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Abstract

:

Featured Application


The effects of chip materials on charge generation in flowing aqueous solution should be taken into account in the development of highly-sensitive nanobiosensors, whose sensitivity is significantly influenced by the charge state of proteins and protein solutions, and also in the development of specified models of effects occurring in biosensors.




Abstract


Nowadays, nanobiosensors are being intensively developed due to the potential possibilities of their use for early diagnosis of diseases. This interest is enhanced by the fact that, as is known, a pathological process at an early stage is characterized by the appearance of marker proteins at very low (10−15 M and lower) concentrations in blood. Highly-sensitive nanobiosensor systems (including those based on an atomic force microscope, AFM) allows one to detect proteins at such low concentrations. The influence of the charge generated in the analyte solution flowing through the biosensor injector into the measuring cell during measurements is considered to be an important factor conditioning such a high detection sensitivity. In the present study, it was demonstrated that the presence of an AFM chip (made of mica and graphite) near the nozzle of the injector supplying an analyte solution into the measuring cell of the AFM-based fishing system (AFM-based nanobiosensors) causes an increase in charge generation upon the injection of the solution. Moreover, the influence of polymer materials (which are widely used in nanobiosensors) and communications on charge generation in the flow-based section of AFM-based nanobiosensors was studied. A stimulating influence of a low (femtomolar) concentration of proteins on the charge generation in polymeric injectors of flow-based nanobiosensors was demonstrated. Besides, a stimulating influence of an external low-frequency AC electric field on the charge generation in the nanobiosensor injector was found. Measurements were carried out in the temperature range corresponding to the physiological temperature (35 °C).







Keywords:


atomic force microscopy; polymer surface; graphite; mica; protein fishing












1. Introduction


One of the problems of further development of proteomics and medical diagnostics is to increase the sensitivity of protein registration methods. This is particularly important in the case of early diagnosis of diseases (including oncological and viral ones), when the analysis sensitivity must be at the level of femtomolar concentrations, corresponding to the concentrations of disease-associated marker proteins [1].



Nanobiosensor systems for proteomics and medical diagnostics, such as those employing atomic force microscope (AFM)-based fishing and nanowire detectors (i.e., the systems, in which molecular detectors are employed), allow one to register single viral particles and protein molecules with ultra-high sensitivity in counting mode [2,3,4,5]. These systems use an approach based on the introduction of an aqueous solution of an analyte (protein or virus) through an injector using either a pipette or flow system into a measuring cell containing a nanochip; analyte particles are captured onto the nanochip surface (i.e., fishing of the analyte occurs), where they are registered with molecular detectors in counting mode. In our previous paper [6] it was reported that by using systems for AFM-based fishing (that is, the systems, in which protein particles are captured from a large volume onto a small area of a chip for an atomic force microscope) it is possible to detect proteins at femtomolar and subfemtomolar concentrations upon feeding the protein solution into the measuring cell using an injector. As one of the factors of such a high efficiency of protein detection, the effect of charge generation in the analyte solution during its flow through an injector is considered. It is known that an electric charge is generated during the injection of a solution through a pipette tip [7]. At the same time, according to Reference [2], in a nanobiosensor system for AFM-based fishing at femtomolar and subfemtomolar protein concentrations, we observed a tendency for it to increase the number of captured protein molecules with the increase in the charge generated upon injection of analyzed solution into a measuring cell. External pulsed voltage applied to the measuring cell, was previously used by us to induce electric fields in flow-based systems for AFM-based fishing in order to enhance their sensitivity (up to the subfemtomolar level), as was demonstrated in Reference [6]. Thus, to enhance the efficiency of protein capturing in an AFM-based fishing system, it is important to study the phenomenon of charge generation during the flow of an aqueous solution through a flow-based system in various conditions. It is to be noted that the generation of charge during the flow of water and aqueous solutions along various surfaces [8], as well as changes in the physicochemical properties of water upon its flowing through polymer injectors [9], were long and widely discussed in the literature. In our previous paper [10], we demonstrated that negative pulsed voltage applied to parallel metal plates, between which an injector of the AFM-based fishing system was located, led to an increase in the efficiency of charge generation in the injector. At the same time, we demonstrated that an external AC electric field (with 50 Hz mains frequency, which is often present in biosensor devices) caused an increase in efficiency of charge generation in water flowing through an injector at a low-grade fever temperature (38 °C) [11]; this temperature is higher than that of phase transition of water related with heat capacity (36.6 °C, [9]) and corresponds to a pathology in human.



