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 28 

ABSTRACT 29 
 30 

 31 

A simple, fast, and inexpensive miniaturized electrochemical biosensor array with in-situ detection 32 

of CdSe/ZnS quantum dots (QDs) is presented. 33 

This biosensor uses the affinity reaction between streptavidin and biotin, for biotin determination, 34 

but the methodology could be extended to other clinical biomarkers. Individual screen-printed 35 

carbon electrodes (SPCEs) and 8-channel screen-printed carbon electrochemical arrays (8xSPCEs) 36 

were modified with streptavidin and its analytical performance was evaluated using QDs labeled 37 

biotin (biotin-QD). After the biological reaction, Cd
2+

 ions released from the dissolution of the 38 

nanoparticles were determined in-situ by voltammetric stripping. A linear range of 5x10
-10

-5x10
-9

 39 

M and a limit of detection of 2x10
-10

 M (in terms of QD) were achieved for SPCEs (5.0% RSD, 40 

n=3). For 8xSPCEs, a linear range of 1x10
-9

-1.2x10
-8

 M and a limit of detection of 3x10
-10

 M (in 41 

terms of QD) were obtained (8.5% RSD, n=3). A one-step competitive bioassay between biotin and 42 

biotin-QD was carried out using the biosensor array. A linear range of two orders of magnitude 43 

(1x10
-9

-1x10
-7

 M) and a limit of detection of 1.4x10
-9

 M were achieved for biotin (6.4% RSD, n=3). 44 

 45 

 46 

 47 

 48 

 49 

KEYWORDS: Biosensor, Electrochemical array, Nanotechnology, Quantum dot, Screen-printed 50 

electrode. 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 



 

 - 3 - 

INTRODUCTION 59 

Quantum dots (QDs) are nanostructured semiconductor materials discovered in 1981 [1]
.
 60 

They have an approximately spherical shape with a size typically between 1-12 nm that provides 61 

unique optoelectronic properties due to the quantum confinement effect [2]
.
 Their exceptional 62 

characteristics have been extensively studied by different techniques [3,4]. 63 

Typically, QDs have a core or core-shell structure. Former ones consist of only one 64 

semiconductor while the last ones, besides of the core, have an outer layer formed by another 65 

semiconductor. The outer layer has positive effects in the nanoparticle: protection of the core 66 

against oxidation and releasing of ions, increase of photostability and improvement of QDs surface 67 

defects [5]. QDs can be covalently bound to biomolecules, such as peptides, oligonucleotides, and 68 

proteins for different applications. Several methods of synthesis and modification of QDs have been 69 

developed in the recent years [6,7]
.
 The small dimensions of QDs and the easy modification of its 70 

surface with biomolecules make possible their use as labels for bioassays [8]
.
 QDs have generated 71 

great interest for optical biosensing because the size-controlled luminescence [9,10]. Compared to 72 

other labels, QDs are more stable and cheap and have an important versatility because the different 73 

materials and sizes available. The use of QDs instead of enzymatic labels may save a significant 74 

amount of analysis time because the enzymatic reaction can be avoided and may save costs because 75 

the enzymatic substrates are not necessary.  76 

Wang et al. published the first studies employing core QDs as electrochemical label [11–13]. 77 

This procedure consisted on dissolving the semiconductor nanoparticles by acid attack for releasing 78 

metal ions, after performing a bioassay in microplates. Those metallic ions are easily determined by 79 

anodic stripping voltammetry after a final step of solution transfer to an electrochemical cell with a 80 

mercury film glassy carbon electrode. The signal measured is proportional to the amount of analyte 81 

in the bioassay. Synthesis of core QDs with several semiconductor materials (PbS, CdS, CuS, ZnS) 82 

opened the ability to perform multiplexed electrochemical bioassays [14,15]. Although in most of 83 

the works core QDs as electrochemical label are employed, the use core-shell QDs has advantages, 84 
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as they have a higher stability than core QDs and less metallic ions are lost from the core [5]. 85 

Pinwattana et al. used CdSe/ZnS quantum dots for electrochemical determination of phosphorylated 86 

bovine serum albumin [16]. Moreover, the core-shell QDs may be synthesized with different sizes. 87 

