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Abstract

:

A highly sensitive electrochemical DNA sensor for detection of the chemotherapeutic drug idarubicin mediated by Methylene blue (MB) has been developed. DNA from fish sperm has been immobilized at the electropolymerized layers of Azure B. The incorporation of MB into the DNA layers substantially increased the sensor sensitivity. The concentration range for idarubicin determination by cyclic voltammetry was from 1 fM to 0.1 nM, with a limit of detection (LOD) of 0.3 fM. Electrochemical impedance spectroscopy (EIS) in the presence of a redox probe ([Fe(CN)6]3−/4−) allowed for the widening of a linear range of idarubicin detection from 1 fM to 100 nM, retaining LOD 0.3 fM. The DNA sensor has been tested in various real and artificial biological fluids with good recovery ranging between 90–110%. The sensor has been successfully used for impedimetric idarubicin detection in medical preparation Zavedos®. The developed DNA biosensor could be useful for the control of the level of idarubicin during cancer therapy as well as for pharmacokinetics studies.
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1. Introduction


Idarubicin (IDA (1)) is a cytostatic anthracycline chemotherapy drug with a broad action spectrum. In 1990, the U.S. Food and Drug Administration (FDA) approved IDA for the treatment of acute myelogenous leukemia. It is also used in lung, ovarian and advanced breast cancer, multiple myeloma and non-Hodgkin’s lymphoma therapy [1,2,3]. IDA is a semisynthetic derivative of daunorubicin (4-demethoxydaunorubicin) and at least twice as potent as daunorubicin in different cancer cell lines. IDA induces a faster and higher apoptosis rate compared with daunorubicin [4]. IDA was the first anthracycline chemotherapy drug admitted for oral use because of its enhanced lipophilicity [5]. The taking of anthracycline antibiotics often leads to serious side effects. Among them, cardiotoxicity is most dangerous. For these reasons, it is strictly necessary to control the level of chemotherapy agents in biological fluids (urine, blood plasma, blood serum, and whole blood) for adequate correction of personal intake and pharmacokinetics monitoring. To date, IDA is determined by several physical methods, e.g., spectrofluorometry [6], high performance liquid chromatography (HPLC) with UV and fluorescence detection [7] and electroanalytical techniques [8,9] (see also review [10]). Being sensitive and universal, such methods require sophisticated equipment, complicated and time-consuming sample treatment, and skilled labor staff.
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The use of DNA as a recognition element offers new opportunities in the development of biosensors for antitumor drug determination [11,12,13,14]. In them, specific DNA-drug complexation is considered as a model of target interactions in a living being. Changes in the DNA configuration, charge distribution and coordination at the transducer interface are monitored using spectroscopic or electrochemical tools. The DNA preparations for such purposes are commercially available and do not require specific nucleotide sequences like the DNA probes used in the hybridization detection.



The use of electropolymerized materials in biosensor design is mainly directed at the mediation of electron transfer and in electric wiring bioreceptors to detect recognition events via changes in the appropriate currents and charge transfer resistance. Electroconductive polymers, e.g., polyaniline [15,16], polythiophene [17] and polypyrrole [18], are used in such biosensors. Their implementation in the biosensor assembly diminishes the resistance of the interface and simplifies the immobilization of biopolymers via electrostatic interactions. In the case of the detection of small molecules by their binding with DNA molecules, the above-mentioned polymers mainly responded to the analyte binding by changes in redox equilibrium and appropriate peak currents on voltammograms. Meanwhile these changes can be partially compensated for by cooperative transfer of counter ions (doping-dedoping reactions). Besides this, electroconductivity of the hybrid DNA-polymer coatings can be altered by unexpected changes in the pH and ionic strength of the electrolytes.



In this respect, the use of redox active but not electroconductive polymers as matrices for DNA immobilization and signal generation can be advantageous. Recently, we have shown that the electropolymerization of phenazine and acridine dyes, e.g., proflavine [19], Azure A and Azure B [20,21], followed by DNA adsorption results in high sensitivity of the electrochemical properties of the coatings to DNA intercalation and damage. Indeed, they showed high sensitivity in anthracycline determination, though their signals were limited by the solubility of monomers in water and the moderate efficiency of electropolymerization protocol. In this work, we describe for the first time the determination of idarubicin with DNA sensors based on electropolymerized Azure B. The protocol of the biosensor assembly and signal measurement is schematically outlined in Figure 1.



