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1. Introduction 
 

This work presents the design, development and implementation of a bio-sensitive 
device, the biosensor, for detecting affinity interactions occurring between single stranded 
oligonucleotides -DNA aptamers- and specific biomolecules related to physiological functions 
and food processes.   

A biosensor could be defined as an analytical device used for the detection of a 
specific analyte. It basically consists of three elements: the first component is a sensitive 
recognition element, also known as the bioreceptor, which can vary from antibodies to nucleic 
acids, enzymes, or components of living systems such as cell organelles, cell receptors, and 
cellular microorganisms (McNaught et al. 1997).  The second fundamental part of a biosensor 
is the transducer or detector constituent. It has the mission of translating the binding of 
analyte to the bioreceptor into a measurable signal (Eggins 2002). Several transducers based 
on thermal, mass sensitive (piezoelectric), optical or electrochemical techniques have been 
developed so far. The electrochemical techniques are, however, among the most efficient and 
commonly used in biosensing. An electrochemical biosensor ensures the signal recording on 
basis of redox indicators which undergo oxidation or reduction reactions upon bioreceptor-
analyte binding, and relates this signal to variations in analyte concentration.  Electrochemical 
transduction presents considerable advantages over optical, piezoelectric or thermal detection; 
for instance, it offers high sensitivity and selectivity, compatibility with novel 
microfabrication technologies, inherent miniaturization, low cost, disposability, simplicity in 
operation and low or negligible disturbance of the sample (Radi et al. 2011).  

Since the first appearance of an electrode for measuring oxygen levels in blood based 
on potentiometric detection through membrane dialysis (Clark 1957), several strategies have 
been developed so far addressing to expand the range of analytes that could be detected by 
electrochemical biosensors. These approaches have been concentrated on making 
polarographic, potentiometric, volt(amperometry), conductometric or impedimetric 
biosensors, more intelligent and sensitive. This innovative concept, led to the assembly of the 
first electrochemical biosensor for detection of glucose based on an enzymatic sandwich array 
(Clark 1962) which has generated the development of a vast diversity of electrochemical 
biosensing arrays for targeting molecular compounds involved in therapeutic fields as well as 
in environmental or food analysis. Following this precept, the first electrochemical biosensor, 
constructed nine years ago for detection of thrombin, and which incorporated synthetic 
oligonucleotides-aptamers as bioreceptors (Ikebukuro et al. 2004), has served as model of 
inspiration for more sensitive, selective and sophisticated aptamer-based biosensing devices 
(aptasensors).   

The word aptamer comes from the Latin 'aptus' meaning to fit and from the Greek 
'meros' meaning the part, and it makes reference to the ability that these molecules have to 
lock-and-key to their binding partners1. Aptamers are short single-stranded nucleic acid 
oligomers (ssDNA or RNA) with a specific and complex three-dimensional shape that allows 
them to bind a wide variety of targets. Making an historical review, the first aptamer, although 
it was not referred to as such, actually was created almost forty years ago, before the advent of 
recombinant DNA technology. In the late 1960s, Sol Spiegelman (Joyce, 2006) realized that 
the three fundamental processes of Darwinian evolution – amplification, mutation, and 
selection – could be applied to a population of RNA molecules in vitro. This discovery was 

                                                
1 In the Nature publication, the target-binding RNA molecules were firstly named “aptamers” (Ellington and 
Szostak 1990), while in their Science publication Tuerk and Gold termed the process used to identify aptamers 
“SELEX” (Systematic Evolution of Ligands by EXponential enrichment) (Tuerk and Gold 1990). 
 



   

crucial for appearance of the aptamers concept as promising generation of biorecognition 
elements widely used in biosensing or therapeutics2.   

In this sense, and combining together aptamers' versatility with electrochemical 
capabilities for biosensor assembling, this work aims to design, develop and implement 
different biosensing arrays for specific targeting of biomolecules such as human thrombin -a 
serine protease responsible for coagulation and clot formation in blood-, ochratoxin A (OTA) 
-a low molecular mycotoxin present as contaminant in foodstuff- and human cellular prions 
PrPC - that at certain conditions are misfold into pathogenic PrPSc proteins which are 
responsible for  neurodegenerative brain disorders-. Complementary studies by means of 
optical transducers aimed to elucidate the binding affinity of different types of DNA aptamers 
sensitive to vascular endothelial growth factor (VEGF) -a signal protein involved in 
vasculogenesis and angiogenesis widely used as cancer marker- are also examined.  

For constructing the thrombin aptasensor, a gold platform created from recordable 
compact discs has been utilized as immobilization support.  Chemisorption of thiol-modified 
aptamers on gold allowed assembling an electrochemical transducer for detecting thrombin in 
buffering and human plasma spiked solutions. Electrochemical impedance spectroscopy (EIS) 
and cyclic voltammetry (CV) permitted characterize the aptasensor and recording its 
response.  As an alternative case of study, a colorimetric gold nanoparticle-aptamer array was 
proposed as straightforward strategy for detection of thrombin in solution and it was used as 
supporting approach for comparing the sensitivity of thrombin detection by electrochemical 
and optical methods. 

Mycotoxin OTA was detected by an aptamer-based sensor consisting of thiolated 
aptamers of different configurations, immobilized on commercial gold electrodes followed by 
detection of signal by EIS.  For this aptasensor, a group of foodstuff was the target analyte.  
Products from Slovakian market, such as coffee, wine, fruit juice, beer and flour have been 
analyzed by the sensor allowing the detection of OTA with satisfactory results. Obtained 
outcomes were confronted with those published by the European Commission for 
unhazardous levels of OTA in food, showing the potential practical application of this 
biosensor in food analysis.  

For assembling the prion biosensor, an array consisting on multi-walled carbon 
nanotubes (MWCNTs), Poly(amidoamine) (PAMAM) dendrimers and biotinylated aptamers, 
served as enhancing platform for high sensitive recognition of human cellular prions PrPC. 
The sensor used an electrochemical transducer which had the redox indicator ferrocene 
Fc(NHP)2 directly incorporated between dendrimers and aptamers interlayer.  
Characterization of the biosensor and detection of analyte were assessed by differential pulse 
voltammetry (DPV), UV-VIS spectroscopy, Fourier transform infrared spectroscopy (FTIR), 
dynamic light scattering (DLS), Laser Doppler velocimetry (LDV), as well as by cyclic 
voltammetry (CV).  Detection of human cellular prions was performed in buffer and in 
plasma spiked samples revealing the perspective application of this biosensor even for 
analysis of infectious form of prions PrPSc in blood samples. 

An additional optical study by means of surface plasmon resonance imaging (SPRi), 
aimed to elucidate the binding affinity of different types of aptamers sensitive to VEGF 
protein in a sandwich array is also presented. 
 

 

                                                
2 A viable aptamer based drug (Macugen) has been clinically developed, entered the market, and now helps 
many patients to manage the devastating disease of age-related macular degeneration (Ng et al. 2006). 
 



   

2. Objectives 
 
The principal aim of this work is to design and assemble various sensing platforms towards 
specific and high sensitive recognition of biomolecules making use of aptamers as artificial 
receptors.  The selection of each analyte (thrombin, ochratoxin A, human cellular prions and 
vascular endothelial growth factor) is directly related with the purpose and characteristics of a 
particular biosensor, taking in consideration the relevant experimental advances in each field 
and the challenges that still have been not completely overcome.  
 
a) Since thrombin aptamers have been widely employed as bioreceptors for assembling EA-B 
(electrochemical aptamer-based) sensors; one of the purposes of this work is to use this well 
known aptameric basis, but oriented to find an alternative, effective and easy-reproducible 
platform of immobilization, rather that the commonly commercial used for assembling EA-B 
sensors. A gold compact disc (CD) platform that has been manually manufactured for 
assembling a working electrode, together with the available electrochemical techniques for 
detecting aptamer-target interactions, have been selected for accomplishing this objective.   
b)  As another option for straightforward fabrication of an aptamer-based sensor, this works 
aims to conjugate gold nanoparticles (Au Nps) to aptamers sensitive to thrombin and also to 
make use of the aggregative behavior of Au Nps under saline conditions for detecting 
thrombin using the colorimetric eye-based technique supported by optical methods. Chemical 
pretreatment of aptamers and its influence on the immobilization process will be also 
investigated in this part, aiming to elucidate and differentiate the strategies of immobilization 
in plane supports compared to globular-shape gold nanoparticles. 
c) This work also aspires to use highly sensitive electrochemical transducers, principally those 
involved in measurements of impedance, for detecting the low molecular mycotoxin 
ochratoxin A (OTA) under a multi-configurational aptasensing array. In this line and 
according to the previous studies developed so far, this work pretends to test OTA aptamers 
constructed in different configurations, aiming to improve their sensitivity to the mycotoxin 
for further testing in food samples. Another planned strategy is to investigate the effect of 
certain cations in aptamer-OTA binding process, in order to provide more information about 
favored binding mechanisms for further development of OTA aptamer-based sensors focused 
on detecting the target under conformational changes of aptamers.   
d) A new biosensing design strategy able to connect the enhancing properties of 
nanomaterials such as synthetic polymers and carbon nanotubes with the molecular affinity of 
aptamers, is proposed in this work, as a novel alternative for highly sensitive detection of 
human cellular prions, greatly required at very low levels in blood fluids.  The proposed 
biosensor also incorporates the redox signal reporter into the sensing layer backbone, for 
making the detection of prions more direct and specific.  A sort of electrochemical, optical 
and imaging techniques will be used for characterizing on detail, the gradual formation of the 
biosensor, as well as for detection of prions in plain buffering solutions and human plasma 
samples. 
e) Another aim of this work is to present supporting studying implying perspective 
applications in biosensing, for detection of the protein vascular endothelial growth factor 
(VEGF). Since VEGF is a molecule containing two binding sites it is an ideal candidate for 
being studied by a sandwich assay composed of aptamers. Additionally, due to the numerous 
aptameric sequences that have been synthesized up to date, it still remains necessary more 
profound studies for comparing the affinities of these aptamer to VEGF and its isoforms. 
Therefore, we propose apart from electrochemical techniques, the using of complementary 
optical approaches that also enable in situ monitoring of binding events in a multi-sampling 
array, for complementing the studies involving aptamers immobilization in solid supports. 