Bigger QDs contain a higher amount of metal atoms and for applications that require a high 88 

sensitivity, bigger QDs could be employed. 89 

However, those works have some drawbacks such as the use of mercury film electrodes and 90 

conventional instrumentation with high volume electrochemical cells. Nowadays, the use of 91 

mercury is highly discouraged due the toxicity of this metal. Bismuth film electrodes are replacing 92 

mercury in heavy metal analysis [17]. Du et al. employed a glassy carbon electrode with a bismuth 93 

film for determination of neutravidin, using CdTe nanoparticles as label, after performing a 94 

bioassay on a gold surface [18]. 95 

An advantage of electrochemical instrumentation is that it can be miniaturized for 96 

fabricating portable point-of-care tools. One example of this miniaturization are the screen-printed 97 

electrodes. These devices are easy to use, require low sample volumes, allow an easy surface 98 

modification, are low cost and can be used as disposable devices [19]. Due to these features, the use 99 

of screen-printed electrodes as transducers of electrochemical biosensors is drastically increasing in 100 

the last years. Screen-printed electrodes have also been used to detect electrochemically cadmium 101 

ions from quantum dots in bioassays, but only after a final step where the solution is transferred to 102 

the electrode from the bioassay container [20,21]. In these works, screen-printed electrodes are not 103 

used as biosensor transducers but only as the measurement platform. The use of screen-printed 104 

electrodes as transducers is interesting because it simplifies highly the methodology approaching to 105 

the ideal point-of-care device. To the best of our knowledge, the use of screen-printed electrodes as 106 

transducers of biosensors detecting the QDs in the same electrode surface where the biological 107 

reaction takes place has not been reported. 108 

QDs have shown great potential for the electrochemical detection of biomolecules, but more 109 

research should be done in order to use this labeling system in point-of-care devices. Firstly, in the 110 



 

 - 5 - 

published studies, the electrode is not used as sensing surface, the biological reaction is performed 111 

outside the electrode, and therefore, those bioassays are not strictly considered biosensors because 112 

the transducer is only used for measuring. On the other hand, Merkoçi et al.[22] measured CdS QDs 113 

directly on screen-printed electrodes, but the sensitivity obtained is rather low, probably due to the 114 

low availability of cadmium ions in solution because they do not destroy the QDs with an acid 115 

attack. A direct detection of QDs using screen-printed electrodes as sensing surface of a biosensor 116 

remains to be published.  117 

In this work it is designed a sensitive electrochemical biosensor for biotin using CdSe/ZnS 118 

QDs as label. This biosensor is based in the affinity reaction between streptavidin and biotin, with 119 

in-situ detection of nanoparticles, on the surface of disposable 8-channel electrochemical screen-120 

printed arrays (8xSPCEs) modified with a bismuth film.  121 

 122 

MATERIALS AND METHODS  123 

 124 

Apparatus and electrodes 125 

Voltammetric measurements were performed with a μStat 8000 (DropSens, Spain) 126 

potentiostat interfaced to a Pentium 4 2.4 GHz computer system and controlled by DropView 8400 127 

1.0 software. All measurements were carried out at room temperature. Screen-printed carbon 128 

electrodes (SPCEs) were purchased from DropSens (Spain). These electrodes incorporate a 129 

conventional three-electrode configuration, printed on ceramic substrates (3.4 x 1.0 cm). Both 130 

working (disk-shaped 4 mm diameter) and counter electrodes are made of carbon inks, whereas 131 

pseudoreference electrode and electric contacts are made of silver. These electrodes have an 132 

electrochemical cell of 50 µL. 8-channel screen-printed electrochemical arrays were purchased 133 

from DropSens (Spain). Each array is formed by eight 3-electrode electrochemical cells (30 µL 134 

volume) with carbon-based working and counter electrodes, whereas pseudoreference electrodes 135 

and electric contacts are made of silver. This device has dimensions of 4.0 x 7.9 x 0.06 cm (length x 136 

width x height) and the diameter of the working electrodes is 2.56 mm. Figure 1A shows an image 137 
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of the electrochemical array. The SPCEs and 8-channel arrays were connected to the potentiostat 138 

through specific connectors, DRP-CAST1X8 and DRP-CAST8X, respectively. An Elmasonic P 139 

ultrasonic bath (Elma GmbG, Germany) was also employed to disperse the nanomaterials in the 140 

solution. A JEOL 6610LV scanning electron microscope (30 kV, Japan) was used to characterize 141 

the working electrodes. 142 

Reagents and solutions  143 

Carboxyl modified multiwalled carbon nanotubes (MWCNTs) were purchased from 144 

Nanocyl (Belgium, ref. 3151).  Carbon nanofibers (CNFs) and Graphene oxide (GO) were kindly 145 

provided by Grupo Antolín (Spain) and Nanoinnova Technologies (Spain), respectively. 146 

