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ABSTRACT 

 

Nanostructured materials have attracted considerable attention in many fields of 

science, for their extremely peculiar properties due to the down-scaling. Amongst the 

large number of nanomaterials applications in biosensing and bioanalytical 

techniques, this chapter is focused on the modification of sensitive surfaces with 

nanostructured materials (namely nanosphere and nanowires) produced by means of 

templates. The main subjects are nano or micro-sphere lithography for biosensing 

applications and electrochemical biosensors based on metal nanowires or fibres, with 

a special attention to their sensitivity and extended applicability range. 

 

Keywords: nanosphere lithography, porous template, nanoelectrode ensemble, addressed 

immobilization 
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cysteamine; EDM: electrochemically deposed multilayers; FIA: flow injection analysis; GA: 

glutaraldehyde; GOx: glucose oxidase; LOD: limits of detection; LSPR: localized surface plasmon 

resonance; NEEs: nanoelectrode ensembles; NEE/SPS: nanoelectrode ensemble on screen printed 

substrate; NSL: nano-sphere lithography; NTA: nitrilotriacetic; PAA: polymerized acrylic acid; PANI: 

polyaniline; PBS: phosphate buffer solution; PC: polycarbonate; PE-CVD: plasma enhanced chemical 

vapour deposition; PEG or PEO: poly(ethylene)glycol; PMMA: poly(methyl methacrylate); PS: 

polystyrene; QCM: quartz crystal microbalance; RE: reference electrode; RF: radio frequency; RIE: 

reactive ion etching; SAM: self-assembled monolayer; SEM: scanning electron microscopy; SPE: 

screen printed electrode; TEM: transmission electron microscopy; WE: working electrode; μCPS: 

micro contact particle stripping; μCP: micro contact printing. 
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INTEGRATION BETWEEN TEMPLATE-BASED 
NANOSTRUCTURED SURFACES AND BIOSENSORS 

 

Walter Vastarella, Jan Maly, Mihaela Ilie, Roberto Pilloton 

 

 

3.1  Introduction 

 

Nanostructured materials have proven to be a powerful tool in new technologies as 

well as in basic research, due to their very peculiar properties at nanometer size scale. 

Many studies and publications have demonstrated, or are based on the assumption 

that, optical, mechanical, photo-catalytic or electronic properties of the nanosized 

surfaces drastically changes with respect to those of the bulk materials [1-22]. 

Electrochemical sensing and biosensing constitute research fields where 

nanotechnologies have been successfully applied, especially in using metal and 

carbon nanosized materials with high surface to volume ratio [9-14]. 

The synthesis via template represents a convenient procedure which in many cases 

has strongly simplified the production of surface confined nanoscale materials as 

nanoparticles, nanowires or nanotubes. This method is essentially based on the simple 

but effective idea that the pores or cavities of the host supports can be used as 

templates to address and control the growth of specific materials, i.e. metals, 

semiconductors, biological compounds and polymer chains.  

The utilization of templates in producing novel nanomaterials goes back to the early 

eighties. Pioneering works were ascribed to authors involved in the preparation of 
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different metallic nanostructures [23-40], but presently the method was extended to a 

large number of substrates and applications. 

This chapter is focused on the following nanomaterials which rely on template 

synthesis: nanostructured ordered surfaces prepared by nano-sphere lithography 

(NSL), and metal nanoelectrode ensembles (NEEs) produced into porous membranes. 

Apart from theoretical approach, the attention here is paid to the integration of 

nanoelectrode ensembles with disposable screen printed devices, which represent an 

interesting example of practical application for biosensing. Features and advantages 

of such devices, with respect to comparable macroscopic systems, are described and 

future perspectives are finally suggested. 

 

3.2 Nanosphere lithography  

 

3.2.1 Basic principles of nanosphere lithography 

 

The major issue in the development of nanoscale ordered biointerfaces is the way of 

precise positioning of nano-objects in periodic or aperiodic patterns. A nanostructured 

biointerface is usually obtained by selective anchoring of biomolecules through 

chemical bounds to nanopatterned substrate. Apart from conventional patterning 

techniques (e.g. electron beam lithography), such substrates can be conveniently 

prepared by low-cost alternative technique called nano-sphere lithography (NSL). 

This technique make use of self-assembling processes of nanometer-scale spherical 

particles onto a large area of planar substrate followed by several different steps of 

plasma etching and deposition processes, creating in this way polymeric or metallic 
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nano-structures with relevant applications to bio-interfaces. This “bottom-up” method 

is rather old, originally developed as a “natural lithography” technique for replicating 

submicroscopic patterns [41]. Recently, it has undergone a rapid development 

showing many applications in various fields where large numbers of periodical nano-

sized features are often required, such as nanopattern definition in a variety of 

biological investigations like cell adhesion studies [42-46], fabrication of 

nanostructured biointerfaces for bioanalytical devices (biosensors) [47-50] and 

preparation of catalytically active surfaces [51,52]. The main advantages of the 

method, which are the driving force of its development, are the ability to 

independently control the size, shape and coverage of particles over large areas (cm2), 

the low-cost and simplicity of preparation without need of costly equipment and strict 

conditions (e.g. clean rooms). This is possible due to pure self-assembly nature of 

process, where the resulting structures are pre-programmed in their molecular and 

colloidal behavior. The properties of the materials thus prepared depend on tailored 

interactions between the molecular building blocks and substrate, which make this 

method highly flexible.  

The common principle of NSL is quite simple (Fig. 3.1). Usually, colloidal 

nanoparticles are deposited on planar surface by self-assembling process mostly in 

the form of monolayer. The resulting ordered array of nanoparticles (colloidal mask) 

is used as template for various subsequent plasma etching and/or deposition 

processes. After selective plasma processing, the remaining colloidal mask is 

removed by means of lift off process which results in nanopatterned surface 

consisting of regular spots with different physico-chemical and/or topographical 

properties as those of original planar surface. Such surface can be further used for 
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selective immobilization of various biomolecules through covalent attachment to the 

exposed surface and preparation of the final nanostructured biointerface. There are 

several key parameters, whose variation influences the properties of resulting 

nanostructure. These include: (i) nanoparticles properties (material, size, charge); (ii) 

physico-chemical properties of planar surface; (iii) methodologies for mask self-

assembling (drop casting, spincoating etc.); (iv) post-assembling modification of 

colloidal mask (e.g. plasma etching, selective patterning); (v) plasma processing and 

development of final nanostructured surface (etching, metal or polymer deposition 

etc). The main variations and their influence on NSL process are discussed further on. 

 

3.2.2 Preparation of colloidal mask 

 

A huge variety of submicron particles in colloidal suspensions can be used for 

preparation of lithographic colloidal mask, varying in type of material from which 

they are made, their dimensions and surface charge. Usually they have a spherical or 

quasi spherical shape with controllable dimensions within the nanometric range. Due 

to their frequent use in many application fields, they are readily available on 

commercial base. Colloids can be synthetized in a number of materials including 

polymers (e.g. block copolymers, dendrimers) [53-55], metals (e.g. gold, platinum, 

palladium), semiconductors (quantum dots) or metal-polymer nanocomposites [56-

58]. Among the other, polystyrene (PS) nanoparticles are frequently employed for 

NSL [59-63] since they can be synthetized monodispersed and with a wide range of 

surface chemistries and charges. Although they are available with a diameter smaller 

than 100 nm, silica nanoparticles are mostly used in this dimension range due to their 
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lower size dispersion [60,64]. Selection of appropriate colloids is crucial for 

successful nanopattern generation, as well as surface charge and size of particles are 

critical criteria. Dispersion is also important factor since it influences the frequency of 

defects in the obtained array.  

The colloidal mask is usually self-assembled on a planar base substrate which will 

be patterned. The physico-chemical properties of surface are tailored according to 

both the needs of the final application and the special requirements of lithographic 

process. Properties such as the wettability and the surface charge help the formation 

of ordered colloidal template because they influence the solvent evaporation process 

and the substrate-particles interactions. Conductive [59], insulating [52], optically 

transparent [47,52,65] or other types of materials can be used as base substrate. Most 

frequently, glass or silicon [59-61,64,66] covered with thin layers of metals [59,64], 

metal oxides [60] or with various types of polymers [64,66,67] have been exploited. 

Self-assembled, spin-coated or plasma polymerized thin films may be prepared on 

base substrate [63,68,69]. Since the final nanopattern is mostly obtained by plasma 

etching process, the etching rate of base substrate has to be equal or higher than 

colloidal mask, otherwise no pattern could be transferred. 

Colloidal nanoparticles are dispersed on substrate in appropriate solution and are 

electrostatically self-assembled into 2D crystalline structures as the solvent 

evaporates. Driving forces of the assembly (i.e. electrostatic particle-particle and 

particle-substrate interactions, hydrodynamic interactions and diffusion) result in a 

hexagonally ordered nanostructure with the particles separated by an average distance 

(Fig. 3.1b). The space between particles can be adjusted by changing several 

conditions or particle/substrate properties, influencing the assembling forces. The 
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ionic strength of the colloidal solution has influence on the range of repulsive 

interparticle electrostatic interactions [70]. With decrease of salt concentration, the 

interparticle repulsion forces increase, resulting in longer particle distances and 

decreased saturation coverage [60]. Ionic strength of the colloidal solution is therefore 

a simple way to control the interparticle distance in the colloidal mask. Similarly, 

other factors like pH of the solution [71], particle and surface charges [71,72], and 

particle size [73] play an important role in self-assembling process and have to be 

controlled in order to obtain reproducible pattern.  

