and  tri-functional aminosilane molecules, like
Famino-propy Hriethoxysilane, APTES, and 3-amine-propyl-
dimethyl-ethoxysilane, APDMES respectively have been
deposited on dehydrated silicon support also by chemical
vapour deposition, which is a robust process, currently used
in semiconductors industry [12]. APTES and APDMES have
structural differences, as schematized in Figure 1. APTES
has three attachment points to the surface or other silane
molecules, therefore it can poly merize. Corversely, AFDMES
has only ore attachment point and it cannot polymerze.
In this work, we have experimentally characterized amino-
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Sample Silane Solvent | Incubation time
{min)
51 Aptes 5% Ethanol ki)
52 Aptes 5% | Ethanol 6
5a Aptes 5% | Toluene a
54 Aptes 5% | Toluene (&)
55 Apdmes 5% | Ethanol an
56 Apdmes 5% | Ethanol )
5 Apdmes 5% | Toluene el
58 Apdmes 5% | Toluene (2]

TABLE 1 Sampie preparation conditons,

modified silicon dioxide surfaces by several techniques,
such as spectroscopic ellipsometry (SE), water contact angle
(WCA), and atomic foree microscopy (AFM). Data highlight
some important featumes of these surface passivation strate-
mies useful in realization of immune-arrays or, in general,
bioconjugated devices.

2 MATERIAL AND METHODS
2.1 Silane surface modifications

Highly doped p* silicon wafer, <1002 oriented, 0.003 {}-cm
resistivity, 400 pm thick, was cut into I mm »x 10 mm
square pieces. Afer cleaning by means of standard RCA pro-
oess [13], silicon substrates were thermally oxidized at 10507°C
for & hours. Chips were, then, immersed in piranha solution
(Ha50y:HaOu=4:1) at room temperature for 30 min so as to
create SHOH groups on silicon surface, extensively washed
in milli  water, and dried in a stream of nitrogen gas. Eight
difterent silane films, namely 51-58, were obtained by incu-
bating the silicon substrates at room temperature, for 30 or
B0 min, inte 5% silane solutions prepared by direct dissolu-
tiom of silane, APTES or AFDMES, in ethanol or anhydrous
toluene, as surnmarized in Table 1. After silanization, silicon
chips were rinsed three times in the solvent used for the pro-
cess for 2 min so as to emove silane excess, The last step is

silame curing on heater at 100°C for 10 min. The scheme of
silanization process performed on silicon surface is reported
in Figure 2. The experiment has been performed on two sets
of identical samples to confirm results.

2.2 Biofunctionalization

Chemicals and  soheents were purchased from  Sigma-
Aldrich. Trotein A labeled with -FITC (PrA® was im-
mobilized on silane modified silicon surface using
bis{sulfosuccinimidyljsuberate (B5%)  crossinker.  The
scheme of functionalization process is mported in Fig-
ur 3 Each chip was incubated with 150 pl of 1.6 mM
B5 in PBS solution (L1 M; pH=7.4) at 4°C for 5 hours.
MN-hydrowysulfosuccinimide (WHS) ester reacts (through SNy
with primary amines of silanized surface forming stable
aming bonds and rebeasing a NHS group. The functionalized
substrate was then incubated overnight (ON) at 4°C with
150 pl of 2 mg/ml PeA® in PBS (0.1 M; pH=7 4) buffer. NHS
ester wacts with primary amines in the side chain of lysine
residues of PrA® forming stable amine bonds and releasing
an other one NHS group.

2.3 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) measurements weme per-
formed by a Jobin Yvon UVISEL-NIR phase modulated
spectroscopice llipsometer apparatus, at an angle of incidence
of 65 over the range 300-1600 nm with a mesolution of

5 nm. The instrument measures the spectral variation of the
ellipsometric angles ¥ and A defined through the relation:

i R."

e e T (1)
where By and B are the complex reflection coefficients of the
light polarized parallel and perpendicular to plane of inci-
dence. Thickness of films present on silicon surface was de-
termined from the ellipsometric data analysis using Delta Psi
software [14].

130y 2
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2.4 Water contact angle measurements

Sessile drop technique has been used for water contact angle
(WCA) measurements on a First Ten Angstroms FTA 1000 C
Class coupled with drop shape analysis software. The WCA
values reported in this work are the average of at least three
measumements.

2.5 Atomic Force Microscopy

A XE-100 AFM (Park Systems) was used for the imaging of
biotilms. Surface imaging was obtained in nor-contact modse
using Silicon /aluminum ceated cantilevers (FPP-NCHE 10M;
Park Systems) 125 um long with a resonance frequency of 200
to 4L kHz and nominal force constant of 42 N/m. The scan
frequency was typically 1 Hz per line. Roughness has been
cabculated on 3 pm > 3 pm images,

2.6 Fluorescence microscopy

Fluorescence analysis was performed by means of a Leica £16
AO fluorescence macroscope equipped with a camera Leica

Fij = CICHCH;

B.=CH,

DFEC30. I3 filter was used for image acquisition consists in a
45049 nm band-pass excitation filter, a 510 nm dichromatic
mirror, and a 515 nm suppression flter. Fluorescence intensity
values reported in the work are averaged on three measure-
ments.

3 RESULTS AND DISCUSSION

A precise estimation of silane layers thickness requires the el-
lipsometric analysis of samples before and after silanization
processes. The measure performed on bare silicon dioxide (be-
fore silanization) allows an exact determination of its thick-
mess (43,46 = 003 nm) and a consequence cettain estimation
of silane layer. Refractive index of silicon dicwide as function
of wavelength is taken from reterence [15].

Spectroscopic ellipsometry data, reported in Table 2 together
with water contact angle variations (i, the difference be-
tween the WCA of sample after and before silanization pro-
cess. WA of bare silicon dioxide surface is (A0E = 0.8)7),
reveal a common trend for all characterized samples: the esti-

13095 3
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that less cross-linker is better than too much. This conclusion
is also supported by fluorescence data (Figue 4), summarized
in details in Table 6. Fluorescence intensity is an mntegrated
density calculated on an area of 100 » 100 pm?® using a free-
wame software, Image]. Each value reported in Table 6 is the
average of three mdependent measurements on same sample.
Fluorescence intensity of bare silicon dioxide is (F2+2)a. u

The fluorescence intensity of odd samples {which has been in-
cubated for 30 min) is always greater than that of even ones

{57} (=3}
Sample | Fluorescence intensity

fa w)
51 19242
52 19046
53 17241
54 170+5
55 181+2
56 17442
57 17442
58 15843

THBLE & FluCrescence iMtensity measired on e Chips funclionaized with Pra®. The
wales have been obtained as average of three different measurements an the same
samiple.

{incubated 60 min}, independently of considered silane. Any-
way, absolute values of flucrescent intensities are very close
each other, so that all samples have been effectively function-
alized

Quite differently, AFM images and characterization high-
light some distinctions between PrA* surfaces on AFTES and
APDMES modified supports (see Figure 5). Cuantitative mea-
surements are expressed in terms of roughness, which values
are rported for all samples in Table 7. Roughness of thermally
grown silicon diceide is 0.250 nm

13075 &
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Sample | Roughness

{nm}
51 L2353
8z L6005
53 0416
54 L.550
55 1.z64
56 0294
=Ty [.353
SH 07716

TABLE 7 Rl Mean Squdse IOIENNRES walues of Sample surfaces alter P® funclionzl
ization meassed Using an APM (3« 3 pm)

i examining both series (51-54; 55-58) of number, it is evi-
dent that APDMES samples are smoother than APTES ones,
except for sample 5§ that is quite abways very different from
55-57. Momover, in case of AI'TES samples, the thinner is the
protein layer, the greater is the roughness, probably because
of vertical inhomogeneity of APTES layer and PrA* film are
very similar. ATTES treated surfaces seem more crowded than
APDMES ones, and again we believe that this is also due to
self-assembling natume of ATTES with respect to APDMES.

4 CONCLUSIONS

We have successfully functionalized silane modified fat oxi-
dized silicon surfaces by ordinary chemical procedure, and we
have studied how different solvents and incubation times can
affect the quality of the protein layer on top. Chiantitative mea-
surements based on SE, WCA and AFM meveal that smoother
and homogeneous film can be obtained wsing APDMES in
toluene incubated for 30 min. Anyway all other samples show
good functionalization degree as it can be seen by flucrescence
characterization.
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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 HAuCI, (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 (AuCl,
) 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 Au®** to Au®, 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.

. @)
Reduction @
HAuCl, + NaBH, - o
@
Au?'+ O O
+ Stabilizer
\ Stable gold
Au® colloidal
solution

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 nanopatrticle
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.

Abs (a.u.)

0.0 +——+———F—+—r—+——————————
400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

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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o0 section 3 is focused on characterizations of heavy metals detection in
agueous 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:

0 porous silicon (PSi);
0 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 ).

33



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

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 | 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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Amphiphilic proteins, which self-assemble at solid-liquid interface in nanomerric biolayer, such as
hydrophobins, can be nsed as multifinctional film to passivate porous silicon dioxide and also sense
glucose. Several porous siicon dioxide optical ransducers (rugate filter, Thue-Morse sequence,
and microcavity) have been protein-modified and tested in monitorng hydrophobins-glicose
binding. A simple. easy-to-integrate technigoe, such as water contact angle, is able to reveal sugar
presence at 1. 2mg/ml, whereas spectroscopic meflectometry fails. Fluorescence measurements
confirm protein kayer-glucose interaction. This proof-of-concept measurement could be the starting
point for small analytes porous silicon based optical sensors. © 2003 AIP Publishing LLC.

[http:/fdx dotorg/ 10, 10631 4824379]

L. INTRODUCTION

Interfaces play a key role im optical biosensor fabrica-
tion: biological molecules need to be integrated with inor-
ganic transducers, both electrical and optical, preserving
their functions and specificity. Single DNA strands, pro-
teins, enzymes, and antibodies must be blocked on surface
by absorption or covalently, depending on different chemis-
ry wsed. In case of proteins and antibodies, also ofentation
of biological molecules is very important, since biological
interactions with their ligands are strongly dependent on
spatial arrangement: binding sites and vanable porton
should be properly exposed in order to form stable molecu-
lar complexes. '

Hydrophobins (HFBs) are small proteins of about 100
amino acid residues, prodoced by fungi, self-assembling
into an amphipathic membrane at an interface, such ss
water-air or solid-water. HFBs have been classified into two
groups; namely class I and class IT, based on differences in
their hydropathy pattems, spacing of amino acids between
the cysteine residues and properties of the aggregates they
form. Class I HFBs generate very msoluble assemblies,
which can only be dissolved in strong acids, like 100% tri-
fluorpacetic acid (TFA). Assemblies of class I1 can be more
easily dissolved in ethanol or sodium dodecyl sulfate (SDS).
The intrigning properties of these proteins make them of
great interest to biotechnologists, as they have potentialities
for numerous .'1])1:|Iil::ﬂimls.f'"rr When synthetized by the fun-
gus, these proteins grow together with some glucans, which
are oligo- and poly-saccharides that are found in the culture
mediom. In particular, what we have found, in case of HFBs
from Plewrorus osmrearus, an edible fungus that is common
in Mediterrmanean diet., is that these proteins link also to sim-
ple sugars, Le., glacose and maltose, when mixed in aqueous
solutions. This bond strongly affects structure and behavior
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of HFBs, both in sclution and on solid surface, even if they
seem to have not a specific binding site for these small
molecules.®7

Porous silicon (P51) has by far emerged as ideal support
material for immobilization of biomolecules, since exhibits a
sponge-like morphology charactenzed by specific surface
area of the order of hundreds of square meters per cubic cen-
timetres.” PSi can be fabricated by electrochemical etching of
doped crystalline silicon in hydrofluoric acid (HF).® Since
PSi 15 a network of air holes in a silicon matrix, its dielectnic
properties depend on voids content and can be accurately
controlled by tuning the process pammeters (etch time, HF
concentration, doping level, and so on), so that different pho-
tonic structures (Fabry Perot interferometer, Bragg mimor,
optical microcavity, aperiodic multlayered sequence, and op-
tical waveguide), showing high guality optical responses, can
be obtained.'™ ' Main drawback of this fascinating material
is its chemical instability: as-etched PSi quickly degrades on
exposure to atmosphere since 5i-H bonds tend to be substi-
tuted by Si-0-5i ones, but also oxidised PSi can be corroded
in aguepns environments. Lot of chemical procedures have
been proposed to overcome this limit '““17 On the other hand,
self-assembling materials, both organic and biclogical in na-
ture, are extremely interesting as functonal interfaces
between man-made, artificial transducers, and the living
realm: they do not require any specific or complex chemical
procedure, nor special instrumentation for their deposition,
such as high vacuum chambers, and so on.'® When deposited
in similar condition, HFBs also assure formation of layers of
very close thicknesses, so that their use could be of real con-
cem about inorganic surface passivation.'” We have already
demonstrated in recent papers how HFB can protect planar
crystalline silicon surface and PSi multilayers on exposure to
KOH and NaOH, respectively.”™'

In this work, we present our results on monitoring HFB
interactions with glucose by several porous silicon based
photonic  devices, when the proteins are already self-
assembled on PSi surface. A biological passivation

@ 2013 AIP Publishing LLC
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procedure of porous silicon oxidized surface by low vac-
uum drop casting deposition of hydrophobins is proposed.

ll. MATERIALS AND METHODS
A. Fabrication of porous silicon pholonie struclures

Porous silicon photonic structures were fabricated by
electrochemical etching of p ™ crystalline silicon (0.001 0 cm
reststivity, {100) orented, 300 ym thick) in hydrofluoric acid
(HF. 50% in volume), water, and ethanol solution (1:1:1) in
dark and at mom temperawre. Before anodization dissolu-
tion, each silicon substrate was immersed in HF solution for
2 min in order to remove native oxide layer. Rugate filter
was made by 20 pairs, each one altemating low (L) and high
(H) refractive index cuuplr:s.ll Exphlicit layers sequence 1s:
LH+LH » 18)-LH. Current density, used for ugate filter fab-
rcation, had sinosoidal profile and varied between
170mA/em” and 200 mAjem®. Each sinusoidal period was
approximated by step-functions (40 sinusoidal periods, 12
steps for each penod). Low porosity lavers had high refrac-
tive index ny= 158, while high pomsity layers had low re-
fractive index np = 1.52; valwes of refractive indexes were
calkculated at A= 902 nm. Thue-Morse structure is generated
following the substitution rules H—HL and L—LH, sothat a
64 layers sequence cam be  expressly  written as
LHHIHLIHRLLRLHHLHLLALHRLLRHIRLIHRLLRLE
HLIHHIHLIHLHALHLIAHILHIAHL, Low refractive
index was obtained applying cument demsity equal to
100 mAjem” for 1.6 s, while high refractive index layer required
N0mALm” for 12s, corresponding to mp=/.53 and
npy=1.79, and thicknesses dr =156 nm and dy=17120nm,
respectively. Valoes of refractive indexes were calculated at
A=T53nm. Microcavity is constituted by a 4/2 layer (optical
thickness) sandwiched between two 9.5 period Bragg reflec-
tors (BRs), and the sequence is: LH<LH x 8)-LiHHIL
{HL = 8)-HL. The thicknesses, dyrand dr, of the layers con-
stituing the BRs satsfy the relation npdy+ npdr = mip/2,
where ny; and ny are high and low refracive indexes, m is an
mteger, and Ag is the Bagg wavelength. High porosity layers
were obtained applying a current density of 200 mA/fem” for
L2s (mp=153; dp=156mm); low porosity layers were
obtamed applying a current density of 100mA/em” for 145
(myp= 1.79; dpp= 105 nm). Values of refractive indexes were
calculated at £ = 745 mm. For all structures, time breaks of 55
were used during etching process in order to recover HF con-
centration at dissolution edge and start next layer formation
with zero curmment density, so that variation current is always
the same for each layer. The etching area is 0.98 cm?. After
the electrochemical process, pores dimension was increased
by rinsing the “as-etched” porows hi]iCDﬂ siructures in
KOH-ethanol solution (1.5 mM) for 15min.” Devices were
then thermally oxidized against uncmuulle,d environmental
aging and corrosion in alkaline solutions.™ Oxidation has
been performed in pure O, by applying a two-step process:
I min at 400°C followed by 15 min at 9007 C. Even if P5i
stacks are made of several tenths of porous layers, the reflec-
tivity spectra are of very good quality in a wide range of
wavelengths, as it is shown im Figure | in case of ugate filter
(Fig. 1{a}), Thue-Morse sequence (Fig. 1(b)), and optical
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micro-cavity (Fig. 1(c)). Schemes of explicit layers sequences
are shown in Figure S1, in Supplemental Materials, for all
PSi structures.”

B. Protein purification

Class T hydrophobin Vmh2 secreted by basidiomycete
fungus P. ostrearns was purfied and identified in previous
work.® Bricfly, pure hydrophobins were dissolved with TFA
reatment in 7% acetonitnle agueous solution. Vmh2 con-
centration was evaluated using PIERCE 660mnm Protein
Assay kit, since it is compatible with organic solvents and is
equal to 0.2 mg/ml.

C. Proteininfiltration

Differently from our previous work, in the present case,
deposition of hydrophobins was performed by drop casting
i low vacuum (see deposiion chamber in Figure 2, a tech-
nique we used for liquid crystal infilration in PSi mamix. ™
Deposition can be outlined as follows: (1) place sample in
the center of vacuum chamber; (2) insert syninge, through
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FIi. 2. Deposition chamber used for in vacuum HFBs infiltration into PSi
photonic structuns.

plastic cap, into chamber: (3) conpect vacuum pump to
chamber; (4) tum on vacuum, which allows air release from
PSi pores, and simultaneously extracts the solotiom with
hydrophobins from syringe to sample; (5) turn off vacuum;
(6) leave the sample in chamber for | h, so that hydrophobins
penetrate imto pores; (7) place sample on hot plate at 80°C
for 10 min; (8) wash sample by 70% acetonitnile agueous so-
lution; (9) dry sample with nitrogen; (10) repeat steps from
(110 (9). Steps (1+(7) produce a hydrophobins compact bio-
film i PSi pores, while eighth step removes excess of hydro-
phobins not bound to PSi surface.

D. Spectroscopic reflectometry

Reflectivity spectra of PSi photonic structures have been
acquired using a simple expermmental setup: a white light
was sent on PSi samples by means of a Y optical reflection
probe ( Avantes). Same probe was used to guide output signal
tr optcal spectrum analyzer (Ando AQG315A). Spectra
were acquired at normal incidence with resolution of 0.2 nm.
At least three measurements have been recorded to have av-
erage spectrum of the sample.

E. Water contact angle (WCA) measurements

Sessile drop technique has been used for WCA measune-
ments on a First Ten Angsroms FTA 1000 C Class coupled
with drop shape analysis software. The WCA values reported
in this work are average of at least three measurements,

F. Fluorescence microscopy

Fluorescence analysis was performed by means of Leica
Z16 APO fluorescence macroscope equipped with a camera
Leica DFC300. Optocs used for acquisition wasa 450-490nm
band-pass excitation filter, a 510 nm dichromatic mirror, and
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TABLE L Reflectivity peak measurements perfommed on the PSi structures
“ax etched,” after KOH teatment, mnd after oxidation,

Structune A a5 ETOrED (M) Aoy {nm) A {nm)
Rugate filer WrEEDT ETE = 1 T75.EL 004
‘Thue-Morse filter 7539+089 THHED G3l4 =04
Micmcaviny T46 =1 T1=1 6361 +0.4

a 515mm suppression filter. Fluorescence valoes reported in
the work are averages of three measurements.

G. Chemical stability

Omidised PSi muldlayer have been coated by HFB and
exposed o diluted HF in order to check the effectiveness of
proteins surface coverage. After HFB deposition, samples
have been immersed in aqueous solution of HF (1% V/V) for
80 s, recording the reflectivity spectrum every 20 s

lll. RESULTS AND DISCUSSION

Since PSi based optical ransducers have to be mflirated
by biological matter, we slightly enlarge pores dimension by
KOH treatment and passivate PSi surface by thermal oxida-
tion: in Table I are reported values of wavelengths resonan-
ces before and after these modifications for each device. In
particular, thermal oxidation stabilises PSi surface by substi-
tuting Si-H bonds with 5i-0-51, but also strongly changes its
wettability: Figure 3 documents the huge vanation of water
contact angle, from 1307 1o 4°, in case of fresh PSi and oxi-
dised P5Si, respectively.

HFB agueous solutions have infiltrated in PSi structures
m low vacuum conditions: this procedure mimimizes hydro-
static pressure due to air presence in pores. The HFB self-
assembled biolayer partially substitutes air in PSi pores, so
that the average refractive index increases and the reflectivity
specttum undergoes a red-shift proportional to the protein
film thickness. Figure 4 shows red-shift of reflectivity spectra
for each photonic structure: since the red-shift is the biggest
(Fig. 4(b}). Thue-Morse sequence is the most permeable of
three, as we have already demonstrated in case of volatile
substances in our previous work.” Furthermore, red-shifts of
both Thue-Morse and micro-cavity are mainly due to HFB
penetrated in the so-called defects (1.e., layers that disrupt pe-
riodicity along the direction of stratification); while in case of
rugate filter, shift is due to HFB distribution along all the PSi
layers, which implies less sensitivity. HFB infiltmtion in PSi

(A) (B)

WCA = 1302 WCA =43

¢—

FHi. 3, Water comtadt angle measurements before (A) and after (B) thermal
onidation of PSi stuctare,
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pores turns the highly hydrophilic sorfaces of oxidised PSi
devices into very much less hydrophilic ones, as demon-
strated by images reported in Figure 4: rugate surface exhib-
ited a change in WCA of about 65 (Fig. 5ia)), Thue-Morse
of 5(F (Fig. 5(b)}, and microcavity of 77° (Fig. 5(c)).

The presence of a HFB pmoteins layer mside PSi not
only changes wetability of oxidised multalayers but also pro-
tects the oxide against comosion by hydmofluore acid water
solution. Since HF i very strong acid, dipping protein modi-
fied PSi samples into such a solution is a severe test for HFB
passivation film. Results are summarised in Figure 6 for a
rugate device: while a protein-coated sample reflectivity
spectrum shows a blue shift of about 7)nm (Fg. 6ia)), but
its shape is still of very good optical guality, the uncoated
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FIG, 4, (A) Refledtivity spectra of the P51 rugate filter befone (solid line)
and after (dotled line) the HFBs deposition; (B) reflectivity spectra of the
P5i Thue-Maorse stractune betore (solid line) md after {dotied line ) the HFBs
depozition; (C) meflectivity spectra of the Psi optical microcavity before
{zolid line) and after {dotted line) the HFBs deposition.
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FIG. 5. (A) Water contact angle measurements performed on the PSi rugate
filter before mnd after the HFBs deposition. (B) Water contact ang le micas-
uremtents performed on the Thue-Morse structune before and after the HFBs
deposition, () Water contact angle measurements performed on the PSi op-
tical micmcavity before and after the HFBs deposition.

WICA = 447"

one is completely comoded and the optical signal is not more
meaningful (Fig. 6(b) dotted line}.