Bismuth(III) nitrate, cadmium(II) acetate, sodium hydroxide, sulfuric acid (97%), acetic acid 147 

(100%) nitric acid (65%), fuming hydrochloric acid (37%) and N,N-dimethylformamide (DMF) 148 

(99.8%) were purchased from Merck. Tris(hydroxymethyl)aminomethane (Tris), bovine serum 149 

albumin fraction V (BSA), streptavidin (molecular weight, 66 kDa), antimony(III) chloride and d-150 

biotin were purchased from Sigma-Aldrich (Spain).  Qdot® 655 Biotin Conjugate (biotin-QD) was 151 

purchased from Life Technologies (Spain). Ultrapure water obtained with a Millipore Direct Q5™ 152 

purification system from Millipore Ibérica S.A. (Madrid, Spain) was used throughout this work. All 153 

other reagents were of analytical grade. Working solutions of streptavidin, biotin, BSA, and biotin-154 

QD were made in 0.1 M pH 7.2 Tris-HNO3 buffer. MWCNTs solution was prepared by mixing 1 155 

mg of MWCNT-COOH with 1 mL of a mixture DMF:water (1:1) by sonication using an ultrasonic 156 

bath for 2 h. A dilution of this solution was made for a final concentration of 0.1 g L
-1

 by sonication 157 

for 30 minutes. Graphene oxide and carbon nanofibers solutions were made in water using the same 158 

procedure. Unless indicated otherwise, a solution of 5x10
-9

 M (in terms of QD) of biotin-QD was 159 

employed for the optimization of the biosensor.  160 

Modification of screen-printed electrodes with nanomaterials 161 
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The modification of SPCEs with carbon nanotubes was carried out following a method 162 

developed by Fanjul-Bolado et al [23]. Modification of SPCEs with graphene oxide or carbon 163 

nanofibers was carried out by depositing an aliquot of 10 µL of the graphene oxide or carbon 164 

nanofibers dispersion (0.1 g L
-1

 in water) on the working electrode surface. The solution was left at 165 

room temperature (20°C) until dryness. Modified electrodes were carefully washed with water and 166 

stored at room temperature. 167 

Immunoassay procedure 168 

An aliquot of 10 µL (4 µL for arrays) of streptavidin solution with an adequate 169 

concentration was dropped on the surface of the working electrode and was left overnight. After 170 

washing the SPCE with Tris-HNO3 buffer, a blocking step was carried out placing 40 µL (25 µL for 171 

arrays) of BSA blocking buffer (2.0% BSA in 0.1 M Tris-HNO3) solution for 30 minutes. After 172 

another washing step with Tris-HNO3, 30 µL (25 µL for arrays) of biotin and biotin-QD solution (in 173 

Tris-HNO3) was dropped on the modified electrode for 30 minutes. A last washing step was carried 174 

out with ultrapure water. Then, the electrode was connected to the potentiostat for the 175 

electrochemical analysis. In Figure 2, a scheme of the competitive assay on biosensor array is 176 

presented. 177 

Electrochemical measurements 178 

After the biological reaction, 1 µL of HCl 1.0 M was added on the working electrode to 179 

release Cd
2+

 from QDs. 40 µL (25 µL for arrays) of 0.1 M acetate buffer solution with 0.5 mg L
-1

 Bi 180 

(III) was added. A constant potential of +1.00 V was applied for 60 s to activate the working 181 

electrode. Cadmium was preconcentrated on the electrode surface by applying a potential of -1.10 V 182 

for 300 s, simultaneously a bismuth film was also formed during this step. The potential was swept 183 

from -1.10 V to -0.65 V using differential pulse voltammetry (DPV) with optimized. 184 

 185 
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RESULTS AND DISCUSSION 186 

For electrochemical biosensor development is critical to optimize the electrode surface. The 187 

electrochemical behavior of the analytical signal with different nanostructured surfaces was studied. 188 

