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Âîäà ÿâëÿåòñÿ îñíîâíîé êîìïîíåíòîé â îðãàíèçìå ÷åëîâåêà, îïðåäåëÿþùåé ãåìîäèíàìèêó. Â ïðîöåññå äâèæåíèÿ âîäû
íàáëþäàåòñÿ ãåíåðàöèÿ çàðÿäà, îáóñëîâëåííàÿ å¸ ýëåêòðîêèíåòè÷åñêèìè ñâîéñòâàìè. Â ðàáîòå èññëåäîâàíà âðåìåííàÿ çàâè-
ñèìîñòü ãåíåðàöèè è àêêóìóëÿöèè çàðÿäà â âîäå, äâèæóùåéñÿ ïî ïðîòî÷íîé ñèñòåìå. Ïîêàçàíî, ÷òî ïðè îïðåäåëåííûõ óñëî-
âèÿõ, âðåìåííàÿ çàâèñèìîñòü àêêóìóëÿöèè çàðÿäà èìååò íåëèíåéíûé õàðàêòåð — íàáëþäàåòñÿ ñêà÷êîîáðàçíîå èçìåíåíèå
ðåãèñòðèðóåìîé âåëè÷èíû (ýôôåêò ýëåêòðîãèäðîäèíàìè÷åñêîãî áàðüåðà ñòåêàíèÿ çàðÿäà, ÝÁÑÇ). Ïîÿâëåíèå ýòèõ ñêà÷êîâ
çàâèñèò îò ðàññòîÿíèÿ (l) ìåæäó ñðåçîì íàêîíå÷íèêà ïîäàþùåé òðóáêè ïðîòî÷íîé ñèñòåìû è ýëåêòðîäîì çàçåìëåíèÿ, âñòàâ-
ëåííûì â ýòó òðóáêó. Ýôôåêò íàáëþäàåòñÿ ïðè ðàññòîÿíèè l�10 ñì è áîëåå. Ýòîò ýôôåêò äîëæåí ó÷èòûâàòüñÿ â ôóíäàìåí-
òàëüíûõ èññëåäîâàíèÿõ ñâîéñòâ âîäû, à òàêæå ïðè ðàçðàáîòêå ìîäåëåé, îïèñûâàþùèõ ãåìîäèíàìèêó â îðãàíèçìå â íîðìå è
ïàòîëîãèè. Êðîìå òîãî, ïîëó÷åííûå ðåçóëüòàòû ñëåäóåò èñïîëüçîâàòü ïðè ðàçðàáîòêå âûñîêî÷óâñòâèòåëüíûõ àíàëèòè÷åñêèõ
ñèñòåì, òàêèõ, êàê íàíîïðîâîäíûå, íà îñíîâå àòîìíî-ñèëîâîãî ìèêðîñêîïà (ÀÑÌ) è äðóãèõ äèàãíîñòè÷åñêèõ ñèñòåì, ïðåä-
íàçíà÷åííûõ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ðàííåãî âûÿâëåíèÿ ïàòîëîãè÷åñêîãî ïðîöåññà. Öåëü èññëåäîâàíèÿ: ìîíèòîðèíã
ãåíåðàöèè è àêêóìóëÿöèè ýëåêòðè÷åñêîãî çàðÿäà ïðè äâèæåíèè âîäû êàê êîìïîíåíòû îðãàíèçìà è îñíîâû ðàñòâîðîâ, èñïî-
ëüçóåìûõ â àíàëèòè÷åñêèõ ñèñòåìàõ. Ìåòîäèêà. Èññëåäîâàí ïðîöåññ ãåíåðàöèè è àêêóìóëÿöèè çàðÿäà â âîäå ïðè åå äâèæå-
íèè â ïðîòî÷íîé ñèñòåìå. Â êà÷åñòâå òàêîé ñèñòåìû èñïîëüçîâàëàñü ïðîòî÷íàÿ ÷àñòü ÀÑÌ-ôèøèíã ñèñòåìû, ñ ïîìîùüþ
êîòîðîé ïîêàçàíà âîçìîæíîñòü âûñîêîé êîíöåíòðàöèîííîé ÷óâñòâèòåëüíîñòè àíàëèçà ïðè îáíàðóæåíèè áåëêîâûõ ìàðêåðîâ
çàáîëåâàíèé. Èçìåðåíèÿ âåëè÷èíû ýëåêòðè÷åñêîãî çàðÿäà ïðîâîäèëèñü ñ ïîìîùüþ ýëåêòðîìåòðà, âêëþ÷åííîãî â ïðîòî÷íóþ
ñèñòåìó ïîäà÷è îáðàçöà ñèñòåìû ÀÑÌ-ôèøèíãà [1, 2]. Îñíîâíûå ýëåìåíòû ñèñòåìû ïîäà÷è — ïåðèñòàëüòè÷åñêèé íàñîñ,
òðóáêà äëÿ ïîäà÷è âîäû, ïîëèïðîïèëåíîâûé íàêîíå÷íèê ê òðóáêå è èçìåðèòåëüíàÿ ÿ÷åéêà. Ê èçìåðèòåëüíîé ÿ÷åéêå ïîäêëþ-
÷åí ýëåêòðîìåòð, ðàçðàáîòàííûé â ÈÁÌÕ. Â ïðîöåññå èçìåðåíèé äåèîíèçîâàííàÿ âîäà íåïðåðûâíî ïîäàâàëàñü â ÿ÷åéêó
ñ ïîìîùüþ íàñîñà. Ñêîðîñòü ïîòîêà (�15 ìêë/ñ) ïîäîáðàíà òàêèì îáðàçîì, ÷òîáû íà íàêîíå÷íèêå (âíóòðåííèé äèàìåòð
0,4 ìì) ïîäàþùåé òðóáêè ôîðìèðîâàëèñü êàïëè. Äëÿ ïîääåðæàíèÿ ïîñòîÿííîãî ïîòåíöèàëà â ðåçåðâóàðå ñ èñõîäíîé âîäîé,
â ïîäàþùóþ òðóáêó âñòàâëåí ýëåêòðîä çàçåìëåíèÿ. Ðàññòîÿíèå îò ýëåêòðîäà äî ñðåçà íàêîíå÷íèêà òðóáêè (l) âàðüèðîâàëîñü
è ñîñòàâëÿëî 5, 10 èëè 15 ñì. Ýêñïåðèìåíòû ïðîâîäèëèñü ïðè t = 35°C è âëàæíîñòè 49%. Ðåçóëüòàòû: ïîêàçàíî, ÷òî â ôè-
øèíã-ñèñòåìå, ïîñëå ïðîõîæäåíèÿ äåèîíèçîâàííîé âîäû ïî ïîäàþùåé òðóáêå ýòîé ñèñòåìû, ãåíåðèðóåòñÿ ýëåêòðè÷åñêèé çà-
ðÿä, êîòîðûé ðåãèñòðèðóåòñÿ ïðè ïîñòóïëåíèè âîäû â èçìåðèòåëüíóþ ÿ÷åéêó. Ïî ðåçóëüòàòàì èçìåðåíèé íàáëþäàåòñÿ àêêó-
ìóëÿöèÿ çàðÿäà. Ïðè ïîñòîÿííîé ñêîðîñòè ïîäà÷è âîäû íàáëþäàåòñÿ êàê ëèíåéíîå óâåëè÷åíèå âåëè÷èíû çàðÿäà â èçìåðèòå-
ëüíîé ÿ÷åéêå, òàê è ñêà÷êîîáðàçíîå. Ïîÿâëåíèå ýòîãî ýôôåêòà çàâèñèò îò ðàññòîÿíèÿ ìåæäó íàêîíå÷íèêîì è ýëåêòðîäîì çà-
çåìëåíèÿ â ïîäàþùåé òðóáêå — ýôôåêò îáíàðóæèâàåòñÿ ïðè âåëè÷èíå ýòîãî ðàññòîÿíèÿ, l�10 ñì è áîëåå. Îáíàðóæåííàÿ
ñêà÷êîîáðàçíàÿ çàâèñèìîñòü íàçâàíà ýôôåêòîì ýëåêòðîãèäðîäèíàìè÷åñêîãî áàðüåðà ñòåêàíèÿ çàðÿäà (ÝÁÑÇ). Çàêëþ÷å-
íèå. Îáíàðóæåíî, ÷òî ïðè äâèæåíèè âîäû â ïðîòî÷íîé ñèñòåìå, â ïðîöåññå å¸ íåïðåðûâíîé ïîäà÷è, â èçìåðèòåëüíîé ÿ÷åéêå
íàêàïëèâàåòñÿ çàðÿä, ïîñòóïàþùèé ñ âîäîé èç íàêîíå÷íèêà ïîäàþùåé òðóáêè. Óñòàíîâëåíà ëèíåéíî-ñêà÷êîîáðàçíàÿ çàâèñè-
ìîñòü íàêîïëåíèÿ çàðÿäà â ÿ÷åéêå (ýôôåêò ÝÁÑÇ). Âåëè÷èíà ñêà÷êà íàêîïëåííîãî çàðÿäà (ïîðÿäêà íåñêîëüêèõ íÊë) çàâè-
ñèò îò ðàññòîÿíèÿ ìåæäó íàêîíå÷íèêîì è ýëåêòðîäîì çàçåìëåíèÿ, âñòàâëåííîãî â ïîäàþùóþ òðóáêó. Ýòîò ýôôåêò äîëæåí
ó÷èòûâàòüñÿ ïðè ïðîâåäåíèè ôóíäàìåíòàëüíûõ èññëåäîâàíèé, ïîñâÿùåííûõ èçó÷åíèþ ôèçèêî-õèìè÷åñêèõ ñâîéñòâ âîäû,
à òàêæå ïðè ñîçäàíèè óòî÷íåííûõ ìîäåëåé, îïèñûâàþùèõ ãåìîäèíàìèêó â îðãàíèçìå â íîðìå è ïàòîëîãèè. Êðîìå òîãî, ïî-
ëó÷åííûå ðåçóëüòàòû ñëåäóåò èñïîëüçîâàòü ïðè ðàçðàáîòêå âûñîêî÷óâñòâèòåëüíûõ äèàãíîñòè÷åñêèõ ñèñòåì íà îñíîâå ìîëå-
êóëÿðíûõ äåòåêòîðîâ, âêëþ÷àþùèõ ïðîòî÷íûé ñïîñîá ïîäà÷è îáðàçöà, è ïðåäíàçíà÷åííûõ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè
ðàííåãî âûÿâëåíèÿ ïàòîëîãè÷åñêîãî ïðîöåññà.
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Water is the main component of the human body, which determines hemodynamics. Electrokinetic properties of moving
water provide generation of a charge. This work focuses on time dependence of charge generation and accumulation in water
passing through a flow-based system. It was shown that under certain conditions, the time dependence of charge accumula-
tion was nonlinear; the recorded value changed in a stepwise manner (effect of electrodynamic barrier for the charge run-off,
EBCRO). Emergence of these stepwise changes depends on the distance between the tip of the input pipe and the ground
electrode inserted in this pipe. This effect was observed at a distance of l�10 cm and more. The discovered effect should be
taken into account in developing flow-based, highly sensitive analytic systems, such as nanowire, atomic-force microscope
(AFM) based, and other systems designed to improve early detection of pathological processes. Aim: To monitor electric
charge generation and accumulation in moving water as a main component of the body and a vehicle of solutions used in ana-
lytical systems. Methods: The process of charge generation and accumulation was studied in water during its motion in a
flow system. In the experiments, the flow-based part of an AFM-based fishing system was used since this system provides a
high concentration sensitivity in detecting protein markers of diseases. Electric charge values were measured using an
electrometer incorporated in the flow system that feeds samples into the AFM-fishing system. The major elements of the
sample feeding system included a peristaltic pump, a pipe for sample delivery from a tapered tip, and a measuring cell con-
nected to an electrometer developed at the Institute of Biomedical Chemistry. During the measurements, deionized water
was continuously pumped into the cell. The flow rate (�15 mL/s) was selected so that drops form on the tip nozzle (inner
diameter, 0.4 mm) of the inlet pipe. To maintain a constant potential in the stock solution, a ground electrode was inserted
into the inlet pipe. The distance between the electrode inside the pipe and the tip varied and was 5, 10, or 15 cm. Experi-
ments were conducted at t = 35°C and 49% humidity. Results. In the fishing system, after the deionized water has passed
through the feeding pipe of this system through the tip, an electric charge is generated and recorded when the water enters the
measuring cell. According to results of measurements charge accumulation is observed. At a constant rate of water supply,
accumulation of the charge in the measuring cell can be either linear or stepwise. Emergence of this effect depends on the dis-
tance between the tip and the ground electrode in the input pipe: the effect was detected at a distance of l�10 cm and more.
The discovered stepwise dependence was named the effect of electrodynamic barrier for the charge run-off (EBCRO).
Conclusion. In the process of water motion during its continuous pumping through the flow-based system, a charge accumu-
lates in the measuring cell; this charge is delivered with the water from the tip of the feeding pipe. A linear-stepwise depend-
ence of charge accumulation in the cell (EBCRO effect) is determined. Magnitude of the stepwise change in this charge
(approximately several nC) depends on the distance between the tip and the ground electrode inserted into the inlet pipe.
This effect should be taken into account in both basic research focusing on physicochemical properties of water and applied
research focusing on development of the models describing hemodynamics in the body. In addition, the obtained results
might be used in developing highly sensitive diagnostic systems, such as nanowire, AFM-based, and other fishing systems to
enhance early detection of pathological process.
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Ââåäåíèå