HFB complex with glucans, naturally available oligom-
ers of glucose, in water solution,” and these aggregates are
still able to self-assemble in nanometric biofilms on solid
surfaces.” Unfortunately, since the crystalline model of HFB
is mot yet available, the intemction between protein and sug-
ars 15 not completely understood: from biological considera-
tion, HFB is not a sugar binding protein, so that the presence
of a specific binding site cannot be hypothesized, but it selec-
tively hinds glucose with respect o other sugars,™ at least in
solutions. One of the aims of this work 15 to venfy if the self-
assembled biolayer of hydrophobins is still able to interact
with glucose. The detection of very small molecules is
always challenging. since they only shghtly changes average
refractive index. Glucose is a very small molecule (about
180 Da) with respect to HFB (about 10kIda) and our previ-
ous results indicate that each HFB molecule co-ordinates to
about 200 glucose molecules in solufion, while only to 20, or
less, when assembled in biofilm on surface *7** In particu-
lar, we have verified that spectroscopic reflectometry is not
so sensitive to allow optical detection of glucose (see
Figures 82 and 53, and their comments, in Supplemental
Miterials)™ when protein modified PSi photonic transducers
are exposed to sugar solution, at least for concentration up to
L2mg/ml. WCA technique mstead can be used m sugar
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FIG. 7. (A) Water comtnct angle measurements performed on the PSi

migate filter before and after the deposition of agueous glucose solution
1.Zmg/ml. (B} Water contact angle measurements performed on the Thoe-
Marse siructune before and afier the deposition of aqueous glucose solution
1.2mgfml. {C) Water comtact angle measurements performed on the PSi
optical microcavity before and after the deposition of agueons glucose so-
lutiom 1.2 mg/ml,

FHi. 8. (A ) Fluorescence image of HFBs modificd oxidized PSi microcavity
after Huo-ghicose incubation. (B) Fluomscence image of bare oxidized PSi
microcavity after Flis- ghacose incubation,
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monitoring: as we report in Figure 7, values of contact angles
vary of 77 (Fg. 7(a), rogate), 8° (Fig. 7(b). Thue-Morse),
and 107 (Fig. 7{c), microcavity). after glucose deposition and
extensive water rinsing. WCA decrease can be explamed
since glucose binding on HFB layer increases overall surface
polarty, making it more hydrmophilic. A further evidence of
biofilm-glucose interaction is that obtained by fAoorescence
imaging in case of labelled sugar molecules: we have depos-
ited, by drop casting, on HFB-PSi ((A) sample), and on bare
PSi as control ((B) sample), aliquots of fluorescein-modified
glucose (same concentration as before) and acquired images
after washing. In Figure 8(a), fluorescence is well evident
and quite homogeneous on the entire surface, whereas the
control sample 1s totally black (Fag. Bibi).

V. CONCLUSIONS

Different optical techniques have been used in monitor-
ing interaction between a self-assembled biofilm of hydm-
phobin proteins, infilirated im PSi, and glucose. Even if
spectroscopic reflectometry does not reveal any red shift
(Ai < Lnm) of HFB-PSi optical spectra on exposure 1o glu-
cose solution (1.2mgml), water contact angle measure-
ments and fluorescence microscopy highlight the presence
of sugar in HFB-P5i without any doubts. Moreover, the sta-
ble and compact protein biofilm is able to penetrate the mtn-
cate, sponge-like matnx of different PSi multilayers and to
protect them against corrosion on exposure to dilmed HF
(1% ViV On these hases, we believe that HFB could be
used as a biological, functional layer that adds oseful fea-
tures to well-known and high-performances PS1 based opu-
cal transducers.
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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 |, 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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also been exploited.

12 nm, with outer surface rich functional chemical groups. Interaction with protaeind antibodies has

© 2015 ElsevieB.V. All rights reserved.

1. Introduction

Gold Nanoparticle$AuNPs) have been used the last decade in
many popular fieldsf investigation suclas nanomedicine, imag-
ing, environmental monitoring and biomolecular sensiohgge to
their unique physical and chemical properfies], which can be
tailoredfor any specific application.

The utilization of biomoleculesto tune the surface properties
and the assemblyf AuNPs is avery attractive approach that
has received considerable attention: this technologmlzines
the advantages green chemistry, since harmless biologaah-

lonic detergentsan beusefully exploitedas stabilizingagents
during the synthesig nanoparticles, since they notly prevent
particles aggregation batso helpin tuning composition, shape
andsize. Todate a varietyof stabilizers have been employiedhe
synthesisf AuNPs[1,5,6]. Even ifsurfactants plagn important role
in contemporary pharmaceutical biotechnology, soamecontrol
wetting, stability and bioavailabilityf drugs7,8], mostof them are
toxic, and the removalf excess stabilizer causes unwanted effects,
suchas aggregatiorof the particles, whicks a matterof concern
in various clinical applications. Moreover, lyopholgsiglloids,such
as polymers, which require enerdyr their formationare quite

stancesre used insteadf some aggressive chemical compoundspnstable from the thermodynamic pobftview, and frequently

with the unique propertiesf biological probes, leadingp the

next generationnf nhanometric complexes. Biomoleculesd/or

biopolymer-conjugateduNPs have been useas biomarkers in
diseases early diagnosis aasl in vivo drug delivery vehicles in
medicine/pharmacy applications, aaldo in cosmetic products
[3,4].

* Corresponding author. Fax: +39 0816132598.
E-mail addressluca.destefano@cnr.{L. De Stefano).

http://dx.doi.org/10.1016/j.colsurfb.2015.09.021
0927-7765/© 2015 Elsevi8V. All rights reserved.
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form large aggregates. Colloids association sasimicelles,on the
other handg¢an form spontaneously self-assembliggler certain
conditions, andire thermodynamically more stablewards both
dissociation and aggregati@j. Organic molecules exploited in
AuNPs synthesisan besubstitutedby polyethylene glycol (PEG)
in orderto obtain biocompatible PEG-stabilizgald nanoparticles
[10]. Recently, Spadavecchia &t have reportedh one-solution
synthesis approadh prepare polymer modifiegbld nanoparti-
cles using dicarboxyli®EG asstabilizer agent whicHemonstrated
high stability under realistic biomedical condit®ofil]. More-
over, gold nanoparticles synthesis was demonstrabgdusing
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a mixture of a protein, namely collagen, and surfactafig]. transferon potato dextrose agdbifco) platesin the presence
Collagen and Hydrophobinsan be considered useful biological of 0.5% yeast extract. Mycelia were inoculatied 1 L flasks con-
agentsas co-surfactantin one-potgold nanoparticles synthesis. taining 500 mL of potato-dextrose brotf24 g/L) supplemented
Collagenis oneof the most important and abundant structuralwvith 0.5%yeast extract, grown a8 'C in shaken mode (150 rpm).
protein in the extracellular matrix, largely used biomedical After 10 daysof fungal growth, mycelia were separategd filtra-
and biomaterials applicationglL3,14]. Hydrophobins(HFB) are tion through gauze, treated twice wi% SDS in aboiling water
small (aboutl00 aminoacid residues) proteins producéd fil- bathfor 10 min, washed several times with water and once with
amentous fungilhey are highly surface-active, and self-assemble60% ethanolo completely remove the detergefite residue was
at hydrophilic/hydrophobic interfaces inéda amphipathic nano- dried under nitrogen, grinded and treated wiftl§% TFA in a
metric layer at interfaces between different pha@es-liquid, water bath sonicator (ElmasoSig0, ElIma)for 30 min, and cen-
solid—liquid). HFB are classifiedin classl (highly insoluble layer) trifuged(10 min at 3200 g). Thesupernatant was dried, dissolved
and clasd# (easily soluble layerBoth typesof hydrophobins have in 60% ethanol and centrifuge@0 min at 3200x g) obtaining
been usedb disperse hydrophobic materiats;stabilize foam in a raw extract solutionThe ethanol was removed from the raw
food productsio immobilize enzymes, peptides, antibodies, andgXtract under vacuum &0 'C using rotavapor and the mate-
cells, on surfaces15-18} Hybrid nanoparticles mads collagen rial was freeze-dried, then lipids were extracirech mixture of
or hydrophobins proteinas co-stabilizers coulde of interest in  Water—methanol—chloroform 2:2ulv (5 min in bath sonicator).
many fields, from biotechnological biomedical applications. After centrifugation, proteins appeares asolid aggregatat the
The biological functionsof HFB are linkedto the reductionf the  interface between the water-methanol and the dalorophases.
water surface tension, atatheir abilityto self-assemblénto an  They were recoverety removalof liquid phasesThe aggregated
amphipatic membrane when they reacinterface, thus allowing protein was dried, treated wiffFA for 30 min in bath sonicator,
fungito escape from aqueous environment @ridcilitateair dis- re-dried and dissolved 80%ethanolThe sample was centrifuged
persabf the spore$§19,20] On the surfacef the folded molecules, (90 min at 1200x g) and the supernatant dried, treated VRh
thereis acoherent hydrophobic patch, which makes the motecul®S @Pove-described and re-dissohre@0%ethanol[20].
amphiphilic. The amphiphilicity gives the protein the ability to
strongly stickto hydrophobic surface€gl], forming a highly sta-  2.3. Synthesiprocedures
ble coating whichcan beusedto promote biocompatibility22],
andto act as arintermediate lay€or cells, proteinsor other type  2.3.1. Synthesiof hybrid hydrophobirgold nanoparticles
of molecules binding. Previous studifs3,24] demonstrated the (HFB-AuUNPS)
ability of classll HFB from Trichodermaeesei to efficently coat HFB-AUNPs (Schemesl a and?2 ) were preparedy a well
thermally-hydrocarbonized porous silicomanoparticles and to assessed chemical reduction pro¢&ss Briefly, 5 mL of HFBsolu-
synthesize beclomethasone dipropionate/proteinedasnopar- tion (150 g/mL) was mixed wittb mL of 0.0001IM aqueous$iAuCl,
ticles for drug delivery purposesthe HFBVmh2 purified from  solutionfor 10 min. 600 Lof 0.01 M NaBi was added drop-wise
Pleurotus ostreatus was usedhe present work: Vmh&ggregates to the resulting solution, followey rapid stirring After 1 h with-
in very stable nanometric layer aitsl peculiar propertiesat the  out agitation, the solution became purple, the attaristic color
air—water interfacean surfaces, anéh solution have been recently of AuNPs. Theproduct was centrifuged at 15000 rfom25 min and
studied25,26] the pellet was recovered and purifizdvashing with milliQwater
Hybrid biological-organic—metalanoparticles have been syn- for three times.
thesizedin which Vmh2 molecules played double rolein the
formationof _AuNPs, as étngtural”surfa_ctgnt ar_ld additive reagent. 2.3.2. Synthesiof hybrid PEG—hydrophobigold nanoparticles
We also engineered hybrid nanoparticleswhich Vmh2protein (PEG-HFB-AUNPS)

was cou.pled with non.-ionic sur.factants, na}nﬁﬁﬁ.diacid,in the PEG-HFB—AUNP{Schemes b and?) were prepared undéne
synthesm,. thus chgnglng chemical and Opt'ca_l mﬁﬂ@f AUN'_DS' same conditionas HFB-AuNPs. 2 mL oPolyethylene glycol 600
The resulting hybrl.dPEG—HFB—AL.JNPsare very |nteres.t|n.g since npiocig (PEG) with a hydrodynamic diametesf 6 nm measured by
they expose ch‘em.lcal group; Yv_'th non foul|.ng CHRMKII(?SEmd TEM (Fig. S1 insupplementary materials) solution was mixéth
also ensurea satisfying accessibilitgf HFB for biomolecularinter- 5 mL of HFBsolution ancs mL of 0.0001M aqueousHAuCl, solu-

action. tion under stirring at room temperatupdter 10 min, 1.2 mL of
NaBH; (0.01M) was added drop-wise followéwy rapid stirring
2. Experimental and kept without agitatiofor 2 h. Theresulting red-rose solution
was centrifuged and purified at the same conditions.
2.1. Materials
2.4. PM-IRRASmeasurements
All chemicals were reagent grade higher and were
used as received unless otherwise specified. Tetraohlor
ric acid (HAuCly), sodium borohydride(NaBH,), Polyethy-
lene glycol 600 Diacid (PEG), N-hydroxysuccinimide (NHS),
1-(3-dimethylaminopropyl)-Nethylcarbodiimide hydrochloride
(EDC), Bovine Serum Albuming€BSA), phosphate buffered saline
(PBS, 0.1 M, pH 1.68, 7, 12)trifluoroaceticacid (TFA), Sodium
Dodecyl Sulfat€SDS), methanolCHz; OH), chloroform(CHCl) and
ethanol(C,Hs OH) were purchased from Sigma—Aldrich.

Polarization Modulation-Infrared reflection absoopti spec-
troscopy (PM-IRRAS) spectra were recordesh a commercial
Thermo(Les Ulis, France) Nexus spectrometdihe external beam
was focusedn the sample witla mirror, atan optimal incident
angleof 80'. PM-IRRAStechnique requires that samplese ana-
lyzed shoulde covalently boundo a gold plated glass slidé.ZnSe
grid polarizer anch ZnSephotoelastic modulator, modulatinige
incident beam betwegn and s-polarization@INDS Instruments,
PEM 90, modulation frequency37 kHz), were placed before the
2.2. Purificationand extractionof HEB sampleThe light reflected from the sample was then focuseit
anitrogen-cooled/CT detectorThe presented spectra result from

White-rot fungusP.ostreatus (Jaccfr.) Kummer (type: Florida; the sunof 128 scans recorded 8tm™! resolution. Spectravere
ATCC No. MYA-2306) was maintained a4 'C through periodic  acquired after each stegd the gold substrate functionalization.

43



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

216 J.Politietal. / Colloids and Surface: Biointerfacesl36 (2015) 214—-221 216

HAuCl, O HFB

a)
NaBH, ———»

HFB-AuNPs

—el/
%90 o (o] o (o]
5 Y )Y Y
%, 9 d
>

o

© PEG-HFB-AuNPs )<(°
hydrophobic moieties OH

HO

W
hydrophilic moieties { 0: ;

Scheme 1. Representationf one-step synthesis$ hybrid hydrophobin gold nanoparticles without satfats(a), and withPEG Diacid as surfactan) (dimensions of
molecules are not in scale).

hydrophilic moieties

hydrophobic moieties

Scheme 2. Representatioof proposed mechanisohAuCls~ reduction and particle formation in the preserid®EGdiacid andHFB as surfactants (dimensiosfanolecules
are not in scale).

Each spectrum shown represents the averhAdbree measure- Chemical proceduresf gold—glass substrate functionalization,
ments. basedon self-assembling monolayefSAMs) of cysteamine in
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absolute ethanol, have been previously optimjzé&d Briefly, the
freshly cleanedold substrate was immers@dan unstirredl0 mM
ethanol solutiorof
temperaturein the darkfor 6 h. The goldsubstrates were then
washed with ethanol and milliQ watér remove the excess of
thiols. Two seriesof glass slides were preparég using2 mL of
PEG-HFB-AuNPs and PEG-AuNPsai 10-M [11] dissolved in

2 mL of buffer solution(PBS pH 7), inwhich¥2 Eq. of EDC/NHSwvas
added, and stirrefdr 2 h (activation)}o forman amiddink between
COOH groupsof both HFB protein andPEG diacid, andNH, end
groupsof the cysteaminen gold surface.The colloidal solution
was spottedn cysteamine—gold-coated surfdoe 12 h at room
temperature. Vmh2 solution (15@/mL) was depositedn gold
surfaces functionalizebly PEG-AuNPYsame procedures and con-
centrationdor 2 h), then washea milliQ water and dried under
nitrogen flow. Studyf interaction withBSAwas achieved accord-
ing to the following procedureBSA (5 mg/L in PBS pH 7was drop
depositedn the nanostructured surfaces; aftdér, BSAsolution
was removed, and the surface was rinsed wibtluffer solution
then milliQ water and dried under nitrogém 10 min. A similar
protocol was usetbr anti-lImmunoglobulin G/Immunoglobulin G
(anti-IgG/IgG)interaction.

2.5. X-ray photoelectron spectroscof¥PS)measurements

XPS analyses were performed usiag SPECSspectrometer
(SPECSGermany) equippetly amonochromatizedl X-ray source
(h =1486.6eV) anda Phoibosl50 hemispherical energy analyzer.
Pass energiesof 20 eV was used, and0 eV, for the survey and
narrow scans respectivelyold nanoparticles were deposited on
gold surface and analyzed after rinsing and dryliagh spectrum
shown represents the averafjthree measurements.

2.6. UV/vismeasurements

Absorption spectra were recorded usimgJasco V-570
UV/VIS/INIR Spectrophotometer frorasco Int. Co., Ltd.Tokyo,
Japan.l mL of each nanoparticles solution were acquiredhe
range betwee®00 and800 nm after30 min fromsynthesis; more-
overl mL PEG-HFB-AuNPsvere dissolvedh PBSsolution0.1 M at
differentpH (pH 1.68, 7, 12)during18 h.

2.7. TEMmeasurements

Transmission electron microscofl}EM) measurements were
recordedon a JEOL JEMLO11 microscope operating ai accel-
erating voltageof 100 KV. The TEMimages were collected after
separating the surfactant from the metal particyesentrifuga-
tion. Typicallyl mL of the sample was centrifugéd 20 min at a
speedof 14000 rpm/min.The upper parof the colorless solution
was removed and the solid portion was re-dispeisedmL of

water.2 L of this re-dispersed particle suspension was placed on

a carbon coated copperid and dried at room temperature.
2.8. Dynamiclight scatteringDLS) measurements

The size and surface charge measurements were performed
dynamic light scatterin¢DLS) usinga Zetasizer NandS (Malvern
Instruments, MalveriK) equipped withe He—Nelaser (633 nm,

fixed scattering anglgf 173, room temperatur@s ‘C).

3. Resultsand discussion
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and more applicable than macroscopic matef2als Amphiphilic
proteins, suclas hydrophobins, coulde suitablefor both stabi-

-mercaptoethylamine (cysteamine) at roomlization of colloidal solutions and active self-assembled |eper

biosensing applications. Biointerfacial propert@sgold nanopar-
ticles were already improvdy coating them witha bifunctional
PEGlinker carrying two carboxylic group8s examplethe synthe-
sis of PEG-cappedold nanoparticlePEG-AuNPsjvas achieved by
reducing tetrachloroauriacid (HAuCl,) with sodium borohydride
(NaBHj,) in the presencef PEG-diacidas acapping agenf30]. In
the casef PEG-AuNPs,PEG-diacidis usedfor the stabilization of
the particles through electrostatic interactionsvieen the car-
boxylic acid groups and thgold surfacein the same wags the
citrate normally works.

Some authors have synthesized sphefEbE-AuNPswith
uniform size distribution by a simple one step synthesis by
usinga non-toxic stabilizef31]. Other groups have reported the
mechanismof gold nanoparticle formations, the presence of
poly(ethylene oxide)—poly(propylene oxide)—poly¢déme oxide)
block copolymers(PEO-PPO-PEOYyarying temperature and sol-
vent[32]. These block copolymers form cavities (pseudo-crown
ether structure) thatan bind metal iong33] and reduction of
boundAuCl,;~ ionscan proceedvia oxidationof the oxyethylene
and oxypropylene segmeni®l]. In the case under study, the
synthesisof PEG-HFB-AuNPswvas carried ouby reducingtetr-
aclororoauricacid (HAuCl,) in presenceof HFB and PEG-diacid,
as stabilizers and bland reducalso adding sodium borohydride
(NaBH,) as strong reducing agenthe formationof gold nanopar-
ticles fromAuCl,~ can besummarizedn three main steps (see
Scheme): (1) formationof HFB-PEGdiacid mixture (seelso Sup-
plementary Materials)2) reductionof metal iongAu3* to AZ*)
promotedby HFB-PEGdiacid mixture, which lead® the forma-
tion of preliminary HFB—PEG-goldcomplex;(3) further reduction
of Auz* to AW’ dueto NaBH, reducer and growtbf gold particles
and colloidal stabilizatioby molecule®f PEGpolymer.In this pro-
cess, interactions betweeAuCl, ~ ions and mixtureof HFB-PEG
diacid molecules (attractive ion—dipole interacas repulsive
interactions duéo hydrophobicity)are crucialin controllingthe
reductionof AuCl,~ which governs the final partickze. Metal
salt reactivityis of extreme importance both the bulk solution,
where causes the nucleatwirthe firstgold seeds, andn the sur-
face ofthe fresh formedold particles, thus mastering the growth
rate.

In orderto determine the shape and #ie distributionof the
hybrid nanoparticles obtainég HFB asstabilizer,with and with-
out PEGdiacid, TEM images have been analyzsdmeasuringhe
diameterof at leastl00 nanoparticlesThe averagesize of parti-
cles of HFB-AuNPswas foundo be 7.0nm=0.5 nm (Fig. 1la). TEM

image of PEG-HFB-AuNPsshows nanoparticles witan average
size of 12.0nm= 0.7 nm(Fig. 1b). Some particles displaysomehow

faceted shapas aresultof their nanocrystalline naturé previ-
ous studies[11,35] we evaluated the diametef PEG-AuNPsas
.0nm=0.2 nm. Further investigationn sizedistribution andsur-
face chargeof nanoparticlesn aqueous solution were performed
by dynamic light scatteringDLS) and reportedh Fig. 2 The size
distributionof PEG-HFB—-AUNP# aqueous solution highlightwo
rangesf NPssize:16 £5 nm, closeto that foundhy TEM images,
Q¥|dl40 +80 nm (by intensityof scattering). Volume particles size
distribution calculation (madby Zetasizer NandS software)
reveals that the smalleSPs represen84% of the total, while
numbers distribution calculation (malleZetasizer Nan@S soft-
ware) evaluates thE)0% presencef nanoparticless 10+4 nm

size distribution. Moreoverzeta-potential measurements quanti-
fies asurface chargef 30 £4 mV, relatedto the positive charges

Combinationof inorganic nanoparticles with organic materials of ymh2 hydrophilic moieties, and confirms tHREG-HFB—AUNPs

to form hybrids nanocomposites reveals unique physib&im-
ical, optical and electrical properties which make theffecent
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Fig. 3. UV-vis absorption spectraf (1) HFB, (2) PEG-AuNPs(3) HFB—-AuNPsand
(4) PEG-HFB—AUNPs.
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i.e., ameasuremermnf nanoparticlesize dispersionhas the value of
0.35 £0.01, which means quiteuniform dimensional distribution.

Characterizationf localized surface plasmdbhSP)resonances
by UV-vis absorbance measuremeistsilso atopical pointin the
studyof gold nanoparticlesFig. 3 curvel, showsUV-vis absorp-
tion spectraof HFB molecules characterizeny a small peak at
280 nm dueto the single aromatic residue the proteinFig. 3,
curves2, 3 and4 report absorption spectih hybrid AuNPs, all
characterizedy a small peak aB00 nm anda large bandn the
530-550 nm rangelhe small shiftof the visible band position
depend®n the ratioof thegold saltto the capping materiatbur-
ing the reaction processédrs particular, PEG-AuNPYFig. 3 curve
2) showsa plasmon peak @20 nm; HFB—AuNPs Fig. 3 curve 3)
showsa plasmon peak &9 nm; this peals generally ascribetb
collective oscillation, knowras the surface plasmon oscillation of
the metal electroris the conduction ban86,37] The absorption
peakof PEG-HFB—AUNPs$s centered a$45 nm (see-ig. 3 curve 4).
Organic and biological complexes adsorlmadsurface allowa bet-
ter dispersionf Au ions, which were reduced form single AuNPs
of quite uniformsize. UV-vis spectra remain unaltered after stor-
age formore than three months at room temperature, prakmg
formationof a very stable particle suspension.

The nanoparticles werelso characterizeddy PM-IRRAS spec-
troscopy, after depositioon a flat goldsurface (se€ig. 4).

The infrared spectran Fig. 4, curves2 and4, show absorp-
tion bands at around 1660 chascribedto amidel ( ¢-o), and
1550 cm! for amidell ( c.y + In.n), absorptionis foundin HFB,
HFB-AUNPs and PEG-HFB—-AuUNPs (curvé, 3, 4,respectively);

moreover,PEG AuNPsand PEG-HFB-AuNPpgresenta character-
istic broadband at about 1100 thin the( c.o) region. Peakst

1400-1450 cm! clearly evidences PEG-carboxyjmups, which
can beavailablefor further covalent links with proteinsa their
amino groupsPM-IRRAS results clearly support the formation of
hybrid protein—gold nanoparticles witlee chemical groups.
PEG-HFB AuNPscould be considerech promising system for
biological applicationsin particularfor their well-known biocom-
patibility, and pH stability. Physical and chemical properties of
AuNPs are alsomonitoredby UV-vis absorbance changédsg. 5
displaysUV-vis spectraof PEG-HFB—AuNPsegistered after buffer
exposure thastill show theHFB typical peak a280 nm and the
nanoparticles characteristic peak48 nm. Thisinvestigatiorsup-
ports the abilityf PEG-HFB—AuNPg0 interact fromacid to basic
pH solutions maintaining unchanged absorbance ancqoesitly
also unchanged structure and physical-chemical progeTieese
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Fig. 5. UV-vis spectraof PEG-HFB—AuUNPsn buffer solutions apH 1.68(A), 7 (B)
and 12.45 (C).

indications have been completley XPSanalysis, whichs useful

to understand the chemical differenoésrganic—inorganicom-
plexes,by comparingPEG-AuNPS11] and PEG-HFB-AuNP3he
XPSspectraof the PEG-AuNPs and PEG-HFB-AuN#®s displayed

in Fig. 6 The PEG-AUNP< 1s peak was decomposed into three con-
tributions,a main one at 286.&/ and two weaker ones at 284.9
and 289.2V; those last ascribed carbon atom&é C-0G- C,€H
and COOH respectively, thusn good agreement with maiPEG
chemical groupsThe O 1speak was decomposed into two contri-
butions at 532.9 and 5339: thoseare attributedo oxygenin the
G—0O-CPEGchains, andh water molecules, which coube trapped
inside thePEGchains. Note that th&u 4f peaks were very intense,
indicating that thé®EGpolymeris either insidea hybrid gold—PEG
nanostructurer, constitutinga very thin or discontinuous layer
around the nanoparticles.