   

3. Materials and Methods 
 

 
3.1 Reagents 

 
DNA aptamers were purchased from Thermo Fisher Scientific (Ulm, Germany). Gold colloid 
G1527-10 nm, ~0.01 % as HAuCl4, stabilized in 0.04 % trisodium citrate (Sigma Aldrich-
Germany), Dithiothreitol (DTT) (Fluka-Germany). Recombinant human cellular prion protein 
PrPC (124-231) INRA Jouy en Josas- France (Dr Human Rezaei and JasminaVidic), N-ter: 
PrPC (23-124) INRA Jouy en Josas-France. Human recombinant VEGF165 (Sigma Aldrich, 
Germany), Human α thrombin (Sigma Aldrich, Germany), Ochratoxin (OTA), Ochratoxin B 
(OTB) and N-acetyl-L-phenylalanine (NAP) were purchased from Romer Labs, Austria. 
Distilled water from water purification system ELIX UV, 18 MΩ cm, Millipore, (Lambda 
a.s., Slovakia). 
 
Aptamer sequences 
 
All HPLC purified aptamers were supplied as lyophilized samples and then dissolved in TE 
buffer. These aptamers are listed in the Table 3.1.  
 
Table 3.1 The sequences of DNA aptamers used in experiments. 
 

 

 
Buffers 
 
TE: 10 mM Tris-HCl + 1 mM EDTA, pH 7.6. 
TBB: 20 mM Tris-HCl + 140 mM NaCl + 1 mM CaCl2 + 1 mM MgCl2 + 5 mM KCl, pH 7.4. 
HB: 10 mM HEPES + 120 mM NaCl + 5 mM KCl + 20 mM CaCl2, pH 7. 
PBB: 1 M K2HPO4 + 1 M KH2PO4, pH 7.4. 
PBS: 10 mM Na2HPO4 +1.8 mM KH2PO4 + 2.7 mM KCl + 137 mM NaCl, pH 7. 
PB9: 1 M K2HPO4 + NaOH, pH 9. 
SA: 1 M CH3COONa + 1 M CH3CO2H (pH 5, pH 6). 
PB: 1 M K2HPO4 + 1 M KH2PO4, pH 8. 
VB: 10 mM Tris-HCl + 100 mM NaCl + 0.05 mM EDTA + 50 mM KCl, pH 7. 
 
 

Aptamer Sequence 5’ to 3’ 
TBA1 Thiol C6- dT15- GGT TGGTGTGGTTGG 
TBA2 Thiol C6-GGTTGGTGTGGTTGG 
TBA3 Dithiol- C6-GGTTGGTGTGGTTGG 
DNA1 GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-dT15-Thiol  C6 
DNA2 GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-dT15-Thiol C6 +dA15 
DNA3 GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-dT15-Thiol C6 + dA15-

ACAGGCTACGAGGGAAATGCGGTGGGTGTGGGCTAG 
DNA4 Thiol C6-GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA 
BioPri CGGTGGGGCAATTTCTCCTACTGT-dT15-TEG-Biotin 
V7t1 Thiol C6-dT17-AGATGGGCCGGGCAGGTGGGGGTGT 

VEGFapt Thiol C6-TTCCCGTCTTCCAGACAAGAGTGCAGGG 



   

3.2 Methods for immobilization of aptamers and sensor preparation 
 

 
Prior to modification, commercial gold electrodes (d = 2 mm) (CH Instruments, USA) 

were mechanically cleaned using electrode-polishing kit consisting of 1.0, 0.3 and 0.05 
micron alumina powder (CH Instruments, USA), rinsed in distilled water and subsequently 
immersed into freshly prepared piranha solution (3:1 mixture of concentrated H2SO4 and 30% 
H2O2) at 90 °C for 5 min and then abundantly washed by distilled water (Caution: piranha 
solution is very reactive therefore it should be handled with special care). After this 
procedure, electrochemical cleaning of 10 successive cycles using CV in 0.5 M H2SO4 in the 
potential range from + 0.2 V to + 1.5 V with a scan rate of 100 mV/s was applied followed by 
rinsing gold electrodes in distilled water and drying under nitrogen steam. Gold CDtrodes 
(GCDTs): gold electrodes (d = 3 mm) based on CD discs (MAM-A Mitsui Archive Gold CD-
R 100, United Kingdom) were cleaned by short intermittent immersions in piranha solution, 
followed by electrochemical cleaning in 0.5 M H2SO4 described for commercial gold 
electrodes, abundantly rinsed by distilled water and dried under nitrogen. Gold Screen printed 
electrodes (GSPEs) (d = 1.7 mm) (Palm Instruments, The Netherlands) underwent the same 
procedure as GCDTs but omitting the piranha immersions. 

Immobilization of thiolated aptamers onto surface of compact discs (CD) and gold layer of 
screen printed electrode 

 
In order to construct the GCDT, it was primarily necessary to remove the polymeric 

layer covering gold layer by applying 1 ml of concentrated nitric acid on the disc surface 
during approximately 5 min. Once the gold layer was reached, it was abundantly rinsed in 
distilled water, dried under nitrogen steam and small pieces of (1 x 0.5) cm were carefully 
sliced.  The next step was to delimit the electrode area by electroplating adhesive tape (3M-
470, 19 mm x 32.9 m, Brastro s.r.o. Czech Republic).  Employing leather punch pliers, a 
small circle of 3.0 mm diameter was perforated on the tape. The small-perforated tape was 
then fixed to the freshly sliced gold and a cooper adhesive contact was adhered at its opposite 
extreme (Fig. 3.1). TBA1 aptamers (1 μM) were immobilized by chemisorption on a pre-
cleaned GCDT during 16 h overnight incubation at 4 °C in order to form a self-assembled 
monolayer (SAM). TBA were firstly denatured at 60 °C and then exposed to cooling on ice 
bath for 3 min prior immobilization on gold.  Subsequently, 100 mM B-Mercaptoethanol 
(BM) dissolved in TBB buffer was added and let it interact 20 min for blocking GCDT 
surface and thus evade non-specific adsorptions. 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic illustration 
of the GCDT construction and 
biosensor array for thrombin 
detection. Electrode fabrication: 
1) cutting the compact disc, 2) 
delimiting electrode's working 
area 3) attaching the cooper 
contact. Biosensor assembling: a) 
bare cleaned GCDT, b) SAM of 
TBA onto GCDT surface 
followed by BM modification. c) 
TBA-BM modified GCDT after 
addition of thrombin.   
 



   

 

Modified GCDT was rinsed several times by TBB buffer and immediately exposed to 
different concentrations of thrombin (20 nM-1 µM) during 30 min or used in electrochemical 
experiments (Fig 3.1). An identical procedure was applied for commercial electrodes GSPE in 
order to establish fair signal comparison. Furthermore, 10x diluted human plasma (HP) 
samples were spiked by thrombin and the GCDT response was tested in the range 20 nM-100 
nM. Specificity of the biosensor was analyzed by comparing the GCDT response to 20 nM 
thrombin with those signals obtained for the same concentration of BSA and 10x diluted HP.  

Immobilization of aptamers onto gold nanoparticles 
 
Au Nps of 10 nm size in concentration 8.65 nM and stabilized by trisodium citrate, 

were reacted with 500 nM of thiolated TBA2 during 24 h at T = 25˚C. TBA2 was previously 
denatured and cooled, following the same procedure as TBA1 for favoring aptamer folding. 
After the reaction, Au Nps-TBA2 conjugates were incubated for 40 h with 0.1 M NaCl. Final 
concentration in volume was 6.92 nM Au Nps to 500 nM TBA2. After salt treatment, samples 
were washed in 10 mM PBB buffer containing 0.1 M NaCl (PBB-0.1 M NaCl), 2x 
centrifuged  at 14 000 rpm during 30 min, resuspended in PBB-0.1 M NaCl buffer and shortly 
sonicated during 5 min. Subsequently, Au Nps-TBA2 conjugates were used immediately for 
measurements or kept at 4 °C until use.  

Au Nps-aptamer conjugates were also prepared with TBA3 aptamers which were 
firstly pretreated for cleaving the disulphide group using DTT and size-exclusion columns 
(MicroSpinTM G25 columns, Amersham biosciences, USA). Briefly, 1 M DTT, 100 μM 
TBA3 and 0.2 M PB buffer were incubated at T = 25 oC during 1 h following desalting 
separation by MicroSpin columns (2 min centrifugation at 3 000 rpm). Collected sample (final 
concentration 10 μM of cleaved TBA3) was immediately used of conjugation to Au Nps 
using the same procedure as for TBA2. After conjugates formation, various aliquots of 
thrombin (1 nM - 300 nM) prepared in PBB-0.1 M NaCl buffer were incubated during 30 min 
with Au Nps-aptamers, 1x washed in the same buffer, shortly sonicated by 5 min and each 
resulting supernatant was monitored by colorimetric detection and UV-VIS spectroscopy. 
Non specific interactions were checked by adding either thrombin or BSA to Au Nps-TBA2 
conjugates, and observing the colorimetric and spectroscopical response. 

 
 

Chemisorption of OTA specific aptamers of various configurations on commercial gold 
electrodes 

 
OTA aptasensors of different configurations DNA1, DNA2, DNA3, DNA4 (Fig. 3.2b) 

were assembled by thiol chemisorption of 5 μM of DNA1 and DNA4 aptamers on gold 
electrodes (CH Instruments, USA) following the same procedure described for TBA1.  
Previous hybridization of DNA2 and DNA3 probes was done by mixing both aptamers in 
equal aliquots (5 μM) followed by temperature annealing:  treated at 95oC water bath and then 
by cooling to T = 25 oC.  The resulting aptamer-dimmers were immobilized at electrodes 
surface and underwent the same overnight incubation as DNA1 and DNA2. All aptameric 
layers were then passivated in BM during 20 min and rinsed several times in distilled water 
and HB buffer for further exposition to (0.1 - 100 nM) OTA (Fig. 3.2a).  
The behavior of DNA4 aptamers before and after binding OTA was then studied in the 
presence of different ionic concentrations of calcium.   
 



