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  Abstract 

The synthesis of new nanostructured materials and the study of their properties 

(electrochemical, catalytical and optical) are attracting a great interest in modern 

science. This is due to the fact that the transition between the "macroscopic" 

and the molecular scale often leads to significant changes in the properties of a 

material, and these properties may be of great utility for different practical 

applications in a wide variety of scientific areas, including chemistry, physics, 

electronics, optics, materials science and biomedical sciences. 

In particular, one of the advanced sectors in which nanotechnology may provide 

a substantial contribution is represented by the preparation, characterization 

and application of electrodes, with critical dimensions in the range of 

nanometers, for the development of chemical nanosensors. In electrochemical 

sensors, a change in the redox state of the bio-recognition/analyte system 

related to the bio-recognition event produces a change in an electrochemical 

quantity, which can be monitored by classical electroanalytical techniques. 

Electrochemical systems can be miniaturized below the micrometer scale, using 

ordered arrays of nanoelectrodes (NEA). A NEA is made by a very large number 

of very small ultramicroelectrodes confined in a rather small space, with a 

density ≥ 108 electrodes/cm2. The electrochemical characteristics that distinguish 

nanoelectrode array from conventional macro (mm-sized) or even ultramicro 

(μm-sized) electrodes are the dramatic lowering of double-layer charging 

(capacitive) currents (that are the largest component of the noise, or more 

properly the background signal of voltammetric measurements) and the extreme 

sensivity to the kinetics of the charge transfer process, which means capability to 

measure very high charge transfer rate constants. The ability of NEA to furnish 

well resolved cyclic voltamograms, can allow to develop sensitive methods for 

trace determination of redox species characterized by fast electron transfer 

kinetics. Moreover, the lowering of the background noise (related to the 

capacitive current) in an electrochemical determination improves not only the 

detection limit but also the precision of the determination. 
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The aim of this work is the fabrication and characterization of boron-doped 

diamond (BDD) nanoelectrode arrays. The use of boron-doped diamond 

electrodes is very attractive due to advantageous properties including high 

reproducibility, stability, and robustness under extreme conditions, where 

conventional electrode materials may undergo severe erosion. BDD electrodes 

have also proved to be very useful because they show an extremely wide 

potential window in aqueous solutions without oxidation of the electrode itself. 

This allows electrochemical detection, at tiny background currents, of a number 

of substances that oxidize at very positive potentials, where other electrodic 

materials are not suitable. BDD based NEAs were prepared using Si <100> 

substrates coated with a layer of boron doped diamond as macroelectrode. 

NEAs were obtained by creating an array of nanoholes in a thin film of 

polycarbonate deposited on top of the macroelectrode using two different 

nanofabrication techniques: electron beam lithography (EBL) and nanoimprint 

lithography (NIL). These approaches lead to the formation of recessed 

nanoelectrodes. The parameters for using polycarbonate as a novel electron 

beam resist have been optimized and successfully used for fabrication of NEAs. 

The most interesting properties of this polymer for nanofabrication purposes are 

the high lithographic contrast, which allows the creation of structures of 

dimensions less than 100 nm and the chemical stability, which guarantees a long-

term use in electrochemical solutions and the possibility of functionalization with 

biological molecules (DNA and proteins). 

NEAs were characterized with cyclic voltammetry and have provided 

voltammetric signals controlled by pure radial diffusion. The low background 

current of BDD added to the properties of NEAs indicates that this system can be 

applied for the development of sensors with high sensitivity. Polycarbonate 

surface of NEAs was successfully functionalized with small ss-DNA sequences, 

and hybridization experiments were carried out confirming the possibility of 

exploiting these systems as diagnostic biosensors. In addition, 

electrochemiluminescence experiments were done on these systems, in order to 

study changes in reaction layers of system Ru(bipy)3
2+/TrPA as a function of 

geometry and spacing of arrays elements. 
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Sommario 

La sintesi di nuovi materiali nanostrutturati e lo studio delle loro proprietà 

chimico-fisiche è attualmente di grande interesse nei settori scientifici. Questo è 

dovuto al fatto che la transizione tra la scala "macroscopica" e quella molecolare 

spesso causa variazioni significative delle proprietà di un materiale, che possono 

rivelarsi di grande utilità per molte applicazioni pratiche in diverse aree 

scientifiche, tra cui la chimica, la fisica, l’elettronica, l’ottica, la scienza dei 

materiali e le scienze biomediche. 

Uno dei settori avanzati in cui le nanotecnologie possono fornire un contributo 

decisivo è rappresentato dalla preparazione, caratterizzazione e utilizzo di 

elettrodi, di dimensione nanometrica, per lo sviluppo di nanosensori chimici. Nei 

sensori elettrochimici, una variazione nello stato redox dell’analita produce una 

variazione di una quantità elettrochimica che può essere monitorata attraverso 

le classiche tecniche elettroanalitiche. I sistemi elettrochimici possono essere 

miniaturizzati fino a dimensioni inferiori al micrometro utilizzando array di 

nanoelettrodi (NEA), cioè matrici formate da un elevato numero di 

ultramicroelettrodi molto piccoli confinati in uno spazio ristretto (≥ 108 

elettrodi/cm2). Le caratteristiche elettrochimiche che distinguono i NEA dai 

macroelettrodi convenzionali (dimensione di mm) ed anche dagli 

ultramicroelettrodi (dimensione di μm) sono la drastica riduzione delle correnti 

capacitive (che rappresentano la componente principale del rumore di fondo 

nelle misure voltammetriche) ed un’estrema sensibilità nei confronti della 

cinetica del processo di trasferimento di carica, che si riflette nella capacità di 

misurare costanti di velocità di trasferimento di carica molto alte. La capacità di 

questi sistemi di fornire voltammogrammi ciclici ben risolti, può permettere di 

sviluppare metodi sensibili per la determinazione in tracce di specie redox 

caratterizzate da cinetiche di trasferimento elettronico molto alte. Inoltre la 

riduzione del rumore di fondo (correlato alle correnti capacitive) in una 

determinazione elettrochimica non solo migliora il limite di rilevabilità ma anche 

la precisione della misura. 
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In questo lavoro saranno discusse la fabbricazione e la caratterizzazione di array 

di nanoelettrodi a base di diamante drogato con boro (BDD). L'utilizzo di questo 

materiale come elettrodo è molto interessante a causa delle sue peculiari 

proprietà, tra cui l’alta riproducibilità, un’elevata stabilità e la resistenza in 

condizioni in cui materiali elettrodici convenzionali potrebbero subire erosione. 

Inoltre, gli elettrodi in BDD possiedono un’ampia finestra potenziale in soluzioni 

acquose, senza ossidazione dell'elettrodo stesso. Questo permette la rilevazione 

elettrochimica di sostanze che si ossidano a potenziali molto positivi, dove altri 

materiali elettrodici convenzionali non sarebbero utilizzabili. Gli array di 

nanoelettrodi sono stati preparati mediante la creazione di una matrice di 

nanoholes in un film sottile di policarbonato depositato su un substrato di Si 

<100> rivestito da uno strato di diamante drogato con boro (usato come 

macroelettrodo) attraverso due tecniche di microfabbricazione: la litografia a 

fascio elettronico (EBL) e la litografia nanoimprint (NIL). I parametri per l'utilizzo 

del policarbonato come resist EBL sono stati ottimizzati ed utilizzati con successo 

per la fabbricazione dei NEA. Le proprietà più interessanti di questo polimero per 

scopi fabbricativi sono l'elevato contrasto litografico, che permette la creazione 

di strutture con dimensioni inferiori ai 100 nm, la stabilità chimica, che garantisce 

un uso prolungato nelle soluzioni elettrochimiche, e la possibilità di sfruttare i 

gruppi funzionali presenti sulla superficie per l’immobilizzazione di molecole 

biologiche (DNA e proteine). 

Gli array di nanoelettrodi sono stati caratterizzati elettrochimicamente mediante 

voltammetria ciclica ed hanno fornito segnali voltammetrici controllati da 

diffusione radiale pura. La bassa corrente di fondo del diamante drogato con 

boro in aggiunta alle proprietà dei NEA rende auspicabile l’utilizzo di questi 

sistemi per lo sviluppo di sensori ad alta sensibilità. La superficie di policarbonato 

dei NEA è stata funzionalizzata con successo con piccole sequenze di ss-DNA, e 

sono stati effettuati esperimenti di ibridazione, confermando la possibilità di 

sfruttare questi sistemi come biosensori diagnostici. Inoltre, sono stati condotti 

esperimenti di elettrochemiluminescenza, al fine di studiare le variazioni negli 

strati di reazione del sistema Ru ( bipy )3
2+/TrPA in funzione della geometria e 

della spaziatura tra gli elementi dell’array. 
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List of Abbreviation 

 
NEA …………………………………………………………………………………. Nano Electrode Array 
NEE …………………………………………………………………………….. Nano Electrode Esemble 
EBL …………………………………………………………………………... Electron Beam Lithography 
NRT ……………………………………………………………….. Normalized Remaining Thickness 
NIL ……………………………………………………………………………. Nano Imprint Lithography 
RIE ……………………………………………………………………………………... Reactive Ion Etching 
ICP …………………………………………………………………………. Inductively Coupled Plasma 
SEM ……………………………………………………………………. Scanning Electron Microscope 
ECL …………………………………………………………………………. ElectroChemiLuminescence 
DET ………………………………………………………………………………. Direct Electron Transfer 
CCD ………………………………………………………………………………. Charge Coupled Device 
EM-CCD ……………………………………….. Electron Multiplying Charge Coupled Device 
DC ……………………………………………………………………………………………….. Direct Current 
RT ………………………………………………………………………………………. Room Temperature 
CV ……………………………………………………………………………………….. Cyclic voltammetry 
GC ………………………………………………………………………………………………. Glassy Carbon 
BDD ………………………………………………………………………………. Boron Doped Diamond 
PC ……………………………………………………………………………………………… Poly-Carbonate 
PMMA ……………………………………………………………………… Poly (methilmethacrylate) 
HPV ……………………………………………………………………………… Human Papilloma Virus 
PCR ………………………………………………………………………… Polymerase Chain Reaction 
GOx …………………………………………………………………………………………. Glucose Oxidase 
GLC ……………………………………………………………………………………………………….. Glucose 
PBS ………………………………………………………………………….. Phosphate Buffered Saline 
IPA …………………………………………………………………………………………. IsoPropyl Alcohol 
MIBK …………………………………………………………………………….. Methyl IsoButyl Ketone 
OTS ………………………………………………………………………….. Octadecyl Trichloro Silane 
EDC ………………. N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride 
Sulfo-NHS ……………………………………………. N-hydroxysulfosuccinimide sodium salt 
BSA ……………………………………………………………………………….. Bovine Serum Albumin 
FA+ ………………………………………... (Ferrocenyl methyl) trimethyl ammonium cation 
Ru(bipy)3

2+ …………………………………………………………. Ruthenium (II) tris(bipyridine) 
TrPA (or TPA) …………………………………………………………………………….. TriPropylAmine 
DBAE ……………………………………………………………………………. DiButhil Amino Ethanol 
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1.1 Human Papilloma Virus (HPV) 

Papillomaviruses are small, non-enveloped, double-stranded DNA viruses that 

infect mucosal and cutaneous epithelia in a wide variety of higher vertebrates in a 

species-specific manner and induce cellular proliferation. Over 120 human 

papillomaviruses (HPVs) types have been identified and are referred to by 

number.1 HPVs can be also classified in cutaneous or mucosal according to the 

tissue specificity. In fact, HPVs establish productive infections only in 

keratinocytes of the skin or mucous membranes. While the majority of the known 

types of HPVs cause no symptoms in most people, some types can cause warts 

(verrucae), while others can lead to cancers of the cervix, vulva, vagina, penis, 

oropharynx and anus (table 1.1).2 Recently, HPV has been linked with an increased 

risk of cardiovascular disease.3  In addition, HPV 16 and 18 infections are strongly 

associated with an increased odds ratio of developing oropharyngeal (throat) 

cancer.4 

 

Disease HPV type 

Common warts 2, 7 

Plantar warts  1, 2, 4, 63 

Flat warts  3, 10, 8 

Anogenital warts  6, 11, 42, 44 and others
5
 

Genital cancers 

Highest risk 
5
: 16, 18, 31, 45 

Other high-risk
 5,6

: 33, 35, 39, 51, 52, 56, 58, 59 

Probably high-risk
 6

: 26, 53, 66, 68, 73, 82 

Epidermodysplasia verruciformis  more than 15 types 

Focal epithelial hyperplasia (oral) 13, 32 

Oral papillomas 6, 7, 11, 16, 32 

Oropharyngeal cancer  16 

Verrucous cyst 60 

Laryngeal papillomatosis  6,11 

 

Table 1.1 Table of notable HPVs types and correlated disease. 

 

http://en.wikipedia.org/wiki/Wart
http://en.wikipedia.org/wiki/Plantar_wart
http://en.wikipedia.org/wiki/Verruca_plana
http://en.wikipedia.org/wiki/Anogenital_warts
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Epidermodysplasia_verruciformis
http://en.wikipedia.org/wiki/Epithelial_hyperplasia
http://en.wikipedia.org/wiki/Papillomas
http://en.wikipedia.org/wiki/HPV-positive_oropharyngeal_cancer
http://en.wikipedia.org/wiki/Laryngeal_papillomatosis
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1.1.1 Structure of the viruses 

Papillomaviruses are icosahedral DNA viruses that have a diameter of 52–55 nm 

and a genome of approximately 8000 base pairs. The viral capsid is composed of 

72 pentameric capsomers, which are arranged on an icosahedral surface lattice 

(figure 1.1). Sixty of the capsomers are 6-coordinated and the remaining 12 are 5-

coordinated. The capsid contains two structural proteins — late L1 (55 kDa in size; 

80% of total viral protein) and L2 (70 kDa) — which are both virally encoded.7,8 

 

 

 

Figure 1.1 (a) Three-dimensional picture of HPV, showing the capsomers.
9
 (b) Each capsomer is 

composed of 5 subunits and therefore it exhibits a 5-fold symmetry. 

 

The genomes of all HPV types contain approximately eight open reading frames 

(ORFs) that are all transcribed from a single DNA strand. The ORF can be divided 

into three functional parts: the early (E) region that encodes proteins (E1–E7) 

necessary for viral replication; the late (L) region that encodes the structural 

proteins (L1–L2) that are required for virion assembly; and a largely non-coding 

part that is referred to as the long control region (LCR), which contains cis 

elements that are necessary for the replication and transcription of viral DNA.10  
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These three regions, in all papillomaviruses, are separated by two polyadenilation 

(pA) sites: early pA (AE) and late pA (AL) site (figure 1.2). 