The spectraof the PEG-HFB-AuNPdisplay significant differ-
ences, namely the appearanta strongN 1s peak,an almost full
attenuationf thegold signal, together with some changesheC
1s andO 1sprofiles.The C 1s peakis again dominatedy the contri-
bution at 286.8V but the contribution at 289e¥ (289.4eV on the
Au-PEGspectrum)s increased, obviously due the amide and car-
boxyl groupsof proteins; the® 1s peakis now best fitted witlthree
peaks, the additional contribution, at 53&/0 can beascribedo
the oxygenn C&9552;0bonds, present the proteinThe N1s
peak, centered at 40@Y, is thatof the protein amino groups.
Eventually, theAu 4f peakis now hardly detected, suggestitige
dominating presenceof proteins around the nanoparticles.
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with biomoleculesin conclusion, this last investigation revetig
ability of PEG-HFB-AuNP<o0 interact with biological molecules
better than the original constituents, making thewitable for
biomedical applications.

4. Conclusions

In the present workye showed that hybritiFB—AuNPs can
be synthesizediia a simple one step methodhe key role of
the HFB molecules during the growth procesfsnanoparticles
was investigatedly mixing it with dicarboxylicacid-terminated
polyethylene-glycofPEG), asstandard surfactantsthe synthesis.
Stable nanometric hybrid protein—organic—metBk have been
obtained, with average diametefr 12 nm for PEG. XPSshowed
that Vmh2 strongly bindo Au core whereas surfactardst as
outer shellsEven if engaged within the hybrid compleiB
can interact witha model protein,BSA, more thana standard
organic—metaNP can do.Moreover, interactiorof nanoparticles
with immunoglobulinsva salso demonstrated. Thessults open
a routeto simple, effective, andlso green chemistry synthesis of
a new clas®f hybrid multipurposeNPs which will be tailored for
different biomedical application, suelk sensing, drugs targeting
and delivering.

AppendixA. Supplementargata

Supplementary data associated with this artaebefound,in
the online version, dtttp://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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57 ABSTRACT
60 The hydrophobinVmh? 15 a small amphiphilic protein. which self-assembles on different surfaces

and naturally interacts with glucose. Here. we report on the synthesis of a nanobiocomplex made of
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polyethvlene glycol, Vmh2 and gold nanoparticles by one-step process and on its ability to
recognise glucose 1 aqueous solution at 0.3-0.6-1.2 mg/mL concentrations. Even though the Vmh?
proteins are mntrinsically bonded to the gold core. an effective glucose interaction monitoring was
demonstrated by using Dynamic Light Scattering (DLS), ultraviolet-visible (UV-Vis), Polarization-
Modulated Infrared Reflection-Absorption (PM-IRRAS) and X-ray Photoelectron (XPS)
Spectroscopies. Experimental results highlighted an affimty constant of 7.320.3 mg/mL between the

nanobiosystem and the sugar. and a detection sensitivity of 0.13 £ 0.06 a.u/mg mL™.

1. Imtroduction

Hydrophobins (HFBs) are small proteins of about 100 amino acid residues, produced by fungi, able
to self-assemble mto an amphipathic membrane at interfaces such as water-air or solid-water. HFBs
have been classified into two groups. namely class I and class II. Class T HFB forms insoluble
assemblies and rodlets. which can only be dissolved in strong acids. 1.e. 100% trifluoreacetic acid
(TFA). Assemblies of class II can be easily dissolved in ethanol or sodium dodecyl sulfate (SDS).
The intrigning properties of these proteins make them of great interest to biotechnologists, as they
have potentialities for many applications [1-3]. It has been observed that some class I HFBs imnteract
with sugars produced by the same funpus to stabilize small multimers in agqueous solution. or to
promote HFB interaction with interfaces. The HFB Vmh2 from Plewrofus Ostreatus. an edible
fungus common in Mediterranean diet, cannot be solubilized in polar acid solution. We have found
that when Vmh? 1s mixed with sugars. its solubility increases: these proteins form complexes with
sugars, even if they seem to do not have a specific binding site for these small molecules, and this
bond strongly affects structure and behavior of Vmh?2, both in solution and on sohd surface [4].
Glucose plays a crucial role in life processesas a direct energy source facilitating various biological
activities [5]. The glucose detection 1n blood 15 commonly used as the marker in clinical diagnosis.
and 1its monitoring is important to evaluate the human health condition. In recent wyears,

determination of glucose with nanoparticles has attracted great interest because of their optical
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1

2

i properiies [6]. However, most of these methods involving nanoparticles, are also based on enzymes,
5 . . .

6 that can be easily denatured by environmental changes or digested proteases [7. 8]. though some
7

g instrumental methods for the detection of glucose with non-enzymatic methods have been
1? developed [9]. Metallic nanostructures have been studied extensively and are emerging as
12

13 colorimetric reporters due to theiwr high extinction coefficients, which are typically several orders of
14

12 magnitude larger than those of organic dyes [10]. In particular, nanostructures made of noble
1; metals, such as those of silver or gold. show strong plasmon resonance, which can be seen by naked
19

20 eyes [11]. Gold nanoparticles display plasmon absorption bands that depend on their size and shape
21

%% [12]. Cluster formation results in color changes of gold nanoparticle solutions due to mutually
%g mduced dipoles that depend om interparticle distance and aggregate size. Gold nanoparticle
26

27 aggregation on exposure to several analytes has been demonstrated for DNA, metal ons and
28

29 antibodies [13. 14].

30

31

a2 Recently. we demonstrated a novel route to nanoparticles synthesis that takes advantage of using
33

gg bioprobe during the production process together with stabilizers [15]. In this work, we exploited the
gg peculiar properties of Vmh?2 in order to use it both as stabilizer in one step synthesis and also as
38

39 active biomolecular probe for glucose interaction monitoring. Synthesis and interaction monitoring
40

11? were charactenzed by several analytical and imagmg techmques such as Dynamic Light Scattering
ﬁ (DLS). Transmission Electron Microscopy (TEM), UltraVielet-Visible (UV-Vis) spectroscopy,
45

46 Polarization-Modulated Infrared Reflection—-Absorption Spectroscopy (PM-IRRAS) and X-ray
47

ig Photoelectron Spectroscopy (XPS).

50

51 2. Experimental

52

53 2.1. Chemicals

54

gg All chemicals were reagent grade or higher and were used as received unless otherwise specified.
a7 ; : . . -
58 Tetrachloroauric acid (HAuCly). sodium borohydnde (NaBHy). PolvEthyleneGlveol 600 Dhacid
59

60 (PEG).,  N-hydroxvsuccimimude — (NHS), 1-(3-dimethylaminopropyl)-N"-ethylcarbodiimide

hydrochloride (EDC), PBS 0.1 M pH 7. tnifluoroacetic acid (TFA), Sodmm Dodecyl Sulfate (SDS),
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methanol (CH30H). chloroform (CHCL:) and ethanol (C:HsOH) were purchased from Sigma
Aldrich.
2.1, Preparation of Vmh2
White-rot fungus, P. astreatus (Jacq.: Fr.) Kummer (type: Florida; ATCC No. MY A-2306) was
maintained through periodic transfer at 4 °C on potato dextrose agar (Difco) plates 1n the presence
of 0.5% wyeast extract. Mycelia were moculated 1n 2 L flasks containmng 500 mL of potato-dexirose
broth (24 /L) supplemented with 0.5% veast extract. grown at 28 °C in shaken mode (150 rpm).
After 10 days of fungal growth, mycelia were separated by filtration 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 nmitrogen. grinded and
treated with 100% trifluoroacetic acid (TFA) in a water bath sonicator (BandelinSonorexDigitec)
for 10 min. The supernatant was dried. dissolved in 60% ethanol and centrifuged (10 mun at 3200
g). The new supernatant was lyophilized. and lipids were extracted mn a mixture of water-methanol-
chloroform 4:4:1 v/*v (5 min in bath sonicator). After centrifugation. proteins appeared as a solid
aggregate at the interface. They were recovered by upper phase removal. methanol addition and
centrifugation. The precipitate was again dried. treated with TFA for 30 min in bath sonicator, re-
dried. dissolved in 60% ethanol and centrifuged (90 min ar 12000g).
2.3, Synthesis of PEG-Gold Nanoparticles (PEG-AuNPs) and PEG-Hydrophobin-Gold
Nanoparticles (PEG-HEB-AuXNPs)

PEG-AuNPs synthesis was previously reported and discussed [16]. Brefly, 1mL of PEG 600
Diacid solution and 25 mLof 0.0001M aqueous HAuCls solution were mixed under stitring at room
temperature. After 10 min, 600ul of NaBH4(0 01M) were added drop-wise followed by rapid
stirring and kept without agitation for 2h. The solution obtained resulted red-rose. Details of PEG-
HFB-AulNPs synthesis can be found m ref [15]. Briefly. 2ml of Polyethvlene glycol 600 Diacid
(PEG) solution were mixed with 5 ml of HFB (150pg/mL) solution and 5 ml of 0.0001M agqueous

HAuClssolution under stirring at room temperature. After 10 min, 1.2 ml of NaBHs4 (0. 01M) were
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added drop-wise followed by rapid stirring and kept without agitation for 2h. The solution obtamned
resulted purple.

2.4. Interaction monitoring of PEG-AuNPs and PEG-HFB-AuNPs with glucose agueous

[ R R R R [ SR PR T N

solution

13 1 mL of PEG-AuNPs and PEG-HFB AuNPs was mixed to 50pL of glucose aqueous solution at
15 concentrations of 0.3-0.6-1 2mg/mL and the Localised Surface Plasmon (LSP) change as function
18 of time was monitored by UV-Vismeasurements until saturation was achieved. Further investigation
20 was performed by PM-TREAS measurementsas descnibed 1n the following.

22 2.5, Instrumentations

75 1.5.1. Transmission electron microscopy (TEM)

27 Transmission electron microscopy measurements were recorded on a JEOL JEM 1011 microscope
operating at an accelerating voltage of 100 KV. The TEM graphs were taken after separating the
29 surfactant from the metal particles by centrifugation Typically 1mL of the sample was centrifuged
34 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 m 1 ml of water. A droplet (10 pL) of the colloidal solution was
39 deposited on a microscope grid and analyzed.

41 1.5.2. Dynamic light scattering (DLS)

44 The size evaluation of each kind of nanoparticles was performed by dynamic light scattering (DLS).
46 A Zetasizer Nano ZS mstrument (Malvern Instruments. Malvern, UK) equipped with a He-Ne laser
48 {633 nm, fixed scattering angle of 173°. room temperature 25°C) was used.

51 153 UV-Vis spectroscopy

&3 Absorption spectra were recorded using a Jasco V-570 UV/VIS/NIR Spectrophotometer from Jasco
Int. Co. Ltd . Tokyo, Japan in the 200-800 nm range Each solution wasanalvzed as synthesized and
58 after interaction with glucose until the absorbance was stationary.

60 1.5.4. PM-IRRAS

54



[ s B Iy B 5 Y SRR O

Porous Silicon and Gold nanopatrticles based devices for biomedical applications

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT draft Page 6 of 17

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°. A
ZnSe gnd polanzer and a ZnSe photoelastic modulator. modulating the incident beam between p-
and s-polarizations (HINDS Instruments. PEM 90. modulation frequency = 37 kHz), were placed
prior to the sample. The light reflected at the sample was then focused onto a nitrogen-cooled MCT
detector. The presented spectra result from the sum of 128 scans recorded at 8 em ™ resolution.
Chemical procedures, based on self-assembling monolayers (SAMs) of f-mercaptoethylamine
(cysteamine) in absolute ethanol, have been described previously [17]. Briefly the freshly cleaned
gold substrate was immersed in an unstired 10 mM ethanol solution of cysteamine at room
temperature, 1n the dark. for 6h. The gold substrate was then washed with ethanol and mulli Q water
to remove the excess of thiol 2 ml of PEG-HFBAuNPs were dissolved i 2 ml of buffer selution
(PBS pH 7). 1n which % eq of EDC/WNHS was added. and stirred for 2h (pre-activation). The
colloidal solution was deposited on cysteamine—gold-coated surface for 12h at room temperature
under stirring condition, and finally the acquisition was performed Each PM-IRRAS datapoint is
the average of three measurements.

1.5.5. X-ray photoelectron spectroscopy (XPS)
XPS analyses were performed using a SPECS (Phoibos MCD 150) spectrometer (SPECS,
Germany) equipped with a monochromatized Al X-ray source (hv = 1486.6 eV) and a Phoibos 150
hemispherical energy analyzer. Pass energies of 20 eV was used for the survey scan. and 10 eV for
NATIOW SCAfls.
3. Results and Discussions
It 15 well known by farthat PEG-derivedA ulNPs have an increased stability i aqueous and
biological media with respect to simple gold nanoparticles [18]. In our recent paper, we
demonstrated an innovative synthesis of hybrid nanoparticle. which main aim was to improve
AuNPs biocompatibility, by partially replacing PEG with Vmh?2, but also add functionality to the

nanocomplex, by exploiting properties of thishydrophobin [15]. The same scheme of the reaction
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1

2

i was adopted for both the systems: PEG-AuNPs and PEG-HFB-AuNPs were obtained by reducing
g tetrachloroauric acid (HAuCls) with sodivm borohydride (NaBHs) in presence of the organic
é stabilizers. Nanoparticles formation and growth can be schematized as follow (Figure 1)- in case of
1? PEG-AuNPs._ gold clusters formation was facilitated by PEG stabilizer, since it promoted, as long as
1% the reaction proceeded. the growth and the colloidal stabilizationof gold particles: while in case of
E PEG-HFB-AuNPs. there was firstly a pre-synthesis complex formation between PEG and HFBs,
1; then gold clusters formation started and growth of nanoparticles could complete [15] TEM and
%3 DLS characterizations {reported in Figure 1) revealed nanoparticles average sizes of about 8 = 3
%g nm and 10 £ 5 nm with a polydispersion index of 0.2 £ 0.1 and 0.3 £ 0.1 for PEG AuNPs and PEG-
gg HFB-AuNPs, respectively. The characterizations reported 1n ref [15] demonstrated that the new
gz metal-protein nanchiocomplex had really a hybrid nature_ since the Vmh2 did not simply cover the
gg gold core nor it was bound to polymer ends. but it was intimately engaged with both hard and soft
g; phases (gold and PEG, respectively) in forming a single nanobiosystem.

§§ On the other side, we recently studied the ability of Vmh?2 to interact with glucose both in aqueous
g? solution and after self-assembling onto nanostructured materials [19. 4]. so that the aim of the
gg present study concerned the evaluation of PEG-HFB-AulNPs ability to still interact with glucose
%z molecules. even though the Vmh?2 protem wasmerged with gold-PEG core.

jﬁ Figure 3 (A, B and C) represents how UV-Vis spectra of PEG-HFB-AuNPs changed on exposure
%g to different concentrations of glucose solutions (0.3-0.6-1 2 mg/mL. respectively). The absorbance
jg of the localized surface plasmon (LSP) at 350nm decreased as function of time during the
g? interaction with glucosefor all concentration tested. The LSP absorbance 1s stable after 360 minutes.
Efé: The LSP signal was also normalizedto its value at 550nm. which took into account aggregation
gg phenomena due to mteraction with glocose molecules, and a dose-response behavioras function of
gg glucose concentration (Figure 3 D) was detected. Theexperimental data points could be fitted by
gg using OriginLab Software ™ Michaelis-Mentens exponential equation (1):

[Glucose] ( }

TMAX fm+[Glucoze]

¥y = AA

56



G0 C0 =] O e L) R =

Porous Silicon and Gold nanopatrticles based devices for biomedical applications

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT draft Page 8 of 17

where Adwg 15 the saturation pomt: K 1s affinity constant; [Glucose] 15 glucose concentration.
From this equation. we got a system affinity constant of 7.3+0.3 mg/mL, which corresponded to
about 40 mM. and a sensitivity in glucose monitoring ability of 0.13 £ 0.06 a.u/mg mL! (calculated
in the linearnity range of system response).

Figure 4 A shows the overlapped PM-IRRAS spectra of HFB, PEG AulNPs and PEG-HFB AulNPs.
Vmh? spectrum (Figure 4 A black curve) showed absorption band at 1670 em™ due to amide I
{C=0) and 1550 cm™'due to amide II. The peaks at 1460 and 1250 cm™! are typical of the stretching
mode of carboxylic groups (vC-0). PEG-AuNPs (Figure 4 A blue curve) revealed a band at 1115
cem™" due to C—O-C of the PEG polymer. In PEG-HFB-AuNPs spectrum (Figure 4 A red curve)
the presence of a peak in the region 1730 cm™ due to carbonyl bonds was detected. It should be
noted the PM-IRRAS signal was much stronger (about three times then HFB one) in case of PEG-
HFB-AuNPs spectrum. due to the coupling of infrared radiation to the LSP of gold surface. On

! peak area could be quantified for different

exposure to glucose, a varation of 1250 cm’
concentration of the sugar. Figure 4 B shows the values of 1250cm™ peak area of PEG-HFB-
AuNPs PM-IRRAS spectrum at 0.3-06-12mg/mlL glucose concentrations, fitted by OnginLab
Software ™linear curve model. In this case. the sensitivity. calculated as the inverse of the slope,
was equal to 0.14 = 0.01 au./mgmL™?. very close to that calculated by elaboration of UV-Vis data.
These results demonstrated that PEG-HFB-AulNPs preserved the ability of Vmh?2in glucose binding
even if engaged in the formation of the hybrid nanosystem.

DLS measurements after interaction with glucose molecules shaded light on the mechanism of
nanoparticle aggregationdue to sugar binding (Figure 5 A and B). The results highlighted again that
only in case of PEG-HFB-AuNPs a size change occurred, revealing an aggregation behavior such as
the one schematized in Figure 5 C: their size changed from 14 £ 2 nam to 47 = 7 nm. Further
investigations were performed using XPS measurements comparing PEG-HFB-AuNPs before and

after mteraction with glucose molecules (Figure 6) As showed by binding energy vanation. the

presence of glucose molecules partially fencedthe peak of N 1s [@100eV. and also COOH and
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1
2
i O=C-N contribution [@289.2 eV. On the other hand. CO signal @286.5¢V showed an increasing in
5 . . i :
E binding energy. confirming thePM-TRRAS data, so that Vmh?2-glucose interaction was transduced
7
g m a CO peak increase. CH contribution (@284.9¢V was reasonably more mtense after glucose
1? molecules interaction, while Au 4f @383.9¢Vwas decreased probably due to a rearrangement of
12
13 Vmh?2 that produced a fencing of gold core.
14
15 4. Conclusion
16
g In the present work, PEG-HFB-AuNPs were emploved in preliminary study of glucose monitoring
19
20 platforms development. Vmh? class I HFB from P ostreanis were used as both stabilizer and active
21
%‘% biomolecular probe in glucose interaction momtoring nanobiosystem development. All
gg experimental results highlighted thatVmh?2 gave ability to PEG-HFB-AuNPs to bind glucose also if
26
27 intrinsically engaged with gold core. Aggregation behaviour was proved by DLS measurements and
28
gg glucose interaction. as CO and CH signal ephancing, was proved by PM-IRRAS and XPS
31
12 speciroscopies. In conclusion, a novel hyvbrid bio/non-bio nanosystem was developed for both
33
gg interface stabilization and biomolecular interaction monitoring applications.
36
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41
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Figure 1. Schematization ofgold nanoparticles synthesis in presence of only PEG
diacid as surfactant (A)and in the presence of both PEG diacid and HFBs as
surfactants (B).
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32 Figure 2.TEM images of PEG-AuNPs(A) andPEG-HEFB-AuNPs(B)with correspondent size
33 data obtained by DLS characterization(C).
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Figure 3. UV-Vis spectra of PEG-HFB-AuXNPs interaction with glucose molecules at 0.3
mg/mL (A), 0.6 mg/mL (B), 1.2 mg/ml. (C) as function of time and trend of PEG-HFB-AuNPs
LSP at
concentration normalized with respect to the same LSP before interaction (D).
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Figure 5. DLS measurements of PEG-AuNPs before and after glucose interaction (A), PEG-
HFB-AuNPs before and after glucose interaction (B) and schematization proposed of
nanoparticles-glucose interaction (C).
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2.2.3 Synthesis and application of gold nanorods

Since their debut on the materials science scene, gold nanorods (AuNRSs) 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 hanosciences 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.
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Abstract

In this paper, we report an onginal method to immobilize gold nanorods onio mixed self-assembled monclayers
{SAMs) of Mercaptoundecancic Acid (MUA), Mercaptohexanol (MOH) and cysteamine {CY5) onto planar gold
surface. FPolanzation modulation infrared reflecton absorption spectroscopy (PM-IRRAZS). scanning eleciron
microscopy {SEM) and transmission electron microscopy (TEM) images revealed a remarkable shape and size
mamow distribution on well functionalzed gold surfaces, as well as a3 tendency fto form linear assemblies after
immobilization. The resuits highbght the good distribution of gold nanorods with an average length of 32.6 £ 0.8
nm and width of 13 £ 1.8 nm, the simplicity of the immobilizaton procedurs of gold nanorods and the interest of
wsing them as labels to enhance the sensitivity of FT-SPR-based senscors. gold nanostructured surface FT-3PR
measurements of biorecognition using gold nanorods immobifized onto gold surfaces were performed at warious
prostatic antigen specific {P5A) concentrations. from 5 mg/L to 0.5 mg/L reaching a system sensitivity of 37 £ 2 con/

mgl™,

Keywords: Gold nanorods; SAMs; FT-SPE; Blosensors
Introduction

Antibody Immaobilization Is an Important subject with a varlety of
purpeses such as in diagnostic Immunoassays. One of 1ts applications
15 the Immunosensor, 4 blosensor made by Immobilizing an antibody
monolayer onto a transducer, a support able to convert signals allowing
specific antigen blorecognition, which helps to make the sensor more
accurate, precise, and reproductble [11.

The formation of organtzed monolayers on surface by self-
assembling ts interesting In an increasing number of fields as surfaces
nanostructiration, chemistry, blology and molecular engineenng [2,3].
Self-assembling monolayers (SAMs) offer the posstbility to modify
the terminal functtons of thiol-chains to bind any type of ligands by
covalent, fonic or hydrogen Interactions [4]. Varlous aspects of surface
modification procedures, such as choice of surface matertal, types of
assembling molecules, physical organic propertles of the formed layers,
havelong been studied from pure scientific interest [ 5]. Todate a number
of stralegles have been adopted to assemble metal/semiconductor
nanospheres onto planar surfaces. Some methods include organization
of nanospheres via simple solvent evaporation [6], attachment onto
SAMs via covalent Interactions and by Langmuir-Blodgett (LB}
technique [7.8]. Immobflization of nanorods, surprisingly, has not
recelved comparable attention. El Sayed [9] have demonstrated that
simple solvent evaporation leads to the organtzation of gold nanorods
Into one, two, and three-dimensional structures. Others have recently
demonstrated a spontaneous self-assembly of gold nanorods In
concentrated solutlons to produce liguid crystalline arrays [10]. Most
of the above-mentioned methods use either nonspecific (nteractions
[11,12] or spectalized technigues for the organization of nanorods onto
2D surfaces. A simple method for programmated assembly of nanorods
using covalent interactions 1s yet to be Investigated.

