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Chapter 1: INTRODUCTION 

 

1.1. Outline and Structure of the Thesis 

The thesis presents broadly the development of affinity-based biosensors based on 

Surface Plasmon Resonance imaging (SPRi) technique. Chapters 1 and 2 are devoted to 

biosensor technology and, in particular, to optical transduction based on SPR and its 

newest advancement consisting in SPR imaging. Chapter 3 reports on all aspects related 

to materials, methods and instrumentation used during the work. Chapter 4 deals with 

important aspects linked to SPRi technique and describes a successful method for signal 

sampling and data management to be exploited with SPRi technique. The core of 

experimental part is then divided in two applicative sections reported in Chapters 5 and 

6, respectively. Chapter 5 shows immunosensing applications developed on SPRi, in 

particular for clinic and food application exploiting the bovine/anti bovine IgG 

immuno-couple; in Chapter 6 genosensors aimed to anti-doping controls are reported. 

The plasmid EGFP-C1 was selected as possible shuttle vector for gene doping purposes 

and target DNA sequences were detected both in standard solutions and PCR amplicons 

obtained from transformed human cells. Strategies for signal enhancement were 

adopted and verified on standard samples and finally successfully applied to PCR 

amplicons.   

 

1.2. Biosensors Definition and Transduction Principles 

The International Union of Pure and Applied Chemistry (IUPAC) defines a biosensor as 

“a device that uses specific biochemical reactions mediated by isolated enzymes, 

immunosystems, tissues, organelles or whole cells to detect chemical compounds 

usually by electrical, thermal or optical signals” (McNaught and Wilkinson, 1997). In 

other words, a biosensor is a device based on a biological or biologically derived 

sensing element (biochemical receptor) able to transmit a valuable analytical signal to a 

physiochemical transducer (Turner, 2000). A representative scheme of the detection 

principle is reported in Figure 1.1. Under this definition we can thus ascribe very 

different subgroups of different biosensors, with applications in many different and 

interdisciplinary areas. In fact both sensing elements and transducers can vary 

significantly depending to the specific aim and research subject. Sensing elements 
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specifically coupled to transducer can be grouped into two broad classes: catalytic 

(enzyme, microorganism, bio-mimetic catalyst) and affinity-based (antibodies, nucleic 

acids, receptor protein and systematic receptors) (Griffits et al., 1993; Scheller et al., 

1989). Also transduction principles are numerous and different, i.e. electrochemical, 

optical, and piezoelectrical, respectively if the transducer is an electrode, an optical 

system, a planar waveguide, or a piezoelectric crystal (Tothill et al., 2003). 

 

 

Figure 1.1: Representative scheme of biosensors detection principle. 

 

Moreover biosensors can be distinguished in label-free or non label-free biosensors, 

meaning with this the requirement or not of a label for evidencing the presence of the 

surface bound analyte. The use of labels allows the indirect analyte detection by 

exploiting molecular dyes or fluorescent species to be conjugated with the specific 

target. Although in most cases the use of labels will lead to significant increases in 

instrumental signals, they showed also many drawbacks due to possible unwanted 

reactions or target modification. This last issue is of particular importance when the aim 

of the research is focused on protein functionalities. Moreover, the use of labels greatly 

increases the analysis cost. 
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On the contrary, label-free biosensors do not require the use of reporter elements 

(fluorescent, luminescent, radiometric, or colorimetric) resulting particularly simple in 

their use. This feature joined the growing requirement of new non-invasive and 

continuous real time monitoring methods to be exploited in “-omics” research field, e.g. 

proteomic functional analyses (Lausted et al., 2008; Lee et al., 2005). In fact, although 

labeling detection methods (e.g. fluorescence and radioisotope methods) involve well-

developed techniques, it is known that it can alter protein surface characteristics, mainly 

the epitopes structure, so that their natural activity might be perturbed affecting their 

functional analysis. Finally, label-free detection greatly simplifies the efforts required 

for assay development while removing experimental artifacts such as quenching effects, 

shelf life, and background fluorescence in the case of fluorescent labels. 

From the foregoing statements, emerges how the combination between transducer and 

biological receptor is the base of a biosensor development. Nevertheless, the 

bioreceptor immobilization is also important, playing a key role in the retention of the 

biological activity, and thus affecting the sensitivity. Parameters such as shelf-life and 

surface regeneration also depend on the biomolecule immobilization. In literature are 

reported several approaches for bioreceptors immobilization, and researchers focused 

their efforts both towards random and oriented immobilisation procedures. Methods 

involving adsorption, entrapment, cross-linking and electrostatic interactions provide 

randomly immobilized biomolecules, but sometimes a partial hindering of their 

biological activity can occur. Alternatively, covalent binding and affinity interactions 

may enable oriented biomolecule immobilizations, providing controlled, reproducible 

and highly active modified surfaces. (Prieto-Simín et al., 2008; Siqueira et al., 2010; 

Wong et al., 2009).  

Both approaches are characterized by several advantages and disadvantages, so that the 

suitable choice adopted basically depends on the specific requirements of the 

experiment. A successful biosensor generally possesses at least some of the following 

advantageous features. The complete biosensor should be cheap, small, portable and 

capable of being used by semi-skilled operators. Its response should be accurate, 

precise, reproducible and linear over the useful analytical range, without dilution or 

concentration, and it should also be free from instrumental background noise and 

possible matrix effects. The biomolecular probe must be highly specific for the purpose 
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of the analyses, be stable under normal storage conditions and, except in the case of 

colorimetric enzyme strips and dipsticks, show good stability over a large number of 

assays (i.e. much greater than 100). The molecular recognition between probe and 

specific target should be as independent of such physical parameters as stirring, pH and 

temperature. This would allow the analysis of samples with minimal pre-treatment. If 

the reaction involves cofactors or coenzymes these should, preferably, also be co-

immobilized with the enzyme. 

When the biosensor is used for monitoring in clinical situations, its invasiveness should 

be minimized, i.e. the probe must be tiny and biocompatible, having no toxic or 

antigenic effects, and should not be prone to fouling or proteolysis. 

These unique features make biosensors very attractive alternatives to conventional 

biological sensing devices. Compared with a conventional enzyme-linked 

immunosorbent assay (ELISA), which is characterized by one-use only, the 

immobilized biological recognition element of biosensors can often reused or 

regenerated. Due to the unique features of biosensors such as their compact size and 

simplicity of use, up to a wide range of biosensors have been developed with countless 

applications. 

 

1.3. Affinity-Based Biosensors 

Despite one of the most successful and famous biosensor on market is based on enzyme 

electrodes developed for medical applications such as detection of glucose in blood 

(Newman et al., 2005), the fastest growing area in biosensors research nowadays 

involves affinity-based biosensors and related techniques. Potential application areas for 

affinity-based biosensor techniques that have been reported over the past decade include 

clinical/diagnostics (Scarano et al., 2009; Tombelli et al., 2010), food processing (Ricci 

et al., 2007), military/antiterrorism (Singh, 2007; Smith et al., 2008), and environmental 

monitoring (Jiang et al., 2008). The definition of a biosensor, particularly Affinity-

Based Biosensors (ABBs), is by no means static. The current consensus is that affinity 

biosensors are analytical devices composed of a biological recognition element such as 

an antibody, receptor protein, bio-mimetic material, or DNA interfaced to a signal 

transducer, which together relate the concentration of an analyte to a measurable 

electronic signal (Turner, 1989). The interface of signal transduction technology to 
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bioaffinity assays has raised a wide variety of devices and techniques. The driving 

forces, however, for progress in this area are common to each of these techniques. More 

specifically, biosensors and related methods show the potential to make assays that are 

inherently complex and time consuming more rapid, versatile, cost-effective and 

accessible for a wide range of applications. Affinity-based assays are, in general, quite 

complex and require multi component, multistep assay configurations. However, this 

class of techniques contains a range of complexity from relatively simple 

immunosensor assay formats to more complex enzyme linked immunosorbant assays 

(ELISA) and electrophysiological receptor assays. There is a number of structural and 

design features that determine operational characteristics of affinity biosensors. These 

include the properties of the bioaffinity element, the assay format, the sensor interface 

(i.e., how the biological recognition element is attached to the sensor), the sensor 

material, and the means of signal transduction. A variety of signal transducers have 

been interfaced to affinity biosensors. In fact, it would be safe to suggest that affinity-

based techniques have been interfaced to every type of signal transducer reported for 

biosensors. In the past decade, a wide variety of antibody-based biosensors and related 

immunoassay techniques have been reported (Conroy et al., 2009). 

The use of receptor proteins as recognition elements in binding assays significantly 

increased as radioisotope-labeled ligands and drugs became commercially available in 

the early 1970s (O’Brien, 1986). 

These assays focused almost exclusively on pharmacological applications with a few 

exceptions where the interaction of certain pesticides with neurotransmitter receptors 

was explored (Eldefrawi et al., 1992). The adaptation of receptor assays to biosensor 

formats has been particularly challenging because of the variety and complexity of these 

assays. Nevertheless, several biosensors and biosensor related techniques directed 

toward compounds of pharmacological and environmental interest have been reported 

(Eldefrawi et al., 1992a). 

Affinity techniques involving nucleic acids have been crucial in the field of molecular 

biology. A number of companies are expanding the limits of immobilization and 

detection technologies to produce high-density arrays of nucleic acid oligomers on 

silicon or glass surfaces. The detection of hybridization is typically used to measure 

gene expression or identify specific sequences. The ability to simultaneously measure 
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1,000 to 10,000 separate hybridization reactions is the important feature for these 

applications (Marshall, et al., 1998). A number of “chip-based” (referring to planar 

silicon or glass substrates) and “nonchip-based” (including various optical and 

electrochemical) devices termed biosensors have also been reported. These devices 

show at present considerable potentialities for a variety of applications. Moreover, 

nanotechnology has opened up new avenues towards ultra-sensitive, highly selective 

detection of biological molecules and toxic agents, as well as for therapeutic targeting 

and screening. In fact DNA has many unique properties that make it a promising 

material for molecular sensing via DNA-based nanostructures. A wide range of 

molecular sensing methods is already available through modulation of the unique 

optical, plasmonic, magnetic, and electrical properties of these systems (Lee et al., 

2010).  

The basis for these assay techniques includes hybridization of complementary 

oligonucleotides (Dell'Atti et al., 2007; Wark et al., 2008), toxin-induced inhibition of 

hybridization (Siontorou et al., 1998), intercalation of potentially genotoxic compounds 

(Pandey et al., 1995), and detection of DNA damage (Fojta et al., 1997). Another 

related area involving nucleic acid-based biosensor techniques is the detection and 

identification of pathogenic microorganisms based on unique sequences of the 

pathogen’s genome (Cheng et al., 1998). 

 

1.4. Optical Biosensors Based on Surface Plasmon Resonance 

SPR sensing uses evanescent waves as a valuable tool to investigate bio-chemical 

interactions. SPR transduction belongs to the class of refractometric sensing devices, 

based on evanescent waves to investigate surface phenomena. Changes in refractive 

index at sensing surfaces, eventually induced by surface analyte binding, influence the 

resonant angle whose shift can directly be recorded leading to a real-time signal. Thus 

the labelling of biorecognition elements is not required. SPR itself offers several 

important features such as high sensitivity and insensitivity to electromagnetic 

interferences. Finally, SPR biosensors showed to be user friendly, versatile, and, in 

some cases, low-cost devices. Currently, commercial SPR instruments are available 

from numerous suppliers (Homola, 2008). Among these, the most common is the 

Biacore™ system (GE Healthcare). The operating principles applied to SPR platforms 
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can be divided on the basis of the characteristics of the light wave measured and 

classified in three modulation approaches: angular, wavelength and intensity (Homola, 

2006). 

Since the output signal consists in a refractive index change directly induced by the 

binding of analyte molecule onto sensor surface, the labeling of biorecognition elements 

is not required. This feature joined the growing requirement of new non-invasive and 

continuous real time monitoring methods to be exploited in “-omics” research field, e.g. 

proteomic functional analyses (Lausted et al., 2008; Lee et al., 2005). In fact, although 

labeling detection methods (e.g. fluorescence and radioisotope methods) involve well-

developed techniques, it is known that it can alter protein surface characteristics, mainly 

the epitopes structure, so that their natural activity might be perturbed affecting their 

functional analysis.  

 

1.5. Surface Plasmon Resonance 

SPR imaging technology represents the forefront of optical-label free and real time 

detection of many (up to hundreds) biological interactions simultaneously, providing 

both binding profiles useful for the estimation of the kinetic parameters of the different 

interactions between the immobilized probes and the ligands in solution. The 

immobilization protocols reported are different, most of them come from research in 

traditional SPR-based biosensing. So far, it has been tested on different affinity 

systems, such as DNA/DNA (Hayashi et al., 2008; Piliarik, 2008; Lecaruyer et al., 

2006; Nelson, 2001), RNA/DNA (Nelson, 2002), DNA-binding protein (Jeong et al., 

2008; Bouffartigues et al., 2007; Wegner et al., 2003), RNA aptamers/protein (Garcia et 

al., 2008; Li et al., 2007; Li et al. 2006), antibody-antigen (Ladd et al., 2008; Liu et al., 

2008; Rebe Raz et al., 2008; Yuk et al., 2006), carbohydrate/protein (Grant et al., 2008; 

Mercey et al., 2008; Wakao et al., 2008; Smith et al., 2003). 

Differently from scanning angle SPR and scanning wavelength SPR (traditionally 

termed “SPR spectroscopy” measurements), SPRi systems are generally based on 

intensity modulation, measuring the reflectivity of a monochromatic incident p-

polarized light at a fixed angle. The polarizer permits measurements both with p-

polarized and s-polarized light, but the latter is used only as reference signal to improve 

the image contrast and to eliminate artifacts. In the majority of cases SPRi instruments 

adopt a high refractive index prism in contact with the detection cell, following the 
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Kretschmann configuration (Kretschmann and Reather, 1968), to couple the incident 

light to the surface plasmons (SPs) by evanescent waves (EWs), but exceptions 

operating by grating couplers also exist (Singh et al., 2006). The sensitive surface of the 

prism is coated with a thin metal layer (usually gold or silver, approximately 50 nm 

thickness), onto which SPs are excited matching SPs and EWs propagation constants. 

The resonance conditions depend on prism, metal, and dielectric medium 

characteristics. The setting of the best resonance conditions is usually controlled 

varying the incidence angle of the light on prism. A charge coupled device (CCD) 

camera collects the reflected light, allowing the visualization of the whole biochip in 

real time. If the dielectric medium in contact to the metal layer is patterned, the reflected 

intensity keeping the incident angle constant will be changed. Dedicated software 

records and processes the output data, consisting in reflectivity variations. 

The two main breakthroughs offered by this innovative approach to SPR sensing are 

essentially the ability to visualize the entire biochip surface in real time and the chance 

to design onto them two-dimensionally patterned microarrays of molecular probes. The 

first key feature, the real time monitoring of biochip surface, allows the continuous 

checking of size and shape of immobilized spot arrays, without labeling. This aspect is 

primarily crucial during the early phases of the measurement, in which is required to 

define position and size of the signals to be probed, also called regions of interest 

(ROIs). In fact, the “microscopic” vision of each ROI within the array allows an 

accurate and skilful choice of the best ROIs after that molecular probes have been 

deposited onto the biochip. Thus, this chance avoids the “blind” sampling of the signals 

and optimizes the results.  

An additional outcome of the real time vision is the capability to monitor the unspecific 

binding all over the biochip surface. In fact, it is well known that non-specific 

adsorption represents a considerable disadvantage in SPR-based methods, since can 

lead to false signals and biosensor pollution. Numerous efforts were already done to 

overcome this drawback, focusing on different surface modification methods (Siegel et 

al., 1997) and now is possible to foreseen that significant improvements will be 

achieved by SPRi systems.  

The vast interest connected to microarray format measurements has been already 

mentioned above. In this context, SPRi systems allow the immobilization of up to 



Introduction 

______________________________________________________________________ 

___________________________________________________________________ 

Chapter 1 

9 

hundreds molecular probes onto small sensitive surfaces (about 1 cm
2
) and the detection 

of multiple biomolecular interactions simultaneously under identical conditions. For the 

realization of biomolecular arrays it is possible to take advantage of on market 

automatic spotting robots. Alternatively, applying own custom array formats or 

developing novel array fabrication methods, molecular probe deposition can be 

manually executed. Further than the two key features mentioned above, SPRi platform 

assures the same typical characteristics of traditional SPR, such as label-free detection, 

both equilibrium and dynamic characterization of the interaction process, absolute 

quantification of binding and ratios, and biochip regeneration. 

 

1.6 Summary of the Thesis 

The work performed during this research project was focused on the development of 

affinity biosensors based on SPR imaging (SPRi) technique to be exploited for clinical 

investigations and diagnostics. The most attractive and powerful advancement of SPR-

based optical detection is the SPR imaging (SPRi) technique (also termed “SPR 

microscopy”), which couples the sensitivity of scanning angle SPR measurements with 

the spatial capabilities of imaging. In recent years SPRi has gained attention mainly in 

affinity-biosensors research field. It actually represents one of the best sensing 

platforms for the probing of biomolecules in array format, showing to be a highly 

versatile system. So far, it has been tested on different affinity systems, such as 

DNA/DNA, RNA/DNA, DNA-binding protein, RNA aptamers/protein, antibody-

antigen, and carbohydrate/protein (Scarano et al., 2010a). In the first stage of the work, 

the instrumentation potentialities were deeply investigated and improved. In particular, 

focus was put on the set up of a method for signal sampling and affinity binding data 

management in SPRi experiments. In fact, although the selection of sensing areas on 

biochip is a key step for the any SPRi analysis, there is a lack of common criteria for 

doing it despite the high number of papers recently appeared in literature on this 

technique. As proof of principle, the method was tested on a previously optimized 

Human/anti-Human IgG immunosensor by comparing the results with those obtained 

with two approaches widely used for ROIs selection. Significant results were achieved 

in terms of signals, i.e. 4 and 3-fold more than the other two compared methods. 

Moreover, even signals that would have been considered not significant by using 
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standard data sampling methods, results with our approach in positive binding. Also SD 

generally decreases for all spots and, consequently, also the reproducibility, expressed 

as CV%, was improved. Furthermore the specific vs. unspecific-binding ratio is much 

improved. By this innovative approach for SPRi signal sampling and affinity data 

management the improvement of all the analytical performance of the SPRi technique 

(sensitivity, selectivity, variability) was achieved (Scarano et al., 2010b).  

The development of immunosensors to be used for clinical investigations and food 

quality controls was then undertaken. Bovine/anti bovine IgG pair was chosen as 

versatile model system, developing and optimizing the relative experimental conditions, 

such as probe deposition method and immobilisation chemistry. In the first application, 

anti bovine IgG detection in milk and serum samples was performed, since strong 

interest is devoted to abnormal levels of cow's milk antibodies in children’s serum; it 

has been evidenced a possible relationship between time of introduction of formula 

containing cow proteins in infant feeding and seroconversion to positivity for diabetes-

associated auto-antibodies and progression to clinical Type 1 diabetes (T1D) (Goldfarb 

et al., 2008; Luopajarvi et al., 2008). Moreover, it was reported that also mother's diet 

during lactation has a crucial role in autoimmune processes leading to T1D by the 

possible direct transmission of cow milk proteins (Paronen et al., 2000), and/or anti-

bovine immunoglobulin present into breast milk (Muller et al., 1983). 

Second application was optimized to detect bovine IgG in whole caw’s milk samples 

for food control applications. Useful applications of the developed biosensor can be 

envisaged for example in food quality controls, especially on typical vaccine products 

as cheese, mozzarella and milks, with anti cheating aims (Hurley et al., 2004). 

Moreover, the same immunosensor could be a valid alternative to traditional detection 

assays for the control of bovine IgG content in colostrums for veterinary nutrition 

(Crosson et al., 2010). 

The last part of the project was dedicated to the development of a SPRi-based biosensor 

for the detection of transgenosis events in mammalian cells, with particular emphasis on 

the evaluation of their application to genetic doping in sports. There is a global call and 

need for analytical tools and methods able to expose this illegal practice for sports 

purposes. In this context, SPRi could be an ideal candidate for the development and 

application of affinity-based biosensors for a new generation of antidoping tests 
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(Minunni et al., 2008). First the choice and design of appropriate DNA sequences, in 

particular promoters and other suitable marker genes, possibly belonging to DNA 

shuttle vectors widely used in transgenic protocols was carried out. Then 

immobilization chemistry was optimized and suitable chemical treatments of the 

biochip surface to ensure high selectivity and specificity of the sensor were also 

investigated. Three different DNA sequences belonging to the plasmid pEGFP-C1 were 

selected as markers of transgenosis event (Scarano et al., 2009). The corresponding 

genosensor carrying DNA probes was calibrated and optimized with synthetic 

complementary oligonucleotides and its specificity against non-complementary DNA 

sequences was verified. Then experiments with PCR products (obtained starting from 

pEGFP-C1 and from Human Embryonic Kidney cells transformed with pEGFP-C1) 

containing target sequences were carried out. Pre-treatments strategies on PCR 

amplicons, to denature the double helix and to promote the hybridization with the 

corresponding receptors, were also investigated, together with strategies to enhance 

SPRi signals obtained on PCR strands hybridized on probes. Encouraging results were 

obtained opening the possibility to trace transgenic DNA sequences in complex matrix, 

such as human cells lines. 
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Chapter 2: SURFACE PLASMON RESONANCE IMAGING 

 

2.1. Features of SPR imaging (SPRi) technique 

Differently from scanning angle SPR and scanning wavelength SPR (traditionally 

termed “SPR spectroscopy” measurements), SPRi systems are generally based on 

intensity modulation, measuring the reflectivity of a monochromatic incident p-

polarised light at a fixed angle. The polarizer permits measurements both with p-

polarized and s-polarized light, but the latter is used only as reference signal to improve 

the image contrast and to eliminate artefacts. In the majority of cases SPRi instruments 

adopt a high refractive index prism in contact with the detection cell, following the 

Kretschmann configuration (Kretschmann and Reather, 1968), to couple the incident 

light to the surface plasmons (SPs) by evanescent waves (EWs), as most of traditional 

SPR devices, but exceptions operating by grating couplers also exist (they utilize the 

physics of a diffraction grating and detect changes in the angle at which light couples 

into a waveguide on the sensing surface). The sensitive surface of the prism is coated 

with a thin metal layer (usually gold or silver, approximately 50 nm thickness), onto 

which SPs are excited matching SPs and EWs propagation constants. The resonance 

conditions depend on prism, metal, and dielectric medium characteristics. The setting of 

the best resonance conditions is usually controlled varying the incidence angle of the 

light on prism. A charge coupled device (CCD) camera collects the reflected light, 

allowing the visualization of the whole biochip in real time. If the sensor surface is 

micro structured, i.e. is divided into multiple sensing spots, the reflected intensity of 

light keeping the incident angle constant, will be changed and the SPR device can be 

used as a multichannel SPR sensor. Dedicated software records and processes the output 

data, consisting in reflectivity variations. 

Compared to traditional SPR, SPRi offers two main breakthroughs such as the ability to 

visualize the entire biochip surface in real time and the chance to monitor up to 

hundreds of molecular interactions simultaneously. In fact it is possible to work in a 

multi-array format by designing two-dimensionally patterned microarrays of molecular 

probes, immobilized mainly as circular or square spots.  

The possibility to continuously monitor both the SPR signal and the surface image 

represents an important improvement of SPRi technology vs. conventional SPR. One 
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important advantage is the possibility to control the quality of the spotted array by 

looking at the surface image and then to accurately select the measurement area. The 

selected measuring areas represent the Regions of Interest (ROIs) selected for example 

by shape, size, and quality of the spot. In this way the choice of the best ROIs after the 

molecular probes deposition onto the biochip is possible, with positive reflections on 

experimental results. At the same time, by direct image control of the surface, it is 

possible to evidence easily unspecific binding phenomena, which represent an important 

problem in transduction systems such SPR, leading to false positive signals and surface 

poisoning. To that, it is imperative to define spots without receptors and spots on gold, 

to be used as negative control surfaces (negative control ROIs, or surface references). 

Thus unspecific binding is directly evaluated, by reading the SPRi signal from the 

different ROIs, (carrying the probe or not) interacting with a putative interfering 

molecule in solution.  

The possibility to immobilize many receptors (up to hundreds) on the surface and to 

monitor simultaneously the relative biospecific interactions makes this technology very 

attractive, mainly considering the increasing and vast interest connected to microarray 

format. SPRi offers the possibility of real-time and label free monitoring allowing 

kinetic parameters estimation of the monitored interactions. The different molecular 

probes can be immobilized onto small sensitive surfaces (about 1 cm
2
), by manual or 

automatic depositions. For the realization of biomolecular arrays it is possible to take 

advantage of on market automatic spotting robots. Alternatively, developing novel array 

fabrication methods, molecular probe deposition can be manually executed using 

different immobilization protocols that will be reported in Paragraph 2.2.1. 

Moreover, nearly all SPRi instrument’s furnishers provide the possibility to spot the 

biochips with the desired probes. 

Literature reports about much work using in house developed SPRi instrumentation 

(Ladd et al., 2008; Ruemmele et al., 2008; Lecaruyer et al., 2006), but quite different 

commercial SPRi instruments have been recently launched on market. At present, SPRi 

instrumentation is available from GWC Technologies (Madison, USA), IBIS 

Technologies B.V. (Hengelo, The Netherlands), Genoptics-Horiba Scientific (Orsay, 

France), and GE Healthcare (Uppsala, Sweden). 
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Figure 2.1: (A) Representative image of Kretschmann configuration for SPRi; a high refractive index 

prism is in contact with the detection cell and the p-polarized light is directed to the prism, on which the 

biomolecular probes are tethered. A CCD camera collects the output signal as reflectivity variation; (B) 

Having defined the regions of interest (ROIs) onto chip surface, plasmon curves are recorded to fix a 

working angle corresponding to the greatest slope for the curves; (C) The analytical datum is intensity 

variation of reflected light at the fixed angle for each ROI selected. A differential image is produced in 

real time together with the sensorgram graph for each signal. 

 

Only BiacoreTM Flexchip (GE Healthcare) is conceived as a grating coupler sensor, 

whereas the other commercial SPRi instruments are conceived in the Kretschmann 

configuration, i.e. with a prism coupler, and designed with a fixed-angle optical asset 

(Figure 2.1 A). In this modulation mode the measure is carried out by fixing a single 

working angle that corresponds to the greatest curve slope for the plasmon curves of 

interest (Figure 2.1 B) and recording the analytical datum as the intensity variation of 

the reflected light at that angle for each ROI detected (Figure 2.1 C).  

Only the IBIS iSPR instrument is conceived in scanning angle mode; it directly records 

the so-called “SPR dip” angle shifts linked to analyte binding. The main difference 

between these two optical assets relies on the dynamic range of the recorded variable 

(angle shift or reflectivity change) vs. refractive index change (and, consequently, vs. 

mass density change). In particular, measurements conducted in fixed angle mode limit 

the linear relationship range between reflectivity and change in mass to the linear 
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portion of the plasmon curve. This range corresponds to approximately 5% variation of 

reflectivity and about 50 mdeg of the SPR dip (Nelson et al., 2001).  

Comparisons among the different instrumentation in terms of analytical performances 

have been reported (Beusink et al., 2008; Rebe Raz et al., 2008; Lokate et al., 2007). 