SPCEs were modified with different carbon nanomaterials: carbon nanofibers, carbon nanotubes 189 

and graphene oxide and the measured signal was compared between these nanostructured 190 

transducers and the bare electrode. Figure 3A shows the typical differential pulse voltammograms 191 

for the different transducers using a solution containing 100 µg L
-1

 of Cd
2+

 and 1 mg L
-1

 of Bi(III). 192 

Previously the electrode surface was modified with streptavidin and BSA to obtain similar 193 

conditions to the real bioassay.  194 

Peak currents obtained for the carbon nanostructured transducers were significantly lower 195 

than for the bare screen-printed electrode. This fact can be explained considering the increase of the 196 

capacitive current seen in the i-E curves. The modification of the electrode surface with 197 

nanomaterials produces a higher adsorption of proteins on the surface,[24] increasing the effect of 198 

the electrical double layer, and decreasing the signal/noise ratio. Although in the literature there are 199 

many examples where carbon nanomaterials improve electron transfer and sensitivity of different 200 

electrochemical sensors [25], in this case, the increment of the capacitive current plays a 201 

fundamental role in the analytical signal. Therefore, the best results were obtained with bare 202 

electrodes.  203 

Preconcentration of cadmium on the electrode for the stripping step is performed on a metal 204 

film. The most common is the use of bismuth [17] and lately, antimony [26], since the analysis is 205 

more sensitive with these metals than in bare carbon surface. A study of different metal films 206 

(bismuth, antimony, and bismuth/antimony) to obtain the best surface for the preconcentration of 207 

cadmium was carried out. Thus, the concentration of ionic metal in solution for the in-situ film 208 

formation was studied. The peak current obtained using a solution containing 100 µg L
-1

 Cd
2+

 in 209 

acetate buffer (0.1 M, pH 4.5) was compared for different concentrations of Bi(III), Sb(III) and 210 
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mixture of Bi(III)/Sb(III). The best results were found to be: 0.5 mg L
-1

 of Bi(III), 5 mg L
-1

 of 211 

Sb(III) and for the Bi/Sb mix, 10 mg L
-1

 of Bi(III) and 0.2 mg L
-1

. 212 

Figure 3B shows that the optimal film for cadmium preconcentration was obtained with a 213 

solution containing 0.5 mg L
-1

 of Bi(III). Despite it, the use of Sb or Bi/Sb mixture could be 214 

interesting when a more acidic medium is necessary because the main advantage of using a Sb or 215 

Bi/Sb film for cadmium detection is that these metals can be used in a strong acidic medium (pH 2), 216 

since the reduction of the protons in solution is more difficult than using the Bi film [27]. Therefore, 217 

it might be useful for applications where it is needed to use a more acidic medium than it is possible 218 

with Bi.  219 

Since the analytical signal is based on the anodic stripping voltammetry of Cd
2+

 ions 220 

released from QDs, the more degradation of the nanoparticles is achieved, the more Cd
2+

 ions 221 

existing in the solution and consequently, the methodology will be more sensitive. The fastest way 222 

to achieve this degradation of QDs is likely with a chemical acid attack. Several acids (HNO3, 223 

H2SO4, HCl) and several volumes (1, 2, 5, 10 µL) for different concentrations (0.2, 0.5, 1.0, 2.0 M) 224 

of these acids, in combination with several concentrations (0.1 and 0.2 M) and pHs (4.5 and 5.0) of 225 

the acetate buffer were tested for breaking up the quantum dots. The highest analytical signals were 226 

obtained using 1 µL of 1.0 M HCl and 40 µL of 0.1 M acetate buffer (pH 4.5).  227 

The effect of the time of dissolution of QDs was studied. After dropping 1 µL of HCl 1.0 M 228 

on the working electrode, a short time (0, 30, 60, 120 s) was waited before adding the acetate buffer 229 

and perform the electrochemical measurement. No significant differences were found between the 230 

several times studied. It appears that the dissolution of the nanoparticles occurs almost 231 

instantaneously in this acidic medium (HCl 1.0 M).  232 

The activation potential step carried out before the electrochemical deposition of cadmium 233 

on the electrode surface was optimized. Several potentials were applied: +0.60 V, +1.00 V and 234 