SPR has the potenttal 1o be a useful techmique due to real-time
measurements, stmplicity of measurement, and posstble on-site
testing. One of the most useful applications of AuNPs in SPR sensing s

the improved detecilon of small molecules. The iImprovement has been
shown using both unlabelled and labelled techniques tncorporating
spherical AuNPs [13] or Au nanorods [14,15]. FT-5PR 15 an SPR-
derlvatized technigue based on the coupling between the Incident light
and the geld surface Plasmon waves. Conversely to “classical” SPR,
which measures changes in the angle of minimum reflectivity, FT-SPR
Is operated at constant angle, and measures changes In the wavenumber
corresponding to the minimum of reflectivity [16]. The Interface of
a Fourler Transform infrared (FT-IR) spectrometer to an SPR setup
provides the excltation light energy and readout detecting adsorption
at the solid-liquid Interface. Measuring changes In reflectivity as a
functien of the wavenumber, In the near-infrared {NIR) spectral
region, the Fourter Transform Surface Plasmon resomance (FT-SPR)
Instruments provide quantitative Information on the refractive index
varfation, and thus on molecular binding on a functionallzed gold
surface [17].

Prostaie Specific Antigen (PSA) is prostate cancer marker [18].
In order {o early diagnose the prostate cancer In men, studies on
development of an ultra-sensitive diagnostic tool are currently
performing [19]. Dedicated centralized laboratortes wse large,
automated analyzers, requiring sample transporiation, Increasing
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walting times and medical costs for PSA detection. Mear-patient
or point-of-care testing (POCT) are needed in order to reduce the
number of dinic visits, decrease costs to the patient and the healthcare
system, Increase patient satisfaction and improwve clinical outcome.
Blosensor development, based on nanoparticles and nanostructures
Integrating on different devices, have brought POCT for PSA detectlon
closer to reality. & PSA measurement abowve a cut-off value of 40 ng/
ml is generally regarded as positive and might indicate the need for a
biopsy [20]. Commercial SPR biochtp with signal enhancement using
a sandwich assay format are currently available and have a limit of
detection of 18.1 ng/ml [21].

In this paper. we have evaluated a simple and reproducible
method for labelling blomolecules with pold nanorods onto
gold surface without utilizing organic solvents, but relying on
electrostatic interactions between the posttively charged end-groups
of Cetyltrimethylammonium bromide (CTAB) and negattvely
charge of antibody. Gold nanorods synthesis and immobiltzation
were furthermore investigated combining Transmission Electron
Microscopy {TEM) and Scanning Electron Microscopy (SEM). Antl-
PSA was then covalently grafted onto well immobilized gold nanorods
and the recognttion of PSA was essayed by Polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) and Fourler
Transform Surface Flasmon Resonance (FT-SPR) measurements.

Matherials and Methods

Reagents

Tetrachloroauric  Acld (HAuCL), Cetyltrimethylammonium
bromide (CTAB), sodium borohydride (MaBH,), silver Nitrate
(AgNO,), Ascorbic Acid, 1-Mercapto-11-undecanoic acld (MUA),
l-mercapto-6hexanol (MOH), N-hydroxyseccinimide (NHS),
1-(3-dimethylaminopropyl)-N'-ethylcarbodiimidehydrochloride
(EDC), DMFE{Dimethylformammide for molecule biology 9%),
cysteamine (CYS), ethanol (Normapur 99%), buffer solution
(K+phthalate pH: 9; PBS pH: 7), Monoclonal Antibody-Prostatic (anti-
PSA), Prostatic Antigen Specific (PSA) and Bovine Serum Albumine
(BSA) were purchased from Sigma Aldrich (Saint-Quentin Fallavier,
France). All chemicals were used as such without further purification.
Milll ) water was used throughout the experiments. Gold substrates
for FT-SPR. measurements were deposited at the nstitute IMM-CNR
In Lecce (Italy).

Synthesis of Au nanorods (AuNr)

Manorods were made and purified following the well-established
seed-mediated procedure previously described [14]. Gold seeds
solution stabilized by CTAB, were prepared by reduction of Au* (0.01
M; 5 mL) ions by lce—cooled NaBH, (0.01 M; 0.6 mL) in the presence
of CTAB (0.20 M; 5 mL). After 4 h seed solutton was added to
solution containing CTAB (5 mL; 0.20 M), HAuCH (5 mL; 1x10-9M),
AgNO, (025 mL; 4x10-* M) and Ascorbic Acld (70 pl; Bx10* M). The
resultant solution was kept In dark for 24 h. The as-prepared solution
was centrifugated at 11.000 rpm for 26 min for three times and then
the supernatant was discarded and the residue was redispersed in an
equivalent amount of buffer solution (PBS pH: 7). This was repeated
twice principally to remove excess of CTAB. Stock sclutions were
stored at 27-29°C and characterized using UV -Vis spectroscopy and
transmission electron microscopy (TEM).

Chemical immobilization procedure
The schematic representation of the chemical strategy is depicted
in Scheme 1.

= - .
£ a & :.;EJ — ———
E" oM Im\‘::r?-j. a s

dt -

Scheme 1: Chemical fictionalization of gold nanorods on planar gold surface by
lateral view (left) and by frontal view (right): a) SAMs of MUAMOH; b) activation
by EDC/MHS and binding of cysteamine; ¢) binding of Gold Nanorods.

SAMs formation: Chemistry procedures based on SAMs of thiol
(MUAMOH 1/3) in absolute ethancl have been described previously
[22]. Briefly Au slides were immersed in 10-* M ethanolic solution of
MUA/MOH 1/3 for a perlod of 18 h under stirring. After this time,
the slides were rinsed In ethanol, dried In flowing nitrogen, and
characterized by PM-IRRAS spectroscopy.

EDC/NHS activation and cysteamine linkage onto SAMs
film: For immobilization of ammine group of cysteamine (CYS) via
carbodiimide binding method, the carboxyl groups of MUA on the
surface were activated with a 50 mM NHS and 200 mM EDC solution.
After 2 h under stirring the activating solution was removed, the
substrates washed and dried under nitrogen and used immediately for
CYS immobilization. For this purpose, the gold substrate was immersed
In an unstirred 10 mM ethanol solution of CYS at room temperature,
In the dark, for & h. The gold substrate was then washed with ethanol
and milll @ water to remove the excess of thiol and characterized by
PM-IRRAS spectroscopy.

Covalent Immobilization of gold nanorods onto cysteamine
$AMs films: The SAMs coated gold slides were immersed into the gold
nanorods solution for a period of 6 h under stirring, Thereafter, the
films were rinsed in detonized water to remove unbound gold nanorods
and dried in flowing nitrogen. These nanorods films were used for all
further characterization.

Antibody interaction: Antibody anti-PSA (5 mg/L In buffer
solution) was deposited on the nanostructured surface. After 1 h, the
surface was rinsed with buffer solution then milliQ) water for 10 min.
To assure the specifictty of interaction monitoring, a buffer solution
of BSA (5 mg/L) was then used to block the potential residual reacting
sites. After 40 min, BSA solution was removed by washing with bufer,
pure HO and dried under nitrogen. Specific antigen interaction
was then evaluated using a buffer solution containing PSA (5 mg/L)
during 1 h followed by rinsing and drying with the same procedure.
The as prepared nanostructured surfaces were analysed by PM-IRRAS
and FT-SPR at each step of interaction and the showed results are
the average of at least three measurements. As control test, a gold
surface functionalized by SAMSs and ant-PSA without step of gold
nanorods coating was used for PSA biorecognition monitoring. In
order to evaluate the sensitivity of the system, antigen interaction was
then evaluated using a buffer solution containing PSA at different
concentrattons (0.5, 2.5, 5, 10, 20 mg/L) during 1 h followed by rinsing
and drying with the same procedure. Each result here represented is the
average of at least three measurements.
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Instrumentation

UV-Vis spectrophotometer: All the absorption spectra reported
in this work have been recorded by ustng a double-beam Varian Cary
500 UV-Vis spectrophotometer. UV absorption spectra of the solution
of gold nanorods (AuNr), as synthestzed, and after Interaction with
protelns in baffer solution, were recorded in the 400-1000 nm spectral
range.

Transmission electron microscopy (TEM): TEM measurements
were performed with a JEOL JEM 1011 microscope operating at
an accelerating voltage of 100 kV. The TEM graphs were laken after
separating the surfactant from the metal particles by centrifugation.
Typically, | mL of the sample was centrifuged for 21 min at a speed of
L1000 rfmin. The upper part of the colourless solution was removed
and the solid fraction was re-dispersed in 1 mL of buffer solution (PBS
pH: 7). 2 pl of this re-dispersed particle suspenston was placed on a
carbon-coated copper grid and dried &t room temperature.

Scanning electron microscopy (SEM): SEM images were obtained
using a SEM FEG Hitachi SU-70 scanning electron microscope with a
low voltage of 1 kV and distance of 1.5-2 mm; the secondary electron
detector "In Lens™ was used.

Polarization modulation infrared reflection absorption
py (PM-IRRAS): PM-IRRAS spectra were recorded
on a commercial Thermo (Les Ulls- France) Nexus spectrometer.
The external beam was focused on the sample with a mirror, at an
optimal incident angle of 80°C. 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 prior to the sample. The light reflected
at the sample was then focused onto a nitrogen-cooled MCT detector.
The presented spectra result from the sum of 128 scans recorded at a 8
cm-1 resolution.

Fourier transform surface plasmon resomance (FT-SPR): SPR
sithstrates were prepared starting from 25 x 25 mm? SF10 slabs; then
a Ti/Au (2 nm/50 nm) metallic multtlayer was deposited on the slabs
by e-beam evaporation. The presence of T1 layer was only for adhesion
purposes. Then, the substrates were annealed 1n atr at 200°C in order
to obtain the optimum conditfons for antigen Immobilization in
terms of the best surface roughness and proper (111) crystaflographic
orlentation. As-prepared pold-coated substrates were first cleaned
for 10 min in a botling solutlon consisting of H O, {30%) and milliQ
water (1:5 ratio). After cleaning, the chips were thoroughly washed
with milliQ water, lefi in ethanol for 1 hand dried under a stream of
nitrogen.

FT-SPR measurements were performed with an SPR 100 module
from Thermo equipped with a flow cell mounted on a goniometer.
It was Inserted in a Thermo-scientific Nexus FT-IR spectrometer
using 2 near-IR tungsten halogen light source. The Incldence angle
was adjusted to have the minimal reflectivity located at 9000 cm ', at
the beginning of each experiment, so as lo be in the best sensitivity
reglon of the InGaAs detector. Immaobilization of monoclonal mouse
antibodies agalnst rabbil PSA (anl-PSA; 5 mg/L), on the previously
functionalized gold surface, was carried out tn the test chamber {10 pl/
min; T: 27°C).

Results and Discussion

The seed-mediated growth fs the most popular method for the
synthests of collodal AuNr due to the stmplicity of the procedure, high

quality and yield of nanorods, ease of controlling particle size, and
flextbility for further chemical modtfications [14,23]. Figure [ displays
the localised surface plasmon resonance {LSPR) bands of AuNr with
a strong resonance band at around 708 nm corresponding to the
longitudinal plasmon oscillation [24] and & weaker one al ca 510 nm
corresponding to the transverse plasmon oscillation band confirming
the presence of elongated AuNr tsolated from each other. Figure 2
shows TEM Invest!gation that reveals good dispersion In size and
shape of nanorods with an average length of 326 £ 0.9 nm and width
of 13 + LB nm, estimated from ca.100-350 rods. The immobilization
of AuNr onto planar gold surface using by SAMs functionallzation,
was performed by PM-IRRAS providing to identification of chemical
groups onto gold planar surface after each step of functionalization.
Flgure 3 (spectrum a) was obtained after actd-terminated thiolates
MUA/MOH immobtlization (scheme 12} where 1t 15 observed the
absorption bands of the symmetric vCOO and vCH, around 1543
cm! and also the vCOOH at 1673 cm . Figure 3 (spectrum b) shows
the spectra of the surfaces modified by EDC/NHS {scheme 1ib)
that reveals a strong absorption at 1760 cm' due 1o v C=0 In ester
functions confirming the activation of ‘COOH of MUA molecules.
Flgure 3 {spectrum ¢ after CYS modification (scheme 1b) exhibits
C-N stretch and NH deformation modes at 1640 cm, respectively and
an intense NH deformation mode at 1550 cm . Figure 3 {spectrum
d) was obtained after AuNr immobiltzation (scheme 1c) highlighting
the nature of Interaction between AuNr and SAMSs coated gold planar
surfaces: a C-N* absorption can be seen at 1230 cm! close to the one

h L L L )
] 200 100d 1200
Wavelenght {nmj)
Figure 1: U\ Vis spectra of gold nanorods (A max=T08 nm, black line).
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Figure 2: TEM mages of gold nanorods (leftjand particde size distribution
{mght).
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sensing layer (amlde band area 20 + 2 a.u for antl-PSA + BSA+ PSA).

\ Furthermore, PSA biorecognttion was imvestigated using AuNr
|| : coated on gold surface by SAMs procedure tested in this work (Flgure 6
fra] M B —— A black line and Bline IT) in comparison with a gold surface not coated
gl N W Samy/ WA, D with AuNr (Flgure 6 A red line and B line I}, were then monitored by

/r\f\ FT-SPR measuremnents. Attime 20 min, a solution of antl PSA (Smg/L)
c was injected for 54 min; then a busfer solution {(K+ phthalate pH 9) [ 14]
0.05 was flowing to remove any weakly bound antibody ytelding a FT-SPR
wavenumber value of about 8395 cm?! (primary response). At time 55
M min, a solution of bovine serum albumin (BSA; 5 mg/L) was injected
NN iy
el L1 e '|IIUII |1.‘IIJ 1?‘"‘! I“II.H.I

e Ui fam ) 0.05

Figure 3: PM IRRAS specira recorded afier MUAMOH treatment (), EDCY
NHS acfivation (b}, Cys immobilization {c). gold nanorods incubation (d).

Figure 4: S5EM images at three magnifications of gold nanorods, afier .
immebilization on to a planar gold surface by SAMs approach. s

e e e i it
i i L i

2200 2000 1200 1600 1400 1200 1000

Wavenumber (cm)’

Figure 5: PMHRRAS specira obtained after adsorpfion of anti-P5SA (green line),
ant-PSA:BSA (black line) and PEA+BSA: ant-PSA (red line).

reported by Nikobakht and El- Sayed, Indicating the presence of CTAB-
coated AuNr [25]). Mew bands centered at 1390 and 1468 cm! and a
very weaker peak at 1532 cm! appear corresponding to the carboxylate
asymmetric stretch modes [26]. These findings indicate formation of
a binding between the ammontum head group of CTAB-coated gold
nanorods with the cysteamine modified-carboxylic acid groups of the
SAMs. Flgure 4 shows SEM characterization where it 15 shown AuNr
well aligned on the SAMs surface due tolinkage descript above. Thanks
to the findings, it Is deducible that immobilization of AuNr via covalent |
interactions by SH of cysteamine layer Indince order on nanorods mm

[

|

L

L1

Immobilization on gold planar surfaces.

Inorder to Investipate the ability of the as iImmaobilized AuNronto
gold surface a set of PM-IRRAS data taken after proteins interaction | m
where also acquired (Figure 5). After treatment by anti-PSA solutton, ] g o
the onset of intense amide ] and [ bands at 1650 and 1550 cmr, confirms : g
the successful iImmobilization of anttbody (Figure 5 spectrum a). When b
this antibody-terminated layer was submitted to BSA adsorption, its S|

spectroscopic signature was unchanged (Figure 5 spectrum b) (amide R

band area equal to 14.8 + 0.2 a.u. and 14.6 + 0.2 a.u for anti-PSA and =

ant-PSA + BSA, respectively), Indicating that no significant amount Elg;‘! 6: SPR dﬂrﬂﬁ:ﬁm surface by mt&dm
of BSA molecules were adsorbed. Finally, the interaction with PSA liimtat l sk fare! “"l! Expalzchy e -
sohution led to a considerable increase of amide band area (Flgure 5 coated ms::”dm SAMs ;,-:Edum [m:fur:;nﬂ m‘“ﬂ
spectrum c} evidencing the efficlent recognition of the target by the proteins as function of time.
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for 10 min without inducing any wavenumber change. After washing,
the wavenumber value slightly decreased, lkely due to desorption
of wezkly bound proteins (second responsel; then the wavenumber
tended to an equiltbrium value at 8164 cm'. These wavenumber shifis
indicate that protetns, antl-PSA and PSA, significantly bind the surface.
The shifts corresponding to each binding step are reported tn Table 1.

It should be noted that, for identical concentrations, when the
proteins are grafted to AuNr immobilized onto gold surface, the
wavenumber shift is two times higher than PSA recognition by anti-
PSA immobtlized on the SAMs layer without AuNr Immobilization.
In order to determine the sensitivity reached by SAMs-AuNr based
nanodevices, FT-5PR measurements of biorecognition were performed
at varlous PSA concentraions, from 5 mg/L to 0.5 mg/L. Flgure 7
shows on the left graph the dynamical responses as a function of time
for each target concentrations and on the right graph the lnearity
of SPR shifi response when the PSA concentratlon decreases. The
calculated slope of linear response given by this sel of experiments
Is 37 = 2 cm®/mgl.! that represents the sensitivity of the system.
In conclusion, we successfully developed a novel simple covalent
approach using mixed SAMs strategles to link AuNr on gold planar
surfaces originating a well ordered active layer. Gold substrates were
finally functionalized for interaction monitoring of antl-PSA with PSA
The findings highlighted AuNr coated gold surface as able Lo doubles
the SPR Interactton responses. Many authors, proved the assembling
importance for biosensing applications: Jena [27] demonstrated that
uslng a nanostructured matertal as gold nanoparticles Integrated
with a dehydrogenated enzyme well self-assembled 1t was originated
a stable and fzst response for electrochemical biosensing; Polinn [15]
highlighted that stable gold nanorods based nanoblosystem self-
assembled on gold surfaces reveals an efficient detection of lezd lons for
environmental monitoring applications. On this path, an extraordinary
variety of structures, propertles, and applications 1s avatlable for AuNPs
motivating many studies and applications in interdisciplinary research
involving chemitstry, physics, biology, and medicine [28].

Conclusions

In this paper, we described a new concept of functionalization and
self-organtzation of gold nanorods, bearing CTAB positively charged
ligands, in order to bind proteins in an anlsotropic way, and form
lingar chains after funcionalization. The developed method does

Planar 5AMs Gold surface | AuNr linked onto Planar
{Acm™) SAMs Gold Surface [Acm)
Anti-PSA {3 mgiL) 206 800
PSA {5 mglL} 110 240

Table 1: FT-5PR shifts observed upon binding of anti-P5A, recognition of PSA.

Wavenumber shifl { ::-'i]

fo s d il vk b T o
Tirrm i,

[ W w oM o=
Caivienfratisn (mgl)

Figure 7: 5PR shift of Au MNr coated on gold surface by SAMs procedure during
interaction with PS4 as function of time at different concentrations (left) and
trend of SPR shift by increasing concentration of PSA (B}

not require the use of organic solvent; the easy and versatile way, of
forming such hybrid anisotropic nanostructures may have a wide range
of applications, particularly using thetr optical properties to blosensors.
Furthermore, ability of gold nanorods to enhance the interaction of
SPR substrates with PSA molecules with an effective senstuivity (37 £ 2
cm 'fmgL '} and specificity {no aspecific responses afier BSA Interaction
were found netther by PM-IRRAS nor FT-8PR techntgues) was finally
proved. Further work will aim at optimizing the stze and shape of gold
nanostructures for biosensor signal enhancement.

References

1. Dai Z, Yan F. ¥u H. Hu X, Ju H [2004) Movel amperometric immmunosensor for
rapid separabion-free immunoassay of carcinoembryonic antigen. J Immunol
Methods 2687: 13-20.

2. Malem F, Mandier D [1883) Self-assembled monclayers n slectranalytical
chemistry. application of O-mercapio carboxylic acid menolayers for the
elecirochemical detection of dopamine in the presence of a high concentration
of ascorbic acid. Anal Chem 85: 37-41_

3. Lee W, Oh BE, Min Bae ¥, Paek SH, Hong Lee W, et al. (2003) Fabncation of
seff-assembled prodein A monolayer and s application as an immunosensor.
Biosens Bioelectron 18: 185-182.

4 Kramer B, Rarey M, Lengauer T {1800 Evafuation of the FLEXX incremental
construction algorithm for protein-igand docking. Proteins: Structure, Function
and Bioinformatics 37- 223-241.

Salloum DS, Schlenoff JB (2004} Protein adsorption modalities on
polyelectrolyte multilayers. Biomacromolecules 5: 1082-1088.

8. Sau TH, Muphy CJ {2005) Sel-Assembly Pattems Formed upon Solvent
Ewvaporation of Agqueous Cetylmmethylarmonium Bromide-Coated Gold
MNanoparticles of \lanous Shapes. Langmasr 21: 2023-2020.

7. Lowe JC, Estroff LA, Knebel JK, Nuzmo RG, Whitesides GM ([2005) Self-
assembled monolayers of thiclates on metals as a form of nanotechnology.
Chern Rev 105: 1103-1168.

8. Tao A, Kim F. Hess C. Goldberger J, He R. et al. (2003) Langmuir-Blodgett
Sihver Manowire Monolayers for Molecular Sensing Using SwfaceEnhanced
Raman Spectroscopy. Mano Letters 3: 1228-1233.

O Nikpobakht B, Wang ZL. E-Sayed MA {2000} Seli-Assembly of Gold Nanorods.
J Phys Chem B 104: 3335-3840.

10. Jana NR, Gearheart LA, Obare 50, Johnson CJ, Edler KJ. et al. {2002} Liquid
crystalline assembbes of ordersd goid nanorods. J Mater Chem 12: 2809-2812

11. Yu C. Irudayaraj J (2007 Muftiplex biosensor using gold nanorods. Anal Chem

78: 5T2-574.
12. Gole A, OrendorT CJ, Murphy CJ (2004) Immobilization of gold nanorods
i seff-assembled monolayers via elechrostatic mteractions.

n

onto acd-terminated
Langruir 20: T117-7122

13. Szumerits 5, Spadavecchia J, Boukhemoub R (2014) Surface plasmon
resonance: colloidal gold nanoparticles-based amplification for enhanced
sensifivity. Review Anal Cham 33: 153-164.

14 Spadawecchia J, Casale 5, Bowjday 5, Pradier CM {2012} Bioconjugated gold
nanorods o enhance the sensitivity of FT-5PR-based biosensors. Colloids Surf
B Buinterfaces 100: 1-8.

15 Politi J, Spadavecchiz J, lodice M. de Stefano L (2015) Obgopeptide-heavy
metal interaction monitoring by hybnd gold nancpartcle based assay Analyst
140 1408-155.

18. Frutos AG, Webel SC, Com RM {1900) Mear-infrared surface plasmon

resonance measurements of ultrathin flm and Fourer transform SPR
speciroscopy. Anal Chem 71: 2835-2840.

17. Hanken DG, Com RM (1895) Variable Index of Refracton Uktrathin Féms Formed
from Self-Assembied Zirconawem Phosphonate Multiayers: Characterization by
Surface Plasmon Resonance Measurements and PolarizationModulation FT-
IR Spectroscopy. Anal Chem &7: 3767-2774.

18. Csaki A, Kaplanek P, Maller R, Fritzsche W {2003} The optical detection of

individual DMNA-conj gold nancparticle labels after metal enhancement.
Nanotechnology 14: 1282-1284.

J Biasens Biosiectron
[32M: ZISE-£210 JESEE. an open oD joumna

72

Yohine 6 * lxFie 2 ¢ WR001ET



Porous Silicon and Gold nanopatrticles based devices for biomedical applications

Citation: Politi J. Stefano LD, Casale S, Spadavecchia J (2015) Original Covalent Approach for Gold Nanorods Immobilization onto Acid-Terminated-
Cysieamine Seif-Assembled Monolayers for FT-SPR Biosensor Applications. J Biosens Bioelectron 8: 187, dois 10 417 22 155-821 010001687

Page G of &

19 Hayat Colloidal MA ([18688) Gold: Principles, Methods and Applications.
Academic Press Inc, CA.

20 Healy DA, HayesC.J Leonard P, McKenna L. O'Kennedy R (2007) Biosensor

application to prostate-speciic anbgen detection. Trends
BﬁmednoiZﬁ 125-131.