È
çó÷åíèå ôóíäàìåíòàëüíûõ ñâîéñòâ âîäû ÿâëÿåòñÿ
âàæíîé çàäà÷åé, òàê êàê îíà ïðåäñòàâëåíà
â îðãàíèçìå êàê îñíîâíîé êîìïîíåíò. Ôèçè-

êî-õèìè÷åñêèå ñâîéñòâà âîäû îïðåäåëÿþò ãåìîäèíàìè-
êó, êîòîðàÿ, â ñâîþ î÷åðåäü, îïðåäåëÿåòñÿ ýëåêòðîêèíå-
òè÷åñêèìè ñâîéñòâàìè âîäû. Ïîýòîìó èçó÷åíèå ýëåê-
òðîêèíåòè÷åñêèõ ñâîéñòâ âîäû íåîáõîäèìû äëÿ ðàçðà-
áîòêè íîâûõ ìîäåëåé, îïèñûâàþùèõ ãåìîäèíàìèêó
â íîðìå è ïàòîëîãèè. Â òî æå âðåìÿ, èçó÷åíèå ýëåêòðî-
êèíåòè÷åñêèõ ñâîéñòâ âîäû âàæíî ïðè ïðîåêòèðîâàíèè
íîâûõ ñâåðõâûñîêî÷óâñòâèòåëüíûõ äèàãíîñòè÷åñêèõ è
ïðîòåîìíûõ àíàëèòè÷åñêèõ ñèñòåì, â ñâîåé îñíîâå èñ-
ïîëüçóþùèõ ôèøèíã-òåõíîëîãèè äëÿ âûÿâëåíèÿ áåëêî-
âûõ ìàðêåðîâ çàáîëåâàíèé íà ðàííåé ñòàäèè ïàòîëîãè-
÷åñêîãî ïðîöåññà [1—6]. Ïðîòî÷íûå ñèñòåìû, à òàêæå
ñèñòåìû ñ èìïóëüñíûì ââîäîì ðàñòâîðà ñ ïîìîùüþ ïè-
ïåòîê ïîëó÷èëè øèðîêîå ðàñïðîñòðàíåíèå â íàíîïðî-
âîäíûõ áèîñåíñîðàõ [6—9] è ñèñòåìàõ ÀÑÌ-ôèøèíãà
[2, 4, 5], êîòîðûå ïðèìåíÿëèñü äëÿ âûÿâëåíèÿ áåëêîâûõ
ìàðêåðîâ, àññîöèèðîâàííûõ ñ îíêîëîãè÷åñêèìè è èí-
ôåêöèîííûìè çàáîëåâàíèÿìè ñ ÷óâñòâèòåëüíîñòüþ íà
óðîâíå êîíöåíòðàöèè áåëêà 10-15—10-17 Ì. Â ñâÿçè
ñ ðàçâèòèåì òàêèõ ïðîòî÷íûõ àíàëèòè÷åñêèõ ñèñòåì íà
îñíîâå ìîëåêóëÿðíûõ äåòåêòîðîâ è íîâûõ âûñîêî÷ó-
âñòâèòåëüíûõ ñèñòåì ðåãèñòðàöèè çàðÿäà, ïîÿâèëàñü
âîçìîæíîñòü èñïîëüçîâàíèÿ èõ äëÿ èçó÷åíèÿ ýëåêòðîêè-
íåòè÷åñêèõ ñâîéñòâ âîäû. Ïîýòîìó â íàøåé ðàáîòå ìû
èñïîëüçîâàëè ïðîòî÷íóþ ÷àñòü ýòèõ ñèñòåì äëÿ èññëåäî-
âàíèÿ ãåíåðàöèè çàðÿäà â äâèæóùåéñÿ âîäå.