   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
DNA1 sensors have been also validated in spiked coffee and flour extracts (Fig. 3.2a), 

orange juice (Relax, Maspex Slovakia Trade s.r.o.), red wine from Low Carpathian region 
(Frankovka, Slovakia content of ethanol 8-13 %) and beer (Zlatý Bažant, Slovakia, content of 
ethanol 12 %). Coffee has been dissolved in hot water (approx. 95 oC) in 10 % (w/v) 
concentration. 10 % flour solution was prepared in distilled water (20 oC).  All samples were 
filtered before OTA analysis. As control reference, the response of aptasensor in (1 ppb, 5 
ppb, 10 ppb) corresponding to (2.48 nM, 12.4 nM, 24.8 nM) OTA prepared in HB buffer was 
initially tested. Then, by similar procedure, food samples spiked by 1 ppb, 5 ppb and 10 ppb 
OTA were analyzed by the aptasensors. Each OTA-spiked sample was incubated during 30 
min followed by signal recording and thoroughly rinsing the aptasensor in HP buffer. 

For testing the selectivity of DNA1-based biosensor, 100 nM Ochratoxin B (OTB) and 
100 nM N-acetyl-L-phenylalanine (NAP) dissolved in HB buffer were reacted during 30 min 
with DNA1-BM modified electrodes. Additionally, the behavior of DNA4 aptamers before 
and upon binding OTA was furthermore studied in the presence of different concentrations of 
calcium. All experiments were performed 3 times on a set of 3 working electrodes at T = 25 
oC.  

 
 

Immobilization of cellular prion specific aptamers onto the surface of polyamidoamine 
(PAMAM) dendrimers adsorbed at multi-walled carbon nanotubes (MWCNTs) 

 
In order to functionalize MWCNTs by carboxylic groups (COOH), 10 mL of a 

mixture (H2SO4:HNO3) in ratio 3:1 were added to 10 mg of MWCNT black powder and 
sonicated during 3h. Subsequently, the mixture was centrifuged for 20 min at 22 000 rpm. 
Recovered substance was washed by centrifugation several times in distilled water until 
excess of acids is completely eliminated. When MWCNTs completely dispersed in water, 
they were dried for approximately 4h at 80 °C and keep as powder at 4 °C until use. 
Carboxylic- functionalized nanotubes (MWCNTs-COOH) were then linked to PAMAM 
dendrimers. But initially, it was necessary make carboxylated nanotubes reactive to amine-
groups by means of carbodiimide EDC and NHS esters: 1 mg of MWCNTs-COOH was 
dissolved in 1 mL of N-Dimethylformaldehide (DMF). Simultaneously, preparation was 
mixed with 1 mL of 20 mM EDC and 20 mM NHS (1:1 mixture), both solved also in DMF. 
The solution was sonicated for about 2h. Afterwards, the mixture was 3x washed by 
centrifugation in DMF until EDC/NHS residues were totally eliminated. MWCNTs-COOH 

G o ld
e le ctr o d e

K 3 F e (C N )6 + K 4 F e (C N )6

co ff eeflo u r

a) 

b) 

Figure 3.2 a) Scheme of OTA 
aptasensor, b) DNA sequences 
used: DNA1 is OTA aptamer 
extended by thymidine spacer 
dT15, DNA2 is identical to DNA1 
but containing hybridized part 
dT15- dA15. DNA3 is the 
homodimer of aptamer DNA1 
containing two identical binding 
sites and dT15-dA15 spacer. DNA4 
aptamer is the same sequence as 
DNA1 without dT spacer and 
differing in sequence orientation 
3' to 5'. 
 



   

modified by EDC-NHS (MWCNTs-COOE) were immediately used for experiments or kept 
until use at 4 °C in small aliquots of DMF. 

The aptamer-based biosensor for detection of human cellular prions (PrPC) was 
assembled by depositing 5 µL of 0.05 mg/mL functionalized nanotubes (MWCNTs-COOE) 
on a previously cleaned commercial gold electrode. After solvent evaporation, MWCNTs-
COOE-electrode was immersed in a solution of 70 µM (1 mg/mL) PAMAM G4 dendrimers 
for 2 h at T = 25 °C for enabling covalent binding. After this reaction, the excess of non-
reacted dendrimers was eliminated by rinsing the electrode several times in distilled water and 
PBS buffer. Next, the redox marker ferrocene Fc(NHP)2 which was chemically functionalized 
by two phtalamido groups and dissolved in acetonitrile (ACN) (Korri-Youssoufi et al. 2001), 
was covalently attached to PAMAM G4 dendrimers by the amide link via 2 h reaction. This 
process was performed by dropping 30 μL of Fc(NHP)2 on the surface of the MWCNTs-
COOE-PAMAM-electrode. The so-modified electrode was then carefully rinsed by ACN to 
eliminate the excess of Fc(NHP)2. Next step was the covalent linkage of biotinylated aptamers 
(BioPri) to the modified electrode via biotin/streptavidin chemistry. Therefore, biotin 
hydrazide (2 mg/mL) was dropped on the Fc(NHP)2-modified electrode, followed by 
immobilization of streptavidin (100 µg/mL) and further addition of previously annealed 
BioPri aptamers (2 µM). All these reactions were prepared in PBS buffer using 30 μL volume 
and 45 min incubation. The modified surface of the electrode was carefully rinsed by distilled 
water between each immobilization step. At this point, BioPri-modified electrode was 
immediately used for detection of human cellular prions PrPC (dissolved in PBS buffer) in the 
range 1 pM to 10 µM, or it was stored in PBS at 4 °C until use. A schematic representation of 
prions biosensor is shown in (Fig.3.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Immobilization of VEGF aptamers onto a gold layer for SPR imaging experiments 

 
The platform of immobilization for SPRi optical device consisting on a high refractivity 

index glass prism (2.5 x 1 cm) coated with gold layer (thickness ~50 nm) (SPRi BiochipsTM-
France) was previously rinsed by absolute ethanol and distilled water and then dried under 
nitrogen stream.  On the gold layer of the surface plasmon resonance imaging (SPRi) glass 
prism, a thin mask made from Polydimethylsiloxane (PDMS) polymer was employed as 
immobilization array. The mask contained several well spots (~ 1 mm diameter) made by 
piercing the PDMS layer by a needle accordingly to the number of probes being immobilized 
(Fig. 3.4a). Binding studies of V7t1 and VEGFapt to VEGF were performed by depositing 0.8 
μL in each well of the PDMS mask located on the gold surface of the glass prism (Fig. 3.4b).  

MWCNTs 

PAMAM dendrimers 

Fc(NHP)2 

Biotinylated aptamers 

Prions PrPC 
Figure 3.3 Prions aptasensor 
assembled onto MWCNTs-
PAMAM dendrimers platform. 
Ferrocene Fc(NHP)2 with two amino 
groups is intercalated between 
aptamers and dendrimers and serves 
as linker for BioPri aptamers as well 
as the redox marker for providing 
the electrochemical signal after 
prions binding. 
 



   

Both DNA sequences were chemisorbed on gold following DTT and MicroSpinTM columns 
treatment applied in Au Nps-aptamer conjugation (section: Immobilization of aptamers onto 
gold nanoparticles). A layer of co-thiols passivation composed of 11-Mercaptoundecanol 
(MUD) and 6-Mercaptohexanol (MCH) ensured the proper blocking of the surface in those 
places where no probes were immobilized.   
SPRi technique allowed real time monitoring of multiple samples immobilized on the surface 
of a gold prism. Subsequently 200 nM of VEGF previously prepared on SA buffer were 
added to the SAM composed of two types of aptamers and co-thiols layer. When this surface 
was ready, a sandwich array consisting of VEGFapt and V7t1 aptamers, both in equal 
quantities (1 µM), was assembled (Fig.3.4c). 

 
 
 
 
 
 
 

 
 
 
 
 

This assay aimed to analyze the binding behavior of both aptamers related to VEGF. After 
binding analysis, 50 mM NaOH and 100 mM HCl were injected during 60 s for regenerating 
the surface. NaOH was used for cleaning of the protein and HCl for removing the aptamers. 
Additionally, the affinity of both aptamers using 200 nM BSA as a model of non specific 
interaction was previously tested and set as control sample.   
 
 
3.3 Methods of detection 
 

Cyclic Voltammetry (CV): In order to characterize the GCDTs, CV in range potential  
-0.4 V to +0.7 V, scan rate 100 mV/s in electrolyte consisting of TBB buffer containing redox 
indicators 1 mM [Fe(CN)6]-3/-4 (1:1) was applied. Calculated former potential for bare GCDT 
was E0 = 0.19 V and it was chosen as DC potential for EIS measurements. CV was also 
employed for electrochemical characterization of bare GCDTs in different electrolytes 1 mM 
[Fe(CN)6]-3/-4 (1:1) in: TBB buffer, distilled water or TBB in the absence of redox indicators), 
in order to determine the optimal concentration of redox markers and to check the bare GCDT 
cleanliness. For characterizing the working surface of OTA biosensors, the density (area per 
molecule ΓDNA) of DNA1 and DNA3 aptamers immobilized on gold surfaces was calculated 
on basis to the density of Ru[(NH3)6]+3 molecules able to reach the surface after measuring 
CV. For these biosensors, the former potential of commercial electrodes corresponded to E0 = 
0.165 V which was later applied in EIS experiments. The density of aptamers immobilized on 
gold electrode calculated by CV  was performed in the potential range - 0.15 V to + 0.15 V at 
scan rate 500 mV/s in a solution of 50 μM Ru[(NH3)6]+3. Sample deoxygenating and potential 
pretreatment during 5 s for + 150 mV were previously applied. Detection of prions by the 
aptamer-based biosensor was performed by cycling a potential from -0.8 V to 0.6 V at scan 
rate 100 mV/s in PBS buffer. 