 

 

 

Figure1.2 Schematic genome organization of a typical mucosal high-risk HPV. The genome contains 
early and late regions, which relate to the positions of the genes within the genome and their 
timing of expression during the viral life cycle. 
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The L1 and L2 proteins assemble in capsomers, which form icosahedral capsids 

around the viral genome during the generation of progeny virions. The protein E1 

is required for viral replication and it assembles into hexameric complexes with 

the aid of a second viral protein, E2. 12 The resultant complex has helicase activity 

and it initiates DNA unwinding to provide the template for subsequent synthesis 

of progeny DNA; 13 E2 protein is also the main regulator of viral gene transcription. 

E4, despite its name, is believed to be involved in the late stages of the life cycle of 

the virus and E5 may function during both early and late phases. The E6 and E7 

proteins target a number of negative regulators of the cell cycle (table 1.2).10 

In fact, the two primary oncoproteins of high risk HPV types are E6 and E7: their 

degree of expression is correlated with the type of cervical lesion that can be 

ultimately develop.14 
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The best known property of the E6 proteins of high-risk HPVs is the inhibition of 

the transcriptional activity of p53 15,16 and the abrogation of p53-induced 

apoptosis, including apoptosis induced by E7 through the destabilization of 

p105Rb (Retinoblastoma Protein).17 In addition, E6 binds to numerous other 

cellular proteins that can be divided into four broad classes: transcriptional co-

activators, proteins involved in cell polarity and motility, tumour suppressors and 

inducers of apoptosis, and DNA replication and repair factors. 

 

 

 

Table 1.2 Functions of papillomavirus proteins.
18

 

 

Because several proteins belong to more than one class, E6 can affect 

transcriptional pathways, disrupt cell adhesion and architecture, inhibits 

apoptosis, abrogate DNA damage responses, induce genome instability and 

immortalize cells. 
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The main cellular partner of E7 is the tumour-suppressor protein p105Rb.19,20 

Association of E7 with p105Rb causes its degradation,21 freeing the transcription 

factor E2F to trans-activate its targets, thus leading to uncontrolled cell 

proliferation.22 

 

1.1.2 Methods for the detection of HPV infection 

Up today, the methods used clinically for the detection of genital HPV presence as 

visual inspection, colposcopy, cytology and histology, do not detect the factual 

presence of HPV, but they are indirect methods that detect the clinical effects of 

HPV infection. 

Most HPV infections in young women are temporary and they have little long-

term significance. However, when the infection persists — in 5 to 10% of infected 

women — there is high risk of developing precancerous lesions of the cervix, 

which can progress to invasive cervical cancer. Progression to invasive cancer can 

be almost always avoided when standard prevention strategies are applied, but 

the lesions still cause considerable burden, necessitating preventive surgeries, 

which involve in many cases loss of fertility. In more developed countries, cervical 

screening using a Papanicolau (Pap) test or liquid-based cytology is used to detect 

abnormal cells that may develop into cancer. Unusual findings are often followed 

up by more sensitive diagnostic procedures as colposcopy. During a colposcopic 

inspection, biopsies can be taken and abnormal areas can be removed with a 

simple procedure, typically with a cauterizing loop or, more commonly by freezing 

(cryotherapy). Treating abnormal cells in this way can prevent them from 

developing into cervical cancer.18 

This test may also detect infections and abnormalities in the endocervix and 

endometrium and it remains an effective, widely used method for early detection 

of pre-cancer and cervical cancer. However, the majority of HPV infections might 

be undetectable by the Pap test. 
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Also, histological diagnoses of HPV infection are invasive for patients and they 

have certain limitations. In addition, they do not correlate completely with viral 

detection by molecular assays.23 

The detection of HPV proteins in infected cells or tissues is also possible but it is 

often hindered for two main reasons: first, the late capsid proteins are only 

expressed in productive infections;24 second, the early proteins are usually 

expressed in small amounts in infected tissues. Recently, the expression of HPV L1 

protein was assessed by immunocytochemistry, using monoclonal antibodies 

against L1 of HPV 16 only, or against L1 from a pool of high-risk HPV types.25 This 

suggested that loss of L1 expression in high-grade lesions, as measured with these 

antibodies, could be used as a prognostic marker for cervical neoplasia. 

Direct detection of HPV genomes and their transcripts can be achieved with 

hybridization procedures that include southern and northern blots, dot blots, in-

situ hybridization, Hybrid CaptureTM and DNA sequencing. A variety of signal 

detection procedures are available, which can further increase the sensitivity of 

these assays. Viral DNA and RNA can also be detected by a series of assays based 

on PCR. In this case, the viral genomes are selectively amplified by a series of 

polymerization steps, which result in an exponential and reproducible increase in 

HPV nucleotide sequences present in the biological specimen. Currently, the two 

methodologies most widely used for the detection of genital HPV types are Hybrid 

CaptureTM version 2 and PCR with generic primers. These assays have equivalent 

sensitivities and specificities and both of them are suitable for high throughput 

testing and automated processing and reading, which are necessary steps for their 

use in large epidemiological studies and in clinical settings. Testing for the 

presence of more than one HPV type in biological specimen preferentially uses 

PCR-based methods, since Hybrid Capture 2 does not discriminate between HPV 

types. 
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This methodology, however, is at present labour-intensive and it requires 

expensive equipment. Moreover, direct sequencing does not appear to be 

suitable for the identification of specimens that contain multiple HPVs, since it 

preferentially detects the over-represented type.26 

AB Analitica (Padua, Italy) developed a system for identification and genotyping of 

HPV through PCR single-step and reverse line blot (Ampliquality HPV-type express 

v.2.0).  

This method is based on the amplification of target sequences with biotinylated 

primers and subsequent reverse hybridization on strips with sequence-specific 

oligonucleotide probes (reverse line blot). The amplification labelling can be done 

in different ways, using radioactive, biotinylated, or digoxinated nucleotides 

during the amplification step. Such nucleotides can be added to the reaction 

mixture or simply contained in the primer. The screening strategy adopted in this 

kit provides amplification of the L1 region of the viral genome with biotinylated 

primers. This method allows to discriminate between 29 types of HPVs plus a 

“universal HPV sequence”. When only the universal band is present, other types 

of sequencing are required.  

The sensitivity and specificity of the various available methods vary largely but 

they have improved considerably over the last decade, due to better quality and 

stability of the reagents and the accessibility to equipment that was once 

considered to be sophisticated. The characteristics of these assays are 

summarized in table 1.3. 

It is clear, indeed, that the development of simple, low cost and high sensitive 

diagnostic devices for HPV detection and genotyping can provide a significant tool 

to promote early diagnosis of infection. 
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Table 1.3 Characteristics of HPV test technologies.
18
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  1.2 Electrochemical Biosensors 

A biosensor can be defined as a device that incorporate a biological sensing 

element that is connected to a transducer to convert an observed response into a 

measurable signal, whose magnitude is proportional to the concentration of a 

specific chemical or set of chemicals.27 

Depending on the type of signal transduction, biosensors can be differentiated in 

optical, bioluminescent, electrochemical, piezoelectric and calorimetric. Among 

these various kinds of biosensors, electrochemical biosensors are the class of the 

most widespread, numerous and successfully commercialized devices of bio-

molecular electronics.28 This is due to their capability to be miniaturized, to 

operate in turbid media (unlike optical ones), to have short response time (unlike 

bioluminescent ones), to reach lower detection limit and to be cheaper, compared 

to the other types of biosensors. 

For these reasons, electrochemical biosensors are widely used for monitoring the 

products of industrial bioprocesses (aminoacids, yeast, lactic acid, ethanol, etc.), 

the pollutants in the environment (pesticides, fertilizers, substances estrogenic, 

CO, CO2, etc...), the relevant substances in clinical diagnostics (glucose, alcohol, 

DNA, hormones, etc...) and in the forensic field (cocaine, anthrax, nerve agents, 

etc...).29 

An electrochemical biosensor produces an electrical signal proportional to the 

concentration of a single analyte or group of analytes. Electrochemical biosensors 

may be classified according to the type of signal transduction (conductometric, 

potentiometric and amperometric) or depending on the nature of the biological 

recognition process: biocatalytic devices (for example based on enzymes as 

immobilize biocomponent) and affinity sensors (based on antibodies, membrane 

receptors, or nucleic acids).30 

Biocatalytic devices are mainly based on the interaction of an enzymatic layer with 

a suitable sensing device, like an appropriate electrode. These types of device 

combine the specificity of the catalytic protein for its substrate with the sensitivity 

of the transducer.  
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In fact, enzymes are biological catalysts with extreme specificity for a substrate (or 

a group of substrates), which they interact with, generating the relative products. 

The process follows, in the majority of the cases, the Michaelis-Menten kinetic 

model 31 and it can be studied by following the measured kinetic signal. 

Affinity electrochemical biosensors exploit the interaction between a recognition 

molecule and its specific target to produce the detectable signal. The recognition 

event is strongly influenced by the characteristics (e.g., shape and size) of the 

interacting biomolecules and high specificity and affinity are required to ensure a 

strong and stable interaction.30 

Sensing element and target can interact by several kinds of affinity systems, such 

as antibody-antigen complexes or the formation of the DNA double helix by 

hybridization between a probe and its complementary target. This interaction can 

be detected by direct electrochemistry, or by detecting the electrochemical signal 

of a suitable electroactive or redox enzyme label.32,33 

In the latter case, the enzymatic label is typically bound to the analyte, exploiting 

its electrocatalytic properties to detect the formation of the probe-analyte 

complex. The electrocatalytic signal of the label will be indeed detected only when 

the biorecognition event (the binding between the probe and the enzyme-labelled 

analyte) has been successful. In this case, the characteristics of the affinity 

biosensor intersect with those of an electrocatalytic sensor. 

 

 1.2.1 Enzyme based electrodes 

Enzyme-based electrochemical biosensors have been used widely in our life, such 

as healthcare, food safety and environmental monitoring. Health care is the main 

area in the biosensor applications, such as monitoring blood glucose levels in 

diabetics by glucose biosensors. 

Besides, the reliable detection of urea has potential applications for patients with 

renal diseases either at home or in the hospital. 
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Industrial applications for biosensors include monitoring of the fermentation 

broths or of the food processing procedures through detecting the concentrations 

of glucose and other fermentative end products. The sensitive detection of 

phenolic compound is another important topic for environmental research 

because they are often present in the waste waters of many industries, giving rise 

to problems for our living environment as many of them are very toxic.34 

The first enzyme electrode based on immobilized glucose oxidase was introduced 

by Leland C. Clark at the New York Academy of Sciences Symposium in 1962.35 In 

that case, a transducer composed by a thin layer of glucose oxidase (GOx), 

entrapped over an oxygen electrode via a semi-permeable dialysis membrane, 

was used for amperometric detection of glucose. The substrate (i.e. glucose) 

diffuses through the membrane that retains the protein and then it is converted 

to gluconolactone with consequent lowering of oxygen concentration. The 

biocatalytic reaction involves the reduction of the flavin group (FAD) in the 

enzyme by reaction with glucose to give the reduced form of the enzyme (FADH2) 

 

glucose + GOx(FAD) → gluconolactone + GOx(FADH2) 

 

followed by re-oxidation of the flavin adenine dinucleotide by molecular oxygen 

to regenerate the oxidized form of the enzyme GOx(FAD) 

 

FADH2 + O2 → FAD+ + H2O2 

 

This device allowed the indirect measurement of glucose by monitoring the 

decrease of the amperometric signal relevant to O2 reduction, because the kinetic 

conditions make the overall rate of the process dependent on glucose 

concentration in the sample. 
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Based on this technology, in 1975, the first commercial glucose biosensor was 

developed (Yellow Springs Instrument Company analyzer - Model 23A YSI 

analyzer). Since then, many kinds of biosensors have been developed and, 

depending on the electron transfer mechanism involved, it is possible to 

distinguish between first-, second- and third generation biosensors (Figure 1.3).36 

 

 

 

Figure 1.3 Three generations of amperometric enzyme electrodes for glucose based on the use of 
natural oxygen cofactor (A), artificial redox mediators (B), or direct electron transfer between GOx 
and the electrode (C). 

38
 

 

Glucose biosensors that rely on the use of the natural oxygen co-substrate and 

generation and detection of hydrogen peroxide are defined as “first-generation” 

glucose biosensors. However, the electrochemical behaviour of both O2 and H2O2 

is not perfectly reversible; moreover, changes in the concentration of dissolved 

oxygen, due to different reasons with respect to the GOx catalyzed reaction can 

influence the sensor response.  

An improvement to overcome both these limiting factors was achieved by 

introducing small electroactive molecules, called mediators, which act as artificial 

(non-physiological) electron acceptor, replacing oxygen. 

Mediators promote the electron transfer between the active site of the protein 

and the surface of the working electrode (second-generation biosensors).37 
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For this purpose organic and organometallic redox compounds can be used, such 

as ferrocene and quinone derivatives, ruthenium complexes, ferricyanide, 

phenoxazine compounds and organic conducting salts. 

As a result of using these electron-carrying mediators, measurements become 

largely independent of oxygen partial pressure and can be carried out at lower 

potentials, thus avoiding competitive reactions by coexisting electroactive 

species.38 

Ferrocene and its derivatives are the most used, because of their reversibility and 

rapidity in electron transfer.39 In the oxidized form, they act as electron acceptors 

for flavoproteins 40 that are oxidase enzymes, which contain a FAD group (flavin 

adenine dinucleotide, two-electron redox site 41) as redox co-factor. The most 

important and widespread application of ferrocene and its derivatives as 

mediators has been for the amperometric determination of glucose. The mediator 

is reduced by direct reaction with the cofactor of GOx and then it is regenerated 

electrochemically at the electrode surface. The general scheme of the mediated 

detection of glucose is reported here:  

 

glucose + GOx (FAD+) → gluconolactone + GOx (FADH2) 

FADH2 + 2 Med(ox) → FAD+ + 2 Med(red) + 2 H+ 

Med(red) → Med(ox) + e- 

 

where Med(ox) and Med(red) are the oxidizing and reducing forms of the mediator, 

respectively. 

Recording cyclic voltamograms in presence of both substrate and enzyme, the 

shape of the voltamogram change and a catalytic current is observed (figure 1.4). 

 

 

 



Chapter 1: Introduction 
 

22 

 

 

 

Figure 1.4 Cyclic voltamograms of ferrocene monocarboxilic acid (0.5 mM) at pH 7 and 25°C in 
presence of D-glucose (50 mM) before (a) and after (b) the addition of GOx. Scan rate 1 mV/s. 

42
 

 

The direct communication between redox protein and electrode can be further 

facilitated by chemical modification of the enzyme with electron-relay groups. In 

fact, the active centre of GOx, the flavin adenine dinucleotide (FAD), is buried 

inside a deep pocket between the two subunits of the dimeric enzyme (figure 1.5). 