+1.20 V for 60 and 120 s. It was found that after the application of this potential an improvement in 235 

the analytical signal was obtained. The highest peak current was obtained after applying +1.00 V 236 
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for 60s. In order to know the effect of this activation step, a drop of 10 µL of QDs without biotin (1 237 

nM) was deposited on a bare (without streptavidin coating) electrode and the peak current obtained 238 

for the following experiments was measured: 1) neither adding HCl nor applying activation 239 

potential as in Merkoçi et al. work [22], 2) without adding HCl but applying the activation potential, 240 

3) adding HCl and without applying the activation potential, 4) adding HCl and applying the 241 

activation potential. Figure 3C shows DPV signals for the four cases. It can be observed that the 242 

addition of HCl is fundamental to get an important release of Cd
2+

 ions to the solution and achieve a 243 

more sensitive assay. Moreover, there is a positive effect of the activation potential in the analytical 244 

signal because a higher peak is achieved by applying this potential. Therefore, even without protein 245 

material adsorbed on the electrode surface, the activation potential improves the analytical signal. 246 

This fact could be due to one (or both) of these reasons: for activation of the electrode surface 247 

increasing its area or for a higher degradation of the QDs with the consequent release of more Cd
2+

 248 

ions. In a surface with proteins, the application of this potential may also help to desorb the proteins 249 

from the surface, improving the sensitivity.  250 

Other basic parameters affecting the affinity reaction as the streptavidin concentration and 251 

the time of reaction were optimized. The analytical signal measured for different streptavidin 252 

concentrations and reaction times reached a plateau at a concentration of 1x10
-7

 M and after 30 253 

minutes of reaction time.  254 

The parameters optimized for the stripping voltammetry were: deposition potential, 255 

deposition time, amplitude, step, modulation time and interval time. Between these parameters, the 256 

most relevant are deposition time, differential pulse amplitude and modulation time. Even a small 257 

change in the values of these parameters has an important effect on the magnitude of the analytical 258 

signal and can improve the sensitivity of the method. The optimized values were: -1.10 V for 259 

deposition potential, 300 s for deposition time, 0.05 V for amplitude, 0.01 V for step, 0.01 s for 260 

modulation time and 0.1 s for interval time. 261 
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The characterization of the surface of the working electrode was performed by SEM. There 262 

were no visible changes to the surface after performing each step of the bioassay. The presence of 263 

bismuth particles after the accumulation step was not obtained by SEM (Figure 1B), probably 264 

because the amount and size of those particles are very small and are not visible in the images. 265 

Coulometric measurements to obtain the deposited amount of bismuth were performed and the 266 

result was 10.2 ± 0.5 ng, and considering the surface area it was approximately 2 fg μm
-2

. 267 

After the optimization of the methodology the designed biosensors were used to perform a 268 

calibration with different concentration of biotin-QD. Analytical signal increased with increasing 269 

concentrations of biotin-QD. A linear range of 5x10
-10

-5x10
-9

 M (in terms of QD) with a correlation 270 

(R
2
) of 0.998 was obtained (ip = 0.14 + 1.22 [biotin-QD] (10

-9
 M)). Detection limit of this method 271 

was 2x10
-10

 M. The reproducibility of the analytical signal obtained is about 5.0 % (n=3) in terms of 272 

RSD using different biosensor devices.  273 

Recent developments in potentiostat technology facilitate the electrochemical measurement 274 

of several electrodes simultaneously. Within these advances are included the multichannel screen-275 

printed electrode arrays shown in Figure 1A. The developed method for individual screen-printed 276 

electrodes was applied using an 8-channel screen-printed carbon electrode array. Figure 4A shows 277 

a calibration plot of increasing concentrations of biotin-QD using 8-channel SPCE arrays. A linear 278 

range of 1x10
-9

-1.2x10
-8

 M (in terms of QD) with a correlation (R
2
) of 0.990 was obtained. A 279 

detection limit of 4x10
-10

 M was calculated and the reproducibility between arrays was of 8.5 % 280 

(n=3) in terms of RSD. The sensibility (slope of the calibration plot) obtained is lower using arrays 281 

than individual electrodes and the relation between both slopes is in good agreement with the ratio 282 

of the electrode area (5.2 mm
2
 vs 12.6 mm

2
). Though the analytical characteristics are better using 283 

individual electrodes, the benefits using the arrays are evident. The simplicity of the methodology is 284 

clear because each step is performed with multichannel pipettes and washing steps are carried out 285 

simultaneously. Furthermore, it is noteworthy the advantages of these arrays when the procedure is 286 

time dependent, as in most developed electrochemical biosensors. Using arrays it is possible to 287 
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perform an exceptional amount of analysis in a short time, thus in situations where it is required to 288 

perform several tests, arrays are an excellent option to save costs.  289 

The proper operation of the electrochemical biosensor array was evaluated for biotin 290 

determination. A one step competitive assay was performed between biotin and labeled biotin 291 

against the binding sites of the streptavidin. The voltammetric signal decreased with the increment 292 

of biotin in the sample. A constant concentration of 1.2x10
-8

 M of biotin-QD (in terms of QD) was 293 

chosen. A linear dependence between i/i0 (%) and the logarithm of biotin concentration was found 294 

