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Abstract

:

Highly sensitive biosensor systems are particularly sensitive to the charge state of an analyte. This charge state can have either a positive (for instance, in case of increasing the efficiency of fishing of low-abundant proteins) or negative effect (for instance, in case of the appearance of charge jumps upon the injection of analyte solution into a measuring cell, what can cause undesirable parasitic signals). Previously, it was demonstrated that upon the pumping of analyte solution through polymeric communications of biosensors with a peristaltic pump at a low (~1 mL/min) flow rate, an accumulation of charge, transferred by the liquid drops from the feeding system into the measuring cell, is observed. At this point, the time dependence of charge accumulation has a linear-stepwise form. In the present study, the influence of the flow rate of water on the parameters of the time dependence of the accumulation of charge in such a system—including the influence on the stepwise charge accumulation—has been investigated. The measurements have been performed with a highly sensitive electrometer sensor at 38 °C, which corresponds to a pathological state of a human body. It has been found that a linear-stepwise time dependence of charge accumulation is observed in a wide range of water flow rates (V= 0.9 to 7.2 mL/min). At that point, upon increasing the flow rate with the transition from the drop-by-drop mode of water supply (0.9 mL/min) to the jet flow (7.2 mL/min), an increase in the absolute value of accumulated charge is observed, but the magnitude of the charge jumps does not change significantly. Thus, the amount of charge accumulated in the cell ambiguously depends on the water flow rate—i.e., this dependence can be non-linear. Accounting for the discovered phenomenon is important in the development of new, more accurate models describing physicochemical properties of aqueous solutions and hemodynamics. This effect should also be taken into account in the development of highly sensitive diagnostic systems intended for the detection of single biomarkers of pathologies in humans and crops, as well as in other living systems. In low-concentration systems, the occurrence of a charge can become a significant factor affecting the efficiency of detection of biomolecules and the reliability of the data obtained. The detection of biomolecules present in the solution at low concentrations is in high demand in medical diagnostics for the revelation of biomarkers at the early asymptomatic stage of various diseases, including aggressive forms of cancer.
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1. Introduction


Modern proteomic and biosensor systems (including chromato-mass-spectrometric and atomic force microscopy (AFM)-based ones, nanowire biosensors, etc.) allow one to detect proteins in water and water solutions with an ultra-high (10−18 to 10−15 M) concentration sensitivity [1,2,3,4,5,6].



As a rule, in such systems, polymeric communications and various pumps are employed to supply the solutions to be analyzed. In the supply systems, the liquid flow rate varies over a wide range. So, in chromatography systems employing standard columns (for instance, with an i.d. of 4.6 mm), combined with registration sensor systems, the fluid flow rate is within 0.1 to 10 mL/min [7]. In systems for AFM-based fishing, this rate can be of the order of 1 mL/min [8]. The liquid supply can be organized with an even higher flow rate to provide the efficient delivery of the target analyte molecules to the sensitive area of the sensor chip: for instance, in a nanowire system, this rate can achieve tens of milliliters per minute [6]. In analytical systems based on AFM and nanowire detectors, the liquid is supplied into the measuring cell with an injector represented by a plastic tip for an automatic pipette. As was discussed in the literature, upon the motion of a liquid along a solid surface, a charge separation occurs due to a triboelectric effect; this effect was considered in many papers [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26]. In the literature, triboelectric phenomena or an electric charge transfer between two materials during friction is commonly described from the viewpoint of physicochemical processes. In this way, to describe the liquid flow electrification, in the paper by Paillat et al. [24], the authors discussed the formation of a double electric layer in a liquid, flowing through pipes, owing to the interaction of ions (present in the liquid) with atoms of the pipes’walls [25]. After solving a system of equations describing association/dissociation in the liquid and desorption from/adsorption onto the solid surface, the authors dwelled an equation expressing the wall current density; the latter is proportional to the difference between the charge density in the diffusion layer and wall space charge density. In the paper by Ravelo et al. [26], the authors demonstrated that the voltage, occurring upon pumping of water through a plastic pipe with a pump, was linearly dependent on the flow rate. In the same paper, it was theoretically justified that the current, occurring upon the liquid flow, is proportional to the pressure gradient, and is connected with hydromechanical parameters (including the pipe length). Micropipette tips are often used in bioanalytical devices for the injection of biological samples into a measuring cell. In these injectors, a generation of charge is also observed. It is caused by triboelectric effects, as discussed in [27]. In this way, Choi et al. [27] discussed several mechanisms of charge generation, occurring upon the flowing of a liquid through a plastic pipette tip. One of these mechanisms is found in the accumulation of static charge on the tip nozzle before the aspiration of the liquid. The electrization of the inner surface of the pipette tip during the contact of its ionized surface groups with water is assumed to be another possible source of charge. In [27], the electrization of a liquid upon its injection is mainly caused by the ionization of surface chemical groups of the pipette tip. In the paper by Choi et al., the influence of air humidity on charge generation was also studied. A relatively weak dependence of the generation of charge in a liquid drop on the air humidity was shown. At the same time, the amount of charge carried by the drop was shown to be dependent on the coating material of the pipette tip. As was noted by the authors [27], their results are in contradiction with commonly accepted assumptions (which state the electrization of the drop is caused not by pre-developed charges on the pipette, but by the distribution of charges between the drop and the pipette tip surface).