Thus, the direct electron transfer from Glucose-reduced GOx(red) to metal 

electrodes is not facilitated because of the appreciably large distance between 

GOx redox centre and the electrode surface (>12-17 Å), resulting in a much 

retarded diffusion controlled by electron transfer rates. 

During the eighties, strategies based on incorporation of synthetic electron 

mediators 42 or such as the concept of wired enzymes 43 were introduced to 

facilitate electron transfer between the GOx redox centre and the electrode 

surface. 
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Figure 1.5 Schematic picture of glucose oxidase: FAD cofactors bound deep inside the enzyme, are 
shown in red. The active site where glucose binds is just above the FAD, in a deep pocket shown 
with a yellow star. Notice that the enzyme, like many proteins that act outside of cells, is covered 
with carbohydrate chains, shown in green.

44
 

 

Wired enzymes involved redox hydrogels (redox ions/mediators immobilized onto 

hydrogels) acting as electrical wires for conducting the electron from GOx active 

centre to the electrodic surface.45 

In order to avoid complications offered by synthetic or natural mediators in 

second generation biosensors, much work was done for finding new strategies for 

direct electron transfer between the electrode and active centre of enzyme. This 

led to the development of highly selective and sensitive third-generation 

biosensors. In the third-generation biosensors the enzyme's active site is oxidized 

or reduced by direct electron transfer (DET) between the active site itself and the 

electrode. These sensors allow to obtain better selectivity by working in a 

potential windows close to the redox potential of the enzyme itself, avoiding 

interfering reactions.38,46 Moreover, they are advantageous for in vivo detection, 

due to their simplicity.  
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Although several studies in the literature deal with the direct electron transfer 

between the active site of the enzyme and the electrode, only for some systems 

were supplied sufficiently probative results of DET, such as Horseradish 

Peroxidase 47, Cytochrome c 48 and Hemoglobin49. 

 

1.2.2 DNA-based biosensors   

Deoxyribonucleic acids (DNA) are arguably the most important of all biomolecules. 

The unique complementary structure of DNA between the base pairs 

adenine/thymine and cytosine/guanine has been the basis for genetic analysis 

over the last few decades. The ability of a single stranded DNA (ssDNA) molecule 

to ‘seek out’, or hybridize to, its complementary strand in a sample is the 

foundation of DNA-based detection systems. There is a great potential for simple, 

cheap, rapid, and quantitative detection of specific genes. Areas of application 

include clinical, veterinary, medico-legal, environmental, and the food industry.50
 

The DNA techniques, including hybridization, amplification, and recombination, 

are all based on the double helix structure of the DNA. Nucleic acid hybridization 

is the underlying principle of DNA biosensors. In 1953, Watson and Crick described 

the structure of DNA and the role of the DNA molecule in holding the information 

for cell reproduction and function.51 DNA is composed of four repeating 

nucleotides (sometimes called nucleotide bases or simply bases): adenine, 

guanine, cytosine, and thymine. DNA is coiled to form a double helix (double-

stranded DNA, or ds-DNA) composed of two strands held together by hydrogen 

bonds that can be broken by heat or high pH. The single stranded DNA (ss-DNA) is 

relatively stable, but on removal of heat source or extreme pH condition the DNA 

molecule will re-form (reanneal) into the double stranded configuration. 

Reannealing between the ss-DNAs from different sources is called hybridization. 

The annealing of the ds-DNA is possible because nucleotide bases will re-form 

hydrogen bonds only with specific complementary bases: adenine pairs with 

thymine, and cytosine pairs with guanine.  
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In RNA, the nucleotide base uracil replaces thymine and pairs with adenine. The 

stability of the hybridization depends on the nucleotide sequences of both 

strands.  

A perfect match in the sequence of nucleotides produces very stable ds-DNA, 

whereas one or more base mismatches impart increasing instability that can lead 

to weak hybridization of strands. The same basic principles apply to RNAs, the 

transcriptional products of cell growth and reproduction. 

Compared to enzyme biosensors and immunosensors, there is still a scarcity of 

DNA biosensors available in the market and/or under research and development. 

Unlike enzymes or antibodies, DNA forms biological recognition layers easily 

synthesizable, highly stable and reusable after simple thermal melting of the DNA 

duplex.52 Conventional DNA-microarrays make use of sequence-specific DNA 

detection, but their efficiency is usually hampered by the typically large size of 

biological samples and by their complex treatment, which also makes it difficult to 

obtain real-time outputs. Moreover, their technology is still too expensive to turn 

them into valuable point-of-care diagnostic tools. The diagnosis of infectious 

diseases with DNA biosensors could permit to distinguish different strains of a 

pathogen by suitable choice of strain-specific DNA probes and to obtain an earlier 

diagnosis compared to immunosensors.53 Despite the ultimate goal of 

autonomously determining DNA traces in clinical samples, preliminary PCR 

amplification is still required, in general, to obtain detectable DNA levels.54 In 

theory, DNA biosensors are able to surpass these handicaps, allowing easier, 

faster and cheaper results than in traditional hybridizing assays, while keeping 

high sensitivity and specificity of detection. A truly high performance biosensor 

with an immobilized DNA-probe should be able to discriminate as few as a single 

base-pair mismatch between different target DNA-strains.55 

Like other biosensors, DNA sensors are usually in the form of electrodes, or chips; 

hence, hybridization on a sensory surface is a solid-phase reaction. 
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Solution hybridization is more rapid than hybridization on solid-supports, but 

unless the assay is homogeneous phase, a separation step is required before final 

detection.56,57 Solid phase or filter hybridization is the longest established and the 

most often used.58 

Although the thermodynamics of DNA hybridization is generally well established 

59,60 and it can be described by all-or-nothing (two state) models 59, the kinetic of 

this classic transition depends on the rarely visited intermediate states that lie 

between these two limits and it is therefore much harder to understand.61 The 

process is also difficult to predict from theoretical considerations, partly because 

it is difficult to accurately determine the concentration of the immobilized nucleic 

acid and, therefore, its availability for hybridization is unknown. 62,55 

The kinetic and mechanism of single strand nucleic acid hybridization have been 

widely studied only in cases where both strands are free in solution.63 

Hybridization in solution can be described with a two-step process involving 

nucleation and zippering up. 

Nucleation is the rate-limiting step, and it can be characterized by a second order 

reaction equation. The nature of the hybridization reaction on solid surfaces has 

been assumed to approximate closely to that of hybridization in solution. 

However, the rate of solid-phase hybridization is only about a tenth to a 

hundredth of that in solution.64 Although not systematically examined, it has been 

suggested that efficient hybridization of DNA attached to solid supports can be 

impeded by several related phenomena. 

For example, the immobilized DNA molecules may link to solid surface at several 

points along the DNA chain; hence some of the attached DNA may not be 

accessible for hybridization.65 
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1.2.3 Electrochemical DNA biosensors  

Transduction of hybridization of DNA at a DNA modified recognition interface has 

commonly been achieved electrochemically, optically or using mass sensitive 

devices.66 The advantages of electrochemical transduction are high sensitivity, 

independence from solution turbidity, compatibility with micro-fabrication, low 

cost, low power requirements and simple instrumentation, which is compatible 

with small portable devices. 

In electrochemical biosensors, a single-chain of DNA is immobilized onto an 

electrically active surface (electrode), and then, changes in electrical parameters 

(e.g., current, potential, conductance, impedance and capacitance) caused by the 

hybridization reaction are measured (figure 1.6). 

 

 

 

Figure 1.6 General DNA biosensor design. Target DNA is captured by the recognition layer, and the 
resulting hybridization signal is transduced into a usable electronic signal for display and analysis.

67
 

 

The immobilization of the recognition molecules onto the transducer surface 

influences the performances of the biosensors, since the surface modification 

procedure must be compatible with the sensing methodology. 
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Moreover, the immobilization of the probe sequences should assure high 

reactivity, orientation and/or accessibility to the complementary strands as well 

as stability of the interaction with the surface.68 

Sensitive electrochemical signaling strategies based on the direct or catalyzed 

oxidation of DNA bases, as well as the redox reactions of reporter molecules or 

enzymes recruited to the electrode surface by specific DNA probe-target 

interaction have been all demonstrated. 

Transduction of the hybridization event can be divided into two broad classes, 

approaches where a redox active species or an enzyme is used as a label and 

those where changes in the DNA interface are monitored electrochemically 

without the use of any labels. 

Direct electrochemical methods consist in the detection of the signal produced by 

the oxidation of guanine or adenine bases present in the DNA structure (figure 

1.7) or from changes on electrochemical parameters induced by hybridization. 

 

 

 

Figure 1.7 The primary oxidation sites in adenine and guanine bases (see circles). 

 

The earliest electrochemical DNA sensing strategy was based on reduction and 

oxidation of DNA at a mercury electrode. More than 50 years ago, methods to 

discriminate single- versus double stranded DNA were developed, through direct 

DNA reduction by the use of oscillographic polarography.69 
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More recently, DNA oxidation has been carried out through adsorption stripping 

voltammetry (ASV): this technique achieves high sensitivity by inducing an 

electrostatic built-up of analyte at the electrode surface before the detection 

step.70 For many years the electrochemistry of nucleic acids was studied at 

mercury electrodes, but in more recent years the purine bases of DNA have been 

electrochemically tested using carbon, gold, indium tin oxide (ITO) and polymer 

coated electrodes.71 Although this metodology is quite sensitive, its application is 

complicated by significant background currents at the relative high potentials 

required for direct DNA oxidation (the oxidation potentials of guanine and 

adenine are reported to be around 1.0 V and 1.3 V vs. Ag/AgCl respectively, in 0.5 

M acetate buffer solution at pH 4.8 72). Recent design employs phisical separation 

techniques to remove the sources of background interference, for example by the 

immobilization of capturing probe DNA onto magnetic beads.73,74 

Methods to indirectly oxidize target DNA through the use of electro-chemical 

mediators have also been explored (Figure 1.8). An especially attractive approach 

uses polypyridyl complexes of Ru(II) and Os(II) to mediate the electrochemical 

oxidation of guanine.75,76 

 

 

 

Figure 1.8 Schematic representation of guanine oxidation mediated by a ruthenium complex in 
solution. The electrode is held at a potential that oxidized metal complexes, which then come into 
contact with DNA. Guanine residues in DNA can reduce the metal complex, regenerating the 
reduced mediator. The enhanced signal thus reflects the amount of guanine available for 
oxidation.
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The formation of the double helix structure can also be detected following the 

electrochemistry of specific intercalating molecules, which interact with the “π-

stacking” formed by the DNA-base pairs in the DNA duplex. With some 

intercalating molecules, efficient electron transfer can proceed over long 

distances between the intercalator and the electrode via the DNA duplex, but not 

with a single strand of DNA. The use of long-range electron transfer as the basis of 

a DNA hybridization biosensor was first introduced by Barton and co-workers,77 

where electrochemical current was observed through DNA duplexes by using 

methylene blue (MB) as an intercalator. 

Any disruption in the DNA-base pairing affect the perfect π-stacking and causes 

attenuation in the electrochemical current which enables the detection of single-

base mismatches without requiring stringency washes. 

Methylene blue (MB) is one of the intercalator most widely used for the 

electrochemical detection of DNA, thanks to its low oxidation potential, which 

allows to minimize electroactive interferences.78 Moreover, it produces different 

voltammetric signals before and after hybridization.79 

 

 

 

Figure 1.9 Schematic representation of the DNA recognition interface for unbound intercalator 
system and subsequent transduction of a hybridization event.
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The target sequence can also be labelled with redox-active molecules, such as 

enzymes, that allow the indirect detection of the hybridization event by the 

introduction of an electroactive mediator in solution. 

Enzymatic labels are commonly used to generate electrical signals for detection of 

DNA hybridization. The enzyme, previously bound to the DNA probe, triggers the 

catalysis of a redox reaction and it generates an electrochemical change due to 

the hybridization event. 

Lumley–Woodyear et al. monitored the duplex formation with a carbon fibre 

transducer, using a horseradish peroxidase-labelled DNA-target.81 The resulting 

electro-reduction of H2O2 was followed by amperometry, with single base-pair 

resolution. 

In addition, the use of nanoscale materials, namely nanoparticles 82,83 nanotubes 

84,85 and nanowires 86, has recently facilitated the development of ultrasensitive 

electrochemical biosensors, that are characterized by high surface area, optimal 

electrochemical properties and, in many cases, biocompatibility. 

 

1.2.4 Electrochemiluminescent biosensors 

Electrochemiluminescence (also called electrogenerated chemiluminescence and 

abbreviated ECL) involves the generation of reactive species from stable 

precursors at the surface of an electrode. A consequent chemical reaction 

produces an intermediate in an exited state, which then decays to a lower energy 

level through emission of light.  

In classical photoluminescence methods, the absorption of a photon causes a 

transition from electronic ground state S0 to various vibrational levels in electronic 

S1 excited state (figure 1.10). Once a molecule arrives at the lowest vibrational 

level of an exited singlet state, it can do a number of things, one of which is to 

return to the ground state S0 by photon emission. 
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This process is called fluorescence. The lifetime of an excited singlet state is 

approximately 10-9 to 10-7 sec and, therefore, the decay time of fluorescence is of 

the same order of magnitude. 

On the other side, it is also possible an inter-system crossing (vibrational coupling) 

between the excited singlet state S1 and the triplet state T1 followed by decay to 

S0 and consequent photon emission. This process is called phosphorescence. The 

lifetime of a triplet state is 10-2 to 10 sec, so phosphorescence usually last longer 

with respect to fluorescence emission. 

 

 

 

Figure 1.10 Partial energy diagram for a photoluminescence system (Jablonski diagram).
87

 

 

The ECL emission results from the same excited states as photoluminescence but 

compared to these methods, in which the excited state is generated by light 

irradiation, the ECL excited state is generated by an electrochemical reaction. So, 

with respect to photoluminescence methods, ECL has the advantage of not using 

light as an excitation source and thus the relative background noise, due to 

scattered light and luminescent impurities, is eliminated. This significantly 

improves the signal-to-noise ratio, enabling to detect species to very low 

concentrations.  
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Furthermore, this technique has proved to be a powerful analytical tool that 

combines the simplicity of electrochemistry with the inherent sensitivity and the 

wide linear range of the chemiluminescence (CL) method.88,89,90
 

ECL processes have been established for many different molecules by several 

different mechanisms, it can occur by annihilation or by the use of a coreactant.90 

The most known and commonly used ECL system is constituted by ruthenium tris 

bypiridine salts (Ru(bipy)3
2+) as electroactive light emitting probe and tri-n-

propylamine (TrPA) as coreactant. A simplified reaction scheme for this system is 

reported in figure 1.11.91 

 

 

 

Figure 1.11 ECL simplified mechanism of Ru(bipy)3
2+

 - TrPA system. 