Attention to the effect of materials, which are not directly contacting with flowing aqueous solutions, is usually given from the viewpoint of controlling the charge generation in a flowing solution with an external electric field. In this way, in Reference [12], the impact of the external electric potential of a closed metal ring on the generation of charge that occurs upon injection of a solution through this ring (which is not in contact with the liquid) is discussed. At the same time, the influence of materials of chips and communications on charge generation that are not in contact with the solution on the generation of charge in the solution flowing through the injector of the AFM-based fishing system is virtually not discussed in the literature. Also, it is known that the presence of macromolecules at low concentrations (including femtomolar ones) can influence the physicochemical properties of water (particularly, electrical conductivity, pH, surface tension, [13,14]. In the literature, it is discussed that these effects can be connected with the transitions between ortho- and para-states of water owing to pumping of mixed quantum states of ortho-/para-H2O with natural and anthropogenic electromagnetic radiation (at which analytical biochemical measurements are usually carried out) [15]. In this connection, it is interesting to study not only the influence of the presence of proteins at low concentrations on charge generation of the AFM-based fishing system, but also the influence of external electromagnetic fields.



In systems for AFM-based fishing, AFM chips fabricated from mica or graphite are commonly employed. Communications fabricated from polymer materials (particularly polypropylene) are also often used in nanobiosensors. For this reason, in our present work, the influence of materials of chips and communications on charge generation in a biosensor based on a system for AFM-based fishing in its flow section (described in Reference [6]) was studied.



Stimulating influence of AFM chips, fabricated from mica and graphite, on charge generation in the injector section of a system for AFM-based fishing was demonstrated. The effect of an increase in the efficiency of charge generation in the flow section of nanobiosensors can well be influenced by polymer materials (particularly, those used in fluidic communications). At that, this efficiency depends on the completeness of filling of these communications with analyzed aqueous medium (water and/or aqueous protein solutions) used throughout the operation of nanobiosensors. The possibility of influence of highly dilute protein solutions (with concentrations in the range of 10−15 M, what is the range of operation of highly sensitive biosensors) on the stimulation of charge generation in polymeric injector of flow-based biosensor systems has been noted. The influence of external low-frequency (50 Hz) AC electric field, applied to the injector of the system for AFM-based fishing, has also been studied. Similar to References [10,11,16], this field has been induced by negative AC voltage applied to electrodes, between which the injector was located. The temperature of T = 35 °C was selected due to the following considerations. Firstly, this temperature is lower than the temperature point of phase transition related to heat capacity [9]; secondly, this temperature is within the range of physiological temperatures of the human body, and this is the temperature of operation of biosensors upon studying biochemical processes in the human body in near-native conditions. These effects should be taken into account in the development of highly sensitive systems, whose operation is influenced by the charge state of analyzed solution.




2. Materials and Methods


2.1. Materials


Deionized water (18 MΩ × cm resistivity) was obtained using a Simplicity UV system (Millipore, Molsheim, France). Fatty acid-free bovine serum albumin (BSA) (Sigma, St. Louis, MO, USA, cat. No. A6003) was dissolved in deionized water at 10−4 M concentration; 10−15 M protein solution was prepared by serial tenfold dilution of initial 10−4 M solution. Muscovite mica (25 × 75 × 0.25 mm sheets) was purchased from Structure Probe, Inc. (West Chester, PA, USA). Highly oriented pyrolytic graphite (HOPG, ZYH grade, 10 × 10 mm plates) was purchased from NT-MDT (Zelenograd, Russia).




2.2. Charge Measurements


To investigate the influence of materials of chips and communications on the charge generation in the injector of the AFM-based biosensor (which is described in detail in Reference [6]), the corresponding chips or communications were placed near the injector used to supply the liquid into the measuring cell. The experimental setup is shown in Figure 1. The measurements of the electric charge were carried out with an electrometer coupled to the flow-based system for feeding the sample into the measuring cell (4) (Figure 1).



The main elements of the sample supply system were: the peristaltic pump, the pipe with a tip (the injector of part of the AFM-fishing biosensor system for supplying a solution), and the measuring cell. During measurements, water or protein solution from a 50-mL polypropylene tube (1) was continuously pumped through the tip (6) into the cell (4) with an Ismatec ISM 597D peristaltic pump (IDEX Corp., Lake Forest, IL, USA) (3). A sterile silicone pipe (2,5) (length 40 cm, inner diameter 2 mm) with a tip (6) was used to supply the analyzed liquid. The tip used was a standard disposable tip for an automatic pipette (inner diameter 0.4 mm, 10 μl nominal capacity, epT.I.P.S, Eppendorf, Germany). The flow rate (~15 μl/sec) was selected so that droplets would form on the tip nozzle. The calculated drop volume was ~15 μl. To maintain the potential of the initial solution at a constant ground level, a ground electrode was inserted into the analyzed liquid in polypropylene tube (1). The stainless-steel cell (4) served as an internal cylinder in a system coupled to an electrometer (7). The dimensions of this cell were as follows: height 90 mm, inner diameter 75 mm, outer diameter 77 mm, and thickness of the polypropylene insert between the outer and the inner plates was 0.2 mm. In general, the system for charge measurements was similar to the one used in Reference [5]. The charge in the cell was registered using an electrometer (7) developed in Institute of Biomedical Chemistry (IBMC, Moscow, Russia). The charge of the studied materials (mica and polypropylene) was registered upon the introduction of these materials in the measuring cell of the electrometer. The charge registration accuracy was 0.1 nC. The influence of materials of AFM chips (mica and HOPG) and of material commonly used in fluidic communications (polypropylene) on the charge generation was investigated by comparative analysis of the charge generated in the injector (6) in the presence and in the absence of these materials. As a fragment of polypropylene tube, a 50-mL polypropylene tube, modeling a polypropylene communication, was used. The studied materials were placed at a certain distance l (4 mm or 1 cm) from the injector nozzle in position (8) (Figure 1). In Figure 1, (8) indicates the position of the chips (from mica or graphite) or the polypropylene tube relative to the injector nozzle. To study the influence of the external low-frequency electric field on the charge generation in the injector, the injector was placed between two parallel metal plates, and AC voltage (negative half sine wave, 100 V amplitude, 50 Hz frequency) was applied to the plates (similar to Reference [11]). The distance between the plates was 1 cm. A generator developed in IMBC was used to supply the AC voltage. The temperature of water and protein solution was maintained using a thermostat, where a tube (1) containing the analyzed liquid was placed. The experiments were performed at 35 °C. Prior to the measurements, the system was equilibrated under the experimental conditions for at least 2 h. The duration of one measurement was 5 to 7 min. The air humidity was 45%. The experimental series for each set of parameters included at least three repetitions.