It involves (1) the electropolymerization of Azure B in the buffer saturated with chloroform, improving the performance of the polymer formed; (2) adsorption of DNA saturated with Methylene blue (MB) as an electron transfer mediator; (3) incubation in idarubicin solution. The reaction with DNA releases additional MB molecules participating in the electron exchange and alters the MB reduction signal, measured via cyclic voltammetry.




2. Materials and Methods


2.1. Reagents


Azure B (dye content 97%), idarubicin, HEPES (N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)), DNA from fish sperm, MB and chloroform were purchased from Sigma-Aldrich (Darmstadt, Germany). Other reagents were of analytical grade. Deionized Millipore Q® water (Molsheim, France) was used for the preparation of working solutions. Electrochemical investigations were performed in 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0. Electrochemical quartz crystal microbalance (EQCM) measurements were performed in 0.1 M HEPES buffer containing 0.03 M NaNO3, pH 7.0. The pH dependence of the sensor signal was monitored using Britton–Robinson buffer, consisting of 0.04 M H3PO4, 0.04 M H3BO3, 0.04 M CH3COOH, and 0.05 M Na2SO4. Saturation of the working buffer with chloroform was carried out by mixing in a volume ratio of 4:1 and stirring for 30 min. After phase separation, the aqueous phase was taken for the electropolymerization experiments. The idarubicin preparation Zavedos® (Pfizer Inc., New York, NY, USA) was purchased in the local pharmacy market.




2.2. Apparatus


Voltammetric and impedimetric measurements were performed at ambient temperature using potentiostat-galvanostat AUTOLAB PGSTAT 302N (Metrohm Autolab b.v., Utrecht, The Netherlands) with FRA2 module. With this, a three-electrode cell provided with a home-made polytetrafluoroethylene-coated glassy carbon working electrode (GCE, 0.0167 cm2 in diameter), Pt auxiliary electrode and Ag/AgCl/3 M KCl (CH Instruments Inc., Austin, TX, USA) as a reference electrode were used. Cyclic voltammetry (CV) was applied for electrochemical characterization of the poly(azure B) layers that were deposited from the HEPES buffer (PAB-1) and HEPES buffer saturated with chloroform (PAB-2).



The electrochemical impedance spectroscopy (EIS) frequency varied from 100 kHz to 0.04 Hz, the amplitude of the applied sine potential was equal to 5 mV, impedance equilibrium potential was calculated as a half-sum of the peak potentials recorded in a 0.01 M [Fe(CN)6]3−/4− pair as the redox probe. The impedance parameters, such as charge transfer resistance and constant phase element, were calculated from the Nyquist diagram with the R(RC)(RC) equivalent circuit using NOVA software (Metrohm Autolab b.v., Utrecht, The Netherlands).



Electrochemical quartz crystal microbalance (EQCM) measurements were performed with the EQCM module of the CHI 440B electrochemical analyzer (CH Instruments, Inc. Austin, TX, USA) equipped with the EQCM AT-cut piezo crystal (fundamental frequency 8 MHz, diameter of working thin gold electrode: 0.205 cm2).



Atomic force microscopy (AFM) images of glassy carbon sheets covered with electropolymerized poly(Azure B) films were obtained by scanning probe microscope Dimension FastScan (Bruker, Bremen, Germany) in the quantitative nanomechanical mapping mode using silicon probes “Bruker scanasyst air” with the radius of curvature ~2 nm and spring constant k = 0.4 N/m. Scan rate was equal to 1 Hz within 256 × 256 window. Image processing was made with the Gwyddion-Free SPM data analysis software.




2.3. Azure B Electropolymerization and DNA Sensor Preparation


The GCE electrode was mechanically polished, then cleaned with acetone and deionized water. After that, it was electrochemically treated by repeated multiple potential cycling in 0.1 M H2SO4. Then, it was immersed in 5 mL of 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0 (in some experiments, saturated with chloroform as mentioned above) and 0.5 mM Azure B. The electropolymerization conditions of the Azure B were determined in [21,22] and used as follows. The electrode was polarized at 1.0 V for 300 s, then the potential of the electrode was cycled 20 times between −0.4 and 1.1 V with a scan rate of 100 mV/s. Finally, the electrode was thoroughly washed with deionized water and working buffer and air-dried at ambient temperature for 20 min.