Beusink and colleagues (Beusink et al., 2008), using IBIS iSPR angle scanning mode 

instrumentation, developed a 24 spots biosensor by immobilizing both a short peptide 

(2.4 kDa) and IgG (150 kDa), modified with biotin, to test the dynamic range, the limit 

of detection and the standard deviation of the measurements and injecting the relative 

biospecific counterpart (anti-biotin mouse IgG). The experiment was conducted in 

parallel with the SPRimager
®

II system (GWC Technologies) and by fluorescence 

microscopy. The results showed that IBIS iSPR angle scanning mode has 10-fold larger 

dynamic range versus SPRimager
®

II system, allowing the detection of molecules of 

very different molecular weight simultaneously immobilized on the same sensor chip.  

In addition to the detection mode, differences among the available instrumentation are 

in some key characteristics such as liquid handling, cell and biochip design, and 

temperature control. 

The performances of a biosensor are strictly correlated with the control of the 

hydrodynamic conditions on the sensor surface and, consequently, liquid handling 

system plays a crucial role. Liquid handling systems can be grouped into two types: 

flow through systems and cuvette systems. In flow through systems fresh sample is 

constantly flown over the sensor surface, having the benefit of well-defined 

hydrodynamic conditions during measurements without rebinding during the 

dissociation phase. Applied to flow through systems, attention towards the use of 

microfluidic networks has recently increased, and studies dealing with the minimization 

of the diffusion problems and the analyte mass transport effects started to appear 

(Kanda et al., 2004; D’Agata et al., 2008). 

In cuvette systems, the sample is injected into a well on the sensor surface and is mixed 

during the measurement, allowing multiple sample additions and the experiment 

interruption at any time. This last feature, on the contrary, is difficult to realize by flow 

through systems. Moreover, the two modes for liquid handling differ in the sample 

volumes required for each measurement, being higher in flow through than in cuvette 

approach. For analytes supplied in small volumes and/or having low binding constants 
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the recommended liquid handling is obviously the latter one. For most of SPRi 

instruments both flow through and cuvette systems are available.  

Another key feature in all SPRi platforms is the flow cell. In early work published by 

Berger et al. (1998), it is reported a one- and two-dimensional multichannel 

immunosensing by a homemade SPRi platform equipped with a four-channel flow cell 

governed by a four-channel peristaltic pump. In the first step of the experiment, the cell 

was put in contact with the biochip and an antibody was coated onto its surface by 

flowing through the channels. Then the four-channel cell was turned 90°, thus creating 

16 independents sensing areas of ~1 mm
2
, and an equal number of antibody/antigen 

signals on a single biochip surface. This multichannel approach has been recently 

applied to the commercial available instrumentation (ProteOn™ XPR36, Bio-Rad 

Laboratories, CA, USA) based on traditional SPR transduction. At present, the flow cell 

is designed to let the same analyte solution interacting with the array of different probes, 

minimizing the high variability showed for multichannel systems. The internal volumes 

of most flow cell ranges from few up to hundreds nanoliters and only slight differences 

in shapes can be found between the different instruments. 

GWC Technologies equips the SPRimager
®

II system (the new version of SPRimager
®

) 

with a standard flow cell with a circular area (1 cm diameter) and a 24 !L internal 

volume. Stop-flow and recirculation mode measurements are possible using other two 

flow cells: a low volume cell (12 !L) in a serpentine channel shape and a dual channel 

flow cell (12 !L each) that allows the simultaneously monitoring of two analytes or data 

normalization versus a control analyte. IBIS Technologies supplies the iSPR instrument 

with standard flow cells (30 !L) and cuvettes (100 !L) which allow the sample to be 

pumped back and forth over the sensor surface to reduce the sample volume down to 50 

!L and improving contact times of the analyte with the biochip surface. Genoptics Bio 

Interactions produces two instruments (SPRi-Plex and SPRi-Lab
+
) equipped with 

standard flow cells with a circular area (1 cm diameter) but, differently from other 

commercially available SPRi instrumentation, no sample recirculation can occur. The 

internal volume of the cell is about 6 !L but the sample volume requested is in the order 

of 50 !L, whereas for the SPRi-Plex model, equipped with an automated fluidic system, 

the volume is in order of 200 !L.  
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Biacore family instrumentation has also recently lunched on the marker Flexchip (GE 

Healthcare) instrumentation allowing to monitor up to 400 hundred interaction 

simultaneously. In line with Biacore tradition, also in the imaging approach the system 

is fully automated. The required volume for the analysis is 1.6 mL, although the cell 

volume is of 46 µL. This is an important limitation for application of the system to 

molecular biology research, but competitive for proteomic studies. 

Not all the instruments commercially available have the possibility to control the 

temperature during the experiment, although this is important parameter to be 

considered. Among the aforementioned systems, IBIS-iSPR instrumentation is equipped 

with a high precision temperature control and both the sample deck (with microtiter 

plate) and sensor can be cooled or heated with 0.01-degree precision (°C). 

Thermodynamic kinetic analysis can be thus performed. So the temperature should be 

set at different temperatures automatically. Only the latest version of the Genoptics’ 

instrument, SPRi-Plex, has a Peltier temperature control system that allows to work 

between 15 °C and 40 °C with a 0.1 °C precision and a 0.01 °C stability. To address the 

lack of temperature control in the previous version of SPRi-Plex, a home made 

adaptation of this instrumentation have been reported by Livache group, allowing 

temperature control (from 25 to 70 °C) (Corne et al., 2008) or temperature scanning to 

perform melting curve on DNA duplexes for point mutation detection (Fiche et al., 

2008). Thermostatic control can be also obtained with the full automated Flexchip 

instrumentation in the range 25-37 °C. 

Also the biochip preparation is a key step in biosensing. Immobilization of the 

molecular probe should be reproducible, should keep the probe biological activity, 

eventually orienting the receptor for improved binding reactions. Moreover the number 

and type of probes can vary, depending of the application under study. It is not easy to 

fulfil all these requirements, thus suppliers have on market open-platform gold chips 

(both prisms or glass slides) suited for different surface preparation chemistry. The 

adopted strategies for realizing spots is to isolate small surfaces i.e. around 1 mm spot 

diameters) surrounded by antifouling environment eventually allowing manual 

deposition of molecular probes on the spots and preventing using non-gold background, 

unspecific SPR signals. This is realized in chips (SpotReady™ chip) for GWC 

Technologies instrumentation, having gold spots (16 or 25 features per array) arranged 
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in a grid pattern. Each gold spot is surrounded by a hydrophobic background layer that 

prevents aqueous probe solution from flowing over the edge of the gold spot. The spot 

diameters are 1 mm and 0.7 mm for the 16 and 25 spots chips, respectively; these 

diameters allow easy spotting of probes onto individual spots, simply by using 

micropipettes. IBIS Technologies offers two geometries shaped chip surfaces: Sensor 

Slides (SS, 1 cm
2
) and Sensor Disks (SD, 25 mm diameter). All biochips can be pre-

coated with different types of chemicals, which can terminate with !-terminated amine 

or carboxylic functionalities suitable for further chemical modifications. The functional 

surfaces are divided in two categories; on P-type substrates the functional groups are 

present in a thin planar surface layer, whereas on the G-type surface the functional 

groups are present in a three-dimensional, gel-like, layer. In fact, the interaction with 

these surfaces is not only determined by the nature of the ligand but also by the nature 

of the background onto which the ligand is immobilized and G-type surfaces show no or 

minimal nonspecific interaction thanks to their specific three-dimensional surface. To 

allow manual probe (2 !L) deposition new chips are also available (Easy6Spot sensor 

chip) and consist in a 6 regions separated by hydrophobic patches. Ready to use chip are 

provided also by Genoptics, using elctropolymerization of pyrrolated-conjugates 

prepared using pyrrole-NHS, pyrrole-phosphoramidite, pyrrole-hydrazide, 

commercially available (Eras Labo, France). They also provide the conjugates 

preparation and electrodeposition service. In addition direct coupling can be achieved 

via probes amino group or via biotinylated probes on extravidin surface, or finally using 

glutathione S-transferase (GST)-tagged probes on anti-GST antibody derivatized 

surface. 

 

2.2. Applications of SPRi 

 

2.2.1 Immobilization methods  

The immobilization chemistry of the receptor onto the sensing surface depends on the 

nature of the support, silicon, glass, gold, etc. and is a key step in biosensors 

developments. In SPR and also in SPRi techniques the sensor surface is almost always 

consisting of a thin layer of gold. Most of the immobilization techniques involve the 

construction of a first layer of an appropriate chemical linker directly bound to gold, 
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which allows the subsequent indirect anchoring of molecules of interest. The main 

feature related to the implementation of these surfaces is to create a support structure for 

the receptor that, in working conditions, ensure its stability while minimizing the losses 

for receptor detachment. Furthermore, the immobilization of the receptor must allow the 

access to the specific analyte while guaranteeing the minimum cross-reactivity with 

other molecules in the sample. The last and crucial step in the preparation of a sensor 

surface consists in the use of a blocking agent, which prevents unspecific adsorption of 

the target analyte onto surface, allowing selective detection of the analyte by its 

interaction with its specific immobilized probe. 

To assure a high efficiency of SPRi signal, the affinity interaction should occur in close 

contact to the sensing surface. For this reason the ideal chemical linker should not 

distance the receptor too much from the sensing surface since the SPR signal decreases 

exponentially with the distance (Homola, 2008).  

In many immobilization methods, the first step involves the formation of a self-

assembled monolayer (SAM) on gold surfaces. The SAM layer allows increasing the 

freedom degrees of the probe and its disposability to bind target molecules, as well as to 

form the basis for the immobilization of the molecular probe. SAM can be formed by 

thiol-modified biomolecules, e.g. DNA (Manera et al., 2008) and RNA (Piliarik et al., 

2009) sequences, directly attached to the surface exploiting the high affinity between 

gold and thiol groups (Figure 2.2). Alternatively the receptor can be then covalently 

immobilized on activated groups present on the SAM using suitable chemistries. The 

SAM layer can be composed of alkanethiols and alkoxylanes containing !-terminated 

amine (Lee et al., 2005; Smith et al., 2003), hydroxylic (Mannelli et al., 2007), or 

carboxylic (Liu et al., 2008; Park et al., 2008; Mannelli et al., 2007) functional group as 

the foundation of the array (Figure 2.2).  

SAM formation strategies adopted for probe immobilization coupled to polyelectrolyte 

film binding via electrostatic interaction have been also reported. In particular, 11-

mercaptoundecanoic acid (MUA) modified gold surfaces were exposed to a 

polyelectrolyte film of branched poly(ethylenimine) (PEI) (Mannelli et al., 2007), in 

which the amino groups bind the carboxylic end of the MUA electrostatically. A last 

high-density extravidin layer binds the biotinylated probes due to the strong and well-

known (Bassil et al., 2003) affinity of the extravidin–biotin complex (Figure 2.2). 
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Figure 2.2: Immobilization methods that involve the use of chemical linkers. In most cases a self-

assembled monolayer is created as the groundwork of the array. It can be composed of alkanethiols 

containing !-terminated amine, hydroxylic, or carboxylic functional groups. After the formation of the 

thiolated layer many immobilization chemistries can be performed. 

 

Alternatively, SAMs can be formed by mixtures of 1-mercapto-11-

undecyltetra(ethylene glycol) (OEG) and carboxylic acid-capped hexa(ethylene 

glycol)undecanethiol (COOH-OEG) in 7:3 ratio. Carboxylic groups of COOH-OEG are 

then activated with a solution of N-hydroxysuccinimide (NHS) and N-(3-

dimethylaminopropyl)-N-ethylcarbodiimide hydrochlorid (EDAC) for antibodies 

immobilization by amino-coupling (Ladd et al., 2008) (Figure 2.2). Eventually a SAM 

layer obtained by mixing DNA sequences and OEG is created on gold surfaces allowing 

the simultaneous detections of DNA and protein analytes (Ladd, 2008a). Thiol modified 

single-stranded DNA sequences are spotted onto a gold-coated glass substrates, which 

were then immersed in an OEG-terminated thiol solution. This last step creates a 

protein-resistant surface background and improves the DNA molecules orientation. 
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Antibodies conjugated to complementary single-stranded DNA sequences are 

immobilized on the surface through DNA hybridization. By converting only part of the 

DNA array into a protein array, both nucleic acid and proteins can be immobilized. 

Corn et co-workers have developed over almost the last 10 years immobilization 

protocols for immobilizing mainly nucleic acids (DNA and RNA probes, RNA 

aptamers), peptides, proteins and carbohydrates. They have developed fabrication 

procedures that make use of reversible protecting groups to manipulate surface 

properties during array construction (Wegner et al., 2004). In the case of nucleic acids 

immobilization, to spatially confine aqueous solutions of each different DNA sequence 

during immobilization, the surface must be initially hydrophobic. The array fabrication 

is based on the employment of a monolayer of 11-mercaptoundecylamine (MUAM), 

adsorbed via self-assembly onto an evaporated gold thin film. The MUAM-modified 

gold surface can be reversibly protected using organic protecting molecules. In one of 

the most used methods, a reversible amine, 9-fluorenylmethoxycarbonyl (Fmoc), acts as 

protecting group to form a hydrophobic surface. By ultraviolet (UV) photopatterning 

squares of bare gold are then obtained and further exposed to MUAM. Thiol-modified 

DNA is covalently attached to the MUAM squares using a bifunctional linker, i.e. the 

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SSMCC). The 

linker contains an N-hydroxysulfosuccinimide ester (NHSS) functionality (reactive 

toward amines) and a maleimide functionality (reactive toward thiols) (Smith et al., 

2003). Alternatively single-stranded, thiol-modified DNA is immobilized using SATP 

(N-Succinimidyl S-acetyl-thiopropionate). Deprotection of SH group on the surface is 

achieved using Dithiothreitol (DTT), a small redox molecule, leaving the sulfhydryl to 

react with dipyridyl disulphide (DPDS) to create a pyridyl disulfide surface. Finally a 

thiolated molecular probe can be bound to the surface by an exchanging reaction 

between the pyridyl sulphide and the thiol group of the probe (Figure 2.2).  

The formation of a hydrogel film composed of carboxymethyl dextran covalently linked 

to the gold surface with the SAM layer is then a widespread method to carry out the 

immobilization of the probe. This approach has been widely applied in SPR and 

piezoelectric sensing (Tombelli et al., 2005; Löfås et al., 1995; Löfås and Johnsonn, 

1990). The carboxylic groups of the dextran can be functionalized with caboxymethyl 

groups and then activated with the NHS/EDAC chemistry. The resulted esters can then 
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covalently bind the amino groups of protein receptors (amino-coupling). This approach 

has been adopted for peptide and antibody immobilization (Beusink et al., 2008). 

Alternatively, biotinylated molecular probes can be attached via avidin/streptavidin 

binding previously immobilized on the sensing surface using the aforementioned 

dextran chemistry. DNA immobilization in array format can be successful achieved 

(Mannelli et al., 2007) (Figure 2.2).  

For proteins, one limitation of the amino-coupling immobilization is the lacking of 

receptor orientation control in the immobilization step, since coupling can occur 

randomly with any aminic group on the side-chains. In the case of antibody arrays this 

implies a reduction in the biosensor sensitivity and reproducibility. A number of papers 

deal with new immobilization procedures to overcome these drawbacks. For antibody 

arrays, genetically engineered Streptococcus bacteria were employed to produce protein 

G with cysteine residues at the N-terminus allowing orientation (Lee et al., 2007) 

(Figure 2.3). Cysteine residues can be genetically introduced into the specific site of the 

target protein, and this modified protein forms a properly oriented protein layer through 

the thiol group adsorption on the gold surface in either thiolate or disulfide form 

(Kallwass et al., 1993) and can be used for biosensor development (Di Felice and 

Selloni, 2004; Persson et al., 1990). Protein G was used as affinity receptor for antibody 

immobilization affording better orientation of immobilized antibodies as well as a 

higher SPRi sensitivity against antigen targets. Recently, Chung’s research group 

reported about a modified immobilization protocol introducing a novel linker system 

protein G-DNA conjugate (Jung et al., 2007) that possesses strengths of both protein G 

and DNA-directed immobilization for antibody capture at the sensing. In fact, it is 

known that DNA-directed immobilization allows to spatially assembling target proteins 

on DNA-functionalised assay surfaces (Schroeder et al., 2009), resulting robust and 

stable chemical linkers (Figure 2.3). This approach, tested by conventional SPR 

transduction, represents a possibility for further SPR imaging application.  
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Figure 2.3: Immobilization methods involving the direct attack of the probe to the gold surface of chip by 

using thiol- and pyrrole-functionalized biomolecules. 

 

Different immobilization methods involve polymeric species, mainly based on 

polypyrrole (Cosnier et al., 2003). For SPRi purposes, Livache and colleagues 

developed an electropolymerization technique using the electrochemically directed 

copolymerization of pyrrole and oligonucleotides bearing on their 5' end a pyrrole 

moiety (Bidan et al., 2000) (Figure 2.3). The resulting polymer film deposited on the 

addressed electrode consists of pyrrole chains bearing covalently linked 

oligonucleotides (a mixed solution of DNA-pyrrole and pyrrole monomers). Initially 

developed for the construction of DNA chips, the polypyrrole approach has been then 

extended to other biochemical compounds, mainly proteins (Grosjean et al., 2005) and 

oligosaccharides (Mercey et al., 2008). The electropolymerization reaction is based on 

an electrochemical process allowing a very fast coupling of the probe directly to a gold 

layer used as working electrode, without the need of further chemical linkers. 

Very recently, in order to in situ synthesize oligonucleotide probes, a quite different 

approach has been proposed by Lockett et al. (Lockett et al., 2008), to create a more 
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resistant surface to oxidation and photodegradation. A lamellar structure in which a thin 

layer of amorphous carbon is deposited onto the gold thin film was developed. Carbon-

based surfaces can be readily modified with biomolecules i.e. by attachment of alkene-

containing molecules to the substrate through the UV light-mediated formation of 

carbon-carbon bonds. The surface was further functionalized with 9-decene-1-ol leading 

to hydroxylic terminated surface, which is modified for oligonucleotides binding via 

photolithographic chemical methods, using oligonucleotide bases modified with a 

photolabile 3’-nitrophenylpropyloxycarbonyl-(NPPOC-) protecting group (Figure 2.3).  

At present, the best choice of surface attachment chemistry is not yet firmly established 

mainly because it depends on many factors such as the variety of protein types to be 

immobilized, the analyte sample medium and the detection method. 

 

 2.2.2 Biomolecular Receptors 

Shortly after its introduction (Yeatman and Ash, 1987), SPRi was first used in a 

biomolecular application for the imaging of phospholipid monolayer films (Hickel et 

al., 1989). Since these initial efforts, SPRi has also been used for surface morphological 

investigations of many surface systems, including self-assembled monolayer films 

(Evans and Flynn, 1995), mono- and multilayer films prepared by Langmuir Blodgett 

techniques (Duschl et al., 1996), and multilayer films built by alternate polyelectrolyte 

deposition (Nelson et al., 1999). More recently, SPRi was applied in array-type 

configuration for studying molecular recognitions between nucleic acids, nucleic acids 

and protein, immunoreactions, and carbohydrate microarrays. 

 

  2.2.2.1 Nucleic acid arrays for SPRi 

During the last two decades, Corn’s research group has intensively optimised 

immobilization chemistries for microarray development by SPRi technique, mainly 

focusing on DNA and RNA sequences. DNA and RNA arrays for SPRi have been 

largely used to demonstrate specific hybridization of complementary sequences for a 

wide range of applications, including bacterial genotyping, single nucleotide 

polymorphisms (SNPs) identification, and DNA repair mechanisms study. Moreover 

nucleic acid arrays are providing innovative tools for the survey of biomolecular 

interactions between DNA and RNA sequences and binding proteins (Jeong et al., 2008; 
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Bouffartigues et al., 2007; Wegner et al., 2003), allowing their site-directed 

immobilization in a parallel manner. 

In genotyping application field, the hybridization of the 16S ribosomal RNA from E. 

coli on short unlabelled DNA and RNA sequences by SPRi was successfully 

demonstrated (Nelson et al., 2002; Nelson et al., 2001), opening good perspectives on 

identification and differentiation of microbial populations for environmental and clinical 

applications. Other research groups are currently dedicated to apply SPRi technology 

for genotyping purposes (Manera et al., 2008; Piliarik et al., 2009; Hottin et al., 2007) 

using bacterial pathogens and encouraging results are coming up, although still scarce 

data on samples from real matrices. 

Specific RNA arrays for SPRi have been designed as proof of the binding specificity 

between synthetic aminoglycoside antibiotics (kanamycins) and model RNA sequences 

(Nishimura et al., 2005), evaluating their binding and dissociation conditions to 

elucidate the principles governing aminoglycoside-RNA recognition. The understanding 

of this mechanism aims to overcome resistance phenomena as well as side effects of 

antibiotics. Results evidenced that kanamycins have nonspecific and multiple 

interactions with RNA hairpins and that the binding potency is not always proportional 

to the antimicrobial activity. 

Moreover, thanks to its capability to discriminate between highly similar nucleotide 

sequences, SPRi technique has recently gained the attention of researchers involved in 

single nucleotide polymorphisms (SNPs) (Fiche et al., 2008; Hayashi et al., 2008) and 

gene mutation (Lecaruyer et al., 2006) analysis. A significant research work has been 

carried out by Livache group to demonstrate the applicability of SPRi technique for the 

rapid screening of gene point mutations, using in house developed instrumentation with 

temperature control. DNA probe sequences carrying different point mutations were 

immobilized to prove the possibility to distinguish perfectly matched duplexes from 

mismatched ones by melting behaviours, since the hybrid fully complementary or 

mismatched for the same probe has different melting temperature. Ten temperature 

scans for melting curve analysis were performed to identify the presence of mutation 

(Fiche et al., 2008). The results obtained by this recent application of SPRi technique 

report that imaging coupled with temperature scans can be an efficient and low-cost tool 

for point mutation detection on DNA chips. 
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Using immobilized DNA sequences also some crucial enzyme activities have been 

investigated. In recent works, the DNA N-glycosylase binding and catalytic properties 

toward damaged DNA sites (Corne et al., 2008; Corne et al., 2008a) were studied. DNA 

N-glycosylases are enzymes involved in the Base Excision Repair (BER) process, 

which is the major mechanism for correction of damaged nucleobases. The decrease of 

BER activity is correlated to carcinogenesis and aging and the study of biological 

interactions between damaged DNA and repair enzymes have a crucial role in the 

search of new DNA repair inhibitors and in the understanding of DNA repair 

mechanisms (Baute et al., 2008). 

Since currently there is no doubt on the importance of miRNAs in gene expression and 

regulation, as well as in cell function (Williams et al., 2008), also the profiling and 

fabrication of microRNA molecules (miRNAs) has been investigated by SPRi 

technology (Wark et al., 2008; Fang et al., 2006) for foreseeable clinical applications, 

i.e. the development of new techniques for clinical diagnostic. First results evidenced its 

promising capability to carry out high-quality miRNA profiling for simple, rapid and 

multiplexed analyses also in this emerging research field. 

Another class of nucleic acid sequences, the so-called aptamers, is become a 

competitive biomolecular tool for applications in relevant areas of proteomic research 

such as protein biomarker discovery (Tombelli et al., 2007). SPRi methods involving 

aptamers as biomolecular probes could represent a promising alternative to antibody 

microarray-based applications for clinical purposes and SPRi aptasensing has been 

already reported for the detection of human Immunoglobulin E (Wang et al., 2007), 

human factor IXa (Li et al., 2006), and vascular endothelial growth factor (Li et al., 

2007).  

 

  2.2.2.2 Protein and short peptide arrays for SPRi 

Nucleic acid biochips for SPRi applications have rapidly prompted the study of peptides 

and proteins. The increasing interest for the analysis of peptides and proteins in array 

format with surface-sensitive optical techniques like SPRi is mostly sustained by the 

chance to detect the biomolecular interactions without labelling, which may adversely 

affect their molecular structures. 
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Chung and colleagues recently have started the development of protein microarrays 

for high-throughput SPRi measurements (Jung et al., 2005), and recently they tested 

SPR imaging platform for protein–protein interactions (Ro et al., 2006; Ro et al., 

2005). They showed that the SPRi approach could facilitate the study of protein-

protein interactions where multiple proteins are involved, and demonstrated that it can 

be used to achieve rapid and high-throughput monitoring of affinity-tagged proteins in 

expression and purification processes (Ro et al., 2005). Moreover, they chose the 

Human Papilloma Virus E6 protein with its binding proteins, the ligase E6AP and the 

tumor suppressor p53, as a model study to investigate the triple protein interaction 

(E6/E6AP/p53) that takes place during the viral infection (Ro et al., 2006). The 

clinical interest of this specific application is sustained by the continuous need for 

new anticancer drugs developed against HPV-related cervical cancer. In fact the 

complex formation induces a degradation of p53 and, consequently, causes the 

transformation of normal cells into malignant cells.  

More recently, they also reported the study of caspase-3 activation by SPRi (Park et al., 

2008). Caspase-3 belongs to the family of intracellular cysteine proteases and plays a 

crucial role in the apoptotic cell process. Its activation is commonly used as a biomarker 

for assessment of apoptosis and for understanding mechanisms of apoptosis induction, 

but conventional methods applied for caspase-3 activation detection are based on 

fluorimetric assays using artificial fluorogenic substrate and Western blotting. The 

method reported by authors was originally designed to measure a fluorescence signal 

and then was adapted to SPRi approach. A chimeric caspase-3 substrate 

(GST:DEVD:EGFP) composed of glutathione S transferase (GST) and enhanced green 

fluorescent protein (EGFP) with a specialized linker peptide harbouring the caspase-3 

cleavage sequence (DEVD) was developed. Utilizing this caspase-3-dependent 

proteolytic reporter, they successfully monitored the proteolytic activity of caspase-3 

using the SPR imaging system, providing both technical and economical advantages 

over the extensively utilized fluorogenic peptide assay or Western blotting. These 

results confirm that SPRi methods could open new possibilities to understanding protein 

mechanisms without labelling.  

Also short peptides are finding important applications in array format by SPRi 

technology. They play an important role in identifying important residues in protein-
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protein recognition processes, as well as in the understanding of peptide-DNA 

interactions, and enzymatic modification of peptides. Katayama’s group has recently 

developed SPRi-based biosensors, for exploring peptide probes as kinase substrate 

(Mori et al., 2008; Inamori et al., 2005). The synthesis of drugs able to modulate the 

activities of particular protein kinases has indeed become a prime focus of the 

pharmaceutical and biotechnology industry. Consequently, improved methods for the 

development of high-throughput screening formats for these enzymes are of crucial 

interest. At this regard, Mori and colleagues have proposed a novel detection system for 

on-chip phosphorylation of peptide probes and a zinc (II) chelate compound, which 

works independently of the amino acid residues on the array using a single-probe 

complex and differs from conventional methods carried out in solution (Sola-Penna et 

al., 2002; Ross et al., 2002). Immunoglobulins have been also used in combination to 

SPRi. Antibodies arrays are have been reported for immunosensor development. 

Together with some articles dealing with the oriented immobilization of antibodies for 

enhancement of sensor analytical performance (Jung et al., 2008; Lee et al., 2007; Jung 

et al., 2007), in literature are present several papers directed to clinical tests for early 

detection of cancer biomarker candidates. Anti-activated cell adhesion molecule/CD 

166 (anti ALCAM) and anti transgelin-2 (anti TAGLN2) antibodies were employed for 

the identification and quantitation of the relative ALCAM and TAGLN2 antigens (Ladd 

et al., 2008) immobilized in array format. The detection limits in buffer were established 

down to concentrations in the ppb range for both targets, compatible with physiological 

level in human serum (typically ranged from 10 to 100 ppb), although high unspecific 

signals were found in antigens spiked 10-fold diluted commercial serum samples. 