There are several methods used to spread colloids onto the base substrate. Probably 

the most simple approach is drop-casting where the solution of particles is simply 

added drop-wise onto the base substrate. While the solvent evaporates, the colloids 

remain on the substrate surface. Since during the evaporation the capillary forces 

between the particles dominate during the evaporation, they can be arranged in 

different geometrical configurations in order to minimize the space and the free 

energy of the system. Therefore, the rate of the solvent evaporation controls the 

degree of order in the pattern [74,75]. Other methods of deposition are represented by 

sedimentation [76], electrodeposition [77] or spin-coating [78,79]. Due to the parallel 

nucleation events of self-assembling, most of these methods inevitably lead to 

imperfections in the assembled 2D structures. Normally, the obtained defect-free area 

is not larger than several square micrometers. Further on, variation of nanoparticles 

size (polydispersion) alters electrostatic repulsion between individual pairs of 

colloidal particles, thus introducing dislocations [75]. 

Recently, alternative form of colloidal lithography has been presented [60], where 

charged particles adsorb randomly onto oppositely charged surface. The randomness 



 11

of the initial process of adsorption causes uniformity of array over large surface area 

without any imperfections and dislocations. Additionally, dip-coating as sequential 

assembly process may be used for fabrication of perfect, defect free arrays over large 

area [64], mainly due to the well controlled drying-front (liquid meniscus) and other 

conditions such as particle concentration and ionic strength. Contrarily to previous 

methods, capillary forces are identified as the basis of the assembly process which 

does not require any specific chemistry on either the template or the particles. 

Therefore, this method is generic and allows a large choice of both support and 

particle materials.  

 

3.2.3 Plasma modifications and lithography 

 

Following the primary process of ordered nanosphere layer formation, the obtained 

nanopatterns can be used without further modifications for biological investigations 

[80,81] or, more frequently, various post-assembling processes are performed (e.g. 

dry etching or coating) in order to modify the geometry of periodic 2D colloidal mask 

or to pattern the base substrate. As an example, reactive oxygen plasma treatment is 

frequently used to modify the polystyrene particle size [61,82]. The ordered pattern 

becomes more open, since the particle size decreases. By variation of plasma 

exposition time, different sieve-like structures can be prepared from the same 

template (Fig. 3.1 c-f). Apart from size, the shape of particles becomes slightly 

ellipsoidal, due to the unequal plasma abrasion [60]. These structures are 

characterized by larger interstitial area compared to original mask which may be 
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useful for preparation of circular nanospots, columns or wells with different chemical 

and topographical properties from those of the base substrate.  

Lithographic processing, utilizing e.g. reactive ion etching (RIE), allows the 

production of modified colloidal-derived nanotopographies [42,60,83]. Here, the 

assembled colloidal monolayer serves as mask, and protects the underlying base 

substrate from etching, except the interstitial area between the individual particles. As 

a result, nanopillars with diameter of colloidal particle can be prepared by etching of 

base substrate [46,84-87]. The dimensions and pillar profile is determined by etch 

time, gas, pressure and mask integrity. Other geometric bodies formed on colloidal 

lithographic mask may be hemispherical protrusions [42,88], cups [89], nanowells 

[90-92] or rings [93-95].  

Apart from RIE lithography, colloidal mask is often used for selective deposition of 

various materials, predominantly metals (silver, aluminum, nickel, etc). After lift-off 

procedure, when colloidal monolayer is removed, a metal masks reflecting the 

interstices of the close-packed colloids assembled in hexagonal or triangular lattice 

arrangements is manufactured. Besides metals, various polymers (e.g. plasma 

polymerized) can be overlaid on mask, leading to homogenous surface chemistry of 

patterned features after removing the template nanoparticles [45,62,83]. It allows 

further modifications of defined chemical patterns and decoration with other 

functional molecules, biomolecules (proteins, DNA) or nanoparticles [83,96]. A final 

step which follows exposure of mask to RIE, is performed in order to remove the 

colloidal mask. Mostly, wet chemical etching methods are employed where particles 

are removed due to the combined effects of chemical etch and a net repulsive 
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interaction between the particle and the surface. Short time sonication usually helps 

the dissolution of mask [97]. 

 

3.2.4 Combination of NSL and other lithographic approaches 

 

Despite many advantages that NSL itself provides, there are some limitations in terms 

of flexibility to produce different patterns (shape and size, spacing between features, 

addressability of individual units etc.). Therefore, hybrid approaches in fabrication, 

that combine self-assembly principle of NSL and conventional lithography, are 

actively conducted to address these issues [98]. Successful attempts are reported 

where photolithography [99,100] or electrostatic fields [101] are used to pattern 

regions of particles. Here, conventional lithography or other patterning techniques are 

commonly used for fabrication of micro(nano)structured base substrates where self-

assembling of colloidal particles is directed to selected area having certain chemical 

or topographic properties. As an example, combination of colloidal particles self-

assembling and interference lithography has been presented [64]. Poly(methyl 

methacrylate) (PMMA) layer spincoated on chromium (36 nm) or SiO2 (100 nm) 

coated silicon wafers has been used for line/space and hole patterns fabrication with 

periods in the 40–100 nm range by grating-based interferometer. Gold (50 and 15 nm) 

and silica (50 nm) particles in aqueous suspensions were self-assembled on PMMA 

by dip-coating. The difference in wettability (hydrophobic–hydrophilic contrast) 

between the polymer lines and the underlying surface affected the selective assembly 

of the particles. 
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Due to the simple fabrication and the low cost, the combination between NSL and 

soft lithography can potentially bring many future applications. Recently, a novel 

method entitled microcontact particle stripping (μCPS) has been introduced [59]. It 

combines the use of an elastomeric stamp as a basic component of microcontact 

printing (μCP) with colloidal lithography. The simple procedure is based on contact 

between the elastomeric stamp and substrate modified by monolayer of pre-adsorbed 

polystyrene particles. Particles from contact regions are removed. The remaining 

colloidal particles unaffected in non-contact regions can be further used as a 

lithographic mask. This method has been successfully applied with particles in the 

size range of 50-500 nm whereas the spacing of the particles is a multiple of their 

diameters (from 1.5 to 4). Other methods which use microcontact printing (μCP) are 

based on patterning of self-assembled monolayers (SAMs), which further facilitate a 

selective deposition of colloidal particles on chemically patterned surface [102,103]. 

A promising direction, by which some limitations (e.g. configuration disorders, 

spacing of individual colloids) of classical NSL can be overcome, is the self-

assembling of block copolymers instead of colloidal particles which has been used for 

fabrication of periodic arrays with sub-100nm features [104,105]. Block copolymer 

lithography is in fact a fast growing field with many interesting applications. 

Similarly as in NSL, the driving force for nanostructuring using these polymers is the 

self-assembling. Due to enormous flexibility in chain properties and its behavior, 

various nanopatterns may be prepared, which are normally inaccessible for NSL. In 

this chapter, we will show only a few interesting examples of the method. Readers 

who are interested in more details should follow one of the recent reviews in this field 

[106,107]. An advantage of amphiphilic diblock copolymers, such as polystyrene(x)-
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block-poly(2-vinylpyridine)(y) (PS(x)-b-P2VP(y)) is that, under a suitable conditions 

(e.g. solubilized in toluene), they forms core-shell micellar structure which enables 

the selective dissolution of the metal precursor salts and after the chemical reduction 

step, generation of mono-dispersed metal particles. Block micelles of copolymers 

containing gold nanoparticles have been used for self-assembling on glass substrate 

[108]. After exposure to hydrogen plasma, gold particles remain on the substrate 

surface in hexagonal patterns, whereas the polymer has been removed. The spacing 

between individual gold particles is set-up by properties of diblock copolymer used. 

Similarly, combination of block copolymer and e-beam lithography has been used for 

fabrication of various periodic and non-periodic patterns of Au nanoparticles, 

separated by distances not normally obtained by pure self-assembly [109]. 

 

3.2.5 Application of NSL for sensor biointerfaces 

 

3.2.5.1  Biointerfaces based on protein nanoarrays 

Application of colloidal lithography in the fabrication of nanostructured surfaces for 

biosensors and other related biointerfaces is still in its infancy, but several 

representative examples of applications indicate the possible directions of future 

developments. Apart from biosensor interfaces, colloidal-derived nanotopographies 

currently under investigation show great promise in control of cell growth and 

adhesion to surface, altering gene regulation or inflammatory response 

[43,46,110,111] which may bring new interesting properties of functional medical 

devices, e.g. implants or tissue engineered constructs [112]. Despite their importance, 
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these applications will not be reviewed in this chapter. The interested reader should 

follow recent reviews in the field [74]. 

A key achievement regarding the generation of sensor biointerfaces using colloidal 

lithography is the ability to selectively bind sensing biomolecules on patterned areas 

and to retain their natural active conformation and favorable orientation. Once the 

molecule is selectively immobilized in nanoarrayed substrate, it can be used in many 

detection strategies, most frequently optical and electrochemical, to detect the analyte 

of interest. Recently, several attempts have been performed to show this possibility. 