Èçâåñòíî, ÷òî ïðè äâèæåíèè æèäêîñòè ãåíåðèðóåòñÿ
ýëåêòðè÷åñêèé çàðÿä çà ñ÷åò ñóùåñòâîâàíèÿ äâîéíîãî
ýëåêòðè÷åñêîãî ñëîÿ, âîçíèêàþùåãî íà ïîâåðõíîñòè ðàç-
äåëà ôàç [http://www.xumuk.ru/colloidchem/53.html].
Êàê ïîêàçàíî íàìè ðàíåå [1], ïðè èíæåêöèè æèäêîñòè
÷åðåç íàêîíå÷íèê ïèïåòêè ãåíåðèðóåòñÿ ýëåêòðè÷åñêèé
çàðÿä â êàïëå ýòîé æèäêîñòè. Íàìè òàêæå áûëî ïîêàçà-
íî [3], ÷òî ïðè íåïðåðûâíîì ââåäåíèè æèäêîñòè â èç-
ìåðèòåëüíóþ ÿ÷åéêó ñ ïîìîùüþ ïåðèñòàëüòè÷åñêîãî íà-
ñîñà (ïðîòî÷íûé ðåæèì ïîäà÷è) è èñïîëüçîâàíèè ïîäà-
þùåé òðóáêè ñ íàêîíå÷íèêîì îò ïèïåòêè òàêæå ãåíåðè-

ðóåòñÿ ýëåêòðè÷åñêèé çàðÿä, ÷òî ìîæåò ïðèâîäèòü ê ïî-
âûøåíèþ ýôôåêòèâíîñòè ôèøèíãà áåëêîâûõ ìàðêåðîâ.
Ýòîò ýôôåêò ðàíåå íàáëþäàëñÿ íàìè â ñèñòåìå äëÿ
ÀÑÌ-ôèøèíãà áåëêîâ ïðè íèçêîé êîíöåíòðàöèè [1, 3].
Áûëî ñäåëàíî ïðåäïîëîæåíèå, ÷òî âîçíèêíîâåíèå çàðÿ-
äà â ðàñòâîðå îáëåã÷àåò îáíàðóæåíèå áåëêà ïðè ñâåðõ-
íèçêîé êîíöåíòðàöèè, âïëîòü äî 10-17 Ì, ÷òî âàæíî ïðè
ðàçðàáîòêå ñèñòåì äëÿ ðàííåé äèàãíîñòèêè çàáîëåâàíèé
[1, 2]. Ìåõàíèçì ãåíåðàöèè çàðÿäà ïðè äâèæåíèè æèä-
êîñòè, êàê ïðàâèëî, ñâÿçûâàþò ñ òðèáîýëåêòðè÷åñêèì
ýôôåêòîì, íî äî êîíöà îí íå ÿñåí [10]. Â ðàáîòå [10]
îáñóæäàåòñÿ, ÷òî ïðè îäíîêðàòíîì èìïóëüñíîì ââîäå
â ÿ÷åéêó âîäû ÷åðåç íàêîíå÷íèê ïèïåòêè ìîæåò áûòü
ïîëíîå, à ìîæåò áûòü è ÷àñòè÷íîå âûòåêàíèå çàðÿäà èç
ïèïåòêè è âîïðîñ ýòîò òðåáóåò ïðîÿñíåíèÿ.

Â ïðåäñòàâëåííîé ðàáîòå ðàññìîòðåíû ãåíåðàöèÿ çà-
ðÿäà è åãî èñòå÷åíèå ÷åðåç íàêîíå÷íèê ñ ïîòîêîì âîäû
â èçìåðèòåëüíóþ ÿ÷åéêó. Èññëåäîâàíèÿ ïðîâåäåíû
â ïðîòî÷íîé ñèñòåìå ïîäà÷è îáðàçöà, êîòîðàÿ èñïîëüçó-
åòñÿ â ôèøèíã-òåõíîëîãèè äëÿ îáíàðóæåíèÿ áåëêîâ
â ðàñòâîðàõ ïðè íèçêîé êîíöåíòðàöèè [1, 4, 5]. Ïî-
äðîáíî óñòàíîâêà äëÿ âûñîêî÷óâñòâèòåëüíîãî
ÀÑÌ-ôèøèíãà áåëêîâ îïèñàíà ðàíåå [1, 2]. Êîðîòêî,
ÀÑÌ-ôèøèíã ñèñòåìà âêëþ÷àåò ðåçåðâóàð ñ ðàñòâîðîì
áåëêà, ïðîòî÷íóþ ÷àñòü äëÿ ïîäà÷è ðàñòâîðà
ê ÀÑÌ-÷èïó, íà êîòîðûé ïðîèñõîäèò âûëàâëèâàíèå
ýòîãî áåëêà äëÿ ïîñëåäóþùåãî ïîäñ÷åòà êîëè÷åñòâà âû-
ëîâëåííûõ áåëêîâûõ ìîëåêóë, ñ ïîìîùüþ àòîìíî-ñèëî-
âîãî ìèêðîñêîïà (ÀÑÌ). Èçìåðåíèÿ áûëè ïðîâåäåíû
ïðè t = 35°Ñ, ñîîòâåòñòâóþùåé îáëàñòè òåìïåðàòóð, èñ-
ïîëüçóåìîé â ýêñïåðèìåíòàõ ïî âûñîêî÷óâñòâèòåëüíîìó
ÀÑÌ-ôèøèíãó áåëêîâûõ ìàðêåðîâ, àññîöèèðîâàííûõ
ñ îíêîëîãè÷åñêèìè è èíôåêöèîííûìè çàáîëåâàíèÿìè.
Ýòà îáëàñòü òåìïåðàòóð òàêæå èíòåðåñíà ïðè ìîíèòî-
ðèíãå èçìåíåíèÿ àêòèâíîñòè áåëêîâ â óñëîâèÿõ, áëèçêèõ
ê íàòèâíûì è â äðóãèõ ðàáîòàõ ïî ôóíêöèîíàëüíîé ïðî-
òåîìèêå, à òàêæå ïðè ðàáîòàõ ñ êëåòî÷íûìè êóëüòóðàìè.
Ïîêàçàíî, ÷òî ïðè îïðåäåëåííûõ óñëîâèÿõ, âðåìåííàÿ
çàâèñèìîñòü àêêóìóëÿöèè çàðÿäà â âîäíîé ñðåäå â èçìå-
ðèòåëüíîé ñèñòåìå, èñïîëüçóþùåé ôèøèíã-òåõíîëîãèè,
èìååò íåëèíåéíûé õàðàêòåð — íàáëþäàåòñÿ ñêà÷êîîá-
ðàçíîå èçìåíåíèå ðåãèñòðèðóåìîé âåëè÷èíû. Ýôôåêò
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ïîÿâëåíèÿ ýòèõ ñêà÷êîâ çàâèñèò îò ðàññòîÿíèÿ (l) ìåæäó
íàêîíå÷íèêîì ïîäàþùåé òðóáêè è ýëåêòðîäîì çàçåìëå-
íèÿ, âñòàâëåííûì â ýòó òðóáêó. Ýôôåêò íàáëþäàåòñÿ
ïðè ðàññòîÿíèè l�10 ñì è áîëåå. Ýòîò ýôôåêò ñëåäóåò
ó÷èòûâàòü ïðè ïðîâåäåíèè ôóíäàìåíòàëüíûõ èññëåäî-
âàíèé â îáëàñòè ýëåêòðîêèíåòè÷åñêèõ ñâîéñòâ âîäû, ïðè
ñîçäàíèè ñîâðåìåííûõ ìîäåëåé ãåìîäèíàìèêè â íîðìå è
ïàòîëîãèè, à òàêæå ïðè ðàçðàáîòêå âûñîêî÷óâñòâèòåëü-
íûõ àíàëèòè÷åñêèõ ñèñòåì íà îñíîâå ìîëåêóëÿðíûõ äå-
òåêòîðîâ, òàêèõ, êàê íàíîïðîâîäíûå, ÀÑÌ è äðóãèå
ôèøèíã-ñèñòåìû, ïðåäíàçíà÷åííûå äëÿ ïîâûøåíèÿ ýô-
ôåêòèâíîñòè ðàííåãî âûÿâëåíèÿ ïàòîëîãè÷åñêîãî ïðî-
öåññà.