Improving surface chemistry to reduce matrix effects better results can be expected.  

 

  2.2.2.3 Carbohydrate microarrays for SPRi 

As previously mentioned, also carbohydrates are shown to be interesting candidates for 

array format analysis even if, to date, there are few reports of the implementation of 

carbohydrate arrays due to the lack of assessed methods for their fabrication. Smith et 

al. (2003) reported the fabrication of mannose and galactose carbohydrate arrays on 

gold films using poly-(dimethylsiloxane) (PDMS) microchannels, and their subsequent 

use in SPR imaging experiments to monitor the binding of the lectins jacalin and 
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concanavalin A (ConA). They quantified the strength of lectin-carbohydrate interactions 

by determining the adsorption coefficients and the solution dissociation constants for 

the lectins ConA and jacalin, highlighting the potentialities of SPRi in weak protein-

carbohydrate interaction studies. Karamanska et al. (2008) recently adopted a similar 

approach, and their data confirm the feasibility of a label-free and selective lectin-

glycan recognition by SPRi measures.  

An interesting biotechnological application for screening phage display is given by 

Weiss in collaboration with Corn group (Lamboy et al., 2008), where a substrate 

consisting of polyl-lysine-modified surface created by the photopatterning of adsorbed 

11-mercaptoundecanoic acid. The peptides Lysn (where n=16 to 24) emerged as optimal 

for wrapping the phage. The patterned surface was exposed to a solution of phage in 

water that was allowed to adsorb electrostatically onto the surfaces.!Furthermore, Lysn 

provided effective wrappers for RNA binding in assays against the RNA-binding 

protein HIV-1 viral infectivity factor Vif. The oligolysine peptides blocked unspecific 

binding to allow successful selections and screening of the targets.!

 

2.2.3 Strategies for signal amplification 

Detection of nucleic acid sequences deals with very low analyte concentration and 

typical DNA genomic samples are at levels within attomolar and femtomolar, below the 

nanomolar detection limit of SPRi technique. For these reasons sample enrichment 

(preliminary PCR amplification), has been applied in most cases (Goodrich et al., 

2004a) of nucleic acid detection using different transduction principles. Only in few 

cases DNA target sequences has been detected directly in genomic DNA, i.e. extracted 

from plant using piezoelectric sensing (Minunni et al., 2005), from human lymphocytes 

by traditional SPR (Minunni et al., 2007) and from bacteria by SPRi (Nelson et al., 

2002). 

In order to increase the sensitivity of SPRi technique, different strategies for signal 

amplification have been developed. In particular, the methods can be divided into: a) 

increasing the SPR output signal through mass or enzymatic processes at the 

receptor/analyte adduct, and b) increasing of the intensity of the evanescent field by 

structuring the chip surface.  



Surface Plasmon Resonance Imaging 

______________________________________________________________________ 

___________________________________________________________________ 

Chapter 2 
33 

Mass enhancement is possible by addition of suitable molecules able to selectively 

interact with the receptor-ligand complex formed at the surface. This approach has been 

first proposed for mass-based sensing and also for traditional SPR. In SPRi, mass 

enhancing was first applied for DNA sequences detection (Jordan et al., 1997), 

combining the DNA hybridization step with subsequent biotin/streptavidin bindings 

(Figure 2.4). 

 

 

Figure 2.4: SPRi signal improvement based on mass enhancement effects and gravimetric/colorimetric 

approaches. Upper draw combines the DNA hybridization step to subsequent addition of streptavidin and 

biotinylated DNA to gain the signal intensity. In the lower draw an aptamer array is exposed to the ligand 

protein (VEGF) and then the biotinylated antibody was added in a sandwich-type assay. The SPRi signal 

was amplified using an anti biotin conjugated horseradish peroxidase (HRP) that in presence of a suitable 

substrate creates localized dark-blue precipitation reaction. 

 

Both mass and enzyme-based enhancements have been applied to protein detection, as 

in the case of signalling protein Vascular Endothelial Growth Factor (VEGF) analyzed 

at the physiological concentration of 1 pM (Li et al., 2007). The aptamer specific for 

VEGF was exposed to the ligand protein and then the biotinylated anti VEGF antibody 

was added to the affinity complex in a sandwich-type assay. The SPRi signal was 

further amplified using an anti biotin conjugated horseradish peroxidase (HRP) that, in 
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presence of an HRP substrate such as 3,3’,5,5’-tetramethylbenzidine (TMB), creates a 

localized dark-blue precipitation reaction enhancing the SPRi signal (Figure 2.4). 

As mass enhancers also gold nanoparticles have been used for SPRi signal 

amplification. DNA linked gold nanoparticles, were used with peptide nucleic acid 

(PNA) sequences immobilized on chip to detect point mutations. In particular the target 

sequences hybridize the PNA probe immobilized on the surface and signal amplification 

is achieved by a second binding of the target sequence with a DNA modified 

nanoparticle, able to bind the target in a different region of the sequence (Figure 2.5).  

 

 

Figure 2.5: Some employments of gold nanoparticles to enhance the SPRi signal are showed. Upper draw 

represents gold nanoparticles coated with oligonucleotide sequences able to bind the free moiety of the 

target DNA after that probe/target duplex is formed. A similar approach is shown in bottom draw, in 

which gold nanoparticles are coated with a poly-T tail able to bind the target sequence on a suitable poly-

A end. 

 

Selective and ultrasensitive (1 fM) sequence detection presenting mismatch recognition 

was successfully achieved (D’Agata et al., 2010; D’Agata et al., 2008). Fang et al. 

reported a similar approach. In their work a polyadenine (polyA) tail, synthesized in 

situ, is added to the target sequence, bound to its complementary LNA (Locked Nucleic 

Acid) probe. Then polyT-modified nanoparticles able to bind the polyA tails are added 



Surface Plasmon Resonance Imaging 

______________________________________________________________________ 

___________________________________________________________________ 

Chapter 2 
35 

forming a ternary surface complex (Fang et al., 2006). The reported detection limit for 

19-23 mers miRNA is of 10 fM (Figure 2.5).  

 

 

Figure 2.6: Signal amplification by a “switch on/off” detection strategy: the SPRi signal is produced only 

if the target sequence fully matches to the specific probe sequence. The array consists of two probe types, 

differing for the presence or absence of the specific SNP to detect. The array is exposed to target solution 

(blue bars) that contains the ligation probe DNA (orange bar) and Taq DNA ligase (grey round shape). 

Duplexes that are formed are composed from the combination of probe (grey bars), target sequence (blue 

bar) and ligation probe DNA (orange bar) regardless of the presence of the mutation (step 1). Since 

ligation occurs only on fully matched duplexes (no SNP), the addition of nanoparticles carrying 

nucleotide sequence complementary to the ligation probe (step 2) produces a SPRi signal only if target 

DNA does not contain the SNP. 

 

A combination of surface hybridization, surface ligation and nanoparticle amplification 

is applied to point mutation detection (Li et al., 2006a). This interesting approach is 

based on the fact that the signal magnification is obtained only with fully matched DNA 

sequences, i.e. not containing Single Nucleotide Polymorphism (SNP). The array is 

composed of two sets of probes differing only in the last nucleotide at their 3’ ends, 

which is the specific SNP to detect (Figure 2.6, grey bars showed in step 1). The array is 

then exposed to a target solution (blue bars) containing also a second DNA sequence 
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(“ligation probe DNA”, orange bar) and Taq DNA ligase enzyme. In these conditions, 

duplexes will be formed as showed in Figure 2.6 (step 1) and Taq DNA ligase can 

extend the probe sequences with the ligation probe only if receptor does not contain the 

SNP. After ligation, a treatment of the sensor with 8 M urea leads to the selective 

denaturation of the adduct which contains the SNP. Finally, nanoparticles modified with 

oligonucleotides complementary to the ligation probe DNA are added. The SPRi signal 

is recorded only where the ligation occurred and reveals if target DNA does contain or 

not the SNP (Figure 2.6, step 2). A detection limit down to 1 pM using 36 mers 

synthetic oligonucleotides and no signals are reported for mutated sequences. The 

system was applied to PCR amplified samples for the BRCA1 gene point mutation 

detection, relevant in breast cancer diagnostic. 

Finally, a new interesting approach for DNA sensitive detection is based on the use of 

the enzyme RNase H in conjunction with RNA microarrays (Goodrich et al., 2004; 

Goodrich et al., 2004a) (Figure 2.7). The enzymatic amplification is based on the 

specific exonuclease activity, which selectively destroys RNA sequences only in RNA-

DNA heteroduplexes, releasing the DNA back to into solution. In practice, a single-

stranded RNA (ssRNA) microarray is exposed to a solution containing both 

complementary DNA and RNase H (Figure 2.7, step 1). The DNA will bind to its RNA 

complement on the surface and form an RNA-DNA heteroduplex (Figure 2.7, step 2). 

RNase H will then bind to this heteroduplex, selectively hydrolyze the RNA probe 

(Figure 2.7, step 3), and then release the DNA complement back into solution (Figure 

2.7, step 4). The released DNA molecule is then free to bind to another RNA probe on 

the surface, so that a single DNA molecule can initiate the destruction of many surface-

bound RNA probes (Figure 2.7, step 5). If this process is allowed to proceed for a 

sufficient amount of time, all of the RNA probe molecules will be destroyed and 

removed from the surface. The irreversible loss of RNA probe molecules from the 

surface can thus be followed by the decrease of the SPRi signal (Figure 2.7, step 6). The 

interest of this approach relies on the fact that theoretically one sequence could prime 

the enzymatic catalysis via hybridization reaction, that by several cycles of 

hybridization and digestion will lead to surface destruction thus generating an 

observable SPRi signal. With this approach the detection limit was 1000 times 

improved allowing DNA detection down to 1fM.  
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Figure 2.7: Schematic view of the approach proposed by Goodrich and colleagues for the enhancement of 

SPRi sensitivity. Step 1: a RNA microarray is exposed to target solution containing the enzyme RNase H 

and the target DNA sequence; steps 2 and 3: once the RNA/DNA heteroduplexes are formed, RNase H 

starts to selectively destroy RNA strands in heteroduplexes; step 4: target DNA strands are released back 

to into solution and hybridize other free RNA probes on the surface, promoting the their subsequent 

destruction. The decrease in percent reflectivity becomes larger with time until all of the available RNA 

probes on the surface are destroyed (step 6). 

 

Other SPRi amplification attempts are focused on the surface design. For instance, 

Long-Range Surface Plasmons (LRSPs) are surface electromagnetic waves that can be 

created on thin metallic films imbedded between two identical dielectric media. Despite 

the LRSPs have been known for almost thirty years (Quail et al., 1983), only recently 

they have been used for the characterization of thin-films or for bioaffinity 

measurements. In this context, Wark et al. (2005) carried out the construction of a 

biochip for SPRi measurements in LRSPs mode, demonstrating the suitability of LRSPs 

for molecular detection and for thin-film sensing in general. They designed a multilayer 

structure, adding a micrometric layer of an inert, optically transparent material, 
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commercially available (Cytop, CTL-809M.), having a refractive index very close to 

water, on the prism coupler surface. The gold layer was then vapour-deposited onto the 

prism surface and it is then chemically modified for the probe immobilization. The 

results obtained showed that by this method it is possible to enhance the SPRi output 

signal of about the 20%, and that the amount of enhancement depends on the narrow 

resonance of the LRSP resonance curve.  

Improvement in the detection sensitivity can be also obtained by ‘‘nanostructuring’’ the 

SPR interface. In a recent application (Lisboa et al., 2008), the gold surface of the SPRi 

chip was patterned using two different organothiols, i.e. thiolated polyethylene oxide 

(PEO), which is a material known to be unsusceptible to protein and cell adhesion, and 

mercaptohexadecanoic acid (MHD) carrying the carboxylic group for the amino-

coupling with bioreceptor. By this way the resulted surface is modified with active 

‘‘nanospots’’ suitable for subsequent probe immobilization, surrounded by an inert PEO 

surface. Such a nanoarrayed surface was successfully tested for the Human IgG/anti 

Human IgG immunoreaction, showing a 5 times sensitivity improvement compared to 

standard surface uniformly modified with MHD.  

Nanostructuring strategies are also appearing exploiting the possibility to immobilize 

gold nanoparticles directly on gold layer of biochip (Pillet et al., 2010). This approach 

could in fact take advantage from the coupling of plasmons at the biochip interface, 

giving an effect of signal amplification. However, at moment only modest results are 

obtained and published, and there is the need of developing new immobilization 

chemistry in this sense, assuring that all experimental key parameters are optimized. 
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Chapter 3: MATERIALS AND METHODS 

 

3.1. SPRi: Experimental Apparatus 

 

The instrument utilized in all the experiments conducted in this work consisted in the 

SPRi-Lab+™ produced by Genoptics-Horiba Scientific  (Orsay, France) and distributed 

by Horiba Scientific (France). Its optic is based on intensity modulation, measuring the 

reflectivity variation of a monochromatic incident p-polarized light (635 nm) at fixed 

angle. The optical asset is based on Kretschmann configuration in which a high 

refractive index glass prism is used as resonance coupler (Kretschmann and Raether, 

1968). The instrument, as it is configured at the time of purchase, is displayed in Figure 

3.1 A. It is a dark box containing the optical part, the flow cell and connections for the 

fluidics. It is then connected to a CPU interface equipped with the instrument for data 

set elaboration. Figure 3.1 B schematizes the view of the whole instrumentation, in 

which the central part the prism, and the flow cell are represented as the core of the 

instrument. 

 

 

Figure 3.1: (A) SPRi-Lab+™ instrument consists in a dark box containing the optical part, the flow cell 

and connections to set up the fluidic system. (B) Scheme of the whole instrumentation, in which the 

central part the prism, and the flow cell are represented as the core of the instrument. The fluidic system 

is composed by a six-ways valve for the sample injection and a peristaltic pump working in aspiration 

mode, which flows out the carrier buffer from the fluidic cell to waste reservoir. 



Materials and Methods 

_______________________________________________________________ 

___________________________________________________________________ 

Chapter 3 

45 

 

The flow cell is located inside the instrument box. In this work, we tested two different 

flow cells, the second of which was characterized by a series of enhancements to 

improve the performance of the instrument. Their description is reported in the Section 

3.1.3.  

 

 3.1.1. Optical Asset and Resonance Coupler 

The optomechanical part of the SPRi-Lab+™ consists of a light source that emits 

visible light at 635 nm. The radiation emitted is unpolarized light, i.e. the vector of the 

wave’s electric field produced is not oriented. After emission, a polarizer converts the 

source’s light in a polarized electromagnetic radiation. Taking for reference system the 

plane defined by the propagation direction of light and the normal to the plane of the 

reflecting surface (gold chip), we can distinguish light with plane parallel component of 

electric field, called p-polarized light, and light that possesses plane perpendicular 

component of electric field, called s-polarized light or sagittal polarized light.  

 

 

Figure 3.2: The two components of the polarized light incident on the prism are here schematized and 

defined as p-polarized and s-polarized when they have parallel and perpendicular plane component, 

respectively. Only the p-polarized component interacts with gold plasmons; the s-polarized component is 

however subtracted to the p-component in order to eliminate possible artifacts on the surface. 

 

Only p-polarized light in plane of incidence with the electric field vector oscillating 
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perpendicular to the plane of the thin film is able to couple to the plasmon mode. S–

polarized light, with its electric field vector oriented parallel to the metal film, and does 

not excite plasmons. Since s–polarized light is reflected by the metal surface, it can 

conveniently be used as a reference signal to improve the optical sensitivity. The 

polarizer can be set by the user on two positions to measure both p-polarized and s-

polarized light, but the latter is used only as reference signal to improve the image 

contrast and to eliminate artifacts (Figure 3.2).  

Light exiting from the polarizer hits a mirror and is reflected into an optical system that 

collimates the incident beam on the resonance coupler. Passing thought a secondary 

optical setup the reflected light reaches a charge-coupled device. This is an electric 

apparatus, also called CCD, which consists in a capacitor array (photoactive region) that 

can accumulate an electric charge proportional to the incident light intensity. SPRi-

Lab+™ is equipped with a CCD camera with a spatial resolution of about 40 µm. A 

computer is interfaced with the instrument for signal recording by dedicated software 

provided by GenOptics, which displays both SPR signals and real-time digital images. 

At the beginning of the experiments, the operator has to define specific areas where the 

signal will be recorded. Each area can be identified by a name and individually 

sampled. In particular for image sampling, the software allows to visualize two distinct 

images: one is live image captured from the CCD camera in real time, given in a gray 

scale. The other one is a differential image, recorded during the biomolecular 

interaction and visualized in false colors. This image is obtained by subtracting the 

initial image (before interaction) from the last one (after surface interaction with the 

analyte and subsequent washing to remove the excess of the analyte). This differential 

image allows one to evaluate the binding over the whole surface: where and how 

reflectivity changes occur. From differential images additional information can be 

obtained, which cannot be taken from signals only. In particular, it is possible to 

distinguish areas with different binding capacity and it is possible to evaluate the quality 

of surface, the possible presence of air bubbles or undesired material depositions. 

During the experiment, a software provided by GenOptics, SPRi-View L3.1.2 records 

the signal values for each spot in real time, expressed as reflectivity differences acquired 

during the interaction time between analytes and probes on the surface. Another 

software (SPRiAnalysis 1.2, GenOptics) allows elaborating the entire set of SPRi data 
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acquired.  

The resonance coupler consists in SF-10 glass prisms purchased from Genoptics-Horiba 

Scientific (France) (Figure 3.3 A). It is possible working by matching the naked glass 

prism with thin glass slides coated with a thin under chromium (5 nm) and 50 nm gold 

layers. The matching between prism and slide is carried out by suitable oil with the 

same refractive index of the matching glasses. Alternatively, glass prisms directly 

coated with gold can be used. The typical measures of prisms (on the top surface) and 

slides are 1.25 x 2.4 cm. The lateral walls of the prisms are tilted at an angle of 60°. 

Only the middle portion of the gold surface of the couplers (ca. 1 cm
2
 diameter) is 

available for probe deposition. In Figure 3.3 B the possible operative alternatives are 

reported, i.e. naked glass prism, a gold prism, and a gold slide, respectively. The results 

reported in this work were obtained by using gold prisms. 

 

 

Figure 3.2: (A) SF-10 glass prism from Genoptics-Horiba Scientific (France). On its surface is deposited 

an array of spots. (B) The metallic support for prisms is on the left. It is necessary to house the prism into 

the flow cell. Next to it, a naked glass prism, a gold prism, and a gold slide are showed. 

 

 3.1.2. Fluidic System 

SPRi-Lab+™ is sold without the equipment of fluidic and injection system, so the 

platform has been completed by adding a peristaltic pump (Gilson, Middleton, USA) 

that governs the flow cell and the working flow, allowing the properly modulation of 

the flow, depending on the measurement requirement, within the range 5-50 µl/min. The 

pump works in aspiration mode from flow cell to the waste reservoir to reduce the 

pressure into the cell and avoid undesired leakage. A 6-ways Rheodyne 7125 valve 

(IDEX Health & Science Group, Wertheim-Mondfeld, Germany) is placed between the 



Materials and Methods 

_______________________________________________________________ 

___________________________________________________________________ 

Chapter 3 

48 

peristaltic pump and the inlet of the flow cell. It allows the sample injection and the 

continuous flowing of the running buffer into the flow cell. The injection volumes can 

range from 20 µl up to 500 µl depending on the injection loop used. For injection of 

greater volumes (up to 1 ml), a 4-ways Rheodyne low pressure valve was used, which is 

connected directly to peek tubing accepting introduction of a Hamilton syringe. PEEK 

(polyetheretherketone) tubes purchased from Elkay Manufacturing Co. (Oak Brook, IL, 

USA) (orange/black, flow rate 0.015 cc/min) were used for all the connections of the 

fluidic system. The internal diameter of the tubes assures the minimization of the dead 

volume before entering into the measuring cell. The fluidic system does not allow the 

recirculation of the sample into the flow cell. 

 

 3.1.3. Measuring Cells 

The core of the fluidic part is the flow cell. To the flow cell arrives the solution that 

should reach the biochip surface with immobilized receptors on the array. The 

measuring cell of the SPRi-Lab+
®

 consists of three components, i.e. the resonance 

coupler, the support for the prism, and the housing structure into the instrument that also 

creates the cavity of the flow cell when the prism is mount with its support and pushed 

on the cell by a piston. In this work we tested two different flow cells that vary for 

many characteristics. The principal differences can be resumed in shape, internal 

volume, and material of the flow cell. In particular, the first cell is made of a plastic 

material (Teflon), circular shape, and a 6-µL internal volume. The second cell, freely 

provided by Genoptics-Horiba to test improvements, has a hexagonal shape and is 

composed of a metallic material covered with a Teflon layer to make the surface inert, 

and a 11-µL internal volume. Moreover, the second flow cell is equipped with a 

watertight gasket that assures to avoid undesired drip of analyte solution from the cell. 

Both the flow cells possess two holes, respectively for the inlet and outlet of the carrier 

solution, located in opposite position. The main advancement of the second cell is 

undoubtedly its shape. In fact one important point is that in an ideal flow cell, the 

solution should not show preferential path since this would affect the reproducibility of 

the signal (i.e. different signal on different spots carrying the same receptor, etc), and 

thus the flow should be laminar and constant. In this case the hexagonal shape instead 

of circular favors the formation of a laminar flow once the target solution is entered into 
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the cell through the inlet hole (Figure 3.4).  

 

 

Figure 3.4: The two flow cells tested in this work on the SPRi-Lab+ instrument are here represented for 

comparison. On the left the shape of the circular is compared with the hexagonal one. Black holes 

represent the inlet and the outlet hole, respectively. The hexagonal cell was designed by adding triangular 

areas that allow the flow to be laminar, eliminating preferential pathways observed in the circular cell and 

schematically represented with the black lines crossing the surface. Experimental results indicate its 

better functioning, in terms of reproducibility. Red lines demark the part of the flow cell, and therefore 

also of the biochip, visible through the CCD camera. 

 

3.1.4. Probe Arrays Fabrication 

Both slides and prisms coated with gold were used to fabricate arrays of biomolecular 

probes for SPRi measurements. As already deeply described in the Paragraph 2.2.1, 

“Immobilization Methods”, a very large set of methods and chemistries have been 

developed for the deposition of bioreceptors on SPRi gold biochips. Nearly all the 

techniques adopted for the immobilization of receptors on the gold surface can be 

carried out both via manual and automatic deposition methods. In this work we 

developed a manual deposition method, without the need to utilize an automatic spotter. 

The method consists in the fabrication of a thin PDMS layer on which we can create the 

desired arrangement of micro-wells by piercing it with a punch. In this way, after mask 

adhesion on chip surface, we obtain a number of gold areas delimited by each well to be 

used for receptors immobilization. Here, the use of the PDMS micro-welled mask was 

compared with simple manual probe deposition. Thus the bioreceptor deposition was 

performed on different chips, using the same immobilization chemistry, but in one case 

PDMS mask was used while, in the other case, the probe solution was dropped directly 
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on the chip surface. In both cases the volume of receptor solution dropped for each spot 

was 800 nL. 

The preparation of the PDMS mask was as here reported. A PDMS mixture is prepared 

as recommended by the supplier and a small quantity is spread onto a plastic 

polycarbonate dish. To avoid air bubbles, the membrane is then exposed to vacuum. 

Then the support is heated up to 80 °C for 40 minutes. The film (ca. 0.5 mm-thick) was 

then cut to fit the size of chip surface (1.25 x 2.4 cm), and micro-wells (1 mm diameter) 

are obtained by piercing the PDMS layer using a punch, according to the array design.  

 

 

Figure 3.5: The deposition procedure by using PDMS mask is represented here by a lateral view of the 

gold biochip on which the mask is let adhere (left); on the right, the frontal view of the mask allows to 

show the micro-wells and the geometry of the array. 

 

The final mask is stripped from the dish and let to adhere to the gold surface of biochip, 

previously washed with absolute ethanol and distilled water and then dried under 

nitrogen stream. The adhesion surface between the film and the chip gold surface was 

assured, and eventually present macroscopic air bubbles were removed by a simple 

delicate surface pressing. Finally the chip carrying the mask was posed under vacuum 

for 30 min, to avoid any invisible air bubble that may cause mask detaching from the 

gold chip surface. 

The receptors are then deposited in each micro-well following the steps involved in the 

specific immobilization chemistry (Figure 3.5). The PDMS film was removed at the end 
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of the procedure and the entire chip surface dipped into an aqueous thiols solution, 

containing both 11-mercaptoundecanol (MU) and 1-mercaptohexanol (MCH) at 1 mM 

concentration, for 36 hours. After this period, the prism is rinsed with MilliQ water. 

During washing can be seen that the treatment with thiols made the gold surface 

hydrophobic, contrary to the spots surface for which water shows more affinity. To 

optimize the procedure, different thiols solutions were tested: 1 !M MU was mixed 

with different concentrations of MCH. In one experiment, before removing the mask, 

some spots were treated with a MCH solution (1 !M), while the remaining spots were 

treated with the same solution used for the surface saturation process. In this case 0.8 !l 

of this solution is deposited in spots and incubated for 6 hours. Then the prism is 

immersed in the thiols solution for 36 hours. Moreover, a solution 0.1 mM of OEG 

((11-Mercaptoundecyl)tri(ethylene glycol) was tested. The issue of these procedure and 

the obtained results will be discussed later in this work.  

In this way gold blocking can occur. This step is particularly important to prevent 

unspecific binding, which could dramatically affect the biochip performances. Before 

housing the biochip into the instrument, the surface was washed with distilled water and 

dried under nitrogen flow. 

 

3.1.5. Main steps of SPRi Measurements 

In this section the principal phases of the SPRi measurement are reported. Moreover, 

some details about SPRi data sampling and management are described when 

sensorgrams are affected by a “drift” effect. In particular, the possibility to correct 

sensorgrams and handling signals relative to blanks and unspecific signals. 

 

  3.1.5.1 Plasmon curves recording and choice of resonance angle 

The first step of SPRi measurement involves the definition of all the spots composing 

the array, and this is made by the software provided by GenOptics, SPRi-View L3.1.2, 

that also will record the SPRi signals in real time, acquired during the experiment. Once 

each spot of the array is defined for its position (through the internal coordinates of the 

system) and its type (which probe is deposited), we can record a plasmon curve for each 

of the defined spots. The instrument thus start scanning incident angles within the 

maximum range of 10° between 53° to 54°, and the output is a plot of the change of 
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Reflectivity % as function of the scanned angles, as reported in Figure 3.6. 

 

 

Figure 3.6: Plot relative to recorded plasmon curves. Two groups of spots relative to receptors and 

reference surface are evidenced at a different resonance angle. The “dips” correspond to the minimum of 

the percentage reflectivity for each group, and crossed red lines indicate the best resonance angle 

calculated by the software. 

 

  3.1.5.2 Sensorgrams and Images recording 

When the resonance angle is fixed, the working window starts acquiring both 

sensorgrams and images, which are displayed simultaneously on the screen as reported 

in Figure 3.7.  

In the plot, each sensorgram corresponds to a defined spot on the biochip before 

recording plasmon curves. At the same time, the image of the biochip surface is 

observable as it appears through the CCD camera, meaning that possible problems into 

the flow cell, i.e. air bubbles, prism disruption or poisoning, can be seen in real time. 