Such a triboelectric effect, described above, occurring upon the injection of a liquid with pipette tips, should also take place in nanotechnological highly sensitive atomic force microscopy (AFM)-based and nanowire biosensors, which are promising for the early diagnosis of diseases. In such biosensors, when an electric charge is generated in the supply system, it is supposed to play an important positive role in providing highly sensitive protein detection [2,28]. So, in [28], we demonstrated that a correlation is observed between the amount of protein, captured onto the sensor chip in the system for AFM-based fishing, and the charge generated per single protein particle. In a number of papers, the negative effects of charge jumps—which occur upon the injection of solutions into a highly sensitive biosensor (for instance, into a nanowire-based one)—were demonstrated. Negative effects can lead to a significant change in the baseline signal during measurements [29,30]. Such charge jumps can even cause a failure in nanowire biosensors, particularly if the nanowire thickness is very low (of the order of 100 nm).



Previously, we demonstrated [30,31,32] that at a temperature of between 35 °C and 38 °C and a continuous supply of either water or highly diluted (femtomolar) protein solutions with a low (0.9 mL/min) flow rate, a stepwise accumulation of charge in the measuring cell of such biosensors can be observed. At this point, the appearance and magnitude of the charge jumps depends on the distance between the tip nozzle of the supply system and the grounded electrode [31].



In the present study, we report the results of the continuation of our research on the appearance of charge jumps upon the injection of solutions obtained not at a fixed flow rate, but at varying the flow rate over a broad range. The dependence of the amount of charge—generated in such an analyte supply system—on the liquid flow rate has been determined. In the experiments, the specially made highly sensitive measurement system based on an electrometer is also employed. The measurements have been carried out at a temperature of 38 °C, which is often used in biosensor measurements and corresponds to a pathological state of a human body. It has been demonstrated that upon supplying water with varying its flow rate over a broad range (from 0.9 to 7.2 mL/min), a linear-stepwise accumulation of charge in the measuring cell can be observed. It has been found that, upon transition from the drop-by-drop mode of water injection to the jet flow, with increasing the supply flow rate, the amount of charge accumulated in the measuring cell also increases. At that point, the magnitude of the jumps in the time dependence of charge accumulation does not depend on the supply flow rate. The results obtained herein should be taken into account in the development of highly sensitive protein detection systems, including those for AFM-based fishing and nanowire detectors. Highly sensitive protein detection systems are in high demand in the field of early medical diagnosis of diseases such as brain cancer, prostate cancer and other aggressive oncological pathologies. The results obtained herein can also be used in the development of refined models of hemodynamics.




2. Materials and Methods


2.1. Chemicals


Ultrapure deionized water (with 18 MΩ×cm resistivity) was obtained with a Millipore Simplicity UV deionizer (Millipore, Molsheim, France).