The sequence of the experiments was as follows. The system was filled with water from a test tube (1) and washed with ~10 ml of analyzed liquid (water or protein solution). After washing, the liquid supply system remained filled with the analyzed liquid. Then, the analyzed liquid was evacuated from the measuring cell with a pipette, and subsequent control measurements of the baseline signal for the empty cell (3 repetitions) were conducted. After that, the pump was turned on, and either water or protein solution was dropped into the measuring cell. The registration began at the moment when the pump was turned on. The data were recorded every 15 s during the measurement (5 to 7 min). After the measurements within one experiment were completed, the electrometer indications were reset. The obtained data were presented in the form of averaged time dependencies of values of charge entering the measuring cell Δq(t). If high variation between the obtained Δq(t) dependencies was observed in one set, the data obtained in additional experiments were presented to find out the repeatability. The experiments were carried out under normal conditions without using external electromagnetic shielding of the injection part of the AFM-based fishing system. The electronic measurement circuit (including the measuring cell) was shielded from electromagnetic radiation to avoid interference.





3. Results


The influence of the following factors on the charge generation in the injector of the system for AFM-based fishing was studied:

	
The influence of mica and graphite AFM chips;



	
The influence of non-conductive polymer materials commonly used in fluidic communications in biosensors;



	
The influence of highly dilute protein solutions;



	
The influence of the external low-frequency electric field.








We first consider the influence of AFM chip materials on charge generation in the injector.



3.1. Influence of AFM Chip Materials on Charge Generation


3.1.1. Influence of Mica AFM Chip on Charge Generation in Water Flow


Firstly, generation of charge in the system for AFM-based fishing and its accumulation in the cell upon pumping of water through the injector with a peristaltic pump in the absence of an AFM chip was monitored. After that, a mica chip was placed at either l = 4 mm, l = 1 cm or l = 2 cm distance from the injector nozzle, and charge measurements were performed. The obtained Δq(t) dependencies are presented in Figure 2 and Figure 3.



Figure 2 displays typical time dependencies (∆q(t) dependencies) of charge accumulation in the measuring cell obtained in the absence and in the presence of mica chip placed at l = 4 mm distance from the injector nozzle. The inset in this figure displays typical Δq(t) dependencies obtained in a series of experiments upon pumping of water through the injector.



One can note slight variations between Δq(t) obtained in the absence of mica chip (see inset). The charge accumulation rate without mica was 42 to 44 nC in 7 min, the average value was (43 ± 1) nC in 7 min. In the presence of mica chip, an increase in charge accumulation rate was observed in comparison with the case without mica. An increased level of charge accumulation (53 to 57 nC) was observed, with an average value of (55 ± 2) nC in 7 min. Also, one can note an insignificant variation between ∆q(t) obtained in the presence of mica chip (see inset). Thus, in the main graph in Figure 2, averaged ∆q(t) dependencies are presented. As seen from Figure 2, an increased rate of charge accumulation is observed when a mica AFM chip is placed near the injector nozzle—as compared to the case without the chip. The accumulation of the generated charge in the measuring cell was linearly dependent on time.



When the distance between the injector nozzle and chip was 10 mm, analogously to the case with l = 4 mm, an increased level (in comparison with the case without mica chip) of charge accumulation (48 to 50 nC) was observed. In a series of three repeated experiments, an average value of (49 ± 1) nC in 7 min was obtained (Figure 3). Figure 3 displays averaged Δq(t) dependencies obtained in this series of experiments.



Also, analogous experiments with the distance l = 2 cm were carried out. No significant influence of the mica chip on the charge generation was observed at this distance.



Figure 4 displays the dependence of the relative change in the value of charge (∆q/q) on the distance l between the injector nozzle and the investigated material.



As one can see from this figure, a decrease in the relative value of charge accumulated in the cell in the presence of the investigated material with increasing l was observed. At l = 2 cm, the relative change in the value of charge (∆q/q), generated in water, does not differ from that measured in the absence of the investigated material.