Next to the flow cell image, the difference image can be visualized and zoomed at any 

time of the experiment. This image is obtained by collecting one contrast image of the 

surface after an established time intervals (2 seconds, in our case, but it can be varied) 

during the experiment. The resulting displayed is obtained by successive subtractions of 

the initial image (before interaction) from the final one (after surface interaction with 

the analyte and subsequent washing to remove the excess of the analyte). This 

differential image allows the bindings over the whole surface: where and how 

reflectivity changes are occurring. From differential images additional information can 

be obtained, that cannot be taken from signals only. It is possible for example to 
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distinguish areas with different binding capacity and it is possible to evaluate the quality 

of the surface, the eventual presence of air bubbles or unwanted material depositions. At 

the end of the experiment, another software, provided by GenOptics, extrapolates signal 

values for each spot, expressed as reflectivity differences recorded during the 

interaction time of the analyte with the surface carrying the probes. 

 

 

Figure 3.7: Print screen of the measure window of the SPRi-View L3.1.2 software during the binding. On 

bottom left, the live flow cell image captured by CCD camera visualizes the biochip surface in real time. 

On the right, and also zoomed in the image, the differential image in false colors reveals the reacting 

spots involved in the occurring reaction. Above images, a window plotting the sensorgrams is present. 

Each sensorgram corresponds to a defined spot or spot species/family. 

 

3.1.5.3 Recording of sensorgrams affected by drift 

As already discussed in Paragraphs 1.4. and 1.5, the sensorgram is a serial plot showing 

the steps involved in the analysis cycle during a typical SPR measurement. It can be 

described as the composition of the stages of the biorecognition event on the chip 

surface: 1- buffer is in contact with the sensor (baseline); 2- continuous injection of 

sample solution (association); 3- injection of buffer (dissociation), and 4- regeneration 

of the receptors (Figure 3.8). Theoretically, during all stages of the recording signal, the 

baseline should remain constant because it depends only on the refractive index of 

buffer solution used as carrier. In fact, however, since the sensor surface was modified 
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by multiple and often complex chemical reactions to immobilize the receptors, we can 

often observe a gradual “detaching effect” over time (until stabilization) of the surface 

layers not covalently and/or specifically bound among them. Also uncontrolled 

temperature variations can affect the stability of the baseline during measurements. This 

effect, named “drift”, when is due to the only equilibration of the biochip surface is 

typical of the early stage of the analysis, and tends to fade within few hours.  

 

 

Figure 3.8: Typical SPR sensorgram shape referred to a receptor species (orange line) and a negative 

reference (grey line). 1) Baseline recording before injection; 2) binding reaction starts next the target 

injection and signal get rapidly increases until stationary phase; 3) when injection is finished, a washing 

step with the carrier buffer is necessary to eliminate possible excess of unbound target on the biochip; 4) 

a regeneration step with acid or basic agent is necessary to release the bound target and proceed with 

another measurement cycle.  

 

When a binding reaction is recorded in these conditions, some consideration on the 

elaboration of the sensorgram must be done. As represented in Figure 3.9, in case of a 

drift effect, the sensorgram is characterized by a certain slope that, if neglected, lead to 

serious errors in the evaluation of signals obtained. So, considering that we can assume 

that the drift remains constant within the time analysis of each target injection, and that 

its entity is basically independent from the probe/analyte interaction, we applied a 

signal processing based on the deconvolution of the sensorgram. In particular, if we 

describe: 

 

S(t) = D(t) + S’(t) 
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Where S(t) is the SPR signal recorded in real time, it is the combination of the drift, 

D(t), and the real specific signal due to the binding, S’(t). All variables are time 

dependents. Now we assume that the drift can be described as follows: 

 

D(t) = k (t- T1) 

 

Where k is the slope of the drift on the baseline (expressed as loss of SPR signal in 

time) before the analyte injection time (T1). So k can be calculated as follows: 

 

k = (S(T1) – S(!))/(T1 – !) 

 

Where ! is an arbitrary time interval during which the observation of the drift is lasted 

(3-10 min usually). Once known the k value, we can calculate:  

 

S’(t) = S(t) – D(t) = S(t) – k(t – T1) 

 

The result is the mathematical correction of the sensorgrams shapes in all the cases the 

presence of drift could affect the correct evaluation of the SPR signals. 

 

 

Figure 3.9: A representative view of a sensorgram affected by high drift. It has to be correctly evaluated 

when the SPR signal is recorded. 
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  3.1.5.4 Evaluation of blank references  

In case of standard samples, i.e. target analytes solved in the same solution used as 

running buffer, the baseline will be coincident with a potential injection of a “blank” 

sample. So, in this case, onto each biochip, a number of “reference spots” are created 

during the probes deposition process. Reference spots are created by depositing on the 

biochip the only immobilization solution, without the presence of the relative 

bioreceptor. In this way, possible signals associated to the reference spots during 

measurements can indicate the presence of unspecific signal also on the other spots. 

From case to case, it is possible to decide whether to represent the results as the 

subtracted value of nonspecific signal obtained on reference spots or not, i.e. display 

separately both specific and nonspecific signals obtained. 

On the contrary, dealing with analyte present in real matrices, also only slightly 

different from the composition of running buffer, it will possible to inject a “blank” of 

the matrix, i.e. not containing the target analyte, to verify the unspecific signal. It can be 

transient, i.e. it just influences the SPR signal when it flows into the measure cell, or 

real, i.e. it binds unspecifically the sensor surface and persists during and after the 

washing. An example of the role of both negative reference spots and of unspecific 

probes is reported in Figure 3.10. 

 

 

Figure 3.10: On the left, the difference image of an array of two probe species is displayed. It is 

composed of two receptor types and other spots (not distinguishable on the image) are selected as blank 

references. When target for the bottom probe (surrounded by orange circle) species is injected the other 

receptor does not bind. As double control, also blank references do not react and all three behaviors are 

displayed in the sensorgrams plot. 
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3.2. SPRi-Based Immunosensors: Immunoglobulins G (IgGs) 

 

In this section all materials and methods regarding of SPRi-based immunosensors 

(Bovine and Human Immunoglobulins G, IgG) developed in this work are reported.  

 

 3.2.1. Reagents and Buffers 

11-Mercaptoundecanoic acid (MUA), 11-mercaptoundecanol (MUol), 1-

mercaptohexanol (MCH), N-hydroxysuccinimide (NHS), epichlorohydrin, bis-2-

methoxyethyl ether (diglyme), sodium acetate trihydrate, ethanolamine hydrochloride 

(EA), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Tween 20, 

dextran, and human serum were purchased from Sigma-Aldrich (Italy). 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDAC) was from Calbiochem (USA). Glycine and 

hydrogen peroxide 35% were from Merck KGaA (Germany). Ammonia solution was 

purchased from VWR International (France). Absolute ethanol was form Carlo Erba 

Reagenti (Italy). 184 Silicone Elastomer kit was from Dow Corning Corporation 

(USA).  

Anti-Bovine IgG (P.N. B6901), Anti-Bovine IgG Biotin Conjugate (P.N. 9780), Anti-

Human IgG (Fc Specific) (P.N. I6760), Anti-Human IgG (Fc Specific) Biotin Conjugate 

(P.N. B3773), Human IgG (P.N. I4506), and Bovine IgG (P.N. I5506) were all 

purchased from Sigma-Aldrich (Milan, Italy). Human milk was kindly provided by 

voluntary women during lactation.  

The solution used for receptor immobilization was 10 mM sodium acetate pH 5.0 in 

water. The binding buffer contained HEPES 10 mM, Tween20 0.1%, pH 7.4. The same 

solution was used as running buffer in the fluidic of the instrument and for preparing 

dilutions of standard targets. Absolute ethanol, deionized water (18.2 M! cm) and all 

buffers and solutions were filtered (Millipore, 0.45 µm) before use. 

 

 3.2.2. Deposition Methods for Immunoglobulins 

For immunoglobulins immobilization we optimized the procedure by the comparison of 

two different chemistries. The first method is based on the formation of a Self-

Assembled Monolayer (SAM) directly linked to gold via alkanethiols (MUA) (method 

“A”). Also the second method involves a first formation of a SAM layer (MUol), 
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followed by few reaction steps allowing the binding of Dextran. On it we can then carry 

out the direct amino-coupling of the receptor, or exploit the streptavidin/biotin affinity 

reaction (method “B”). The method "C" was obtained by combining the experimental 

results obtained with the two methods "A" and "B", together with the practical aspects 

of the use of PDMS mask. The details of this phase of development will be discussed in 

Chapter 5. In all procedures, before starting with the chemical modification of the 

biochips the prisms (or slides) were repeatedly cleaned by washing with absolute 

ethanol and then with MilliQ water. Then the gold layer was dried under a stream of 

filtered nitrogen.  

 

 3.2.2.1 Immobilization via MUA (no PDMS mask) 

The biochip surface is completely covered with a 1 mM solution of 11-

mercaptoundecanoic acid (MUA) in absolute ethanol, and let react for 48 hrs in the 

dark. To remove the excess of MUA deposited onto the gold surface, the prism is then 

immersed in absolute ethanol and sonicated for 10 min. After drying, the prism is 

treated with a 1 mM aqueous solution of mercaptohexanol (MCH) for 1 h. This step is 

aimed to fill eventually uncovered gold areas of the chip surface. The carboxylic groups 

of MUA are then activated for covalent coupling with amino groups by aqueous 

solution of 50 mM NHS and 250 mM EDAC for 20 min. After the activation step, the 

procedure can proceed following two different methods, which can involve both the 

direct amino-coupling of IgGs and the immobilization of biotinylated IgGs. 

In the first case, a number of 150 ppm IgG (in immobilization solution, 10 mM sodium 

acetate pH 5.0 in water) were dropped (800 nL) onto biochip surface and let react for 2 

hours avoiding drying, creating the array of spots. Two spots of the array were 

performed by depositing only with the immobilization solution (no receptor) and were 

used as reference surfaces. The biochip surface was washed with water and then treated 

for 20 minutes with a solution of EA (1 M water solution, pH 8.0) to block residual 

reacting activated sites. The wells on the biochip were finally washed with water and 

dried under nitrogen flow. 

In the second case, 200 ppm Streptavidin in immobilization solution was added to the 

biochip surface and let react for 20 min. After subsequent washing with water and 

drying, 150 ppm biotinylated IgG were dropped (800 nL) onto biochip surface and let 
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react for 2 hours avoiding drying. Also in this case, two spots of the array were used as 

reference surfaces. Also in this case the surface was saturated treating with EA. 

Furthermore, also 1000 ppm solution of biotin is then added for 20 min, to saturate 

streptavidin molecules unreacted with receptors. 

 

  3.2.2.2 Immobilization via Thiols-Dextran (no PDMS mask) 

The biochip surface is completely covered with a 1 mM solution of 11-

mercaptoundecanol (MUol) in absolute ethanol, and let react for 48 hrs in the dark. The 

excess of MUA deposited on the surface was removed by sonication in absolute ethanol 

for 10 min. The surface was then treated with a 600 mM solution of epichlorohydrin in 

a 1:1 mixture of 400 mM NaOH and diglyme for 4 h. After washing with water, the 

biochip was treated for 20 h with a basic dextran solution composed by 3 g of dextran in 

10 mL of NaOH 100 mM. The surface was then functionalized with a carboxymethyl 

group using bromoacetic acid (1 M solution in 2 M NaOH for 16 hrs). The whole 

surface was activated with amino groups by aqueous solution of 50 mM NHS and 250 

mM EDAC for 20 min. As described above, in case of biotinylated receptors, 200 ppm 

Streptavidin in immobilization solution was added to the biochip surface and let react 

for 20 min. After washing with water and drying, 150 ppm biotinylated IgG were 

dropped onto biochip surface and let react for 2 hours avoiding drying. Also in this 

case, two spots of the array were used as reference surfaces. Also in this case the 

surface was saturated treating with EA. Furthermore, also 1000 ppm solution of biotin 

is then added for 20 min, to saturate streptavidin molecules unreacted with receptors. 

 

For the above immobilization methods, bioreceptors were deposited by dropping 

volumes of receptor solution by using a Hamilton syringe. 

 

  3.2.2.3 Immobilization via MUA with PDMS mask 

The PDMS mask is made carefully adhere on the gold surface of biochip. Micro-wells 

are then filled with a 1 mM MUA aqueous solution (800 nL/well) and placed under 

vacuum pump for 15 min, with the aim to eliminate possible micro air-bubbles at the 

bottom of wells. The biochip was then let react for 48 hrs in a dark moist chamber. The 

carboxylic groups of MUA are then activated for covalent coupling with amino groups 
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by aqueous solution of 50 mM NHS and 250 mM EDAC for 20 min. After the 

activation step, 150 ppm IgG in immobilization solution (10 mM sodium acetate pH 5.0 

in water) was then added into wells and let react for 2 hours avoiding drying. Two wells 

of the array were filled only with the immobilization solution (no receptor) and were 

used as reference surfaces. All wells are then treated for 20 minutes with a solution of 

EA (1 M water solution, pH 8.0) to block residual reacting sites. The wells on the 

biochip were finally washed with water and dried under nitrogen flow. After mask 

removing the entire chip surface was dipped into an aqueous solution containing both 

11-mercaptoundecanol (MU) and 1-mercaptohexanol (MCH) at 1 mM concentration 

each, for 36 hours. This treatment assures the passivation of the rest of the gold surface 

of the biochip. After this period, the prism is rinsed with MilliQ water. 

 

 3.2.3. Measurement Cycles 

All binding reactions between antigens and antibodies (IgG/anti-IgG) were performed at 

room temperature in the running buffer composed as follows: 10 mM HEPES, 1% 

Tween 20, pH 7.4, degassed under vacuum pump before use. Standard solutions of 

immunoglobulins used as targets were prepared in the same buffer starting from stock 

solution maintained at 4°C or -20°C as recommended by the supplier.  

For all measurements the Rheodyne valve mounted an injection loop of 200 !L, and the 

total volume of each sample injected was 500 !L, to assure the complete filling of the 

loop. 

The flow rates applied to the peristaltic pump ranged between 10 and 50 !L/min and, 

consequently, the time contacts of flowing analyte into the cell, varied accordingly with 

this variable. Except for special needs, the flow rate used was 20 !L/min, corresponding 

to 10 min of contact time. Once the steady state was observed on the sensorgrams, the 

biochip surface must be regenerated by using a 10 mM glycine solution, pH 1.9, in 

milliQ water for 30 seconds. This step is necessary to eliminate the analyte target bound 

on the receptor and proceeds with a new measure cycle. 

 

 3.2.4. Biochip Regeneration and Reuse 

Once the series of SPRi measurements is completed, the gold biochip can be 

successfully restored, especially if it was modified via MUA (with or without using 
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PDMS mask). The “etching” solution used was composed by NH3 (30% w/v): H2O2 

(30% v/v) : H2O = 2 : 1 : 5, in which the biochip is dipped at room temperature for 10 

min (Kim et al., 2008). By applying this treatment gold biochips were reused up to six 

times. 
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3.3. SPRi-Based Genosensors: DNA Markers for Gene Doping Controls 

 

In this section all materials and methods regarding of SPRi-based DNA biosensors 

developed in this work are reported.  

 

 3.3.1. Reagents and Buffers 

11-Mercapto-1-undecanol (MU), 6-mercapto-1-esanol (MCH), (11-

Mercaptoundecyl)tri(ethylene glycol) (OEG), and streptavidin were purchased from 

Sigma (Milan, Italy).  

For thiolated probes, two different buffers were tested for immobilization process: 

phosphate buffer (KH2PO4 1M, pH 3,8) and immobilization buffer (NaCl 150 mM, 

Na2HPO4 20 mM, EDTA 0.1 mM, pH 7.4). Binding buffer used for binding was NaCl 

300 mM, Na2HPO4 20 mM, EDTA 0.1 mM, pH 7.4. Ethanol and all the reagents for the 

buffers were purchased from Merck (Italy). All the solutions were prepared using MillQ 

water and all solutions were filtered using Puradisc
TM

 syringe filters, cellulose acetate, 

0.2 µm from Whatman GmbH, Dassel, Germany.  

184 Silicone Elastomer kit for micro-welled masks was purchased from Dow Corning 

Corporation (USA).  

PCR primers, ssDNA probes, and targets were purchased from MWG Biotech (Milan, 

Italy). dNTPs and Taq DNA Polymerase were from GE-Healthcare (Milan, Italy). The 

plasmid pEGFP-C1 was purchased from Clontech – Takara Bio Europe (France) and 

transformed in E. coli cells by using “One Shot TOP10 Chemically Competent” 

(Invitrogen) following the manufacturer specifications. For plasmid DNA extraction, 

NucleoSpinPlasmid kit (Macherey Nagel, MMedical, Florence) was used. Human 

embryonic kidney cells (HEK), transformed with the same plasmid named HEK-GFP 

cells as well as the same cell line not transformed (negative control HEK-293), were 

kindly provided from Dr. Arcangeli (Dipartimento di Patologia e Oncologia 

Sperimentale, University of Florence, Italy). Genomic DNA was extracted from HEK 

cells according to the instructions of the Invisorb Spin Tissue Kit (Invitek, Berlin, 

Germany). 

Streptavidin MagneSphere
®

 Paramagnetic Particles (SA-PMPs) were purchased from 

Promega (Italia, Milan) and used following the supplier’s information. Washing buffer 
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for SA-PMPs was composed as follows (20X): 17.53 g of NaCl and 8.82 g trisodium 

citrate dihydrate in 100 ml of MillQ water (pH was adjusted to 7.5 with HCl 10N). The 

operative dilution of the washing buffer was 0.5X (2925 µl of H2O milliQ + 75 µl of 

WB 20X). All the reagents involved in the preparation of the washing buffer were 

purchased by Sigma, Milan.  

 

3.3.2. DNA Probes and Targets 

All probe sequences were designed on the plasmid EGFP-C1, whose map is reported in 

Figure 3.10.  

 

 

 

Figure 3.11: Plasmid pEGFP-C1 map containing the CMV promoter and EGFP gene sequences used in 

this study as markers of transgenosis. The vector cassettes containing the target sequences are evidenced 

at the bottom of the vector map. In the zoomed boxes, selected probe sequences are evidenced in red. 

Primer pairs for PCR amplification containing each specific marker sequence are in italic bold. 
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Figure 3.12: In the table all probes and target sequences used in this work are reported, together with non-

complementary target used as negative reference (Tnos) and secondary modified targets used with PCR 

amplicons. 

 

In particular, on the plasmid sequence three DNA oligonucleotides were identified as 

probes, and named EGFP1, EGFP2, and CMV respectively. The probe sequences are 

showed in Figure 3.11 and in particular EGFP1 and EGFP2 belong to the EGFP marker 
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gene sequence, whereas the CMV probe was designed on the Cytomegalovirus 

promoter sequence.  

All DNA probes were chosen with a thiol modification at the 5’ end of the sequence on 

the base of the immobilization chemistry chosen for the biosensor development, and are 

all reported in Figure 3.12. For DNA probes (EGFP1, EGFP2 and CMV) two sets are 

reported (Set I and Set II). In the two sets, each probe is the reverse complementary of 

the other, and thus the entire Set II is composed of DNA sequences that are simply the 

reverse complementary of those in the Set I. The same is for the relative targets. This 

choice was made to have the possibility to work with both DNA strands of the PCR 

amplicons, depending on which set of probes is immobilized on the biosensor surface. 

Anyway, the great part of the work on PCR samples was carried out by working with 

the Set II. 

To achieve the biosensor calibration in standard conditions, the complementary DNA 

sequences, named targets, are also purchased. The same target sequences were also 

provided carrying a biotin modification at their 5’ end.  

To carry out experiments regarding SPRi signal enhancement on PCR amplicons also 

specific secondary target sequences carrying a biotin modification at their 3’ end were 

designed and purchased. In the reported table nucleotide sequences are grouped in 

different classes: probes, targets (primary and secondary targets), and non-

complementary targets on the base of their role in the biosensor development. 

All DNA probe sequences were preliminary evaluated for their possible secondary 

structures via in silico calculation. This has been achieved by free available software 

(http://mfold.bioinfo.rpi.edu/).  

 

3.3.3. Deposition Method 

Also in case of DNA probes we fabricated biochips taking advantage of PDMS masks 

as previously described for immunosensors (See 3.1.4. “Probe Arrays Fabrication”), to 

obtain removable micro-welled supports for probe deposition. In this way up to 30 

probes can be immobilized at the same time, eventually using different immobilization 

chemistries on the same biochip. Each well is obtained by piercing the PDMS mask and 

operates separately from the others, assuring a single independent well for each receptor 

surface. 
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Figure 3.13: Representative scheme of the immobilization procedure with thiolated DNA probe 

sequences. 

 

The immobilization chemistry adopted for DNA probes was based on thiolated DNA 

sequences. The probes were covalently immobilized on gold chips directly depositing 

0.8 ml of 10 µM probe solution in immobilization buffer, into each well of the chip. 

After the probe deposition, the prism is placed into a moist chamber and vacuum is 

applied for about 20 minutes to eliminate possible air bubbles into micro wells. The 

prism is then left into the moist incubating chamber for about 12 hours, carefully 

avoiding the drying of the immobilization solution. The moist chamber consisted in a 

small plastic container filled with hot water, covered by a drilled ledge that permits to 

maintain prism in an environment saturated of aqueous vapor. During incubation the 

container is closed with a sealed cap. After incubation time is finished, the wells were 

empted by the probe solution and the PDMS mask removed from the prism surface. 

Finally, the prism is immersed in an aqueous solution of thiols at different length to 

saturate the rest of the gold surface, as previously explained in Paragraph 3.1.4. A 

schematic representation of the immobilization protocol is reported in the following 
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Figure 3.13. 

 

 3.3.4. Measurement Cycles 

Once the prism is housed in the flow cell, a continuous flux of the binding buffer is 

applied (NaCl 300 mM, Na2HPO4 20 mM, EDTA 0.1 mM, pH 7.4) at the constant rate 

of 6 µL/min. Before use, binding buffer is degassed for about 20 minutes under vacuum 

pump and vigorous stirring. This reduces the quantity of dissolved gases and prevents 

formation of air bubbles in the fluidic system and in the cell. Contact with air in fact 

causes modification of the surface and makes impossible both hybridization and signal 

detection. 0.05% of Tween20 (Polyethylene glycol sorbitan monolaurate, Sigma, Milan) 

is moreover generally added to the binding buffer to further avoid air-bubbles formation 

into the fluidic system. 

Often, before starting the measurement cycles, a preliminary washing of the chip 

surface with a solution of NaCl 100 mM is carried out with the aim to eliminate the 

excess of DNA probe electrostatically bound on the active surface of biochip.  

For all measurements, an injection loop of 50 µL was used (Rheodyne). Injections of 

100 µL of samples were performed each time to deeply wash the loop from possible 

impurities or air bubbles and to assure its complete filling. Under these conditions, the 

contact time of the targets with the biochip surface was 12 minutes, with a delay time of 

about 4 minutes. The final washing with the binding buffer that flows again into the 

flow cell assures that the excess of analyte is washed away. The recorded signal is thus 

correlated to the bonded analyte only. During all process it is possible to follow 

surface’s changes looking at differential image that clearly shows in false colors where 

and how much hybridizations occur. Once the steady state was observed on the 

sensorgrams, the biochip surface can be regenerated by using a 100 mM HCl solution, 

in milliQ water for 30 seconds (flow rate 24 µL/min). This step is necessary to eliminate 

the analyte target bound on the receptor and to proceed with a new measure cycle. 

When the biochip response significantly begins to decrease, it is possible to recycle it 

by removing all modifications applied on gold layer and to make it usable again. The 

procedure is the same reported for immunosensors and described in Paragraph 3.2.4. 
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3.3.5 PCR Amplified DNA Samples 

PCR samples were provided from Dr. Patrizia Bogani (Dipartimento di Genetica, 

University of Florence, Italy) and were obtained from genomic material provided from 

Prof. Arcangeli (Dipartimento di Patologia e Oncologia Sperimentale, University of 

Florence, Italy). PCR amplicons were produced first by amplifying the pure plasmid 

EGFP-C1 (see Figure 3.11 for the plasmid map) carrying both the target analyte 

sequences: EGFP gene and CMV promoter sequences. Two different regions of the 

EGFP gene were considered for the PCR amplification, resulting in 187 bp and 219 bp 

amplicons, respectively, obtained with egfp1 and egfp2 primer pairs. For the CMV 

promoter sequence, a 272 bp region was amplified by using the corresponding primer 

pair (see Figure 3.11).  

All primer sequences are reported in Figure 3.12, in which to avoid misunderstandings, 

all sequence names are in lowercase style. All PCR experiments were conduced with 

Thermocycler the MJ- Research Ptc-200 (Peltier Thermal Cycler) DNA Engine. PCR 

reactions were carried out in 25 µL. PCR mixtures contained the specific reaction buffer 

(100 mM Tris-HCl, pH 9.0, 15 mM MgCl2, and 500 mM KCl, GE-Healthcare, Milan, 

Italy), 200 mM each dNTP, 200 nM of each primer, 0.2 U Taq Polymerase (GE-

Healthcare, Milan, Italy), and 10 ng of plasmid DNA template. The control solution 

(blank) contained all the PCR reagents with the exception of the DNA template. The 

amplification condition was optimized to be the same for targets, the EGFP gene and 

the CMV promoter, except for the annealing temperature that were 54 °C and 52 °C for 

1 min, respectively. Cycler conditions were initial denaturation at 95 °C for 5 min 

followed by 40 cycles at 95 °C for 1 min, annealing (54 or 52° C, respectively) for 1 

min, 72 °C for 1 min, and a final extension step at 72 °C for 8 min. 
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Figure 3.14: In the table the primer sequences used in this work to abtain PCR amplicons on the plasmid 

pEGFP-C1 are reported. 

 

Genomic DNA was extracted from HEK cell lines, which are Human Embryonic 

Kidney cells, provided by Prof. Acangeli, Dipartimento di Patologia e Oncologia 

Sperimentale, University of Florence, Italy) as wild type (HEK-293) or modified with 

the EGFP-C1. In the case of HEK cell lines, HEK-GFP and HEK-293, the total DNA 

was extracted according to the supplying company recommendations. For each PCR 

reaction tube, 100 ng were used as the template. The PCR amplification protocols 

reported above were applied also in the case of cell lines DNA extracts. The 

amplification products were analyzed by gel electrophoresis (Bio-Rad, CA) on 2% 

(w/v) agarose gel (SeaKem, Cambrex, ME) in TAE buffer (Tris-HCl 2 M, EDTA 100 

mM, pH= 8). The profiles obtained were visualized through an UV transilluminator 

GelDoc System (Bio-Rad) and captured as tiff format files. 

For each species, PCR amplification procedures were conduced employing both 

unmodified and modified couples of primers (Figure 3.14). When modified, the primer 

sequence remains the same but a biotin residue was added at the 5’ end. The finality of 

the modification stays in the production of amplicons carrying the biotin modification at 
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the 5’ end only on one of the two DNA strands. For example, when we employed the 

forward biotinylated primer, the upper stream strand (called also FW strand) of the 

amplicon resulted biotinylated in 5’; conversely, when the reverse biotinylated primer 

was used, downstream strand (REV strand) resulted biotinylated at its 5’ end. The 

application of this procedure will be discussed in Chapter 6.  

The amplicons obtained with PCR were all checked by gel electrophoresis (Bio-Rad, 

CA) and visualized through an UV transilluminator GelDoc System (Bio-Rad). 