 

The success of this system is related to the high photoemission efficiency, which 

permits its application both in aqueous and non-aqueous solutions,92 allowing the 

detection of the coreactant (analyte) at very low concentrations (10-11 M).93 

Moreover, the salts of Ru(bipy)3
2+ are very stable, water-soluble compounds that 

can be chemically modified with reactive groups on one of the bipyridyl ligands 94 

to form activated species whereby proteins, haptens, and nucleic acids are readily 

labelled. 
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Commercial systems that use ECL to detect many clinically important analytes 

(e.g., R-fetoprotein, digoxin, thyrotopin, protein and steroidal hormones, and 

various antibodies) have been developed with high sensitivity and selectivity.95 

The general principle of DNA probes assay and immunoassay based on ECL 

technique using ECL labels is illustrated in figure 1.12. First, a single stranded (ss) 

DNA or an antibody is immobilized on the surface of the substrate (electrode), 

then the complementary ECL labelled ss-DNA hybridizes with the immobilized ss-

DNA (figure 1.12a), or the antigen combines with the immobilized antibody before 

it further couples with the ECL labelled antibody (figure 1.12b). In presence of the 

co-reactant, when a potential is applied to the electrode or scanned over a certain 

potential range, an ECL signal is generated and then it is detected with a 

photomultiplier or CCD camera. 

 

 

 

Figure 1.12 Schematic diagram of solid-state ECL detection of (a) DNA hybridization and (b) 
sandwich-type immunoassay.
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The majority of the commercial ECL-based systems for bioassay reported so far, 

(e.g. the ORIGEN analyzer IGEN, Inc. Gaithersburg, MD), use polystyrene-type 

magnetic beads (~4 μm in diameter) as the immobilized support 97,95,98,91 (figure 

1.13), but for many applications, for example, chip 99,100 and disposable-type 101,102 

biosensors have also been demonstrated. 

 

 

 

Figure 1.13 Schematic diagram of DNA hybridization on a polystyrene bead as the ECL label carrier 
and a magnetic bead for the separation of analyte-contained ECL label/polystyrene beads.
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For the above reasons we put our efforts in exploring the possibility to combine 

sensors based on nanoelectrode arrays (NEA) or ensemble (NEE) with detection 

schemes based on ECL methods. 

 

1.3 Nano-Electrode Arrays (NEAs) 

Nanoelectrodes may be defined as electrodes having at least one dimension 

(called critical dimension) in the nanometer range. Thus, any sub-micrometer 

electrode can be viewed as a nanoelectrode. On the other hand, a microelectrode 

or ultramicroelectrode may be viewed as any electrode smaller than the scale of 

the diffusion layer, which can be achieved in an experiment. When the electrode’s 

critical dimension becomes comparable to the electrical double layer thickness or 

to the molecular size, the experimental behaviour starts to deviate from 

extrapolations of behaviour at larger electrodes. 
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This point may be viewed as the separation point between nanoelectrodes and 

microelectrodes.104 

Microelectrodes offer different benefits over conventionally sized 

macroelectrodes in electrochemical experiments. Apart from the advantages 

associated with ultramicroelectrodes small size, such as their use in very small 

sample volumes or in vivo measurements, the main reasons for using them (or 

smaller electrodes), are their extremely efficient mass transport, smaller double 

layer capacitance and low ohmic drop.105,106 

As electrodes decrease in size, radial (three-dimensional) diffusion becomes 

dominant and results in faster mass transport. This high rate of mass transport 

(diffusion) at small electrodes enables measurement of kinetics by steady-state 

experiments rather than by transient techniques.107 

By decreasing electrode size from micrometer to nanometre scale, the study of 

faster electrochemical and chemical reactions should be possible. This is because 

at very high rates of mass transport, the electron transfer process is less limited by 

the mass transport of reactant to the electrode surface.108,109 Furthermore, the 

dominance of radial diffusion decreases charging currents and it decreases 

deleterious effects of solution resistance.  

The main disadvantage of using individual nanoscale electrodes is the extremely 

small current that can be achieved with them. For this reason the development of 

ensemble of nanoelectrodes (NEE) operating in parallel has attract a great deal of 

interest. If this ensemble is arranged in an ordered manner with a controlled 

inter-electrode spacing, they are referred to as arrays (NEAs). 

Different types of nanoelectrode ensembles (NEEs) and arrays (NEAs) based on 

disc arrays obtained by the electrodeposition of metals within the micrometer- 

and sub-micrometer-sized pores of polymeric porous membranes have been 

investigated by Martin and co-workers.110,111,112 Moreover, other strategies have 

been used to produce ordered arrays of nanoelectrodes, for example by using 

carbon nanotubes 113 or block copolymer self-assembly 114. 
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1.3.1 Electrochemistry at nanoelectrodes 

From a voltammetric point of view, NEAs can be considered as an array of 

extremely small ultramicroelectrodes separated by an electrical insulator 

interposed between them. An ultramicroelectrode is considered as an electrode 

with at least one dimension comparable or lower than the thickness of the 

diffusion layer (typically < 25 µm). At such small dimensions, edge effects from the 

electrode become relevant and diffusion from the bulk solution to the electrode 

surface is described in terms of radial geometry instead of the simpler linear 

geometry used for larger electrodes (> 100 µm).115 

In fact, due to the small size of the nanoelectrodes, they exhibit a fast (three-

dimensional) diffusion field and produce steady-state voltammograms (i.e. 

sigmoidal shape). This voltammogram shape is independent of the nanoelectrode 

geometry. 

Generally, the nanoelectrode critical parameter (i.e. radius of the disc) is extracted 

by applying a suitable model for the steady-state current. Figure 1.14 illustrates 

the possible diffusion modes and the corresponding steady-state current (limiting 

current) equations for hemisphere, inlaid disc and recessed disc electrodes.116 

Moreover, NEA can exhibit different diffusion regimes. According to the model 

proposed by Guo and Lindner 117, diffusion regimes occurring to an array of 

microelectrodes can be divided into five categories (figure 1.15): 

 

(I) planar diffusion over each microelectrode; 

(II) mixed diffusion over each microelectrode (transition between 

planar and hemispherical diffusion); 

(III) diffusion over each hemispherical microelectrode; 

(IV) diffusion mixed with onset of overlap of diffusion layers; 

(V) planar diffusion over the entire array. 
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Figure 1.14 Nanoelectrodes geometries: hemispherical electrode, inlaid disc electrode and 
recessed disc electrode; diffusion modes and the equations for the corresponding steady-state 
limiting currents: n is the number of electrons involved in the electrode reaction, F is the Faraday 
constant, D is the diffusion coefficient of the electroactive species, c is concentration, r is the 
electrode radius and L is the recession depth of the electrode.

107
 

 

 

 

Figure 1.15 Representation of the five main categories of diffusion, proposed by Guo. 

 

The characteristics of the time-dependent diffusion profile of electrode arrays 

depends primarily on the relative inter-electrode spacing, d/r (where d is the 

centre-to-centre distance between electrodes and r is the radius of 

nanoelectrode), as well as on the time-scale of the experiment.  
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In the case of widely spaced array (with a large d/r ratio), diffusion of the 

electroactive species to each individual electrode remains independent of all 

others for the duration of the experiment, and the array behaves in the same 

manner as multiple single electrodes in parallel.118 This is the regime that gives the 

higher Faradic current, therefore this is the regime of choice for obtaining the 

maximum improvement of detection limits when there are no constraints in 

increasing the distance between the nanoelectrodes. 

When the sweep rate and inter-electrode distance are such that the diffusion 

regimes at the electrodes overlap instead, the diffusion-controlled current will be 

proportional to the total area of the ensemble or array (i.e. active electrode 

surface as well as inter-electrode insulation). The background or charging current 

instead is proportional to the total geometric area of the electrode elements. This 

means that an effective enhancement of the signal (diffusion-controlled current) 

to noise (background, or charging current) ratio is obtained. 

This represents an important advantage to the analytical use of NEAs and NEEs 

because the lowering of the background noise (related to the capacitive current) 

in an electrochemical determination improves not only the detection limit but 

also the precision of the determination.119 

 

1.4 Micro-fabrication techniques 

 1.4.1 Introduction and preliminary concepts 

Nanofabrication commonly refers to any technique used to fabricate miniature 

components and devices with micrometer-scale (or less) resolution, which are 

playing an increasing role in science and technology. Many opportunities derive 

from the ability to fabricate new types of microstructures or to reconstitute 

existing structures in down-sized versions. The most obvious examples are in 

microelectronic field but microstructures also provide the opportunity to study 

basic scientific phenomena that occur at small dimensions.120 
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Although micro-fabrication has its basis in microelectronics and most research in 

micro-fabrication has been focused on microelectronic devices 121, applications in 

other areas are rapidly emerging. These include systems for micro-analysis 

122,123,124,125, micro volume reactors 126,127, combinatorial synthesis 128 , micro-

electromechanical systems (MEMS) 129,130 and optical components 131,132. 

A wide range of micro-fabrication techniques has been developed to produce 

miniature components and devices with micrometer-scale resolution but the main 

“standard” lithographic techniques are photolithography, Electron Beam 

Lithography (EBL) and Ion Beam Lithography (IBL). 

These techniques generally consist of three successive steps (Figure 1.16): 

- Coating a substrate with irradiation-sensitive polymer layer (resist), 

- Exposing the resist with light, electron or ion beams, 

- Developing the resist image with a suitable chemical. 

 

 

 

Figure 1.16 Representation of the main lithographic steps. 

 

Exposures can be done either by scanning a focused beam pixel by pixel from a 

designed pattern, or by exposing through a mask for parallel replication. The 

absorption of light or inelastic scattering of particles can affect the chemical 

structure of the resist by changing its solubility. The response of the resist to the 

exposure can be either positive or negative, depending on whether the exposed 

or unexposed portions will be removed from the substrate after development. 
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In case of positive resist the effect of the exposure is the cutting of polymeric 

chains in smaller molecular weight fragments that are then dissolved in an 

appropriate developer. In case of negative resist the exposure causes instead the 

cross-linking of the polymer. 

Serial beam scanning is used for mask fabrication and single component 

fabrication, but it does not supply adequate throughput for manufacturing. 

Industrial techniques must be fast, reliable and cost-effective. So, in contrast to 

“conventional” techniques, a number of new and nonconventional lithographic 

techniques have been developed which are low cost and much more accessible, 

for example nanoimprint, soft-lithography, near field optical lithography and a 

number of proximity probe techniques.133 In the following paragraph the 

fabrication techniques used in this work (Electron Beam Lithography and thermal 

Nanoimprint Lithography) will be briefly described. 

 

1.4.2 Electron Beam Direct Writing 

Electron Beam Lithography (EBL) is used for primary patterning directly from a 

computer-designed pattern. It has been mainly used for patterning on masks and 

reticules in the semiconductor industry and it has been developed according to 

the scaling up of circuit integration and the miniaturization of patterns. Electron 

Beam direct writing plays an important role in developing advanced devices 

because it offers high resolutions and short turn-around time, though its 

patterning speed has not been high enough for mass production use. 134 

Patterning using an electron beam (EB) goes back to the early 1960’s.135 At that 

time, the systems were constituted by modified electron microscopes that used 

Gaussian beams (also called point beams) in which the beam was converged as 

much as possible. The patterns were directly written on substrates/films without 

using masks. The resolution was already under 1 μm, and the applications to the 

fabrication of circuits began soon.  
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A typical EBL system consists of a column of electron optics for forming and 

controlling the electron beam, a sample stage and an electronic control system. 

The column (figure 1.17) includes principally an electron source, magnetic lenses, 

a beam blanker and a mechanism for deflecting the beam. The electron source 

can be either a thermo-ionic emitter or a thermal field emission. 

 

 

 

Figure 1.17 Cross section of the GEMINI® electron optical column. 

 

Depending on the design, e-beam energy varies in the range of 1-200 keV with a 

spot size down a few nanometers. The beam current and the scanning field size 

are determined according to the experimental requirements. 

The resolution of e-beam lithography depends on the beam size and on several 

factors related to the electron-solid interaction.136 
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In a resist, electrons undergo small angle forward scattering and some back 

scattering event coming from the substrate. 

The forward scattering tends to broaden the initial beam diameter, whereas the 

back-scattering can spread over a large volume (proximity effects). 

During this process, the electrons are continuously slowing down, providing a 

cascade of secondary electrons which are responsible for resist reactions, as 

polymerization, polymer cross-linking or chain scission.137 

In addition to the characteristics of the electron beam, the success of lithography 

depends also on the choice of the resist, the subsequent development and post-

processing. It is desirable to use resist and developers that have highly non linear 

response to exposure dose. Indeed, very important resist propriety for high 

resolution lithography is the contrast. 

The contrast of a resist (γ) is defined as the slope of the sensitivity curve on a 

semi-log scale and it is calculated according to the following equation: 

 

 

 

where D0 is the critical dose necessary to completely open the structures, and D1 

is the dose at which the developer first begins to attack the irradiated film. 

A high contrast (positive) resist permits a very little change in thickness in the 

under-exposed regions and it permits a completely removal of the resist in regions 

dosed above a threshold value. In other words, it generally allows to obtain 

smoother pattern edges and higher resolutions. In addition, the contrast of 

developed/undeveloped areas can be improved by selecting an appropriate 

developer (figure 1.18).138, 139 
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Figure 1.18 Contrast curves for three different development conditions on 110 nm thick ZEP (1:1 
copolymer of a-chloromethacrylate and a-methylstyrene).

139
 

 

1.4.3 Nanoimprint Lithography 

Nanoimprint lithography is one of the most promising low-cost, high-throughput 

technologies for manufacturing nanostructures. 

In the imprint, a mould with nanostructures on its surface is used to deform a thin 

resist film (or an active material) deposited on a substrate. In the pattern-transfer, 

an anisotropic etching process, such as reactive ion etching (RIE) or induced 

coupled plasma (ICP) is used to remove the residual resist in the compressed area, 

transferring the thickness contrast pattern created by the imprint into the entire 

resist. The resist can be either a thermoplastic 140, UV or thermally curable 

polymer 141,142 or other deformable materials. For a thermoplastic resist, the resist 

is heated above its glass transition temperature (Tg) during imprint, where the 

resist becomes viscous liquid and the mould is pressed into the resist. Then the 

resist is cooled below its Tg before being separated from the mould. 

For an UV or thermally curable polymer, a monomer mix, often as a liquid thin 

film on a substrate, is imprinted by a mould and then cured by UV light radiation 

or thermal heating to form polymers (due to polymerization and cross-linking) 

before being separated from the mould. 
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In essence, the process consists of pressing the stamp using a pressure in the 

range of about 50–100 bar, against a thin polymer film.143 This takes place when 

the polymer is held at 90–100 °C above its Tg, in a time scale of a few minutes, 

during which the polymer can flow to fill in the volume delimited by the surface 

topology of the stamp. 