21.Cao C, Kim JP, Kim BW, Chae H, Yoon HC, et al. (2008} A strategy for
sensitivity and specificity enhancements in prostate-specific anbgen-aipha-
f-anti-chyrmotrypsin detection based on surface plasmon resonanceBicsens.
Binbecton 21: 2106-2113.

22 Thébault P, Boujday 5, Sénéchal H, Pradier CM {2010) Investigation of an
Alergen Adsorpbon on Amine- and Acid-Terminated Thiol : Influence on
Their Affinity to Specific Antibodies. J Phys Chem B 114: 10812-10618.

23 Jana NR, Gearheart L, Murphy CJ (2001) Seed-mediated growth approach for
shape-controlled synthesis of sphenoidal and rod-like gold nanoparticles using
3 surfactant template. Adv Mater 13: 1338-1383

Citation: Pofti J. Stefano LD, Casale 5, Spadawecchia J (2015} Oniginad
Covalent Approach for Gold Manorods Immobdzation onto Acid-Teminated-
Cysteamine Self-Azsembled Monolayers for FT-5PR Biosensor Applications. J
Biosens Bioelactron &: 167. doi: 10417272 155-6210. 1000187

24 Jana NR, Gearheart |, Murphy CJ [2001) Seeding growth for size control of
5-40 nm diameter gold nanoparticle. Langrresr 17 B7TE2-6786.

25. Nikoobakht B. El-Sayed MA (2003) Preparaten and Growth Mechanism of
Gold Nanorods (MRs) Using Seed-Mediated Growth Method. Chem Mater 15
1B57-1862.

26. Chapo CJ, Paul J8, Provencal RA. Roth K, Saykally RJ (129E) Is Arginine
Zwntterionic or Neutral in the Gas Phase? Results from IR Cavity Ringdown
Spectroscopy. J Am Chem Soc 120 12856-12867_

27 Jena BE, Ra CR {2008) Electrochemical biosensor based on integrated
assembly of dehydrogenase enzymes and goéd nanoparticles. Anaf Chem 73:
G332-6330.

28. Damiel MC. Astruc D (2004} Geld Manoparficles: Assembly, Supramolecular
Chemistry, Guantum-Size-Related Properties, and Applications foward Bicdogy,
Catalysis, and Manotechnology. Chem Rew 104: 283-346.

Submit your next manuscript and get advantages of OMICS
Group submissions
Umiqur foarhuree:

*  Uner friondly foasisls wabrits-sondafion of por gapsr to 50 wadd's lsading languasss

Submit oo momsipt o e seiomning g wokming o

A Biasers Bioelectron
EBON: 2IS5-£210 JESSE. an open 300253 joumal

73

WVolime & * =sue 2« WHOO1ET



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

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 maodifies 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.
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ABSTEACT

Phytochelatins (PCs). olipomers of glutathione, naturally chelate heavy metals in agqueous solution.
Unforhmately, these small peptides cannot be used as covalently bound bioprobes on transducer
surfaces since thev promote corrosion of sensor standard supports. such as gold and porous silicon
(PS1). In this work. we have chemically modified a commercial PC oligopeptide by a poly-Iysine
(Lys) chamn, which turns the isoelectric point from 4.2 to 6.9. The PC-Lys bioprobes have been
successfully immobilized on both porous silicon multilayver and flat gold surfaces. Inferaction of
PC-Lys and Lead (II) ions in agueous solution has been quantified by optical spectroscopic
reflectometry and quariz crystal microgravimeiry. Both sensing systems are reversible and reveal an
affinity between the molecular complex and its ligand in the range of 10™** M and sensitivities of
0.18 ppb/om (045 pMnm) and 0.07 ppb/Hz (0.17 pM/Hz) for PSi based reflectometry and

mucrogravimetry. respectively.
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1. Introduction
Biosensors are generally constituted by a biclogical recognifion element, the so-called bioprobe
(which can be 2 DNA single strand, an enzyme, a protein. and so on) properly conjugated with a
fransducer component that converts Diomolecular interacfions info signals (optical, electrical
electrochemical, gravimetncal), providing final read out fo users. In last twenty years. a silicon-
derived material, namely the porous silicon (P5i). has been widely stdied due to ifs peculiar
properties (Cullis et al.. 1927, Snow et al . 1999, Theif31 1997, Lockwood, 1994). PSi is fabricated
by electrochemical etching of doped crystalline silicon in hydrofluoridric acid (HF) water solufions
(Satlor, 2012), and exhubits a sponge-like morphology characterized by a specific surface area up to
200 — 500 m* cm (Laurell et al.. 1996) so that it can be very sensitive to the presence of biological
of chemical species which penetrate inside the pores. Moreover, since the dissolution of silicon s a
charge-mediated self-stopping process, tuning the etching parameters (ie. eftch time HF
concentration, doping level, and so on) allows modulation of P51 porosity in each laver, which in
fums permits the fabrication of mmltilavered stmactures. Due to high air content (up to 80-85 %), PS1
is almost perfect electric insulator. while, from the optical point of wiew, the smoothness of
inferfaces between low porosity and high porosity layers 1s very high, so that good quality optical
gpectra can be obtained from visible fo near infrared wavelength region (300-1600 nm), both in
transmission and reflection. Several photonic nmiltilavers devices have been demonstrated, such as
optical microcavity, Bragg mamors, rugate filters. and the Thue-Morse (T-M) sequences; all of them
showmng high quality factors and sharp optical resonances. Since on exposure to biochemical
substances the average refractive index drastically changes. PSi can be thus used as smart opfical
transducer material (Rea ef al. 2009). In parficular. we demonstrated that T-M PSi optical structure,
due to characteristic alternation of porosity lavers. is more sensitive than symmetric nmltilavers
(Moretti et al., 2007). Maimn drawback of this fascinating material is its chemical instability: as-

etched P51 quickly ages on exposure to atmosphere since 5i-H bonds tend to be substituted by 51-0-
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5i ones, but also oxidized P51 is easily corroded in aqueous environments (Calio et al., 2013).
Chemical and biological passivation procedures have been published allowing finctionalization and
stability of PSi supports (Bjorkquist et al.. 2003, De Stefano et al.. 2008).
Another quantitative measuring technicue, commonly used in the development of biosensors. is the
Chartz Crystal Microbalance (QCM) technology (Della Ventura et al., 2016, Nicolini et al., 2012,
Spera et al., 2013a, Spera et al., 20130). QCM 15 currently used to measure extremely small mass
changes. down to nanograms, with high sensitivity. becoming a cosi-effective tool in biosensing.
Standard QCM exploits the piezoelectric quartz resonators (QRs) properties in quantifying the
resonance frequency shift Af when a mass m is adsorbed to or desorbed from their surface,
according to Sauerbev's equation (1):

Aff=(Am/Apl) (1)
where f; 15 the fundamental frequency of QF. 4 is the area of the gold layer partially covering the
QF. dm 1s the mass vanation corresponding to frequency shift 47 and p and [ are the quartz density
and thickness, respectively (Nicolini et al |, 1905},
The P51 and QR surfaces can be both finctionalized with bioprobes in order to realize optical and
nanogravimetric biosensors, respectively. Cmcial point in biosensors development is bioprobes
conjugation that can be used for immebilization onto the transducer surface. One of the most useful
bicmolecular probes for heavy metal ions detection is a family of oligopeptides able to bind them
named Phytochelatins (PCs). PCs are small, heavy metal-binding protems with general stucture of
(v-Glu-Cyvs)uGly (n=2-11) that complex with toxic metal ions: a well known mechamsm developed
in vegetal world to protect fiungi and plants in nature (Grill et al | 1985, Piechalak et al.. 2002, Salt
and Fauser. 1905}, Unforfunately, PCs cannot be easily covalently graffed to solid surface: in
presence of ligands. molecular binding triggers charge-mediated corrosion of bioconjugated
supports.
In this work, we describe svnthesis of Phytochelatin 6 (PCs) modified by Lysine chain (six amino-

acid fail) and immobilization on P51 T-M and QF. surfaces by a proper functionalization strategy.
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The novel PCs-Lyss svnthetic oligopeptides fix supports comrosion and effectively detect lead 1ons
in solutions. Spectroscopic reflectometry, gravimetnc analysis and scanning electron mucroscopy

were used as characterization techmiques.
2. Materials and methods
2.1. Porous silicon fabrication

P5i structures were fabricated by electrochemical etching of crystalline 5i (0.001%cm resistivity.
=<100= onenfed. 500um thick) in HF (50% in volume), water and ethanol solution (1:1:1) in dark
and at room temperature (RT). PSi-based T-M realization and characterization was previously
studied (Moretht et al., 2006). Briefly. starting from low porosity (high refractive index. H) - high
porosity (low refractive index. L) bilaver, the 2" lavers T-M sequence was generated following the
substitution rules H—HL and L—LH into the 2% layers structure. so that the sequence of the 64
lavyers can be expressly written as
LHHIHI I HHIITHTHHT HI T HTHHTTHHT HILT HHT T HTHHLIHHTHI T HT HHTHITHHILH
LHHL. A current density equal to 100 mA/cm” was applied for 1.6s. to obtain the high refractive
index (ng=1.7% at 2=733 nm) layers with thickness dg=120nm and a current density of 200 mA/em”
for 12 s for the low refractive mndex (nr=1.353 at =753 nm) layers with thickness dr=156 mm
Refractive indexes and thicknesses were determined by spectroscopic ellipsometry on single laver
samples (data not showed here). For each laver, time breaks of 55 were used durning etching process
in order to recover HF concentration at dissolution edge and start next layer formation with zero
current density, so that variation current 1s always the same for each laver. The etching area was
0.98 cm’. After the electrochemical process, pores dimension was increased by ninsing the “as-
etched” porous silicon structures in KOH-ethanol solution (1.5mM) for 15 min (Herino et al.
1987). Even if PSi stacks are made of several tenths of porous layers, the reflectivity spectra are of
very good quality 1 a wide range of wavelengths. as shown in Figure 51 in Supporting Materials.

Then. the devices were thermally oxadized in order to prevent uncontrolled environmental aging and

81



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

limit comrosion in alkaline solutions (Charmad et al | 1998). Oxidation has been performed in oven
on exposure to pure O, applying a two-step process: 30 nun at 400° C followed by 15 min at 800
“C.
1.2 Modified peptides synthesis and characterization
PCs-Lyss (4me) was produced by Pomm sol (Ttaly) following our indication on the position of
Ly=sine chain with respect to PCs onentation by standard solid-state synthesis procedure. A solid
sugar-like powder with a solubility of 1 mg'ml. in H;O was obfained and released. Molecular
weight and punty were characterized by MAT DI-TOF Spectrometry and HPL.C, respectively. Mass
spectrometry revealed a 2235 23 Da oligopeptides. while chromatogram highlighted purity higher
than 95%.
2.3 Chemical biomodification

21.3.1. Porous silicon biomodification
PSi surfaces were biomodified by following a well-established method (Terracciano et al.. 2013},
Figure 52-A shows the fimctionalization procedure needed to obtain primary amine on PSi
surfaces: the first passivation step is the oxidation of P51 1n order to stabilize the surface agamst
spontaneous aging due to the Si-H groups on its surface just after the fabrication. Thus. oxdized
PSi was treated in piranha solution (H;50,H,O. 4:2) at BT for 30 mimites in order to activate 5i-
0-51 1n S51-OH groups. After several washes in distilled water (DI-H;() and draing under M. the
samples were treated with a solution of 3% 3-{amunopropvijinethoxysilane (APTES) (Sigma
Aldrich) in anhydrous toluene for 30 numites at BT, washed with anhydrous toluene three fimes.
cured on a heater at 100°C for 10 munutes and washed agam twice with anhydrous toluene. The
silanized PSi samples were treated with the cross-linker Bis [sulfosuccinimidyl] suberate (BS® by
Thermo scientific. USA) 1.7mM in PBS 1X at 4°C for 4h, washed three times with PBS 1X and
once with DI-H;O. BS® brings a sulfo-N-hydroxysulfosuccinimide (sulfo-NHS) group that reacts
with pnmary amines at pH 7-9 to form stable, covalent amude bonds (Mattson et al. 1993). In this

way the BS® binds from one side to the primary amines available on PSi silanized surface, and, on
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the other side. to the primary amine exposed bv PCs. The PCy (AnaSpec IGT group) and PCs-Lys;
(Primm s.rl) were diluted in PBS 1X in order to obtain 2mM concentration. The samples were

incubated at 4°C for 2h

2.3.2. Quariz resonators biomodification

In Figure S2-B 15 reported the biomodification of QR using thiol-PEG-amine to obtain pnmary
amines on QR surfaces. Thiol PEG Amune, (JenKem Technology USA) was flowed in the QCM
cell at 2mM concentration in PBS 1X and leaved in mcubation for 2h at RT. After extensive rising
of PEGvlated-QR. (5 minutes at 5 rpm) in PBS solution the functionalization was completed. as
well as in the case of PSi. using BS® and PC, and PCs-Lyss.

2.4. Lead ions interaction monitoring

Interaction between as-described biomodified surfaces and lead (II) ions solutions was followed
using spectroscopic reflectometry and QUM characterizations using 100 pL of lead (II) ions

solutions at 100, 50, 25_ 10. 5, 2 ppb concentration.
1.5. Spectroscopic reflectometry

The refiectivity spectra of P5i photonic stmuctures have been acquired using a simple experimental
sefup: a Y optical reflection probe (Avantes) was used to guide the input white light on the PSi
samples and the output signal to Optical Spectrum Analyzer (OSA by Ando AQG6315A) (see Figure
51 in Supporting Materials. where the spectrum of the as-etched T-M sequence together with the
schematic of &4 lavers are reported). The spectra were acquired at normal incidence. with resolution

of 0.2 nm, at least three times in order to have an average spectmim of each sample.
2.6. Quartz Crvstal Microbalance measurements

The mass variafions have been measured by a QCM (WNovaetech Srl Italy), connected to a
computer by a producer-released soffware (see Figure 53 in Supporting Matenials). The QR (IEV

5.rl. Italy) has a fundamental nonunal frequency of 10 MHz. a blank diameter of 8mm and a gold
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lamina diameter of 45 mm. The fluidic apparatus consists of a GILSON pernstaltic pump. two
Tvgon® silicone tubes with diameters of 0.76 mm for the in and out flows. A microcell with an
approximate volume of 30 pl. contains the QF.

2.7. Scanning electron microscopy

Morphology of P51 biochips. modified up to PCs; and PCsLyss, were mvestigated by scanning
electron microscopy (SEM). SEM 1mages have been performed at 5KV accelerating voltage and
30pum wide aperiure by a Field Enussion Scanmng Electron Microscope (Carl Zeiss NT5 GmbH

1500 Faith FESEM). Both secondary emission and in-lens detectors have been used.

3. Results and Discussion

Tt 15 well known from literature. and also from our previous experience, that PC; oligopeptides.
adsorbed on manoparticle surface or electrodes, can be effective bioprobes for heavy metals
moniforing in agquecus solution (Politi et al., 2015, Adam ef al., 20035). Nevertheless. the fabrication
of a PCs based biosensor requires a proper immobilization strategy of these biomolecules onto the
surface of transducer materials. 1. porous silicon and gold. in the case considered. In particular, the
design of a device for quantitative determination of heavy metal concentration should be based on
covalent surface grafting since adsorption could be procedurally simpler. but also result in
disordered assenibly and different amount of bioprobes on each surface; while a covalent binding
approach should guarantee befter performances and less variability among different instruments.
Functionalization procedure depended on the namire of transducer surface: in case of porous silicon,
the chemical passivation_ sketched in Figure S2 (A). was based on adding layer of materials that
expose specific reactive groups. Spectroscopic reflectometry was used to quickly asses the outcome
of functionalization steps: since nmltiple layers of chemical and biological matter were added to P51
structure. a red-shift of the optical spectrum was expected due to the increase of average refractive
index. Quantitative results are presented in Ficure 1: looking at the cxadised PSi T-M peak @o44

nm a red shift of about 30 nm after APTES deposition was achieved. and an additional one of about
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20 nm was caused by the cross-linker BS®, according to a thinner film formed on the PSi walls with
respect to the self-assembled silane (Ouyang et al, 2008). Last functionalization step was
imncubation of PCs bioprobe: an unexpected blue shift of about 16nm was revealed. This effect
suggested that the biofunctionalized T-M resulted optically less dense than before PCs incubation
which, in furns. meant that some matter (silicon. APTES, BS® or a combination of these three) was
subtracted from chip surface. As it can be noted in Figure 2, PC;s chemical structure 1s composed by
seven carboxylic groups in lateral chain (due fo ghitanuc acid presence) and just one amino group
present in o position, with an iscelectric poimnt (pI} equal to 4.2: these features could be both
responsible of PSi corrosion through charge exchange and basic aggression (De Stefano et al.,
2009y, PCs engineenng was thus needed in order to have a bioprobes with a final pl around 7, and a
neutral solution during the bioconugation of porous silicon devices. We designed a Phytochelatin-
like oligopeptide (PCs-Lvsg). whose chenucal formula and ball-stick model are shown i Figure 2,
mchuding a carboxy-terminal chain of poly-Lysine (pI=6.9). and used it in the last step of
finctionalization this time, we registered by spectroscopic reflectometry a further red-shuft of about
3 nm (see Figure 1 B). This small spectrum shift was of the same order of that observed in case of
small bicprobes bound on PSi surface in other published works (De Stefano et al., 2013, Lee and
Fauchet, 2007). The comosive effect of PCs with respect to PCs-Lyss was well evident by SEM
characterizations (Figure 3); affer incubation of nomodified PCs P51 surface appeared highly
wrregular and partially dissolved, whereas a classic smooth and homogeneous image can be detected
after immobilization of PCs-Lyss.

The bioconjugation procedure was also characterized by real-time monitoring each
functionalization step of gold on QR rezonators, by using the QCM technique. Figure 4 (upper
graph) shows a frequency decrease just after the BS® cross-linker. corresponding to a mass increase
that demonstrated a successful binding of thiol-PEG-amine and B However, when PCs molecules
interacted with QF. the data showed an increasing of frequency, comesponding to a mass decrease

also in this case. again in qualitative agreement to the blue shift obtained by spectroscopic
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reflectometry data. QCM experimental results underlined that the final oscillation frequency was
even lower than Thiol-PEG-amine-QF. frequency (see the insef in Figure 4. upper graph). according
fo the red shift between the specira post APTES and PCs grafting steps on P51 surfaces. Figure 4
(bottom graph) represents the results of PCs-Lyss bioconjugation onto QR surface: the amino-
modification of the olisopeptides was agamn successful since a decrease of about 11 Hz in QR
frequency oscillation can be noted in inset of bottom graph. comresponding to the PCs-Lysg mass
covalently bound onto QR surface. Since the QUM balance had a sensitivity of 1.4 Hz/ngr (Della
Ventura et al. 2016), the PCs-Lyss mass was quantfified as about 72 ngr. comesponding to a
surface density of 49 ngr/cm’.

After successful bioprobes inmmobilization optical and gravimetric monitoring of mnteraction with
lead (1T} were performed both by reflectometric spectroscopy and quariz crystal microbalance
feclmiques. Figure 5 reports optical measurements by spectroscopic reflectometry performed onto
PCs-Lyss modified-PSi devices. In particular, panel A shows the trend of reflectivity peak @%44nm
that after aqueous solution infiliration (needed to obtain a proper blank) shifted to 1040nm as a
function of lead (II) 1ons concentration Experimental data could be fitted by Onginl ab Software ™
Hill model equation (2):

¥= (2% pf Lead])/ (km+{Lead]} (2)

where Al 15 the saturation pomt: Kw is affimity constant; [Lead] 1s Lead (II) 1ons concentration
The Hill mode] is a Langmuir-like equation, which assumes that just one site of reaction was
present. and the affinity of the biomolecule for its ligand was not dependent on whether or not other
ligand molecules were already bound. From data fit, we estimated system affinity constant of
3.5=0.6 ppb (8.8=1.5 pM). and system sensifivity, calculated m the linearity range of system
response, of 0.18=0.03 ppb/nm (0 43+0.07 phMnm). Fven if the PCs-Lyss modified-PS1 svstem was
highly affine to Pb I the mteraction between the oligopeptides and the metal 1ons 1= not stable and
it can be newtralized by extensive mnsing of the sample Figure 5 B shows

measurement/regeneration cvcles of PSi based device/lead (II) 1ons interaction as function of time
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(each peak shift value is reported in Table S1), from which it could be noted that the biosensor was
partially reversible. since after six cvcles the signal could not be restored. probably due to partial
occlusion of nanopores. The biomolecular mferaction momitoring was also performed by PCs-Liss
modified-QF surface (Figure 6), from which we got an affinity constant of 10=2 ppb (25=3 pM)
and a sensitivity of 0.07=0.03 pph/Hz (0.17=0.07 phl/nm) Moreover, also in this case reversible
reactions were evidenced as reported 1n Figure 6, panel B. Even if the two sensing techniques.
which used completely different measurement systems, revealed affinitv constants of the same
order. it should be noted that in case of the nanostructured biosensor. ie. the P51 device. we
cuantified an almost three times higher affinity and an enhanced system sensitivity (around two
fimes higher). which was due to higher surface area of PSi that allowed the immobilization of

bioprobe greater amount.

4. Conclusions

Biosensors development critically depends on effective and affordable procedures for
bioconjugaring molecular probes onto transducer surfaces. In this study, the conjugation of heavy
metal-binding proteins such as oligopeptides. known as Phviochelatins, has been momtored.
Cormrosion of transducers was evidenced on both porous silicon and quariz resonators surfaces in
case of unmodified PCs. A Phytochelatin-like oligopeptide was then designed and immmobilized,
fiming the corrosion and obtaiming a final device usefinl for lead (IT) 1ons inferaction momtoring. A
final sensifivity of 0.18=0.03 ppb/nm and a system affinity constant of 3.520.6 ppb was evidenced
i case of porous silicon based device. The system was also found partially reversible. with a
maxinmm of six regeneration cveles. Inferaction optical monitoring results were confirmed by
QCM microgravimeiry measurements. Fven if PCg-Lysg 15 not a selecfive probe. 1 e. it 1s not able to
quantify any single heavy metal without suffering of the inferference by any other. its great

sensitivity to heavy metal low concentration can be considered a good starting point for the
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development of a reversible nanostructured Lab-on-Clup low cost hiosensor for in situ detection of

these very diffuse dangerous inorganic pollutants.
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Figure 1. P51 Thue-Morse reflectivity peak shifis after each step of biomodification from oxidized
chip up to both PCs (A) and PCs-Lyss (B) oligopeptides. Red arrows indicate optical red shift (mass
adsorbed into the porous matrices); blue amow indicates opfical blue shift (mass subtracted by
porous matrix).
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Figure 2. Schematic representation of oligopeptides used: PCs balls and stick model (A) and
chemical structure representation (B); PCg-Lysg balls and stick model (C) and chemical struchure
representation (D).
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Figure 3. SEM mmages of P51 biochips biomodified up to PCsshow evident corrosion (upper photo),
while in case ofPCs-Lvssthe surface is unaltered (bottom photo).
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3.2. Gold nanoparticles based monitoring

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

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-AuUNPs) for monitoring its interaction with pentavalent arsenic ions (As (V))
and trivalent arsenic ions (As (Ill)). 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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Abstract

The thermophilic bacterium Themis thermophilus HB27 encodes chromosomal arsenate
reductase (FidrsC), the enzyme responsible for resistance to the hamful effects of arsenic. We
report on adsorption of TilrsC onto gold nanoparticles for naked-eye monitoring of
biomolecular mteraction between the enzyme and arsenic species. Synthesis of hybod
biological-metallic nanoparticies has been characterized by transmission electron microscopy
(TEM), ultraviolet-visible (UV-vis), dvnamic light scattering (DLS) and phase modulated
infrared reflection absorption (PM-IRRAS) spectroscopies. Molecular interactions have been
monitored by UV-vis and Fourier transform-surface plasmon resonance (FT-SPR). Due o the
nanoparticles” aggregation on exposure to metal sals. pentavalent and tivalent arsenic solutions
can be clearly distinguished by naked-eye assay. even at 85 M concentraton. Moreover, the
assay shows partal selectivity against other heavy metals.