 

3.3.6 Quantification of PCR Samples 

PCR amplicons were quantified using Picogreen dye with a TD-700 Fluorimeter 

(Turner Biosystems, Milan, Italy). PicoGreen
®

 (Molecular Probes, Oregon, USA) was 

used as fluorescent dye for double-stranded DNA (dsDNA) quantitation in PCR 

samples (Singer et al., 1997). In order to calibrate the fluorimeter, five known 

concentrations of a standard dsDNA from Lambda Phage (Lambda DNA from 

Fermentas, Milan, Italy) were prepared and used as standards. Their fluorescence 

intensities were measured in the calibration range of 0-500 ppb. PCR products were 

prepared by a 1 to 250 dilution in TE buffer and then adding the same fluorescent dye 

concentration used to carry out the calibration with Lambda Phage DNA. The employed 

buffer, TE buffer, is composed of 10 mM Tris-HCl, 1 mM EDTA, pH 7.5. The dye is 

very sensible to light so that all the steps of the measurement should be quickly carried 

out, possibly avoiding direct light on the samples. 

 

 3.3.7 PCR Samples pre-treatments 

Different denaturation procedures were attempted to separate the dsDNA amplicons 

produced during PCR. The first and simplest treatment consisted in a thermal 

denaturation, followed by a freezing step to maintain the denaturation within DNA 

strands. In particular, the denaturation process was performed using a C1000 Thermal 

Cycler from Bio-Rad Laboratories, Italy. The procedure consist to keep PCR amplicons 

at 95 °C for 10 minutes. After this treatment the sample is immediately put in an 

ice/water bath for 2 minutes at 0 °C and then immediately injected in the fluidic system. 

Two different buffers used for preparing target solutions were evaluated for the 

influence of ionic strength on the efficiency of the procedure: the binding buffer (NaCl 
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300 mM, Na2HPO4 20 mM, EDTA 0.1 mM, pH 7.4) and Phosphate buffer (NaH2PO4 

10 mM). 

The second method tested for PCR amplicon denaturation was thought to obtain an 

efficient and irreversible denaturation of the strands. For this aim, Streptavidin 

MagneSphere
®

 Paramagnetic Particles (SA-PMPs) were used. These Particles, SA-

PMPs, are constituted by a magnetite core coated with streptavidin and have an average 

diameter of 1.0 ± 0.5 µm. They are irregularly shaped so that surface area (100–150 

m
2
/g) results greater than that of spherical particles with a similar diameter. A specific 

magnetic support is used to attract all particles present in the reaction solution towards a 

wall of the tube (Figure 3.15). The microbeads are provided at a concentration of 1 

mg/ml in a solution of PBS, 1 mg/ml BSA and 0.02% sodium azide. Each treatment was 

conduced on 200 µl of biotinylated PCR sample using 1 mg of magnetic particles. 

Before use, it is necessary to check if particles are in good conditions, i.e. no 

aggregation occurred: after mixing by inverting the tube several times, it has to be 

placed on the magnetic support.  

 

 

Figure 3.15: Magnetic support for Streptavidin MagneSphere® Paramagnetic Particles (SA-PMPs) used 

to attract all particles present in the reaction solution towards a wall of the tube. This allows the complete 

removal of the supernatant leaving the particle in the tube. 

 

If some particles remain in suspension for at least 3 minutes, forming an aggregate, they 

should not be used. A preliminary treatment of particles is necessary to activate them 

for further reactions. In particular, after removing the maintaining solution, the particles 
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were rinsed three times, each with 1 ml of the washing buffer previously 40-folds 

diluted from the stock, which is composed as described in Paragraph 3.3.1. During the 

washing step, particles eluted in Washing Buffer are mixed for 1 minute, then the tube 

is placed on magnetic support for 3 minutes and then supernatant is eliminated by 

carefully pipetting out the supernatant. When washing step was repeated for 3 times it is 

possible to proceed with the binding step. To this aim, 200 µL of biotinylated PCR 

sample is added into the tube containing the beads and then mixed for 30 minutes with 

the help of a suitable mechanic stirrer. During incubation time, the biotinylated 5’ ends 

of the DNA amplicons will bind the streptavidin surface of the particles. Then the tube 

is placed on magnetic support for 3 minutes and the supernatant eliminated. 

Immediately particles are then eluted in 50 µl of NaOH 100 mM and incubated for 5 

minutes under stirring. This is the denaturation step that will cause the separation 

between complementary strands of PCR amplicons, leaving the biotinylated strand 

attached to the particles. After 3 minutes on magnetic support, the supernatant is 

recovered and it neutralized with 50 µL of HCl 100 mM. To settle again the theoretical 

initial PCR sample concentration, it is eluted in 100 µl of binding buffer or in a solution 

composed by 95 µl of NaCl 100 mM added with 5 µl of Tris-HCl (pH 7.5). 
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Chapter 4: SPRi SIGNAL SAMPLING AND DATA MANAGEMENT 

 

4.1 Introduction 

SPRi technique allows to display the entire biochip surface during analysis and to 

simultaneously monitor up to hundreds of molecular interactions in real time.  

Open problems in this new sensing transduction approach are mainly related to the lack 

of standardized strategies for signal sampling and data management, these having 

dramatic influence on the analytical performances (i.e. sensitivity, selectivity, and 

reproducibility) of the biosensor, which are a key point for further application of SPRi-

based sensing to real analytical problems (i.e. complex matrices). As previously 

described in Section 1.5, In SPRi bioreceptors are tethered on a chip gold surface in 

array format, as circular or square spots or even as micro-channels (D’Agata et al., 

2008; Ly et al., 2007), and any portion of the biochip could be suitable for SPR signal 

sampling, since the only limit is represented by the lateral resolution of the CCD 

detector. As a consequence, any area having a diameter equal to or greater than the 

CCD resolution may be associated with a SPRi signal, leaving the operator completely 

free to select number, location and type of sensing areas undergoing signal sampling. At 

present, although this selection is a key step for the subsequent analysis, there is a lack 

of common criteria for doing it despite the high number of papers recently appeared in 

literature on SPRi. During this work we noticed that the valuable information provided 

by imaging data analysis would be more efficiently exploited, if coupled with well-

defined criteria for signal sampling and affinity binding data management. Moreover, 

standardization of both procedures would eventually build up a common platform for 

homogenous comparison of SPRi results obtained in different contexts.  

With this aim in mind, we developed a method for the rational and reproducible 

selection of sensing areas on the biochip (named Regions Of Interest, ROIs) to be 

exploited for SPRi signal sampling. It is carried out by a two-step approach performing 

a fine mapping of the array, followed by identification and selection of the best ROIs to 

be used for measurements. By applying this approach, it was demonstrated how 

improved analytical performances can be achieved in SPRi experiments by using this 

rational design vs. conventional ROIs selection. As proof of principle we applied this 

approach in a paradigmatic immunosensing example involving anti-human IgG 
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antibodies (anti-hIgG) covalently immobilized on gold chip surfaces by a dedicated 

chemistry, tested with the relative human IgG specific target. However, this approach 

can be applied to any bio-interaction and demonstrates that rational selection of 

sensitive areas and standardized management of SPRi data has dramatic impact on 

sensor behavior. 

 

4.2 Mapping of the array of probes: “Grid Generator! 

In Figure 4.1 the rational involved in the first part of the method here described is 

reported. After that the biochip is housed into the instrument its surface and the shape of 

the array can be displayed by the CCD camera (Figure 4.1 A). Then the definition of a 

classic grid is performed, as suggested by the software of the instrument (Figure 4.1 A, 

white circles surrounding each spot). This initial grid is then used to generate a highly 

defined one and achieve a punctual spot mapping, as displayed in Figure 4.1 B for one 

of the spots in the array. 

 

 

Figure 4.1: A) Flow cell image of the array on biochip surface. White circles are the grids of ROIs, whose 

coordinates are used by “Grid generator” macro. Each ROI is coincident with one single spot; B) 

Example of “Grid generator” output: single spot (R9) is zoomed in, and ROIs generation is displayed. 

With the selected spot diameter (D), 61 ROIs/per spot are generated. ! is the diameter of each small ROI 

generated. In this experiment ! =140 µm and D = 1260 µm. 

 

To achieve this aim we use the coordinates of the initial grid (Figure 4.2), stored in a 

text file, to create the new grids characterized by a high density of ROIs. In this study 
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we defined 61 ROIs x each spot on the surface, and the resulting map is represented in 

Figure 4.1 B. To this aim, a dedicated macro (Excel, Microsoft Corporation) named 

“Grid Generator” was developed.  

 

 

Figure 4.2: Grid generated by the instrument software containing information about coordinates and 

identities of spots. This is then used by “Grid Generator” to obtain the fine mapping of the array. 

 

The macro was built considering that the new grid should be adapted to any starting 

diameter and number of the spots, and to any geometry of the array. For this, the macro 

uses the centres and the diameters of the starting ROIs as provided by the initial grid 

and the following equation was applied to obtain the conversion:  

 

(X-!)
2
+(Y-")

2
 # (D/2)

2   
      (Eq.1) 

 

Where, in the reference system of the instrument, !, " and X,Y are, respectively, the 

Cartesian coordinates of the centres of each ROI belonging to the initial grid and the 

generated grid, respectively; D is the diameter of the deposited spot, which defines the 

maximum distance from the centre’s coordinates (!,"), for ROIs generation. “Grid 

generator” originates a text file with the new ROIs coordinates, which replaces the 

original one. The new grid is then used to carry out a pre-analysis step, which consists 

in a preliminary surface test, where a standard solution of analytes is injected over the 

surface for the analysis of the binding with the relative receptors. Figure 4.3 shows the 
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sensorgrams acquired during the pre-analysis. It consists of 61 ROIs for each spot and 

so in this case of 11 spots in the array, the sensorgram displays 671 SPRi signals 

simultaneously and in real time. In other terms the pre-analysis allows to obtain 

punctual information about affinity binding on the surface in terms of signal intensity, 

unspecific binding, distribution of the ligands on the spot areas. After the pre-analysis, a 

dissociating agent has used to regenerate the affinity-complex.  

To finally achieve ROIs selection, on the base of an experimental pre-test, the ranking 

of the binding data is performed. 

 

 

Figure 4.3: Sensorgrams relative to pre-analysis step, i.e. a preliminary surface test with standard solution 

of analytes. SPRi signals obtained will give punctual information on binding capacity for each selected 

ROI. 

 

4.3 Ranking and selection of the best ROIs: “Data Analyzer” 

By using “Data Analyzer”, a second in housed developed set of Excel macros, the data 

obtained during the pre-analysis test were ranked. “Data Analyzer” generates a 3D 

representation of the biochip surface after the pre-analysis step. There is a precise 

correspondence of the coordinates between the instrumental difference image (Figure 
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4.4 A) and the generated 3D pictures (Figures 4.4 B and C). This resulting 

correspondence is a confirmation that “Data Analyzer” successfully correlates the ROIs 

coordinates (X, Y) with SPRi experimental signals. This is an important result. In fact 

the precise overlapping is the mandatory perquisite for further processing with the 

selection, since it make use that the ROIs choice is carried out correctly, on the correct 

spots. 

The core of  “Data Analyzer” consists in the ranking ROIs followed by sorting out the 

“best performing” ROIs basis of their analytical performances during the pre-analysis.  

 

 

Figure 4.4: A) Experimental differential image after surface interaction with hIgG (pre-analysis step); 

here R9 spot of the array is displayed; B) and C) 3D representations of the interaction obtained by “Data 

Analyzer” where the intensity of SPRi signals are reported in color scale (Y axis) vs. Cartesian 

coordinates (X,Y axes) of ROIs. Each point of the graph, corresponds to one ROI obtained by Grid 

Generator and thus to an experimental SPRi signal. 

 

To perform the ranking of the single ROIs, the recorded signal considered is the SPR of 

the single ROIs, averaged on three replicates (n=3). These ROIs responses are evaluated 

on the base of the main analytical parameters: SPRi signal vs. specific target, coefficient 

of variation % (CVav%), and specific/unspecific signal ratio. The following equation 

was applied to perform the normalization between the different parameters:  

 

Ni = [(Xi – min1!n)/(max1!n – min1!n)]    (Eq. 2) 

 

Ni indicates the normalised value of the i
th

 ROI for each considered parameter, Xi is its 

corresponding value on the series, and min and max indicate the lowest and the highest 

value in the series, respectively. All the values correlated to the considered analytical 
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parameters are thus normalized in a 1-100 range and can be now directly compared. 

All the parameters were then combined and elaborated by a polynomial function as 

follows: 

 

Si = a ! sensitivity(i) + b ! variability(i) + c ! specificity(i)  (Eq.3) 

 

Sj represents the weighted combination of the all considered parameters for the i
th

 ROI. 

Sensitivity(i), variability(i), and specificity(i) are the normalized values obtained by 

Equation 2 for the i
th

 ROI corresponding to averaged specific SPRi signal, CVav%, and 

specific/unspecific signal ratio respectively. Coefficients a,b,c are arbitrary numbers 

from 0 to 1 and define the weight of each parameter in the combination. Their sum must 

be = 1. The best-resulted ROIs are listed at the top of the ranking.  

To each ROI corresponds the set of relative Cartesian coordinates, diameter, and 

identity. From these data, “Data Analyzer” automatically generates a new text file 

containing all this information for the selected ROIs. This text file thus describes the 

final grid that will be used for further measurements by the software of the instrument 

under the optimised selection of ROIs. 

The possibility to automatically select a defined number of highly performing surface 

areas, following rational analytical criteria, represents an important achievement. The 

spot surface is in fact evaluated taking into account eventually present inhomogeneity, 

intrinsic with the deposition procedure, even performed by automatic spotting. 

Furthermore, by combining the different parameters, in ROIs ranking it also possible to 

weight the priority criteria to be considered in the experiments. It should be stressed that 

in this approach the signal selection occurs on the base of real fast analysis, moving 

from ex-ante approach to ex-post selection. 

 

4.4 Application of the method and analytical results 

To demonstrate the validity of our approach, in terms of improvement of analytical 

parameters of the sensor, the binding results of this immunosensor were compared with 

those obtained by applying other two approaches widely used for ROIs selection 

(Figure 4.5).  

Figure 4.5 A shows the digital image of the biochip carrying the anti-hIgG array (R1-



SPRi Signal Sampling and Data Management 

______________________________________________________________________ 

___________________________________________________________________ 

Chapter 4 

80 

R9) after immobilisation; reference surfaces (blanks 1 and 2) with no receptor are also 

included. At this stage (before interaction with the relative human IgG antigen), ROIs 

are usually defined by direct selection of the spots on this image (green circles, Figure 

4.5 B), as afore mentioned. In this choice, each ROI is coincident with one whole single 

spot and its area depends on the single spot diameter. SPR signals, i.e. the percentage in 

Reflectivity (!R%) change, will be then recorded on these areas as the average of all the 

values obtainable within each ROI, expressed as grey scale variation. This example is 

reported as paradigmatic of a fast, easy but far from optimal ROIs selection. In fact the 

receptor could not be homogeneously immobilized within the ROI's area, thus resulting 

in an unpredictable binding efficacy, which affects the distribution of the signal. 

 

 

Figure 4.5:!A) Spots array of Anti-hIgG on the biochip (R1-R9 spots), reference surfaces (blanks 1 and 2); 

B, C and D are the different approaches for ROIs selection compared in the study. The last represents the 

proposed approach and was generated by “Grid Generator”. 

 

The second considered sampling method is represented in Figure 4.5 C (green circles). 

A sufficient number of ROIs (e.g. n=3) is representatively sampled within each spot to 

obtain the averaged SPRi signal for each spot and the corresponding standard deviation 

(SD). Although this approach provides better results than previous one, the arbitrary 
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choice of ROIs can lead to a low reproducibility of the method. Figure 4.5 D reports 

ROIs map created using our method in which each spot of the array is sampled with 61 

ROIs (70 µm diameter each), following Eq.1, and the final grid comprises Nx61 ROIs, 

where N is the number of spots (11 in this experiment), i.e. by using a set of 671 ROIs 

simultaneously. Pre-analysis was thus applied and target analyte (human IgG, 3ppm) 

was let to interact with the immobilized anti-human IgG and the 671 relative affinity 

bindings were monitored on the corresponding ROIs. The typical experimental 

behaviour of sensorgrams acquired during the pre-analysis was already displayed in 

Figure 4.3. 

By using “Data Analyzer”, the 3D visualisation of the SPRi biochip after pre-analysis is 

generated, in which each point of the graph corresponds to a SPRi signal and, thus, to a 

ROI (Figure 4.6 B). It clearly evidences spot coverage, specificity of response and 

unspecific binding presence on reference surfaces. Finally, the selection of the best 

performing ROIs is automatically obtained ranking the 671 binding responses resulting 

from the pre-analysis. Ranking was achieved using the best-scored ROIs for each spot 

in terms of the Si value (see Eq. 2). In this way, only a final optimized pool of ROIs will 

be used for signal sampling (Figure 4.6 A3), generated by exploiting experimental 

binding data. The choice of the parameters for ROIs ranking, as mentioned above, can 

be driven by selecting one parameter at a time (i.e. highest signal, lowest CV%, highest 

S/N, lowest unspecific adsorption) or by choosing a compromise among all the different 

parameters. Best results were achieved in this example by their combination in the 

polynomial function (Eq. 3). Finally the set of best performing ROIs was extracted  (i.e. 

8 per spot as in Figure 4.6 A3), on the base of tested parameters.  
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Figure 4.6: A) Experimental difference image displaying spots after hIgG binding; A1) R9 spot zoomed in 

as example; A2) mapping of the spots obtained by our method, 61 ROIs; A3) the highest-scored ROIs 

selected after pre-analysis and data ranking. B) 3D view of the same result performed by “Data 

Analyzer”. Reflectivity variations are reported on Z axis vs. Cartesian coordinates (X,Y axes) of each 

ROI. Each point of the graph corresponds to a SPRi signal and, thus, to a ROI.  

 

These parameters (corresponding to Eq. 3 coefficients) were respectively a= 0.3 for 

sensitivity, b=0.2 for variability (20% weight) and c=0.5 for the specificity (respectively 

as test weight of 30%, 20% and 50%). These present a compromise in the performances, 

however they can be eventually varied depending on the need of the assay. Eventually 

even the number of finally selected ROIs can be flexible. 

In Figure 4.7 the IgG binding responses using the three different ROIs sampling 

methods described above (Figure 4.5 B, C, D) are compared showing the behaviour of 

each spot of the array. The first significant result achieved with the method D is that all 

SPRi signals are higher than those obtained when the selection was done using methods 

B and C. In particular the averaged increase obtained with method D vs. B and C was of 

4 and 3 fold, respectively. Moreover, even signals that would have been considered not 

significant, result in positive binding as clearly illustrated in the case of R6 spot. The 

other remarkable result is that SD generally decreases for all spots and, consequently, 

also the reproducibility, expressed as the averaged CV% (CVav%), was improved. 

Furthermore the specific vs. unspecific-binding ratio is much enhanced. This value was 

3.4 for method B, 3.1 for C, but 19.2 using our approach, resulting in 6-fold increase.  
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Figure 4.7: SPRi results obtained by comparing the three different signal sampling methods (B,C,D) 

displayed in Figure 4.5. For each considered method, SDs are calculated on the total number of selected 

ROIs, as average SPRi signals of 3 ppm hIgG injections in triplicate. 

 

These results are better evident when SPR data are visualized in real time on 

sensorgrams, as reported in Figure 4.8, in which the improvement corresponds to higher 

binding signals.  

 

 

Figure 4.8: Sensorgrams obtained for the three signal sampling methods (B,C,D) and relative to four 

target concentrations tested during calibration. 
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The biosensor was calibrated by testing different concentrations within the 

concentration range 0.7–3.0 ppm of hIgG. In Figure 4.9 are reported the plotted curves 

obtained during calibration by applying the three different signal-sampling methods 

simultaneously, in which the improvement obtained by applying the method D is 

evident at all the analyte concentrations tested. The sensor binding profiles obtained 

during calibration on spots are reported in Figure 4.8 as sensorgrams; here the binding 

curves are visualised together with the signal obtained from the spots used as control 

surface. A higher slope in the association phase using sampling method D, could be 

observed. This behaviour is particularly evident by comparing the methods B and D. 

Since method D allows to select the most performing areas of the array, a possible 

explanation of the observed differences could be found in the ability to sample areas of 

the immobilized receptor that are more accessible to the analyte, resulting thus in high 

binding signals. From this preliminary evaluation, the developed method allows the 

improvement of binding profiles of the molecular interaction, and thus can be useful 

also for accurate kinetic evaluation.  

 

 

Figure 4.9: Calibration curves obtained for the three signal sampling methods (B,C,D) and relative to four 

target concentrations tested during calibration. 
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The analytical result is finally clear when calibration curves obtained by comparing the 

data sampling methods are carried out: in Figure 4.9 the successful of the method D, 

both in terms of sensitivity and reproducibility, is impressive for all the tested target 

concentrations. 

These improvement obtained in sensor performances can be reasonably attributed to the 

rational procedure developed for ROIs selection and ranking. 

 

4.5 Conclusions 

We developed an innovative approach to signal sampling and affinity data management 

applied to SPRi technique. It consists in a fine mapping of all the probing areas of the 

biochip taking into consideration numerous parameters playing a role in the interaction 

(i.e. receptor homogeneity within the spot, sensitivity, S/N). The method has a general 

validity and can be applied to any interaction for affinity sensing. In the first part of the 

proposed approach, a dedicated algorithm was drawn and optimized to obtain a detailed 

mapping of the array, which consists in the definition of a high number of small ROIs 

covering the whole area of each spot. In the second part, all ROIs mapped onto the array 

are tested by a pre-analysis to obtain SPRi experimental signals for each ROI. All 

signals are then sorted, by using a different customised set of macros, on the base of 

selected analytical parameters (i.e. desired selectivity, reproducibility, etc) and, finally, 

only the best ROIs are selected for further analyses. This final ranking of SPRi signals 

is the keystone of the method. It is achieved by inserting in the algorithm some crucial 

parameters for real sensor application, i.e. signal intensity (!%R), specificity (specific 

signal vs. blank), signal precision and reproducibility (in terms of standard deviation 

(SD) and coefficient of variation (CV%) within and among different spots, and signal to 

noise ratio (S/N). By the combination of all these parameters, a rational, automatic and 

standardised ROIs selection is achieved. On this ROIs’ pool, further SPRi-based 

biosensor analysis is achieved. The peculiarity of this approach is that final ROIs 

selection is made after a real and fast pre-analysis with the specific target analyte. In 

contrast, the selection of ROIs is traditionally carried out simply defining the entire (or 

part of) spot area before recording the binding with the target. Moreover, the 3D 

representation of the pre-analysis clearly evidences spot coverage, specificity of 
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response and unspecific binding presence on reference surfaces. In other words, by this 

two-step method it is possible to analyze, select, and finally extract only the best 

performing ROIs for each spot, on the base of chosen parameters. 
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Chapter 5: SPRi-BASED IMMUNOSENSORS DEVELOPMENT 

 

5.1 Anti-Bovine Immunoglobulin G (IgG) Detection for Clinical Application 

In the field of SPRi-based immunosensors, only few results are still available on real 

matrices, and nonspecific adsorption presents a great challenge in the SPRi analyses 

focused on protein interactions. Rebe Raz and colleagues recently reported about the 

case of simultaneous and sensitive (ng/ml) detection of antibiotics in goat’s milk 

powder (Rebe Raz et al., 2009), which opens interesting food analysis applications for 

SPRi immunosensing systems in the field of small molecules detection using 

competitive approaches.  

In the field of SPRi-based biosensing on high molecular weigh analytes, such as 

proteins, human immunoglobulins G detection has been reported in spiked diluted 

serum samples (1:9 IgG solution: serum volume ratio) (Dong et al., 2008). However, to 

minimize the matrix effect, the authors attempted heavy and questionable serum pre-

treatments. This approach, although demonstrating the quantitative detection of protein-

free spiked samples (LOD = 1 ppm), is of difficult applicability for real hIgG analysis, 

since proteins removal from patient’s samples will cause hIgG analyte depletion as 

well.  

Semi-quantitative assay on mucin, a large protein, used as diagnostic marker in cancer, 

has been reported in preliminary experiments in saliva spiked (100 ppm) samples, by its 

binding with relative antibodies immobilized on the surface (Fernandez-Gonzalez et al., 

2007). The ability of the sensor to discriminate between samples spiked or not was 

demonstrated. Eventually proteins’ interaction studies in Luria–Bertani (LB) cell culture 

media, i.e. in GST-expressed E. coli, after on chip induction of protein expression and 

subsequent cell lysis, was reported. However, unspecific adsorption, although slightly 

occurring, is not evaluated quantitatively, since the assay was intended to be qualitative. 

Unspecific signal provided by control cells (not expressing the protein) on the spot of 

micro welled chip was only subtracted from the specific one (Kim et al., 2006). 

Anti-hepatitis virus (HCV) antibody detection was eventually achieved in undiluted 

human sera (Cherif et al., 2006). In particular, anti-HCV antibodies were detected in 

HCV positive patients using surface modified with pyrrole-coupled antigen, i.e. peptide 

derived from hepatitis virus HCV. Despite a matrix effect was present, it was possible 
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to detect the antibodies in HCV positive samples, using suitable control sera. Serum 

auto-antibodies (anti-citrullinated protein) in rheumatoid arthritis (RA) patients have 

been also evidenced (Lokate et al., 2007). Diluted sera (1:50 in buffer) were used; 

matrix effect was present and specific/unspecific signal ratio was taken, and although 

interesting reuse of the sensor is presented detailed analytical data are missing (sensor 

calibration, reproducibility, sensitivity).  

We thus felt the necessity to go deeper into the protein detection in complex matrices 

and so we approached the quantitative detection of bovine immunoglobulins G (anti-

bovine IgG) both in human milk and serum. Thus the aim of this work was to evaluate 

the potential applicability of SPRi-based sensing for sensitive quantitative 

immunoglobulin measurements with little sample pre-treatment, i.e. dilution, in these 

matrices of potential interest in diagnostics. This critical evaluation will be based on the 

analytical parameters obtained with the assays in the relative matrices. 

We focused our attention on anti bovine IgG detection in milk and serum samples, since 

strong interest is devoted to abnormal levels of cow's milk antibodies in children’s 

serum; it has been evidenced a possible relationship between time of introduction of 

formula containing cow proteins in infant feeding and seroconversion to positivity for 

diabetes-associated auto-antibodies and progression to clinical Type 1 diabetes (T1D) 

(Goldfarb et al., 2008; Luopajarvi et al., 2008; Martin et al., 1991). 

Moreover, it was reported that also mother's diet during lactation has a crucial role in 

autoimmune processes leading to T1D by the possible direct transmission of cow milk 

proteins (Clyne et al., 1991; Maeda et al., 1993; Jakobsson et al., 1985; Paronen et al., 

2000), and/or anti-bovine immunoglobulin present into breast milk (Muller et al., 1983). 

Different studies also report about the detection of the immune response toward 

allergenic bovine proteins (for example beta-lactoglobulin, casein, and bovine serum 

albumin), classically performed by Enzyme Linked Immunosorbent Assay (ELISA) 

immunoassays by indirect detection (Goldfarb et al., 2008; Kohno et al., 2002), or 

Radio Immuno-Assay (RIA) as in the case of anti-BSA antibodies detection (Mogues et 

al., 2005). Thanks to their characteristics, optical biosensors, especially SPR-based 

biosensors, have shown to be very competitive with ELISA assays (Lokate et al., 2007; 

Kanda et al., 2005).  