Chemically nano-patterned surfaces with biologically relevant end groups such as 

carboxylic groups and anti-fouling polyethylene glycol (PEO) functionalities have 

been prepared by the combination of NSL and plasma deposited functional polymeric 

layers [68]. Plasma enhanced chemical vapor deposition (PE-CVD) is a low pressure 

and temperature process which allows the creation of thin films on a large variety of 

substrates with selectable chemical functionality, stability, density and coverage of 

the deposited films. Here, thin and negatively charged (carboxylic groups) 

hydrophilic plasma polymerized acrylic acid (PAA) film has been deposited on solid 

support using a glow discharge created from acrylic acid vapor. After assembling of 

2D colloidal mask pattern of negatively charged polystyrene beads (diameter 200-

1000nm) by dip-coating method, oxygen plasma etching has been carried out 

resulting in creation of PAA nano-domes. Following the plasma deposition of the 

PEO-like coating (protein resistant layer) and mask dissolution in ultrasonic bath, 

bovine serum albumin (BSA) has been immobilized selectively on PAA layer using 

standard conjugation chemistry. 
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Similarly, a horse spleen ferritin nanopattern has been prepared by selective protein 

deposition on gold cylindrical disks (20nm high, 120mm in diameter) covered by 

SAM of hydrophobic thiols [113]. Pattern has been obtained by oxygen plasma 

etching of polystyrene particle mask assembled on silicon wafer and covered by thin 

layer of gold. Non-specific binding of ferritin on the exposed silicon surface has been 

protected by selective deposition of PLL-PEG (PLL backbone and PEG side chain) 

amphiphilic copolymer monolayer. Another investigation has described collagen 

adsorption on model substrate exhibiting controlled topography and surface chemistry 

[88]. Substrates were prepared by gold deposition onto silicon wafers (smooth 

substrate) and onto a support with nanoscale protrusions created by colloidal 

lithography (rough substrate) and by subsequent functionalization with CH3 

(hydrophobic) or OH (hydrophilic) groups. Based on their results, authors concluded 

that, while the adsorbed amount of collagen is only affected by the surface chemistry, 

the supramolecular organization is controlled both by surface chemistry and 

topography. 

A simple approach of functional protein arrays production which is based on self-

assembling of polymer templates and proteins has been recently shown [114,115]. To 

create arrays of protein nanostructures with defined spacing, monodisperse latex 

spheres has been coated with desired protein (BSA, protein A and G) and deposited 

on mica (0001) or gold (111) surface. After drying, latex particles are displaced to 

expose periodic arrays of immobilized proteins, which remain attached to the surface 

and maintain the order and periodicity of the latex scaffold. Morphology and diameter 

of protein nanostructures thus prepared are tunable by setting-up the protein-to-latex 

ratio and the diameter of latex spheres [114]. Similarly, lysozyme periodic 
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nanostructures have been prepared on silicon by NSL, retaining their full activity 

[115]. Another interesting approach based on self-assembling properties of diblock 

copolymers has been introduced [116]. It has been shown, that chemical 

heterogeneity of self-assembled hexagonal polystyrene-b-poly(vinylpyridine) (PS-

PVP) diblock copolymer micelles on flat surfaces can be successfully exploited as 

template for protein self-assembling in specific polymer nanodomains, thus creating 

high density ordered protein array. The properties of array may be easily tuned by 

size of underlying diblock copolymer. In order to show the possible exploitation of 

such nanoarray in biosensor applications, various proteins has been thus immobilized 

and their activity screened [117]. By immobilizing e.g. horse radish peroxidase 

(HRP), mushroom thyrosinase, bovine imunoglobulin G and green fluorescent 

protein, authors found that immobilized proteins retain their catalytic activity over 3 

month and that their binding behavior is not affected by surface immobilization on 

diblock copolymer template. 

Despite the potentiality of the NSL or block copolymer lithography for protein 

arraying has been shown in several attempts, a little work has been done to screen the 

biological functionality of proteins in arrays thus prepared. As an example, adsorption 

of fibrinogen on a substrate with nanoscale pits and its ability to selectively bind 

unstimulated platelets has been investigated [118]. Colloidal lithography has been 

used to create high density of nanometre-sized pits (40 nm diameter, 10 nm depth) in 

continuous thin metallic film vapor-deposited over top of the electrodes of quartz 

crystal microbalance (QCM) sensors or on silicon wafers. The multidomain protein 

human fibrinogen was adsorbed on the structured and planar surface as control 

sample due to its similarity with pits size. The ability of fibrinogen molecules to 
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specifically bind to receptors in platelet membranes has been correlated to both 

nanoscale chemistry and surface topography. No specific binding of unstimulated 

platelets during the initial phase of interaction was observed on fibrinogen bound to 

flat surfaces with homogeneous surface chemistry. On the contrary, fibrinogen bound 

at topographically structured surfaces (both chemically homogeneous and chemically 

patterned surfaces) exhibited significant specific platelet binding.  Authors speculate 

that the conformation or orientation of fibrinogen molecules is altered at surfaces 

which have nano-topography on the length scale of the individual molecules. The 

altered orientation/conformation on nano-structured surfaces may make binding sites 

available to the fibrinogen molecule, which can bind to membrane receptors on 

unstimulated platelets. 

The assembly of single biomolecule arrays, where nanostructured surfaces are able 

to accept only one single biomolecule at individual binding site, with definable 

spacing and orientation and created on large sample area is interesting challenge since 

such surfaces may show molecularly defined environment for cell culture studies and 

optimal sensing properties in biosensors [119-121]. Recently, the preparation of such 

an array has been shown [108,121] using nanostructured gold dot patterns prepared 

by micellar diblock copolymer lithography already discussed in this chapter. Gold 

nanoclusters with defined diameter (approx. 6 nm) and lateral spacing of 30, 96 and 

160 nm have been prepared on glass and the interstices between them have been 

modified with monomolecular film of mPEG-triethoxysilane in order to prevent non-

specific binding of proteins. Afterwards, gold nanodots have been modified with 

short thiol-nitrilotriacetic (NTA) chelator molecule. Further on, recombinant proteins 

(Agrin, N-cadherin) having 6 Histidine (6 x His) tag have been immobilized on 
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oriented manner through specific NTA-His tag bound and their presence detected by 

primary and secondary fluorescence labeled antibodies, as well as by atomic force 

spectroscopy (AFM). As result, up to 70% of gold particles creating the nanopattern 

have been modified with only a single functional biomolecule at moleculary defined 

density and locations. Due to the generality of immobilization method, identical 

arrays can be prepared for every biomolecule available. 

All these examples show, that nanotopography can significantly influence structure 

and functionality of adsorbed proteins, when correct dimensions and topography are 

established. Similarly as observed for immobilization of biomolecules on 

nanoparticles with smaller dimensions [122,123], it turns out that the smaller 

interaction area between the nanostructured surface and biomolecule can affect the 

secondary structure to smaller extent compared to planar surface. Therefore the 

natural activity and functionality of protein is retained to high degree. In ideal case, 

the nanostructured element has dimensions similar to dimensions of immobilized 

biomolecule [62,118,121]. 

 

3.2.5.2  Biointerfaces for localized surface plasmon resonance biosensors  

One of the most interesting features of nanostructured layers of metals are their 

unusual optical properties, which can be used for fabrication of ultrasensitive surface 

plasmon based biosensors. Noble metal nanoparticles normally exhibit a strong UV-

visible adsorption due to the resonance between the collective excitation of 

conduction electrons and incident photon frequency [47,48]. This phenomenon is 

known as localized surface plasmon resonance (LSPR). Due to the extremely large 

molar extinction coefficients (about 3 × 1011 M-1 cm-1) [124,125], intense signals can 
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be obtained using spectroscopic methods, which predetermines their use as optical 

sensors and biosensors [47,48,126,127]. Based on theoretical model of Mie [128], the 

intensity of the LSPR spectrum depends on a number of parameters, such as 

nanoparticle radius, material, dialectric constant, and interparticle spacing [129,130]. 

A common effort in the field is to find synthetic routes of nanoparticle fabrication in 

order to tune and precisely control their plasmonic properties. The simplest and 

mostly used approach is based on reduction of metal salts in solution which results in 

colloidal suspension of metal nanoparticles. Highly sensitive, LSPR biosensors have 

been realized based on the change of absorption UV-VIS maxima upon interparticle 

coupling. Complementary DNA colorimetric sensing has been shown, where the 

change in color is observed when nanoparticles are brought together by the 

hybridization event [131-133]. The limits of detection (LOD) reach femtomoles of 

target oligonucleotide which is almost 100-fold lower than conventional fluorescence 

assay [131]. 