The DNA-MB mixture was made with equal volumes of 1 mg/mL DNA and 5 mM MB solutions. The optimal saturation ratio of DNA with MB was determined prior, in [16]. The electrode with a deposited PAB-1 or PAB-2 layer was fixed upside down and the DNA assembling was performed by drop casting 2 µL DNA-MB mixture onto it. The electrode surface was capped with plastic tubing for 10 min to prevent drying and to control bioreceptor immobilization quantity. Then, the electrode was washed with deionized water, moved to the working buffer solution and 10 cycles of the potential between −0.4 and 0.8 V, 100 mV/s were used to stabilize the signal by removing unbound dye particles from the polymer layer.




2.4. Idarubicin Measurements, Real Sample Analysis


The DNA-MB-modified sensor based on PAB-2 was fixed upside down and 2 µL of idarubicin solution in working buffer was placed on the surface. The electrode surface was capped with plastic tubing for 20 min to prevent drying, then washed with deionized water and air-dried at ambient temperature. Then, the electrode was transferred to the electrochemical cell for cyclic voltammetry or impedimetric measurements.



Artificial blood plasma samples were based on Ringer-Locke’s solution (9 g/L NaCl, 0.42 g/L KCl, 0.5 g/L NaН2PO4·2H2O, 0.32 g/L CaCl2·2H2O, 0.1 g/L NaHCO3, 0.3 g/L MgSO4, 1.5 g/L D-glucose), pH 7.0. Artificial urine samples contained 20 mM KCl, 49 mM NaCl, 15 mM KH2PO4, 10 mM CaCl2, 18 mM NH4Cl, and 18 mM urea [22]. The concentration of bovine serum albumin solution was set at 41.4 mg/mL, which corresponds to a moderate level of albumin in adult blood serum.



Human urine samples were collected from healthy volunteers. The pH value of urine was corrected until it reached 7.0. Sediment that appeared during the pH correction of the urine sample was gathered using the decantation method.





3. Results and Discussion


3.1. Comparison of Electrochemical Characteristics of PAB-1 and PAB-2 Layers


The cyclic voltammograms obtained during the electropolymerization process in the presence and absence of chloroform are presented in Figure 2. The multiple cycling of the potential led to the progressive increasing of the peak currents responsive for both monomeric and polymeric forms of the Azure B [23]. The sharp current increase in the high anodic potential area corresponded to the dication radical formation that initiates polymerization [24]. With the cycle number, the increasing anodic currents of monomeric and polymeric forms of Azure B became more evident, whereas cathodic currents merged into one broad peak. Nevertheless, it was obvious that, in the presence of chloroform, the peaks of monomeric and polymeric forms were much better resolved and defined. The influence of chloroform was previously considered for Azure A electropolymerization [21]. As was shown, the polymer deposited in the presence of the solvent contained more pores and showed higher adsorption capabilities than that obtained from aqueous media. This was attributed to the disaggregation of the dye particles on the electrode surface.



The addition of chloroform to the electropolymerization solution slightly shifts the monomer redox peak potentials to the cathodic direction and the polymer redox peak potentials significantly shift to the anodic area.



After being transferred to the working buffer with no monomer, the GCE modified with PAB-1 and PAB-2 layers demonstrated two pairs of the peaks on the cyclic voltammograms (Figure 3).



Peak currents in the presence of chloroform are lower compared to those in the water medium. Previously, in the literature, it has been shown that Azure B monomer can be entrapped into the poly(Azure B) film [4]. Poly(Azure B) redox signal stability was tested on six electrodes modified with the same method. After 10 consecutive voltammogram registration, the polymeric form provided a more stable signal compared to the monomeric form. For example, changes in PAB-2 polymer reduction signal were about 1 %, whereas monomer reduction signal reduced twice. This could be explained by leaching of the monomer from the surface layer. The magnitude and ratio between two described pairs of redox peaks for PAB-1 and PAB-2 was strictly influenced by the pH value (Figure 4).