The immunosensor was first characterized in terms of analytical performances by 
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testing standard solutions and then tested on the relative real matrices. All results on 

real matrices were obtained without any sample pre-treatment, except sample dilution, 

demonstrating that SPRi can represent a successful platform for direct analysis of raw 

and complex matrices. SPRi signals were sampled by using a customized method 

developed to improve analytical responses while minimizing drawbacks due to 

unspecific binding, and reported in Chapter 4. 

To achieve sensitive and selective detection of IgG both in real samples, a dedicated 

approach was developed. In particular, we adopted a particular strategy to deposit the 

bioreceptor, bovine IgG, on the surface (glass prisms coated with a thin layer of gold), 

making use of polydimethylsiloxane (PDMS) elastomer masks, to obtain removable and 

inert micro-welled support for precise and accurate probe deposition on gold surface. 

Each well on the PDMS mask operates separately from the others, assuring a single 

independent well for the receptor surface binding. Receptor immobilization is 

performed in the wells by amino-coupling chemistry. A Self-Assembled Monolayer 

(SAM) is first created on the gold surface, followed by activation and subsequent probe 

immobilization. The mask is removed at the end of the immobilization procedure and 

the uncovered gold surface is passivated using short thiols mixture to prevent unspecific 

binding.   

 

5.1.1 Biosensor Optimization 

In this Paragraph all the main steps involved in the optimization of the biosensor are 

discussed.  

 

5.1.1.1 Choice of suitable immobilization chemistry 

In this work two different chemical modifications of gold surface were compared, based 

on different chemical linkers. The first chemistry involves the formation of a SAM layer 

directly linked to gold via alkanethiols (MUA) (method “A”, Paragraph 3.2.2). The 

second method involves a first formation of a SAM layer (MUol), followed by the 

formation of a dextran hydrogel layer (method “B”, Paragraph 3.2.2.). The first method 

involves the direct amino-coupling of the receptor, whereas the second is based on the 

streptavidin/biotinylated probe reaction.  

The basic difference between the two methods is in performing the covalent binding of 
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receptor directly on an alkanethiol SAM layer (MUA method) or on an activated 

tridimensional layer composed by dextran. The main advantage of dextran as chemical 

linker for probe deposition is in the high density of reactive hydroxyl groups that, in 

turn, leads to an enhanced density of immobilized probe. Moreover, the flexible chains 

of polymer carrying the probe increase the accessibility to the ligand. On the other hand, 

the MUA method is shorter and simpler, even if the final SAM surface has a strong 

two-dimensional character. For comparison purposes, bovine IgG immobilization was 

carried out with the two methods, on different chips.  

 

 

Figure 5.1: Biochips are here compared after the two deposition methods. Upper line corresponds to a 

biochip prepared with MUA method, whereas the bottom row reports about the same receptor (bovine 

IgG, 150 ppm) immobilized with dextran procedure. (A) are “stereoscopic views” of biochips. (B) are 

“flow cell” views produced by the CCD camera into the instrument. Finally, the “difference image” (C) is 

the real analytical datum obtained after the biointeraction between probe and target. Sensitive areas 

(spots) get lightened and the variation intensity of contrast is related with the SPR signal.  

 

In Figure 5.1 the results obtained by comparing the two deposition methods are 

displayed during the main phase of the analysis. In particular the upper line corresponds 

to a biochip prepared by using the MUA method, and the bottom line reports about the 

same receptor (bovine IgG, 150 ppm) immobilized with the dextran procedure. The 
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“stereoscopic views” (A) are digital photos caught through a stereoscope, on which the 

manual deposition is carried out (see also next paragraph) dealing with chips. The “flow 

cell view” (B) is the grey contrast image produced by the CCD camera once the biochip 

is housed into the instrument. Finally, the “difference image” (C) is the real analytical 

datum obtained after that the biointeraction between probe and target occurred. 

Sensitive areas (spots) get lightened and the variation intensity of contrast is related 

with the SPR signal.  

 It can be noticed that spots shape in both cases results very irregular, which also 

confers high variability in the spot diameter (for the same volumes deposited). More 

important, it is clearly evident that the dextran method generates surfaces prone to 

elevated degree of unspecific binding. This can be observed comparing images “C” for 

the two tested methods: the gold surface treated with MUA chemistry is highly inert to 

target solution outside the spots array, whereas in case of dextran chemistry we have an 

evident poisoning effect of the surface.  

These qualitative observations were then supported by quantitative analysis of 

experimental results. As reported in Figure 5.2, the MUA method undoubtedly 

displayed the best performance in comparison with the dextran-based chemistry, in 

terms of averaged reflectivity variation (!%R), standard deviation (SD), and 

signal/noise ratio (S/N). In particular, dextran method gave !%R=1.20, SD=0.05, 

S/N=2.7 in comparison with the MUA method that gave !%R=1.90, SD=0.03, 

S/N=8.9. Particularly the latter parameter (S/N) showed the highest improvement. This, 

even if in apparent contrast with the general behavior of dextran layers for optical 

biosensors development, can be still explained in this context. In fact, the dextran 

solution is characterized by high viscosity and this probably leads, even after very 

accurate washing of the biochip surface, to an excess of dextran covering some areas of 

biochip surface. This, in turn, can limit the subsequent surface activation, which, in 

correspondence of those areas, could occur only to the superficial layer of the polymer. 

The result is a decreased probe immobilization capability, together with a marked 

inhomogeneity of the spotted surfaces. Since the SPRi signals were sampled by 
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recording the averaged reflectivity change calculated on the whole area of each spot, in 

this hypothesis, we can explain the loss in sensitivity, as also the lower specificity 

(expressed as signal to noise ratio), as a consequence of an inhomogeneous 

immobilization due to dextran. 

 

 

Figure 5.2: Experimental results obtained by comparing the two tested immobilization chemistries. 

“MUA” procedure gave best results both in terms of signal intensities and specificity. 

 

  5.1.1.2 Comparison between gold slides and gold prisms 

Genoptics provides two different solutions for biochips fabrication, consisting in SF-10 

glass prisms or thin glass slides coated with gold to match with naked glass prism (see 

Paragraph 3.1.1). During the early phases of biosensor development both solutions were 

tested to evaluate possible advantages/disadvantages for each system. 

Gold slides have a low cost, and in this case the naked glass prism that matches gold 

slides can be reused for a high number of measurement cycles, because the only 

disposable part is the gold slide. On the contrary, gold prisms can be regenerated up to a 

limited number of cycles (5-6 times) and the efficacy of the regeneration treatment 

dramatically depends on many factors, i.e. type of immobilization chemistry and 

possible damaging of the gold layer. On the other hand, handling of gold prisms is 

much more practical and easier than gold slides. In fact the use of matching oil to put in 
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contact the slide with naked prism leads to a number of disadvantages as, for example, 

the possible air-bubbles formation between glass surfaces and/or the drip of oil excess 

on the lateral faces of the prism, affecting the recording of the SPR signal. In Figure 5.3 

the results obtained by comparing slides and prisms are reported. Data are averaged on 

three replicates for each biochip preparation and SPRi signals corrected for unspecific 

signals on reference spots.  

The result evidences that the use of gold biochip assures higher signals for the same 

concentration of target, with similar standard deviations. This result, combined with the 

elimination of handling issues previously described, make the use of prisms 

advantageous in respect of gold slides, although their cost is considerably higher.  

 

 

Figure 5.3: Experimental results obtained by comparing SF-10 glass prisms with thin glass slides coated 

with gold. 

 

5.1.1.3 Development of array deposition method 

Despite manual deposition can be affected by several disadvantages, it undoubtedly 

represents a valid alternative to automatic procedures, allowing to limit the cost of the 

biochip preparation without losing the goodness of analytical results. Obviously if we 

need to process a high number of samples in a limited time, the use of an automatic 

spotter ensure significant savings in terms of time preparation of biochips. The main 
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disadvantages observed by performing the probe deposition simply dropping the 

receptor solution on the biochip surface can be summarized in: 

- High degree of uncertainty and disorder in the geometry of the array in terms of shape, 

diameter, and relative position of the spots.  

- High variability/inhomogeneity inter- and intra-spots in terms of SPRi signals. 

In Figure 5.4 a representative view of the manual probe deposition on gold prisms is 

showed. For spotting procedure, a Hamilton micro-syringe was employed and added 

volumes were ca. 500 nL per spot. With these volumes, spot receptors diameters 

resulted of ca. 1200-1500 µm, but this value is affected by high variability depending on 

the applied immobilization chemistry adopted. 

 

 

Figure 5.4: Representative view of the manual probe deposition on gold prisms is showed. 

 

Following these observations, we felt the need of a method able to minimize the 

drawbacks associated with free manual deposition. The rational was to create a versatile 

support to be used for spotting receptors in the desired geometry, assuring high 

precision and repeatability of the immobilization procedure. At the same time, we 

aimed to protect the remaining gold surface from any undesired unspecific adsorption. 

We thus developed an approach for receptor deposition based on the use of polymerized 

Polydimethylsiloxane (PDMS) mask to freely create micro-wells arrays suitable for 
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individual immobilization chemistries and receptors deposition. PDMS is a polymeric 

organosilicon has many interesting characteristics, and in last decades was largely 

employed in the field of microfluidics thanks to its rheological properties. It is optically 

clear, and, in general, is considered to be inert, non-toxic and non-flammable. In our 

case, thin layers of PDMS were prepared as reported in the Paragraph 3.1.4 and ca. 1 

mm diameter micro-wells were generated on it to create a mask (Figure 5.5).  

 

 

Figure 5.5: Representation of the PDMS micro-welled masks used for probe deposition on biochips (up). 

Lower part of the figure reports the resulted biochip once the deposition protocol is finished and the chip 

is ready to work. 

 

This approach allowed also exploring different immobilization variables (i.e. chemistry, 

incubation time, receptor concentration, volume, reagents, etc) simultaneously on the 

same biochip array. The use of the PDMS micro-welled mask was then compared with 

simple manual probe deposition by performing the immobilization method via MUA. 

To this aim, Bovine IgG deposition (800 nL/well) was performed on two different 

chips, using the same immobilization chemistry, but in one case PDMS mask was used 

while, in the other case, the probe solution (800 nL) was dropped directly on the 

activated chip surface. The first main difference between procedures was therefore that 
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in case of PDMS mask, the immobilization is carried out only in the micro-wells, 

whereas without its use we are forced to create and activate the whole gold surface of 

the chip. The immobilization procedure by using PDMS masks is schematically 

reported in Figure 5.6.  

 

 
Figure 5.6: Representation of the bovine IgG immobilization procedure. 

 

In both cases, a 0.5 ppm anti-bovine IgG in binding buffer solution was injected in the 

system and the binding signal, i.e. percentage reflectivity variation (!%R), with the 

immobilized bovine IgG recorded. The injection was repeated three times, performing 

the dissociation of the immuno-complex using optimized conditions (10 mM glycine 

solution, pH 1.9). First observations showed that the use of PDMS take advantage 

minimizing the disorder in the geometry of the array in terms of shape, diameter, and 

relative position of the spots. Also the high hydrophobicity and the adhesive forces of 

solid PDMS surfaces contribute to improve these characteristics during the 

immobilization process. Moreover, due to the confinement of all probe solutions into 

separated wells for the whole duration of the immobilization procedure, the elimination 
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of possible cross contaminations between close different probes is assured. This aspect, 

i.e. the specificity of the SPRi signals within the array, is mandatory when one works 

with multi-analyte detection systems. Examples of biochips obtained with PDMS masks 

are reported in Figure 5.7.  

 

 

Figure 5.7: Examples of biochips obtained with PDMS masks. 

 

Upper figures (A and B) show a 9-spots array during deposition process. Photo (A) is 

the “stereoscopic view” of the chip through a stereoscope, on which the manual 

deposition is carried out. In this case we can observe the micro-wells on the PDMS 

layer attached on gold surface. Moreover, it can be distinguish empty and full wells (on 

the diagonal). Photo (B) is the grey contrast image produced by the CCD camera once 

the PDMS layer is removed and biochip is housed into the instrument. In the bottom 

series is displayed the optimized design of probe array on PDMS masks. It contains 16 

wells/mask, i.e. spots/biochip, but this number can was significantly increased up to 50 

wells/mask maintaining the same spot size. Photos (D) and (E) are the flow cell image 

and the difference image obtained during analysis, respectively. Sensitive areas (spots) 

involved in the binding get lightened and the variation intensity of contrast is related 

with the SPR signal. Here we used a color grade scale instead of the classical gray scale. 

A further important advantage obtained by using PDMS masks is the protection of the 

rest of gold surface from accidental poisoning during the immobilization procedure. In 
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this way, once the PDMS mask is removed from biochip surface, we can block the rest 

of gold surface by a dedicated chemistry. Best results in terms of unspecific binding 

breakdown were obtained after treatment of gold with hydroxy alkanethiols solution at 

different length (details in Paragraph 3.1.4). Also from this point of view, a clear 

improvement in the performance of the biochip was obtained: in fact, as can be seen 

from the figure 4.6.C, unspecific binding outside the spots array is negligible. 

Results obtained in terms of analytical performance of the biochip prepared by using 

PDMS mask are significant. As reported in Figure 5.8, an impressive signal 

improvement was obtained using the deposition method based on PDMS mask, showing 

a !%R=1.30 vs. a !%R=0.45 obtained with the manual deposition for 0.5 ppm anti-

bovine IgG; therefore the enhancement of the averaged SPRi signal was ca. 2.9-fold.  

 

 

Figure 5.8: Experimental results of the two tested deposition procedures, i.e. with and without using the 

micro-welled PDMS mask, displaying that very best results are obtained with the use of the mask. 

 

Data are averaged on the spot array for each biochip, and SPRi signals corrected for 

unspecific signals on negative reference. In case of PDMS mask, reference surfaces are 

micro-wells deposited with "blank solution", i.e. immobilization solution in case of 

standard measurements. This is because, differently from the method without mask, in 

this case uncovered gold surface remained after probes deposition is chemically 

different from the spots area, and therefore cannot be used as controls. We then must 
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take as reference one or more wells treated as the others except for the presence of 

probe.  

 

5.1.1.4 Specificity of the biochip: application of “Data Analyzer” 

The evaluation of possible unspecific binding on receptor probes (bovine IgG) and 

reference spots (in which all the immobilization steps were performed except for the 

presence of the probe in the immobilization buffer) was assessed in a preliminary 

experiment, and it was carried out by applying the method previously discussed in 

Chapter 4 for signal sampling and data management.  

The method allows to automatically select the best ROIs resulting from the preliminary 

fine mapping of the spots array (Figure 5.9 A) and the punctual evaluation of surface 

capabilities when interaction with analyte occurs through a 3D representation of 

experimental binding responses (Figure 5.9 B). The most performing ROIs are selected 

after a pre-analysis with the target analyte. 

In particular, the specificity between bovine IgG probe and target (monoclonal anti-

bovine IgG) was assessed during the pre-analysis step involved in the method.  

 

Figure 5.9: (A) Green circles are the ROIs analyzed during the pre-analysis step with “Data Analyzer” 

software. This type of grid allows a fine mapping of each spot of the array; (B) 3D representation of the 

experimental binding obtained during pre-analysis. 
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In this phase the biochip was tested with a possible cross-reacting antibody as negative 

control, consisting in anti-rabbit IgG samples at one order of concentration higher than 

the specific target sample, i.e. 10 ppm. 

  

 

 
Figure 5.10: Experimental results obtained to check possible cross-reaction between anti-rabbit IgG, used 

here as negative control, and bovine IgG receptor.  

 

The averaged SPRi responses obtained on bovine IgG receptors and control surfaces are 

displayed in Figure 5.10, in which the cross-reaction between anti-rabbit IgG and 

bovine receptor can be considered negligible in respect to the specific signal obtained 

with anti-bovine IgG. Moreover, also control surfaces gave negligible unspecific 

binding signal. 

The second phase of the pre-analysis was aimed to exploit the method reported in 

Chapter 4 to test and evaluate possible matrix effects on the biochip array, and thus 

injections of human serum and milk were carried out. Experimental results were 

collected in “Data Analyzer” and the 3D representation obtained. The graphical results 

obtained are reported in Figure 5.11, in which the responses of one bovine IgG spot are 

visualized in the two different situations. Upper row, on the left, shows one bovine IgG 

receptor after the injection of 3 ppm anti bovine IgG in human serum (HS); in the 

middle is show the same spot after an injection of human serum only. On the right, is 
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displayed the image obtained by subtracting the middle one from the left one. This 

operation equals to subtract the matrix contribute to the specific binding signal related 

to the sole anti bovine IgG target.  

 

 

Figure 5.11: One bovine IgG spot is visualized through the 3D data elaboration of “Data Analyzer” after 

pre-analysis to evaluate the matrices effect on specific probes. Upper row:  Bovine IgG receptor after the 

injection of 3 ppm anti bovine IgG in human serum (HS); the same spot is showed in the middle after an 

injection of human serum only. On the right, the image obtained by subtracting the second image from 

the first one is displayed. This subtracting operation equals to subtract the contribution of the matrix to 

the specific binding signal related to the sole anti bovine IgG target. The same procedure was performed 

also in the case of human milk (HM) and it is displayed in the lower row. 

 

The same procedure was performed also in the case of human milk (HM) and it is 

displayed in the lower row. Once data regarding the SPRi signals related to the anti 

bovine IgG binding only were obtained (each pixel of the image corresponds to an 

experimental SPRi acquired datum), “Data Analyzer” software can automatically select 

only ROIs displaying a certain specific vs. unspecific binding signal. This is obtained by 

imposing a limit value under which ROIs of the spot displaying a specific/unspecific 

ratio lower than this limit will be automatically discarded. In this way, the evaluation of 

a possible matrix effect is faced with an ex ante and standardized approach, and allows 

the use of the image analysis to better SPRi potentialities.  
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Once the pre-analysis step is concluded and the suitable ROIs selected with “Data 

Analyzer”, all SPRi measurements were carried out by working under these selected 

conditions.  

 

5.1.1.5 Calibration Curves in Buffer 

The operative conditions were optimized as follows: 

- Binding buffer: HEPES buffer (HEPES 10 mM, Tween20 0.1%, pH 7.4.) 

- Sample volume: 600 µL 

-Valve loop volume: 175 µL 

- Flow rate: 29 µL/min 

- Analysis time/injection: 10 min 

The above experimental conditions are the result of an optimization process aimed to 

obtain the best compromise among high reproducibility and sensitivity, together with a 

minimum analysis time and volume of injected sample for each measurement. 

 

 

Figure 5.12: Biochip design (left) with numbering, identity, and geometry of array on the PDMS mask. 

Spots number 4 and 14 are the reference spots (no probe). The middle image is the view of biochip 

surface caught by CCD camera of the instrument and, on the right, the difference image recorded after the 

binding with anti-bovine IgG (1 ppm) is displayed. 
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Figure 5.12 displays the biochip design performed on the PDMS mask (left). The 

middle photo is the view of the probe recorded by the CCD camera after immobilization 

procedure. In this image the two spots, which works as reference surface are well 

distinguishable from the others, even before that any binding occurs. 

In Figure 5.13 A, differential images and the corresponding sensorgrams of four target 

concentrations are reported. The sensorgram reports the SPR response of the target 

analyte averaged on the specific spots in comparison with the corresponding response 

on reference spots (no probe), showing that no unspecific adsorption occurs. The 

calibration curve relative to anti-bovine IgG detection in HEPES buffer is reported in 

Figure 5.13 B, where linear equation and the relative R
2
 coefficient obtained for the 

analyte within the concentration range 0.1-1.0 ppm are reported. The reproducibility, 

obtained as averaged Coefficient of Variation percentage (CVav%), was 5.9 resulting a 

very good value. The averaged experimental detection limit obtained on different 

experiments with standard analyte was around 0.1 ppm. This value is in line with the 

anti-bovine protein antibodies (i.e. anti-BSA IgG) amount reported for healthy blood 

donors in literature (Kohno et al., 2002).  

 

 

Figure 5.13: (A) Sensorgrams of four anti-bovine IgG concentrations and the relative real time 

differential images. In the sensorgram are reported the specific responses on bovine IgG receptors and in 

comparison with the response on reference spots (no probe). (B) Anti bovine IgG calibration curve 

obtained in binding buffer. 
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 5.1.2 Measurements in Complex Matrices  

Once optimized in standard conditions, the array was thus exposed to complex matrices 

such as human serum and milk, and results are reported and discussed in following 

paragraphs. 

 

  5.1.2.1 Detection of Anti Bovine IgG in Human Serum 

First a certified reference human serum not containing anti-bovine IgG was tested to 

evaluate the effect of the untreated matrix on the surface of the biosensor. The signal 

obtained for raw human serum was consistent and thus a dilution step was needed to 

minimize it. The dilution factor was optimized to get the best compromise between 

matrix dilution and matrix effect minimization. The optimal dilution factor found was 

1:40 in binding buffer, which was then used for subsequent steps of the calibration. 

Standard additions of target analyte were performed in the concentration range of 0.1-

1.0 ppm.  

 

 

Figure 5.14: (A) Anti bovine IgG calibration in 1/40-diluted human serum. (B) Difference images of one 

bovine IgG spot within the array is reported after the binding event with anti-bovine IgG at different 

concentrations. The image was obtained by SPRi-View L 3.1.0. provided with the instrument. Lower, by 

3D elaboration of the binding data obtained for the same target concentrations by using “Data Analyzer” 

for data sampling and management.  

 

The resulting calibration curve is reported in Figure 5.14 A. In the investigated 

concentration range the linear response was very high (R
2
=0.998) and an excellent 

reproducibility (CVav%=3) was obtained. The experimental detection limit (DL) 
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obtained was of 0.07 ppm in diluted serum. The biosensor therefore is able to detect 

altered levels of anti-bovine IgG in undiluted serum samples that present values higher 

than 2.8 ppm. 

In Figure 5.14 B the four experimental difference images of one bovine IgG spot of the 

array is reported after the binding event with anti-bovine IgG at different 

concentrations. These images were obtained by SPRi-View L 3.1.0., provided with the 

instrument. The 3D plot below is the resulting elaboration of the SPRi data (for the 

same concentration points of the calibration) obtained by using method developed for 

data sampling and management and deeply described in Chapter 4. It is evident that the 

3D visualization obtained with “Data Analyzer” elaboration allows to better evidence 

the binding signals and their distribution within each spot, clearly showing differently 

reacting areas within each spot. This allows thus to better quantify the level of binding, 

and also to distinguish areas mainly prone to unspecific bindings instead of specific 

ones. 

 

  5.1.2.2 Detection of Anti Bovine IgG in Human Milk 

In the case of human milk, the optimal dilution factor found was 1:100 in binding 

buffer. Anti-bovine IgG standard additions were carried out as for human serum 

calibration, in the concentration range of 0.1-1.0 ppm. Also in this case very good 

linearity (R
2
=0.997) and reproducibility (CVav%=5.6) were observed (Figure 5.15 A).  

DL was of 0.11 ppm in diluted human milk, corresponding to a DL of 11 ppm in 

undiluted milk. No recent data are available on the median content of anti-bovine IgG in 

human milk during lactation, but it was recently suggested the existence of subgroups at 

risk for T1D via a mucosal immunity pathway. In this sense, the detection of such type 

of allergens in breast-feeding is undoubtedly of interest in women with altered anti-

bovine IgG levels.  

The obtained detection limits for both matrices could be undoubtedly improved adding 

some other pre-treatment step on the matrix, but our aim was to prove that also without 

any purification step, SPRi technique gives reliable analytical results. Also in the case 

of human milk samples, data relative to calibration curve were sampled and analyzed by 

applying the method described in Chapter 4, and in Figure 5.15 B the 3D chart of the 
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SPRi obtained for four concentration points is reported. In this case one probe receptor 

is compared with a reference spot on which the only matrix effect can be observed.  

 

 

Figure 5.15: (A) Anti bovine IgG calibration in 1/100-diluted human milk. (B) Difference images of one 

bovine IgG spot of the array is reported after the binding with anti bovine IgG at different concentrations. 

The upper image was obtained by SPRi-View L 3.1.0. provided with the instrument. The lower 3D 

elaboration of the binding data obtained for the same target concentrations by using “Data Analyzer” for 

data sampling and management. In this case one probe receptor is compared with a reference spot on 

which the only matrix effect can be observed. 

 

  5.1.2.3 Comparison between matrices 

The direct comparison of the results obtained in serum and milk with those relative to 

anti-bovine IgG in buffer was then carried out. In this case the evaluation the SPRi 

signals obtained on receptor spots were corrected for the unspecific signals relative to 

matrix effect.  

In fact, the unspecific contribution due to the matrix is clearly revealed on reference 

spots and can be easily elaborated. The obtained results are show in Figure 5.16. 

We can observe that within the concentration range 0-0.5 ppm both matrices show a 

positive deviation from buffer. 
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Figure 5.16: Plot comparing the three calibration curves obtained in buffer, human serum, and human 

milk. The comparison was carried out by subtracting relative unspecific signals calculated on reference 

spot for each tested matrix.  

 

This deviation fades nearly 0.5 ppm and, in the case of milk the quantification in matrix 

is coincident with that in buffer solution. For higher concentration, human serum 

displays a larger linear range, whereas human milk shows a negative deviation from 

linearity.  

In conclusion, the biosensor developed for anti bovine IgG detection was selective and 

reproducible, with a linear range between 0.1 and 3.0 ppm, and able to operate directly 

in complex matrices such as serum and milk 1/40 and 1/100 diluted, respectively. These 

results open interesting perspectives about the applicability of this technology for 

diagnostic analyses in such a sense. 

 

5.2. Bovine Immunoglobulin G (IgG) Detection for Food Controls 

By using the reverse approach applied in the preview paragraph, i.e. by immobilizing 

anti-bovine IgGs, the detection of bovine IgGs in real samples was also performed. In 

particular, the biosensor was optimized for testing bovine IgGs in whole caw’s milk 

samples for food control applications. Useful applications of the developed biosensor 

can be envisaged for example in food quality controls, especially on typical vaccine 
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products as cheese, mozzarella and milks, with anti cheating aims (Hurley et al., 2004). 

Moreover, the same immunosensor could be a valid alternative to traditional detection 

assays for the control of bovine IgGs content in colostrums for veterinary nutrition 

(Crosson et al., 2010; Korhonen et al., 2000). Indyk and colleagues reported some 

indication in this sense, by using SPR biosensing for bovine IgGs determination in 

colostrums and milk (Indyk 2006 and 2003). 

 

 5.2.1 Biosensor Optimization 

 

 5.2.1.1. Choice of suitable immobilization chemistry 

Also in this case we tested the two different chemical immobilizations ("A" and "B", 

Paragraph 3.2.2) of the receptor as in the case of anti-bovine IgG detection, i.e. the 

direct link (via amino-coupling on MUA) and by exploiting the high affinity of 

streptavidin-biotin bond (via dextran). In this case, immobilizing biotinylated receptors 

rather than performing the immobilization via amino-coupling reaction, we obtained 

best results. A possible explanation of this behavior is that the biotin modification on 

the probe (anti bovine IgG) allows its site-directed binding on the sensor surface 

whereas, in case of amino-coupling reaction, proteins resulted randomly oriented onto 

the surface. The antigen/antibody reactions can be schematized as in Figure 5.17, where 

the two different combinations are reported. It is clear that the direct amino-coupling 

reaction via MUA occurs randomly all over the amine groups of the antigen surface, so 

that the resulting orientation of the probes will be random and a number of molecules 

will be unable to bind the specific target (Figure 5.17 (a)). On the contrary, by using 

biotinylated probes we obtain the oriented attaching of the probe by the Fc tail of the 

antibody (Figure 5.17 (b)). Furthermore, the effect is more evident since in the case of 

anti-bovine IgG tethered on the surface we can bind two antigens for each receptor 

molecule (probe:analyte=1:2), and this obviously leads to an increase of the mass, i.e. of 

the SPR signal.  
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Figure 5.17: (a) Representation of possible molecular organization when bovine IgG receptor is 

immobilized on sensor surface through amino-coupling (not oriented); (b) Representation of the possible 

molecular organization when dextran/streptavidin immobilization chemistry is adopted to immobilize 

biotinylated anti bovine IgG receptors. 