Despite its sensitivity and simple procedure, the main disadvantage of the solution-

based LSPR nanoparticle biosensing is the non-specific, irreversible and difficult to 

quantify particle aggregation [48]. Therefore, surface confined nanoparticle arrays 

may be employed for biosensing purposes instead of colloidal suspensions, to easily 

overcome the most of the difficulties. NSL has been successfully used to structure 

surface-confined triangular silver nanoparticles by metal deposition over polystyrene 

nanosphere mask on glass substrate [47,48]. The silver nanodots (100 nm in plane 

and 51nm out-of-plane width) have been modified with SAM from mixture (3:1) of 

1-octanethiol (1-OT) and 11-mercaptoundecanoic acid (MUA) and further with biotin 

through zero-length coupling agent on carboxylate groups. The maximum of 
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observed plasmon resonance (LSPRλmax) increased (red shift) at each modification 

step: from 561nm up to 609 nm after final modification step. In order to simulate an 

antibody-antigen binding as one of the possible future application of such optical 

biosensor, the calibration curve for streptavidin [47] and anti-biotin [134] binding has 

been obtained as the function of red shift of LSPRλmax. The LOD calculated from 

response curve has been lower than 1 pM for streptavidin and 100 pM for antibiotin 

with 27 nm and 38 nm of maximal plasmon peak shift for each case. It was also 

shown, that by changing the shape, size and material composition of metal layer is 

possible to tune the sensing capability of LSPR sensors [135,136]. By immobilization 

of mannose on silver triangles, the carbohydrate binding protein (concavalin A) has 

been used for tracking the response sensitivity as the function of height of silver 

nanodots [137]. Results show that overall response of the nanosensor increases with 

decreasing nanoparticle height. 

Apart from metal nanodots, nanoring structures represent high potential to surface 

plasmon sensing at nanometer scale. This is mainly due to their tunable plasmon 

resonances and large empty volume which provides more spaces for molecular 

attachment [95,138]. A low cost method of producing large area ordered metal 

nanoring arrays based on NSL has been presented [95]. Close-packed SAM of 

polystyrene monodisperse spheres were formed on silicon substrate by spin-coating 

method. A layer of gold was sputtered onto colloidal mask on vertical incidence 

sequentially followed by reducing the gold-capped polystyrene spheres from the 

topside by ion polishing. The inner diameters, wall thickness and wall height of gold 

nanorings have been tuned by the size of PS spheres, and by the process parameters 
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of RIE, sputtering and ion polishing. Such tuning of metal nanoring structures leads 

to fine and flexible controlling of plasmon resonances of the nanorings [95]. 

Recent efforts in optical device fabrication based on LSPR detection have 

stimulated the development of sensitive, simple and label free detection of wide range 

of analytes in medical diagnostics, environmental and chemical analysis. The key 

factor which influences its further development is the ability to precisely control and 

tune the parameters of optically active metal array. Although novel approaches have 

also emerged, NSL lithography belongs to one of the simplest methods, by which 

such surfaces can be efficiently prepared and studied. Therefore, its further 

development in this field can be envisioned. 
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Fig. 3.1- Basic principles of nanosphere lithography. Solution of spherical nanoparticles is drop or dip coated on the flat base substrate surface (a); 

after evaporation of solvent, the hexagonal 2D array is spontaneously formed (b); on the right side: AFM image of 200 nm polystyrene monolayer; by 

oxygen plasma etching, the size of polystyrene particles can be decreased (c); metal or polymer maybe deposited in the interstitial area providing 

sieve-like structure after lift-off of polystyrene nanoparticles (d); by deep reactive ion etching nanopillars of the same material as base substrate can 

be prepared (e); metal nanoparticle triangles may be also prepared by metal evaporation over the structure (b) and subsequent lift-off (f).
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3.3  Nanoelectrodes Ensemble for Biosensing Devices 

 

3.3.1 Electrochemical and electroless deposition of nanomaterials via templates 

 

3.3.1.1  Nanoporous membranes 

The pores of filtration membranes represent a simple case of structural heterogeneity, 

whereby the discontinuity in the solid phase operates the selection for species with 

specific dimensional requirements. Deposition of nanomaterials can be carried out 

into the nanopores of ultrafiltration membranes with uniform, cylindrical or prismatic 

pores of particular size. 

Nowadays, chemical sieves materials, such as glass matrices with nanostructured 

channels, zeolites, or nanoporous proteins, are worldwide available. Many research 

groups involved in synthetic routes by means of nanoporous templates make use of 

commercially available ultrafiltration membranes. Owing to the rather limited number 

of pore sizes and pore density of commercial products (e.g. from AnoporeTM, 

NucleporeTM or Synkera Technologies Inc.), other authors prefer to prepare their own 

templates in order to customize the geometric features. 

A following chapter in the present book is dedicated to review the methods and the 

selected materials for nanopore fabrication. This part is specifically dedicated to 

applications of alumina and track-etched polymeric membranes as host templates for 

the synthesis of nanosized material. 

Alumina membranes with regular pore distribution can be generally formed by 

electro-oxidation of aluminum substrates (high purity aluminum sheets) in acidic 

electrolytes using a two electrode cell. Cathode is generally made of aluminum, lead, 
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platinum or stainless steel [139-142]. The resulting structure of the porous oxide film 

consists of a uniform array of parallel alumina cells packed hexagonally, with a 

nearly cylindrical shape of the pores, high pore density and low diameter size 

distribution. The hexagonal self-order of the pores was justified by the presence of 

repulsive forces and the volumetric expansion associated with the anodization process 

[143-145]. By appropriate selection of the electrochemical process conditions, such as 

applied potential/current density, treatment time, concentration of the electrolyte 

mixture, temperature of the treatment, it has been possible to tune at will size and 

aspect ratio of the pores, preparing films with different thicknesses, pore densities and 

pore diameters from 5 to 1000 nm [144,146-152]. It was experimentally verified that: 

- the thickness of the porous alumina increases linearly from 0.1 μm to 10 μm with 

the anodization time at a given voltage and temperature; 

- the pore spacing varies regularly with the applied potential, typically in 

electrolytic solution of 25% sulphuric acid or phosphoric acid, or 15% sulphuric 

acid at fixed temperature; 

- the pores density and the pores diameter are linearly correlated under controlled 

conditions [153]. 

According to some authors [154], in order to obtain high quality membranes, 

aluminum should be pre-treated in concentrated acid and plenty of distilled water to 

show a well polished, mirror-like surfaces. During the pores formation, aluminum is 

coated by a relatively thin non-porous insulating oxide layer, therefore the anode 

material surface is not directly exposed to the solution. Several strategies and 

procedures to separate the unoxidized foil from the porous oxide layer have been also 
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proposed. We leave the reader to peruse the literature [155-158] to follow the 

progressive efforts in improving the support quality. 

Alternatively to brittle and rather rough alumina or silica membranes, nanoporous 

polymeric membranes prepared by the track-etch method can be used as templates of 

high flexibility and smoothness, often very stable in acids as well as in organic 

solvents and biologically inert. Such membranes can be produced with a relatively 

wide range of pore diameters. Polyethylene terephthalate (PET), polycarbonate (PC), 

polyimide (Kapton), polypropylene, polyvinylidene fluoride, and CR-39 (allyl 

diglycol carbonate) membranes were already used for this purpose [159]. PC, because 

of its high sensitivity to tracking and the mild conditions required for sensitization, is 

the foremost material used for preparing commercial track-etched membranes 

(OsmonicsTM or WhatmanTM), with pore diameters ranging from as small as 10 nm to 

as large as 10 μm and pore densities between 107 and 109 pores cm-2.  

In order to prepare such templates, damage tracks in the polymer film are created 

with high energy particles (atoms or ions) and a treatment time which finally 

influence the number of the tracks and the resulting pores. Afterwards, the tracks are 

exposed to an alkaline etching solution, resulting in porous membranes whose 

dimensions strictly depend on both the etching time and the solution composition 

[160,161]. Depending on the etching conditions typical pores with symmetrical 

cylindrical or cigar-like shape can be generally produced. Under conditions of 

asymmetric etching, i.e. by treating one side of an ion-irradiated sample with an 

etchant, conical pores have been produced [162-164] on PC or PET membranes. 

Track-etched membranes have a much lower pore density (of the order of 109 

pores/cm2) than the alumina membranes (1011 pores/cm2), therefore the former are 
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more suitable as templates for producing low-density nanomaterials. The case of 

nanoelectrode ensembles will be discussed in the following sections as an example 

whereby a relatively low density is required. A limitation of track-etched membranes 

is strictly related to their production techniques that generate not uniform products. 

As a matter of fact, unless special and accurate procedures are accomplished, the 

resulting pores into PC membranes are not always parallel to each other, presenting 

an irregular shape and random spatial distribution. 

 

3.3.1.2  Deposition of metals in porous templates 

Deposition of metals have been successfully attempted on alumina, silica and track-

etched polymer membranes, according to different ways. 

Electrochemical deposition of metals has accomplished into the pores of the 

membrane, just on the side which has been treated with a conductive layer (typically 

of 100-1000 nm) [165-182]. This approach is based on the assumption that template 

membranes are robust enough to tolerate hard treatments, such as plasma or vacuum 

deposition. In such experiments, the coated pre-sputtered thin layer is connected to a 

copper wire and set-up into an electrochemical cell, where the template membrane 

acts as the cathode and an external counter electrode as the anode. The deposition can 

be carried out both under galvanostatic or potentiostatic conditions. Literature data 

report gold electrodeposition into alumina, mica or PC templates in form of 

nanowires or nanorods [183-186], as well as deposition of silver, cobalt, nickel, 

copper, rhodium nanowires [187-189], iron nanotubes or cigar-shaped nanoparticles 

into polymers [168,190], palladium, platinum, tin nanoparticles or single crystal 

nanowires both into alumina and PC [191-193]. In the case of track-etched PC 
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membrane, it was verified that the addition to the plating solution of 1-2% gelatin 

generally improves the hydrophilic properties of the membrane with effective 

increase in the reproducibility of electrodeposition [166]. Metal sputtering was 

necessary to firstly create the conductive layer. The subsequent process is based on 

the progressive growth and filling of the pores, from the bottom metallic layer 

towards open ends of the pores, which normally results in solid rather than hollow 

nanostructures (i.e. formation of nanowires or fibers, not tubes) [153,194,195]. 