The stamp is detached from the printed substrate after cooling both the stamp 

and substrate: this ensures that the polymer maintains its shape after the release 

of the mould. 

This takes place in a cycle involving time, temperature and pressure. In figure 

1.19, the schematic of the NIL process is shown, as well as a characteristic 

temperature and pressure cycle.144 

 

 

 

Figure 1.19 Schematics of the nanoimprint lithography process (left) and of the temperature–
pressure temporal sequence (right). The inset shows typical process parameters. 
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To summarize, three basic components are required to nanoimprint a surface. 

These are: 

(i) a stamp with suitable feature sizes fabricated by, for example, electron 

beam lithography and dry etching, if features below 200 nm are 

needed, or by optical lithography for larger features; 

(ii) the material to be printed, usually a layer of polymer of a few hundred 

nanometers’ thickness with suitable glass transition temperature Tg 

and molecular weight, spun of a substrate; 

(iii) the equipment for printing with adequate control of temperature, 

pressure and control of parallelism of the stamp and substrate.  

 

The minimal requirements for thermal-NIL process are: 145 

i) the Young modulus of the resist has to be much smaller than that of the 

mould during the imprinting; 

ii) the minimal pressure required to perform the imprint should be higher 

than the shear modulus of the polymer;146 

iii) the highest temperature reached during the imprinting cycle should be 

sufficient to reduce the viscosity of the polymer at a value at which the NIL 

process could take place within a practical time frame; a typical value of 

viscosity reached during the nanoimprint step is 104-105 Pa*s. 

These conditions are satisfied not only by dielectric thermoplastic polymers but 

also by conjugated polymers and small organic semiconducting molecules. 

 

1.4.3.1 Stamp Fabrication 

To a first approximation the ultimate resolution of NIL depends on the minimum 

feature size in the stamp. High resolution stamps are usually patterned by 

electron beam lithography and dry etching, or for shallow stamps, by metal lift off. 
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The materials for mould fabrication are selected considering aspects such as the 

compatibility with traditional micro-fabrication processing and their applications, 

the surface energy and availability of a method for surface functionalization in 

order to reduce the adhesion towards polymer. Typical materials are silicon, 

silicon dioxide, silicon nitride, silicon carbide, nickel, sapphire and diamond film. 

Generally, Si and SiO2 are used in thermal nanoimprint lithography because they 

combine a sufficient hardness and durability properties with reasonable costs and 

flexibility of fabrication.  

The general scheme of stamps fabrication consists of the following steps: 147 

• a resist material is spin-coated onto the flat mould surface; 

• the resist is patterned by UV lithography for microscale and large 

features or electron-beam lithography for very small features, interference 

lithography for large-area periodic features, or NIL itself. 

• a metal (e.g. nickel) is deposited over the patterned resist template, with 

a directional control in order to coat only the top of the polymer features 

and the bottom of the holes but not the vertical walls; 

• by dissolving the polymer in a liquid solution, the metal on top of it is 

lifted-off, while it remains on the bottom of the features, anchored to the 

substrate. This process, called lift-off, in order to take place reliably, 

requires the absence of continuity between the metal on top of polymer 

and that on the bottom of the features. A lift-off process removes the 

coated resist template leaving on the Si substrate a patterned metallic 

mask layer; 

• a dry etching process is used for removing in anisotropic way silicon 

material in the unmasked region, producing the surface relief structures 

required for NIL. 

• the application of a low-surface energy coating (anti-sticking layer) to the 

mould to reduce its surface energy 148,149 allowing the demoulding without 

pattern damage. 
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Depending on the application, stamps at the wafer-size scale have been studied 

by several groups.150 

In this work we use Electron Beam Lithography (EBL) and Nanoimprint 

Lithography (NIL) to obtain recessed nanodisk electrodes arrays using boron 

doped diamond (BDD) as conductive layer and polycarbonate (PC) as 

insulating/resist layer to obtain DNA biosensors based on nanoelectrode arrays 

(NEAs). In addition, the coupling of nanoelectrode arrays with 

electrochemiluminescence has been investigated.  
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2.1 Materials 

Phosphate buffered saline solution (PBS) 0.01 M pH 7.4 was prepared by the 

following recipe: 

Na2HPO4= 2.76 g 

NaH2PO4= 0.35 g  

NaCl = 9.0 g 

dissolved in 1000 mL distilled water and adjusted pH to 7.4. 

HEPES Buffer 0.1 M was prepared by dilution of HEPES buffer 1 M purchased by 

Sigma-Aldrich. 

Other chemicals were purchase from Sigma–Aldrich, unless otherwise stated, 

and they were used as received. Purified water was obtained by a Milli-RO plus 

Milli-Q (Millipore) system.  

 

 Fabrication 

Polycarbonate solutions were obtained by dissolution of solid Bisphenol-A based 

Polycarbonate Makrolon (Bayer Sheet Europe) in cyclopentanone (Sigma-

Aldrich). The value of intrinsic viscosity of this polymer-solvent system was 

determined in the Laboratory of Physical and Macromolecular Chemistry at 

University of Trieste.  

Si ‹100› substrates coated with a 400 nm thick layer of BDD (Adamant 

Technologies SA), were used as conductive layer for NEAs fabrication. 

Developers MF 319 and MF 312 were from Microposit Shipley, and Resist PMMA 

671.02 was from Sigma Aldrich. 

Methyl Isobutyl Ketone (MIBK) was purchased from Agar Scientific and Isopropyl 

alcohol (IPA) from Carlo Erba. 
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 Electrochemical Characterization 

The salt (ferrocenylmethyl)trimethylammonium hexafluorophosphate (FA+PF6
−) 

used as redox probe and mediator for electrochemical measurements was 

prepared by metathesis of the (ferrocenylmethyl)trimethylammonium iodide 

(Alfa Aesar) with potassium hexafluorophosphate 99% (Alfa Aesar) and obtained 

from the Laboratory of Sensors for Electroanalysis, University Ca’ Foscari of 

Venice. 

 

 Sensors Functionalization and Hybridization 

Different filaments of ss-DNA were purchased from TAG Copenhagen A/S with 

the following sequences and modifications: 

- acD1fluo probe= C TTA TCG CTT TAT GAC CGG ACC - labelled with 

fluorescein in 3’ with amino modification in 5’. 

- acD1 probe= C TTA TCG CTT TAT GAC CGG ACC - with amino modification 

in 5’. 

- Complementary Oligo fluo = GGT CCG GTC ATA AAG CGA TAA G - with 

fluorescein modification in 5’. 

- Complementary Oligo= GGT CCG GTC ATA AAG CGA TAA G - with biotin 

modification in 5’. 

 

Longer fragment (50 bp) of ss-DNA (K+ probe with amino modification and 

labelled with biotin, HPV16 probe with amino modification and target modified 

with biotin, HPV11 target modified with biotin), hybridization and washing 

solutions (HYB-1 and CON-D1 respectively) were purchased by AB Analitica SRL 

(Padua-Italy). 

Stock solutions of oligonucleotides were prepared in different concentrations, 

probes for surface functionalization was prepared in carbonate buffer while 

complementary target was prepared in hybridization solution (HYB-1) and kept 

frozen until use. 
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 ECL measurements 

Solutions were prepared daily using Milli-Q water (resistivity = 18 MΩ cm). Tri-n-

propylamine (TPrA) was dissolved in PBS by addition of H3PO4 (to adjust the pH 

to 7.4) and deaerated with N2 for 30 min.1 Solutions contained constant 

concentration of 1 mM ruthenium(II)tris(bipyridine) Ru(bpy)3
2+  and different 

concentrations of TPrA: 5, 10, 30 and 85 mM, respectively. 

 

2.2 Characterization of Materials for NEAs fabrication 

2.2.1 Boron Doped Diamond (BDD) 

Boron Doped Diamond substrates, used as conductive layer of NEAs, have been 

purchased from Adamant Technologies SA. They consist of 4’ silicon ‹100›, p-

doped wafer with resistivity of 2mΩ*cm covered by a 300-400 nm thick layer of 

polycrystalline diamond doped with 7000-8000 ppm of boron and a resistivity of 

9-10 mΩ*cm. The microcrystalline surface of BDD is shown in the SEM picture 

below (figure 2.1). 

 

 

 

Figure 2.1 SEM image of BDD microcrystalline surface. 
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Electrochemical properties of BDD electrodes were tested by cyclic voltammetry 

at room temperature in a three-electrode cell with a platinum coil counter 

electrode and an Ag/AgCl (KCl satured) reference electrode, connected to a CHI 

Model 660B potentiostat. 

Potential window of 3mm boron doped diamond (BDD) electrode (assembled as 

shown in figure 2.2) was measured in NaNO3 1M as supporting electrolyte and it 

was compared with gold and glassy carbon (GC) electrodes of the same active 

area (figure 2.3). 

 

 

 

Figure 2.2 BDD macroelectrode assembled for experiment. An insulating tape covers the entire 
surface except for a 3 mm diameter hole that represents the active area. Electrical contact is 
assured by conductive (copper) tape. 

 

Cathodic and anodic limits for BDD in aqueous solution can be observed in figure 

2.3 (red curve). Comparing the potential windows of BDD and GC it can be seen 

that the overall accessible potential window is similar (2V approximately), but 

the background current of BDD is considerably lower with respect to GC. 
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Figure 2.3 Potential windows of 3mm BDD (red), GC (brown) and Gold (green) electrodes 
recorded at 50 mV/s. 

 

2.2.2 Polycarbonate 

Polycarbonate materials can be divided in two structural classes: aliphatics, 

which are not widely used as thermoplastics, generally being applied as co-

monomers, and aromatics, which are notable engineered thermoplastics. 4,4’ 

isopropyliden diphenol polycarbonate or poly (bisphenol A carbonate) (BPAPC) is 

the most common aromatic polycarbonate and it is also the most important and 

widely used.2 BPAPC is a condensation polymer in which benzene rings plus 

quaternary carbon atoms form bulky stiff molecules (figure 2.4), which promote 

rigidity, strength, creep resistance and high heat deflection temperature. 

 

 

 

Figure 2.4 Repetitive unit of bisphenol-A polycarbonate. 
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The bulky chains crystallize with great difficulty, so the polymer is normally 

amorphous, having good transparency. Moreover, the bulky amorphous chains 

produce considerable free volume, resulting in high ductility and impact 

resistance.3 The combination of all these characteristics leads to properties as 

optical clarity and high percent elongation, impact strength, toughness, heat 

resistance and heat deflection temperature.4 

This material is not a common resist for lithographic processes, but it was chosen 

for NEAs fabrication considering that this polymer was successfully used to 

produce Nanoelectrodes Ensembles (NEEs) based on track etched 

membranes.5,6,7 In particular, this polymer shows satisfactory properties of 

chemical stability in common electrochemical solutions employed in 

voltammetric measurements and the possibility of biochemical 

functionalization.8 

 

2.2.2.1 Spin-coating - Film Deposition 

During spin-coating process, the polymer is applied by dropping its solution on a 

wafer or a part of it. The wafer is then rotated on a spinning wheel at high speed 

so that centrifugal forces push the excess solution over the edge of the wafer, 

while a residue on the wafer remains due to surface tension. Different thickness 

can be obtained depending on viscosity of polymer solution and spinning speed. 

Usually this process is followed by thermal curing of the sample to facilitate the 

evaporation of residual solvent and to obtain a dry film. Schematic description of 

the process is reported in figure 2.5. 
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Figure 2.5 Spin coating process: (a) resist dropping on the substrate, (b) high speed spinning, (c) 
thermal curing for solvent removal. 

 

To evaluate the thickness of deposited polycarbonate film, different speeds of 

spin coating on Si ‹100› were tested and different concentration of 

polycarbonate solutions were used. Obtained spin coating curves are reported in 

figure 2.6: 

 

 

 

Figure 2.6 Spin-coating curves for polycarbonate solutions at different concentration.  

 

For lithographic purpose it was decided to use PC 2 % at 2000 rpm. This 

condition has been used to deposit polycarbonate on boron doped diamond. 

However, probably due to the micro-crystallinity of the BDD surface, the 

obtained thickness was smaller (figure 2.7). 
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Consequently, working on BDD, PC 3% at 2000 rpm has been used, in order to 

obtain a more homogenous layer. 

 

 

 

Figure 2.7 SEM image of PC 2% spin coated at 2000 rpm on BDD. Average thickness measured 
with a Dektak profilometer is around 40 nm. 

 

2.2.2.2 FTIR 

Fourier transform infrared (FTIR) spectra (range 5000-600 cm-1) were recorded 

using a Vertex 70 (Bruker Optics GmbH) spectrophotometer (spectral resolution 

4 cm-1) equipped with a MIRacle ATR devices (Pike Optics), using a MCT 

detector (HgCdTe, mercury-cadmium-tellurium) cooled with liquid nitrogen. The 

analysis was performed on thin film of polycarbonate (300 nm), deposited by 

spin coating (1000 rpm) followed by annealing  at 180 ⁰C for 30 minutes, on BaF2 

window sputtered with 15 nm of silicon. 

FTIR spectrum of polycarbonate film is reported in figure 2.8. 
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Figure 2.8 (a) FTIR spectrum of 300 nm thick film polycarbonate and (b) magnification of the 
region between 2000 and 600 cm

-1
. The labels above several of the peaks are reference to their 

mode descriptions in Table 2.1. 
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Label Frequency (cm−1) Assignment 

6 680 Out of plane def. (C-H) 

5 1193 Bending C-C-C 

4 1232 
C-O-C asymmetrical 
stretching 

3 1504 
In plane bending C-C 
aromatic ring 

2 1774 Stretching C=O 

1 2975 Stretching C-H (CH3) 

 

Table 2.1 Table of Infrared-Active Vibrational Modes. Assignments have been done according to 
ref. 

9
 and 

10
 

 

2.2.2.3 Viscosimetric Molecular Weight 

Viscosity is an internal property of a fluid that offers resistance to flow. It is due 

to the internal friction of molecules, and it mainly depends on the nature and 

temperature of the liquid. The viscosity of a general solution is proportional to 

the time of flow of the liquid through a capillary and can be expressed by the 

following equation: 

 

                                                                                                       (2.1) 

 

where A is a constant that is characteristic of the capillary and ρ is the density of 

the solution. 

From the measurements of the flow time, made both on polymer solution and 

on the solvent, the relative viscosity ηrel is calculated by the equation: 

 

     = 
 

  
 = 

     

        
   

 

  
                                                                               (2.2) 
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The approximation is justified because for diluted polymer solutions the densities 

of the solvent ρ0 and of the solution ρ can be considered equal. 