Generally, the addition of chloroform to the electropolymerization medium expanded the working area of the modified GCE. Apart from the polymer oxidation peak, all other redox peaks for PAB-2 were smaller than for PAB-1 and the corresponding current dependences on pH were shifted to more acidic media. The oxidation peak current of the PAB-1 monomeric form was stable in acidic and weakly acidic media, then decreased to a minimum in the neutral media. The oxidation peak current of the PAB-2 monomeric form monotonically decreased throughout the pH range from 2 to 7. The oxidation peak current of the polymeric form PAB-1 was well defined only in the pH range from 4 to 8, whereas the oxidation peak current of the PAB-2 occurred in all studied pH ranges. Both PAB-1 and PAB-2 demonstrated the maximum at pH = 7. Reduction peak currents of the PAB-2 monomeric form were quite stable in the pH range between 3 and 6 and increased when transferred to the more acidic or alkaline solutions. Small-scale decay was observed on PAB-1 reduction peak current dependence on pH. Reduction peak currents of the PAB-1 and PAB-2 polymeric form steadily decreased in all studied pH ranges. The half-sum of peak potentials for monomeric and polymeric forms of poly(Azure B) was used as formal redox potential. In the case of the monomeric form there were no significant differences between PAB-1 and PAB-2 slopes of the pH dependences of the formal redox potential; the appropriate slopes were close to theoretical Nernst slope of 59 mV/pH that corresponds to the transfer of equal electrons and H+ numbers. However, it should be mentioned that for PAB-2, the pH dependence linearity range was almost twice as wide, from 2 to 7 as compared to from 4 to 8 for PAB-1. Meanwhile, the slopes for the PAB-1 and PAB-2 polymeric form were significantly different. The polymeric form derived from the aqueous medium showed a slope of 35 mV/pH in the pH range from 4 to 8, corresponding to two electrons and one H+ transfer. The polymeric form derived from the aqueous-organic medium demonstrated a slope of 43 mV/pH that formally corresponds to 1.5 electrons and one H+ transfer. It could be associated with the better intrinsic buffer properties of PAB-2 polymer or with the higher sensitivity of the PAB-2 layer to additional chemical reactions between dissolved oxygen and the polymer layer. The pH dependence of the peak currents confirmed the possibility of monitoring the redox signals in the neutral and weak acidic media most compatible with biochemical interactions involving DNA.



According to the slope of bilogarithmic dependence of the peak current (Ip) on the scan rate (ν) for PAB-2, the limiting step of the monomeric form redox conversion and polymeric form reduction was diffusion (d(logIp)/d(logν) = 0.58 ± 0.04 and 0.61 ± 0.01 for monomer oxidation and reduction, respectively, and 0.61 ± 0.01 for polymer reduction). Oxidation of the polymeric form for PAB-2 demonstrated a slope of 1.00 ± 0.01, concerning the adsorption control of the polymer conversion. Nevertheless, monomeric form redox conversion for PAB-1 showed mixed adsorption-diffusion control (d(logIp)/d(logν) = 0.76 ± 0.03 and 0.83 ± 0.01 for monomer oxidation and reduction, respectively), whereas polymeric form redox conversion was controlled by adsorption (d(logIp)/d(logν) = 1.13 ± 0.02 and 0.89 ± 0.02 for polymer oxidation and reduction, respectively).




3.2. EQCM Measurements


The effect of the addition of chloroform on Azure B electropolymerization efficiency was studied via EQCM measurements (fundamental frequency: 8 MHz, area of the electrode: 0.205 cm2). The frequency shift of the quartz oscillation depends on substance mass change deposited onto the electrode surface in accordance with the Sauerbrey Equation (2).


  Δ f = −   2  f 0 2  Δ m   A    ρ q   μ q      = −  C f  Δ m  



(2)







Here,   Δ f   is a frequency shift, A the area of Au electrode,    ρ q    the quartz density,    μ q    the shear modulus,   f 0    the fundamental frequency of the crystal, Cf the sensitivity coefficient and   Δ m   the surface mass change. Equation (2) is valid only for dry films deposited onto the crystal surface. In the case of rigid films in aqueous solution, this equation can be also used considering a correction factor of approximately 2 as well as changes of frequency due to viscoelasticity [25].