Alternatively to the deposition of single metal in form of continuous nanowires, 

segmented nanoparticles or composed multilayered nanofibers with different metals 

can be created as well. In the latter case, the growth of nanofibers consisting of the 

same metal of the conductive layer is in some way limited by the electrodeposition of 

a second metal. The original metal foundation is etched away in a following 

treatment, leaving the nanoparticles composed of the second metal into the pores of 

the template. Such a formation must be performed with a removable metal (for 

instance silver is attached by nitric acid) which acts as a foundation for the metal to 

be deposited in the second step [196,197].  

The most experimented methods for the electroless deposition of metals in form of 

nanostructures involve the presence of chemical reducing agents to plate the material 

from a solution onto a surface. The low kinetics of the homogeneous electron transfer 

from the reducing agent to the metal requires a catalyst, which should be applied to 

the surface to be coated in order to accelerate the reaction rate. The thickness of the 

metal film deposited can be controlled by modulating the plating time. The principles 

of electroless deposition into templates have been exemplified in the case of gold 

deposition by Martin and coworkers for the fabrication of nanotubes or nanoelectrode 
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ensembles [25]: the specific case will be extensively described and discussed in the 

following sections. 

Differently from the electrochemical procedure, the electroless methods with 

templates allow for the deposition of metal layer into the activated sites on the pore 

walls without requiring any conducting layer.  

Nanomaterials tend to progressively grow from the pore walls towards the center of 

the cavity. For this reason, stopping  the deposition at relatively short times, hollow 

metallic nanostructures can be generated into the template. In fact, it was 

experimentally observed that the production of gold nanotubes is realized decreasing 

as much as possible the size of the metal grains which constitutes the walls, for 

instance working at a pH condition of around 8.0 in the deposition bath [153]. 

After completion of the metal deposition, the template membranes can be used in 

the original form containing nanostructured metal or alternatively, they can be 

dissolved to leave arrays of nanowires/nanotubes attached at one end to a conductive 

electrode. In the former case, it is possible to obtain separation membranes with 

metallized nanopores that enable chemical functionalization of metal for different 

purposes: one of the most diffused examples in surface chemistry for biosensing 

applications is using the thiol chemistry [196,198]. As it will be shown in the 

following discussion, metal nanowires need to be deposited and kept inside the 

membrane, to obtain a continuous ensemble of nanoelectrodes. 

If the resulting objects of the deposition are going to be free nanostructures in the 

form of nanowires, nanotubes or nanocones, their separation from the host membrane 

is required. Nanomaterials may be separated from track-etched template by dissolving 

the latter in a suitable organic solvent: PC membranes are soluble in dichloromethane, 
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PET in 1,1,1,3,3,3-hexafluoro-2-propanol. Alumina/ceramic membranes are shown to 

be soluble in strong alkali solution (such as KOH or NaOH), whereas polymers can 

be also etched by oxygen plasma treatment [25,153,168]. A criterion for the selection 

of the most suitable template may sometimes lie on the compatible matching between 

the metal to be deposited and the agent able to remove the membrane. Other hybrid 

deposition techniques including metals/composite into host templates are not further 

investigated in this chapter. It is the case of the chemical deposition of carbon/gold 

composite nanotubes in alumina templates by impregnation with a solution of diluted 

hydrogen tetrachloroaurate (HAuCl4) and acetone as reducing agent [197], as well as 

the intriguing synthesis of nanoparticle nanotubes inside the pore walls of silane-

treated alumina, according to a self-assembly mechanism [199], or the formation of 

gold nanotubes by RF-sputtering of gold into nanoporous template [200]. 

 

3.3.1.3  Characterization of nanomaterials in porous templates 

The characterization of such nano-structures can be done by several instrumental 

techniques including spectrophotometry (optical features are useful for defining the 

shape and spatial distribution of the nanostructures), voltammetry, optical 

microscopy, atomic force microscopy (AFM) and scanning (SEM) or transmission 

electronic microscopy (TEM). 

SEM or TEM analyses (and to a less extent microthomy analyses) are typically used 

in morphological characterization of nanostructured materials obtained by template 

synthesis. The image resolution generally tends to improve as the nanomaterial is 

separated from the host membrane. In this case microscopic investigations have 

shown curious mushroom shapes, or spaghetti like metallic nanostructures after 
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removing the PC membrane with the suitable organic solvents [25,168,171]. TEM 

and high resolution TEM images of nanostructures were also obtained even without 

removal of the membrane, owing to the transparency of PC to electron-beams, 

although possible interactions between the beam and the polymer can generate 

distortions and artifacts [25,153,201].  

 

3.3.2 Gold nanoelectrode ensembles 

 

The gold electrode has often been used as a transducer in electrochemical biosensors 

for several good reasons. One of the most intriguing characteristics, which is 

important in using functionalized surfaces for biosensing purposes, is the tendency to 

form self assembled monolayers or deposited multilayers through thio- or amino-

coordinate derivatives.  

Nanoelectrode ensembles (NEEs) fabricated by growing metal nanowires/fibres 

into the pores of a template, are nanotechnology tools which actually find application 

in a variety of fields ranging from electro-analysis to sensors and electronics. Here is 

described the synthesis of gold nanowires into PC membranes with controlled pore 

size using an electroless deposition method. The density of the template nanopores 

determines the number of nanodisks per total surface (pores cm-2) and 

correspondingly, the average distance between the nanowires, as the basic elements 

of NEEs. 

Production of gold NEEs here described is based on the pioneering work of 

Martin’s group [25], recently modified in order to optimize the resulting product and 



 33

to obtain a well defined nanostructure for the specific application. In brief, the 

electroless plating of gold NEEs consists of three main steps.  

 a) sensitization with Sn2+ solution: PC is firstly kept for 2 h in methanol, then 

immersed for 45 min in a solution of 0.026 M SnCl2 and 0.07 M trifluoro-acetic acid 

in equimolar mixture of methanol and water as the solvent; as previously reported, 

track-etched PC membranes are preferred for NEE fabrication over alumina 

membranes because of their smaller pore densities and their lower fragility.  

b) reduction of Ag+ to produce discrete silver nanoparticles: after accurate 

rinsing with methanol, the sensitized membrane is immersed for 10 min in 0.029 M 

Ag[(NH3)2]NO3 at controlled pH. 

c) galvanic displacement of silver particles and reduction of gold: the membrane 

is immersed into the gold plating bath which contains a commercial solution of 7.9 x 

10-3 M Na3Au(SO3)2, (e.g. OromerseTM Part B, from Technics Inc.), 0.127 M Na2SO3 

and 0.625 M formaldehyde; after 15 h of electroless deposition additional 0.2 mL of 

formaldehyde are added to continue the deposition for further 9 h, after that the 

membrane is rinsed with water, immersed in 10% HNO3 to eliminate any surface 

traces of tin or silver, and dried in oven at 150°C to stabilize the resulted deposition. 

It was already observed that depending on the mechanism of growth of such 

nanostructures into the pores, at short plating times only gold nanotubes are formed, 

whereas the complete filling of the pores to accomplish gold nanowires requires 24 

hours or more of electroless plating [25]. Another interesting observation is that the 

deposition velocity decreases when performing the overall process at a temperature 

between 0°C and 5oC. The original synthetic route was tested during the last years by 

varying the treatment time or the reagents concentration for the surface activation 
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both in SnCl2 solution and in ammoniacal AgNO3 for silver nanoparticles deposition. 

Basically, the key step of the synthetic procedure resulted the immersion of the 

membrane in gold plating solution. Gold nanotubes or nanocones [162,163,196,202] 

were also fabricated adopting a different treatment time under buffered controlled 

conditions (pH 10). From our practical experience, even AuCl4
- as precursor can be 

used instead of the commercial solution of Na3Au(SO3)2: after 24 h of immersion at 

4°C, gold NEEs into the nanopores of track-etched PC membrane (nominal pore size 

30 nm, thickness 10 µm, pore density 6×108 pores cm-2) were successfully created. 

Both the front and rear side of the membrane are coated with a thin gold layer. 

 

3.3.2.1  Morphological features of gold nanoelectrode ensembles 

SEM observations, as the one reported in Fig. 3.2, show the successful formation of 

gold nanowires into PC membranes with a narrow size distribution and a mean 

diameter of 30 nm, adopting the synthetic method above described. A SEM model 

JEOL JSM-5510 was used for the characterization of nanowires reported in Fig. 3.2. 