Electrochemical Impedance Spectroscopy (EIS): For thrombin biosensor, EIS 
measurements were performed using FRA2 module.  AC voltage of amplitude of 10 mV and 

Figure 3.4 a) Design of the 
PDMS mask used for 
immobilization of aptamers, 
b) SPRi biochip after 
aptamers immobilization, c) 
Sandwich assay for testing the 
affinity of V7t1 and VEGFapt 
aptamers to VEGF protein 
(VEGFp). 
 

c) a) b) 



   

DC potential of 0.19 V was applied.  The measurements were performed in a frequency range 
from 0.1 Hz to 100 kHz on AUTOLAB PGSTAT 302N electrochemical impedance analyzer 
and potentiostat/galvanostat (Eco Chemie-The Netherlands). EIS experiments toward OTA 
detection were performed at AC voltage of amplitude 5 mV, frequency range 0.1 Hz-10 kHz 
and DC potential 0.165 V. Signals was recorded in working buffer (TBB and HP respectively) 
containing 1 mM [Fe(CN)6]-3/-4 redox probe. Estimation of resistance Rct magnitudes from EIS 
spectra were completed using fitting according the Randles equivalent circuit: [RsC(RctW)] 
(Top inset Fig. 4.1). Rs is the solution resistance, Cdl (CPE) corresponds to the double layer 
capacitance or constant phase element, Rct is the charge transfer resistance and W is the 
Warburg element.  

Differential Pulse Voltammetry (DPV): DPV measurements used for monitoring 
assembly of prions biosensor were performed at scan rate 50 mV/s with initial potential -0.8 
V and end potential 0.6 V. Pretreatment conditions were applied at -0.8 V during 120 sec. 
Step potential was 5.1 mV modulated by amplitude of 50 mV. 

Fourier Transform Infrared Spectroscopy (FTIR): Fourier Transform Infrared 
spectra (FTIR) were measured using a Bruker IFS66 FT-IR spectrometer (Bruker, Germany) 
equipped with a Mercury-cadmium-telluride (MCT) detector and an attenuated total 
reflectance (ATR) diamond crystal (Institut de Chimie Moléculaire et des Matériaux d’Orsay, 
Université Paris-Sud, France).  

UV-VIS spectroscopy: was performed with an UV-1700 spectrophotometer adapted to 
a TCC temperature controller at T = 25 °C (Shimadzu TCC-240A, Japan). 

Dynamic Light Scattering (DLS) and Laser Doppler Velocimetry (LDV): Size (DLS) 
and zeta potential (LDV) measurements were completed by Zetasizer Nano ZS90-ZEN3690 
device (Malvern Instruments, United Kingdom) at T = 25 °C. The instrument is equipped with 
a helium neon laser (λ= 633 nm) in detector position of 90°. The size of MWCNTs, PAMAM, 
BioPri aptamers and its respective conjugates were measured in a DTS0012 cell (Malvern). 
Zeta potential was measured in a DTS1060 capillary cell (Malvern). Nanomaterials were 
prepared in PBS, PB9 or SA buffers for the experiments in different pH media. PAMAM 
dendrimers solution, initially in methanol, was prepared in respective buffers by evaporating 
the solvent.  After dilution, PAMAM dendrimers in buffer solution were filtrated by 0.22 µM 
membrane filters (Millipore, Sigma Aldrich-Germany). 

Surface Plasmon Resonance Imaging (SPRi): SPRi-Lab+ instrument (Genoptics-
Horiba Scientific, Orsay, France) based on intensity modulation, measuring the reflectivity of 
monochromatic incident p-polarized light (λ = 635 nm) at fixed angle including a peristaltic 
pump (Minipuls 3 M312, Gilson) that governed the 100-μl flow cell were used for performing 
SPRi experiments. The working flow for all measurements was 20 μl/min. Running buffer 
was VB buffer. Data were recorded as intensity variation of the reflected light at a fixed 
angle. As a result, a differential image was produced in real time together with the relative 
sensograms (Scarano et al. 20010). 

 
 
4. Results and discussion 
 
 
4.1. Aptasensors for detection of thrombin 

 
Initially, thrombin aptamers-based sensors consisted on intricate sandwich arrays 

supported by enzyme-labeled aptamers (Ikebukuro et al. 2004, 2005). Additionally to the 
sandwich assay, assembling of dimeric structures of aptamers (aptabodies) have been used for 
examining the aptamers affinity to a particular binding site of thrombin and to establish 



   

significance of steric and electrostatic factors in aptasensor performance (Hianik et al. 2008). 
(Volt)amperometry (Xiao et al. 2005, Mir et al. 2006, Polsky et al. 2006, Kang et al. 2008), 
impedimetry (Du et al. 2008, Radi et al. 2006) and potentiometry using field-effect transistors 
(So et al. 2005, Numnuam et al.2008), have been mostly employed for electrochemical 
detection of thrombin in aptamer-based arrays. The specific binding of thrombin to surface-
confined and redox-labeled aptamers was basically detected by the conformational changes 
that aptamers undergo upon binding to thrombin. Redox moieties such as ferrocene (Radi et 
al. 2005, Li et al. 2007) and methylene blue (MB) (Lu et al. 2008, Lai et al. 2007) have been 
widely used for reporting the thrombin detection by means of electrochemical transducers 
based on electronic transfer analysis. Aptamer-based sensors for detection of thrombin have 
been also developed by immobilization of aptamers via thiol chemisorption (Radi et. al 2006, 
Cai et al. 2006, Xu et al. 2006), PAMAM dendrimers (Zhang et al. 2009), onto pyrolized 
carbon electrodes (Lee et al. 2008), or on the surface of MWCNTs (Porfireva et al. 2010). The 
majority of these approaches was assembled on commercial available platforms such as gold 
or glassy carbon electrodes and used impedimetric techniques for thrombin detection 
achieving limits of detection (LOD) in the nano molar range. 

Nanoparticles are other attractive nanomaterials that have been used as 
electrochemical markers, signal amplifiers, as well as signal reporters for detection of 
thrombin (Liu et al. 2004). In particular, gold nanoparticles Au Nps were used as capturing 
agents and as amplification tool for the aptamer-based detection of thrombin in the form of 
colorimetric aptasensors (Pavlov et al. 2004). Wang and co-authors, reported a fluorescent 
aptasensor for thrombin detection by using Au Nps of different sizes (5 nm, 10 nm). Authors 
have found a LOD of 0.14 nM and 0.46 nM after thrombin addition correspondingly (Wang et 
al. 2008).   
 
 
4.1.1 Aptamer based biosensor on a recordable compact disc 
 

In this part we present the results concerning to immobilization of DNA aptamers 
(TBA1) on gold thin layers aiming to assemble a biosensor for detection of thrombin. For this 
purpose, electrochemical techniques such as EIS and CV at presence of redox mediators 
[Fe(CN)6]-3/-4 were employed. Immobilization of DNA aptamers (TBA2 and TBA3) onto gold 
nanoparticles for detection of thrombin was also analyzed by means of colorimetric and 
optical techniques.  

Electrochemical signal provided by the redox couple [Fe(CN)6]-3/-4 in terms of charge 
transfer resistance Rct, has shown that this thrombin aptasensor was enough sensitive and 
selective to thrombin in a linear range of concentrations (20 nM-1 µM). The Nyquist plot (Z' 
versus –Z") fitted according the Randles equivalent circuit (Fig. 4.1A) demonstrates that Rct 
proportionally increased with thrombin concentrations, achieving a limit of detection (LOD 5 
nM) and presenting negligible binding to human plasma and BSA solutions.  

Additionally, the GCDT response in human plasma samples spiked by thrombin was 
satisfactory achieved in the range 89%-100%. The GCDT-based sensor response was 
comparable to that obtained for similar thrombin analysis when using commercial screen 
printed electrodes (GSPE), showing that the gold disc surface is an efficient platform for 
immobilization of thiolated DNA aptamers. The calibration curve (Rct versus concentration of 
thrombin) for GCDT and GSPE had the shape of Langmuir isotherm3 (Fig.4.1B). 

                                                
3 Langmuir isotherm equation: (ΔRct/Rct0) = (ΔRct/Rct0)max [c/(Kd+c)]. Where (ΔRct/Rct0)max is the maximum 
relative charge transfer resistance variation and c corresponds to analyte concentration. ΔRct = Rct− Rct0, where 
Rct0 is the charge transfer resistance in the absence of analyte. 



   

Using Langmuir isotherm equation and the least square method, dissociation constants for 
TBA1-thombin binding were found to be: Kd = 108.2 ± 0.2 nM for GCDT and Kd = 71.6 ± 
0.1 nM for GSPE based aptasensors. These values are in good agreement with previously 
reported for dissociation constants of thrombin-TBA binding (Xu et al. 2006, Hianik et al. 
2007) and revealed that despite the fact both electrodes detected thrombin in the same range 
of concentrations with similar binding behavior, commercial GSPE demonstrated to have 
smaller dissociation constant corresponding to better sensitivity particularly for lowest 
concentrations of thrombin. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 A) Nyquist plot for GCDT modified with TBA1-BM at presence of various concentration 
of thrombin: 20  nM to 1 µM. Top inset: Randles equivalent circuit [RsC(RctW)]:  Rs is the electrolyte 
resistance, C is the interfacial capacity, Rct is the charge transfer resistance, W  is the Warburg 
element. B) Plot of relative changes of charge transfer resistance, ΔRct/Rct0, as a function of thrombin 
concentration obtained on GCDT and GSPE aptasensors. Circles are real data, dashed and solid lines 
indicate Langmuir fit. Error bars represent mean standard deviation ± S.D. obtained at 5 independent 
measurements.  
 

The LOD achieved by GCDTs (LOD 5 nM), is in concordance with previously 
reported for impedimetric aptasensors via chemisorption of aptamers on gold surfaces (Radi 
et al. 2006, Cai et al. 2006).  LOD achieved by the commercial GSPE was of 0.7 nM which is 
in concordance with LOD reported for a QCM and voltammetric biosensor using aptamers on 
gold surface immobilized via biotin/streptavidin chemistry (Hianik et al. 2005). 
 