Simultaneous voltammogram and sensogram detection during the Azure B electropolymerization process demonstrated the notable influence of buffer saturation with chloroform. In Figure 5, sensograms and cyclic voltammograms are presented for the first (Figure 5a,c) and tenth (Figure 5b,d) cycles of the potential scanning. The A zone corresponds to the area of monomer (M) and polymer (P) electrochemical activity. The most characteristic changes in voltammograms and sensograms appear in this zone. The B zone belongs to the high anodic potential area, where dication radical formation occurs. The electropolymerization process included two stages: polarization at 1 V and multiple potential cycling. It can explain the appearance of voltammetric signals of Ma and Pa in A area even at 1 scan (Figure 5a,c). The accumulation of electropolymerization products led to an increase in currents and the merging of Ma and Pa (Mc and Pc) into one broad peak Ma + Pa (Mc + Pc), both for aqueous and aqueous-organic media (Figure 5b,d).



Sonograms changed radically from the first to the tenth scan. In the first scan, monomer oxidation Ma (Figure 5a) was accompanied by a frequency decrease, due to adsorption of Azure B in its oxidized form. The polymer oxidation signal Pa was accompanied by an acute rise in frequency response, which corresponds to the decrease in deposited mass. Polymer redox conversion caused the changes in its charge and was supported by the counterion doping/dedoping process. Unfortunately, it is not possible to explain this mass decay by means of the polymer dedoping process since the most expected process through the oxidation of polymers is the doping process, which involves anion inclusion into the polymer matrix. Most probably, in the first scan, the Au surface is not fully covered and electrostatic interaction between charged monomer molecules and the surface takes place at the same time as zero-charge potential crossing. Thus, V-shaped frequency changes were observed; an initial decrease owing to adsorption of positively charged monomer molecules and their further desorption after zero-charge potential crossing. On the reverse branch, sorption occurs at more positive potentials that can be explained by the zero-charge potential shift of the surface after its modification with additional polymers in the B zone. The contribution of the doping process increased when moving to the thicker layers. The polymer oxidation was supported with frequency oscillation decay. Desorption began at more positive potentials and appeared in the A and B zones (Figure 5b,d).



Chloroform addition did not provoke any significant morphological changes in the voltammograms or sensograms. However, greater intensity of material accumulation on the electrode surface in the aqueous-organic medium should be noticed. The currents and frequency changes, ΔF, increased compared to the water media (Figure 6). Quartz crystal frequency linearly depended on the cycle number in voltammetric measurements. The effect of buffer saturation with chloroform became more significant with greater cycle numbers.



The EQCM results were well-reproducible and deviation of the frequency shift for six independent measurements with different EQCM chips did not exceed 6.8%.




3.3. Atomic Force Microscopy Measurements of PAB-1 and PAB-2 Layers


Morphological characterizations of the polymer PAB-1 and PAB-2 layers were obtained by AFM measurement with the scanning probe microscope Dimension FastScan (Bruker, Bremen, Germany). In the HEPES buffer solution, poly(Azure B) formed a granulated rough surface with some rounded structures on it. The saturation of electropolymerization media with chloroform leads to more uniform and even layer formation (Figure 7). Total roughness and height deviation were decreased.




3.4. Idarubicin Determination by Voltammetry


The anthracycline antibiotic idarubicin interacts with the DNA helix via intercalation between base pairs [26]. If double-stranded DNA was immobilized on the PAB-2 surface by physical adsorption from 2 µL drop of 1 mg/mL DNA solution for 10 min, peak currents for redox conversion of the monomeric form were significantly decreased, whereas peak currents of the Azure B polymeric form changed slightly. Interaction of the idarubicin solution with GCE/PAB-2/DNA additionally decreased the redox signal of the PAB-2 monomeric form, but overall changes were too small to make any quantitative assessments.