Ìåòîäèêà

Õèìè÷åñêèå ðåàêòèâû. Äåèîíèçîâàííàÿ âîäà
(óäåëüíîå ñîïðîòèâëåíèå, 18 ÌÎì*ñì) áûëà ïîëó÷å-
íà íà óñòàíîâêå Millipore Simplicity UV (Ôðàíöèÿ).

Ìåòîäèêà èçìåðåíèÿ çàðÿäà â èçìåðèòåëüíîé
ÿ÷åéêå. Ñõåìà óñòàíîâêè äëÿ èçìåðåíèÿ çàðÿäà ïðè-
âåäåíà íà ðèñ. 1. Èçìåðåíèÿ âåëè÷èíû ýëåêòðè÷åñêî-
ãî çàðÿäà ïðîâîäèëèñü [2] ñ ïîìîùüþ ýëåêòðîìåòðà,
âêëþ÷åííîãî â ïðîòî÷íóþ ñèñòåìó ïîäà÷è îáðàçöà
äëÿ ÀÑÌ-ôèøèíãà. Îñíîâíûå ýëåìåíòû ñèñòåìû
ïîäà÷è îáðàçöà — ïåðèñòàëüòè÷åñêèé íàñîñ, òðóáêà
äëÿ ïîäà÷è âîäû ñ íàêîíå÷íèêîì è èçìåðèòåëüíàÿ
ÿ÷åéêà. Â ïðîöåññå èçìåðåíèé âîäà èç ïîëèïðîïèëå-
íîâîãî ðåçåðâóàðà (1) (V = 50 ìë) ÷åðåç íàêîíå÷íèê
(5) íåïðåðûâíî ïîäàâàëàñü â ÿ÷åéêó (6) ñ ïîìîùüþ
íàñîñà (3) (Ismatech (IDEX)). Äëÿ ïîäà÷è âîäû èñ-
ïîëüçîâàëàñü ñòåðèëüíàÿ ñèëèêîíîâàÿ òðóáêà (4)

(äëèíà 40 ñì, âíóòðåííèé äèàìåòð 2 ìì) ñ ïîëèïðî-
ïèëåíîâûì íàêîíå÷íèêîì (5) (âíóòðåííèé äèàìåòð
0,4 ìì). Â êà÷åñòâå íàêîíå÷íèêà èñïîëüçîâàëñÿ ñòàí-
äàðòíûé îäíîðàçîâûé íàêîíå÷íèê ê àâòîìàòè÷åñêîé
ïèïåòêå (1—10 ìêë). Ñêîðîñòü ïîòîêà (�15 ìêë/ñ)
áûëà ïîäîáðàíà òàêèì îáðàçîì, ÷òîáû íà íàêîíå÷íè-
êå ïîäàþùåé òðóáêè ôîðìèðîâàëèñü êàïëè. Ðàññ÷è-
òàííûé îáúåì êàïëè ñîñòàâèë �15 ìêë. Äëÿ ïîääåð-
æàíèÿ ïîòåíöèàëà â ðåçåðâóàðå (1) ñ âîäîé, èç êîòî-
ðîãî âîäà ïîñòóïàëà â ïîäàþùóþ òðóáêó, íà ïîñòîÿí-
íîì óðîâíå çåìëè â ïîäàþùóþ òðóáêó áûë âñòàâëåí
ýëåêòðîä çàçåìëåíèÿ Eg. Ðàññòîÿíèå îò ýëåêòðîäà
â òðóáêå äî êðàéíåé òî÷êè âûõîäíîãî îòâåðñòèÿ íàêî-
íå÷íèêà âàðüèðîâàëîñü è ñîñòàâëÿëî 5, 10 èëè 15 ñì.
ß÷åéêà (6) èç íåðæàâåþùåé ñòàëè ÿâëÿëàñü âíóòðåí-
íèì öèëèíäðîì â ñèñòåìå, ñîïðÿæåííîé ñ ýëåêòðî-
ìåòðîì (7). Â öåëîì, èçìåðèòåëüíàÿ ñèñòåìà áûëà
àíàëîãè÷íà ñèñòåìå, èñïîëüçóåìîé ðàíåå [3]. Ðåãèñò-
ðèðîâàëñÿ çàðÿä â ÿ÷åéêå ñ ïîìîùüþ ýëåêòðè÷åñêîé
ñèñòåìû (7) — ýëåêòðîìåòðà, ðàçðàáîòàííîãî
â ÈÁÌÕ. Òî÷íîñòü ðåãèñòðàöèè çàðÿäà ñîñòàâëÿëà
0,1 íÊë. Òåìïåðàòóðà âîäû óñòàíàâëèâàëàñü ñ ïîìî-
ùüþ øåéêåðà, â êîòîðûé áûë ïîìåùåí ðåçåðâóàð (1)
äëÿ ïîäà÷è âîäû. Ýêñïåðèìåíòû ïðîâîäèëèñü ïðè
35°C. Äëèòåëüíîñòü ïðåäâàðèòåëüíîãî âûäåðæèâàíèÿ
ñèñòåìû â óñëîâèÿõ ýêñïåðèìåíòà ñîñòàâëÿëà íå ìåíåå
2 ÷, äëèòåëüíîñòü îäíîãî èçìåðåíèÿ — 7 ìèí. Ýêñïå-
ðèìåíòàëüíàÿ ñåðèÿ äëÿ êàæäîãî íàáîðà óñëîâèé ñî-
ñòîÿëà íå ìåíåå ÷åì èç 3 ïîâòîðîâ.

Ñõåìà ýêñïåðèìåíòà ñëåäóþùàÿ. Ñèñòåìà çàïîëíÿ-
åòñÿ âîäîé èç ðåçåðâóàðà (1) è ïðîìûâàåòñÿ îáúåìîì
âîäû �10 ìë. Ïîñëå ïðîìûâêè ïîäàþùàÿ ñèñòåìà
îñòàåòñÿ çàïîëíåííîé âîäîé, èç èçìåðèòåëüíîé ÿ÷åéêè
âîäà óäàëÿåòñÿ ñ ïîìîùüþ ïèïåòêè. Ïðîâîäÿòñÿ êîíò-
ðîëüíûå èçìåðåíèÿ áàçîâîé ëèíèè ñèãíàëà äëÿ íåçà-
ïîëíåííîé ÿ÷åéêè (3 ïîâòîðà). Äàëåå âêëþ÷àåòñÿ íà-
ñîñ, è âîäà ïî êàïëÿì ïîñòóïàåò â ÿ÷åéêó. Ñ ìîìåíòà
âêëþ÷åíèÿ íàñîñà íà÷èíàåòñÿ îòñ÷åò âðåìåíè ýêñïåðè-
ìåíòà è çàïèñü ïîêàçàíèé èçìåðèòåëüíîé ñèñòåìû
ñ äèñïëåÿ ýëåêòðîìåòðà. Çàïèñü îñóùåñòâëÿåòñÿ êàæ-
äûå 15 ñ â òå÷åíèå 7 ìèí. Ïîñëå îêîí÷àíèÿ èçìåðåíèé
â ðàìêàõ îäíîãî ýêñïåðèìåíòà ïîêàçàíèÿ ñáðàñûâàþò-
ñÿ. Ïîëó÷åííûå äàííûå ïðåäñòàâëåíû â âèäå çàâèñè-
ìîñòè âåëè÷èíû çàðÿäà, ïîñòóïàþùåãî â èçìåðèòåëü-
íóþ ÿ÷åéêó, îò âðåìåíè èçìåðåíèé �q(t).