Table 1 summarizes the numerical values of the relative increase in the charge generation rate in the presence of the mica chip near the injector nozzle. As seen from Table 1 (see Discussion section), the relative change in the value of charge accumulated in the cell in 7 min in the presence of mica chip at l = 4 mm makes up ~28%, while in the case of l = 10 mm this change is much less (~14%).



The charge of the mica chip was measured. The measured charge on mica surface was −16 nC.




3.1.2. Influence of HOPG AFM Chip on Charge Generation in Water Flow


∆q(t) dependencies were obtained in a repeated series of experiments in the absence and in the presence of HOPG chip near the tip nozzle. Insignificant variation between the obtained ∆q(t) curves were observed within this experimental series. For this reason, Figure 5 and Figure 6 display averaged data (∆q(t) dependencies) obtained in these experiments in the absence and in the presence of HOPG chip placed at either l = 4 mm (Figure 5) or l = 1 cm (Figure 6) distance from the injector nozzle.



As seen from Figure 5, an increased rate of charge accumulation is observed when a HOPG AFM chip is placed near the injector nozzle—as compared to the case without the chip. The accumulation of the generated charge in the measuring cell was linearly dependent on time. The charge accumulation rate within the series of three repeated experiments without HOPG was 21 to 22 nC in 7 min, the average value was (22 ± 1) nC in 7 min. In the presence of HOPG, an increased level of charge accumulation (30 to 32 nC) was observed within the respective series of three repeated experiments, with an average value of (31 ± 1) nC in 7 min.



Figure 4 displays the dependence of the relative change in the value of charge, accumulated in the measuring cell, on the distance between the investigated material and the injector nozzle (Δq/q(l) dependence). From the data presented in this figure, one can see that at l = 2 cm no influence (within the error) of the presence of the HOPG chip on the charge generation is observed.



Table 1 (see the Discussion section) lists the values of the relative change (∆q/q) in the charge accumulated in the cell in the presence of various materials near the injector nozzle. In the case of HOPG, ∆q/q values were 41% and 12% at l = 4 mm and l = 1 cm, respectively—that is, a decrease in the influence of HOPG on charge generation with increasing the distance between the HOPG chip and the injector was observed.





3.2. The Influence of Non-Conductive Materials on Charge Generation in Water Flow


Let us consider the influence of non-conductive materials on charge generation in water flow.



3.2.1. The Influence of Polypropylene Tube on Charge Generation in the Flow-based System


Experiments on monitoring of the generation and accumulation of charge in a flow-based system were carried out in the presence of a polypropylene tube. The tube was either empty or filled with water, ethanol or protein solution.



Empty Polypropylene Tube


The generation of charge in the system for AFM-based fishing and its accumulation in the cell upon pumping of water through the injector with a peristaltic pump at T = 35 °C in the presence of an empty polypropylene tube near the injector nozzle was monitored. At the distance l = 4 mm, the trajectory of water drops falling from the injector nozzle into the cell bended from the vertical direction towards the polypropylene tube, and the drops adhered to the tube wall. For this reason, it was impossible to measure the charge accumulation in the cell in these conditions.



Figure 7 displays averaged time dependencies of charge accumulation in the measuring cell in the absence of the polypropylene tube, as the variation between the Δq(t) observed within the corresponding series of three experiments was insignificant. The averaged dependencies for the case when the tube was placed at a distance l = 1 cm from the injector nozzle are also presented in this figure.



An increase in the rate of charge accumulation is observed, when an empty polypropylene tube was placed near the injector nozzle—as compared to the case without the tube. The charge accumulation rate within the series of three repeated experiments without the polypropylene tube was 26 to 28 nC in 7 min, the average value was (27 ± 1) nC in 7 min. In the presence of the polypropylene tube, an increased level of charge accumulation (77 to 86 nC) was observed within the respective series of three repeated experiments, with an average value of (82 ± 4) nC in 7 min, and the time dependence was linear.



Table 1 (see Discussion section) lists the data obtained when a polypropylene tube was placed at a distance l = 1 cm from the injector nozzle. As seen from Table 1, the relative change in the value of charge accumulated in the cell in 7 min in the presence of an empty polypropylene tube makes up 204%.



The charge on an empty polypropylene tube was measured. The measured charge on an empty polypropylene tube was −24 nC.




Polypropylene Tube Filled with Water, Protein Solution or Ethanol


The influence of a polypropylene tube filled with either water, protein solution (10−4 M and 10−15 M BSA) or 96% ethyl alcohol (which are used as model solutions in nanobiosensors) was measured.

	
Water-Filled Polypropylene Tube








The generation of charge in the system for AFM-based fishing and its accumulation in the cell upon pumping of water through the injector with a peristaltic pump in the presence of a water-filled polypropylene tube, placed at a distance l = 1 cm from the injector nozzle, was monitored.



Figure 8 displays averaged time dependencies of charge accumulation in the measuring cell obtained when a polypropylene tube was placed at a distance l = 1 cm from the injector nozzle.