 
4.2 Colorimetric detection of thrombin using aptamers immobilized at gold 
nanoparticles 

 
This part presents the results obtained by a colorimetric assay for detection of 

thrombin based on induced-aggregation of gold nanoparticles (Au Nps) functionalized by 
thrombin binding aptamers under saline conditions. At presence of NaCl, adsorbed aptamers 
on gold nanoparticles bind to thrombin by means of conformational changes resulting in 
quadruplex formation. Aptamer-thrombin binding induces to detaching the adsorbed aptamers 
from Au Nps resulting in aggregation of nanoparticles and consequently shifting in color of 
conjugates. Au Nps:TBA ratio and salt concentration previously optimized, brought up that 
1:72 Au:Nps and 0.1 M NaCl are the most appropriate parameters for this analysis. 

0 10 20 30 40 50 60 70
0

5

10

15

20

25

30

A)

n

mlkj
ihgfedcba

-Z
" /

 K


Z' / K

 0
 20     nM
 40     nM
 60     nM
 80     nM
 100   nM
 200   nM
 300   nM
 400   nM
 500   nM
 600   nM
 700   nM
 800   nM
 1000 nM

0 200 400 600 800 1000

0

2

4

6

8

10  GCDT
 GSPE


R

ct
/R

ct
0

[Thrombin] / nMB) 

C

Rct

Rs



   

Conjugation of citrate stabilized 10 nm Au Nps to thiolated thrombin binding 
aptamers (TBA2), a process driven by electrostatic interactions, was followed by monitoring 
the aggregation of nanoparticles in saline conditions. Initially, the individual character of Au 
Nps in the absence or presence of salts was checked. Results showed that immediately after 
addition of 0.1 M NaCl, aggregation of Au Nps was observed, this effect was expected since 
the before adding NaCl, Au Nps are stable due to the electrostatic repulsion caused by the 
citrate against van der Waals attraction. Therefore, the addition of enough salt would screen 
the repulsion between the unmodified negative-charged Au Nps leading to aggregation. 
Results revealed that after gold nanoparticles were conjugated to aptamers at presence of 0.1 
M NaCl, no shifts in color, thereby no aggregation of Au Nps was detectable, thus 
demonstrating properly conjugation of Au Nps to TBA2. These Au Nps-TBA2 conjugates 
were then reacted with different concentrations of thrombin (1 nM-300 nM). Obtained results 
revealed that aptamer-thrombin binding induces to detaching the adsorbed aptamers from Au 
Nps resulting in aggregation of nanoparticles and consequently shifting in color of the 
conjugates. This effect was consistent with UV-VIS analysis (Fig. 4.2B).   

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
Figure 4.2 A) UV-VIS spectra for Au-Nps-TBA2 conjugates and Au-Nps-TBA3. TBA3 refers to 
thrombin aptamer modified by dithiols previously treated by DTT, and TBA2 is the thrombin aptamer 
modified only by thiols. After conjugation, individual salt incubation and washing treatments were 
also studied in terms of absorbance. B) Au-Nps-TBA2 after reaction with thrombin (1-300 nM). Top 
inset illustrates the colorimetric detection of thrombin by the conjugates in the same range of 
concentrations. 

 
The colorimetric-optical approach also helped to elucidate important practical facts 

about the process for aptamers immobilization into gold.  For instance that the additional 
treatment for cleaving disulphide groups in dithiolated aptamers TBA3 resulted indispensable 
when working with Au Nps and thereby for linking thiolated aptamers to gold. Our results 
confirmed that when aptamers are provided with dithiol modification, it is necessary to obtain 
the free thiol from the disulfide precursor, reducing the disulfide in order to make them active.  
This was visualized on the UV-VIS spectra when TBA3 dithiol-modified aptamers treated 
with DTT and size-exclusion columns, and TBA2 thiolated aptamers containing the same 
sequence of TBA, were conjugated to Au NPs and exhibited similar binding response (Fig. 
4.2A).  

A
) 

B) 

400 450 500 550 600 650 700
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40
A

B
S

Wavelength / nm

 0
 1 nM
 3 nM
 10 nM
 30 nM
 100 nM
 300 nM

1----------------------> 300 nM 

300 400 500 600 700
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

A
B

S

W avelength / nm

 Au N ps-TBA2
 Au N ps-TBA3
 Au N ps-TBA3 + 0.1 M  NaC l 40h
 Au N ps-TBA2 + 0.1 M  NaC l 40h
 Au N ps-TBA2 after washing in PBB
 Au N ps-TBA3 after washing in PBB



   

Obtained results agree with the binding to thrombin by Au Nps-TBA conjugates 
reported by Pavlov and co-authors (Pavlov et al. 2004), specifically in the first approach of 
their work in which they used the same TBA sequence and observed aggregation of 
conjugates after thrombin addition leading to absorbance decrease. The limit of detection 
(LOD 1 nM) reported by our approach when using 10 nm Au Nps is in the range of 
concordance with the results obtained by Wei et al. (2007) with a colorimetric aptasensor 
using 13 nm Au Nps for detection of thrombin based on saline (0.5 M NaCl) induced 
aggregation of Au Nps which achieved a LOD of 0.86 nM. Thus, this approach has been 
already approved. Therefore, Au Nps induced aggregation in saline conditions, using 
colorimetric technique can be potentially employed for knowing a priori if the aptamer-
analyte binding occurs and whether the aptamers are enough sensitive to the target. This 
information could be later used for assembling more robust electrochemical aptasensors. The 
novelty of our contribution consists on the comparison of conjugation of aptamers modified 
by dithiols and by single thiols to Au Nps. Dithiolated aptamers required of previous 
treatment by DTT for cleaving the thiol group that will enable the coupling to Au Nps. This 
information could be valuable for electrochemical assays, when due to storage time 
conditions, the thiol-modified aptamers tend to form disulphides and it is necessary to free the 
single thiols prior to immobilization in gold. 

 
 
4.3 Electrochemical aptasensor for detecting Ochratoxin A in food 
 

Since the wide variety of foodstuff which could be possibly contaminated by OTA4 
and taking into account that techniques developed so far for its detection have been mostly 
based on the use of antibodies (Alarcon et al. 2006, Radi et al. 2009), separation methods such 
as HPLC, chromatography (Liu et al. 2009, Oliveira et al. 2007) or optical arrays for instance 
aptamer-fluorescent (Sheng et al. 2011) or aptamer-luminescent (Wu et al. 2011) which are 
expensive, time-consuming, and require labeling of probes; the development of efficient, non-
immunological and reliable detection of OTA should be establish especially focusing on food 
analysis able to detect the mycotoxin in very low concentrations.   
Electrochemical techniques are especially preferred over optical transducers when working 
with low molecular compounds, due to its high sensitivity. A voltammetric aptasensor based 
on paramagnetic microparticles detected OTA with a LOD 0.07 nM (Bonel et al. 2011).  
Impedimetric detection of OTA was initially reported by an aptasensor developed by 
covalently immobilization of OTA-aptamers onto mixed Langmuir–Blodgett (LB) monolayer 
composed of polyaniline-stearic acid and deposited on Indium tin oxide (ITO) coated glass 
plates (Prabhakar et al. 2011). The sensor discriminated between OTA and aflatoxin, however 
it has not been validated in real food samples. LOD for this sensor varied from 0.1-0.3 nM. A 
sensitive impedimetric and also voltammetric sensor (LOD 0.1 pM) based on thiolated OTA 
aptamers functionalized by the redox indicator MB immobilized on gold, has been also 
reported (Wu et al. 2012). All these aptamer-based sensors were assembled with DNA 
aptamers 100 times more sensitive to OTA than to other similar metabolites such as 
(ochratoxin B) OTB and N-acetyl-L-phenylalanine (NAP) (Cruz Aguado et al. 2008). These 

                                                
4 In 2004, the European Commission Regulation (EC No. 683/2004) included a new normative limiting the OTA 
contamination to 0.5 μg/kg in all food preparations for baby-food and infants diet.  In 2005, regulation (EC No. 
123/2005) set a directive limiting OTA levels in products such as wine (red, white and rosé), must and grape 
juices to 2 μg/L (5 nM).  In 2006, a maximum allowed concentration of OTA in cereal products of 3 µg/kg (7.4 
nM), and of 5 µg/kg (12.4 nM) for roasted coffee has fixed by the European Commission Regulation (EC No. 
1881/2006). (El Khoury et al. 2010). 
 



   

biosensors also focused on the improvement of response and LOD by means of enzymes or 
nanoparticles, rather than in exploring the possibilities that aptamers offer for increase the 
number of binding sites and affinity to OTA. Additionally not all the OTA biosensors so far 
developed have been tested in foodstuff. 
 This part is dedicated to show the results obtained by an aptamer-based sensor 
assembled for direct detection of ochratoxin A (OTA) in buffering and food-spiked samples. 
The biosensor, which uses aptamers of different configurations as bioreceptors, detected the 
ochratoxin in an electrochemical array by means of EIS using the redox mediators [Fe(CN)6]-

3/-4. Additionally, EIS was employed for monitoring the aptamer-binding behavior under 
different ionic conditions.  Diverse aptamers configurations were analyzed for OTA sensing 
array: simple monomers DNA1, supported monomers by a dT spacer DNA2, monomers 
containing dT spacer hybridized to its complementary dA spacer DNA3 and dimmers with 
supported dimerized spacers DNA4 (Table 3.1).  The limit of detection found varies in the 
range: LOD 0.12-0.40 nM (Table 4.2) and were comparable to those obtained with HPLC 
method.  The obtained LOD are sufficient for detection of OTA in food samples where the 
registered values of contamination are over 5 nM.  Achieved dissociation constants Kd within 
the nanomolar level showed a strong affinity of the different DNA aptamers to OTA.  The 
strongest interaction was for sequence DNA4, a single OTA aptamer from 3' to 5' ends with 
no additional modifications. Spiked food by OTA was tested with satisfactory sensing 
response for coffee, flour, wine, orange juice and beer with a recovery response varying from 
71-100%.  
 

 
 
 
 
 
 

 
 

In addition, the influence of calcium ions in OTA-aptamer binding has been analyzed 
showing that a minimal concentration of 10 mM Ca2+ is necessary for improvement of 
aptamer binding to OTA (Fig. 4.3A).  Finally, the sensing device was suitable for specific 
recognition of OTA.  A proof of this, is the discrimination that aptasensor presented to OTA 
among other mycotoxins e.g. OTB and NAP (Fig. 4.3B).   