 

5.2.1.2. Calibration Curves in Buffer 

The experiment was conduced on the biochip array designed as represented in Figure 

5.18. In particular, two series of probe receptors were immobilized in triplicate or 

quadruplicate, one of these being anti-bovine IgG and the other a control reference i.e. 

anti-human IgG.  

 

 

Figure 5.18: Details related to the biochip design, in which two series of probes were immobilized, each 

group being immobilized both via direct amino-coupling and via streptavidin/biotin coupling. 
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Both receptor series were deposited performing the two chemistries previously 

described on the same biochip. Finally, two spots were dedicated to negative control 

surfaces, in which the immobilization solution was added to wells without the presence 

of the probe. 

Figure 5.19 reports the SPRi curves obtained for this experiment by detecting bovine 

IgG in buffer at different concentrations. As anticipated in the previous section, the best 

performance was obtained when the immobilization was performed with biotinylated 

receptor (biotin anti-bovine IgG), resulting in a high linearity (R
2
=0.998) and 

reproducibility (CV% average = 11.4%).  

 

 

Figure 5.19: Calibration curves for bovine IgG detection on specific (anti bovine IgG) and unspecific 

(anti human IgG) receptors, compared with signals on control surfaces. The two immobilization methods 

tested are compared, i.e. via MUA/amino-coupling and via streptavidin/biotinylated probe. 

 

Still referring to Figure 5.19, we can observe that when bovine IgG are injected the 

sensor shows no unspecific signals on anti-human receptors, i.e. anti-human IgG spots, 

assessing the specificity of the system. The figure shows also the behavior of reference 

spots, which are comparable to that of the unspecific receptors.  
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5.2.1.3 Detection of Bovine IgG in Cow's Milk 

For calibration in bovine milk, commercially available milk was used (UHT, whole 

milk, Mukki, Florence). To optimize the analytical conditions, preliminary tests were 

performed injecting milk as it was, to observe the sensor behavior. From literature data 

UHT milk does not contain valuable amount of bovine IgG due to the thermal treatment 

to which it is subjected (Li et al., 2006). Anyway, assessment tests were carried out to 

confirm the absence of bovine IgG in the milk samples, and it was done by treating the 

milk to thermal shocks to denature possible amounts of bovine IgG as reported by Li et 

al. (2006). After each thermal shock cycle, the milk was re-injected and the response 

evaluated. Since no difference among treatments were observed, we assumed that the 

residual unspecific binding observed on the biochip must be attributed to the sole 

protein content of the whole milk different to bovine IgG.  

Series of milk dilutions were then prepared and injected to evaluate the biosensor 

response to the matrix. Finally we found that the best compromise between a minimum 

dilution and the highest minimization of unspecific absorption was a 1/100-dilution 

factor in buffer. Calibration curves were prepared by adding standard bovine IgG at 

different concentrations and testing them on the biochip, as reported in Figure 5.20.  

 

 

Figure 5.20: Calibration curves standard bovine IgG spiked at different concentrations in 1/100–diluted 

milk samples. 
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The response obtained showed very good linearity (R
2
=0.9998) and reproducibility 

(CVav%= 6.6%). The DL was 0.21 ppm in diluted samples, corresponding thus to 21 

ppm in undiluted samples.  

 

 

Figure 5.21: Comparison between linear ranges obtained in buffer and in whole milk calibration curves. 

 

In Figure 5.21 the comparison between linear ranges obtained in buffer and in whole 

milk is reported. Except for the shift on Y-axis due to unspecific binding of milk on the 

biosensor, we can observe that slopes are practically identical. This is of particular 

importance in terms of the matrix effect evaluation during measurements. 

In conclusion, considering that data found in the literature (Indyk et al., 2003) indicate 

the average content of bovine IgG in bovine milk within the range 200-2000 ppm, our 

detection limit would be more than sufficient for applications to real samples such as 

food and dietary products. 
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Chapter 6: SPRi-BASED DNA BIOSENSORS FOR GENE DOPING 

DETECTION 
 

6.1 Introduction on Gene Doping  

Among the most recent analytical challenges in sport doping practice, the use of human 

growth hormone (hGH) and human erythropoietin (hEPO) are emerged, which both 

belong to the new generation of recombinant performance-enhancing substances. They 

are exogenously obtained by biosynthesis and can be directly introduced into athletes 

using different delivery methods (Sweeney, 2004). Initially, these substances appeared 

almost undetectable because they are practically indistinguishable from their 

endogenous counterparts. Therefore, several efforts have been focused on developing 

methods for their reliable detection (Powrie et al., 2007; Segura et al., 2007). The quest 

for even more effective and less detectable doping practices reached a new frontier with 

so-called gene doping, which is based on a misuse of gene therapy methods. In this 

case, the doping substances are directly produced in situ by the athlete’s own cells after 

exogenous genes with performance-enhancing effects have been introduced and 

expressed into the body. The World Anti-Doping Agency (WADA) included, for the 

first time, potential gene doping methods in their ‘Prohibited List of Substances and 

Methods’ in 2003 and at present sport and anti-doping authorities fear the existence of 

this novel type of doping in worldwide sports competitions. In 2010, the latest update of 

this list claims: “The following, with the potential to enhance athletic performance, are 

prohibited: 

1. The transfer of cells or genetic elements (e.g. DNA or RNA) 

2. The use of pharmacological or biological agents that alter gene expression”.  

Gene doping is not only morally wrong, it can also cause significant health risks, as 

demonstrated by failures of clinical gene therapy trials (Scollay, 2001). In addition to 

recombinant EPO (rEPO) (Zhou et al., 1998) and recombinant hGH (rhGH) (Simpson et 

al., 2006), a variety of transgenic DNAs, mostly coding for growth and differentiation 

factors, have been shown to positively influence physical performance in animal 

studies. In particular, the prime gene doping targets are genes for insulin-like growth 

factor (IGF-1) (Barton et al., 2006; DeFrancesco, 2004; Schertzer, et al. 2006; Barton-

Davis et al., 1998; Sweeney, 2004), vascular endothelial growth factor (VEGF) 

(Baumgartner et al., 1998) and peroxisome proliferator-activated receptor- delta 
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(PPARd) (Wang et al., 2004). Alternatively, increase of muscle mass can be achieved 

by silencing of certain genes, for example the myostatin gene, which is a negative mass 

regulator (Matsakas et al., 2005). All gene doping approaches are aimed at increasing 

muscle oxygenation, muscle mass and power and delaying exhaustion. This can be 

achieved by different molecular mechanisms. EPO is a glycoprotein hormone that is 

synthesized by the kidney in response to low blood oxygenation and that stimulates red 

blood cell production. 

When abused in athletes, it increases oxygen delivery to the muscles, leading to a 

subsequent optimization of muscular activity. Both hGH and its mediator IGF-1 

stimulate local muscle mass growth and consequently increase muscle power. However, 

their effect is limited to the proximity of the muscle injection site (Sweeney, 2004). 

VEGF is an important signaling protein involved in both vasculogenesis and 

angiogenesis; its abuse has been shown to increase blood vessels and thus tissue 

oxygenation. PPARd is a hormone that induces the conversion of type II skeletal muscle 

into type I, that is, slow-twitch skeletal muscle. This effect has obvious implications for 

long-distance swimmers, runners and others for whom endurance is pivotal. In addition, 

PPARd also positively regulates physical endurance and resistance to obesity (Wang et 

al., 2004). Currently, no approved test by WADA is available for detecting gene doping, 

mainly because gene doping detection is a complex problem and requires 

interdisciplinary scientific approaches. Only really recently some paper appeared 

dealing with possible successful methods on this issue (Beiter et al., 2010; Baoutina et 

al., 2010). In all anti doping controls analytical procedures need to unambiguous, and 

this is especially true in the case of a gene doping event. Suitable strategies would be a 

direct detection of the transgenes, the transgenic proteins and/or vectors that were used 

to insert the transgene into the host’s body (direct methods) (Azzazy et al., 2007; 

Baoutina et al., 2008) Alternatively, indirect methods of gene doping detection would 

detect measurable changes that were induced by the gene-doping event. For example, it 

has been shown that after transgene insertion and/or the expression of the respective 

recombinant protein, specific immune response (Gao et al., 2004; Palmer et al., 2004) 

can be induced. 

Moreover, changes in the transcript, protein and metabolite patterns after transgenosis 

can lead to definite signatures in surrogate markers that could be detected through 
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various analytical approaches (Azzazy et al., 2007; Baoutina et al., 2008). However, the 

legal implications for the athletes found positive to any doping suggest that, wherever 

possible, a direct method that unambiguously identifies the doping agent or practice will 

always be preferable to an indirect method that measures changes in cells, tissue or the 

whole body as a result of doping (Baoutina et al., 2008). 

 

6.2 ABBs as Possible Tools for Gene Doping Detection 

Among the numerous advanced techniques applied in the field of anti doping controls, 

the presence of biosensors is still poor (Goyal et al., 2010; Goyal et al., 2009; Gutiérrez-

Gallego et al., 2009). 

In this research group the possibility to investigate gene doping events in mammal cells 

was already successfully investigated by affinity-based biosensors on piezoelectric 

devices (Scarano et al., 2009) and the suitability of ABBs for gene doping detection was 

recently and extensively reviewed (Minunni et al., 2008).  

The possible contribution of ABBs can be envisaged both in the direct detection of 

selected target analytes in suitable body fluids, as well as in an indirect approach, such 

as the monitoring of the presence of secondary side marker effects, for example a 

transgenosis-induced immune response, in the athletes (Azzazy et al., 2007; Baoutina et 

al., 2008; Gao et al., 2004; Palmer et al., 2004). The successful application of ABBs for 

the detection of molecules and effects relevant for gene therapy has been clearly 

demonstrated in the current literature (Guidi et al., 2001; Li et al., 2007; Mani et al., 

1997; McCauley et al., 2003). In particular, ABBs have been applied to the detection of 

target analytes, such as VEGF (Li et al., 2007) and IGF-1 (Guidi et al., 2001), and to 

analyzing effects induced by transgenosis, for example humoral immune response to 

Adeno-Associated Virus (AVV) (Palmer et al., 2004). Because gene therapy and gene 

doping are closely related, the application of ABBs appears promising for the detection 

of this illegal form of doping. 

  

6.3 The Experimental Approach: Detection of Transgenosis DNA Markers 

Concerning the possibility to directly detect the gene doping event, the presence of a 

transgene in the final host can be tracked by targeting suitable backbone DNA 

sequences of the shuttle vector used to carry out the transgenosis. In this sense, as proof 
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of principle, our idea was to follow a selected transgenic DNA shuttle after its delivery 

both in standard samples and possibly in human cell lines. The idea was based on the 

fact that promoters and other suitable markers or barcode sequences could be used as 

fingerprint traces of an underlying gene doping event. In fact barcodes, i.e. short nucleic 

acid marker sequences, are still often inserted by companies as labels into viral vectors 

to facilitate its tracking (Azzazy et al., 2007; Baoutina et al., 2008). For each of these 

known barcode target sequences, specific DNA-based sensors could be developed and 

their specificity will rely basically on the choice of probe. Probes specific for a variety 

of barcodes can be immobilized on sensor surfaces for the detection of their 

complementary target code sequences. 

To detect the viral backbone, probes that map to sequences that are characteristic for 

most gene therapy vectors could be designed and utilized in ABBs. The successful 

application of this approach for the detection of transgenic events has been 

demonstrated in the tracking of genetically modified organisms (GMOs) via different 

transduction methods, such as electrochemical (Lucarelli et al., 2005), Surface Plasmon 

Resonance (SPR)-based (Minunni et al., 2001) and piezoelectric (Mannelli et al., 2003). 

Transgenic DNA was detected either from Polymerase Chain Reaction (PCR)-amplified 

samples that corresponded to promoter and terminator regions of the transgene 

(Lucarelli et al., 2005; Mannelli et al., 2003; Minunni et al., 2001), or directly from 

genomic DNA (Minunni et al., 2005). Although GMOs target sequences as well as the 

respective organisms and vectors are very different from those implicated in gene 

doping, the analytical instrumentation and detection strategies are comparable.  

With this aim in mind, a SPR-imaging multi-probe biosensor was developed for the 

detection of transgenic DNA sequences belonging to a model shuttle vector potentially 

useful for gene doping purposes. 

Through the immobilization of different probes on the same surface, a large number of 

sequences, for example an array of regulatory sequences, that might have been 

incorporated in the gene doping shuttle vector can be monitored, making this 

technology a highly promising means for gene doping control. 

To identify putative marker sequences of transgenosis suitable for the analysis, the 

vectors most used in transgenosis for gene therapy protocols have been compared in the 

Riken data bank (http://www.brc.riken.jp). In particular, two regions present in the 
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plasmid pEGFP-C1 were selected as transgenosis markers: the EGFP reporter gene, a 

mutant of green fluorescent protein, and the Cytomegalovirus promoter sequence. EGFP 

gene detection was addressed for its wide use as marker of transgenosis event, both in in 

vitro and in vivo preclinical trials, and thus represents a well-known reporter system. On 

the other hand, studies on mice have demonstrated the importance of the CMV 

promoter in high level and constitutive gene expression, i.e., in skeletal muscle. The 

plasmid’s map is reported in Figure 3.11. 

DNA probes used in this work are synthetic sequences of 18-20 oligonucleotide lengths, 

modified at 5’ end with a thiolated spacer of six carbon atoms and complementary to a 

region of the single stranded DNA (i.e. EGFP gene and/or CMV promoter sequences 

belonging to plasmid EGFP-C1) selected as target. Probes for EGFP and CMV 

promoters were designed starting from the selected marker sequences, following 

different criteria: selecting a region rich in GC (>50%) and minimizing possible 

secondary structures, i.e. hairpins etc., to ensure higher binding to the complementary 

sequence in solution. 

 

6.4 Biosensor Optimization 

The main phases involved in the biosensor optimization were the choice of suitable 

immobilization chemistry, the biosensor calibration with synthetic oligonucleotides 

(both unmodified and biotin-modified, see Paragraph 3.3.2), and the design of a strategy 

to obtain the enhancement of SPRi signals. Both sets of probes (Set I and Set II, see 

Figure 3.11) were tested during these steps. Once determined experimental conditions, 

we chose to carry out the rest of experiments by working with probes belonging only to 

the Set II. The reasons will be discussed later in this chapter. 

Once analytical characteristics of the biosensor were tested on synthetic targets in 

standard conditions, PCR amplified samples containing the target sequences and 

obtained from pEGFP-C1 as template, were analyzed. In the case of PCR samples, 

sample pre-treatment such as the denaturation of double stranded amplicons containing 

target sequences was necessary, and thus different denaturation methods were 

attempted. 

Finally, DNA extraction from human cell lines (HEK) in vitro transformed with 

pEGFP-C1 was carried out. This latter is the genomic matrix as similar as possible to a 
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putative real sample for gene doping controls. The genomic content was subjected to 

PCR amplification and also in this case it was then necessary to proceed with the 

denaturation step.  

Moreover, a strategy to amplify the SPRi signal from amplified samples after probe 

hybridization was evaluated. This procedure involves the application of a biotinylated 

secondary target and then streptavidin for improving signals, also when otherwise 

undetectable on the biosensor.  

 

 6.4.1 Evaluations on the Geometry of the Array 

Biochips created for SPRi measurements were designed by immobilizing the three 

thiolated DNA probe sequences, i.e. EGFP1, EGFP2, and CMV (Set I), all together on a 

single biochip, with the aim to carry out multi-analyte measurements. The 

immobilization was carried out by using thiolated probes and PDMS micro-welled 

masks, as previously described in Chapter 3. 

The scheme adopted for probe deposition is basically the same displayed for 

immunosensors, consisting in 16 micro-wells as showed in Figure 6.1. The distribution 

of the micro-wells is the result of observations on the flow behavior into the instrument 

cell and aims to prevent that spots shield one with each other, creating artifacts in the 

observed signal. 

 

 

Figure 6.1: Gold prism after probe array deposition, with the PDMS micro-welled mask after its removal. 

 

Moreover, the three probes (deposited at least in triplicate) on the chip surface are 

deliberately organized to assure that each probe does not suffer from any particular 

position respect to the others possible positions on the surface.  
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This particular choice was the result of information obtained by preliminary 

experiments performed by immobilizing one probe at a time and observing SPRi 

responses of each spot as a function of its relative position on the array, i.e. by studying 

the inter-spot variability on the biochip. In particular, EGFP2 probe was immobilized on 

14 different spots, and two more spots were left and negative reference (Figure 6.2 A, 

flow cell view). The plasmonic curves were then recorded (Figure 6.2 B), confirming 

that the immobilization procedure occurred successfully for all spots. Then a calibration 

curve with synthetic targets was performed and differential images (Figure 6.2 C) and 

sensorgrams (Figure 6.2 D) were acquired.  

The investigated concentration range was 12.5-1000 nM (Figure 6.3) and an apparent 

and intrinsic variability between spots was observed (Figure 6.4).  

 

 

Figure 6.2: (A) Flow cell view of the probe array deposited on biochip; (B) Acquisition of plasmon 

curves; (C) Difference image obtained by injecting a mixture of the target DNA sequences; (D) 

Sensorgrams plot. 

 

At this point, by re-organizing the results of the spots on the base of their relative 

proximity to the inlet hole of the flow cell, a clear trend of the analytical signal vs. spot 

position is observed. In particular, there is a by no mean negligible negative gradient of 

the SPR signal going from the sample inlet toward the outlet hole of the cell (Figure 6.5 

A). 
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Figure 6.3: EGFP2 targets measurements to test the variability of the signals on the biochip surface. 

 

 

Figure 6.4: SPRi results were ranked following spot number (arbitrary) and a variability degree between 

spots was observed. 

 

Now, if we look for the correspondence between signals and position of each spot on 

the biochip, it is clear that spots placed distal from the inlet of the cell are penalized 

respect to the closer ones (Figure 6.5 B). This behavior is also observable when we 

compare the calibration curve obtained by averaging SPRi signals on all spots or only 

on the most performing ones (Figure 6.6).  
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Figure 6.5: The same results by ranking the data on the base of their relative position on biochip. 

 

Since it is difficult to eliminate the primary cause of this effect, we aimed to minimize it 

through a careful design of the array. In particular, each probe type is representatively 

deposited in various positions, so that SPRi values recorded will be averaged taking into 

account the “position effect” without giving undesired positive or negative errors. 

 

 

Figure 6.6: Comparison obtained by averaging SPRi signals on all spots (blue line) or only on the most 

performing ones (red line). 
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6.4.2 Optimization of Immobilization Conditions 

Preliminary tests were conduced to choose a suitable immobilization buffer and SPRi 

measurements were carried out by using the Set I of DNA probes. The immobilization 

buffers used were: 

1) KH2PO4 1 M in milliQ water, pH=3.8 

2) NaCl 0.15 M, Na2HPO4 0.02 M, EDTA 0.1 mM, in milliQ water. pH=7.4 

The biochip was designed as reported in Figure 6.7. Each probe was immobilized in 

replicates both by using buffer (1) and (2).  As observable form the difference image 

obtained by injecting a 500 nM standard solution containing the probes, best signals 

were displayed on spots carrying the probes in phosphate buffer (1) at pH 3.8.  

 

 

Figure 6.7: Representation of the biochip design, in which the three probes were immobilized in different 

solutions. On the right, a difference image of the biochip after binding with targets is displayed. 

 

This result is also evident for SPR signals plotted by comparing the behavior of each 

probe in the two different buffers. In Figure 6.8 data relative to targets injections in the 

concentration range 4-500 nM are reported. On the right side of each plot a difference 

image of the tested probe is reported (500 nM).  

The observed improvement for all DNA probes can be reasonably explained taking into 

account the role of the ions present in the immobilization buffer, i.e. quantity and type. 

In this sense, Herne et al. (Herne et al., 1997) showed that hybridization signals are 

greatly influenced by ionic strength of immobilization solutions. Anyway, it is difficult 

to establish the cause of this effect only from analytical data, but only can postulate that 
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the ions concentration drives the hybridization process influencing the electrostatic 

interactions between bases. Nucleotides are negatively charged and in a high ionic 

strength solution strands are more shielded and interactions are reduced. This brings to 

promote thiols-gold interaction.  

 

 

Figure 6.8_1: SPRi data relative to EGFP1 target in the range 4-500 nM. On the right, difference image of 

the tested probe is reported for target concentration 500 nM. 

 

 

Figure 6.8_2: SPRi data relative to EGFP2 target in the range 4-500 nM. On the right, difference image of 

the tested probe is reported for target concentration 500 nM. 
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Figure 6.8_3: SPRi data relative to CMV target in the range 4-500 nM. On the right, difference image of 

the tested probe is reported for target concentration 500 nM. 

 

6.4.3 Specificity of DNA Probes 

Dealing with the possibility to design SPRi biochips carrying several DNA probe 

sequences working simultaneously onto the same sensitive surface, one of the first and 

most important steps in the development of the biosensor is the assessment of the 

specificity of each probe/target couple. 

To verify that the three DNA probes (EGFP1, EGFP2 and CMV, Set I) are able to work 

simultaneously in a specific manner, the corresponding targets were injected separately, 

and both sensorgrams and differential images were acquired. In this way, a regeneration 

step is necessary between target injections (Figure 6.9). 

Once the absence of undesired cross bindings between probes was assessed, the SPRi 

system allows to operate with serial injections (Figure 6.10) and also testing mixtures 

containing all the targets together (Figure 6.11), minimizing the number of regeneration 

steps, and the analysis time. 
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Figure 6.9: EGFP1, EGFP2, and CMV targets are by serial injections, performing a regeneration step 

between injections. Each probe resulted specific only for the corresponding target. 

 

 

Figure 6.10: Serial injections of synthetic targets on the biochip array. In this case the SPRi system allows 

performing sequential measure cycles by avoiding the regeneration step between different targets, as in 

the case of traditional SPR technique. 
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Figure 6.11: When the specificity of each receptor species in the array is assessed, SPRi measurements 

can be conduced by injecting target solutions containing all complementary sequences together. 

 

 6.4.4 Calibration with Unmodified Targets 

Once main issues linked with the biochip fabrication and the immobilization procedure 

were investigated and best conditions assured, the two sets of probes were tested in 

standard conditions. On the base of results showed in Paragraph 6.4.2 probes were 

immobilized by using phosphate buffer at pH=3.8 (KH2PO4 1 M in milliQ water, 

pH=3.8).  

 

6.4.4.1 Calibration with Probes of the Set I 

Signals obtained from hybridization of different targets concentrations on the Set I of 

probes were recorded, and calibration curve was constructed within the concentration 

range of 15-1000 nM in binding buffer. 

 

 

Figure 6.12: Representative scheme of the two sets of DNA probes on which SPRi biosensor was 

calibrated. Probes of the Set II are the reverse complementary sequences of the Set I probes. 
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Targets Concentrations (nM) 15,6 31,25 62,5 125 250 500 1000 

CMV 0,01 0,02 0,03 0,05 0,06 0,07 0,09 

EGFP1 0,01 0,02 0,04 0,05 0,06 0,06 0,06 

EGFP2 

Standard 

Deviations (SD) 
0,01 0,02 0,03 0,03 0,02 0,04 0,05 

CMV 532 13 12 12 11 10 11 

EGFP1 755 30 28 27 25 21 20 

EGFP2 

Coefficients 

of 

Variation (CV%) 377 13 10 7 3 5 6 

Figure 6.13: Calibration curves obtained with synthetic unmodified targets within the concentration range 

of 15-1000 nM. Below, analytical parameters i.e. standard deviations and coefficients of variability % are 

reported. 

 

Figure 6.13 shows calibration curves obtained and relative analytical parameters, such 

as standard deviation, and percentage coefficients of variation (CV%) at the different 

concentration tested and for each probe type. The observed standard deviations 

averaged on all concentrations were good (0.05 for EGFP2 and CMV, 0.03 for EGFP1, 

respectively). Also for CV%, EGFP2 and CMV displayed best values. Concerning the 

limits of detection observed we estimated that reliable quantification of targets is 

possible down to 20 nM for all probes. The minimum reliable signal for all species was 

considered 0.02 !R%. The behavior of the probes can successfully described by 

logarithmic equations instead of a straight line, by scoring R
2
 values of 0.997 for 

EGFP2 and CMV and 0.960 for EGFP1. The linear range can be thus correctly 
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identified within the concentration range of 0-60 nM for all targets.  

Among all data obtained, it is evident that the EGFP1 probe shows the worst behavior, 

and this is evident for all analytical parameters evaluated. This effect can be addressed 

to several factors linked to probes characteristics. First, EGFP1 probe is shorter than the 

others (18 mers vs. 20 mers), and since each base gives a certain contribution to strength 

of bonds between receptor and analyte, the lower is the number of bases, the weaker is 

the binding capacity. This concept could be valid only because probes have comparable 

length. 

 

 

Figure 6.14: Possible folding of EGFP1 sequence evaluated with MFOLD (Zuker) software. 

 

Moreover, having a high GC percentage in the probe sequence, it is possible that the 

nucleotide chain of EGFP1 probe can create self-complementary and stable loops. 

Guanine and cytosine residues in the sequence can in fact determine a high stability of 

base-base interactions thanks to their three-hydrogen bond, against other bases able to 

create only weaker two-hydrogen bonds. So, in the choice of DNA probe sequences, 

these aspects must be taken into account because, on a hand, a high GC percentage on 

the nucleotide sequence assures a high binding capacity with complementary target but, 

on the other hand, possible secondary structures on the sequences will be stronger and 

could affect the recognition between probe and target. In fact, the sequence folding 
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could cause reduction in availability of bases for affinity reaction and this could affect 

the quality of target detection.  

In the case of EGFP1 probe possible folding of the sequence were preliminarily 

evaluated using the free software MFOLD (Zuker) and two probably structures were 

found (Figure 6.14). Viable folding was evaluated also for the other two probes, but 

only one possible folding was found for both probes at positive internal energy were 

found. On the possible folding relative to EGFP1 probe (Set I), we can observe that two 

favorite loops can interest the 5’ side of the sequence, i.e. the end of the sequence 

binding the gold layer on the chip. As consequence we can suppose that during 

immobilization procedure the presence of this close secondary structure, if predominant 

on the open one, can affect the optimal distribution of the probe on the gold layer, 

especially since the thiol-based chemistry here adopted has a strong two-dimensional 

trait. 

 

6.4.4.2 Calibration with Probes of the Set II 

Taking advantage of information get from the previous calibration curves, the second 

set of probes, Set II, which is composed by the reverse complementary probe sequences 

belonging to the Set I (Figure 6.12), was calibrated within the concentration range of 1-

125 nM. Figure 6.15 reports the obtained results up to 60 nM to better describe the 

behavior of the biosensor at low concentrations.  

The first and marked consideration is the fact that EGFP1 probe gives again the worst 

result, if compared to the other two probes, i.e. EGFP2 and CMV.  