As seen from Figure 7 and Figure 8, an increase in the rate of charge accumulation is observed when a water-filled polypropylene tube is placed near the injector nozzle—as compared to the case without the tube. At the same time, this increase is less pronounced than in the case with an empty polypropylene tube.



The charge accumulation rate within the series of repeated experiments in the absence of the water-filled polypropylene tube was 26 to 28 nC in 7 min, the average value was (27 ± 1) nC in 7 min. In the presence of the water-filled polypropylene tube (placed at a distance l = 1 cm from the injector nozzle), an increased level of charge accumulation (35 to 36 nC) was observed within the respective experimental series, with an average value of (36 ± 1) nC in 7 min, and the time dependence was linear. Table 1 (see Discussion section) lists relative data on the charge generation obtained when the water-filled polypropylene tube was placed at a distance l = 1 cm from the injector nozzle. As seen from these data, the increase in the value of charge accumulated in the cell in 7 min in the presence of the water-filled polypropylene tube, was 33%.



The charge on a water-filled polypropylene tube was measured. The measured charge of a water-filled polypropylene tube was −6 nC.

	
Polypropylene Tube Filled with Protein Solution or Ethyl Alcohol








In the presence of a polypropylene tube filled with protein solution or ethyl alcohol and placed at a distance l = 1 cm from the injector nozzle, the obtained results were similar to those obtained for a water-filled tube. The data obtained are listed in Table 1 (see Discussion section). The measured value of charge of a polypropylene tube filled with protein solution and ethyl alcohol were −6 nC and −5 nC, respectively.






3.3. The Influence of a Highly Dilute Protein on the Stimulation of Charge Generation in Flow-Based Biosensors


Several sets of experiments were carried out. In these experiments, we have found that, along with linear ones, linear-stepwise Δq(t) dependencies can also be observed both in the absence and in the presence of protein. In Figure 9 and Figure 10, characteristic Δq(t) dependencies for both these variants—linear-stepwise and linear dependencies—are presented. For the first variant, characteristic linear-stepwise dependencies are presented in Figure 9.



Figure 9 (with an inset) displays typical time dependencies of charge accumulation in the measuring cell obtained upon flow of water in the presence of BSA protein at 10−15 M concentration (at which highly sensitive biosensors operate) and in the absence of the protein. The data presented in the inset indicate that linear-stepwise dependencies are observed. Such a stepwise change (by 1 nC, i.e., a ~30% increase) is observed, particularly, on one of the curves (obtained in the absence of the protein) at the time point t = 2.5 min. In the presence of the protein, such stepwise changes are observed on all curves (for instance, at t = 3.5 min). That is, the stepwise changes are observed both in the absence and in the presence of protein. The main graph in Figure 9 demonstrates that, after averaging, an increasing time dependence of charge accumulation was observed.



As seen from the main graph in Figure 9, in the presence of BSA, an increase in the rate of generation of charge and its accumulation in the measuring cell from 9 ± 1 nC (in the absence of the protein) to (21 ± 1) nC (in the presence of the protein)—that is, by (133 ± 15)%—was observed. Thus, a stimulating influence of the presence of protein on the charge generation in water was observed.



Typical purely linear variant of characteristic ∆q(t) dependencies, obtained in one of the sets of experiments, is presented in Figure 10.



In Figure 10, the main graph presents averaged Δq(t) dependencies obtained in a series of experiments: (1) without BSA, and (2) with BSA. The Inset displays typical Δq(t) dependencies obtained in a series of experiments upon pumping of water (either with or without BSA) through the injector. As seen from the main graph in Figure 10, in the presence of BSA, an increase in the rate of generation of charge and its accumulation in the measuring cell from (12 ± 1) nC (in the absence of the protein) to (23 ± 1) nC (in the presence of the protein)—that is, by (92 ± 10)%—is observed. Thus, a stimulating influence of the presence of protein on the charge generation in water is observed, when Δq(t) dependence was linear.



Eight sets of experiments were carried out. In all these experiments, a tendency for the rate of charge accumulation in the cell to increase in the presence of protein was always observed, as compared to the case with pure water. The averaged value of the stimulation of charge accumulation rate in the presence of the protein, obtained in these eight sets of experiments, makes up (80 ± 40)%.




3.4. The Influence of an External Low-frequency Electric Field on the Charge Generation


Two sets of experiments in the presence of external electric field were carried out. The experiments performed demonstrated that linear-stepwise time dependencies of charge accumulation in the cell ∆q(t) were observed along with linear ones, both in the absence and in the presence of an external electric field. In both sets of experiments, the obtained ∆q(t) dependencies exhibited linear-stepwise character. For this reason, in Figure 11 below we present only the data obtained in one set of these experiments.



Figure 11 displays typical time dependencies of charge generation and its accumulation in the measuring cell in the absence and in the presence of a 50 Hz external AC electric field. As an example, let us point out that, in the absence of the electric field, two curves in the inset demonstrate linear dependence of the accumulation of charge in the measuring cell, while two other curves in the inset exhibits linear-stepwise character. In the presence of the electric field, both linear and linear-stepwise ∆q(t) dependencies were also observed (see inset).