2.2. Charge Measurements


Schematic representation of the experimental setup, used to measure the amount of charge in the measuring cell, is shown in Figure 1.



The charge measurements were carried out with a highly sensitive electrometer connected to a flow-based sample injection system for atomic force microscopy (AFM)-based fishing. The flow-based system was based on polymeric communications [32] (see Figure 1). The main elements of the sample supply system were: a peristaltic pump; a pipe with a tip for water supply; and a measuring cell. In the course of measurements, water was continuously pumped from a 50-mL polypropylene reservoir (1) into the cell (6) through the tip (5) with an Ismatech (IDEX) peristaltic pump (3). A sterile silicone pipe (4) (40 cm length, 2 mm i.d.) with a polypropylene tip (5) (a standard disposable Eppendorf-type pipette tip with a nominal capacity of 10 µl and nozzle diameter Ø = 0.4 mm) was used to supply water into the cell. The volume flow rate was varied from 0.9 to 7.2 mL/min, which corresponds to the linear velocity of the flow through the nozzle from 0.12 to 0.96 m/s. To maintain a constant level of the potential in the reservoir (1) with water, from which water was supplied into the supply pipe, a grounding electrode (Eg) was inserted into the pipe. The distance between the electrode in the pipe and the tip nozzle orifice was 15 cm. The stainless steel cell (6) served as an inner cylinder in the system, connected with the electrometer (7). In general, the measurement system was analogous to that used in [32]. The charge was registered in the cell by means of an electric system (7) based on an electrometer developed in Institute of Biomedical Chemistry (IBMC). The charge measurement accuracy was 0.1 nC. Water temperature was set and maintained constant with a thermostat, into which the reservoir was placed (1). Experiments were carried out at 38 °C. The duration of the preliminary equilibration of the system under the experimental conditions was no less than two hours. The duration of one measurement was seven minutes. The experimental series for each set of conditions comprised at least three repetitions.



The experiment technique was as follows. The system was filled with water from the reservoir (1), and flushed with ~10 mL of water. After the flush, the supplying system remained filled with water. Water was removed from the measuring cell with a pipette. Firstly, control measurements of the signal baseline for an empty cell were performed (three repetitions). Then, the pump was turned on, and water was supplied into the cell. From the moment the pump is turned on, the experiment time counting and recording the readings of the measuring system from the electrometer display started. Recording was performed with a 15-s interval during 7 min. After finishing the measurements in one experiment, the readings were reset. The so-obtained data were present in the form of time dependencies of the amount of charge entering the measuring cell ∆q(t). The measuring cell was empty. After each measurement, the cell was emptied, and the charge was drained to prepare the next measurement in a series.





3. Results


In the present study, monitoring the generation and accumulation of charge in the cell in the water supply system was performed at the following flow rates: 0.9, 1.8, 3.6, 5.4 and 7.2 mL/min. The corresponding ∆q(t) dependencies are shown in Figure 2.



As seen from Figure 2a–e, a linear-stepwise mode of charge accumulation (which we observed earlier at the 0.9 mL/min flow rate [30]) is observed over the entire range of flow rates studied. In Figure 2a (curve 1), for instance, from 0 to 2.5 min, a linear, slowly increasing section of the curve with a gradient (∆q/∆t) of ~0.1 nC/min is observed. This is followed by a ~2.5-nC jump with a 5 nC/min gradient for 0.5 min. Then, a further slow linear increase in charge accumulation with a gradient of (∆q/∆t) ~0.2 nC/min is observed. For curve 2, a stepwise accumulation of charge is observed from the very start of the observation time. For curves 3 and 4 in Figure 2a, the appearance of jumps is observed from the second and third minutes, respectively. For all these curves, the amplitude of a jump was roughly of the order of 2 to 3 nC. For the four curves in Figure 2a, the total amount of charge (∆q) accumulated in the measuring cell for seven minutes was of the order of ∆q =2.7 to 4.2 nC.