According to the Einstein model, in which the solution is formed by a rigid 

spherical solute with a specific weight equal to that of the liquid, the viscosity η 

of the system can be related with the volume fraction Φ of the spheres 

themselves: 

 

η   η0 (1 + υ  )                                                                                         (2.3) 

 

where υ is a shape factor related to the geometry of the particles (equal to 2.5 

for spherical particles) and η0 is the viscosity of the solvent. 

This equation can be rewritten as:  

 

 
 

  
                                                                                           (2.4) 

 

The specific viscosity ηsp can be expressed as a function of the specific volume of 

suspended particles v (mL/g) and their concentration (g/mL) as: 

  

      
      

   
                                                                                 (2.5) 

 

The limit value for C→ 0 of the reduced specific viscosity, ηsp/C, is called intrinsic 

viscosity [η]: 

 

             
   

 
                                                                            (2.6) 

 

Where C is the weight concentration of the polymer. 
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Knowing [η], the viscosity average molecular weight of the polymer can be 

calculated according to the Mark-Houwink-Sakurada (MHS) equation: 

 

                                                                                                                     (2.7) 

 

Where [η] is the intrinsic viscosity, M is molecular weight, K and α are constants 

for a particular polymer-solvent-temperature system. Generally, for flexible 

random coils in a good solvent, form factor α is between 0.5 and 0.8; for stiff 

molecules (e.g. cellulose derivatives, DNA etc.) it is between 0.8 and 1 and for 

highly extended chains (e.g. polyelectrolytes in solutions of very low ionic 

strenght) 1 ‹ α ‹ 1.7.11 

 

For the measurement of intrinsic viscosity, a 1% w/V (0.01 g/mL) solution of 

polycarbonate was prepared in cyclopentanone. A specific amount (12 mL) of 

this solution was transferred in a capillary viscometer (Ubbelohde, Schott Geräte, 

internal diameter of 0.53 mm). The flow time (t) in which the solution flows 

through the capillary was determined. Subsequently, the polymer solution was 

diluted by the addition of different amounts of solvent (1 mL, 2mL, 4 mL, 10 mL), 

and the series of detection was repeated after each addition. Finally, the flow 

time of solvent (t0) was registered. Measurements were made at 25 °C. All 

solutions were filtered with 0.45 µm Millipore filters. 

From experimental data obtained, values of ηsp/C and (ln ηrel)/C were plotted 

against the concentration expressed in g/dL (figure 2.9) and, intrinsic viscosity  η  

was determined from y-axes intersection. 

According to the literature,12 the molecular weight of polycarbonate was 

calculated using the following MHS equation: 
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[η] = 7.76*10-4 M 0.62
                                                                                         (2.8) 

 

 

 

Figure 2.9 Huggins and Kraemer plots for polycarbonate sample.  

 

From the equation (2.8), the average viscosimetric molecular weight of used 

polycarbonate resulted to be 33.315 kDa. 
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3.1 Electron Beam Lithography 

The first exposure test was made to reproduce the lithographic results obtained 

by Moretto et al.1 on polycarbonate deposited on gold. The conditions used are 

summarized in table 3.1.  

 

Resist PC 3% 

Spin Speed 2000 rpm  

Bake 170 ⁰C for 5 minutes 

Dose Range 50 ÷ 10000 µC/cm2 

Developer NaOH 5M 

Temperature 50 ⁰C 

 

Table 3.1 Summary of the conditions used for the dose matrix exposure test. The pattern was an 
array of rectangle 50 µm x 100 µm. The thickness of PC layer was 123 nm. 

 

After lithography, the sample was observed with optical microscopy and the 

residual thickness layer was measured with a Dektak profilometer. The 

measurements have shown that all around the rectangular structures, circular 

areas of different depth were present, indicating a poor definition of the 

lithography, probably due to proximity effects. Moreover, on top of the resist, 

some lines were visible, resulting from the scanning of the profilometer tip. This 

suggested that the annealing time of 5 minutes was not sufficient to dry the film 

from the solvent. Due to these facts, annealing time was increased to 30 minutes 

and different developers and different temperatures were tested for the 

development. Two commercial developers containing tetramethylammonium 

hydroxide (MF319 and MF312) at different concentration were used and 

compared to NaOH 5M; additionally, the developer temperature was changed 

from 30 to 50 ⁰C.  

                                                           
1
 Moretto L.M.,  Tormen M., De Leo M., Carpentiero A., Ugo P., Nanotechnology 22, (2011) 

185305; 
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The best development conditions were obtained by using NaOH 5M at 35 ⁰C for 

1 minute.  

With these parameters, the dose matrix test was repeated writing an array of 50 

µm × 100 µm rectangles on 125 nm thick film of polycarbonate deposited on 30 

nm thick Cr/Au baseplating on Si ‹100› substrate. Exposure doses ranged 

between 50 µC/cm2 and 11000 µC/cm2 at 30 keV electrons energy were 

performed using a Zeiss 1540XB cross beam instrument equipped with RAITH 

ELPHY nanolithography system. 

SEM image of the dose matrix after development is reported in figure 3.1. 

 

 

 

Figure 3 1 SEM micrograph of the dose matrix test. 

 

Measuring the remaining thickness in the exposed regions and plotting it versus 

exposure dose, the curve (Normalized Remaining film Thickness – NRT) in figure 

3.2 was obtained, and the contrast of polycarbonate was calculated. 

Next, the optimal dose for high resolution patterning was tested, writing a 

pattern of holes with doses range between 2500 µC/cm2 and 4500 µC/cm2. 
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Figure 3.2 NRT curve for polycarbonate at 30 kV. At doses higher than 6000µC/cm
2 

can be notice 
the inversion of the tone of the resist.  

 

Those doses were too low for resist modification, and only the highest dose 

(4500 µC/cm2) was visible at SEM, but the holes were not completely open, so it 

was necessary to raise the doses range.  

The experiment carried out with a dose range between 5000 µC/cm2 and 15000 

µC/cm2 provided better results, and at doses higher than 6000 µC/cm2 

underlying layer began to be visible, with the completely removal of resist at 

8000 µC/cm2. 

With this dose, arrays of nanometric holes in a hexagonal distribution were 

obtained. The holes have a diameter of 150 nm and 250 nm, they are spaced by 

3 µm and the sample has a density of 1.3 x 107 holes/cm2. 

After that, these patterns were exposed on polycarbonate deposited on boron 

doped diamond, in order to obtain NEAs (figure 3.3). 
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Figure 3.3 SEM micrograph of nanoelectrode array pattern on PC deposited on BDD obtained by 
EBL: (a) PC3%, r= 125 nm, recession depth 90 nm; (b) PC2%, r= 90 nm, recession depth 22 nm. 

 

 3.1.2 Electrochemical characterization 

Electrochemical measurements on NEAs were carried out at room temperature 

in a three-electrode cell with a platinum coil counter electrode and an Ag/AgCl 

(KCl satured) reference electrode, connected to a CHI Model 660B potentiostat 

(CHIIJ Cambria Scientific, UK).  

First of all, potential window of NEA in NaNO3 1M as supporting electrolyte was 

determined and it is reported in figure 3.4. 

 

 

 

Figure 3.4 (a) Potential windows of NEA composed by 90 nm radius dot with 22 nm average 
recession depth in a hexagonal array on PC film obtained by EBL; (b) comparison between 
potential windows of obtained NEA and 3 mm bare BDD electrode. 
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NEAs have a wide potential window in aqueous solutions, derived from BDD 

properties, but in addition they have a lower background current, also compared 

with BDD itself (figure 3.4 b). Afterward, NEAs were used to record cyclic 

voltamograms at different scan rates using (ferrocenyl methyl) trimethyl 

ammonium hexafluorophosphate (FA+PF6
-) 10-3 M as reversible redox probe 

(figure 3.5). 

 

 

 

Figure 3.5 Cyclic voltamograms recorded at different scan rates with NEAs consisting of 90 nm 
radius dots with 22 nm recession depths in a hexagonal array on PC film obtained by EBL. 

 

Cyclic voltamograms recorded with our NEA are sigmoidally shaped over the 

entire range of tested scan rates, indicating that they work in non-overlapping 

hemispherical diffusion regime: in fact, as explained in section 1.3.2, in case of 

widely spaced array’s elements (with a large d/r ratio), like our NEAs, the 

diffusion of the electroactive species to each individual electrode remains 

independent of all others for the duration of the experiment, and the array 

behave in the same manner as single electrodes connected in parallel. 

The steady state limiting current was calculated extending to our NEAs the model 

proposed by Bond et al. for a single recessed nanoelectrode:2 

 
                                                           
2
 Bond A.M., Luscombe D., Oldham K.B., Zoski C.G., J. Electroanal. Chem. 249, (1988), 1-14. 



Chapter 3: Nanoelectrode Arrays Fabrication 

80 

 

ilim = 4 π n F c D r 2 / (4 l + π r) 

 

where n is the number of electrons exchanged, F is the Faraday constant, c is the 

analyte concentration expressed in mol/cm3, D is the diffusion coefficient, r is 

the hole radius and l is the recession depth. 

The theoretical value of limiting current for an array of 11600 electrodes with 

r=90 nm and l=22 nm is 2.089*10-7 A. The deviation from theoretical limiting 

current and from sigmoidal shape is probably due to polycarbonate residues in 

the bottom of nanoelectrodes, which cause some resistance in electron 

exchange. 

For this reason, nanoelectrodes radius was increased from 90 to 125 nm and an 

oxygen plasma treatment was introduced, in order to clean the bottom of 

nanoelectrodes.  

O2 plasma parameters are reported in table 3.2.  

 

ICP parameters 

Process O2 strip 

O2 40 sccm 

Pressure 4 mT 

Coil 200 W 

Platen 10 W 

Bias 30 V 

 

Table 3.2 Induced Coupled Plasma parameters used for removal of polymer residues from 
bottom of nanoelectrodes. 

 

Cyclic voltamograms relative to NEAs of different recession depth treated with 

different times of O2 plasma are reported in figure 3.6 while experimental and 

calculated limiting currents are reported in table 3.3. 
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Figure 3.6 CVs recorded in FA 10
-3

 M and 0.5 M NaNO3. Scan rates 30, 50, 75, and 200 mV/s. (a)–
(c) refer to NEAs obtained from PC2% and treated with different times of O2 plasma (respectively, 
0, 2 and 4 s); (d)–(f) refer to NEAs obtained from PC3% and treated with different times of O2 
plasma (respectively, 0, 4 and 8 s). 

 

O2 Plasma 
time (sec) 

PC2% (recession depth 22 nm) PC3% (recession depth 90 nm) 

Ilim calc (A*10-7) Ilim exp (A*10-7) Ilim calc (A*10-7) Ilim exp (A*10-7) 

0 2.089 2.252 1.379 1.103 

2 2.176 1.683 - - 

4 2.263 2.452 1.450 1.370 

8 - - 1.523 1.168 

 

Table 3.3 Comparison between experimental and calculated limiting current for NEAs obtained 
from PC2% and PC3%. 
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The agreement between theoretical and experimental values is good, 

considering the deviations from ideal geometry. In fact, the differences in the 

calculated limiting current arise from the high roughness of the BDD surface, 

which makes it difficult to measure the recession depth and the slight increase of 

radius due to ICP treatment. The average recession depth measured with a 

Dektak Profilometer resulted to be 22 nm for NEAs obtained from PC2% and 90 

nm for NEAs obtained from PC3%, and, as expected from the theoretical model, 

an increasing recession depth corresponds to a decreasing limiting current. 

The treatment with O2 plasma removes the residues of polycarbonate from the 

bottom of nanoelectrodes with the consequent improvement of the 

voltammetric signals which acquire a sigmoidal shape over a broad range of scan 

rates, indicating that under these conditions the diffusion regime is pure radial 

(maximum improvement of signal to noise ratio). 

 

3.2 Nanoimprint Lithography 

The suitability of polycarbonate for patterning process based on nanoimprint 

lithography was tested. Nanoimprint lithography tests were made with a master 

consisting of a grating of 250 nm wide lines and 500 nm periodicity. A solution of 

polycarbonate 3% was spin-coated at 3000 rpm for 1 minute on a substrate of Si 

‹100› and subsequently the sample was annealed at 170 ⁰C for 30 minutes. 

The imprinting process was carried out at 180 ⁰C applying a pressure of 10 MPa 

for 6 minutes. Then, the sample was treated in oxygen plasma for 30 seconds. 

SEM micrograph of the obtained structure is shown in figure 3.7. 
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Figure 3.7 SEM pictures of nanoimprinted polycarbonate. 

 

After assessing the nanoimprint process on polycarbonate, a suitable master for 

NEAs fabrication, i.e. with an array of nanopillars, was fabricated according to 

the following procedure:  

 First, a Si ‹100› substrate with 40 nm of sputter-deposited tungsten was 

spin coated with PMMA 671.02 at 2000 rpm and then it was annealed at 

180 ⁰C for 30 minutes. A film of 160 nm was obtained using these 

parameters.  

 Then, a hexagonal array of 125 nm radius dots with 3 μm spacing was 

exposed by electron beam lithography, using a dose of 300 µC/cm2 and a 

current of 20 pA. The lithography was developed for 45 seconds in a 

solution 1:3 of Methyl Isobutyl Ketone (MIBK) and Isopropyl alcohol (IPA) 

and then the sample was rinsed for 20 seconds in IPA. The resulting 

structures are shown in figure 3.8. 
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Figure 3.8 SEM micrograph of EBL exposure on PMMA 671.02 deposited on Si ‹100› (+W base 
plating). 

 

 After that, an electrochemical growth of nickel was carried out on the 

sample in order to create pillars in the holes obtained by EBL. The 

electrochemical growth exploits the well known process of discharge of 

metal ions in a solution when a voltage is applied. 

The most basic scheme for DC electrolysis can be seen in figure 3.9: two 

electrodes are immersed in a solution, connected to the output of a DC 

current source. The metal is deposited onto the cathode and the anode 

completes the electrical circuit. The anode can be made of the same 

metal to be deposited, dissolving and releasing metal ions in the solution 

(sacrificial anode), or permanent, usually made of platinum coated 

titanium. In the latter case, the metal ion depletion from solution is 

obtained by adding a metal salt in the solution. 
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The anode type used in IOM-CNR electrodeposition station is permanent 

one, thus the metal ions derive from metal salts added to solution.  

 

 

 

Figure 3.9 Main components of a DC electrolysis system. 

 

The electrodeposition station worked in a standard nickel sulphate 

solution (Watts bath) at a current density of 10 mA/cm2 for 12 seconds at 

35 ⁰C. 

 After the growth, the resist was dissolved in hot acetone and then an 

induced coupled plasma (ICP) process was used to transfer the pillars 

pattern on silicon (figure 3.10). ICP parameters are summarized in table 

3.4. 

 

 

 

 



Chapter 3: Nanoelectrode Arrays Fabrication 

86 

 

 

 

Figure 3.10 SEM micrograph of silicon pillars after ICP dry etching.  