The main graph in Figure 11 displays the averaged time dependencies of charge generation and its accumulation in the measuring cell in the absence and in the presence of a 50 Hz external AC electric field.



As seen from Figure 11, an increase in the rate of generation of charge and its accumulation in the measuring cell from (12 ± 1) nC (in the absence of an electric field) to (19 ± 2) nC (in the presence of the field)—that is, by (58 ± 10)%—is observed. Thus, a low-frequency electric field causes an increase in the charge generation efficiency.



Averaging of the data obtained in two sets of experiments indicates that low-frequency electric field causes an increase in the charge generation efficiency by (38 ± 20)%.





4. Discussion


It is known that electrokinetic phenomena, such as charge generation, are observed upon flow of water and aqueous solutions along the surface of polymer materials (for instance, polymethylmetacrylate, polytetrafluoroethylene, polystyrene, polyethylene, and polypropylene) [7,17].



In the literature, this fact is explained by the formation of an electric double layer and the motion of ions upon displacement of the liquid phase relative to the stationary one, when a pressure gradient is applied.



In Reference [7], a ~0.1 nC positive charge was registered upon pipetting of water through a plastic tip with an automatic pipette. It was reported that the pipette tip charged negatively, while the charge of the water drops was positive [7].



In our present study, an accumulation of a positive charge in the measuring cell has been observed upon flow of water at its continuous pumping with a peristaltic pump through the injector.



In our work, not only linear, but also linear-stepwise ∆q(t) dependencies have been observed in water. Examples of linear dependencies in water are demonstrated in Figure 2. Examples of linear-stepwise ∆q(t) dependencies are shown in Figure 9 and Figure 10. Insignificant variation is observed between the data obtained in the series with linear ∆q(t) dependencies. Such slight variations between ∆q(t) curves can be caused by insignificant oscillations of the time dependence of charge accumulation due to the possible manifestation of electrokinetic effects associated with quantum-mechanical phenomena of spontaneous transitions of ortho-para states of water. The possibility of such transitions was discussed in Reference [15]. These transitions occur due to the fact that water is a non-equilibrium liquid in terms of spin temperature; and the equilibrium in water is shifted towards increasing the number of para-isomers of water. Thus, water is capable of changing the ortho-para ratio towards the equilibrium state [9]—particularly upon external influences. The efficiency of occurrence of these transitions should be more probable near water phase transition point at T = 35 °C to 37 °C [9,18]. These spontaneous transitions can be stimulated by the influence of a peristaltic pump on the water, flowing through the communications, as well as by other electrokinetic phenomena (such as flow of water through a tapering tip), as was noted in References [9]. Significant variations within one and the same series were observed for the cases when ∆q(t) dependencies were described by linear-stepwise curves. Occurrence of these linear-stepwise dependencies can be caused by an additional influence of external electromagnetic fields, which induce a change in the ratio between ortho- and para-isomers of water. Such influence was noted in the study by Pershin et al. [19], and possibly, also by other factors. Let us point out that linear-stepwise dependencies are observed not only in water, but also in aqueous protein solutions.



The data on the stimulation of the generation and accumulation of charge in relative units (i.e., relatively to the charge generated in the absence of the investigated material), obtained when the investigated material was placed near the injector nozzle, are summarized in Table 1.



As seen from Table 1, the mica chip placed near the injector caused an increase in efficiency of generation and accumulation of charge in the measuring cell (by 28% at l = 4 mm). It is known that the mica surface was charged negatively, and our experiments demonstrated that this charge was about −16 nC. The differences between ∆q(t) curves obtained in the presence of mica can be connected with causes of quantum-mechanical effects of transitions of ortho-para states of water near the critical point in external electromagnetic field. Upon the motion of water, an additional interaction of charged particles in water with the electric field occurs. This can lead to a number of effects, including additional effects on the motion of charged particles in water, and additional stimulation of transitions between ortho- and para-states of water. At that, with increasing l from 4 mm to 1 cm, this efficiency decreases twofold, to 14% (Figure 3).



We have measured the charge of an empty polypropylene tube, and it appeared to be of the same order of magnitude, −24 nC. As seen from Table 1, the presence of a polypropylene tube also causes an increase in efficiency of generation and accumulation of charge (by 204% at l = 1 cm). The diameter and the length of the polypropylene tube were 28 mm and 120 mm, respectively, while the dimensions of the mica chip were 25 mm × 75 mm. That is, despite the dimensions of these materials being similar, the presence of the polypropylene tube caused a more pronounced effect. This is possibly connected with different electric field distribution near the injector caused by the difference in the materials’ geometry, and accordingly, by the different capacity of the material/water-filled injector system. It is interesting to point out that filling of the polypropylene tube with water led to a decrease in the efficiency of charge accumulation in the measuring cell by almost an order of magnitude. Charge measurements in the system with the polypropylene tube have indicated that the value of charge accumulated in the cell also decreased by about an order of magnitude (from −24 nC to −5 nC). Accordingly, with decrease in the charge, which induces external electric field, from −24 nC to −5 nC, the influence of the electric field on the motion of charged particles in water decreases, and this leads to the observed effects. The system with the ethyl alcohol-filled polypropylene tube had a charge about −5 nC, and the effect of such tube was approximately equal to that caused by water-filled tube.