Ðåçóëüòàòû è îáñóæäåíèå

Èçìåðåíèÿ ïðîâîäèëèñü ïðè òðåõ ïîëîæåíèÿõ çà-
çåìëÿþùåãî ýëåêòðîäà, âñòàâëåííîãî â ïîäàþùóþ
òðóáêó ñèñòåìû: íà ðàññòîÿíèè 15 ñì, 10 ñì è 5 ñì îò-
íîñèòåëüíî ñðåçà íàêîíå÷íèêà íà êîíöå òðóáêè
(ñì. óñëîâèÿ èçìåðåíèé â ðàçäåëå «Ìåòîäèêà»).
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Ðèñ. 1. Ñõåìà óñòàíîâêè äëÿ èçìåðåíèé. 1 — ðåçåðâóàð ñ èñõîäíîé
âîäîé; 2 — ñèëèêîíîâàÿ òðóáêà (âõîäÿùèé ó÷àñòîê); 3 — ïåðèñòàëü-
òè÷åñêèé íàñîñ; 4 — ñèëèêîíîâàÿ òðóáêà (èñõîäÿùèé ó÷àñòîê); 5 —
íàêîíå÷íèê; 6 — èçìåðèòåëüíàÿ ÿ÷åéêà ñ ïîäêëþ÷åííûì ýëåêòðî-
ìåòðîì; 7 — ýëåêòðîìåòð, Eg — ýëåêòðîä çàçåìëåíèÿ, óñòàíàâëèâà-
åìûé îò ñðåçà íàêîíå÷íèêà íà ðàññòîÿíèè 5, 10 èëè 15 ñì.



Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû èçìåðåíèé
äëÿ ïîëîæåíèÿ ýëåêòðîäà l = 15 ñì — òèïè÷íûå âðå-
ìåííûå çàâèñèìîñòè âåëè÷èíû çàðÿäà �q(t).

Êàê âèäíî èç ðèñóíêà, îáùåå èçìåíåíèå âåëè÷èíû
çàðÿäà çà âðåìÿ íàáëþäåíèÿ (7 ìèí) ñîñòàâëÿåò ïî-
ðÿäêà 1—2 íÊë, ò.å. íàáëþäàåòñÿ àêêóìóëÿöèÿ çàðÿ-
äà. Õàðàêòåð èçìåíåíèÿ âåëè÷èíû çàðÿäà ðàçëè÷åí:
(1) ëèíåéíûé ðîñò (ðèñ. 2, êðèâàÿ 2); (2) ëèíåé-
íî-ñêà÷êîîáðàçíûé ðîñò, ò.å. ðåçêèå èçìåíåíèÿ âåëè-
÷èíû íà ôîíå ðîñòà âåëè÷èíû çàðÿäà (ðèñ. 2. êðèâûå
4—7); (3) íåçíà÷èòåëüíûå èçìåíåíèÿ â âåëè÷èíå
(ðèñ. 2, êðèâàÿ 1), (4) íåçíà÷èòåëüíûå èçìåíåíèÿ
â âåëè÷èíå ñ ïîñëåäóþùèì ñêà÷êîì çàðÿäà (ðèñ. 2,
êðèâàÿ 3).

Íà ðèñ. 2 ïðèâåäåíû ïðèìåðû:
� ñëó÷àé (1) — êðèâàÿ 2 — â äèàïàçîíå

0—7 ìèí èçìåðåíèé íàáëþäàåòñÿ ëèíåéíûé ðîñò âå-
ëè÷èíû â èçìåðèòåëüíîé ÿ÷åéêå ñ �q�0,1 íÊë/ìèí.

� ñëó÷àé (2) — êðèâàÿ 5 — íàáëþäàåòñÿ ïëàâ-
íûé ðîñò âåëè÷èíû â äèàïàçîíå 0—5 ìèíóò èçìåðå-
íèé ñ �q/�t�0,1 íÊë/ìèí, ïîñëå ÷åãî ðåãèñòðèðóåò-
ñÿ ðåçêèé ðîñò âåëè÷èíû çàðÿäà íà 1,3 íÊë çà
15 ñ (�q/�t�5,2 íÊë/ìèí). Êðèâûå 6 è 7 òàêæå ÿâ-
ëÿþòñÿ ïðèìåðàìè ëèíåéíî-ñêà÷êîîáðàçíîãî ðîñòà
âåëè÷èíû çàðÿäà — íàáëþäàåòñÿ ðåçêîå èçìåíåíèå
âåëè÷èíû ñ ãðàäèåíòîì 1 íÊë çà 1,5—0,25 ìèí, ò.å.
(�q/�t�0,7—4 íÊë/ìèí), ñ äàëüíåéøèì ñíèæåíè-
åì ñêîðîñòè íàêîïëåíèÿ çàðÿäà áîëåå ÷åì â 2 ðàçà.

� ñëó÷àé (3) — êðèâàÿ 1 — èçìåíåíèÿ â âåëè÷èíå
çàðÿäà íåçíà÷èòåëüíû (ðèñ. 2).

� ñëó÷àé (4) äëÿ äåìîíñòðàöèè âûÿâëåííîé çàâè-
ñèìîñòè ðàññìîòðèì êðèâóþ 3 (ðèñ. 2). Â äèàïàçîíå
0—5 ìèí èçìåðåíèé íå íàáëþäàåòñÿ èçìåíåíèÿ âåëè-
÷èíû çàðÿäà â ÿ÷åéêå, äàëåå ðåãèñòðèðóåòñÿ ñêà÷êî-
îáðàçíûé ðîñò íà âåëè÷èíó ñ ãðàäèåíòîì �q�0,9 íÊë
çà 30 ñåêóíä (�q/�t�1,8 íÊë/ìèí).

Ðåçóëüòàòû ýêñïåðèìåíòîâ, ïîëó÷åííûå ïðè óñëî-
âèè ïîëîæåíèÿ ýëåêòðîäà l = 10 ñì, àíàëîãè÷íû ðåçó-
ëüòàòàì, ðàññìîòðåííûì âûøå äëÿ l = 15 ñì (äàííûå
íå ïðåäñòàâëåíû).

Ðåçóëüòàòû ýêñïåðèìåíòîâ, ïîëó÷åííûå ïðè óñëî-
âèè ïîëîæåíèÿ ýëåêòðîäà l = 5 ñì, îòëè÷àþòñÿ îò ðå-
çóëüòàòîâ, ïîëó÷åííûõ ïðè l = 15 ñì è l = 10 ñì (äàí-
íûå íå ïðåäñòàâëåíû). Â ýòîé ýêñïåðèìåíòàëüíîé ñå-
ðèè òèïè÷íûì ñëó÷àåì ÿâëÿëîñü íåçíà÷èòåëüíîå ëè-
íåéíîå óâåëè÷åíèå âåëè÷èíû (�q) 0—0,3 íÊë çà
7 ìèíóò (�q/�t = 0,04 íÊë/ìèí) áåç ïðîÿâëåíèÿ
ñêà÷êîâ âåëè÷èíû. Ò.å. àêêóìóëÿöèÿ çàðÿäà â èçìå-
ðèòåëüíîé ÿ÷åéêå ïðè l = 5 ñì íå íàáëþäàëàñü.

Ðàíåå â ëèòåðàòóðå äîñòàòî÷íî ïîäðîáíî èçó÷à-
ëîñü äâèæåíèå âîäû è âîäíûõ ðàñòâîðîâ, ðàñòâîðîâ
ïîëèìåðíûõ ñôåð è áåëêîâ îòíîñèòåëüíî ïîëèìåðíûõ
ïîâåðõíîñòåé. Êàê ïðàâèëî, â òàêèõ ñèñòåìàõ ïîëè-
ìåðíûå ïîâåðõíîñòè çàðÿæåíû îòðèöàòåëüíî — äçå-