In the investigated concentration range standard deviations show to be higher that those 

calculated for the first set of probes at higher concentrations, and also CV% are higher 

(Figure 6.15). However, in this case we recorded valuable signals down to 1 nM and 

SPR signals were very high also for low concentrations. To understand this the 

increment obtained in SPRi signals, we supposed that two possible aspects could be 

relevant: 1) the choice of the 5’ end of the sequence to be tethered on the surface can 

influence the quality both of the immobilization process and the subsequent hybridation 

with target; 2) possible secondary structures in proximity of the gold surface also 

contribute to the probe performance. In fact, if we calculate possible folding of the 

EGFP1 sequence of Set II with MFOLD (Zuker), we now found that the favorite 
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structure carries the loop farther from the 5’ end (see Figure 6.16). This probably 

positively acts on the probe immobilization and/or the subsequent hybridization with 

the target. 

On the other hand, the behavior of biosensor showed a smaller dynamic range reaching 

the saturation around 250 nM. 

 

 

Targets Concentrations (nM) 1,9 3,9 7,81 15,6 31,25 62,5 

CMV 0,02 0,03 0,05 0,07 0,09 0,06 

EGFP1 0,02 0,03 0,02 0,03 0,03 0,05 

EGFP2 

Standard 

Deviations (SD) 
0,05 0,04 0,08 0,07 0,06 0,06 

CMV 35 13 12 10 12 7 

EGFP1 26 9 14 10 9 8 

EGFP2 

Coefficients 

of 

Variation (CV%) 
- 238 139 37 17 17 

Figure 6.15: Calibration curves obtained with thiol-DNA probes belonging to Set II. Below, analytical 

parameters such as standard deviations and coefficients of variability % are reported. 
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Figure 6.16: Folding of the EGFP1 sequence belonging to Set II estimated with MFOLD (Zuker) 

software. 

 

6.4.4.3 Comparison between Set I and Set II 

In conclusion, if we compare the two complementary sets of probes we see that SPR 

signals were dramatically high by working with Set II. In particular, at low 

concentrations, we can observe how the Set II is characterized by a higher sensitivity 

(Figure 6.17).  

 

 

Figure 6.17: Comparison between Set I and Set II of probes at low target concentrations (0-60 nM). 

 

 



SPRi-Based DNA Biosensors for Gene Doping Detection 

_____________________________________________________________________ 

__________________________________________________________________ 

Chapter 6 

133 

At the same concentration, Set I gave reliable signals only down to about 15 nM, and 

for lower concentrations no SPRi signal was recorded. On the contrary, all the three 

probes belonging to the second set not only gave signals about 3-folds higher (3.5 for 

CMV, 2.2 for EGFP1 and 2.8 for EGFP2), but also allowed to reduce the value of the 

detection limit down to around 2 nM for for EGFP2 and CMV (!R%=0.06 and 0.19 for 

2 nM, respectively) and 8 nM for EGFP1 (!R%=0.02 for 8 nM). 

Considering that the perspective is to evaluate DNA sample at very low concentrations, 

further experiment were then conducted only on the probes belonging to the Set II. 

 

6.4.5 Calibration with Biotinylated Targets 

In order to evaluate the possibility of enhancing the SPRi signal generated by target 

hybridized with probes, biotinylated targets were also used. They were conceived to 

work with probes of the Set II and simply differ form the previous ones for carrying a 

biotin residue at the 5’ end. This was done to obtain a probe/target on the sensor surface 

leaving a biotin residue free to be further bound by streptavidin with would represent 

the mass enhancer for the system. Streptavidin has a high affinity for biotin (KA = 10
15

) 

ensuring then stable and selective binding to biotinylated targets, bound to the specific 

probe on the surface.  

First the calibration with biotinylated targets was carried, giving the result displayed in 

Figure 6.18. It could be noted that the presence of biotin causes by itself a small signal 

enhancement, if compared to the results obtained with non-biotinylated target oligos, as 

showed in Figures 6.19 A, B, and C below. 
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Targets Concentrations (nM) 1,9 3,9 15,6 62,5 

CMV 0,19 0,08 0,13 0,22 

EGFP1 0,05 0,02 0,14 0,07 

EGFP2 

Standard 

Deviations (SD) 
0,09 0,05 0,12 0,14 

CMV - 19 12 15 

EGFP1 - 13 73 15 

EGFP2 

Coefficients 

Of 

Variation (CV%) - 9 17 14 

Figure 6.18: Calibration curves obtained with biotinylated probes. 

 

 

Figure 6.19 (A): Comparison between calibration curves obtained with unmodified and biotinylated CMV 

target. 
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Figure 6.19 (B): Comparison between calibration curves obtained with unmodified and biotinylated 

EGFP1 target. 

 

 

Figure 6.19 (C): Comparison between calibration curves obtained with unmodified and biotinylated 

EGFP2 target. 

 

6.4.6 Signal Amplification with Streptavidin 

After injecting biotinylated targets, to enhance the response, streptavidin was used to 

bind the biotin free residues on the targets and, consequently, achieving signal 

amplification due the mass increasing. Streptavidin is a tetrameric protein purified from 

the bacterium Streptomyces avidinii. First, the possible unspecific adsorption effect of 

streptavidin itself was evaluated by looking at the response on the biochip before the 
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hybridization step with biotinylated probes, and no unspecific binding was observed 

both on receptors and reference spots. Then, to evaluate the signal enhancement, 

streptavidin was injected after the hybrid formation in an equimolar concentration as the 

injected target. The amplification was successfully achieved and an example of the 

result is reported in Figure 6.20, in which the differential images and sensorgrams are 

shown. The differential images clearly show the strong and specific enhancement of the 

SPRi signal due to streptavidin binding.  

 

 

Figure 6.20: Strategy for signal enhancement carried out on biotinylated targets. After the hybridization 

step with biotinylated probes, streptavidin was injected and a selective and intense amplification of signal 

is obtained. 

 

The possibility to enhance the SPRi signal was mainly investigated in proximity of the 

limit of detection, and results obtained after injection of biotinylated targets at 5 nM is 

reported in Figure 6.21. In fact most of our interest was focused to develop a suitable 

method for signal enhancement to be used in case of highly diluted DNA samples. 
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Figure 6.21: SPRi signals obtained 5 nM biotinylated targets samples, and then enhanced with 

streptavidin. As control, streptavidin alone is first injected on probe array to assess the absence of 

undesired unspecific binding. 

 

Moreover, since streptavidin is a tetramer and each subunit can bind a biotin molecule 

with equal affinity, a second injection of biotinylated targets was carried out on the 

probe/biotinylated target/streptavidin to attempt a further signal increase.  

As expected, SPRi signals slightly increased, as reported in Figure 6.21. To 

quantitatively understand this increment we must consider that, in theory, each 

streptavidin unit already bound can still bind three molecules of biotinylated probe. 

Assuming that, for simplicity, due to hindrance factors each streptavidin molecule can 

bind only one more biotinylated molecule, the gain in signal can be approximated to the 

same gain obtained by comparing the calibration curves showed in Figures 6.19 (A, B, 

and C). Since the target concentration injected was 5 nM, we can observe that only for 

EGFP1 probe a positive !R%=0.1 is observable at that concentration. For CMV and 

EGFP2 near no difference between curves is observable at a concentration of 5 nM. 

This is in accord with results in Figure 6.21 in which, for the same concentration, only 

the averaged signal referred to EGFP1 increases of about !R%=0.1.  

 

6.5 SPRi Measurements on PCR Samples  

The final aim of this work was the detection of target sequences in amplified DNA 

samples by PCR. Thus, after sensor optimization with target synthetic oligonucleotides 
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(EGFP1, EGFP2 and CMV sequences), the system was tested on PCR products. In 

particular, amplicons were obtained from genomic extracts of HEK cell previously 

transformed with pEGFP-C1 (see materials and methods section). Three different 

amplicons containing EGFP1, EGFP2 and CMV target sequences were obtained by 

performing each amplification procedure in presence of the corresponding primer 

couple. Amplicons were obtained both by using unmodified and biotinylated primer 

sequences reported in Figure 3.10.  

Amplicons were all quantified as described in Paragraph 3.3.1, and measurements were 

conducted on negative PCR samples (PCR tubes in which no plasmid template was 

added) to assess eventual unspecific binding due to the reaction mix used during the 

amplification protocol.  

The amplicons were then treated for the further hybridization with the corresponding 

probes. PCR products are double stranded DNA (dsDNA) segments and their structure 

is unable to directly interact with single stranded DNA (ssDNA) probes. For this reason, 

it is necessary to apply a treatment for separating the complementary strands. In 

literature, different protocols are available for denaturing double stranded PCR samples, 

especially focused on DNA sensor development, ranging from simple thermal treatment 

(about 95 °C), dissociation with formamide (Giakoumaki et al., 2003), enzymatic 

digestion of one strand with exonucleases (Goodrich et al., 2004; Mannelli et al., 2006; 

Mannelli et al., 2003), separation by using magnetic beads (Mariotti et al., 2002), and 

use of synthetic oligonucleotides associated with thermal treatment to block the 

renaturation between strands (Minunni et al., 2005; Wang et al., 2004). In all cases the 

denaturation consists in breaking hydrogenous bonds between complementary bases of 

the paired strands.  

Alternatively, also asymmetric PCR (Giakoumaki et al., 2003; Kai et al., 1999) was 

attempted with the aim to directly produce prevalently a single strand during the 

amplification process. 

In this work, different pre-treatments to obtain single stranded PCR samples were 

evaluated both on unmodified and modified (biotinylated at one 5’ end) amplicons. 

 

6.5.1 Thermal Denaturation on Unmodified Amplicons 

Thermal denaturation at 95 °C for 10 min, quickly followed by a 2 min-treatment at 0 
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°C in an ice/water bath and then injection was attempted to denature PCR unmodified 

amplicons before injecting. At 95 °C denaturation of dsDNA occurs, since heat breaks 

hydrogen bonds and the two DNA chains are free in solution. After 10 minutes all DNA 

is denatured and this situation is stabilized by bringing quickly the temperature to 0° C. 

This step was thought to avoid renaturation in a short range of time. After this 

treatment, sample is immediately injected in the fluidic system. Despite the simple 

thermal treatment demonstrated to be very suitable for DNA-based sensing in batch 

mode (Minunni et al., 2005), in our case these easily reversible conditions did not 

allowed to record any significant SPRi signals. 

It is reasonable to suppose that renaturation of ssDNA occurs during the pathway from 

the injection loop and the flow cell of the instrument, mainly because the fluidics of the 

instrument has not the temperature control. 

The same negative result was obtained treating the PCR product with 1 µM of each 

primer during the thermal treatment and then proceeding with an annealing step. This 

second step has the scope to hybridize primer sequences to the proper ssDNA strands 

and to maintain them separated in solution.  

 

 6.5.2 Signal Enhancement Approach on Unmodified PCR Samples 

To dispel any doubt about the possibility to record SPRi signals after a simple thermal 

treatment of the PCR amplicon, we applied the optimized approach for signal 

enhancement previously showed in Paragraph 6.4.6. To accomplish this aim, we needed 

to hybridize a secondary synthetic target carrying a biotin residue on the ssDNA stand 

already bound on the receptor probe. A schematic representation of the strategy is 

reported in Figure 6.22. In figure the thiolated probe is immobilized on gold prism, and 

a ssDNA amplicon is bound to it. The secondary target was designed to bind the single 

strand at its 5’ free end and carries itself a biotin residue at 3’ end. If some single strand 

hybridized the receptor but the relative SPRi signal results below the detection limit, the 

further injection of the secondary target followed by streptavidin could reveal the 

presence of single strand. 

This approach was applied on amplicons obtained with egfp2 primers pair, and thus 

containing the EGFP2 target sequence. Also in this case, no SPRi signal was recorded, 

confirming the hypothesis that a renaturation process occurs to the sample before 
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reaching the flow cell. 

 

 

Figure 6.22: Schematic representation of the strategy for signal amplification on PCR amplicons after 

thermal denaturation and subsequent binding on biochip. 

 

 6.5.3 Thermal Denaturation on Biotinylated Amplicons 

Thermal denaturation, as already described for unmodified amplicons, was also tested 

on biotinylated amplicons. In particular, in this case the strategy was based on a first 

step in which the biotinylated single strand binds the probe receptor, followed by the 

streptavidin addition to amplify the SPR signal. The schematic view of this approach is 

reported in Figure 6.23. In this case thus the biotin/streptavidin binding should occur 

directly on the amplicon strand causing the mass increasing and signal enhancement. 

The following injections were carried out on biotinylated EGFP2 amplicons (50 nM): 

1) Amplicon was injected without any pretreatment, as negative control; 

2) Amplicon was injected after thermal treatment; 

3) Amplicon was injected after thermal treatment, followed by an injection of 

streptavidin; 

4) For comparison, 50 nM biotinylated EGFP2 target was also injected; 

5) After biotinylated EGFP2 target injection, streptavidin was added, as positive 

reference. 

Obtained results are displayed in Figure 6.24.  
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Figure 6.23: Schematic representation of the strategy for signal amplification on biotinylated PCR 

amplicons after thermal denaturation and subsequent binding on biochip. 

 

It is clear, also in this case, that the sole thermal denaturation is insufficient to ensure 

the dsDNA denaturation needed to achieve the hybridization process. The same 

experiment conduced on biotinylated synthetic target gave, as expected, good results. 

 

 

Figure 6.24: SPRi signals obtained on 50 nM biotinylated PCR for EGFP2 target injected without any 

treatment (left), after thermal denaturation only, and the same treatment followed by streptavidin addition. 

Signals are then compared with responses of 50 nM biotinylated EGFP2 target alone and then enhanced 

with streptavidin addition. Standard deviations are calculated on three replicates. 

 

6.5.4 Paramagnetic Microbeads for Amplicons Denaturation 

Paramagnetic microbeads coated with streptavidin can bind double stranded 
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biotinylated PCR products thank to the streptavidin/biotin interaction between PCR 

product and particles. Then chemical dissociation of dsDNA can be achieved by 

increasing the pH of the solution and the target sequence is eventually released into the 

medium (supernatant). The magnetic particles with the biotinylated DNA strand 

attached to the surface can be then separated using a magnetic field. The supernatant is 

removed and neutralized and contains the ssDNA PCR product. 

Before injecting the sample in the fluidic system, the solution has to be neutralized; 

otherwise denaturant conditions avoid hybridization reaction on chip surface. Then 

sample is diluted in a solution for obtaining the suitable starting volume. Thus we have 

one strand free in a sample and the complementary one attached on magnetic beads 

(Figure 6.25). So the renaturation process does not occur and then single strand target 

sequences can be injected into the fluidic system and it is free for the hybridization with 

the probe on the surface. This procedure was applied to both EGFP2 and CMV PCR 

amplicons 200 nM and relative solutions with free strands were tested. Unfortunately, 

EGFP1 probe resulted too insensitive to give reliable results on these complex samples. 

This result evidences the important role of DNA probe sequence and its analytical 

performances for the successful results on biosensor. 

 

Figure 6.25: Picture showing paramagnetic beads principle. The biotinylated dsPCR amplicon binds 

streptavidin residues on particles and under denaturing conditions, unmodified strand possessing target 

sequence is let free in solution while the other strand is anchored to beads and captured by a magnetic 

field. 

 

Results obtained on EGFP2 biotinylated amplicons after treatment with magnetic 

microbeads are reported in Figure 6.26. Two different flow rates were tested, since in 

case of long DNA target sequences (around 200 mers, in this case) time contact is 

another key parameter to be evaluated. In this case, even if no proportional to those 

obtained with synthetic target, we eventually obtained specific and reproducible signals 
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on PCR amplicons. 

 

 

Figure 6.26: Results obtained on EGFP2 biotinylated amplicons after treatment with magnetic 

microbeads for double strand separation. Two different flows are reported. 

 

In fact, signals obtained for a PCR sample concentration of 200 nM are lower then 

expected, whereas synthetic targets at the same concentration are able to saturate the 

surface and to cause the maximum SPRi response. This is more evident since PCR 

products are about 10-folds longer than synthetic targets, and this in theory should lead 

to impressive refractive index changes when PCR strands bind the specific receptor. In 

the fact, the experimental result is far from being as expected, and this is evidently due 

to many aspects that can interfere during the affinity reaction. First, it has to be 

considered that affinity reaction must take place under flow and this condition, mainly 

with long and DNA sequences, could strongly influence the possibility to create bounds. 

In fact it is established that increasing the time contact between analyte and chip, higher 

signals can be obtained (Jordan et al., 1997). This aspect was observed also in our 

experiments, as reported in Figure 6.26. Moreover, it has to be taken in account that 

PCR amplicon is a bulky structure and even only one molecule can prevent another in 

its interaction with proximal probes on the surface. Finally, it is possible that the 
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binding capacity of beads could reduce the quantity of extracted strands, reducing thus 

the amount of target hybridizing the probe.  Once assessed the success of the separation 

procedure by using paramagnetic microbeads, some conditions of the protocol were 

investigated and optimized. 

 

 

Figure 6.27: SPRi signals obtained for, respectively, EGFP2 synthetic target 5nM in binding buffer (left); 

the same sample in the same final solution in which single stranded amplicons are at the end of the 

microbeads protocol (center); The elution solution in which ssDNA samples are at the end of the 

microbeads protocol was tested as negative control (right). 

 

Considering that secondary structures of ssDNA can play an important role in 

hybridization reaction and that intra-strand base pairing could occur on the amplicon 

preventing its hybridization, we performed experiments by varying the solution in 

which the strand is dissolved. In other words the influence of different solutions used to 

dilute the dissociated ssDNA amplicon after the magnetic separation step (i.e. after 

neutralization), was evaluated. To explore the effect of the solution used during the 

magnetic separation protocol on the hybridization reaction, a 5 nM solution containing 

the EGFP2 synthetic target was suspended into the same solution and the relative SPR 

signal was compared with the one recorded in the hybridization buffer.  

As shown in Figure 6.27, synthetic target in these conditions does not produce any SPR 

signal, whereas the same concentration in hybridization buffer is able to produce the 

expected signal. Finally, the same solution without adding the target was tested as 

negative reference, giving no SPRi signal. These results highlight how the final solution 

in which the separated PCR strand is dissolved can reduce, at the same time, the 
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capacity to detect its presence once injected on the biosensor. Probably this effect is 

caused by a reduced capacity of bases to interact and, consequently, the stability of 

complex probe-target is lowered. 

 

Figure 6.28: SPR signals obtained after injections of 200 nM single stranded EGFP2 amplicon. Its 

hybridization efficiency was compared in microbeads protocol solution (left) and in binding buffer 

(center). On the right, the signal obtained after a 3-folds dilution of the sample on the left by using 

binding buffer. 

 

To prove this hypothesis directly on ssPCR amplicons, after the neutralization step of 

the protocol, they were diluted in hybridization buffer. Confirming our hypothesis, a 

much higher hybridization response was obtained, approximately doubling the 

amplitude of the signal obtained with the original protocol. A supplementary 

confirmation of this effect was found by testing the same sample after a 3-fold dilution 

in binding buffer, respect to the original neutralized sample. The observed SPR signal, 

this time, is close to that obtained from the undiluted sample treated as suggested by 

original protocol, indicating thus that in that conditions a sort of “quenching” effect of 

the SPRi signal is present (Figure 6.28) Similar results were found for the CMV PCR 

amplicon (Figure 6.29). Also results on CMV amplicons showed a signal dependence 

on the buffer used, as in the case of EGFP2; the effect here is even more pronounced. In 

fact the signal can be detected only when ssPCR is diluted in the hybridization buffer. 

The sample 2-fold diluted showed a significant signal while the undiluted (200 nM) one 

dissolved in protocol buffer did not, meaning that CMV single strand, separated after 
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beads treatment, is not able to interact with probe and no SPR signal was recorded.  

 

Figure 6.29: SPR signals obtained after injections of 200 nM single stranded CMV amplicon. Its 

hybridization efficiency was compared in microbeads protocol solution (left) and in binding buffer 

(center). On the right, the signal obtained after a 2-folds dilution of the sample on the left by using 

binding buffer. 

 

Two aspects can be noticed: first, buffers strongly influence the affinity reaction probe-

ssPCR. Hybridization buffer (NaCl 300 mM, Na2HPO4 20 mM, EDTA 0.1 mM, pH 

7.4) contains Na
+
 concentration higher than the buffer suggested on microbeads 

protocol sheet (72.5 mM in protocol buffer and 320 mM in HB). Phosphate groups and 

EDTA are present in HB solution to help the base pairing. Second, an equal 

concentration of EGFP2 ssPCR and CMV ssPCR subjected to the same treatment 

produces different SPR signals. This could be caused by an intrinsic different binding 

capacity between EGFP2 and CMV single strands to interact with their relative probes. 

This last aspect, in particular, was investigated by the same computational approach 

already used for probe sequences.  
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Figure 6.30: Secondary structure obtained with MFold relative to CMV ssPCR in binding buffer 

conditions (Na 320 mM and room temperature). Arrow indicates the probe position on strand. 

 

In particular, the evaluation of the most stable folding was calculated for the CMV 

single strand experimentally used as target sequence (Figure 6.30). It can be noticed that 

the CMV sequence is able to form intra-strand pairing with other areas of the strand 

itself, by creating a double stranded portion of about 20 base pairs, resulting much 

longer than all possible loops calculated for the single stranded EGFP2 amplicon. 

In case of CMV sequence we can thus suggest that loops are so strong to hide target 

region from interacting with probes. In particular, Figure 6.30 shows that the binding 

region itself results strongly involved in a “stem” structure, and this could justify our 

results. 

!

! 6.5.5 Signal Amplification with Streptavidin 

Once optimized the protocol for dsDNA amplicons separation, the signal amplification 

involving the use of a secondary biotinylated synthetic target to bind the free end of the 

amplicon and to subsequently bind a streptavidin molecule, was tested. The 

representation of this approach is reported in Figure 6.22. 
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The possible unspecific signal due to the secondary target alone was evaluated by 

injecting it directly on free probe sequences, i.e. before the injection of ssDNA 

amplicon. This value was negligible.  

 

 

Figure 6.31: SPR signals obtained during the amplification steps on 200 nM ssCMV treated with 

microbeads, followed by addition of biotinylated secondary target and finally streptavidin. 

 

Figure 6.31 reports experimental results obtained, in which the amplification effect of 

the signal achieved by using secondary biotinylated target and streptavidin it is evident. 

The final signal recorded is 4 times higher than that achieved injecting the analyte alone 

(ssDNA PCR in binding buffer). The signal is specific and sufficiently reproducible, 

ranging from 6.6 to 15.3 CV%.  

Moreover, the same experiment displayed in Figure 6.29 on CMV amplicon was 

evaluated in this sense, i.e. by testing the amplification procedure on three ssCMV 

samples as follows: 1) after beads treatment following standard protocol, 2) after beads 

treatment followed by elution in binding buffer, and 3) by testing the sample obtained 

with the standard protocol followed by a 2-fold dilution in binding buffer. 

It is evident that signals obtained on ssCMV samples after beads treatment in the final 

buffer suggested by the protocol are weak and undetectable, but hybridization is surely 

occurred because specific secondary target improved the SPR signal and furthermore 
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streptavidin addition (Figure 6.32). Moreover, the enhancement effect caused by 

streptavidin carries to very similar signals for all different starting samples, multiplying 

the SPRi signals intensities of ca. 2.8, 4.0, and 6 folds respectively. 

 

 

Figure 6.32: SPR signals obtained during signal amplification steps on 200 nM ssCMV PCR after 

microbeads treatment. The signal obtained with the single strand is further enhanced by addition of the 

biotinylated secondary target and finally streptavidin. Each line indicates the sample type injected. 

 

In conclusion, this part of the work was devoted to SPRi-based DNA biosensor for 

developing gene doping detection methods. As model study, the traceability of a 

transgene construct, i.e. plasmid EGFP_C1, was optimized both in standard conditions 

and PCR amplified samples obtained from Human Embryonic Cells containing the 

plasmid. After total DNA extraction from cells, PCR amplification was performed to 

amplify DNA sequences to be targeted through biosensing approach. Signals obtaining 

from long and bulky DNA sequences displayed issues such as possible self-pairing of 

single strands and low concentration. In this work we dealt these key drawbacks by 

developing strategies for double strand separation and for signal enhancement, 

obtaining very encouraging results by using SPRi, which showed to be a very suitable 
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and promising biosensing-based technology for our aims. 
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GENERAL CONCLUSIONS 

 

In this work Surface Plasmon Resonance imaging (SPRi) technique has been applied to 

the development of affinity-based biosensors for clinical investigations and diagnostics.  

This optical-based technique is considered the most attractive and powerful 

advancement of SPR-based optical detection and couples the sensitivity of scanning 

angle SPR measurements with the spatial capabilities of digital imaging, actually 

representing one of the best sensing platforms for the probing of biomolecules in array 

and label free format, and thus showing to be a highly versatile system.  

In this thesis, characteristics and potentialities of SPRi instrumentation were deeply 

investigated and improved. In particular, the impact and the importance of analytical 

information enclosed in the digital image have been studied, and a homemade method 

for signal sampling and data management was developed and optimized. This allows the 

selection of sensing areas on biochip displaying high performances in terms of 

analytical parameters, i.e. sensitivity, reproducibility, and specificity. The understanding 

of instrumental parameters having key role on analytical performances is a crucial step 

in any application development; therefore the method has been then applied during 

stages involved in biosensors optimization. 

SPRi technique was here investigated by exploiting both protein/protein and DNA/DNA 

affinity interactions, whose possible applications were mainly on clinical investigations 

and food quality controls. Bovine/anti bovine IgG pair was chosen for anti bovine IgG 

detection in complex untreated matrices, i.e. human milk and serum, and bovine milk, 

since in biosensing field strong interest is constantly devoted to new strategies for direct 

and selective detection of biomolecules in real samples avoiding unspecific binding and 

time consuming pre-treatments on matrix. Good results were obtained on all the tested 

matrices, and marked advantages were highlighted when the method for SPRi signal 

sampling was applied on measurements. In particular, the method, as here applied, 

allows to locally identifying areas on the array on which unspecific binding is relevant 

and thus it is possible to minimize matrix effect by this rational approach. 

SPR imaging technology confirmed its versatility also giving the possibility to tether 

biomolecular probes in array format on biochips, this leading the opportunity to perform 

multi-analyte measurements in real-time. Also this aspect was deeply investigated, and 
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examples of this advantage are reported in this thesis, by exploring different 

immobilization chemistries and different probes on a single biochip. 

The above reported issues were also exploited in the last part of the thesis, in which the 

development of a SPRi-based biosensor for possible application to anti doping controls 

was developed. In particular, we investigated the possibility to trace the presence of 

transgenes and/or transgenic elements in human cells by SPRi-based affinity biosensors 

for gene doping controls. The plasmid EGFP-C1 was selected as possible shuttle vector 

for gene doping purposes and target DNA sequences were detected both in standard 

solutions and PCR amplicons obtained from transformed human cells. The SPRi 

technology displayed to fit well with the development of arrays of DNA probes to be 

applied to this aim. In fact the construction of multi-probe biochips allowed the 

simultaneous detection of target DNA sequences both in standard and PCR samples. 

The observed sensitivity, around 1 nM, was improved by strategies for signal 

enhancement, making available advantageous tools to overcome false negative results in 

case of low concentration samples. Pre-treatments strategies on PCR amplicons to 

denature the double helix and to promote the hybridization with the corresponding 

receptors were also investigated, obtaining encouraging results that open the possibility 

to trace transgenic DNA sequences in complex matrix, such as human cells lines. 

 

 