The microscope is equipped with an Oxford Instrument EDS 2000 microanalysis 

detector and software for the elementary analysis. No sample coating was required for 

SEM observations. The image was obtained after peeling away the metal layer grown 

over the front side of the template membrane. Nanodisks emerging from the template 

are clearly visible from the figure with the typical fading lines behind them 

representing traces of the nanofibers that grew inside the membrane. The observation 

of such traces is possible because of two main reasons: firstly, the PC membrane is 

partially transparent to the electron beam; secondly, the nanofibers are not perfectly 

aligned parallel to the surface, as a consequence of the membrane production 
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procedure [25,153,166]. The density of deposited nanowires can be approximately 

calculated from a sample microscopy image, taking into account a defined area of 

investigation. For instance, since an area of 9 µm2 is considered in Fig. 3.2, a 

nanowire density of around 6 pores µm-2 has been inferred. Such value is perfectly in 

accordance with the declared pore density of commercial membrane, confirming the 

process of pores filling with gold had been successfully accomplished. NEE can be 

either used as platform for immobilization of biomolecules (i.e. still including the 

nanostructures into the host membrane) or as free standing assembly of very small 

ultra-microelectrodes confined in a rather small space. In the former configuration 

higher mechanical stability is accomplished, owing to the presence of the membrane, 

hence this is the preferred configuration for biosensing purposes. On the contrary, 

after the membrane dissolution, a simultaneous process of nanowires/fibers self-

aggregation and folding down takes place, with a possible partial loss of their 

electrochemical properties. Fig. 3.3 shows two SEM images at different 

magnifications of gold nanostructures (mean diameter size of 50 nm) after dissolution 

of the template membranes with dichloromethane. Bundles of nanowires or 

disordered nanosized structures are still visible on the treated surface instead of free 

standing aligned gold nanofibers. 

 

3.3.2.2  Electrochemical features of gold nanoelectrode ensemble 

An accurate description of the electro-analytical and kinetic behavior of NEE is 

beyond the scope of this chapter, but ref. 153 represents an updated and complete 

treatment of such objects, including: the evaluation of the main geometrical 

parameters involved, their relationships with current responses, and the corresponding 
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electro-analytical equations. As far as the present book is concerned, the general 

concepts with respect to the behaviour of NEE will be briefly recalled.  

NEE can exhibit three distinct voltammetric response regimes, depending on the 

scan rate and reciprocal distance between the nanoelectrode elements, which is a 

function of the pore density of the template. Total overlap regime occurs when radial 

diffusion boundary layers of each single nanodisk overlap totally (small distance 

between nanoelectrodes); pure radial regime occurs when the nanoelectrodes behave 

independently (higher scan rates, larger distances between nanoelectrodes) and linear 

regime when the nanoelectrodes behave as isolated planar electrodes [25]. It was 

demonstrated that for electro-analytical applications the total overlap regime is the 

most advantageous one because of the higher faradaic-to-capacitive current ratio 

[153,204,207], which was calculated to be higher than the ratio in the case of 

conventional electrodes (CGE) with comparable geometrical area. This concept is 

reported in the following equation:  

 

(IF/IC) NEE = 102÷103 (IF/IC) CGE   (3.1) 

 

where IF is the faradaic, IC the double layer charging current. The numerator of both 

the ratios can be calculated from the Randles-Sevcik equation as here reported: 

 

IF = 2.69 105  n 3/2 Ageom  D
1/2  Cb

  v1/2   (3.2) 

 

where n is the number of electrons involved in the process, Ageom is the geometric area 

of the ensemble, D the diffusion coefficient, Cb
 the bulk concentration of redox 
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substance, and ν the scan rate of the voltammetric cycle. The denominators for 

nanostructured and conventional electrodes depend, respectively, on the active and on 

the geometric area of the ensemble. Indicating the ratio between active and geometric 

area as in the following equation [207]: 

 

f=Aact/Ageom       (3.3) 

 

the application of Randles-Sevcik equation on both the systems results in a coefficient 

f spanning from 10-3 to 10-2, which means that for NEEs detection limits are at least 2 

order of magnitude lower than those of regular electrodes. The IF/IC ratios or, 

alternatively, the coefficient f, are useful to discriminate the good NEEs for 

electrochemical biosensing applications from the bad ones [205,207,209]. 

In our laboratory, total overlap diffusion regime was observed at gold NEEs 

fabricated from commercial PC track-etched membranes of 30 and 50 nm pores 

diameter. The large number of NEEs which were prepared according to the 

electroless procedure were selected on the basis of the electro-analytical response and 

the agreement between theoretical and experimental values [153]. For this purpose, a 

reversible redox probe with a known diffusion coefficient must be studied at defined 

experimental conditions (e.g. measuring the current peaks in CV at fixed scan rate 

and potential step). The theoretical ratio, (IF/IC)theor, depending on well defined 

equations was compared with the experimental one, (IF/IC)exp. Values must be in 

accordance with a tolerance of 5%. 

As a redox substance α-(ferrocenylmethyl)trimethylammonium cation was 

selected, analogously with previous works [153,204,207], because of its well known 
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behavior. Cyclic voltammograms in 10-2 M NaNO3 as supporting electrolyte alone 

and in 10μM of redox probe were recorded. It was calculated that NEEs satisfying the 

above criteria are not more than 50% of the overall NEEs prepared in laboratory. 

The reachable potential window for gold NEEs was previously studied [25,206] 

both in the negative limit, which is influenced by the hydrogen evolution reaction and 

therefore depends on the solution pH, and in positive potential range which is given 

by the formation of gold oxide. The NEEs used at low analyte concentrations 

(typically from 10 μM to lower than 1 nM) gave faradaic peak current down to a few 

pA. By operating with suitable electronic amplification levels, at pH around 7 and 

micromolar analyte concentrations, a potential window of gold NEEs between -750 

and +800 mV vs. Ag/AgCl reference electrode (RE) was found [153]. Such a wide 

electro-activity range as well as the high sensitivities of NEEs to electron transfer 

kinetics are interesting characteristics that are being exploited in highly sensitive 

analytical techniques, such as in trace metals determinations and the observation of 

species with perfectly reversible and fast electrochemical behavior. To the best of our 

present knowledge, the electrochemical features of the metal nanomaterials, 

excepting gold grown in nanoporous templates, have not been so deeply investigated. 

In addition to applications for trace electro-analysis with well known reversible redox 

probes, such as ferrocene derivatives or ruthenium complexes, NEEs were used in CV 

at micromolar concentration levels of more complex redox systems such as organic 

mediators or methylviologen or heme-protein cytochrome c [204,206,207]. 

 

3.3.2.3  Deposition of nanoelectrode ensembles on substrates 
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So far, a limited amount of publications report the attempt to assemble NEE in handy 

electrodes for use in electrochemical cell or in flow injection analysis (FIA) systems. 

The early assembly based on gold nanoelectrodes consisted of a copper tape which 

was directly attached to the upper gold layer, acting as electrical connections. After 

insulating this multilayers configuration, a hole was punched into the upper piece of 

insulating tape to define a geometric area, Ageom, of 7.0 mm2 [25,204,207]. Recently 

partial modifications have been carried out to improve the electrical connection 

between copper and NEE: the copper tape was attached on the lower layer that 

completely covers the rear side of the host membrane. The upper gold layer was 

peeled away from the membrane and therein an insulator with a 7.0 mm2 hole was 

attached [204,208,209]. 

In our laboratories, gold nanowires have been coupled with carbon screen printed 

electrode (SPE) to give a novel, rapid tool for disposable biosensors, which has been 

defined as nanoelectrode ensemble on screen printed substrate (NEE/SPS). The 

NEE/SPS preparation is aimed to combine the advantage of the electro-analytical 

sensitivities deriving from the nanosized properties with the feasibility and versatility 

of screen printing technology in fabrication of easy to be used sensors [210-212]. 

For the preparation of SPEs, conducting and insulating inks were printed on 

polyvinyl-chloride substrate using a HT10 FleischleTM screen printing machine 

[198,212]. Silver and carbon-graphite pastes for the conducting paths and the working 

electrode (WE), Ag/AgCl for reference electrode (RE) as well as dielectric pastes 

were purchased from GWENT Electronics Materials LtdTM (http://www.g-e-m.com). 

In order to assemble gold nanoelectrodes containing membranes with screen printed 

substrates, the upper gold layer was firstly peeled away from the front side of NEE 
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membrane, leaving exposed the gold nanodisks on the surface. The rear side has been 

soaked into a wet graphite ink pad, then the inked membrane has been gently 

deposited onto the graphite WE of a plastic homemade screen printed substrate [198]. 

As commonly used in screen printing procedures, the device has been accomplished 

by printing both the insulator and the RE layer. Fig. 3.4 shows the above described 

novel screen printing sequence for the production of disposable NEE/SPS. In each 

case, an active WE area of 2.5 mm2 is defined by the insulator geometry. Also 

NEE/SPS were tested with α-(ferrocenylmethyl)trimethylammonium cation by CV at 

different scan rates and different concentrations. Typical voltammetric patterns of 

such redox tracer on NEE/SPS recorded at 100 mV s-1 showed a quasi-reversible 

behavior with an anodic peak (Ip) at 150±10 mV and a cathodic peak at -20±1 mV 

[198]. According to the characteristic of nanoelectrodes under total overlap 

diffusional regime, peak currents of the redox probe were 2 orders of magnitude 

higher than in the case of conventional macro-electrodes. 

 

3.3.3 Nanoelectrode ensemble for enzyme based biosensors 

 

3.3.3.1  State of the art 

Selective, sensitive and accurate quantification of a specific analyte or group of 

analytes is the key requirement in many areas of analytical and bioanalytical 

chemistry, such as for clinical, agricultural and environmental analysis, as well as in 

food and beverage industries. In order to be used as reliable analytical tool, 

complementarily with traditional chemical methodologies (such as colorimetric, 

spectroscopic, chromatographic or hyphenated methods), biosensors must provide 
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high performances with good accuracy, precision, and long term stability for simple, 

rapid online or in-situ measurements. 