Online supplementary data available from stacks.iop.org /NANO/26,/435703 /mmedia
Keywaords: arsenate reductase, gold nanoparticles, biorecognition, naked eve assay

(Some figures may appear in colour only in the online joumall

1. Introduction

Thermus thermophilus HB27 is an extremophile organism
living in arsenic-rich geothermal environments: this bacter-
imm has developed the ability to both oxidize and reduce
arsenic. thus playing an important role in its speciation and
bicavailability [l. 2]. Arsenate reduction mechanisms,
apparently due to convergent evolution or orginating in a
common ancestor and then transferred to [3. 4], can be
individuated into three families: the first family has been
typified as arsC glathione—glutaredoxin dependent (arsC-

095T-4484/ 1 54357000433 00

GSH [Grxy and was identified in enteric bacteria (e.g.
Escherichia coli); the second one is known as arsC tioredoxin
dependent (arsC-Trx) and was found in Gram-positive bac-
teria (e.g. Staphvlecocens). The last family, which includes
the ars2 gene, was amplified from Saccharomyces cerevisiae
[5]. Microbial activities play critical roles in the geochemical
cycling of arsenic becanse they can promote or inhibit its
release from sediment material, mainly by redox reactions [6—
8]. The reduction of pentavalent arsenate. As (V). to trivalent
arsenite, As (I}, is the major reaction causing the release of
arsenic from the mineral surfaces into groundwater; in fact.

© 2015 I0P Publishing L1d Printed in the LK

98



Bioconjugation of Enzymes and Proteins on Multifunctional and Nanostructured Solid

Supports for Biomolecular Interactions Monitoring

Manotechnology 26 (2015) 435703

J Poltl et af

besides being more toxic, arsenite is the most mobile and
common form of arsenic found in anaerobic contaminated
aquifers [9]. There s a worldwide demand to sense and
quantify arsenic pollution, both natural and anthropogenic, in
fresh water using low-cost and easy-to-use devices, especially
in developing counftries.

Nanostructured materials claim a range of exciting phy-
sical and chemical properties. which make them fundamental
building blocks for the next gemeration of instruments and
devices. In particular, gold nanoparticles (AulNPs) are among
the most-used nano-objects, and are exploited i many
applications ranging from medical to environment monitor-
ing. The most popular method for preparmg AuNPs in water
uses citrate to reduce HAuCl, under boiling conditions [10].
Therefore, several approaches have been developed 1o reduce
Aun (M) sahs in water using different ligands as colloid par-
ticle stabilizers [11]. Stabilizers, usually surfactant molecules,
protect particles by avoiding aggregation mechanisms and
controlling their physio-chemical properties [12, 13], but
these molecules are mostly toxic. Dangerous organic mole-
cules could be substituted by some hiocompatble molecules.
such as polvethyvlene glycol (PEG), in order to prepare bio-
compatible PEG-stabilized AulNPs [14. 15]. Recently, great
advances have been made in the use of gold nanoparticles for
signaling applications; owing to their stability, chemical
reactivity, non-ioxic nature. strong absorption and scaftering
properties, and elecorosmtic charges that allow strong inter-
actions with proteins and enzymes [16, 17]. For instance,
biomolecule- and/or hiopolymer-conjugated AuNPs are lar-
geby used as biomarkers or biodelivery vehicles, as well as for
cosmetics and as anti-aging components for skin protec-
tiom [18, 19].

In the following study, we report our results on the
adsorption of TiArsC enzyme onto PEG-smbilized AuNPs
(PEG-AuNPs) for monitoring its interaction with pentavalent
arsenic ions (As (V) and trivalent arsenic ions (As (II)).
Baoth the adsorption of enzyme onto PEG-AuNPs and its
interaction with As (V) and As (III) salts can be followed
easily by the naked eve. smce solutions completely change
their colors. UV-vis spectroscopy. polarization modulation
infrared reflection/adscrption  (PM-IRRAS) spectroscopy,
dynamic light scattering (DLS) and Fourier ransform-surface
plasmon resomance (FT-SPR) were used as the main char-
acterization fechniques.

2. Experimental

2.1. Chemicals

Tetrachtoroauric acid (HAwC ). sodinm borohydride (NaBH4),
polyethylene glycol 600 diacid (PEG diacid), S-Mercap-
toethylamine (cysteamine), 1, 4-phenylenedinsothiocyanate
(PDC), ethanol (C-H;OH). pyridine, dimethyiformamide
(DMF), 15mM Tns-HCl, potassium metarsenite (NaAsOs),
potassium arsenate (KH;AsQy)h, cadmium ions. solution, lead
([} methanesulfonate (C:Hy0:PbS:) and merury (1) nitrate

99

sofution (HgNaOg) were purchased from Sigma Aldrich. All
chemicals weme used without any further purification.

2.2, Purification and preparation of TtArsC enzyme

Recombinant TidrsC (TtArsC: protein arsenate reductase
from the Gram-negative bacterium Thermns thermopfilis
HB27) was purified to homogeneity using the purification
procedure already described, basically consisting of a thermo-
precipitation of the Escherichia coli cell extract followed by
anion exchange and gel filiration chromatography [20].
Fractions contaming purified TiArsC were pooled, dialyzed
against 15mM Tris-HCL, 1 mM DTT. pH 7.5 and Ivophilized
in aliquots of 1 mg vwsing a freeze dryver (HetoPowerDry
PLAO0O, Thermo Scientifich. Protein aliquots for nanoparticle
mteraction were prepared by resuspension of the protein in
1 ml of 15mM Tris-HCI, pH 7.5.

2.3. Synthesis of PEG-stabilized Au nanospheres (PEG-
AuNPs)

Li er af [10] have previcusly reported an easy method of
synthesizing AuNPs from concentrated chloroauric acid
solutions by adding sodium hydroxide as o reducer agent.
citrate moelecules a5 a stabilizer of colloidal solution. We
maodified this protocol using PEG-diacid as stabilizer mole-
cules by the one-step method, using it inside the mixmre
reaction for AulNPs solution in spite of cirate molecules [21].
Briefly, 25 ml of chloroauric acid (HAwCL) aqueous solution
(2.5 » 107 M) was added to 0.25 ml of PEG-diacid under
strring for 10 min ar room temperature. After that, 20 ml of
aqueoas (.01 M NaBH, was added at once. The formation of
the PEG-AuNPs solution was observed by an instantaneous
color change of the pale yellow solution o typical red /rose
solution after addition of the NaBH, reducing agent. The
PEG-AuNPs solution. prepared as described asbove, was
centrifuged at 15000 pm for 26min three times; then the
supernatant was discarded while the residue was resuspended
m an equivalent amount of buffer solution (PBS pH: 7). These
procedures were repeated twice in order to remove the excess
PEG -diacid.

24 Adsorption of TtdrsC onfo PEG-AuNPs

The enzyme TiArsC was adsorbed on PEG-AuNPs by using
the foilowing procedure: 1 ml of PEG-AuNPs was added into
separate bes contaming 0.05ml of TtdrsC (1 mg mi ! in
15mM TrsHCL, pH 7). The resulting suspension of hyhrid
nanoparticles, reported in the following as TrArsC-AuNPs,
was cenmifuged twice at 6000 pm for 20 min to remove
excess protein, and then the pellets were re-dispersed in 1 ml
MilliQ) water. This colloidal solution was sonicated for 5 min
and then stirred for 1 h at room temperature,

25 PMIRAAS chamdcerization

Polarization modulation infrared reflection absorption spec-
troscopy (PM-IRRAS) spectra were recorded on a commer-
cigl Thermo Nexus spectrometer (Les Ulis, France). The
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device was set up by focusing the external beam, using an
optimal incident angle of 80, on the sample using a mirror.
Pricr to this, a ZnSe grid polanizer and a ZnSe photo-elastic
modulator were placed on the sample, and the incident beam
was tuned between p- and s-polarizations (HINDS Instru-
ments, PEM 9{), modulation frequency = 37kHz). Finally,
the light reflected by the sample was focused onto a nitrogen-
cooled MCT detector. The presented spectra result from the
sum of 128 scans recorded at &em ' resolution, Each spec-
trum reported represents the average of at least three mea-
surements, The glass substrates (11 % 11 mm®), coated by a
Snm thick layer of chromium and a 200 nm thick laver of
gold, were purchased from Amandee (Werther, Germany).
The gold-coated substrates were annealed on a butane flame
to ensare a pond crystallinity of the gold op layer and rinsed
in a bath of ahsolute ethanol for 15 min before use.

Chemistry procedures based on a  self-assembling
monolayer of Fmercaptoethylamine (cysteamine) and a
crosslinker have been described previously [22]. Briefly, the
freshly cleaned gold substrates were immersed in an unstimed
10 mM ethanol solution of cysteamine at room temperatre,
in the dark, for 6h. The gold substrates were then washed
with ethanol and eloapure water (Milli-Q, Millipore, France)
to remove the excess thiols. The amino surface was treated
following two strategies represented in scheme 1. Scheme 51
(A) shows that the amino surface was treated using 0.2%
(w/v) of 1, 4-phenylenediisothio-cyanate (PDC) solution in a
solution of 10% pyridine /90% dimethylformamide (DMF)
for 2h at room temperature. Then, the samples were suc-
cessively washed in DMF and in ethanol and dried under a
sream of nirogen. leaving &n isothiocyanate-derivatized
surface. TtArsC was then chemically adsorbed to the iso-
thiocyanate-covered slides by exposing the entire surface o
the TrArsC sohmtion for 40 min and then thoroughly rnsed
twice in buffer and once i milli) water. Scheme S1(B)
shows how the amino surface was treated by EDC/NHS
(80mg/20mg) and PEG-AuNPs modified with TidrsC
solutions for 1h and then nnsed with phosphate buffer
solution and Milli() water three times for 5 min. The resulting
samples were used for PM-IRRAS investigations.

2 6. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) measurements
were recorded using a JEOL JEM 1011 microscope, which
operates at an accelerating voltage of 100KV, The TEM
acquisiions were taken after separating the surfactant solution
from the metal particles by centrifugation. Specifically, 1 ml
of the nanoparticle solution was centrifuged at 14 000 rpm for
20'min. The supermatant was removed while the pellet was re-
dispersed in | ml of water; then, a liquid droplet (10 ul) of the
colloidal solution was deposited and dried on a microscope
arid and finally analyzed.

2 7. Oynamic light scattering (OLS)

The size measurements were performed by dynamic light
scattering (DLS) using o Zetsizer Nano Z5 (Malvern

100

Instruments, Mablvern, UK) equipped with a He-Ne laser
(633 nm, fived scattering angle of 173°% room tempera-
ture 25 °C),

28. UVv\is measuremenis

The absorption spectra of each sample were recorded using a
Jasco V-5T70 UV/VIS/NIR Spectophotometer from Jasco
Int. Co., Ltd. Tokyo, Japan. in the 200-800nm range. The
spectra were recorded after 30 min from the synthesis of PEG
AuNPs. and from 2min to 24h after TiArsC enzyme
adsorption. Finally, spectra were recorded after 10 min of
TiArsC-AuNP interaction with each heavy metal solution.

28. FT-5PR

Fourter Transform-Surface Plasmon Resonance (FT-SPR)
measurements were performed with an SPR. 100 module from
Thermo, equipped with a flow cell mounted on a goniometer,
The setup was inserted in a Thermo-scientific Nexus FT-IR
spectrometer, and a near-IR mngsten halogen light source was
used. The incidence angle was adjusted at the beginning of
each experiment with the minimal reflectivity located ar
900 em ', in arder to be in the highest sensitivity region of
the InGaAs detector. Gold substrates for FT-SPR measure-
ments were prepared at IMM-CNR in Lecce (Ttaly).

2.10. Heawy melals inferacfion moniorng

The imteraction between TrArsC-AuNPs. As (V) and As (TIT)
solutons was followed using UV-vis spectra of the TrArsC-
AuNPs soluton (50 g of heavy metal solutions were added to
I ml TrArsC-AuNPs solition) and the FI-SPR shifts of
TiArsC-AuNPs—-modified gold substrates usimg As (V) and As
(OIy at 750-325-170-85% uM. Furthermore, the interaction
between TtArsC-AuNFs, Pb* ", Cd*" and Hg*" solutions was
followed using UV-vis spectra (50 pl of heavy metal solu-
tons at 170 M were added to | ml TtArsC-AuNPs solution ).

3. Results and discussion

The imterface properties of AuNPs are an interesting topic of
study. In particular, the presence of chemical groups at the
outer surfaces of AuNPs improves the ability of nanoparticles
tor interact with biclogical probes and conseguently enhances
the mteraction of biosensing systems with target analytes.
Coating AuNPs with a bifunctional PEG linker canying two
carboxylic groups using a one-step method [15-21] is one
useful way to enhance the properties of interfaces: the so-
called PEG-diacid can be used as a capping agent, an alter-
mative approach with respect to the citrate-stabilized synthesis
process [23, 24]. Furthermore. particle formation and growth
can be tuned by exploiting the amphiphilic character of the
PEG-diacid polymer in three steps: (1) redoction and stabi-
lization of HAuCl, is facilitated by dicarboxylic acid-termi-
nated PEG to form gold closters through the exchange of
electrons berween them: (2) the presence of PEG-diacid
maolecules on gold surfaces shortens cluster dimensions and
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{3) stabilizes the colloidal solution through elecrostatic
interactions between the carboxylic acid groups and the gold
surface [15].

Figure 1(A) shows a TEM image of PEG-AuNPs after
deposition on a microscope grid. The TEM picture of the
PEG-AuNPs reveals fairly regular and monodispersed Au
nanospheres. Figure 1(B) shows the histogram of 1623
particles: it can be fitted by a Gaussian curve with a mean
size of 7 nm with a standard deviation of 2 nm. PEG-AuNPs
were used as nanostructured supports for binding TrArsC

enzymes in the realizadon of an assay for biomolecular
interacion. TtArsC enzyme adsorption onto PEG-AuNPs
was monitored by the following methods: UV-Vis spec-
roscopy im order to monitor Localized Surface Plasmon
{LSP) band shift; DLS characterizations in order 0 observe
the aggregation, dispersion behavior of nanoparticles; TEM
characterization in order to confirm the aggregation/dis-
persion behavior of nanopartcles; and PM-IRRAS char-
acterizations in order o evaluate the chemical groups
showed at the outer surfaces.
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Figure 3. (A} Size chunge after each intersction step, (B) Schematization of aggregation process of PEG AuNPs with TiArsC engyme amnd

arsenide farsenite wons,

Figure 2(A) (left graph) reports the LSP bands of PEG-
AulNPs before and after the adsorption of enzyme molecules
at equal concentrations of PEG-AuNPs in agueocus soluton
{(107* M} as a function of time. Figure 2(A) (right image)
reports the TEM image of PEG-AuNPs after adsorption to
TeArsC (FArsC-AuNPs), revealing an aggregation behavior
of nanoparticles. while in figure 2(B) photographic images
of the cuvettes containing the comespondent solutions are
reported. The PEG-AuNP solution, before enzyme adsorp-
tiom, shows an absorbance peak at 530 nm with a typical red /
rose color. whereas, after mixing with the enzyme. in two
minutes the color started changing and completed the reaction

in about 10 min, which corresponded to a shift of the LSP
peak at around 640 nm. UV -vis spectra were recorded up to
24 h after TeArsC adsorpiion. although after 5h the hybnd
hiological-metal nano-complex became stable. conferring a
charactenstic violet color to the solution. We estimated a
hydrodynamic diameter of 14 £ Snm for PEG-AuNPs
ifigure 3(A)), while TrArsC-AuNPs have a hydrodynamic
diameter of 39 + 13nm, which means that the enzyme
agpregated three to four PEG-AuNPs on average. A more
accurate evaluation of TiArsC adsorpion on PEG- AuNPs was
confirmed by PM-IRRAS, which is particularly wseful to
reveal the chemical groups exposed on nanoparticles” outer
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detection (red line in left graph), and the shift of peak position
as a functon of time during the binding cycle followed by
rinsing (right graph).

Figwre 5 clearly shows thar the interaction between
TeArsC-AuNPs and arsenate /arsenite lons is concentration
dependent (panefs A and C): in both panels, each point
reported Tepresents the value of plasmon stabilizaton after
interaction with arsenate ‘arsenite ions as a function of
different concentration, The linear regression parameters
obtamed by OriginLab Software™ for both arsenite/ arsenate
ion interaction monitoring are reported in tables 51 and 52 in
supplementary data. Moreover, the absolute position of the
plasmon absorbance peak changes as a function of different
oconcentrations for both arsenate and arsenite (panels B and D,
respectively). Experimental data points in figures 5(B) and
(D) were fitted using OriginLab Software™ by Michaelis-
Mentens dose-response exponential equation:

yix) = A*etC) Loy
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Figure 4. PM IRRAS spectm of TiArsC immobilized on cysteamine
madified gold substrates (red hoe) and TiAm C-AuNPs on cysten-
mine-mandifisd gold substmtes (Hack line),

swrfaces. Figure 4 reports, for comparison, a set of PM-
IREAS data from planar gold substrates where TiArsC-
AuNPs (black line) and TeArsC alone (red line) have been
covalently bonded. Figure 4 (black line) shows a peak at
1100 em " atributed to -COOH groups of PEG-diacid, and
peaks at 1400cm ' and 1450cm ', typical of -COQ-
stretching vibrations.

Peaks at 1660cm ' and 1530cm ' are also present,
representing amide I1 and I respectively. which are char-
acteristic of all protems and enzymes. Peak at 1730 em !
represent the C=0 stretching mode of PEG-AuNPs immo-
bilized onto a gold surface, thus endorsing an effective
functionalization of the swface. The presence of a strong
sietching band at 1100cm ™' together with peaks at
1450 cm " and 1730 cm ' sugpests the stabilization of the
AuNPs with PEG molecules.

Figure 4 (red line) shows a peak at 1100 cm ' repre-
senting stretching of aliphatic ethers, a peak ar 1240cm ™'
characteristic of C=5 stretching of the PDC crosslinker, and
the amide 1 and T peaks at 1530cm™ ' and 1660cm ',
respectively. The intensities of these peaks are higher with
respect to the precedent case. due to rearrangement of TtArsC
on AulNPs, where PEG-diacid functional groups interacting
with the enzyme can partially mask the amide bonds. In this
paper, we investigate a versatile chemistry modification that
uses homobifunctional crosslinker PDC in order to achieve
covalent binding of TtArsC before and after interaction with
PEG-AuNPs. The isothiocyanate group present in PDC
crosstinker generally act as electrophiles with a carbon atom
as the electrophilic center. Electrophilic substimtions with the
amino group of cysteamine lead to o stable ligand with a
crosslinker that allows covalent binding of TtArsC and
TrArsC-AuNPs.

Since the TtArsC enzyme is specialized in binding and

28]

where A represents the amplitude and C a growth constant.
The first derivative of equaton (1) is

YHix) = (A/C)mel/ O (2)

By equation (2], the sensitivity of the nanosystem in ion
biorecogmition can be obtained as I\'I{J.'M} where Xy is the
middle pont of each data set

Saev = L6 £ 0.2 em—! pM—!
St = 2.82 £ 0,02 cm=! gM-!

where § 4, is the sensitivity of the system against arsenate and
Sian 15 the sensitivity of the system against arsenite. The
estimated sensitivities reveal that the nanobiocomplexes have a
higher sensiivity for As (1) ions with respect to As (V) ions,
even if the natural substrates of TtdrsC enzyme are arsenate
ions. As is already known [19], the TeArsC enzyme has a redox
system, able to lImk the reduction of amenate to the
consumption of dihydronicotinamide adenine dinucleotide
phosphate, the so-called NADPH, by using the thioredoxin
reductase/ thioredoxin (Tr/Trx ) system for the redox recycling
with a catalytic mechanism that imvaolves the thiol group of the
M-terminal cysteme residue (CysT ) In view of our results, we
can deduce that these amino acid residues. essential in redox
reactions, are partially or totally masked. due to the adsorption
of the enzyme onto the PEG-AuNPs' surface.

Further investigations on biorecognition at 85 pM con-
centrations of both arsenite and arsenate have been performed
by UV-vis measurements (see curves in figure 6). The LSP
bands and the images reported also showed that, at the lowest
concentration tested, a change of LSP band position and of
the color of the solutions is clearly observable, thus con-

ransforming  arsenic compounds, FT-SPR - measurements
were used to monitor the mteraction between TedrsC-AuNPs
and arsenate (As(V))/arsenite (As(II[}) ions; four different
concentrations were used for each salt and the details of the
results are reported in figure 5. Figure 52 represents a typical
shift of surface plasmon resonance from 00N em ' before
interaction (black line in left graph) to 8600 cm ™' after ion
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firming the biomolecular interaction quantified by FI-SPR
measurements. Furthermore, the photographic images repor-
ted on the left of figure 6 highlight how the solution color
change is a function of the arsenic ions” oxidation state: the
solution of TrArsC-AuNPs became violet/pink on exposure
to As(V), while in the case of As(III) it mmed to blue, In both
cases, it was clearly visible to the naked eve. Agam, we
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attributed this macroscopic evidence of biomolecular inter- We sketched the interaction mechanism in the scheme
action to the nanoparticle clustering process; this is also  reported m figure 3{B). Enryme biosensing was achieved
confirmed by the DLS data in figure 3(A). specifically the uwsing gold nancparticles [25]. These peptides lead to the
fourth (red) and fifth (green) curves. assembly of nanoparticles due to their crosslinking by long-
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Figure 7. UV—vis spectra of TLArC adsorbed on PEG AuNPs after
intersction with cadmivm, mercury and lead ions,

chain molecules. This aggregation—dispersion process leads
to the colorimemic changes in the nanopartick solution.
Aggregation of gold nanoparticles leads to red shift in the
plasmon band due to the electric dipole-dipole interaction,
which in turn leads to a coupling between the plasmon
oscillations of different particles [26]. The color of the gold
nanoparticle solution tums from red to blue /purple due to
red shift in the plasmon band. Aggregated or assembled
nanoparticles display red shift in the plasmon band when
compared to the isolated pold nanoparticles. This phe-
nomenon is atributed to the coupling between the dipole
modes of plasmons of different particles. As the inter-
particke distance is decreased. more red shift in the plasmon
band is observed due to an increase in the extent of
coupling.

In order w verify the interference of other heavy metal
ions that are not matural substrates for the enzyme in the
recognition of arsenic ions, UV -vis measurements have been
performed in the presence of single ion species (Cd™ ", Ph*"
and Hg™") at a concentration of 170 M. Figure 7 shows that
in the presence of such heavy metals, there are not relevant
changes in LSP position or intensity, indicating that the assay
is highly specific against arsemic compounds. In order to
verify whether the nanobiocomplex was also selective for As
(I} and As (V). we measured the UV-vis specra in the
presence of a mixture of heavy metals. The results are
reported in figure 53 We found that despite the apparent
insensitivity to other heavy metal ions that can be conjectured
by data in figure 6. on exposure to a complex mix, the LSP in
U'V—vis spectra is quite differemt from the reference ones,
i.e. the spectra obmined for As (I} and As(V) alone. This
behavior demonstrates a lack of selectivity and prevents the
use of the assay for a guantitative measurement of arsenic
ions in a complex mixture. Mevertheless, since the solution
always changes color m the presence of As(IIl) and As(V),
the assay can be simply and usefully used in fast and cheap
screening of water qualiry.