òà-ïîòåíöèàë òàêèõ ïîâåðõíîñòåé (ïîëèìåòèëìåòàê-
ðèëàò, òåôëîí, ïîëèñòèðîë, ïîëèýòèëåí, ïîëèïðîïè-
ëåí) îòðèöàòåëüíûé è ñîñòàâëÿåò (-10) — (-100) ìÂ.
Â ÷àñòíîñòè, èññëåäîâàíèå, ïðîâåäåííîå ñ óêàçàííû-
ìè âûøå ìàòåðèàëàìè, ïîêàçàëî, ÷òî ãåíåðàöèÿ çàðÿ-
äà ïðè êîíòàêòå ôàç è äçåòà-ïîòåíöèàë ïîâåðõíîñòè
ïîëèìåðîâ ñâÿçàíû ìåæäó ñîáîé ïðåèìóùåñòâåííî
ëèíåéíîé çàâèñèìîñòüþ [11]. Îòðèöàòåëüíûé äçå-
òà-ïîòåíöèàë îðãàíè÷åñêèõ ïîëèìåðîâ ñâÿçûâàþò
ñ ïðèñóòñòâèåì ãèäðîêñèëüíûõ èîíîâ â ñëîå Øòåðíà,
êîòîðûå àêêóìóëèðóþòñÿ ïðåäïî÷òèòåëüíî íà ãðàíèöå
ðàçäåëà âîäû è ãèäðîôîáíîé ïîâåðõíîñòè. Îáû÷íî
àäñîðáèðîâàííûé ñëîé âîäû íà ïîâåðõíîñòè ïðåä-
ñòàâëÿåòñÿ ìíîãîñëîéíîé ìîäåëüþ, ãäå èìåþòñÿ ïðî÷-
íî ñâÿçàííûå è ñëàáî ñâÿçàííûå ñëîè èîíîâ. Â ñëàáî
ñâÿçàííûõ ñëîÿõ ïðåäïîëàãàåòñÿ íàõîæäåíèå ïîäâèæ-
íûõ ïðîòîíîâ. Ïðè÷èíà âîçíèêíîâåíèÿ ýëåêòðîêèíå-
òè÷åñêèõ ÿâëåíèé ëåæèò â íàðóøåíèè ýëåêòðîíåéòðà-
ëüíîñòè äèýëåêòðè÷åñêîãî ñëîÿ (ÄÝÑ) â ýëåêòðè÷å-
ñêîì ïîëå. Ïðè íàëîæåíèè ðàçíîñòè ïîòåíöèàëîâ
ïðîèñõîäèò ðàçðûâ ÄÝÑ ïî ïëîñêîñòè ñêîëüæåíèÿ.
Ýòî ïîäòâåðæäàåòñÿ èññëåäîâàíèÿì ýëåêòðîîñìîñà,
â êîòîðûõ ïîêàçàíî, ÷òî â ýëåêòðè÷åñêîì ïîëå, ïðè-
ëîæåííîì âäîëü êàïèëëÿðà, íàáëþäàåòñÿ äâèæåíèå
ïðîòîíîâ, çàõâà÷åííûõ èç ñëàáî ñâÿçàííîãî ñëîÿ,
ê îòðèöàòåëüíîìó ýëåêòðîäó. Àíàëîãè÷íîå äâèæåíèå
ïîäâèæíûõ ïðîòîíîâ ïðåäïîëàãàåòñÿ òàêæå ïîä âëèÿ-
íèåì íå òîëüêî ýëåêòðè÷åñêîãî ïîëÿ, íî è ãðàäèåíòà
äàâëåíèÿ, òî åñòü ïðè ãèäðîäèíàìè÷åñêîì ãðàäèåíòå
[http://www.xumuk.ru/colloidchem/53.html].

Â äàííîé ðàáîòå îáíàðóæåííàÿ íåëèíåéíîñòü íà-
êîïëåíèÿ çàðÿäà â ÿ÷åéêå òàêæå ìîæåò áûòü ñâÿçàíà
ñ íàêîïëåíèåì îáðàçóþùåãîñÿ çàðÿäà â êîíå÷íîé ÷àñ-
òè ïîäàþùåé ñèñòåìû — óçêîì íàêîíå÷íèêå èç ïîëè-
ìåðà. Ñîãëàñíî ïîëó÷åííûì äàííûì, ïîñëå äâèæåíèÿ
âîäû â òðóáêå è èñòå÷åíèÿ åå èç íàêîíå÷íèêà, â èçìå-
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Ðèñ. 2. Òèïè÷íûå çàâèñèìîñòè �q(t), ïîëó÷åííûå äëÿ ïîëîæåíèÿ
ýëåêòðîäà l = 15 ñì. Êðèâûå 1—7 — äàííûå, ïîëó÷åííûå â ðàçíûõ
ýêñïåðèìåíòàëüíûõ ñåðèÿõ.



ðèòåëüíîé ÿ÷åéêå íàêàïëèâàåòñÿ ïîëîæèòåëüíûé
ýëåêòðè÷åñêèé çàðÿä. Íàøè äàííûå ñîãëàñóþòñÿ
ñ äàííûìè [10], ïîëó÷åííûìè â óñëîâèÿõ èíæåêöèè
âîäû ñ ïîìîùüþ ïèïåòêè â îäíîêðàòíîì ðåæèìå èíú-
åêöèè. Â [10] òàêæå ðåãèñòðèðîâàëñÿ ïîëîæèòåëüíûé
çàðÿä �0,1 íÊë è îòìå÷àåòñÿ, ÷òî íàêîíå÷íèê ïèïåòêè
çàðÿæàåòñÿ îòðèöàòåëüíî ïðè ïîëîæèòåëüíîì çàðÿäå
êàïëè âîäû.

Ðåçóëüòàòû íàøèõ ýêñïåðèìåíòîâ ïî ìîíèòîðèíãó
ãåíåðàöèè çàðÿäà â íåïðåðûâíîì ðåæèìå ïîäà÷è âî-
äû ïîçâîëÿþò ñäåëàòü ñëåäóþùèå âûâîäû: 1 — ïðè
äâèæåíèè âîäû ïî òðóáêå ïðîèñõîäèò ãåíåðàöèÿ çà-
ðÿäîâ è åãî ðàçäåëåíèå — ïîëîæèòåëüíûé çàðÿä
ñ êàïëåé âîäû ïîñòóïàåò â èçìåðèòåëüíóþ ÿ÷åéêó
(ðèñ. 2); 2 — ÷àñòü îáðàçóþùåãîñÿ çàðÿäà ñòåêàåò
â ïðîòèâîïîëîæíîì íàïðàâëåíèè íà çåìëþ (îáðàòíûé
òîê), ïðåäïîëîæèòåëüíî, äâóìÿ ïóòÿìè: (à) ÷åðåç
ýëåêòðîä çàçåìëåíèÿ Eg è (á) â ðåçåðâóàð (1) ñ âî-
äîé, èç êîòîðîãî âîäà ïîñòóïàëà â ïîäàþùóþ òðóáêó,
êîòîðàÿ çàçåìëåíà (ðèñ. 1). Ïåðâûé ïóòü (à) ïðåä-
ïî÷òèòåëüíåé, òàê êàê ýëåêòðîä Eg ðàñïîëàãàåòñÿ
áëèæå ê ñðåçó íàêîíå÷íèêà, ÷åì çàçåìë¸ííûé ðåçåð-
âóàð (1) ñ âîäîé, èç êîòîðîãî âîäà ïîñòóïàëà â ïîäà-
þùóþ òðóáêó. Ïîýòîìó ïðèìåì óñëîâíîå óòâåðæäå-
íèå, ÷òî ýòî îáðàòíûé òîê èäåò ÷åðåç Eg.

Ðàññìîòðèì äàëåå ìîäåëü íàêîïëåíèÿ çàðÿäà íà
ñðåçå íàêîíå÷íèêà. Ñêîðîñòü ãåíåðàöèè è íàêîïëåíèÿ
çàðÿäà íà ñðåçå íàêîíå÷íèêà áåç ó÷åòà èñòåêàíèÿ çà-
ðÿäà â èçìåðèòåëüíóþ ÿ÷åéêó óïðîùåííî ìîæíî
ïðåäñòàâèòü â âèäå ñëåäóþùåãî âûðàæåíèÿ:

dq

dt

dq

dt
I� �

1
1, (1)

ãäå ïåðâûé ÷ëåí â óðàâíåíèè (1)
dq

dt

1
îïðåäåëÿåò ãåíå-

ðàöèþ çàðÿäà çà ñ÷åò âîçíèêàþùèõ ïðè äâèæåíèè ïî-
òîêà æèäêîñòè, ñî ñêîðîñòüþ v, ýëåêòðîêèíåòè÷åñêèõ
ÿâëåíèé, îáóñëîâëåííûõ ñóùåñòâîâàíèåì äâîéíîãî
ýëåêòðè÷åñêîãî ñëîÿ. Âòîðîé ÷ëåí óðàâíåíèÿ (1) I1 —
«îáðàòíûé òîê», îïèñûâàþùèé ñòåêàíèå çàðÿäà ñî
ñðåçà íîñèêà ïèïåòêè, ïîä äåéñòâèåì ðàçíîñòè ïîòåí-
öèàëîâ ìåæäó ñðåçîì íàêîíå÷íèêà è çàçåìëÿåìûì
ýëåêòðîäîì Eg, êîòîðûé ìîæíî âûðàçèòü ñëåäóþùèì
îáðàçîì:

I
R

1 �
�	

,

ãäå �� (q1) — ýòî ðàçíîñòü ïîòåíöèàëîâ, ñîçäàâàå-
ìàÿ ãåíåðèðóåìûìè çàðÿäàìè q1, îòíîñèòåëüíî çàçåì-
ëåííîãî ýëåêòðîäà, à R = R(l) — ýòî ýëåêòðè÷åñêîå
ñîïðîòèâëåíèå âîäû ìåæäó ñðåçîì íàêîíå÷íèêà è çà-
çåìëåííûì ýëåêòðîäîì, l — ýòî ðàññòîÿíèå ìåæäó
ñðåçîì íàêîíå÷íèêà è çàçåìëåííûì ýëåêòðîäîì.