The incorporation of MB into the biorecognizing layer of DNA increased the sensitivity of idarubicin determination. MB core is a planar phenothiazine derivative that can interact with DNA via intercalation or groove modes [27]. The concentration ratio between MB and fish sperm DNA was estimated from the maximum feasible MB binding. The latter was calculated from the saturation curve inflection point. Implementation of the DNA/MB increased the PAB peak currents. Meanwhile, no peaks of the dye appeared. This made it possible to conclude that the MB molecules are involved in the electron transfer chain, but are not in physical contact with the electrode surface. Incubation in buffer removes dye molecules adsorbed on the minor grooves of the DNA helix, so that the PAB peak currents became lower. Idarubicin compensates for the losses of MB molecules available for the mediation of electron transfer due to displacement of the MB intercalated with the DNA helix. Similar behavior can be expected from other intercalators able to compete with MB for the DNA binding sites, e.g., anthracycline cytostatics (doxorubicin, daunorubicin). Figure 8 shows cyclic voltammograms recorded with 1 × 10−15 М–1 × 10−7 М idarubicin solution (2 µL aliquot, incubation 20 min.). Relative changes in cathodic current were more sensitive to idarubicin concentration, so it was chosen as the analytical signal. Such behavior differs from that commonly observed for the MB-based detection of DNA sensor signals. This is due to two peculiarities of the measurement protocol: (1) MB is not present in the buffer but added with DNA to the surface layer; (2) MB/DNA ratio corresponds to maximal binding of the dye with the biopolymer.



Thus, idarubicin influenced the DNA–MB system and changed the quantities of MB available for electron transfer mediation. The calibration curve for idarubicin determination was plotted in semi-logarithmic coordinates (Figure 9). The analytical signal was calculated as the difference between analyte determination and blank experiment signals. The LOD value was evaluated as S/N = 3 criterion. We have not found any drift of the signal when the period between the biosensor assembly and idarubicin addition varied from several hours to 3 days.



The appropriate calibration curve was linear within the idarubicin concentration range from 1 fM to 0.1 nM (Equation (3)).


(I(ida) − I(control))/I(DNA)),% = (−26 ± 2) + (−3.0 ± 0.2) × log[Idarubicin], M; R2 = 0.985



(3)







The proposed PAB-2/DNA-MB biosensor LOD was found to be 0.3 fM. All the experimental points have been obtained using at least six individual PAB-2/DNA-MB sensors manufactured as described above.




3.5. Real Sample Voltammetric Analysis


The applicability of the PAB-2/DNA-MB biosensor for biological fluids analysis was confirmed by experiments with Ringer-Locke’s solution, bovine serum albumin solution, artificial urine and human urine spiked with 1pM of idarubicin (Table 1).



As for idarubicin detection in artificial biological liquids, no significant influence on the current change in the presence of idarubicin was found. Ringer-Locke’s solution, mimicking blood plasma, slightly increased the signal of the biosensor. Bovine serum albumin solution, mimicking human serum, and artificial urine did not alter the signal of the biosensor. Measurement in non-diluted urine gave the understated results probably due to adsorption on the suspended solid microparticles such as cells, casts, protein cylinders, crystals or amorphous sediments of chemical substances [28]. To prevent this effect of human urine, it should be diluted with working buffer in a 1:1 volume ratio.



The DNA biosensor was also used for idarubicin commercial medication Zavedos®. It was first dissolved in the deionized Millipore Q® water to 0.01 M (stock solution) and then diluted with working buffer. Zavedos® powder for preparation of solution for injection contains 5 mg idarubicin hydrochloride and 50 mg of lactose monohydrate in each vial. It was found that lactose used for idarubicin stabilization in medication strongly affected the redox equilibrium of MB and critically reduced the sensitivity of idarubicin detection (Figure 10). This might be due to antioxidant properties of lactose that influence the electron exchange reactions on the electrode interface.




3.6. Idarubicin Impedimetric Measurements


Idarubicin determination was also performed in the EIS mode, which is often more sensitive to electrode surface reactions followed by interface charge and capacity changes. EIS measurements were carried out in an equimolar mixture of 0.01 M [Fe(CN)6]3− and [Fe(CN)6]4− ions as a redox probe. The impedance equilibrium potential for all investigated samples was 0.247 V. An equivalent scheme R(R1C1)(R2C2) was used for the experimental result interpretation (4). R1 and C1 were attributed to the processes on the inner interface (electrode-modificator layer), while R2 and C2 are related to the outer interface (modificator layer-solution). Charge transfer resistance and constant phase element CPE were chosen as EIS characteristic parameters.
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The DNA helix bears negative charge and is nonconductive. Therefore, DNA implementation into the PAB-2 surface layer results in an increase in charge transfer resistance. Idarubicin intercalates the DNA helix and incorporates between pairs of nucleobases. Intercalation increases the charge separation and changes the volume of the DNA molecule which results in the subsequent increase in the charge transfer resistance. Reaction with idarubicin did not affect the R1 and C1 parameters of the inner interface. The constant phase element of the outer interface C2 was also not sensitive to the compound of the biosensor recognizing layer (Figure 11b). In contrast the sensitivity of R2 parameter toward the idarubicin concentration was much better than that of voltammetric measurements (Figure 11a).