(1x10
-9

-1x10
-7

 M) (Figure 4B). i0 was the current obtained in the absence of biotin and i was the 295 

corresponding current response when biotin was present. A detection limit of 1.4x10
-9

 M for biotin 296 

was achieved (5.9% RSD, n=3). The detection limit was calculated as the concentration that gives 297 

an analytical signal obtained after subtracting to the maximum signal three times the standard 298 

deviation of this signal.  299 

   300 

CONCLUSIONS 301 

There is a recent interest in developing miniaturized devices for solving clinical and 302 

environmental issues. Within the tools and detection labels being developed, the use of screen-303 

printed carbon electrodes with in-situ detection of quantum dots provides an excellent platform for 304 

the development of electrochemical biosensors. The approach presented in this work has clear 305 

advantages: a simple and fast procedure (1 hour) using an array that allows to do eight simultaneous 306 

analysis and to get a high amount of data in a short time. The array system may be applied for 307 

different clinical biomarkers, with the possibility to use several quantum dots for multiplexed 308 

biosensing.  309 

Future clinical analysis should be easier and cheaper and with the biosensor array developed 310 

we are closer to fulfill those goals. 311 

 312 

 313 
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Figure 1. A) Image of the 8-channel screen-printed electrochemical array and the corresponding 417 

connector. B) SEM image of the working electrode of the biosensor array after the deposition step. 418 

 419 

Figure 2. Schematic diagram of the electrochemical biosensor array. The bioassay procedure is 420 

carried out using the working electrodes of the array as transducers and in-situ electrochemical 421 

detection of QDs. 422 

 423 

Figure 3. A) Differential pulse voltammograms for 100 µg L
-1

 of Cd
2+

 and 1 mg L
-1

 of Bi(III) in 424 

acetate buffer (pH 4.5) using transducers modified with different nanomaterials: (-) bare electrodes, 425 

(-·-·-) carbon nanotubes, (- - -) graphene oxide, and (···) carbon nanofibers. B) Differential pulse 426 

voltammograms for 100 µg L
-1

 of Cd
2+

 in acetate buffer (pH 4.5) using different metallic films: (-) 427 
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0.5 mg L
-1

 of Bi(III), (- - -) 5 mg L
-1

 of Sb(III), and (···) 10 mg L
-1

 of Bi(III) and 0.2 mg L
-1

 of 428 

Sb(III). Inset: Mean peak currents (n=3) of the differential pulse voltammograms for the specified 429 

metallic films. C) Differential pulse voltammograms for 1 nM QDs in acetate buffer (pH 4.5): (-) 430 

after adding HCl 1 M and applying an activation potential of +1.00 V for 60 s, (- - -) after adding 431 

HCl 1 M but without applying the activation potential, (···) neither adding HCl nor applying an 432 

activation potential, and (-·-·-) without adding HCl but applying an activation potential of +1.00 V 433 

for 60s. 434 

 435 

Figure 4. A) Differential pulse voltammograms and calibration plot for the biosensor array in the 436 

presence of different concentrations of biotin-QD (a-f): 1, 2, 4, 7, 10 and 12 x10
-9

 M (in terms of 437 

QDs). Inset: calibration plot for the biosensor as a function of biotin-QD concentration. Activation 438 

potential: +1.00 V for 60 s. Deposition potential: -1.10 V for 300 s. B) Differential pulse 439 

voltammograms and calibration plot for the biosensor array recorded in the one step competitive 440 

bioassay in presence of different concentrations of biotin (a-f): 0, 1, 5, 10, 50 and 100x10
-9

 M. Inset: 441 

semilogarithmic plot of the corresponding calibration curve. The parameters of ASDPV were the 442 

same as in Figure 3A. 443 

 444 
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