Êàê âèäíî èç óðàâíåíèÿ (1), îáùèé çàðÿä íà ñðåçå
íàêîíå÷íèêà, çàâèñèò ëèíåéíî îò âðåìåíè è óìåíüøà-
åòñÿ ñ óâåëè÷åíèåì ñîïðîòèâëåíèÿ ñðåäû (R). Ïðè
óìåíüøåíèè ðàññòîÿíèÿ l, âåëè÷èíà R ñíèæàåòñÿ è,
ñëåäîâàòåëüíî, ïðàêòè÷åñêè âåñü ãåíåðèðóåìûé çàðÿä
ìîæåò ñòåêàòü íà ýëåêòðîä Eg. Ýòî ìû íàáëþäàëè
â ñëó÷àå ýêñïåðèìåíòîâ ïðè l = 5 ñì, êîãäà àêêóìóëÿ-
öèè çàðÿäà ïðàêòè÷åñêè íå ðåãèñòðèðóåòñÿ
(�q = 0,3 íÊë çà 7 ìèí). Ïðè óâåëè÷åíèè l äî 10 ñì
è 15 ñì, ñîïðîòèâëåíèå R âîçðàñòàåò â 2 è áîëåå ðàçà,
÷òî ìîæåò ïðèâîäèòü ê òîìó, ÷òî ñêîðîñòü ãåíåðàöèè

çàðÿäà
dq

dt
ïðèîáðåòàåò ïîëîæèòåëüíûé íàêëîí çà

ñ÷åò ïðåâûøåíèÿ ïåðâîãî ÷ëåíà óðàâíåíèÿ (1) íàä
âòîðûì, îòëè÷íîãî îò íóëÿ. Òàêîé ñëó÷àé íàáëþäàåò-
ñÿ ïðè ðåãèñòðàöèè àêêóìóëÿöèè çàðÿäà â èçìåðèòå-
ëüíîé ÿ÷åéêå (õàðàêòåð çàâèñèìîñòè (1) — ëèíåéíûé
ðîñò âåëè÷èíû çàðÿäà, êðèâàÿ 2 íà ðèñ. 2).

Â òî æå âðåìÿ, â íàøåé ðàáîòå ïîëó÷åíî, ÷òî ïðè
l = 10 ñì è l = 15 ñì â ðÿäå ñëó÷àåâ ðåãèñòðèðîâàëàñü
íå òîëüêî ëèíåéíàÿ âðåìåííàÿ çàâèñèìîñòü íàêîïëå-
íèÿ çàðÿäà, íî íàáëþäàëñÿ è ëèíåéíî-ñêà÷êîîáðàç-
íûé ðîñò âåëè÷èíû çàðÿäà (êðèâûå 3, 4, 5). Ìîæíî
ïðåäïîëîæèòü, ÷òî â òàêîì ñëó÷àå íàáëþäàëñÿ ìàêðî-
ñêîïè÷åñêèé ýôôåêò, îáóñëîâëåííûé ýëåêòðîãèäðîäè-
íàìè÷åñêèì áàðüåðîì äëÿ ñòåêàíèÿ çàðÿäà â èçìåðè-
òåëüíóþ ÿ÷åéêó, íî ïîçæå óâåëè÷åííîå êîëè÷åñòâî
çàðÿäà ïîïàäàåò â ÿ÷åéêó è ðåãèñòðèðóåòñÿ ñêà÷îê âå-
ëè÷èíû. Ýòî ìîæåò áûòü ñâÿçàíî ñ òåì, ÷òî çàðÿä q1,
îáðàçóþùèéñÿ â âîäå ïðè åå äâèæåíèè, êîòîðûé êîí-
öåíòðèðóåòñÿ â îáëàñòè ñðåçà íàêîíå÷íèêà, ìîæåò
ïîëíîñòüþ íå ñòåêàòü â èçìåðèòåëüíóþ ÿ÷åéêó, à çà-
äåðæèâàòüñÿ.. Ñîãëàñíî ïîëó÷åííûì ýêñïåðèìåíòàëü-
íûì äàííûì, ìîæíî ïðåäïîëîæèòü, ÷òî õàðàêòåðíûé
ðàçìåð òàêîãî «îáëàêà» çàðÿäà ñîñòàâëÿåò
�10—15 ñì, òàê êàê ïðè ìåíüøåì ðàññòîÿíèè
l = 5 ñì, çàðÿä ñòåêàåò íà ýëåêòðîä çàçåìëåíèÿ è íå
íàáëþäàåòñÿ åãî àêêóìóëÿöèè â èçìåðèòåëüíîé ÿ÷åé-
êå.

Â òî æå âðåìÿ îñòàåòñÿ âîïðîñ î ïðè÷èíå âîçíèê-
íîâåíèè ñêà÷êà â âåëè÷èíå ðåãèñòðèðóåìîãî â èçìåðè-
òåëüíîé ÿ÷åéêå çàðÿäà. Âåðîÿòíî, âîçíèêíîâåíèå
ñêà÷êîâ îáóñëîâëåíî ðåàëèçàöèåé ïåðåõîäîâ ìåæäó
îðòî- è ïàðà-ñîñòîÿíèÿìè ìîëåêóë âîäû. Èçâåñòíî,
÷òî ýòè ñîñòîÿíèÿ îïðåäåëÿþò ñëîæíóþ ãåòåðîñòðóê-
òóðó âîäû è åå àíîìàëüíûå ñâîéñòâà, òàêèå, íàïðè-
ìåð, êàê ñêà÷êè ýëåêòðîïðîâîäíîñòè èëè âÿçêîñòè,
â ïðîöåññå èñòå÷åíèÿ âîäû èç íàêîíå÷íèêà [12, 13],
ýôôåêòû ìèêðîâîëíîâîãî èçëó÷åíèÿ ïðè åå âîçáóæ-
äåíèè [14—18]. Óäåðæàíèå çàðÿäà âáëèçè ñðåçà íà-
êîíå÷íèêà â âèäå «îáëàêà» çàðÿäà, à òàêæå ñòåêàíèå
÷åðåç ýëåêòðîä çàçåìëåíèÿ («îáðàòíûé òîê»), âåðî-
ÿòíî, òàêæå ñâÿçàíû ñî ñëîæíîé ãåòåðîñòðóêòóðíîé
îðãàíèçàöèåé âîäû. Ïðè íàðóøåíèè ýòîé îðãàíèçà-
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öèè, íàïðèìåð, ïðè ãèäðîäèíàìè÷åñêèõ âîçäåéñòâèÿõ
íà âîäó ñî ñòîðîíû ïåðèñòàëüòè÷åñêîãî íàñîñà, âîç-
íèêàþò èçìåíåíèÿ ñòðóêòóðû âîäû è, ñîîòâåòñòâåííî,
ïðîâîäèìîñòè, êîòîðûå è íàáëþäàþòñÿ ïðè ðåãèñòðà-
öèè çàðÿäà â èçìåðèòåëüíîé ÿ÷åéêå.