Six PAB-2/DNA-MB sensors were used to assess the signal reproducibility. The linear range of concentrations was from 1 fM to 100 nM of idarubicin with LOD 0.3 fM, so it was extended for three orders of magnitude compared to voltammetry (Equation (5)). The LOD value was evaluated as S/N = 3 criterion.


R2, kΩ = (231 ± 2) + (10.4 ± 0.2) log(C, M), R2 = 0.9980, n = 6



(5)








3.7. Real Sample Impedimetric Analysis


Real and artificial spiked sample analysis by impedance spectroscopy yielded satisfactory results towards idarubicin determination in bovine serum solution and in artificial urine (Table 2). Ringer-Locke’s solution tended to understate the results obtained. Urine samples from conditionally healthy volunteers had to be diluted twice with working buffer before measurements in order to prevent the interfering influence of the matrix.



Zavedos® medical preparation was also tested in EIS mode. Lactose presence in the medical preparation sample led to a shift of the concentration dependence to the lower values of R2, with the slope being retained. To confirm the lactose influence, an artificial mixture with a corresponding content of lactose monohydrate and idarubicin was prepared (Figure 12a). The lactose concentration corresponded to its content in the Zavedos®. Constant phase element did not change throughout the concentration range (Figure 12b). Equations for the corresponding concentration dependences are listed below Equations (6) and (7):


R2, kΩ =(176 ± 3) + (8.1 ± 0.3) × log[Zavedos®], M; R2 = 0.9911



(6)






R2, kΩ =(146 ± 4) + (6.0 ± 0.3) × log[Idarubicin + lactose], M; R2 = 0.9783



(7)







Typical Nyquist diagrams obtained after the incubation of the biosensor in idarubicin standard solution (black), Zavedos® medical preparation (red), and an artificial mixture of idarubicin standard solution and lactose monohydrate (blue) are presented in Figure 13.