The very promising feature of gold nanoelectrodes applied for electrochemical 

biosensors is their enhanced current sensitivity, as described in the previous sections 

and expressed in Eq. (3.1). The sensitivity ratio between NEEs and conventional 

macro-electrodes with comparable geometric area and materials has been already 

indicated as the discriminating parameter in the selection of nanostructures for 

biosensing applications. This might result in a lowering of the detection limit during 

the bioanalytical monitoring of some specific analyte. 

On the other hand, asit will be shown in the following discussion of results, this 

advantage arising from the nanoparticles properties is not always maintained when 

biochemical immobilization is performed on the electrochemical probe. The 

complexity of structures such as proteins, cells or biomimic compounds, and the 

multiple layers accumulated on the original surface are the reasons that limit the 

resulting performance of electrochemical biosensors based on such nanoparticles. 

NEEs were already used as working probe on copper, glassy or carbon-glassy 

electrode for the detection of different substances. The model system which has been 

used for preliminary investigation in a reliable electrochemical biosensing device was 

the enzyme glucose oxidase (GOx), whose structure and biochemical properties are 

well known. 

In a recent work, gold NEEs were treated with UV-ozone and ethanol to remove 

any oxide deposit before the monolayer assembly, then the surface was treated with 

thiols to form a SAM, and successively with coupling agents for the enzymatic 

immobilization. After treatment with 3-mercaptopropionic acid and 2-
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mercaptoethylamine as thiol compounds, the functionalized surface was respectively 

immersed in glutaraldehyde (GA) in phosphate buffer solution (PBS) and a mixture 

of imides at pH 3.5 [213]. Two different flow detectors with commercial glassy 

carbon WE were utilized for the amperometric detection of β-glucose, respectively 

with injection loop of 100 µl and 20 µl. After the optimization of the electrochemical 

and flow parameters, the authors compared the amperometric FIA response in terms 

of sensitivity, reproducibility and stability for both GOx based biosensors, 

distinguishing between the two different covalent immobilization of the enzyme (i.e. 

using glutaraldehyde and succinimide as coupling systems). A linear dependence of 

glucose on the signal in the analytical concentration range 0.2-30 mM was detected, 

even in presence of interfering substances [214]. 

 

3.3.3.2  Nanoelectrode ensemble on screen printed based biosensors 

Our contribution in the development of biosensors based on nanoscale material relies 

on the combination between screen printed substrates and gold NEEs, resulting in the 

so-called NEE/SPS biosensing devices, as previously reported and illustrated in Fig. 

3.4. The aim of this preliminary work was to evaluate the specific response to a target 

substrate after immobilization of the corresponding enzyme on NEE/SPS. GOx (from 

Aspergillus niger, specific activity of 198 units per mg of solid) was again used as a 

biochemical model system to test feasibility of the sensing probe. NEE/SPS-based 

biosensors were tested under FIA conditions, their analytical performances were 

evaluated and compared to unmodified carbon or conventional gold electrodes on 

which GOx is immobilized at fixed concentration. 
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For this purpose a home made flow cell was used for the characterization of 

NEE/SPS and successively, for the amperometric detection of glucose with a GOx 

based biosensor. The microcell was depicted and described in our previous work 

[198] and was provided with peristaltic pump (GilsonTM Minipuls 3) to propel 

solution along a flow injection system, with a 115 µL sample loop injection valve and 

volume (OmnifitTM, Cambridge, England). All reagents, supporting electrolyte 

solutions, buffer carriers, were prepared from deionized water (Synergy 185 

apparatus from MilliporeTM). All the other chemicals and solvents of analytical grade 

were used without further purification. Voltammetric and amperometric 

measurements, performed respectively under batch and FIA conditions, were 

conducted with the AutolabTM potentiostat PGSTAT10. Two experimented 

methodologies [198] were chosen for immobilization of GOx on gold element that 

can be simplified as in the following: 

 

a) Covalent immobilization of protein 

In the former device the sequence is based on three main steps (Fig. 3.5). Firstly, 3-

amino-mercaptopropionic acid, also called cysteamine (CYS), was assembled on gold 

nanodisks either electrochemically (20 s of 21 mM CYS growth at +800 mV vs. 

internal RE) or chemically (after immerging for 16 hours the NEE/SPS in a solution 

of 21 mM CYS). The electrochemical deposition of CYS has already been 

demonstrated to be much faster and more effective on pure gold electrode than on 

other materials, resulting in electrochemically deposited multilayers (EDM) [215] on 

whose upper surface are available terminal amino-groups (-NH2). For this reason GA 

(12.5 % v/v, 1 hour of immersion) was chosen as the coupling agent in the second 
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step, followed by an accurate buffer washing to remove the excess of GA. Finally 

buffered GOx solution (6 mg mL-1) was dropped on the activated surface and left to 

dry allowing for the formation of a covalent bond between the primary amine groups 

of the enzyme and the carbonyl group of GA. The resulting sensor was washed and 

stored overnight at 4°C before being assayed. This sensor configuration will be 

defined in the following discussion as GOx/EDM/NEE/SPS. 

b) Parallel immobilization of protein and deposition of conductive polymer 

In this device a spatial patterning of the enzyme on PC membrane with conductive 

wires on gold nanoelectrodes has been carried out. In this way, a direct electron 

transfer from the red-ox site of the enzyme to the electrode along the conductive 

polymer multilayer will be accomplished. As depicted in the sequence of Fig. 3.6, 

firstly, conducting cables of polyaniline (PANI) were electrochemically deposited by 

cyclic voltammetry from –0.4 to +1.0 V, using as a precursor 50 mM aniline solution 

in diluted sulphuric acid (0,5M) [198]. The growth of PANI wires can be realized 

onto the gold nanostructures after few cycles, analogously as demonstrated on golden 

macroelectrode and other surfaces [216-218]. The active surface was immersed in a 

solution of 10% v/v aminopropyl triethoxy-silane (APTES), in order to obtain a 

terminal amino group onto the part of the membrane which is not gold-covered, then 

accurately washed with PBS (pH 6.8). The resulting surface was treated with GA 

(12.5 % v/v) and again washed with PBS to remove the unbound GA. At this step 

free carbonyl groups facing the PC surface are ready to react with the terminal amino 

groups of the enzyme. Freshly prepared GOx buffered solution (6 mg mL-1) was 

dropped on the activated surface and left to be covalently bound. This sensor 

configuration will be defined in the following as GOx/PANI/NEE/SPS [198]. 
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The effectiveness of the electro-deposition of multilayers of CYS was proven by the 

cyclic voltammograms and the corresponding oxidation peaks centered at approx. 

+800 mV vs. internal Ag/AgCl RE that decreases after a few scans in the case of both 

gold SPEs [215] and gold NEE/SPS [198]. Chrono-amperometry current response 

corresponding to the oxidation of CYS on the surface has been therefore performed at 

+800 mV vs. internal Ag/AgCl pseudo-reference electrode (RE). As shown in Table 

1, the average peak for CYS grown on NEE/SPS is compared with CYS deposited on 

gold screen printed probes, applying the oxidation potential of +800mV vs. platinum 

RE in a two electrode configuration. Current signal for CYS deposited on NEE/SPS 

is of two orders of magnitude lower than in the case of gold macroelectrodes obtained 

by galvanic deposition (column a of Tab. 1). On the other hand, considering the 

active area, taking into account the gold nanodisks density and the area of a single 

nanodisk, calculations of current density show higher values for nanostructured 

assembly (column e of Tab. 1 wherein current density is expressed in mA cm-2). Two 

different diameters of single nanoelectrode depending on the pore diameter size of the 

host template have been considered in such evaluation. 

 

3.3.3.3  Analytical performance of NEE/SPS based biosensors 

In both sensor configurations the flow injection conditions above described were 

experimentally optimized for the highest current signal. The working flow rate (0.4 

mL min-1) and buffer pH (6.8) were fixed in both cases, by using the homemade flow-

through detection cell and 115 µL sample loop injection valve. 

Unmodified NEE/SPS did not respond to glucose, confirming that aspecific 

oxidation of the substrate/analyte at the gold surface did not occur. Since the best 
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signal to noise ratio was achieved within the range +550/650 mV [198], an applied 

potential value of +600 mV vs. RE was chosen for such sensors in all the subsequent 

experiments. 

In Table 2 the analytical performances of our sensor configurations (both 

GOx/EDM/NEE/SPS and PANI/GOx/NEE/SPS) are summarized while comparing 

such performances with those of an available reliable biosensing device for glucose 

detection [214] based on gold NEE (in Tab. 2 renamed as GOx/GA/MPE/NEE). An 

analogue comparison has been made under flow conditions with a biosensor for 

glucose based on commercial ceramic printed electrode (BVT TechnologiesTM, Czech 

republic), adopting one of the same immobilization procedure of GOx on golden 

working probe (herein indicated as GOx/CYS/Au SPE). 

The linearity of response were found to be respectively for GOx/EDM/NEE/SPS 

1.0×10-4 M to 3.1×10-2 M (R2=0.993) and for PANI/GOx/NEE/SPS 1.0×10-4 M to 

2.0×10-2 M (R2=0.998). It is interesting to observe that the lower limits are always 

within the analytical range for glucose monitoring in blood sample. 