Òàêèì îáðàçîì, â âîäå ïðè äâèæåíèè ïî òðóáêå
ïðîòî÷íîé ñèñòåìû ãåíåðèðóåòñÿ çàðÿä. Äàëåå âîäà,
íåñóùàÿ çàðÿä, ïîïàäàåò â íàêîíå÷íèê. Â íàêîíå÷íè-
êå íà çàðÿä âîäû îêàçûâàþò âëèÿíèå ñëåäóþùèå ôàê-
òîðû: ýëåêòðîñòàòè÷åñêèå ñèëû ñî ñòîðîíû ïîâåðõíî-
ñòè íàêîíå÷íèêà; ýëåêòðè÷åñêèå ñèëû ñî ñòîðîíû çà-
çåìëåííûõ ýëåêòðîäîâ; ãèäðîäèíàìè÷åñêàÿ ñèëà ïî-
òîêà, ôîðìèðóåìîãî ïåðèñòàëüòè÷åñêèì íàñîñîì è íå-
îáõîäèìîãî äëÿ äâèæåíèÿ âîäû. Ïðè ïðåâûøåíèè
ýëåêòðîãèäðîäèíàìè÷åñêîãî áàðüåðà äëÿ èñòåêàíèÿ
çàðÿäà çà ñ÷åò ãèäðîäèíàìè÷åñêîé ñèëû, ñïîñîáñòâó-
þùåé âûòàëêèâàíèþ çàðÿäà ñ êàïëåé, íàä ýëåêòðî-
ñòàòè÷åñêîé ñèëîé, ïðîèñõîäèò áûñòðûé ñáðîñ ýòîãî
çàðÿäà ñ ïîðöèåé êàïåëü, à äàëåå ñëåäóåò íàêîïëåíèå
ñëåäóþùåé ïîðöèè çàðÿäà â íàêîíå÷íèêå. Ïðîöåññ
èñòåêàíèÿ çàðÿäà ïðåðûâàåòñÿ èç-çà îãðàíè÷åíèÿ
ýëåêòðîïðîïóñêíîé ñïîñîáíîñòè ýòîé ñèñòåìû (ýô-
ôåêò ýëåêòðîãèäðîäèíàìè÷åñêîãî áàðüåðà ñòåêàíèÿ
çàðÿäà (ÝÁÑÇ)). Ýôôåêò ÝÁÑÇ îïðåäåëÿåòñÿ áà-
ëàíñîì íåñêîëüêèõ ôàêòîðîâ, âàæíåéøèì èç êîòîðûõ
ÿâëÿåòñÿ ñòåêàíèå çàðÿäà íà ýëåêòðîä çàçåìëåíèÿ, ÷òî
ïîäòâåðæäàåòñÿ òåì, ÷òî ñêà÷êîîáðàçíîå íàêîïëåíèå
çàðÿäà íå íàáëþäàåòñÿ ïðè óñòàíîâêå ýëåêòðîäà,
âñòàâëåííîãî â ïîäâîäÿùóþ òðóáêó, íà ðàññòîÿíèè
5 ñì îò âûõîäíîãî îòâåðñòèÿ íàêîíå÷íèêà ïîäàþùåé
ñèñòåìû. Ïðè òàêîì ðàñïîëîæåíèè ýëåêòðîäà, âåðî-
ÿòíî, íàêîïëåíèå îáðàçóþùåãîñÿ çàðÿäà íå ïðîèñõî-
äèò èç-çà âûñîêîé âåðîÿòíîñòè ñòåêàíèÿ «îáëàêà» çà-
ðÿäà ÷åðåç ýëåêòðîä çàçåìëåíèÿ.

Êàê óæå îòìå÷àëîñü íàìè ðàíåå â [1, 3], ãåíåðàöèÿ
çàðÿäà ñîïðîâîæäàåò ïðîöåññ ôèøèíãà íèçêîêîïèé-
íûõ áåëêîâ (10-15—10-17 Ì). Â ðàñòâîðàõ ñ íèçêîé
êîíöåíòðàöèåé áåëêà, êîëè÷åñòâî îáðàçóþùèõñÿ çà-
ðÿæåííûõ ÷àñòèö ïî ïîðÿäêó âåëè÷èíû íàõîäèòñÿ
â òîì æå äèàïàçîíå, ÷òî è êîëè÷åñòâî áåëêîâûõ ìîëå-
êóë â ðàñòâîðå. Ïðè ýòîì óâåëè÷åíèå îòíîøåíèÿ «êî-
ëè÷åñòâî çàðÿäà/êîëè÷åñòâî áåëêîâûõ ìîëåêóë» êîð-
ðåëèðóåò ñ âåðîÿòíîñòüþ âûëàâëèâàíèÿ ýòèõ ìîëåêóë
ñ ïîìîùüþ ÀÑÌ-÷èïà, ÷òî â êîíå÷íîì èòîãå âëèÿåò
íà ýôôåêòèâíîñòü îáíàðóæåíèÿ áåëêîâ. Ðåçóëüòàòû,
ïîëó÷åííûå â äàííîé ðàáîòå, ïîêàçûâàþò íåëèíåé-
íîñòü âðåìåííîé ôóíêöèè âåëè÷èíû îáðàçóþùåãîñÿ
çàðÿäà â ïðîòî÷íîé ñèñòåìå, ðàçðàáîòàííîé äëÿ
ÀÑÌ-ôèøèíãà áåëêîâ. Îáíàðóæåííûé ýôôåêò,
ïî-âèäèìîìó, äîëæåí ó÷èòûâàòüñÿ è â äðóãèõ âûñî-
êî÷óâñòâèòåëüíûõ àíàëèòè÷åñêèõ ñèñòåìàõ, â òîì ÷èñ-
ëå â äèàãíîñòè÷åñêèõ óñòðîéñòâàõ íà îñíîâå íàíîïðî-
âîäíîãî äåòåêòîðà, à òàêæå â äðóãèõ ñèñòåìàõ, â êîòî-
ðûõ ïðåäóñìîòðåíî èñïîëüçîâàíèå èíæåêòîðíîé ñèñ-

òåìû ïîäà÷è ðàñòâîðîâ îáðàçöîâ. Îáíàðóæåííûé ýô-
ôåêò èíòåðåñåí òàêæå äëÿ ðàçâèòèÿ òåîðèè, îïèñûâà-
þùåé ýëåêòðîêèíåòè÷åñêèå ñâîéñòâà âîäû, êîòîðûå,
â ñâîþ î÷åðåäü, îïðåäåëÿþò ãåìîäèíàìèêó â íîðìå è
ïàòîëîãèè.

Çàêëþ÷åíèå

Îáíàðóæåíî, ÷òî ïðè äâèæåíèè âîäû â ïðîòî÷íîé
ñèñòåìå, â ïðîöåññå å¸ íåïðåðûâíîé ïîäà÷è, â èçìå-
ðèòåëüíîé ÿ÷åéêå íàêàïëèâàåòñÿ çàðÿä, ïîñòóïàþùèé
ñ âîäîé èç íàêîíå÷íèêà ïîäàþùåé òðóáêè. Óñòàíîâ-
ëåíà ëèíåéíî-ñêà÷êîîáðàçíàÿ çàâèñèìîñòü íàêîïëå-
íèÿ çàðÿäà â ÿ÷åéêå (ýôôåêò ÝÁÑÇ). Âåëè÷èíà ñêà÷-
êà íàêîïëåííîãî çàðÿäà (ïîðÿäêà íåñêîëüêèõ íÊë)
çàâèñèò îò ðàññòîÿíèÿ ìåæäó íàêîíå÷íèêîì è ýëåêò-
ðîäîì çàçåìëåíèÿ, âñòàâëåííîãî â ïîäàþùóþ òðóáêó.
Ýòîò ýôôåêò äîëæåí ó÷èòûâàòüñÿ ïðè ïðîâåäåíèè
ôóíäàìåíòàëüíûõ èññëåäîâàíèé, ïîñâÿùåííûõ èçó÷å-
íèþ ôèçèêî-õèìè÷åñêèõ ñâîéñòâ âîäû, à òàêæå ïðè
ñîçäàíèè óòî÷íåííûõ ìîäåëåé, îïèñûâàþùèõ ãåìîäè-
íàìèêó â îðãàíèçìå â íîðìå è ïàòîëîãèè. Êðîìå òîãî,
ïîëó÷åííûå ðåçóëüòàòû ñëåäóåò èñïîëüçîâàòü ïðè
ðàçðàáîòêå âûñîêî÷óâñòâèòåëüíûõ äèàãíîñòè÷åñêèõ
ñèñòåì íà îñíîâå ìîëåêóëÿðíûõ äåòåêòîðîâ, âêëþ÷à-
þùèõ ïðîòî÷íûé ñïîñîá ïîäà÷è îáðàçöà, è ïðåäíàç-
íà÷åííûõ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ðàííåãî âû-
ÿâëåíèÿ ïàòîëîãè÷åñêîãî ïðîöåññà.
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