 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 4.3 A) The plot of Rct as a function calcium concentration for DNA4-aptasensor in the absence 
of OTA (open symbols) and at presence of 10 nM OTA (closed symbols). B) Rct changes for DNA1 

Aptamer Kd, nM LOD, nM 
DNA1 8.3 ± 0.8 0.40 ± 0.06 
DNA2 17.3 ± 5.6 0.40 ± 0.06 
DNA3 3.2 ± 1.0 0.25 ± 0.04 
DNA4 1.2 ± 0.5 0.12 ± 0.02 

Table 4.2 The value of dissociation constant, 
Kd and limit of detection (LOD) (mean ± S.D.) 
determined for OTA aptasensors in presence 
of 20 mM Ca2+. ±S.D. represents the standard 
deviation for 3 independent experiments. 
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aptasensor after its interaction with 100 nM of toxic metabolite (NAP, OTB and OTA). Results 
represent mean ± S.D. obtained for 3 independent experiments. 
 

Acquired results for validation of this sensor in food samples, agree well with those 
reported for OTA determination in wine by means of antibodies (Radi et al. 2009). Moreover, 
easy regeneration and relatively low matrix effects make this sensor an effective tool for 
direct detection of OTA in food analysis. Effectively, this approach contributes to focus the 
attention on highly sensitive EIS for assembling biosensing arrays towards detection of low 
molecular compounds using aptamers as bioreceptors. The novelty in this work precisely 
relies on the construction of different aptameric structures in order to improve the binding 
affinity as well as the amount of OTA detected by an aptamer-based biosensor without 
enhancing additional nanomaterials. This work also explores the ionic conditions affecting 
aptamers binding to OTA and demonstrates that for the proper aptamer folding the presence 
of Ca2+ cations is preferred. This could be a practical contribution for further biosensor 
assembling based on the conformational changes that aptamers undergo after binding OTA. 
 
4.4 Aptamer-based biosensor sensitive to human cellular prions 
 
 According to the literature, most attempts of assembling biosensors for the detection of 
cellular prions relied in the use of antibodies by means of optical (Anand et al. 2005) and 
piezoelectric (Henry et al. 2004, Cuccioloni et al. 2005) transducers, or were indirectly 
evaluated by means competitive assay with other proteins (Blanquet-Grossard et al. 2005). 
Mentioned development was probably originated because of the variety of antibodies already 
at disposition coming from preliminary studies. Later on, aptamers and nanomaterials were 
incorporated as bioreceptors for assembling more sensitive biosensors but still optical and 
mass sensitive strategies were selected for detection (Kouassi et al. 2007, Hianik et al. 2009, 
Xiao et al. 2009).  Cuccioloni and his group developed a resonant mirror biosensor using 
plasminogen for the detection of recombinant (PrPC 25–242) and natural cellular prions 
achieving a LOD of 2.4 nM.  Detection was also achieved by an optical biosensor using 
antibodies with an improved LOD 1.4 nM successfully tested in serum.  Recently, an SPR 
aptamer-based biosensor composed of aptamers of different configurations immobilized on 
gold by copoly(py-pyNHP) film was reported for detection of human cellular PrPC prions 
(Miodek et al. 2013). As supporting platform, biotin/streptavidin chemistry was additionally 
used for linking biotinylated aptamers to pyrolized film (LOD 4 nM). 
 This section presents the development and characterization of an electrochemical aptamer-
based nanoarray for detection of human cellular prions PrPC. The biosensor platform is 
composed of multi-walled carbon nanotubes (MWCNTs) linked to PAMAM G4 dendrimers 
for enhancing the immobilization of aptamers specific to PrPC. Electrochemical detection was 
based on CV using the redox mediator Fc(NHP)2, a ferrocenyl group chemically 
functionalized for being anchored in the sensor interlayer. Individual steps of biosensor 
formation were gradually characterized by complementary electrochemical (DPV) and optical 
techniques (FTIR, DLS, LDV, UV-VIS spectroscopy). The resulting biosensor was 
successfully tested on human plasma samples spiked by prions PrPC in the same range of 
concentrations used for detection of prions in PBS buffer.  
The prion biosensor platform composed of MWCNTs and PAMAM dendrimers was 
developed starting with the functionalization and characterization of these nanomaterials for 
subsequently analysis of their conjugation in order to obtain modified surfaces that enabled 
the gradual sensor assembly.  



   

  In order to link the amino-terminated PAMAM dendrimers to MWCNTs, a previous 
functionalization of MWCNTs by carboxylic groups, followed by its activation by 
crosslinking chemistry using carbodiimide (EDC) and esters (NHS) was required.  
Initially the conjugation of nanotubes to dendrimers was examined by infrared techniques.  
FTIR spectra for MWCNTs-PAMAM conjugates at neutral pH 7 illustrate absorption peaks 
of MWCNTs modified by a) COOH groups and b) after addition of PAMAM dendrimers. As 
a result of oxidation, MWCNTs were modified by COOH groups. The characteristic carboxyl 
bands of nanotubes were observed at 3249 cm-1 and 1702 cm-1 corresponding to –OH 
stretching bond and to the C=O stretching bond of carboxylic acid group respectively. 
Subsequently, carboxyl groups were activated by means of EDC and NHS in order to obtain 
activated carboxylated (MWCNTs-COOE) which were after reacted with terminal amine 
groups of PAMAM dendrimers. Modification of carbon nanotubes by dendrimers led to 
appearance of peaks at 1641 cm-1 and 1545 cm-1assigned to the characteristic amide I (C=O 
stretching) and amide II (C-N stretching and C-N-H bending) vibrations of dendrimers which 
indicates the covalent binding of dendrimers to carbon nanotubes (Fig. 4.4A). Obtained 
results are in concordance with those recently achieved in previous works about COOH and 
amine functionalization MWCNTs (Jain et al. 2009, Murugan et al. 2011).  

An insightful study of MWCNTs-PAMAM conjugates by means of DLS, DLV and 
UV-VIS spectroscopy was done taking in consideration the variations in pH of the buffer 
utilized for conjugation. This study was performed in order to determine the optimal 
conditions for the conjugation of nanomaterials, their susceptibility to different media and 
further assembly of the biosensor on an electrochemical transducer.  
Unfunctionalized MWCNTs rapidly aggregate and are insoluble in aqueous media. But after 
carboxylic modification, the size (d, nm) of MWCNTs-COOH decreased when increasing the 
pH demonstrating that nanotubes were well soluble in neutral or alkaline mediums with low 
tendency to from aggregates (Fig 4.4B). Additionally, zeta potential (ζ, mV) of MWCNTs-
COOH became more negative as a function of pH leading to more conductive and well 
dispersed nanotubes. As soon as PAMAM dendrimers were linked to MWCNTs a remarkable 
increase in size was observed relative to MWCNTs for each pH condition (Fig. 4.4B). It is 
worth noting that negative values of zeta potential for MWCNTs considerably shifted to 
positive ones, as soon as PAMAM dendrimers were attached to the nanotubes (Fig. 4.4C). 
This fact could be probably attributed to a recompense in charge gave by the positively 
charged PAMAM dendrimers to the negatively MWCNTs. 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 4.4 A) Fourier Transform Infrared (FTIR) analysis of (a) MWCNTs-COOH and b) 
functionalized MWCNTs-COOH activated by crosslinking chemistry of carbodiimide and esters 
conjugated to PAMAM G4 dendrimers: MWCNTs-COOE + PAMAM G4. B) Size in diameter d, of 
COOH functionalized MWCNTs and MWCNTs-PAMAM conjugates measured at pH 5, pH 7 and pH 
9. C) Zeta potential (ζ) of MWCNTs and MWCNTs-PAMAM at the same pH conditions as B). Error 
bars correspond to standard deviation ± S.D. for 3 independent measurements in both cases. 
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The formation of conjugates was also validated by UV-VIS spectroscopy (Fig 4.5A). 
Functionalized MWCNTs appear to have a broad maximum of absorbance at λ = 259 nm, 
whereas after conjugation, MWCNTs-PAMAM presented a maximal well defined and sharp 
peak of absorbance at λ = 282 nm. After BioPri aptamer addition, the absorbance intensity of 
the peak at 292 nm increases with regard to MWCNTs-PAMAM conjugates, as a signal that 
the conjugation was effectively carried out. 
After the proper conjugation of nanomaterials, it follows the electrochemical assembly of the 
biosensor by incorporation of redox signal mediator and the bioreceptors: BioPri aptamers. 
The redox marker ferrocene Fc(NHP)2 modified by two active phtalamido ester groups, 
allowed by one side their incorporation to PAMAM dendrimers as well as it coupling to 
BioPri aptamers through the biotin-streptavidin chemistry by the other side. The 
characterization of covalent binding of ferrocenyl group Fc(NHP)2 to PAMAM as well as 
BioPri aptamer attachment was analyzed by differential pulse voltammetry (DPV). Once the 
covalent attachment of redox marker Fc(NHP)2 was performed, the appearance of a 
characteristic, reversible redox peak was observed with at current maximum I = 81.85 µA 
(versus Ag/AgCl). The relatively large current peak corresponding to the electron transfer 
from the ferrocene to the surface was observed thanks to high conductivity of carbon 
nanotubes and signal amplification given by PAMAM dendrimers. After subsequent linking 
of biotin, streptavidin and BioPri aptamers, a decrease in signal was observed thus confirming 
its binding and immobilization (Fig. 4.5B). Decrease in signal corresponds to current 
compensation reported by the positively charged ferrocene, which undergoes oxidation and 
reduction processes directly in the sensing layer. The permeation of ferrocene through the 
sensing layer is limited because of the accumulation of immobilized species. Thus, when 
biotin, streptavidin and aptamers are covalently linked to amino groups of ferrocene, they 
obstruct the ferrocene access and make the electron transfer less permitted causing a decrease 
in the current signal. The sensing layer was stable 16 h after biotin addition (I = 75.9 μA). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 4.5 A) UV-VIS analysis of MWCNTs+PAMAM+BioPrio conjugates at pH 7. B) Biosensor 
assembling by DPV: after incorporation of ferrocene Fc(NHP)2 onto MWCNTs+PAMAM platform, a 
significant current peak appears which will give further information about immobilization events 
performed on the biosensor surface. Biotin is covalently linked to ferrocene followed by streptavidin 
immobilization which facilitates BioPri incorporation to sensing layer. 
 