A similar situation was observed for a water supply rate of 1.8 mL/min (see Figure 2b). The appearance of jumps is observed for all four curves. So, for curve 1, after the phase of slow accumulation of charge in the measuring cell with a gradient (∆q/∆t) of ~0.7 nC/4 min, an appearance of a jump with a ∆q~1.5 nC amplitude and (∆q/∆t) ~3 nC/min gradient for 0.5 min is observed at the 4th min. For the four curves in Figure 2b, the total amount of charge accumulated in the measuring cell during the measurement time was of the order of ∆q =2.2 to 3.2 nC.



For the flow rate of 2.7 mL/min, both linear (curves 3 and 4) and linear-stepwise (curves 1 and 2) modes of charge accumulation in the measuring cell are observed. For the linear mode, charge accumulation with gradients (∆q/∆t) of 3.5 nC/7 min (curve 3) and 4.5 nC/7 min (curve 4) is characteristic, while for the linear-stepwise one, the appearance of jumps at the 1st min (curve 1), or even at the very start of the measurement (curve 2), is typical. For the four curves in Figure 2c, the total amount of charge accumulated in the measuring cell for 7 min was from ∆q =2.2 to 3.2 nC.



It is to be noted that a drop-by-drop mode of water injection from the tip into the measuring cell was observed at flow rates from 0.9 to 2.7 mL/min. With further increase of the flow rate, in the range from 3.6 to 5.4 mL/min, a jet flow of water from the tip is observed.



As seen from Figure 2d,e, despite the drop-by-drop mode of liquid flow from the tip changed to the jet flow, this did not lead to a disappearance of the stepwise accumulation of charge in the measuring cell. So, for a water flow rate of 3.6 mL/min, a linear-stepwise mode of charge accumulation (curves 1 and 4, Figure 2d) is observed alongside with a linear one (curves 2 and 3). For curve 1, the magnitude of the jump was of the order of 2 nC with a gradient of (∆q/∆t)~2 nC/0.25 min for 0.25 min. At the same time, for curve 4 (Figure 2d), the appearance of two jumps with greater (3.6 nC/0.25 min) amplitude was observed. The total magnitude of the two jumps amounted to 3.6 nC. The total amount of accumulated charge accumulated during the observation time of seven minutes was from ∆q = 5 to 14 nC.



For the flow rates of 5.4 mL/min and 7.2 mL/min (Figure 2e), a linear-stepwise mode of charge accumulation, with jumps with a gradient (∆q/∆t)~ 4 nC/0.5 min, was observed. The total amount of charge accumulated in 7 min makes up ∆q=11.7 nC for 5.4 mL/min, and ∆q=18.7 nC for a 7.2 mL/min flow rate.



Table 1 summarizes characteristic values of charge accumulation rate (both in linear and in linear-stepwise modes) for the entire range of water flow rates. Table 2 lists the same data on the charge accumulation, normalized per the flow rate of water.




4. Discussion


In our previous studies, we demonstrated that under certain conditions, upon the pumping of water through an injector with a peristaltic pump in the drop-by-drop mode at 0.9 mL/min flowrate and a temperature of 38 °C, an accumulation of charge in the measuring cell has a linear-stepwise character [30]. The temperature of 38 °C is interesting, owing to the fact that it is near the viscosity-associated characteristic temperature point of water [33,34]. In the present work, the research on charge accumulation in the flow-based system for atomic force microscopy (AFM)-based fishing has been continued, and the influence of flow rate has been studied in a wide range from 0.9 to 7.2 mL/min has been studied. Table 1 and Table 2 summarize the data obtained herein.



As seen from Table 1, a linear-stepwise increase in the amount of charge is observed over the entire range of water flow rates. At this point, a tendency for an increase in the amount of charge (∆q) accumulated in the measuring cell during the measurement time upon the transition from the drop-by-drop injection mode to the jet one is observed (Table 1, row 4). That is, the absolute value of accumulated charge increases with the increasing flow rate. However, the magnitude of a separate jump of charge (~2 nC) remains constant in all the measurements (Table 1, row 2). Such a constancy in jumps’magnitude is observed even upon an eight-fold increase of the supply flow rate (Table 1, row 3). At the same time, an increase in the charge accumulation rate vs. water flow rate dependence is observed in the linear sections (Table 1, row 1).