When the tube was filled with 10−4 M protein solution (whose concentration is approximately equal to the protein concentration in human blood [20]), the increase in the efficiency of charge accumulation in the measuring cell was approximately of the same level, as in the case of the tube filled with pure water. Here, it is to be noted that the charge of the polypropylene tube filled with protein solution was at the same level (−6 nC).



Thus, one can conclude that the efficiency of generation and accumulation of charge in the measuring cell during the flow of liquid through the injector is influenced by the charge state of neighboring non-conductive mica and polymer surfaces: the efficiency of the generation of charge and its accumulation in the measuring cell increases with the increase in the value of negative charge of these surfaces. At that, the change in the capacity of the system in the presence of these surfaces also matters.



Comparative experiments with protein solution and with water were carried out in eight sets. In all these sets, an effect of stimulation of the charge accumulation in the measuring cell has been observed in the presence of protein in water. The averaged data obtained in these eight sets of experiments have indicated that at 35 °C, the efficiency of charge generation in the pumped protein solution exceeded that in pure water by ~80 ± 40%. This increase in charge generation efficiency is possibly caused by the fact that in protein solution, an increase in the fraction of ortho-state should be observed, what has resonant character at ~35 °C, as was noted in Reference [18]. Possibly, in this case protein molecules at very low (femtomolar) concentration serve as catalysts of the transition of water in the interface layer from para- to ortho-state. The possibility of such transitions in aqueous heterogeneous structures in the presence of proteins was discussed in [21].



The influence of an external electromagnetic field (50 Hz) on the generation and accumulation of charge has also been investigated. As noted above, the influence of an external electric field (including the external electromagnetic environment) is supposed to be (as was noted above in this section) one of the causes of the variation between ∆q(t) curves. Industrial electrical networks typically operate at 50 Hz frequency. Upon the influence of an external low-frequency AC electric field at physiological temperatures of human body (35 °C), in all experiments, a tendency of the increase in the efficiency of generation and accumulation of charge was observed (Figure 11). The value of the increase in the generation and accumulation of charge, averaged over all the experimental sets, was ~38%. This increase in charge accumulation can be caused by a number of effects connected with the stimulating influence of an external AC electric field on the motion of charged particles in water, as well as on the quantum mechanical effects associated with the ratio between ortho- and para-isomers in moving water [19].




5. Conclusions


In our present study, the influence of mica and graphite AFM chips, and of polymer materials used in communications in systems for AFM-based fishing (which are used for the registration of low-abundant proteins at 35 °C) on the charge generation in a nanosystem for AFM-based fishing has been studied. It as shown that the presence of a graphite or mica chip near the injector nozzle enhances the effect of charge generation and its accumulation in the measuring cell. With the example of polypropylene, it was also demonstrated that polymer materials and/or communications can well influence the enhancement in the charge generation efficiency. At that, this efficiency depends on whether or not these communications are filled with water. It has been noted that the presence of protein at low (femtomolar) concentrations can lead to an increase in the efficiency of charge generation in the injector. It was demonstrated that low-frequency AC electric fields can well stimulate the charge generation in the injector. It was also shown that, along with linear time dependencies of charge accumulation, the occurrence of stepwise changes in the value of charge generated in the flow-based biosensor systems (in which liquid is pumped with a peristaltic pump through an injector) is possible.