 Detection of prions by the biosensor, was performed based on an electrochemical 
transducer which used the oxidation and reduction reactions of the intercalated redox marker 
Fc(NHP)2 linked to BioPri aptamers after addition of different concentrations of prions PrPC.  
The range of prions concentrations tested by the biosensor varied from 1 pM to 10 µM. 
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Cyclic voltammetry was used for examining the sensor response. Oxidation and reduction 
peaks of current were used for monitoring the changes in current consumption after addition 
of prions. A decrease in the height of peaks (current changes ΔI) proportional to 
concentration, demonstrated a decrease in conductivity of the sensing layer, which was 
directly detected by the aptamers linked to the redox marker (Fig.4.6A). No changes in peak-
to-peak separation were registered because the redox marker is intercalated into the sensing 
layer and not freely diffused in the electrolyte, thus impeding the analysis of the signal in 
terms of electronic communication between the redox marker and electrode interface. 
The achieved results showed a linear response of the sensor with a LOD of 0.5 pM, the lowest 
so far reported for an aptamer-based electrochemical biosensor (Wang et al. 2009, Hianik et 
al. 2009). This aptasensor was highly selective to the globular part of prions PrPC (124-231) 
presenting very low affinities lo linear part of prions N-ter terminal (PrPC (23-124)) and other 
proteins as BSA.  Corresponding calibration curves corresponding to current variations versus 
logarithmic concentration for these proteins are shown in Fig. 4.6B.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 A) Cyclic voltammograms of biosensor response after prions PrPC (124-231) association in 
the range of concentration (1 pM-10 µM) recorded in PBS buffer at scan rate 100 mV/s. B) The plot of 
the relative changes of the current peak versus concentration of prions PrPC (124-231), PrPC (23-124) 
(the N-terminal part of prions) and BSA. ΔI = (I0-I), where I0 is the peak current prior addition of 
protein and I after incubation of the sensor with certain concentration of tested protein. Error bars 
correspond to standard deviation ± S.D. for 3 independent measurements. 

 
  
 Validation of the biosensor was also performed in human plasma samples spiked by 
cellular prions PrPC. (Table 4.3). The linear recovery of the sensor reflected high sensitivity 
for detection of prions in plasma samples.  
 
 

 
 
 
 

 
 
 
 
 

PrP added 
(µM) 

PrP found 
(µM) 

R.S.D. 
(%) 

R.E. 
(%) 

Recovery 
(%) 

10-6 6.7 x10-7 4.92 0.53 67.35 
10-5 7.2 x10-6 16.11 0.31 72.06 
10-4 7.8 x10-5 12.75 0.22 77.78 
10-3 8.1 x10-4 16.79 0.19 80.81 
10-2 8.4 x10-3 18.41 0.16 83.64 
0.1 8.6 x10-2 12.98 0.14 86.23 
1 8.8 x10-1 15.58 0.12 88.17 
10 8.9 12.20 0.11 89.09 

Table 4.3 Detection of prion proteins 
in human plasma. Results represent 
mean ± SD (standard deviation) 
obtained from three independent 
experiments; R.S.D. (relative standard 
deviation) = standard deviation/mean x 
100 %; R.E. (relative error) = [(true 
value-measured value)/true value] x 
100 %; n = 3. 
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 Summarizing obtained results, a novel aptasensor based on voltammetric transduction 
proposed for detection of human cellular prion proteins (PrPC), was successfully assembled 
achieving a LOD in pM concentration level, the lowest so far for an electrochemical aptamer-
based sensor. Incorporation of enhancing nanomaterials such as PAMAM dendrimers and 
MWCNTs resulted in providing higher surface coverage for immobilization of aptamers. The 
signal enhancing by these nanomaterials was even better compared to other prion aptasensor 
which used a SPR transducer onto polypyrolized platform (Miodek et al. 2013).  Another new 
contribution is the high sensitivity of voltammetric detection that was accurately provided by 
the ferrocenyl redox marker directly anchored between the dendrimer surface and aptamer 
receptors. The sensor was validated in spiked blood plasma by PrPC demonstrated that high 
sensitivity detection of cellular prions PrPC achieved by this biosensor is potentially 
promising for determination of pathological prions (PrPSc) in blood. 
 
 
4.5 SPRi analysis towards detection of VEGF by aptamers SAMs 

 
Various approaches have been developed for detection of VEGF up to date. 

Amperometric detection of VEGF using the redox mediator methylene blue (MB) in human 
whole serum and blood was reported by Zhao and co-authors (Zhao et al. 2011). Later on, an 
electrochemical aptasensor in a sandwich array was developed for targeting VEGF using two 
VEGF-binding aptamers: one aptamer that only binds to VEGF165 labeled by pyrroquinoline 
quinone glucose dehydrogenase (PQQ-GDH) and the other aptamer that binds to both 
VEGF165 and VEGF121 from immobilized onto a gold wire electrode. It was obtained a LOD 
of 50 nM.  However, the current saturates at 300 nM VEGF concentration, suggesting that the 
immobilized aptamers’ levels are insufficient to capture larger amounts of VEGF (Nonaka et 
al. 2013).  Impedimetric combined with voltammetry detection of VEGF was proposed by a 
novel  electrochemical  aptasensor  for  simultaneous  determination  of  two  tumor  markers,  
MUC1 and  VEGF,  by  using  ferrocene -labeled  complementary DNA. LOD was found to 
be 0.33 nM (Zhao et al. 2012).  Potentiometric detection of VEGF was reported by RNA 
aptamers immobilized either in Si nanowire (Lee et al. 2009) or on polypyrrole supported 
nanotubes (Kwon et al. 2010). The last approach used p-type field-effect transistor (FET) 
transducer and achieved the most sensitive aptasensor LOD of 400 fM for potentiometric 
aptasensors so far, it has the advantage to be repeatedly used for various concentrations of 
VEGF which includes several washing steps. But due to the nature of RNA aptamer this 
process should be carefully performed. An aptamer-based biosensor for VEGF was developed 
based on QCM and AFM techniques. Using a piezoelectric transducer, detection of VEGF (10 
nM-100 nM) was achieved by mixing thiolated aptamers with oligoethylene glycol (OEG) 
thiols for avoiding non-specific adsorption. The array was rather designed for examining the 
consistence and homogeneity of the SAMs under different strategies of thiol coverage, 
showing the OEG mixture been the most satisfactory (Zhang et al. 2011).   

This section includes a supplementary optical analysis based on surface plasmon 
resonance (SPRi) applied to the analysis of affinity between different types of aptamers and 
vascular endothelial growth factor (VEGF) in a sandwich assay. SPRi enables multiplexing of 
samples on the same gold platform and in situ analysis of various probes and analytes 
simultaneously. Therefore, this technique was chosen for quantify the binding affinity of V7t1 
and VEGFapt aptamer to VEGF in a sandwich array. 
Binding results from the sandwich assay composed of two types of aptamers sensitive to 
VEGF are evidenced in Fig. 4.7. On left-side graph (a) is represented the sandwich assay 
taking in account just the V7t1 aptamer (in concentrations 1 μM, 5 μM, 10 μM) as platform of 
immobilization.  After addition of VEGF the SPRi binding signal was recorded and VEGFapt 



   

aptamer was subsequently injected. Increase in the signal was observed after injection of the 
second aptamer indicating that this aptamer also bind to VEGF protein as it was expected. On 
the right graph (b) is showed the same sandwich assay but taking in consideration only the 
signal given by VEGFapt aptamer (in concentrations 1 μM, 5 μM, 10 μM).  In this case, 
binding signal to VEGF was also detected but with less intensity comparing to assay a) which 
led us to infer that VEGFapt aptamer has less affinity to VEGF in the sandwich assay 
probably due to the fact that VEGFapt aptamer only bind to the heparin-binding domain 
(HBD) of VEGF while V7t1 aptamer binds to the two binding sites present in VEGF: heparin-
binding domain (HBD) and receptor binding domain (RBD).   

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Sandwich assay for V7t1 and VEGFapt aptamer both immobilized on gold surface in 
concentrations 1 µM, 5uM and 10 µM respectively.  After immobilization of both aptamers, 200 nM 
of VEGF protein was added followed by injection of 1 µM of VEGFapt aptamer. Subsequently 1 µM 
of V7t1 was aggregated and the signal recorded after every single step of sandwich formation, a) 
Sandwich assay taking in account signal changes over V7t1 aptamer, b) Sandwich assay taking in 
account signal changes over VEGFapt aptamer.  In both cases, interaction of BSA with V7t1 and 
VEGFapt was taken as reference control. 
 
 
Another factor to take in account is the presence of a dT chain spacer on V7t1 structure which 
could potentially provide more mobility to the aptamer. In the sandwich array, the use of BSA 
signal subtraction is justified by the fact that no interaction was observed between the sensing 
layer and this analyte even at high BSA concentrations.  

Summarizing this section, it is worth stating that complementary analytical methods 
for studying surface modifications such as optical-based SPRi, has the advantage of providing 
qualitative understanding on multiple events occurring at a particular sensing layer and better 
emulates the sensor interface thanks to their lab-on chip fluidic system framework. Therefore 
a sandwich assay, very suitable for analytes that have two binding sites, has been employed 
for measuring the individual response of two types of aptamer designed for targeting different 
binding sites of VEGF. Obtained information contributes to elucidate the binding mechanism 
of different synthesized aptamers and inspired the assembling of novel arrays based on the 
discriminatory abilities that aptamers exhibit to particular analytes.  

Additionally, results analyzed by SPRi contributed to develop a comparative study of 
aptamer based electrochemical biosensors sensitive to VEGF using different types of 

a) b) 



   

aptamers: carboxylated COOH, thiolated SH and amino NH2
5

 modified. In these studies, EIS 
made available better detection of VEGF than SPRi by using the same thiolated aptamers. 
Subsequently, the response of the impedimetric aptasensor was improved by amino-modified 
aptamers incorporated in the surface of PAMAM dendrimers. A similar approach for 
detecting VEGF in serum by amperometric transducer (Zhao et al. 2011) confirmed the 
effectiveness of electrochemical methods. 