 

ICP parameters 

C4F8 60 sccm 

SF6 30 sccm 

Ar 10 sccm 

Pressure 8 mT 

Coil 400 W 

Platen 20 W 

Bias 95 V 

 

Table 3.4 ICP parameters for pattern transfer dry etching process with fluorine based plasma. 

 

 In order to remove the layers of W and Ni (see magnification in figure 

3.10) from the top of pillars, a treatment in hot (65 ⁰C) H2O2 was 

performed, followed by immersion of the sample for 10 minutes in 

Piranha solution (H2SO4 : H2O2 = 70 : 30) at 85 ⁰C. 
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Figure 3.11 SEM micrograph of pillars after silicon cleaning.  

 

 The final step in the stamp preparation consisted of applying a low-

surface energy coating (anti-sticking layer) to reduce the stamp’s surface 

energy promoting the demoulding of the stamp from the sample without 

pattern damage. In fact, a critical issue in nanoimprint lithography is the 

separation of the stamp from the imprinted polymer because of the 

adhesive force between the two surfaces; the high density of nanoscale 

structures on stamp surface increases the total area of contact, leading to 

stronger adhesion. 

The anti-adhesive coating has to be chemically inert and hydrophobic, but 

at the same time it has to allow the filling of the mould cavities when the 

polymer is in its viscous state. 

Trichlorosilanes with different carbon chain lengths are commonly used 

thanks to their property of forming self-assembled monolayers with very 

low surface energy, of being rather inert and stable and high resistance 

against temperature and pressure. They support multiple long embossing 

sequences with repeated temperature cycles higher than 200 ⁰C. 
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The low surface energy layer on stamp surfaces improve imprint qualities 

and also it increases the stamp lifetime significantly by preventing or 

reducing surface contamination. 

The antisticking layer was formed on prepared stamp for NEAs (after O2 

plasma treatment that lead to the formation of -OH groups on its 

surface), by deposition of trichloro(octadecyl)silane in vapour phase, i.e. 

by applying a moderate vacuum of some mbar in a vacuum chamber 

containing a drop of silane solution. 

 

 

 

Figure 3.12 Reaction between the silane head group and the silicon surface. 
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The entire process of mould fabrication is summarized in table 3.5. 

 

Lithography 

Substrate Si ‹100› + W(40 nm) 

Resist PMMA 671.02 @2000 rpm 

Bake 180 ⁰C for 30 min 

Exposure 300 µC/cm2 (20 pA, 30 KeV) 

Development MIBK : IPA = 1:3 t=45‘’ T=RT  
IPA t=45‘’ T=RT 

Metal Growth and Dry Etching 

Ni growth 10 mA/cm2 

Resist Removal Hot (CH3)2CO  

Pattern transfer fluorine based plasma (see tab 3.2) 

Metal removal and Anti-Sticking Layer Formation 

Cleaning silicon Pillars H2O2 at 65 ⁰C 
H2SO4 : H2O2 = 70 : 30) at 85 ⁰C 

Surface Modification O2 plasma + OTS vapour deposition 

 

Table 3.5 Parameters for mould fabrication. 

 

Using the obtained mould, NEAs have been fabricated by Nanoimprint 

Lithography using the parameters reported in table 3.6. 

After the imprinting, the samples were treated with O2 based plasma for 30 

seconds (see table 3.2) in order to remove the residual layer from the bottom of 

nanoelectrodes. A SEM image of imprinted NEA is reported in figure 3.13.  
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Substrate Si ‹100› + BDD 

Resist PC 4% @2000 rpm 

Bake 180 ⁰C for 30 min. 

Thickness 220 nm 

Imprinting Temp. 190 ⁰C 

Pressure 10 MPa 

Time 6 min. 

Release Temp. 80 ⁰C 

 

Table 3.6 Nanoimprint Lithography Parameters for NEAs fabrication. 

 

 

 

Figure 3.13 SEM image of nanoelectrode array pattern on PC deposited on BDD obtained by NIL. 
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 3.2.1 Electrochemical characterization 

Electrochemical measurements on NEAs were carried out at room temperature 

in a three-electrode cell with a platinum coil counter electrode and an Ag/AgCl 

(KCl satured) reference electrode, connected to a Palmsens potentiostat, using  

 

 

(ferrocenylmethyl) trimethylammonium hexafluorophosphate (FA+PF6
-) 10-3 M as 

reversible redox probe.  

Figure 3.14 reports a comparison between cyclic voltamograms recorded with 

NEAs made by electron beam lithography and nanoimprint lithography. 

Comparable results can be obtained with both techniques, indicating that NIL is 

an efficient process to produce NEA. 

 

 

 

Figure 3.14 Comparison between CVs recorded with NEAs made by different lithographic 
techniques. 

 

 



 



 

 

 
 

Surface Functionalization     
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 4.1 Characterization and activation of PC surface of NEAs  

The presence of -COOH groups on the surface of PC based NEA and the strategies 

to increase this functionality have been investigated in order to immobilize 

biological molecules, in particular DNA, on NEAs surface. At first, the PC surface 

of NEAs was characterized by spectrochemical titration with thionine acetate in 

order to estimate the amount of the carboxylic groups present on the surface 

available for the probe immobilization. The thionine procedure has previously 

been used for the quantitative determination of carboxylic groups on activated 

polymers 1,2,3 and involves the formation of ion pairs between the cationic dye 

and carboxylate moieties through the following reaction: 

 

 

 

Figure 4.1 Reaction scheme of thionine acetate with carboxylic group. 

 

So, first of all, a NEA was immersed overnight in a 0.1 mg/mL solution of the dye 

in a mixture of water and ethanol (1:1). NEA was then removed from solution 

and it was washed in milli-Q water in order to clean off the excess of solution. 

Successively the sample was immersed in a known volume of a 10-2 M solution of 

HCl in water/ethanol (1:1). 

 

 
                                                           
1
 Médard N., Aouinti M., Poncin-Epaillard F., Bertrand P., Surf. Interface Anal. 31 (2001), 1042. 

2
 Geismann C., Ulbricht M., Macromol. Chem. Phys. 206 (2005), 268. 

3
 Médard N., Soutif J.-C., Poncin-Epaillard F., Surf. Coat. Technol. 160 (2002), 197. 
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This step allows to substitute the dyes molecules with hydrogen atoms (inverse 

reaction, figure 4.2), leaving the dyes in solution. 

 

 

 

Figure 4.2 Inverse reaction. 

 

The dye concentration was determined with a Cary 4E UV-Vis 

spectrophotometer using a calibration curve (figure 4.3). 

 

 

 

Figure 4.3 Calibration curve of thionine acetate. Absorbance was measured with a Cary UV/Vis 
spectrophotometer. 
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The amount of -COOH groups was then calculated from the moles of thionine 

acetate because every thionine acetate molecule binds only one -COOH group. 

The average amount of -COOH groups determined on the polymeric surface of 

the NEAs resulted to be 3.07*10-9 mol. 

The activation with O2 based plasma was performed in order to study the 

possibility to increase the number of -COOH groups present on the polymeric 

surface, applying different times of exposure. ICP parameters are reported in 

chapter 3 (table 3.2). The surface modification was monitored with contact angle 

measurement (figure 4.4 and table 4.1) and by spectrochemical titration with 

thionine acetate. The results were then compared with those obtained with non-

activated NEAs (table 4.2). 

 

 

 

Figure 4.4 Water contact angles pictures recorded with a Krüss GmbH instrument: (a)–(c) refer to 
PC surfaces obtained from spin coating of PC2% and treated with different times of O2 plasma 
(respectively, 0, 2 and 4 s); (d)–(f) refer to PC surfaces obtained from spin coating of PC3% and 
treated with different times of O2 plasma (respectively, 0, 4 and 8 s). 
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Plasma 
time (sec) 

Contact angle 
(deg) 

PC2% PC3% 

0 97.1 96.5 

2 94.9 - 

4 53.5 44.5 

8 - 41.9 

 

Table 4.1 Water contact angle values as a function of O2 plasma time. 

 

Plasma 
time (sec) 

mol THA 
(=mol COOH) 

*10-9 

0 3.07 

4 7.74 

8 4.09 

 

Table 4.2 Concentration of –COOH groups obtained with and without activation of PC surface 
through O2 based plasma and quantification using THA dye. 

 

Surfaces of PC obtained from spin-coating of polymer solution present, even 

without any treatment, a higher concentration of carboxylic groups, with respect 

to, for example, nanoelectrode ensembles obtained from track etched 

membranes (untreated NEEs from ref 4 contains 9.7 * 10-10 mol/cm2 

corresponding to 6.8 *10-11 mol THA). Hence, plasma treatment results to be 

more efficient for improving voltammetric signals (figure 3.6, chapter 3) than for 

activating the surface. 

 

 

                                                           
4
 Silvestrini M., “Advances in the Use of Nanoelectrode Ensembles in Analytical Chemistry and 

Molecular Diagnostics” (2011) 
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 4.2 Functionalization of PC surface of NEAs  

 4.2.1 Fluorescent Label 

Carboxylic groups present on the surface of PC as terminal were exploited for the 

immobilization of the single-stranded DNA strands modified with fluorescein 

(acD1fluo) using a carbodiimide/succinimide strategy (figure 4.5).5 

 

 

 

Figure 4.5 Reaction scheme or the -COOH surface groups chemical activation. 

 

Before proceeding with the immobilization of the oligonucleotide probes, the 

carboxylic groups were activated by immersion of NEAs into a 0.1 M HEPES 

buffer solution (pH 7.5) containing 0.5 mM EDC [N-ethyl-N′-(3-

dimethylaminopropyl) carbodiimide hydrochloride] and 0.8 mM sulfo-NHS [N-

hydroxysulfosuccinimide sodium salt]. The sample was incubated for 20 min 

under shaking (at RT). The addition of the succinimide derivative stabilizes the 

intermediate ester obtained by reaction between EDC and carboxylate groups, 

thus increasing the efficiency of the coupling reaction with the amino-ssDNA. 

 

 

                                                           
5
 Staros J.V., Wright R.W., Swingle D.M., Anal. Biochem. 156, (1986) 220. 
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The functionalization was done transferring the electrodes into a 0.1 M HEPES 

buffer solution (pH 7.5) containing 400 pmol of acD1fluo strands and incubated 

for 2 h at 37° C under shaking. 

In order to deactivate unreacted carboxylic groups, a blocking treatment was 

performed, immersing the electrode in ethanolamine 20 mM in 0.01 M PBS 

solution (pH 7.4) for 30 min at RT, under shaking. Ethanolamine is used to 

deactivate the remaining NHS-activated carboxylic groups 6 onto the polymeric 

membrane. The advantage of using ethanolamine is that it is a small molecule 

and unlike BSA, casein or other protein blocking systems, it does not interfere 

with biological macromolecules present on the surface of the NEAs. 

The NEAs were finally rinsed with buffer and then the electrodes were observed 

with an inverted fluorescence microscope Nikon Eclipse (magnification 60x, H2O 

Differential Inverted Contrast 1.5x). The resulting image is shown below.  

 

 

 

Figure 4.6 Fluorescence image of functionalized NEA. 

 

 

 

                                                           
6
 Park J.-S., Abbott N.L., Adv. Mater. 20, (2008) 1185. 
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To evaluate specific and non specific interactions between the surface and DNA, 

and to be sure that the fluorescence is only due to DNA chemically bonded to the 

surface, four arrays (indicated by letters from E to H) have been functionalized 

combining in different ways the activation of carboxylic groups with EDC and 

sulfo-NHS and the promotion of additional carboxylic groups with oxygen plasma 

(table 4.3).  

 

 O2 plasma EDC/sulfo-NHS 

E - + 

F - - 

G + + 

H + - 

 

Table 4.3 Activation treatments made on NEAs. 

 

Only the samples treated with EDC and sulfo-NHS showed fluorescence (figures 

4.7 a and b), indicating that aspecific absorption of DNA was undetectable and 

that chemical treatment with EDC and sulfo-NHS is necessary for 

functionalization. 

 

 

 

Figure 4.7 Fluorescence images of (a) NEA E treated with EDC and sulfo-NHS; (b) NEA G treated 
with 8 seconds of O2 plasma and successively with EDC and sulfo-NHS. 
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The hybridization reaction has been carried out on a NEA functionalized as 

previously described, with acD1 (non-labelled) sequence. After the blocking step 

with ethanolamine, the NEA was washed with PBS buffer and then it was spotted 

on it a drop containing 20 pmol of the fluorescein labelled complementary 

target. The system has been covered and maintained at room temperature for 2 

hours. After the incubation time, the sample was washed with PBS buffer and 

then observed with the fluorescence microscope. 

The fluorescence image of the sensor is reported in the picture below, indicating 

a successful hybridization. 

 

 

 

Figure 4.8 Fluorescence image of functionalized and hybridized NEA. 

 

 4.2.2 Electrochemical Label 

The detection scheme chosen for electrochemical revelation of hybridization is 

reported in figure 4.9 and it is based on enzymatic label. As reported in the 

picture, in addition to an immobilized enzyme, this type of scheme involves the 

presence of its substrate and a mediator that promotes electron transfer 

between the active site of the protein and the electrodic surface. 
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Figure 4.9 Schematic picture of enzymatic detection of DNA hybridization. 

 

In the specific case, glucose oxidase was used, with glucose and 

(ferrocenylmethyl)trimethylammonium hexafluorophosphate (FA+PF6
−) as 

mediator. 

Preliminary tests were carried out with enzyme, substrate and mediator in 

solution. Constant concentration of mediator (0.1 mM) and substrate (50 mM) 

were used, while enzyme concentration was increased up to 400 pmol (figure 

4.10). 

The voltammogram reported in black is relative to the reversible oxidation of the 

mediator (FA+). In presence of glucose, after the addition of the enzyme, the 

shape of voltamograms changes in an evident manner: the oxidation peak 

increases, while the reduction peak totally disappears, due to chemical reduction 

of mediator by reaction with the enzyme. 
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Figure 4.10 Cyclic voltamograms recorded with a bare NEA in a deoxygenated 10
-2

 M PBS solution 
(pH 7.4) containing 10

-4
 M FA

+
PF6

−
 and 50 mM glucose.  

 

The reactions involved in the process are schematized in figure 4.11. 

 

 

 

Figure 4.11 Mechanism of mediated electron transfer to detect GOx enzymatic activity. 

 

Probe K+ (biotinylated probe with amino modification) was immobilized on 

polycarbonate surface of NEA using the following procedure. 
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NEA was immersed in a 0.1 M HEPES buffer solution (pH 7.5) containing 2 mM 

EDC and 1 mM sulfo-NHS for 1 h at room temperature. 

Then, the functionalization was done by spotting 250 pmol of K+ strands in 

NaHCO3 on the active area of NEA and incubating the system at 37 ⁰C for 2 h. 