At higher glucose concentration values, most probably saturation of enzymatic 

active sites takes place. The linearity can be estimated by using the Michaelis Menten 

equation with non-linear curve fitting: an apparent constant of 14.9 mM and 6.9 mM 

were respectively obtained for GOx/EDM/NEE/SPS and PANI/GOx/NEE/SPS: as 

expected these values are significantly lower than that of the native enzyme [219]. 

Sensitivity (the slope of the calibration curve) and LOD by Zund Meier method 

[220] as well as operational and shelf stability were all reported on Table 2 according 

to the recommended international definitions [221,222]. The achieved long term 

stability in FIA conditions for PANI/GOx/NEE/SPS biosensor suggests that chemical 
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covalent immobilization of enzyme on the surface took place. This observation is an 

encouraging result to assess the specific reaction between the silane-derivative 

compound and PC and consequently, the selective addressable immobilization of 

proteins only onto the polymer part of the membrane. 

The amperometric FIA responses were also compared for both sensors at the 

concentration level of 0.5 mM glucose. The plots have been normalized in terms of 

the current peak height for both sensor configurations; the PANI/GOx/NEE/SPS 

sensor showed a faster response which depends on a more effective charge transfer to 

the electrode along the PANI wires (graph reported in ref. 198). In each case, when 

using PANI wires with covalent immobilization of GOx, it was achieved an 

improvement of performance, in terms of the linear dynamic range, reproducibility 

(4.4% of relative standard deviations) and LOD. 

Finally, it is worth to note that a comparison between the features of bare NEE or 

NEE/SPS (usually selected by their performances operating in CV) and those of the 

enzyme based NEE or NEE/SPS biosensors under amperometric flow measurements 

are meaningless. As already mentioned in previous sections, the effect of 

nanostructured surface properties in term of high signal to background ratio require 

further investigations whenever the same nanosized component is implemented in a 

more complex configuration, such as a biosensing devices. The combination of 

diffusion pathways at the NEE and flow lines under the constrained geometry of a 

thin layer flow detection cell should be envisaged as well. 
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3.3.4 Concluding remarks 

 

The integration between nanotechnology and electrochemical biosensors have 

found a remarkable example in the NEEs enzymatic based biosensor, where 

nanoelectrode ensembles synthesized by templates are deposited on several supports. 

Implementation of a novel disposable device based on nanoelectrode ensemble on 

screen printed substrate has been shown. In this way, the well-known advantages of 

nanostructured material properties (i.e. the high sensitivity) have been coupled with 

the typical features of thick film technology in screen printing production (such as 

disposability, flexibility, durability of the product under flow injection conditions). 

The electroanalytical properties of NEEs were extensively studied in previous works 

and were considered as the basis for the realization of NEE/SPS based biosensors. 

Exploitation of nanosized surface to enlarge the range of such possibilities is 

discussed, especially for the enhanced signal-to-background ratio of the gold 

nanoelectrode assembly (from two to three order of magnitude higher than 

conventional macroelectrode with comparable geometric area). 

Immobilization techniques of model protein (for instance glucose oxidase) have 

been presented in association with the formation of self assembled monolayers and 

electrochemical deposited multilayers. The concept of reversible, oriented and 

addressable immobilization of special proteins on specific parts of the active sensing 

surface has been also recalled. 

Simple enzyme immobilization on gold NEE and NEE/SPS by means of commonly 

used coupling agents or, more specifically, parallel immobilization of enzyme on the 

polymeric part of the membrane and polyelectrolyte on gold nanostructures have been 
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performed. The latter solution has been introduced to be extended in some application 

for third generation biosensor, wherein a mediatorless detection is required, thanks to 

the possibility to achieve a direct electron transfer between red-ox proteins and 

modified gold nanoelectrodes through the conducting polymer cables. A model 

protein was used to show the feasibility of such approach to activate the surface with 

specific biomolecule for the detection of an analyte or a class of analytes in many 

electrochemical biosensing applications, such as food or beverage industries, 

environmental, and clinical analyses.  

Furthermore, the perspective of efficient parallel immobilizations, respectively on 

metal area and polymeric part opens up the way to multifunctional electrochemical 

devices with different customized sensitive elements in different points of the same 

sensor. Multiparametric electrochemical detection for simultaneous analysis at low 

costs may be designed insofar successful and reliable scientific results will be 

accompanied by the industrial scale-up of such devices. 
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Figure 3.2- SEM image of gold nanoelectrode ensemble grown into polycarbonate 

nanoporous membrane (from UniporeTM), according to the electroless procedure; nominal 

pores size: 30 nm, pores density: 6 108 pores cm-2; scanning electron microscope was JEOL 

JSM-5510 Low Vacuum model. 
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Figure 3.3- SEM image of gold nanoelectrode ensemble by electroless synthesis after 

dissolution of the polycarbonate template membrane (from UniporeTM) with dichloromethane. 

Images taken at two different magnifications; A) energy beam: 25 kV, scale bar: 5 µm, 

magnification: 5 104; B) energy beam: 30 kV, scale bar: 1 µm, magnification: 2 105. Scanning 

electron microscope was JEOL JSM-5510 Low Vacuum model. 

 

 

 

 

 

 

 
   (A)      (B) 
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Figure 3.4- Schematic sequence of the NEE/SPS preparation [198]; A) carbon graphite tracks 

and contact pads by screen printing; B) Ag/AgCl paste deposition for reference electrode; C) 

deposition on the working of the NEE based membrane; D) dielectric paste screen printing. 
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Figure 3.5- Schematic representation of the covalent enzymatic immobilization via cysteamine (3-amino mercatopropionic acid) and glutaraldehyde 

on gold nanoelectrodes ensemble/screen printed substrates; distance of gold nanodisks and dimensions of the objects are not in scale. 
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Figure 3.6- Schematic representation of the enzymatic immobilization (via aminopropyl trietoxysilane/glutaraldehyde) on polycarbonate membrane 

with parallel electrodeposition of conductive polyaniline (red wires) on gold nanoelectrodes; distance and dimensions of the objects not in scale. 
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 (a) 
 

(b) 
 

(c) 
 

(d=bxc) 
 

(e=a/d) 
 

Electrode Probe 
Peak current 

Ip (µA) 
Geometric 
area (cm2) 

Conversion 
Factor * 

Active area 
(cm2) 

Current 
density 

(mA cm-2) 
Au 

 
625.0 0.143 *1.1330 1620.00 10-4 3.86 

Au NEE [25,204,209] 
 

     

pore diameter=30 nm 
 

0.5 0.071 **0.0042 3.07 10-4 1.66 

pore diameter=50 nm 
 

0.5 0.071 **0.0118 5.95 10-4 0.60 

Au NEE/SPS [198]. 
 

     

pore diameter=30nm 
 

1.5 0.025 **0.0042 1.08 10-4 14.15 

pore diameter=50 nm 
 

1.5 0.025 **0.0118 2.10 10-4 5.09 

 

* dimensionless, rugosity factor = Ar/Ag, the ratio between the real and the geometric surface areas of the gold electrode used [198] 

** dimensionless, f = fractional area = Aa/Ag, the ratio between active and geometric areas of NEEs, calculated considering the pore diameter equal to 30 nm, as declared by 

the producer, or equal to 50 nm as a mean value calculated from the SEM measurements  

 

Table 1- Comparison of the mean peak currents for the electrochemical oxidation of cysteamine amongst several NEE assemblies using a commercial gold 

electrode, a conventional NEE and NEE/SPS. Two different pore diameters (therefore diameters of a single nanoelectrode) are considered. Cysteamine 

oxidation performed at +800 mV vs Pt in a two-electrode configuration. 
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sensors configurations 

  
GOx/GA/MPE/NEE 

data from reference [214] 

 
GOx/EDM/NEE/SPS 

 
PANI/GOx/NEE/SPS

 
GOx/CYS/Au SPE 

Explored range (mM) 
 

Not reported 0.0075--31  0.019--20 0.2--20 

Linearity range (mM) 
 

up to 30 0.1--31  0.1--20 1--20 

Sensitivity (nA mM-1) 
 

110 35 18 0.9 

reproducibility (%) * 

 
3.7 (n=38) 3.9 (n=35) 4.4 (n=35) 14.2 (n=28) 

detection limits (mM) 
 

0.20 0,15 0,15 1.00 

Km(app) (mM) 
 

13.7 14.9 8.9 Not measured 

shelf stability (days) 
 

Not reported 20  15 2 
 

* 0.5 mM glucose injected n times 
 

Table 2- Comparison of the analytical performances of different gold based biosensor for detection of glucose. GOx/GA/MPE/NEE: enzyme 

covalently immobilized on gold nanoelectrodes by means of a mercapto-compound coupling agent [214]; GOx/EDM/NEE/SPS: enzyme covalently 

immobilized via cysteamine electrodeposited multilayers and glutaraldehyde on gold nanoelectrodes ensemble sensor; PANI/GOx/NEE/SPS: 

enzyme covalently immobilized via amino propyl trietoxysilane and glutaraldehyde, polyaniline grown on gold nanodisks; GOx/CYS/Au SPE: 

enzyme covalently immobilized via electrodeposited cysteamine on a commercially available gold printed electrode (BVT Technologies, CZ).
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