4. Conclusions


In this work, the polymeric form of Azure B obtained from a working buffer saturated with chloroform has been, for the first time, applied for the voltammetric and impedimetric determination of idarubicin, a cytostatic anthracycline chemotherapy drug used for acute myelogenous leukemia and the chemotherapy of other cancer diseases. The developed biosensor was sensitive towards idarubicin at physiological pH values. AFM, EQCM and EIS methods were used to prove the assembling of the surface layer and assess the influence of the presence of organic solvents in the electropolymerization media. The incorporation of MB into the biorecognizing layer increased the sensor’s sensitivity. The incubation of PAB-2/DNA + MB in idarubicin solution resulted in displacement of MB in the DNA helix. The concentration range for idarubicin determination by cyclic voltammetry was from 1 fM to 0.1 nM, with an LOD of 0.3 fM. Using EIS instead of CV widened the linear range of idarubicin concentration from 1 fM to 100 nM, retaining an LOD of 0.3 fM. The PAB-2/DNA + MB biosensor was tested in real and artificial solutions of biological fluids to evaluate the possibility of idarubicin detection in complex matrices. It has been shown that there is no strong interfering action from fluid components and twice-diluted human urine samples in the detection of idarubicin. The poly(Azure B)-based DNA biosensor was also successfully used for impedimetric idarubicin detection in medical preparation Zavedos®. Thus, the developed DNA biosensor can find applications in medical therapy control, pharmacokinetics investigations, drug content control, and in medications.
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Figure 1. Schematic outline of DNA sensor assembling and idarubicin determination. 
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Figure 2. Cyclic voltammograms recorded on the GCE in 0.1 M HEPES buffer containing 0.03 M NaCl, pH = 7.0, and 0.5 mM Azure B, scan rate 100 mV/s in the absence (a) and in the presence (b) of chloroform, 20 cycles. 
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Figure 3. Cyclic voltammogram recorded on the GCE modified with PAB-1 (black) and PAB-2 (red) in 0.1 M HEPES with 0.03 M NaCl, pH = 7.0, scan rate 100 mV/s. 
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Figure 4. The pH dependence of the anodic peak current of the monomer (a) and polymer (b), cathodic peak current of the monomer (c) and polymer (d) for PAB-1 (black) and PAB-2 (red) layers, Britton–Robinson buffer, pH 2–8. 
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Figure 5. Cyclic voltammograms (black) and sensograms (blue) recorded on QCM chip in 0.1 M HEPES buffer containing 0.03 M NaNO3, pH = 7.0 (a,b) and saturated with chloroform (c,d), in the presence of 0.5 mM Azure B. Arrows indicate the direction of the potential scan. 
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Figure 6. Dependence of the EQCM frequency shift on the number of potential cycles during poly(Azure B) electropolymerization in different conditions. Results represent mean ± S.D. obtained from 6 independent experiments. 
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Figure 7. 3D AFM topography of the films on the GCE surface covered with Azure B electropolymerized from 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0 (a) in the presence of CHCl3 (b) after 20 cycles of electropolymerization. 
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Figure 8. Cyclic voltammograms recorded on the GCE covered with the PAB-2/DNA-MB film prior to and after 20 min incubation in 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM idarubicin solution, 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0. 
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Figure 9. Calibration curve for idarubicin determination on PAB-2/DNA-MB. Cyclic voltammetry, 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0. 
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Figure 10. Comparison of idarubicin calibration curves in standard solutions (black) and in commercial medication Zavedos® (red) on PAB-2/DNA-MB, cyclic voltammetry, 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0. 
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Figure 11. (a) Charge transfer resistance, and (b) constant phase element dependence on idarubicin concentration in PAB-2/DNA-MB, EIS, 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0 in the presence of an equimolar mixture of 0.01 M [Fe(CN)6]3− and [Fe(CN)6]4− ions. Results are mean ± S.D. obtained from 6 independent experiments. 
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Figure 12. (a) Charge transfer resistance, and (b) constant phase element dependence on idarubicin concentration in standard solution (black), in Zavedos® medical preparation (red), in artificial mixture of idarubicin standard solution and lactose monohydrate (blue) on PAB-2/DNA-MB, EIS, 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0 in presence of equimolar mixture of 0.01 M [Fe(CN)6]3− and [Fe(CN)6]4− ions. Results are mean ± S.D. obtained in 6 independent experiments. 
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Figure 13. Nyquist diagrams obtained for idarubicin determination in standard solution (black), Zavedos® medical preparation (red), artificial mixture of idarubicin standard solution and lactose monohydrate (blue) on PAB-2/DNA-MB, EIS, 0.1 M HEPES buffer containing 0.03 M NaCl, pH 7.0 in the presence of equimolar mixture of 0.01 M [Fe(CN)6]3− and [Fe(CN)6]4− ions. 
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Table 1. Determination of 1 pM idarubicin in spiked samples of various media mimicking serum, blood plasma, in artificial and human urine by cyclic voltammetry method. Mean ± S.D. for six individual sensors.
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	Media
	(I(ida) − I(control))/I(DNA)), %
	Recovery, %





	Ringer-Locke’s solution
	22.0 ± 2.3
	110 ± 12



	BSA solution
	21.0 ± 1.3
	103 ± 7



	Artificial urine
	21.0 ± 2.1
	104 ± 10



	Human urine,

dilution 1:1
	22.0 ± 1.5
	110 ± 8
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Table 2. Determination of 1 pM idarubicin in spiked samples of various media mimicking serum, blood plasma, in artificial and human urine by electrochemical impedance spectroscopy. Mean ± S.D. for six individual sensors.
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	Media
	R2, kΩ
	Recovery, %





	Ringer-Locke’s solution
	73.2 ± 11.1
	69 ± 11



	BSA solution
	97.2 ± 20.6
	92 ± 19



	Artificial urine
	97.1 ± 16.8
	92 ± 16



	Human urine,

dilution 1:1
	102.9 ± 11.3
	97 ± 11
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