Unreacted carboxylic groups were deactivated by immersion of the electrode in 

0.01 M PBS solution (pH 7.4) containing 20 mM ethanolamine. The reaction 

proceeded for 30 min at RT, under shaking.  

NEA was rinsed with PBS and then 9 pmol of avidine modified glucose oxidase 

were spotted on the active area, leaving the system react for 2 h at room 

temperature. After that, NEA was rinsed several times with deionized water and 

then cyclic voltamograms were recorded, before and after the addition of 

glucose 50 mM (figure 4.12). 

 

 

 

Figure 4.12 CVs recorded in 10
-4

 M FA
+
 dissolved in PBS 0.01 M before and after the addiction of 

glucose Cf=50mM (scan rate 5 mV/s in deaerate solution). 
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The voltamograms reported in figure 4.12 show the CV behaviour of FA+ 

recorded using, as working electrode, the NEA functionalized with single-

stranded DNA-GOx complex (blue) and a bare NEE (black). 

In presence of 50 mM glucose (red), the oxidation peak increases while the 

reduction peak disappears. This voltamogram shape is typical for an 

electrocatalytic process: in the presence of both the enzyme and the enzymatic 

substrate, the mediator is chemically reduced at the electrode/solution interface 

by reaction with the enzyme to be oxidized again directly at the electrodic 

surface (see scheme 4.11). Therefore, the above described voltametric evidences 

indicate that the functionalization on the NEA of GOx labelled probe was 

successful. 

The next step was to immobilize a capture probe on the polycarbonate film and 

then to hybridize the complementary target labelled with glucose oxidase. The 

functionalization using acD1 probe was done as previously described. 

Then, the hybridization reaction was carried out by spotting 10 μL of 2.5 pmol/μL 

complementary target solution (in HYB-1 solution) onto the capture DNA surface 

and then the system was maintained at room temperature for 1 hour. The 

resulting dsDNA-modified NEAs were rinsed five times in 0.01 M PBS over 10 

minutes and after that 10 μL of 2.5 pmol/μL avidine-GOx solution was spotted on 

the surface. Also in this case the system was maintained at room temperature 

for 2 h. 

The NEA was then rinsed several times and cyclic voltamograms were recorded 

before and after the addition of glucose (figure 4.13). Also in this case, the 

addition of the enzymatic substrate determines a variation of voltamogram 

shape, indicating that the functionalization with the capture probe and the 

subsequent hybridization with the GOx labeled target on the NEA were 

successful. 
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Figure 4.13 CVs recorded in 10
-4

 M FA
+
 dissolved in PBS 0.01 M before and after addiction of 

glucose Cf=50mM (scan rate 5 mV/s in deaerate solution). 

 

The same procedure was tested using a HPV 16 fragment of 50 nucleotides as 

capturing probe and its complementary target. 

 

 

 

Figure 4.14 CVs recorded in 10
-4

 M FA
+
 dissolved in PBS 0.01 M before and after addiction of 

glucose Cf=50mM (scan rate 5 mV/s in deaerate solution). 
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In this case, after the addition of glucose, the voltamogram does not show any 

variation (figure 4.14), indicating the absence of enzymatic reaction. Besides, this 

also indicates that in absence of hybridization the enzyme does not adsorbs 

aspecifically on the sensor surface. 

To summarize, the functionalization with several probes and the hybridization 

with small DNA sequences were successfully performed at the NEA surface and 

both were detected electrochemically through enzymatic reaction using glucose 

oxidase as label. Besides, there are some hurdles in hybridization of DNA longer 

sequences that still need to be solved. 
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5.1 Experimental Section 

A different approach based on electrochemiluminescent detection using tris 

(2,2'-bipyridine) ruthenium(II) (Ru(bipy)3
2+) has been investigated. 

First of all, samples containing arrays of different geometries and dimensions 

were fabricated (Figure 5.1). 

 

 

 

Figure 5.1 Schematic draw of samples fabricated for preliminary ECL experiments: r is dots radius, 
d is centre-to-centre distance between dots, D represents the pitch between lines and w is the 
width of lines. 

 

The samples consist of 16 small arrays of dots and bands. Each line of the sample 

consists of a series of four arrays in which the centre-to-centre distance (for 

dots) or pitch (for bands) is kept constant, while the radius of dots or bands 

width is increased. Note that all the arrays are electrically connected by the BDD 

under-layer. This type of sample was fabricated in order to follow changes in the 

reaction layer of Ru(bipy)3
2+ as a function of shape and inter-electrode distance. 
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The samples were fabricated by the following procedure: 

 First of all, markers were created in order to easily locate the arrays with 

the microscope. PMMA 671.05 was spin-coated at 5000 rpm for 1 

minute on a BDD substrate and subsequently annealed at 170 ⁰C for 15 

minutes. The EBL exposure of marker pattern was done using 

parameters summarized in table 5.1. 

 

Dose 400 µC/cm2 

Aperture 300 μm (mag 220)  

Bake 170 ⁰C for 15 minutes 

Current 310 pA 

Developer IBMK:IPA=3:1 

Temperature RT 

 

Table 5.1 Summary of the conditions used for markers exposure. 

 

After development, samples were evaporated with 30 nm of chromium, 

followed by lift off in hot (CH3)2CO in order to obtain BDD substrate with 

metallic markers.  

 Then the sample was treated with O2 plasma for 15 seconds and a layer 

of PC was deposited on it by spin coating. Structures reported in figure 

5.1 were exposed by EBL. Process parameters are reported in table 5.2. 

 

A scheme of the whole sample area fabricated for ECL experiment is shown in 

figure 5.2, together with a dark field microscope image recorded with a Nikon 

Optiphot 150 - brighfield/darkfield microscope. 
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Resist PC 3% 

Spin Speed 2000 rpm  

Bake 180 ⁰C for 30 minutes 

Dose  8000 µC/cm2 

Developer NaOH 5M 

Temperature 35 ⁰C 

 

Table 5.2 Conditions used for arrays reported in figure 5.1 exposure. 

 

 

 

Figure 5.2 Schematic representation of samples for ECL experiments. Visible Cr markers were 
made by EBL, metal deposition and lift off. After that, arrays structures were lithographated on 
polycarbonate film, inside the field delimited by markers. 

 

For the electrochemical set-up, nanoelectrode arrays assembled as shown in 

figure 5.4a were used as working electrode, while a platinum wire was used as 

counter electrode. 
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All the experiments were performed with a FAutolab type III potentiostat using 

an Ag/AgCl/KCl (3M) electrode as the reference electrode. A modified 

epifluorescence microscope (BX-30, Olympus) was used for bright field (BF) and 

ECL imaging. BF and ECL emission was collected by a 50 microscope objective 

and detected by an Electron Multiplying Charge Coupled Device (EM-CCD) 

Camera (Hamamatsu, 9100-13).  

A scheme of the epifluorescence microscope that was used is reported in figure 

5.3. Note that for the ECL emission measurements the Hg lamp emission was 

turned off. 

 

 

 

Figure 5.3 Schematic representation of epifluorescence microscope. 

 

The BF imaging (figure 5.5) was often performed just before ECL imaging (to 

allow the comparison of the two images) thus the experimental set-up was the 

same. The three-electrode homemade cell with transparent window was placed 

in front of the microscope objective (figure 5.4b) using a three-axis submicron 

manipulator (MDT616, Thorlabs, figure 5.6) for the alignment.  

The electrodes were connected to a potentiostat. For BF imaging no potential 

was applied. In contrast, for the ECL imaging there is no need of excitation light 

source, while the application of a potential is required. 
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The ECL reaction was generated by applying a constant potential at +1.2 V 

vs.Ag/AgCl/KCl using chronoamperometry and the emitted light was detected by 

the EM–CCD. No filter was used to diminish the loss of emitted light.  

 

 

 

Figure 5.4 (a) Assembled array and empty cell used for the measurements; (b) Cell positioned in 
front of the microscope objective for BF imaging. 

 

 

 

Figure 5.5 Microscope image in bright field of arrays recorded with setup shown in picture 5.4. 
The arrays were fabricated by EBL on polycarbonate deposited on BDD.  
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Figure 5.6 Setup for ECL experiments: microscope and electrochemical cell. ECL images were 

captured with 50 objective during chronoamperometry at 1.2 V vs. Ag/AgCl/KCl, 2 seconds 
exposure time, images acquired in normal CCD mode. 

 

The ECL images of the samples were recorded in PBS solution (pH 7.4) containing 

1 mM Ru(bipy)3
2+ in the presence of different concentrations of coreactants. In 

particular TrPA and DBAE (dibuthylaminoethanol) were used. For ECL imaging, 

the whole set-up, including microscope and camera, was placed inside a box in a 

dark room to avoid environmental light to reach the CCD. 

 

5.2 Results 

Figure 5.7 reports ECL images recorded using a constant concentration of 

Ru(bipy)3
2+ and increasing concentrations or TrPA. As can be seen in the picture, 

the increase in coreactant concentration generates a higher ECL intensity. At the 

same time a shrinking of the radius/width of the reaction layer is detected. 

Indeed, by increasing TrPA concentration, the light emission dots or lines are 

more separated around each electrode element. 
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Figure 5.7 ECL images obtained with increasing concentration of TrPA (indicated in top-left 

corner of each box), recorded with 50 objective during chronoamperometry at 1.2 V vs. 
Ag/AgCl/KCl, 2 seconds exposure time, images acquired in normal CCD mode. 

 

In addition, analysing carefully the box relative to 85 mM TrPA, it can be seen 

that the ECL intensity increases along the lines (with increasing radius, or band 

width), and it decreases along column (with increasing space among elements). 

So, for elements with the same radius or thickness, an increase of the ECL 

intensity is observed by decreasing the spacing between the elements. The 

variation of the ECL profiles with the coreactant concentrations for different disk 

and band arrays is reported in figure 5.8.  

As expected, the peaks are more defined when the coreactant concentrations 

increase because the ECL-emitting region is more confined by the electrocatalytic 

process. 
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Figure 5.8 ECL profiles relative to different TrPA concentration for dots (a) and bands (b) arrays. 
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All the above evidences agree with what expected on the basis of the theory of 

ECL at arrays of microelectrode. The thickness of the catalytic reaction layer can 

be calculated from the theory of catalytic processes at a hemispherical 

ultramicroelectrode using the following equation: 

 

   
 

   
  

          

 
 

 
  

 

  

 

 

where rav is the average apparent radius of a single electroactive dot of the 

array, k3 is the reaction apparent rate constant and D is the diffusion coefficient 

of Ru(bipy)3
2+/3+. D is 5.9  10-6 cm2 s-1. The variation of k3 with pH is related to 

the acid-base behaviour of TPrA and it is given by k3 = k/(1 + 10-pH+pKa), where k 

is the intrinsic value of the rate constant. The values of k and pKa are 

respectively 1.3  107 M-1 s-1 and 10.4. At pH = 7.5, k3 is estimated to be 1.6  104 

M-1 s-1.1 Reaction layers calculated for dots with radius from 100 to 1000 nm and 

increasing concentration of TrPA are reported in table 5.3. The same data are 

reported in figure 5.9. 

 

[TrPA] mol/L 
Reaction Layer (µm) 

r=100 nm  r=300 nm r=600 nm r=1000 nm 

0,001 0,0977 0,280 0,527 0,812 

0,003 0,0961 0,268 0,484 0,714 

0,005 0,0951 0,260 0,458 0,659 

0,01 0,0932 0,246 0,417 0,578 

0,03 0,0888 0,217 0,341 0,441 

0,085 0,0824 0,183 0,263 0,319 

 

Table 5.3 Reaction Layers calculated for different TrPA concentration and different dot radius. 

 

                                                           
1
 Chovin A., Garrigue P., Vinatier P., Sojic N., Anal. Chem. 76, (2004) 357-364. 
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Figure 5.9 Reaction layers reported as function on TrPA concentrations. 

 

For small radius dot, the reaction layers do not change in evident manner by 

increasing the concentration of TrPA, while the effect is much more evident with 

greater electrode radius.  

Then, another coeractant, dibuthilaminoethanol was used and compared with 

tripropylamine. As can be seen in picture 5.10, at similar concentration DBAE 

gives the highest ECL intensity. Also with DBAE, ECL intensity increases by 

increasing dots radius or bandwidth (along lines), and by decreasing spacing 

between elements (along column). 

 

 

 

Figure 5.10 Comparison between ECL images obtained using TrPA and DBAE as coreactants, 

recorded with 50 objective during chronoamperometry with potential application at 1.2 V vs. 
Ag/AgCl/KCl, 2 seconds exposure time, images acquired in normal CCD mode. 
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This result indicates that DBAE could be an optimal coreactant in the perspective 

of coupled NEA/ECL biosensor future development, because thanks to his higher 

ECL intensity with respect to TrPA, DBAE could eventually allow to lower 

detection limits. 
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Nanoelectrode arrays based on boron doped diamond and polycarbonate were 

fabricated using electron beam lithography and nanoimprint lithography. In 

particular, electron beam lithography parameters for polycarbonate 

nanopatterning were optimized and polycarbonate shows to behave as a high 

contrast positive resist, with inversion of tone at very high dose. 

The electrochemical behaviour of our NEAs was tested. A treatment with O2 

plasma was done in order to remove residues of polycarbonate from the bottom 

of nanoelectrodes but also to increment carboxylic groups on the surface for 

further functionalization. This treatments showed to improve the voltammetric 

signals which acquire a sigmoidal shape over a broad range of scan rates, 

indicating that under these conditions the diffusion regime is pure radial 

(maximum improvement of signal to noise ratio), so every nanoelectrode in the 

array is diffusively independent. Experimental values of limiting current are in 

good agreement with the calculated ones.  

Polycarbonate has shown to be a suitable substrate for functionalization with 

DNA sequences, due to the functional groups present on its surface that can be 

used for the direct linkage of the macromolecules. Moreover, because of its wide 

surface available, it allows the immobilization of a large amount of biomolecules. 

Future works will focus on linking different macromolecules like protein/ 

antibody on PC surface.  

Hybridization experiments with short DNA sequences were done, demonstrating 

the suitability of these systems for biological purpose, even if further efforts 

should be done in order to apply these procedures to the detection of longer 

DNA strands, as well as to test and validate the quantification limits of the 

proposed sensors with respect to their application as real diagnostic tools, to be 

employed also in clinical analyses.  

Preliminar ECL experiment on modified arrays were carried out in order to follow 

changes in the reaction layer of Ru(bipy)3
2+ as a function of shape and inter-

electrode distance. In addition, a different coreactant was used (DBAE instead of 

TrPA).  
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In the perspective to combine our NEAs with ECL detection and obtain improved 

biosensors, this study can allow to find the best conditions, regarding shape and 

size of array elements, and coreactant nature and concentration, for optimal ECL 

detection.  
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