Table 2 lists the parameters of the obtained dependencies (listed in Table 1), normalized per the water flow rate. One can see that the stepwise change in the amount of charge, normalized per the flow rate, is significantly decreased with increasing the flow rate (Table 2, rows 2 and 3). As seen from Table 2, linear sections of the listed dependencies are virtually unchanged, with an eight-fold increase of the flow rate from 0.9 to 7.2 mL/min (Table 2, row 1). That is, the amount of charge accumulated in the measuring cell is ambiguously dependent on the water flow rate, i.e., this dependence can be nonlinear.



As discussed previously in [32], the appearance of jumps in the time dependence of the amount of the accumulated charge can be caused by the probability of the fact that the charge comes out of the injector nozzle in the presence of an electrohydrodynamic barrier occurring in the injector. The physical cause for the presence of this barrier, in its turn, can be conditioned by several factors, such as the presence of a negative charge on the polymeric surface of the injector [27], or a possible change in the viscosity of water upon its ortho-para conversion occurring in the course of operation of the peristaltic pump during the compression of the supply pipe. Negative charges are present on a polymer surface. They can hold positive charges in the liquid, thus creating a barrier during the formation of a positively charged drop [27]. This can be particularly sharply pronounced within the peristatic pump, where the pump rollers significantly squeeze the feeding pipe, thereby significantly distorting the fluid flow near the boundary layer. Another cause of the charge jumps is connected with the ortho-para conversion of water, and leads to a shift in the equilibrium in the boundary layer under the action of the peristaltic pump—this can be explained in a way analogous to [33]. In the paper by Pershin et al. [33], it is noted that under the action of a pipette (and in our case, under the action of the peristaltic pump), a change in the hydration surface layer can be observed. In [33], it is stated that there is a hydration shell near the surface of proteins, which represents an ice-like structure. At this point, it is known that the ortho/para ratio of 3:1, which is valid for gases at room temperature, shifts in water towards a more than twofold increase in the amount of para-H2O isomers. Thus, water represents a nonequilibrium liquid in terms of spin temperature. In such a state, water can therefore stepwisely change this ratio towards the equilibrium one, i.e., towards the increase in the amount of para-isomers—particularly under the influence of physical factors, such as an increase in temperature near the characteristic point of water (~37°C) upon the local pressure increase in the compression section of the peristaltic pump. Accordingly, upon passing through a peristaltic pump, a local conversion of ortho-para isomers can occur in water, what causes a corresponding jump in charge. Stepwise jumps are sometimes not reproducible—possibly due to the fact that their formation is affected by the simultaneous combination of several processes. Two of these processes we have described above; others, possibly, have not been described herein, and further investigation of these processes is required.



Ortho-para conversion in water, associated with the anomalous properties of water (which has a complex heterostructure), is described in [33,34]. Since the studied range of supply flow rates is typical not only for systems for AFM-based fishing, but also for other proteomic detection systems (chromatographic, chromato-mass-spectrometric, nanowire-based ones, etc.), the data obtained in these studies can be used in the development of novel highly efficient systems for the detection of biomarkers in patients’blood.



Another factor provoking interest to the studies on the dependence of charge generation on the flow rate in a wide range of flow rates is the fact that in the human body, the rate of blood flow through the vessels makes up from ~0.5 m/s (aorta) down to the value of several orders of magnitude lower (0.5 mm/s in capillaries [35]). Thus, studying the dependence of charge generation on the liquid flow rate is of great interest for the development and refinement of hemodynamic models in the body.