4. Conclusions

In this work, we used a novel chromosomal arsenate reduc-
tase (T'tArsC) as biomolecular probe to screen for the presence
of arsenic in water. Using oputcal, label-free techniques. we
have characterized the interaction between T'tArsC and arsenic
ions, quantitatively evaluating interaction and biorecognition
with pentavalent arsenic, As(V ). and mivalent arsenic, As(I1I).
The novel and original nancbiocomplexes demonstrated
stability and the capacity to stongly bind the toxic ions.
Experimental data demonstrated relevant signal changes, ie.
variation of the FT-SPR peak position (about 200 cm ™' also
at low concentrations). TrArsC-AuNPs showed greater sen-
sitivity for arsenite ions as opposed to what happens in nat-
ure, where arsenate ions are the main substrate of TidrsC
enzymes. On these bases. TrArsC-AuNP nanobiccomplexes
were found to be able to interact with arsenite ions solutions,
veering to blue solutions, and arsenate ions solutions, veering
o violet/pink solutons, at all concentrations tested. These
phenomena were confirmed quantitatively by LSP shifts in
UV-vis spectra. and DLS characterization reveals that the
nanocbiocomplex aggregates in the presence of arsenic ions,
Finally, LSP band study in the presence of metml ions that
are not enzvme substrafes (Cd™, Pb*" and Hg“] indicated
that the biorecognition is highly specific but not completely
selective. A straightforward application in fast and low -cost
screening of water can be envisaged.
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1. Introduction

Hangetructured matedals have become inerasingly popular
due to their unigue properties as well as their promisiog
brealahmugh In the development of novel blvsencors for
medical dngnostios and envimnme mtal menitonng. ™ In recent
years, gold nanoparticles have been widely applied in bivseneor
devices due to their unigue sized ependent op tical properties *=
Therefore, more attention should be paid to find efficient
synthesis methods to match the enlrging demand for gold
nanoparticles (AuNPs). Seveml different solution synthesis
methods have been emploved to prepare ok nanopartcle,
incleding biomolecule mducton of HAwCl, ™ seed mediated
synthesis =t mom  tempermture® and  polymer-asdsted
synthesis® Recently, the utlity of manomaterals for any appli-
cation has been stongly dependent upon their physicochem-
ical chameteristies and their Imemctons with surface
mantifiers, Let us recall the importance of stabilizers, used in
the synthesizs of manepaticles, not only o prstst paricks
against aggregation but ales to control their functional prop-
erties. Biver of al™ synthesired Au nanoparticles ugng thio-
alkylatedolignethylene gleds and funetionalied them with
varous fuorscent Acridine Orange derdvatives,”™ Exchange of
organic malerules on Au mancparticles with PEG can indeed be
pedormed to prepare biccompatible FEG-stabilbed A mano-
particles™ Wang et al. sinthedzed a polyethene gyeol (PEG)-
moedified gold manoparticle complex by a one-step reaction
synchmtron X-ray iradiation methed.™ A kw concentration of
uf madified PEG mactomolcules 12 very Impofant to oub tml
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Db Uabamindy LW Lk Jeoels @, Labieibe de Riscaialsd de Sarfiece, 4
lare Juniles, PRI Parls, Frame. Bl jolanda spalavecch s s
NES, [ME 7%, Laboraswin de Wactiit de Surfice, F-7500, Pa, Frns
“Deparmment of Them ko] Slences, Dndoersty af Muples, Fedesea I Vid vy, 00136
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Mubrs). This study &= the first shep IDwasds a high semsifee label free optical Biosensor o quantify heay

the particle size and stabilize gold masoparticles bodemonstrate
high stability under realistic biomedical conditions™ Other
approacbes were applied to stabllize gold nanoparticles wsing
sulfur-containing polmes, with a passible lmitation of their
sultability for specific blomedical application. Sellaseembly of
bigmaolecubr probes with free thil graps on gold nanoparticls
surface ix allowed by well-ktown specific interactions, such as
the Au—SH bond, thus svodding complex chemical procedures
for covalent con jugation *** Same stidies™ " showed that gold
nahiparticles can interact with gecifically seguenced peptides
that can self-ascemble on their surface. The polype ptides could
indhace of prevent spgregation of nanoparticles cncing eonte-
quently the change of absorbance and, mateover, allow them to
imteract with other metal ions Lo O, NI, Co™, Zn®, &
Lead 1% a widely used hemy metal and hag a large number of
industrial applications, ssch ax battery mamsfacturing, paint,
gasoline, alloys, radistion chielding, plplngand so on The kad
cottent in painte and gasoline represents a severs rick of e~
o mental pollstion and, conseguen th, for human bealth, Lead
iz toacke by ingestion and inhalation, and can seriowucly affect the
gut and the centml nervous system, and it can also cause
afemla ™ Purthe e, aemsposan b el cn alie caise
birth defects, mental retardation, behadiom] disorders, and
death in fetuces and young children == Beside social impacts,
detection and quantization of lead contamination is not an eagy
task gince water i a complex matex and any me thod

shold bi ot only @ nsitve but aleo highly selectve: the lead
comtent should be determined in the presence of lot of inter-
ference substances, without any pre-treatment of the collected
sample. This is the reason why bloprobes having high specific
affinity with this metal must be wsed Some oligopeptides,
named phytochelating (PCs), with a struchum] relatomship o
ghetathione {y-Glu-Cys-Gly) have been widely studied because
of their ability to chelate bemy metal bons in plants and furgi
for detorification mechanisme *= PCs are formed by dipeptide
¥-Glu-Cys nepeated from 2 to 11 times fol lowed by a final Gy, w0
that their general stmacture is fr-Gloe-Cysl.Gl. We report here
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the synthesiz to prepate polymermodified jold nanopartickes
and gold nanomds iy dleascboylle PEG (DPBG) at the
stnbilizer. We have thus implemented and evalusded a simple
and reproducible methid for labeling blomolecules with PEG
gold manostrictures withowt shlidng oganike sohens and
surfactants. A new Mod of pegylated gold manosd based aseay
to quantify lead-phytoc belatin 6 (PC6) interactions in agqueous
solutiong by using ollgope ptides as bioprobes waz developed.
Ultmviaet-visible (LV-¥is) spectrocospy and Fourier transfomm
surface plasmon mesonance (FT-SPR) have been wsed for
monitoting the frmation of metal-biokgical complexes at
different concentrations of lead.

2. Experimental
21, Materink

Tetmchlommire aeld (FAnCL ], sodivm bomhyd dde [NaBH4E,
ethanod {C;H.OH), polyethylene ghyool 600 Diacid (DPEG; M, =
600 Da), cetyl-trimethyl ammonlum bromide (CTAB), Prmer
captoetbylamnine {eysteaml e}, N-hydrosysoccinimide (NHS), 1-
[3-dimethylamirapropyl 2V -ethylcarbodiimlde  hydmchlodde
(EDC) PBS (phosphate buffer solution, pH 7.2}, and leadii)
methanesialfomte solithon were purchased from Skins
Aldrich. Plytochelatin 6 {POG) was putchased from the Anaspec
IGT group. All chemicals were used without any furher puriii-
cation., Gold substrates for FT-SPR measure ments vene depos-
lted at IM-CNR I Leoce (Haly)

22 Synthesis of pepviated Au manomds (PEG-AuMNRx)

The synthesis of pegylated gold nanorads (PEG-AuNEs) was
performed following the well esmblished sead-mediated proce-
disre, in the presence of CTAB and DPEG in growth soh tion. Seed
solutlon (5§ seed particles were prepared fidlowing the method
described elewhere ™ Brefly, § mL of CTAR (020 maol L")
we e added (o 5 mL of an aqueous sohithon comtalnleg HAwO,
{25 5 107 mol L) under stirring conditions at maom temper-
ature. (L6 mL o jeeconled MaBH, (ki mol L") wasithenadded,
Growth souton (G growth sehation was prepared by sdding 5
il of CTAB {002 mol L™ %) to 8 sohstion of 0.75 mL of DPEG and
un der sti Fring for 10 min al foom Ater 10min 025
mLAZNOA (4% 1067 mold L™ jand 5 mL of Hawd, (1« 107" maol
L") were trane rred tothe michne for 5 min Afterthis tme, 70
pul of agporsie aeid (8 5 107 M) was add ed. The synthesi of PEG
hybrid pold nanonods (AN} was achieved as follows: 12 pl of
goold seed solution (5] was trancferred to the growth solution (G)
under mwom te e tature oonditions,

221, Synthesis of pegiated Au manopaicles (PEG-
AuNPz). Lief al™ have reported a faclle method o synthesize
AuNPs from concentrated chloroauric ackd by adding sodium
hydmide in the presence of citmate ac the smbilizer, We
midified this proecel by adding dicarboaylic PEG a8 the
surfactant, in the mixture resction. Briefly, 25 mL of chlormutie
acid (HAwCl,) aqueous solutlon (2.5 = 107" M) was added to
.25 mLof dicarbosylic PEG and mived under magrtetic stirring
for 10 min at mom tempemture. To this solutien, 3 mL of
aguects 001 M HaBEL, was added at onee. The formation of the
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PEG-AuNPz was obsetved s an instamtanesus color change of
the solisthon from pale yellow to bright red after addition of the
reducing agent. The asprepared PEGAuNP solution was
cenitr fuged at 15 000 rpm for 26 min three times and then the
supertatant was disearded amd the maidue was redispersed I
an equivalent amount of buffer sohstion (PBS pH: 7). This was
repeated twiee principally to remowve the excess dicarboaylic
PEG. Stovk sohitions were sored at 27-29 °C and eharacterized
ity UV-Yis spectroscopy amnd transmission electron micros-
copy (TEM).

% b mﬂw of PEG-AuNrs and PEG-AuNPs with
PCA Thegold nanoned surface was misdified with POG peptides
accarding to the flowing proce dure (see Scheme 2). 0.5 mL of
the FEG-Mh s and PEG-AUNPS ina bufersd solution (PES, pH:
7.2jwere added into separate tubes containing 0.5 mL o POR
(7 p). Mt the AuNr-AuNPIPCE S xpenslon was centrfsged
twice at 60040 rpm for 20 min to remove the excsss protein and
then the peliets wene redispersed in 1 ml MilliQ water, The
resihant colloidal sohstion was sonicated for § min and then
stirred for 1 hat mom emperature. Schems 1 depicts the bio-
conjugation of gold nancepheres and nanarods.

223, PC6 immwhilization on gold subsirates. For PM-
IRRAS analyses, ghse subgtrates (11 = 11 mm®), successively
coated with a § nm thick layer of ehmmmlum and a 200 nm thick
layer of gold, were purchaged from Arrandes (Werther, Ger-
many} The goldooated substrmtes wen annealed (noa butane
Hame to ensume good crysallinity of the topm ot layers and
dnged in a bath of absolute ethanol for 15 min before wse.
Chemdstry proced unes baved on SAMS of f-mémaptoethylimine
(oysteamine) In abeohite ethand have been described prev-
ously. ™ Briefly, the freshly cleaned gold subsim te was immersed
Im an wnstired 10 mM sthanol cycteamine solution at mdom
temperatune, in the dade, for 6 b, The gold substrate was then
washed with ethanol and ulrapure water (MILL-G, Milllpore,
Framoe) o remove the excess thiols. The osteaminemodified
gold substrates were Immerced [n EDCNHS (B0 mgr20 mgh-F06
and PCS-AuNr solutions for 1 h and then dnsed with p bocphate
buffer colutlon and MALIG water three tmes for § mbytes,

224. Lead{n) detection The intemetion between PO
AuNr and lead{n ) sohutions was followed weing UV-Vis spectra
{50 pl lead sohothon added to 1 mL PCE-AGNE solution to dbtain
finial lead concentmtions of 104, 5 and 25 ppb) and FT-5FR
shifts of POG-maodified gold abstoares,
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Scheme 1 lonc intemye fion medhansm of PCE protsin gesdting cndo
goid nancsphenes, mhoe] and godd nemorods. feeiow).
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23, nstrene ntabon

234, UVWis measuremenis. Absorption spectra wers
recorded wsing o Jasoo V570 UV/VISNIR Spectrophotome ter
from Javeo Tnt Co. Lid., Tokyo, Japan in the 200-800 nm minge.

333, TEM lmaging Trnsmision electron micros oy
measurenen e were recorded on a JEOL JEM 1011 mienisoope
operating at an accelemting voltage of 100 KV. The TEM graphs
wer taken afier s parating the surfactant from the metal
particles by centofugation. Typleally 1 mL of the sample was
centrifiged for 20 min ot a speed of 12 000 rpm min™". The
up pet part of the ¢olourkss soluton was rensved and the solid
portion was redispersed in 1 ml of water. 2 pL of this redis-
pemed particle suspension was plhced on a carbon conted
copper gridand dded at mom tempemtune.

233, PMHERAS, PMRRAS specim were mcorded on a
enmmiereial Thermo (Les Uls-Prance) Neas spectrometer, The
ecternal beam was focused on the sample with & mirror, at an
optimal incident angle of 80°. A ZnSe grid pelarizer and a ZnSe
photekhste modolate, modulatieg the incldent beam
between p- and s-polatizations (HINDS [nstruments, PEM 90,
misdulation frequeney = 37 kHz), were placed prior to the
saniple. The lght reflected at the sample was then focused odto
& nitmgen-cooled MCT de tectur, The presetted spectra resulted
from the mum of 128 scans recorded at 2 § em ™" resoution,

2134, FTSPR FTSEPR measurements were performed with
an SPR 100 modulk fom theme equipped with a How cell
tmpanted on a gondometer, It was lrsered in o Thermo-sclen
tifie Newag FT-IR spectnometer using a near-[R tungeten bologen
Hyrht gouree, The incidenoe angle was ad jused to have minimal
reflectivity located at 9500 em™", at the beginming of each
expeiment, o 25 to be In the best sengitivity region of the
InGaks detector. [nteractions between nanostrscto red surfaces
and lead sohstion were carried out in the et chamber (10 pl
min~ T'= 27 °CL

2. Results and discussion

31, Symthesis of PEG-AuNps and PEG-AuNrs

Tt dg well establiched that PEGfunctionalleed AuMPe lave an
increased stability in aqueecus and bickegical mediawith respect
to sifple pold napopaticles ™™ In order to improve the bio-
interfacinl properties of AuNPs, we coated them with a bifune-
tlonal PEG linler carryimg reo carboxylic groups, The synthesis
of PEG-capped gold o hoparticles (DPBG-AuNPs) wae ahileved
by reducing-tetrachloroauric acld (HAWCL ) with sodium bom-
hydride (NaBH .} in the presence of PEG-diacid ax a capping
agent, The main diference with other synthesis procedures of
DPEG-AuNPs is that PEGd bcid i vsed in the same way as the
citraie for the stabiliation of the partic ks theough electmstatic
intecactions between the earboolic acid groups amd the gold
surface ™ Particle formation amnd growth were tuned by the
amphiphilie chameter of the PEG-diacid polymer and include
thmee steps: (1) reduction of HaCls facilitated by dicaroxylic
acid-terminated PEG to form gold chisters; (2) adsorption of
PEG diacid molecules on the suface of the gold chstes and
redection of metal jons in that vicinity; and (3) growth of gold

FAg-1 Transmisson Bectronc Mcmsoopy images of AuhiPs: fi=ft) and
Musblrs, fright).

particles and eolloldal stabll Eatlon by PEG polymen:. The TEM
picture of PEG-AuUNPS highlights well and monodisperse Au
ranoaphetes with a mean zise of 7.2 fm and with a standard
deviation of 2 nm (Fig. 1 (left]l The growth of gold nane-
strsctisres, synthexkred by a seed-mediated procedure, i known
iy e stvorgly depende it on the seed manocrystal structisr, the
latter belng nfvenced by the nature of sufactants™ In the
present study, the influence of PEG diacid molecules on the
growth nandetrocheres was investigated Based on the Hem-
ture, the prstoonl conduected in the absence of PEG diacid at any
step iz expected to lead to the formation of gold manomds ==

Fig. 1 (dght) mports TEM images which confirn the
marphokegy and the emarkable dispemion of the namerods,
with a typical diameter of ca. § nm and a length of ca. 20 nm.
Fig. 2 digplove the LSPR bands of Aubrs: the UV-Vis spectrum
shows a strony esenance band at amund 780 om corne-
sponding to the lomgined inal plasmon oseillation, and aweaker
one at cr 530 nm coresponding to the trangveme plismon
oscillation band confirming the preence of elongated gold
mamnrds, well isobted fom each other, which i in agresment
with previous published findings™ In a remarkable meview,
Péres-uste of af | have chrdfed the mle of CTAB comeentration
and tempematute wpon the nanopaticle agpect ratia, baged on a
large get of expedmental resehs.™ In particular, these authoms
propesed thatthe binding of Au lons, and thus the growth of Au
nammds in aquecus sudfactant sohotion, |5 contolled by the
electric field amund the CTAB micelles™ In the present study,
CTAB present in the seed solution i suppised to be in the
micellized form, a8 the emcentmation veed i€ sigmificanthy
higher than the critical micelle concentration, reported to be
el b0 0092 mML™ When PBEG dlseid (2 added in the growth
sohstion, leading to the formation of a presimable CTAB-FEG
diacld complexes, the same reduction process involing ascor-
bie acid may ooeur. Further meduction of A can then proceed
wig an electron tanser at the surface of electron-rich, CTAB-
PEG diacid capped, seed particles The mte of hybdd WP
formation depends in this case on the reaction of the AuCh ™
CTAB-PEG dincid complex with CTAB-FEG diacid capped seed

particles that confer more stability In agueous medium.

12 PCHadsorption cnto pegylated gold namostoctunes
(PEG-AusNPs and PEG AuNrs)

Interactiong of PCh biomaodecules with gold nanoparticles [PEG-
AuNPz) or nanorods (FEG-AuNrs) were monitond by obeerving
the Localiwed Surface Plasmon (LSP) band in the UWYis
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Fig 2 On the =t UV-VE specira of POG-modified AubiPs as a
functicnof Sme; on the sght: mages of AuhiPs color ¢ henging during
i T

spectrum. Fig 2 displys the ISP bands of AuNPs before and
dudng interactiong with PO molecules ot egual concentmtions
of AulPE in agueous sohition (1067 M), 1t s well visible that
AuNP: before aduorption show obe peat at 530 fm and their
water solution has a typical red-rose color (Fig. 2A), while after 2
el tes of midciveg with POS peptides; a stongeolor change can
be clearly wbserved (Fig. 20 and C), which coresponds to the
appearance of a second LSP peak arund 650 nm. UV-Vis
specim wer reconded up to 390 mlmstes after PO6 molecu ke
interactions but just after 120 minutes when the hybrid bio-
liogical-metal comples beoomes [nctable, since the seheton
turns transparent (Fig. 20), due o sg@omeration and sodi-
mentation of nanopartieles, Fig 3 shows the variaton of
absorption peaks of PEG-AuNrs before and after hinding with
PCE.

These measurentents wene carrked out at mom tEmpemne
for 18 h. The viokt color of PEG-AuNT solution rezulting after
the interaction of PCE did not change any mone, A decrease of
the plasman absorption cat be attributed to the change of
loscallzed refractive index near the AN sudface indicating that
PO6 was attached to the AuNr corface. Prom DV meeodded

1,5 - - - ' ' ' I ' ' v

FEG SakEs 4
el e U:HI|UJE_H_!I’.'.‘I

Ahn
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Fig 3 V-V spectra of Aabirs befone and after bio-conjugation with
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gpectra, It Is clar that AuNrs bind PC6 molecules and the
redaltling eodmpleses s stable dnce ther k& not any degrada-
tion of the ahsorption peale We remark that the stability of PEG-
AuNr 5 due b the presence of two different capplog agents,
fusch ax DPEG and CTAR, respactively. After their synthesis, gold
matuxtods carry positive and negative charges on thelr surfaces
dus o strongly adsorbed CTA-PEG-O00T ons, preferentally
alarg the slde surfaces. PCE may adsorh to the PEG-AuNr sides
vig electrostatic attractions, As a matter of fact, with pogithely
charped CTAR, PCS lkely Interacts walts negathe charges, thos
expuing neutral, or pokithely chargred, groups ewarde the
external sides, Comerely, sn PCH Intemcting with the end of
nanemds, charges are evenly distibuted thus faveriog classieal
Van der Waak interphytochelatin interactions, We do not
exclisde the interaction of OO0~ groups of DPEG with postive
chargpes of POE ofitt gold fabirod the mechanlem for peptide
mszembly 15 probably triggered by electmstatic interactions
between the deprotonated DPEG and the posithel chaged
CTAB surfactant bilaver on the surface of gold ranorods, 45 a
consequence of the improvement of AuNr stability. A better
gtability and evalvaton of PEG-AuNr hicconjugation was
confirmed by PM-IRRAS, which is particu ldy ueeful in the case
of a very thin layer of modified matedaks. Planar gold surfaces
were functionalized by a cysteamine sel-atsembled mannlayer,
which could strongly baund, under EDGNHS chemistry acti-
vathin, PO in one sample, and POG-AuNr 1t another cam ple, for
comparian pirposes (st Seheme 1.

Fig. 3 shows a set of PM-IRRAS dam taken after proteln
immobilization on the gold surface (Fig 3 black line) and after
PC6 oo fugated PEG-AuNr nmobileation on the gold sudace
(Fig. 4 redline] The PBEG spectmal patemn bs confimmed by the
vibratlon band of the (C-0-C) at 1020 em™" the C=0
streti hitg misde of the carboxylie group expected a1 1725 cm™*
i= evidenced, The penks at 1420 cm ™" wen attrdbuted to the

asymmetric and symmetric C-H gclsooring vibmtions of CHz-

e L e
1 IIR' ; A ‘:".a’—!::.
N , { H
| ! : i
A i ' i !
1 Ed3E £ F
+ —_— i o an
a2 - LR
e e
I} Tl e, "ha "a
: K we =
{ ] i #
1 kS 5, kS
: B s b
LY b 1 i
s i B E E
+ — L1l S o 1
- e
s ‘-\-\.\_LJ.-“"-

Scheme 2 Schematc represeniation of the becsensor elaboration
sraegy: Au surface modification wifh cysteamine oeH-asoem bed
mondayer and PCE ia) or PCE-modshied goid memoncds ).
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2000 1633 1600 4400 1200 1000
Wavenumbar {em’)

Fig 4 PM-IRRAS spectra of PCG-modified gold substrates {blacik fine)
and POS-AuNR-modified gold subsirsies {ed el

N madeties and to the CHy scissoring mode, respectively. In
PM-IRRAS spectm, the peak at 1750 em™" i ascigned o ester
bonds, ac a congegquence of EDCNHS activation, the peak at
1660 cm " is assigred to the smdde I bonds and the omeat 1530
em™" is assigned to the amide | bonds: in bath cazes all the
peaks ame compamable, except the peak at 1020 em™ ", dame
teristc of the O-0-C chain of PEG that confirms a good inter
action between POS and PEG-AuNra

33, Interaction of POFAUNRS with kad{n) jomns

FT-5PR mvessu rements were used in monltodng inteme tions
betwsen POA-AuNB: and lead{n) iors, Fig. 5A shows the real-
time monitodiog of all Phin) slutions with different concen-
trations tested, At the nstant £ = 64 min, a solution of lead jons
with 100 ppb concentrtion was injected Into the test fow
chamber, pmducing a chift of the FTSPR peak ahsomption to
650 et~ then an aqueses solution was Bown in onder towash
the SPR airface, and the PT-5PR sigial was restored to i
starting value at 9320 cm~". At £ = 93 min, a seluton of lead
{ons at 50 ppb concentm tion wax injected, producing a hift of
FT-SPRup to 050 em ™ then agueoss sobs ton was fown spain
to tinse the surbee. Af € = 115 min, a solaton of kad ons ot 25
ppb concentration wa injected ylelding a FT-SPR wavenu mber

: i i 5 i :
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Fig. § i) FT-5PR nesponse a s a function of beadifl) soluton concen-
trafons jrespectely 100, 50 and 25 ppb) during 3 cydies of binding
comoentrations of kead solutions, §0) SPR transmettance peak shilt asa
Functicn of Beady) sclrtson concentratsons.
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valise of aboist 9100 et~ % Anally aqueou s solution was Soen to
ritge the surface., It is of partioular inte st that after ringing the
skl restores its lnital value since this means that the iner-
action between nanocomplees and metal ons & revendble.
These wave number shifts indicate that lead{n) ions in aslution
eirnificanty bind o phytochelatin modified AuNrs even if the
bybirid probes ane conjugated to the anabsis surface of FT-SPR.
Fig. 5B meports how the abgolute position of the plasmon
absothance peak chafges a8 a functhon of d iferent oo centa-
thns of lead lon soluticn, while Fig. 5C shows data obtained
frxm relative shifix of the plasmon peak dudng exposition to
Phin) ion sodution g These data could ba fitted using OHginlab
Software™ by the following equation (Bolzmann model):

F= Aot (A — AL+ [4x — xaddx)))

whete 4, I the initial vahse, 4, iz the fnal vahe, 5, & the
Inflection point and dr s the lead concenmration constant. The
inflection pulnt i weeful for the evalaation of the afinity which
quantifies how strong & the biomadecular interaetion between
PO-AuNE and leadin) lons [n aqueois soluthons: In our case,
the r, valve & 716 & 09 em™ ppb™ ooresponding to 1.8 «
W0 e 2w 107 em mol L8

Conclusions

I this wixk, we have characterloed by optical, libel froe tech-
niques the intemction batwesn small peptides, mamely PCE,
and Phin) in aquesis sehitions hased on peptide adoorbed gold
tanomds. Thebe bybrid maneeompleses am stable and biokg-
leally active: even if inked by adsorbed-gpokd interactions on the
nanemd sudace, the peptides are able to grongly bind the
hemy metal lms with an affinly constant in the range of
picomolars. The signal changes, Lo vadation of the FT-SFR
peak position, ame important (more than 200 em™ ") even at a
very low concentmtion (25 pph) of meta) jons thiz eask & very
promisiog for the development of senxitive and effective
nanopartick-based biosensors for quantfylng the Phin) jon
comoe ntm thon in water.
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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 (AA<1 nm) of HFB-PSi optical spectra on exposure to glucose solution
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(2.2mg/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™ 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 (Cd**, Pb?* and Hg*") 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™) 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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A zinc oxide nanowires (Znd NWs) forest has been grown by a versatile hydrothermal method on solid
supporns of very different nature, such as flat crpstalline silicon, glass fiber and polymer surface, Zn0
NW= shown a characteristic photoluminescence {PL) spectrum that has been used for optical transduc-
tion of molecular interactions. In this study, Zn0 NWs were chemically modified in order to bind a proper
bigprobe for selective protein- protein biorecognition. Technigues such as scanning electron microscopy
(SEM), water comtact angle {WCA), fuorescence microscopy and Fourier transform infrared [ FTIR) spec-
troscopy were used for characterization of nanostructures bioconjugation, demonstrating that Zn0 NWs
can be easily and efficiently functionalized. Quantitative and label-free sensing of protein- protein inter-
action was obtained by monitonng ML emission of Zn0 NWs under laser irradiation,

£ 2015 Elsevier BV, All rights reserved.