These effects should be taken into account in the development of highly-sensitive nanobiosensors, whose sensitivity is significantly influenced by the charge state of proteins and protein solutions, and also in the development of specified models of effects occurring in biosensors.
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Figure 1. Experiment setup. (1) Measuring cell with analyzed liquid; (2) Silicone pipe (incoming section); (3) Peristaltic pump; (4) Measuring cell coupled with electrometer (7); (5) Silicone tube (outgoing section); (6) tip; (7) electrometer; (8) Investigated material. The investigated material (8) was either an atomic force microscope (AFM) chip (mica or graphite) or polypropylene tube; this material was fixed in a holder near the nozzle of the injector (8) at a distance l = 4 mm, l = 1 cm or l = 2 cm. The accumulation of charge in the cell (4) was measured. The components pertaining to the injector part of the system for AFM-based fishing are highlighted with the dashed line. 
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Figure 2. The effect of the presence of mica on the charge generation in water. Main graph presents averaged Δq(t) dependencies obtained in a series of experiments: (1) without mica; (2) with mica. The inset displays typical Δq(t) dependencies obtained in a series of experiments upon pumping of water through the injector. Experimental conditions: (1) without mica; (2) with mica. The distance between the injector nozzle and the mica chip is l = 4 mm. T = 35 °C. The data of one and the same experimental series obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 3. The influence of the presence of mica on the charge generation in water. Averaged Δq(t) dependencies obtained upon pumping of water through the injector. Experimental conditions: (1) without mica; (2) with mica. The distance between the injector nozzle and the mica chip is l = 10 mm. T = 35 °C. The data of one and the same experimental series obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 4. The dependencies of the relative change in the value of charge (∆q/q), generated in water, on the distance between the injector nozzle and the investigated material: mica (1) or highly oriented pyrolytic graphite (HOPG) (2). T = 35 °C. 
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Figure 5. The effect of the presence of HOPG on the charge generation in water. Averaged Δq(t) dependencies obtained upon pumping of water through the injector. Experimental conditions: without HOPG (1); with HOPG (2). The distance between the injector nozzle and the HOPG chip is l = 4 mm. T = 35 °C. The data of one and the same experimental series obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 6. The effect of the presence of HOPG on the charge generation in water. Averaged Δq(t) dependencies obtained upon pumping of water through the injector. Experimental conditions: without HOPG (1); with HOPG (2). The distance between the injector nozzle and the HOPG chip is l = 10 mm. T = 35 °C. The data of one and the same experimental series obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 7. The effect of the presence of an empty polypropylene tube on the charge generation in water. Averaged Δq(t) dependencies obtained upon pumping of water through the injector. Experimental conditions: (1) without polypropylene; (2) with polypropylene tube; (3) polypropylene tube filled with water. The distance between the injector nozzle and the polypropylene tube is l = 10 mm. T = 35 °C. The data of one and the same experimental series obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 8. The effect of the presence of a water-filled polypropylene tube on the charge generation in water. Averaged Δq(t) dependencies obtained upon pumping of water through the injector. Experimental conditions: (1) without the water-filled polypropylene tube; (2) with the water-filled polypropylene tube. T = 35 °C. The distance between the injector nozzle and the polypropylene tube is l = 10 mm. The data of one and the same experimental series obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 9. The effect of the presence of bovine serum albumin (BSA) protein on the charge generation in water. Averaged ∆q(t) dependencies obtained upon flow of water through the injector nozzle in the absence and in the presence of 10−15 M BSA. Main graph presents averaged Δq(t) dependencies obtained in a series of experiments: (1) without BSA (2) with BSA. Inset displays typical Δq(t) dependencies obtained in a series of experiments upon pumping of water through the injector. Experimental conditions: (1) without BSA (“water”); (2) with BSA (“BSA”). T = 35 °C. The data of one and the same set of experiments obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 10. The effect of the presence of BSA protein on the charge generation in water. Averaged ∆q(t) dependencies obtained upon flow of water through the injector nozzle in the absence and in the presence of 10−15 M BSA. Main graph presents averaged Δq(t) dependencies obtained in experiments without BSA (1) and with BSA (2). Inset displays typical Δq(t) dependencies obtained in a series of experiments upon pumping of water through the injector. Experimental conditions: (1) without BSA (“water”); (2) with BSA (“BSA”). T = 35 °C. The data of one and the same set of experiments obtained using one and the same tube-pipe-tip set (see the Materials and Methods section) are presented. 
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Figure 11. The effect of an external AC electric field on the charge generation in water. Averaged ∆q(t) dependencies obtained upon flow of water through the injector nozzle in the absence (1) and in the presence (2) of an external electric field. Main graph presents averaged Δq(t) dependencies. Inset displays typical Δq(t) dependencies obtained in experiments upon pumping of water through the injector. Experimental conditions: (1) in the absence of an external electric field (“without generator”); (2) in the presence of an external electric field (“with generator”). Experimental conditions: ∆U = −100 V voltage, 50 Hz frequency, 35 °C temperature, 15 µL/s flow rate. 






Figure 11. The effect of an external AC electric field on the charge generation in water. Averaged ∆q(t) dependencies obtained upon flow of water through the injector nozzle in the absence (1) and in the presence (2) of an external electric field. Main graph presents averaged Δq(t) dependencies. Inset displays typical Δq(t) dependencies obtained in experiments upon pumping of water through the injector. Experimental conditions: (1) in the absence of an external electric field (“without generator”); (2) in the presence of an external electric field (“with generator”). Experimental conditions: ∆U = −100 V voltage, 50 Hz frequency, 35 °C temperature, 15 µL/s flow rate.



[image: Applsci 09 00671 g011]







[image: Table]





Table 1. Values of charge accumulated in the cell in the presence of various materials, nC.
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Investigated Material

	
∆q/q, %




	

	
l = 4 mm

	
l = 1 cm






	
Mica

	
28

	
14




	
HOPG

	
41

	
12




	
polypropylene tube

	
-

	
204




	
polypropylene tube + water

	
-

	
33




	
polypropylene tube + BSA (10−15 M)

	
-

	
33




	
polypropylene tube + BSA (10−4 M)

	
-

	
35




	
polypropylene tube + С2H5OH

	
-

	
33








∆q/q is the relative change in the value of charge accumulated in the cell in the presence of an investigated material near the injector nozzle; l is the distance between the material and the injector nozzle.
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