5. Conclusions


It has been demonstrated that, upon the use of peristaltic pumps in biosensors during repeated experiments in the same series using the same communication, charge generation can vary significantly. This can lead to variation in the results obtained with these biosensors, due to the variation in their operating parameters (for instance, the operation point of a nanowire transistor, whose surface represents a virtual gate sensitive to the charge of an analyte). It has been found that a charge generated in plastic components of a sample supply system is transferred into the measuring cell of a flow-based system during a continuous supply of water. The charge accumulation has been shown to occur not only linearly, but also stepwisely over a wide range of flow rates (from 0.9 to 7.2 mL/min). This phenomenon has been observed for both drop-by-drop and jet flow modes of water supply.



This effect should be taken into account in the development of flow-based highly sensitive diagnostic systems for the detection of biomolecules present in solution at low concentrations. In such low-concentration systems, the appearance of a charge can become a significant factor affecting both the sensitivity of the system and the detection efficiency, as well as the reliability of the data obtained. In its turn, the detection of biomolecules present in the solution at low concentration is in high demand in diagnostics for the revelation of a pathological process at an early asymptomatic stage in humans and crops.
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Figure 1. Experimental setup. 1 is the reservoir with water; 2 is the silicone pipe (input section); 3 is the peristaltic pump; 4 is the silicone pipe (output section); 5 is the tip; 6 is the measuring cell with the connected electrometer; 7 is the electrometer; and Eg is the grounding electrode placed at a 15-cm distance from the tip nozzle orifice. 
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Figure 2. Typical time dependencies of charge accumulation (∆q) obtained upon the pumping of water with various flow rates: 0.9 mL/min (a), 1.8 mL/min (b), 2.7 mL/min (c), 3.6 mL/min (d), 5.4 mL/min and 7.2 mL/min (e). Red dashed ellipses indicate typical charge jumps. Numbers 1 to 4 indicate curves obtained in different technical replicates of the experiments. 
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Table 1. Results of measurements of charge accumulated in the measuring cell at various flow rates of water.
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Water Flow Rate






	

	
Parameter

	
0.9 mL/min

	
1.8 mL/min

	
2.7 mL/min

	
3.6 mL/min

	
5.4 mL/min

	
7.2 mL/min




	
1

	
Rate of charge accumulation in the cell (∆q/∆t) for linear section of a curve,

nC/min

	
0.1 to 0.2

	
0.1 to 0.2

	
0.2 to 0.7

	
0.8 to 1.2

	
1.4

	
2.1




	
2

	
Gradient of charge accumulation in the cell (∆q/∆t) for jumps,

nC/min

	
5

	
4 to 8

	
8

	
8 to 14

	
8

	
8




	
3

	
Amount of charge (∆q) accumulated as a result of all jumps in a curve, nC

	
2.0 to 3.1

(1 to 2 jumps)

	
1.7 to 2.5

(1 jump)

	
2.0

(1 jump)

	
2.0 to 3.6

(1 to 2 jumps)

	
2.0

(1 jump)

	
2.0

(4 jumps)




	
4

	
Absolute value of charge (∆q) accumulated in the cell during 7 min, nC

	
2.7 to 4.2

	
2.2 to 3.2

	
3.3 to 4.5

	
5.4 to 13.7

	
11.7

	
18.7
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Table 2. Measurements of charge accumulated in the measuring cell, normalized per water flow rate (V).
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	Ratio of Charge Accumulation to Water Flow Rate
	0.9 mL/min
	1.8 mL/min
	2.7 mL/min
	3.6 mL/min
	5.4 mL/min
	7.2 mL/min





	1
	[(∆q/∆t)]/V for linear section of a curve, nC/min
	0.1 to 0.2
	0.05 to 0.1
	0.1 to 0.3
	0.2 to 0.3
	0.25
	0.3



	2
	[ (∆q/∆t)]/V for jumps, nC/min
	5.5
	2.5 to 4.5
	3
	2.5 to 4
	1.5
	1



	3
	[(∆q)]/V accumulated as a result of all jumps in a curve, nC
	2.2 to 3.4
	1.0 to 1.4
	0.8
	0.6 to 1.0
	0.5
	0.3



	4
	[(∆q)]/V accumulated in the cell during 7 min, nC
	3 to 4.6
	1.2 to 1.8
	1.2 to 1.7
	1.5 to 3.7
	2.2
	2.6
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