1. Introduction

Optical transduction, as alternative to electrochemical and
amperometric analytical methods, is an attractive technique for
biosensing due to high sensitivity and specificity, real-time mon-
itoring, high throughput, and no sample pretreatment. When a
molecular probe {ie. a protein, an enzyme, a DNA strand, and so
on}is conjugated to an optical transducer, an optical biosensor is
created, adding natural, high selectivity to the other listed features,
Optical biosensors could be integrated in small device and used in
applications of social interest such as medical diagnostic, therapeu-
tics, health care, monitoring of environmental pollutants, home and
defense security | 1-3 ] Fluorescence is one of the most used signals
in optical transduction, even if the labeling of the probe is often a
limiting step in biclogical sensing [4], Label free optical biosen-
s0r5 can be realized integrating biomolecular probes on a signaling
material which directly transduces the molecular recognition into
an oprical signal without any external manipulation [5],

Zinc Oxide (Znd) is one of the most interesting transducer
materials for chemical and biotogical sensing applications: it hasa
very reactive surface; it is hiocompatible and very stable from the
chemical point of view; it shows an intense photoluminescence

* Corresponding agthor at- Wia P Castelano, 111-B0131 Mapbes, |taly.
Tef.: #1908 16132375: fax: +39 0816132558,
E-mmi adidress 1602 desiefant @ smmLcnril (L De Stefano)
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D925-A00500 2005 Elsevier BV, All rights resemved.
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{PL) emizsion at room temperature under laser irradiation [G]. Zn0
is a well-known n-type, direct wide-band-gap II-V1 semiconductor
with a band gap of 3,37 eV and a large exctonic binding energy
of G0meY, which allows an efficient excitonic emission even
at room temperature |7,8]. Moreover, Znl} exhibits the richest
family of nanostructures (nancribbons, tetrapods, nanoreds and
nanowires) among semiconductor oxides and different methods
are available in literature of Zn nano-objects f@brication, includ-
ing Vapor-Liquid-Solid growth (V1S), Metal Organic Chemical
Vapor Deposition {MOCVD), High Pressure Pulsed Laser Deposition
(HP-PLD) [2,107, However, these techmologies always reguire
high temperatures, sometimes the presence of a catalyst, and,
in general, complex equipments that make very expensive and
energy-consuming the production of Zn0 nanowires (NWs ),

An altermative approach in Zn0d NWs production is the
hydrothermal synthesis, an aqueous mediated growth of Zn0
nanostructures, which presents several advantages with respect
to those aforementioned; it requires not very high temperatures
(60-05-C), simple eguipment and low cost reagents, The best
asset of hydrothermal synthesis is that different morphologies of
nano-objects can be obtained on large surfaces, i.e, tenths of cen-
timeters squares, whereas other nanotechnologies are strongly
limited in dimensions of the structured surface. Moreover, the
hydrothermal method is not dependent on the nature of the sup-
port material: it can be indifferently used on different hard surfaces,
such as glasses, metals (gold, aluminum, and so on) thick or thin
lavers, and other semiconductors {silicon, germanium and other
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Scheme 1. Schematic representation of 200 MW bio-motification; the nanostructured surface of Znd is highly Tydrolyzed {A] 2nd can be silanized by APTES (B1 Afer
silanization, the Surface EXpOSes AMMENe groups that bind the cross-linker BS® (C). The cross-linker & usad to bind the protein A (D}

of electronic industry interest); or on soft, flexible substrates,
such as plastics or polymers, of any shape, not necessarily planar,
but also curved or even more complicate, Changing the process
parameters, it is also possible to modulate the NWs order, den-
sity and height [11]. Under laser irradiation, the Zn0 NWs show
a characteristic photoluminescence { PL) spectrum, which presents
a very intense near-band-edege ultraviolet peak at about 380 nm,
due to free excitonic emission, and one or two broad bands in
the vizible-near infrared range related to Zn vacancies, intersti-
tial Zn avoms and lattice defects related to O and Zn, ie, strongly
depending on the preparation conditions, The morphelogical (such
as large surface-to-volume ratio} and physico—chemical (biocom-
patibility and the PL emission) characteristics of Zn0 NWs make
this material a good candidate for optical biosensing application
[¥2,13].

In this work, we tested the hydrothermal growth process on
different substrates; a flat crystalline silicon wafer, the glassy
clad of an optical fiber, and a film of Polyethylene Naphthalate
(PENY. Zn0 NWs grown on crystalline silicen have been character-
ized by several technigues such as scanning electron microscopy
{SEM ), Fourier transform infrared ( FTIR ) spectroscopy, fluorescence
microscopy and water contact angle {WCA), The Zn0 NWSs sur-
face has been functionalized with a biotinylated-protein A and
its interaction with different concentrations of Avidin-Horseradish
peroxidase (Avidin-HRP) has been labei-free monitored by ZnO
MNWs PL emissions.

2. Materials and methods
2 1. #nd NWs hydrothermal synthests

A uniform Zn0 seed laver was deposited on different sup-
port materials using a radio frequency {RF) magnetron sputtering
equipment from a 90.999% pure ceramic Zn0 @&rget. The sub-
strate was placed on the substrate holder and the deposition
chamber was pumped down to a base pressure of 3 = 10-% mbar
before intreducng the process gases (Ar). A 150nm Zn0 thin
film was then deposited at room temperature, with 150W RF
power, 2.5 « 10-2 mbar pressure, 40 scomAr fiux and 30min depo-
sition time, The solution for hydrothermal process was prepared
by dissolving in 200mL DM, water an equimolar (0.5M) solu-
tion of alkaline reagent hexamethyleneteteamine (CzHypMa ) and
the Zn?* salt (Zn{NO;)) that act as a precursor. The solution
was then heated at 90-C for 4h on a P1D. controlled hot plate
with an immersion thermal sensor and the substrate, with the
sputtered Zn0 thin film, was immersed upside down. All of the
resultant NWs were rinsed with de-ionized water and dried with
nilrogen,
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22 Subsirotes

The hydrothermal growth method was performed on different
substrates with different morphologies to investigate the possibil-
ity of using different material like platform for biosensing sensor.
Im particular we tested a standard optical glass fiber, a plastic film
of Polyethylene Naphthalate (PEN) and a silicon wafer, [n any case
aZnD seed layer was deposited by sputtering process and the sub-
strate was immersed in the hydrothermal solution.

2.3, Znd NW's biomodification and blorecognition

Naturally hydrolyzed Zn0 NWs (Scheme 1A) grown
on silicon were treated with a solution of 5% APTES {(3-
amincpropyl triethoxysilane}  (Sigma-Aldrich} in  toluene
anbwwdrous for 30 min at room temperature (RT), cured on heater
at 100+=C for 10min. Amino-modified Zn0 NW's (Scheme 1B) were
then treated by cross-linker BS? {Bis]sulfosuccinimidyl] suberate)
{Thermo Scientific) 1.7 mM in PBS 1X pH 7.4 at 4=C for 5h, The
sulfo-NHS-terminated samples {Scheme 10) were then incubated
at 4= owernight { ON) with FITC-labeled Protein A {Sigma-Aldrich)
48 pM in PBS 1X pH 7.4 for preliminary bioconjugation evaluation
{Scheme 1D} by Muorescence microscopy. ZnD NWs as synthe-
sized, and APTES-modified Znid NWs were ON incubated with
FITC-labeled protein A (48 M in PBS 1X pH 7.4 ) as control samples
against aspecific adsorption. Protein A modified samples have been
reacted with biotin {Sigma-Aldrich) 48 pM in PBS 1X pH 7.4 at RT
for 1h Avidin-HRP (BioLegend) at 8-4-2-1 pg/ml concentrations
(PB5 1X pH 7.4 at BT for 1h} was drop-deposited onto samples
for biorecognition monitoring, The process was carmied out in
triplicate,

24 Scanning electron mioroscopy

The morphology of Zn NWs, for each substrate, was investi-
gated by scanning electron microscopy (SEM)L SEM images have
been collected at 5 kV accelerating voltage and 30 pm wide aper-
ture by a Field Emission Scanning Electron Microscope (Carl Zeiss
NTS CmbH 1500 HRaith FESEM}. Secondary emission and in-lens
detectors have been used for imaging.

2.5, Flugrescence miooscopy

Fluorescence measurements were made by a Leica Z16 APD
fluorescence macroscope equipped with a camera Leica DFC300
and 13 filter (450-490nm band-pass excitation filter plus a510nm
dichromatic mirror and a 515 nm suppressicn filter). Fluorescence
intensity values reported in the paper are averaged on three inde-
pendent determinations.
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26 Waler contact angle meagsuremants

Sessile drop technique has been used for Water contact angle
(WCA) measurements using a First Ten Angstroms FTA 1000 C Class
instrument coupled with drop shape analysis software, The WCA
values reported are average of three measurements at least.

2.7, Fourter transform (nfrared spectroscopy

Surface chemical biomodification has been investigated by FTIR
spectroscopy. FTIR spectra have been recorded by a Nicolet Con-
tinum XL{Thermo Scientific); measurements have been performed
in transmission mode, Spectra were collected in air {32 scans per
specrrlumfl in the range of 4000-400cm-! with a resolution of
Z2om-L,

28 Steady-stote phofoluminescence

Steady-state photoluminescence (PL) spectra were excited by
a diode-pumped solid-state laser at 325 nm, PL was collected at
normal incidence to the surface of samples through a fiber, dis-
persed in a spectrometer { Princeton Instruments, SpectraPro 300k,
and detected using a Peltier cooled charge coupled device {CCDY)
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camera (PIXIS 100F), A long pass filter (Thorlabs) with a nominal
cut-on wavelength of 365 nm was used to remove the laser line
at monochromator inlet, Three measures for each sample were
collected.

3. Results and discussion

Hydrothermal growth of Zn0D NWs consists in hydrolysis of
zinC mitrate in presence of an amine [14]. During this process,
Zn{M04 )y, a water soluble salt, dissociates to form free Zn®* ions
and the HTMA hydrolyzes into formaldehyde and ammonia, OH
ions are supplied from the dissociation of KHz inte NHz* and OH-,
i.e, the OH- ijons are supplied by the HTMA that acts as a pH
buffer. Finally, Zn?*reacts with OH- to form Zni0H); which leads
to Zn0 = Hz 0. The hydrothermal process is summarized by the fol-
lowing reactions:

{CH2 )N + BH20 — GC0H2 +4NH3
NH3 + Hy0 = NHg* -+ OH-

20H- +Zn** — Zn[0OHY,
In(OHyL — Zn0 + Ho0
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Fig_z. Flugrescence images. of Znh NW's as symihesized incabated with FITC-labeled profein A (AL ZnD Nw's modified by aminasikane and then incubated by ATC-labeled
profein A (B} as controd samples ang Z2n0 Nw's modifled by aminosiane, BS® crosslinker and then incubated by FITC-labeled protein A biomodined (C). Histogram of

Muorescence intensity after FITC-Labeled profein A inciEbation (D)

Even if the hydrothermal method is actually a bulk solution,
mukti-steps reaction, substrate independent, the NW assemblies
directly grown on the surfaces of different materials could be very
disordered and irregularwith poor adhesion. In Fig. 1 SEMimages of
Zn0 NWs grown with (left column ) and without (right column ) the
Znd seed layer are reported, It can be immediately cbserved that
without the Zn0 seed layer the quality of nanostructured surface is
unacceptable; in case of flat silicon (Fg. 1A, right) the dark zone is
that without seed layer and cnly residues of Zn0 NWs can be seen,
whereas the adjacent surface crowded of NW's has been coated by
sputtered Zn0. A very similar observation holds for PEN surface;
the naked polymer surface is covered by irmegular structures, while
the sputtered PEN has an ordered forest of NWs on top (Fiz. 1B,
right). Azain, in case of fiber bare glass, the Zn0 NWS are sparse on
the surface (Fig. |C, right). It i5 always true that, during the growth
process, there could be a solid phase precipitation of large crystal-
lites in solution due to the exceeding of the minimum critical super
saturation concentration of Zn?*, However, most of these crystal-
fites can be removed by rinsing and the few macro-ageregates that
rest do not affect the overall NW's density and morphology. From
the dizcussion of these results, itemerges the need of Zn0 seed layer
by sputtering deposition, if a good guality nanestructured surface
is desired; the zinc seed layer promotes the growth of a uniform
forest. Among the plethora of thin film deposition techniques, sput-
tering is one of the most simple and economic one; it onky requires
a solid targel, a neutral gas (i.e. argen)a plasma generation power
supply and it weorks in medium vacuum, Using a sputtered Zn() seed
layer, good quality Zn0 NWs can be grown practically everywhere
[15.16].

In Fiz. 1 left column some details of Zn0 NWs can be appre-
ciated: the diameter of NWs is around 200 nm and the height is
about 1 pm and on all the support surfaces exploited, despite their
different nature, the Zn0 NWs are quite perpendicutar to the plane
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and high density of nanostructures can be obtained (Fig. 1A-C, left),
Moreover, the adhesion of NWs on the surfaces is strong enough
to clean the devices in standard ultrasonic bath (35 kHz, 150W, for
15 min) since mechanical properties are assured by the Zn0 sput-
tered film, High power sonication could longitudinally break the
NW's, thus producing a nanometric powder,

A standard silanization chemistry {see Scheme 1) has been used
for Zn0 NWs passivation, The aim is to obtain a homogeneous func-
tional surface that covalently binds the crosslinker spacer (B3]
and the bioprobe, which in the case under study is a biotinylated-
protein A, Such a biomolecular complex is able to specifically
interact with Igl, through protein A, and with avidin, through
biotin. In our study, we monitored the interaction between the
biotinylated protein A and an avidin-12G like biomelecule as avidin-
HRP, which is commonly used as a second step for detection of
biotinylated antibodies by ELISA assay and western blot, Between
the pairs avidin-biotin and PrA-HRP, the first one has the strongest
specific interaction, ie, greatest affinity constant, and thus is
responsible of results in biomolecular interaction quantitative
monitoring. For a first characterization of functionalization pro-
cess, we used a fluorescein labeled-protein A (PrA” ), Fig. 2 reports
flucrescence microscopy images { A-Cland counts (D) of differently
functionalized Zn0 NWs after ON incubation with FITC labeled-
protein A, Images showed that only when the complete multistep
immobilization procedure is used, the luorescence emission from
PrA® is evident (Fiz. 2C), while control samples against aspecific
adsorption are completely black (Fig. 2A and B, The functionaliza-
tion of Zn0 surface and the molecular biorecognition experiment
have been monitored by FTIR (whole spectra are reported in
Fig. 51 of Supporting Information) and WCA measurements as
reported in Fig. 3A and B, respectively. Each curve of Fig, 3A shows
the following peaks: at 410cm-' for Zn0 stretching vibration,
000-560cm-! for R, 5iH, strecching vibration, 1100cm-! for 50
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stretching vibration (evidenced by dashed rectangles, well evident
in Fiz. 3A curve 1) due to hydroxylation and silanization steps. The
wettability of Zn0 NWs surface before the chemical passivation is
very high {see Fig. 3B, image (A}) with a WCA=10+4°, since the
surface is almost completely hydrolyzed, as a consequence of the
fabrication process, After samples silanization by AFTES a peak at
1260cm-" due to —CH;/NH; twisting vibrations (Fiz. 3A curve 2}
is present and a decrease of surface wettability due to the zame
residues is evidenced (Fiz. 38 image (B), WCA=43 +5°). After BS
immobilization {Fig. 3A curve 3}, the FTIR signal highlights peaks at
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1

1240cm-" for =0 stretch and peaks at 2032 cm—' and 2840 cm !
for asymmeetric stretch and asymmetric vibration of —CH, groups,
respectively, and at 2960cm-! due to BS® antisymmetrical and
symmetrical stretching of —CH;. Moreover, the hydrophobic
portion of BS® results in a further reduction of surface wettability
(Fig, 3B image (C), WCA=764+5=), After protein A immaobiliza-
tion, FIIR specirum reported in Fig 3A curve 4 shows peaks at
1014cm-! due to symmetrical stretches of protein A C—N—C
bond and 1260cm-! due to amide Il band of protein A. Fiz, 3A
curve 5, measured after biotin banding, shows a characteristic
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Fig. 4. PLspectravariatons of fanctionalized 200 NWs after avidin-HRP intetaction (A% narmalized PL infensity of peak at 350nm for different concentratiens of avidin- HEP
{B): normakized PLintensity of peak at 774 nm for different concentrations of svidin-HRP (C)

peak at 1280cm-! due to C—0 stretching vibrations of carboxylic
acids, while Fiz. 3A curve G, registered after avidin-HEP (4 pg/mL}
interaction, shows a strong band at 3580-3230cm-! due to O—H
stretching vibration. The large number of hydrophilic domains,
characteristic of protein structures, implies that the surface wetta-
bility of ZnQ NWs after protein A, biotin and avidin-HRP strongly
increased (WCA=10x5% 1144, B+4°, respectively) as shown
in Fiz, 3B images (D}-{F), respectively.

The PL emission of Zn0 is highly stable and intense and for these
reasons it has been extensively studied for its potential optical
applications [ 16- 18], We have monitored all the functionalization
steps of Zn0 NWs and the biorecognition between bintinylated-
protein Aand solutions at different concentracions (3-4-2-1 pg/mL)
of avidin-HRP by measuring the PL changes, Fig. 4A shows the PL
spectra before any modification, which has been used as reference
intensity in normalization calculations, and after interaction
with avidin-HRP at different concentrations. In the Zn0 NWs PL
spectrum the three contributions are due to different physical
phenomena; the ultraviolet intense emission at 380 nm is ascribed
to near band edge excitonic transitions; while the visible peaks, at
590 nm and 774 nm, to interstitial Zn atoms and oxygen vacancies
[19.20]. After biofuncticnalization of Zn0 NWs surface, the PL
emission increases since the molecular complexes can supply
extra free electrons which can participate to transitions between
surface energy levels available: this phenomenon is the well known
adsorption assisted increase of exciton-phonon interaction, which
of course is more evident in case of the peak at 380nm [21],
After the interaction between the bioprobes, the biotin molecules
and the avidin-HRP complexes, the PL signals slightly decrease
since some electrons are now engaged in the molecular binding
between them. It is very interesting to note that the normalized
peak intensities, i.e. the ratio between the PL emission of a peak
before any modification and the PL intensity recorded for each
solutions, have quite different behaviors on exposure to different
concentration soluticns, The normalized intensities of peaks at
380nm and 774 nm, as function of avidin-HRP concentration are
reported in Fiz. 4B and C, respectively. In case of peak at 590 nm, the
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plot of the experimental data shows a general tendency to increase
when the target concentration rises, but with large fluctuations,
probably doe to absorption phenomena which are inherently
non-linear, and it cannot be usefully fitted (data not shown here ),
The experimental data relative to peak at 380 nm (each point is
an average of three independent measurements and the errors are
the statistical standard deviations) in Fig. 4B were fitted by Origin-
Lab Software™ by Eq. (1), which represents a typical dose-response
curve{Boltzmannmodel ], i.e. aclassic saturation behavior expected
when all the available sites for target accommodation are occupied:

¥= A2 + (A1 A2V + [e]”™ ((x—xD)/dx))} (1}

where Al is an initial value, A2 the final value, x0 the inflec-
tion point and dx is the avidin-HRP concentration constant. The
inflection point is useful for evaluation of the affinity [22], which
quantifies how strong is the interaction between the biomodified
Znd NWs and the target avidin-HRP, In this case, the x0 value is
28401 pgiml per counts,

The data relative to peak 774 nm in Fig, 4C can be fitted, using
the proper routine of Originlab Software™, by a simple linear
equation, which, again, it can be used to determing the molecular
recognition. The stope of the linear fit, in fact, quantifies the sensi-
tivity of the system, as 18 £ 5 ng/mL per normalized counts, since it
represents how the optical response changes as the target concen-
tration changes too, From these measurements, we cannot estimate
the resolution and the limit of detection of our optical device, which
are both conditioned by the noise of the optical system, and should
both be measured at very low concentration of the target analyte,
The different curves obtained depend on how the electronic prop-
erties, in particular energy levels distribution and surface bands
bending, of the biomodified Znl NWs are sensible to biomolec-
ular interactions, Even if a detailed study of these phenomena is
beyond the scope of the present paper, it is important to note that
these results confirm that the synthesized Znd NWs forest is a quite
sensitive, robust and versatile optical transducer.
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4. Conclusion

In this work, we have characterized by optical, label free tech-
nigues the interaction between biomodified Zn0 NWs, obtained by
hydrothermal process, and avidin-HREP, The Znl nanostructuration
was studied by scanning electron microscopy and the biomodifi-
cation was extensively characterized by fluorescence microscopy,
Fourier transform infrared spectroscopy and wettability change
evaluation, Finally, photoluminescence of Znd NWs was used in
menitoring the biomolecular recognition of avidin-HREP at differ-
ent concentrations, The results show that the photoluminescence
intensity is very sensitive to target concentration changes, A sim-
ple normalization of the emission peaks provided a quantitative
menitoring of the biomolecular interaction, revealing an affinity
constant in the range of pg/mL per counts and sensitivity in the
range of tenths of ng/mL per counts, at least for wavelengths at
380 nm and 774 nm, These results, which are representative of a
proof-of-concept device, open an alternative route in development
of a useful optical device for label-free bio-medical diagnostic and
environmental monitoring based on Znd NWs.

Appendix A. Supplementary data

Supplementary data asseciated with this article can be found, in
the online version, at http:f/dx doiorg! 10.1016j.snb 201505135
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