  
  
Summary 
 
  
 The present work was dedicated to design and develop different aptamer-based platform 
arrays for biosensing applications towards detection of small molecules and proteins such as: 
thrombin, ochratoxin A (OTA), human cellular prions and vascular endothelial growth factor 
(VEGF), all involved in important physiological processes and food analysis. 
 Thrombin detection was successfully achieved by an impedimetric aptamer based 
biosensor. Electrochemical signal provided by the redox couple [Fe(CN)6]-3/-4 has shown that 
this thrombin aptasensor was enough sensitive and selective to thrombin in a linear range of 
concentrations (LOD = 5 nM). Additionally, testing this biosensor in human plasma spiked by 
thrombin allowed detection of the protein with satisfactory sensor recovery. The principal 
contribution of this work in biosensing field relies on the implementation of an alternative and 
efficient platform for the incorporation of bioreceptors in a biosensing array, which can be 
easily constructed form gold compact discs in the form of a GCDT. Low cost in fabrication, 
relative easy manufacture, and the possibility to assemble numerous GCDTs for running 
several experiments (disposableness), are among the principal advantages of this approach. 
The sensor response using GCDT platform was comparable to that obtained for similar 
thrombin analysis when using commercial screen printed electrodes showing that the efficacy 
of GCDT for immobilization for SAM of thiolated DNA aptamers oriented to assemble 
biosensing arrays for detection of thrombin.  
 An additional colorimetric detection of thrombin by aptamers immobilized on gold 
nanoparticles, based on saline induced aggregation of nanoparticles was also reported in this 
work. Comparing our results with those for the thrombin aptasensor assembled on the GCDT, 
the sensitivity of biosensor assembled on planar surfaces was lower than the achieved by this 
colorimetric assay LOD = 5 nM versus LOD = 1 nM.  However electrochemistry provides a 
wider range of possibilities for monitoring and characterizing a biosensor. The approaches 
developed so far for by employing Au Nps-aptamer conjugates using Au Nps aggregation for 
detection of thrombin, are mainly oriented to obtain low LOD, but the strategy we used in this 
work, was more adjusted to complement the electrochemical measurements and obtain 
information about how to optimize and improve the aptamers immobilization process and 
even more, translate the principle: platform-aptamer-analyte into another rapid and effective 
system of detection. 
 Mycotoxin OTA was detected by means of a sensing platform based on the affinity and 
selectivity of thiolated DNA aptamers to their specific target. Cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) have served as characterizing and monitoring 
techniques of the events occurring at aptasensor interface when sensing low concentrations of 
OTA (1 nM-100 nM) upon the signal reported by redox couple [Fe(CN)6]-3/-4. The new 
                                                
5 Kvapilova Lucia, Comparison of different fabrication techniques in aptamer, biosensing for VEGF detection, 
Diploma thesis, Faculty of Natural Sciences, Comenius University (2013).  
 



   

contribution of this approach is the using of aptamers in diverse configurations (simple 
monomers, supported monomers by a dT spacer, monomers containing dT spacer hybridized 
to its complementary dA spacer and dimmers with supported dimerized spacers) for 
improving the LOD to OTA.  Effectively, LOD 0.12-0.40 nM achieved by this biosensor, 
were comparable to those obtained with HPLC method.  This LOD is also in sufficient 
agreement for detection of OTA in food samples where the minimum allowable 
concentrations are around 5 nM.  Spiked food by OTA was tested with satisfactory sensing 
response for coffee, flour, wine, orange juice and beer.  In addition, the sensing device was 
suitable for specific recognition of OTA. A proof of this, is the discrimination that aptasensor 
presented to OTA among other mycotoxins e.g. Ochratoxin B (OTB) and N-acetyl-L-
phenylalanine (NAP). Finally the influence of Calcium ions in OTA-aptamer binding has 
been analyzed showing that a minimal concentration of 10 mM Ca2+ is necessary for 
improvement of aptamer binding to OTA. 

 Other approach was dedicated to develop an electrochemical aptamer amplified based 
array that connected various nanostructures as signal enhancer of the sensor. Nanotubes, 
synthetic polymers such as PAMAM dendrimers and chemically modified redox markers 
were directly incorporated in the sensor interlayer. This novel design of aptamer-based sensor 
allowed significantly improved the detection of human cellular prions PrPC either in buffering 
of human plasma spiked samples, demonstrating that high sensitivity detection of cellular 
prions PrPC achieved by this biosensor is potentially promising for determination of 
pathological prions (PrPSc) in blood. A linear response of the sensor lead to a LOD of 0.5 pM, 
the lowest reported for electrochemical detection of human cellular prions up to date.  Layer-
by-layer sensor arrangement was monitored and demonstrated by complementary techniques 
electrochemical and optical approaches for confirming the properly functionalization and 
binding of the aptasensor components. This aptasensor was highly selective to the globular 
part of human cellular prions PrPC presenting very low affinities lo linear part of prions N-ter 
terminal and other proteins as BSA. 

A supplementary analysis aiming to monitor the surface of thiolated chemisorbed 
DNA aptamers sensitive to VEGF was performed by surface plasmon resonance imaging 
(SPRi). Despite of this method was oriented to assembling a particular aptasensor, it was 
utilized for acquiring a better understanding of SAM mechanisms occurring at aptamer-based 
sensor surfaces taking the advantages of in situ control of immobilized species and real time 
binding checking by SPRi. A sandwich assay containing two different types of aptamers V7t1 
and VEGFapt both sensitive to VEGF protein but to different binding domains was built up 
over the gold surface of SPRi prism.  Results have brought up to light that V7t1 presented 
better affinity to VEGF possibly attributed to the wide range of recognition that this aptamers 
has for HBD and RBD of VEGF as well as a dT spacer incorporated on its structure which 
could give this aptamer a higher mobility on the gold surface. SPRi was used as 
complementary technique for aptamer-based sensor assembly used in electrochemistry but 
under lab-on chip conditions using a multi-array platform. This approach also helped to 
distinguish the principal differences of aptasensor assembly under electrochemical and optical 
techniques. 
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Abstract 
 

This work is devoted to the study and application of artificially synthesized 
oligonucleotides – DNA aptamers – for developing biosensors of different configurations 
towards recognition of biomolecules involved either in physiological or food processes. 
Among analyzed biomolecules are: human thrombin, a serine protease responsible for 
coagulation process in blood, ochratoxin A (OTA) a contaminant mycotoxin present in 
foodstuff and human cellular prions (PrPC), referred to pathogenic agents that are able to 
induce abnormal folding of specific normal cellular proteins, causing neurodegenerative brain 
disorders.  An additional study aimed to elucidate the binding affinity of different types of 
aptamers sensitive to vascular endothelial growth factor (VEGF), a signal protein involved in 
vasculogenesis and angiogenesis, is also presented.  

Diverse chemistry arrays for immobilization of probes on solid supports, transducers 
and nanoparticles as signal enhancers, have been employed in order to assemble the aptamer-
based biosensors.  Electrochemical and optical techniques were used for characterizing the 
biosensors, detecting analytes and examining the sensors reproducibility. Aptamer-based 
sensors were basically constructed on gold surfaces onto which DNA aptamers were either 
directly immobilized by chemisorption, or anchored by means of nanomaterials such as 
Poly(amidoamine) (PAMAM) dendrimers, multi-walled carbon nanotubes (MWCNTs) or 
gold nanoparticles, in order to enhance the sensing signal. Biosensors response in buffer 
solutions as well as in spiked samples containing the analyte was tested with satisfactory 
results, promising useful and practical applications in food analysis and therapeutic diagnosis. 
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Abstrakt  
 
 Táto práca je venovaná štúdiu a využitiu umelo syntetizovaných oligonukleotidov - 
aptamérov pre vývoj biosenzorov rôznych konfigurácií k rozpoznávaniu biomolekúl 
zapojených buď do fyziologických procesov alebo významných pre analýzu potravín. Medzi 
analyzovanými biomolekulami boli  ľudský trombín - serínová proteáza zodpovedná za 
proces koagulácie v krvi; ochratoxín A (OTA) -  mykotoxín kontaminujúci potraviny a ľudské 
bunkové prióny (PrPC), ktoré boli použité ako model pre vývoj biosenzora na detekciu 
patogénnych priónov (PrPSc), ktoré sú zodpovedné za  neurodegeneratívne ochorenia mozgu. 
Ďalšie štúdie sa zamerali na objasnenie väzbovej afinity rôznych typov DNA aptamérov 
citlivých na vaskulárny endoteliálny rastový faktor (VEGF) - signálny proteín zapojený do 
procesov vaskulogenézy a angiogenézy.  

V práci sme aplikovali rôzne metódy imobilizácie aptamérov na povrchy. Využili sme 
aj nanočastice a nanoštruktúry s cieľom vývoja biosenzorov s čo najcitlivejšou odozvou. 
Rôzne elektrochemické a optické metódy sme použili na štúdium fyzikálnych vlastností 
povrchov s imobilizovanými aptamérmi a na detekciu študovaných látok. Senzory na báze  
aptamérov boli pripravené na zlatých povrchoch, na ktorých  boli DNA aptaméry 
imobilizované buď priamo, pomocou chemisorbcie, alebo prostredníctvom uhlíkových 
nanorúrok, polyamidoamínových dendrimérov (PAMAM)  alebo zlatých nanočastíc. Odozva 
senzora bola úspešne otestovaná v pufroch,  ako aj v reálnych kontaminovaných vzorkách 
potravín. Získané výsledky sú sľubné pre praktické využitie vyvinutých biosenzorov na 
analýzu potravín a v lekárskej diagnostike.  
 
Kľúčové slová: DNA aptaméry, biosenzory, elektrochemické aptasenzory, PAMAM dendriméry, 
multi-vrstvové uhlíkové nanotrubky, zlaté nanočastice, trombín, ochratoxín A, prióny, VEGF. 
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