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Ãëóòàòèîí (GSH), îäèí èç íàèáîëåå âàæíûõ àíòèîêñèäàíòîâ òèîëîâîé ïðèðîäû, ó÷àñòâó-

þùèé â ðàçíûõ áèîõèìè÷åñêèõ ïðîöåññàõ â îðãàíèçìå ÷åëîâåêà, â ëàáîðàòîðíîé ïðàêòèêå

íåîáõîäèìî îïðåäåëÿòü êàê â áèîëîãè÷åñêèõ æèäêîñòÿõ (ñëþíà, ìî÷à, ñûâîðîòêà êðîâè),

òàê è ôàðìàöåâòè÷åñêèõ ïðåïàðàòàõ. Äëÿ ýòîãî øèðîêî èñïîëüçóþò ðàçëè÷íûå èíñòðóìåí-

òàëüíûå ìåòîäû àíàëèçà, òàêèå êàê ñïåêòðîôîòîìåòðèÿ, ôëóîðèìåòðèÿ, âûñîêîýôôåêòèâ-

íàÿ æèäêîñòíàÿ õðîìàòîãðàôèÿ, ßÌÐ, êàïèëëÿðíûé ýëåêòðîôîðåç è ýëåêòðîõèìè÷åñêèå

ìåòîäû. Ïîñëåäíèå õàðàêòåðèçóþòñÿ ïðîñòîòîé ðåàëèçàöèè, íåâûñîêîé ñòîèìîñòüþ è âîç-

ìîæíîñòüþ ìèíèàòþðèçàöèè ïðèáîðíîé áàçû. Èññëåäîâàíî ýëåêòðîõèìè÷åñêîå ïîâåäåíèå

âîññòàíîâëåííîãî (GSH) è îêèñëåííîãî (GSSG) ãëóòàòèîíà íà çîëîòîóãëåðîäñîäåðæàùåì

ýëåêòðîäå (AuÓÑÝ) ìåòîäîì êàòîäíîé âîëüòàìïåðîìåòðèè ïðè ðàçíûõ ñïîñîáàõ óäàëåíèÿ

êèñëîðîäà èç ýëåêòðîõèìè÷åñêîé ÿ÷åéêè: äåàýðàöèÿ àçîòîì è ââåäåíèå ðàñòâîðà ñóëüôèòà

íàòðèÿ (4 ìîëü/äì3). Óñòàíîâëåíî, ÷òî ñëåäû H2O2, êîòîðûå îñòàþòñÿ â ïðèýëåêòðîäíîì

ñëîå íà AuÓÑÝ äàæå ïîñëå óäàëåíèÿ êèñëîðîäà, âëèÿþò íà ýëåêòðîõèìè÷åñêèå ñâîéñòâà

GSH ïðè êàòîäíîé ðàçâåðòêå ïîòåíöèàëà îò 0 äî – 1,8 Â: GSH îêèñëÿåòñÿ H2O2 äî GSSG,

íàèáîëåå èíôîðìàòèâíûì ïðîäóêòîì ýòîé ðåàêöèè ÿâëÿåòñÿ O2. Ïðåäëîæåíî êîñâåííîå

îïðåäåëåíèå GSH ïî òîêó âîññòàíîâëåíèÿ êèñëîðîäà â ñðåäå Na2SO3 â äèàïàçîíå êîíöåí-

òðàöèé îò 0,5 · 10–8 äî 4,2 · 10–8 ìîëü/äì3 ñ ïðåäåëîì îáíàðóæåíèÿ 2,5 · 10–9 ìîëü/äì3. Ïðåä-

ëîæåííûé âîëüòàìïåðîìåòðè÷åñêèé ñïîñîá àïðîáèðîâàí ïðè îïðåäåëåíèè GSH â íåêîòî-

ðûõ ôàðìàöåâòè÷åñêèõ ïðåïàðàòàõ.
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ñóëüôèò íàòðèÿ; òèîëîâûå ñîåäèíåíèÿ.

VOLTAMMETRIC METHOD FOR DETERMINATION OF GLUTATHIONE

ON A GOLD-CARBON-CONTAINING ELECTRODE

� Anna S. Gashevskaya1, Elena V. Dorozhko1, Elena I. Korotkova1,

Elvira A. Pashkovskaya2, Olesya A. Voronova1, Evgenii V. Plotnikov1,

Ksenia V. Derina1, Olga I. Lipskikh1

1 National Research Tomsk Polytechnic University, Tomsk, Russia; e-mail: asg30@tpu.ru.
2 National Research Tomsk State University, Tomsk, Russia.

Received April 25, 2018. Revised July 27, 2018. Accepted November 25, 2018.

Glutathione (GSH) is one of the most important thiol-containing antioxidants involved into various bio-

chemical processes in the human body. Glutathione determination in biological fluids (saliva, urine, se-

rum) and pharmaceutical preparations is rather important for clinical practice. Various analytical meth-

ods — spectrophotometry, fluorimetry, high-performance liquid chromatography, NMR spectroscopy, cap-

illary electrophoresis and electrochemical methods — are widely used for this purpose. Electrochemical

methods are characterized by easy implementation, low cost and possibility of miniaturization. The elec-

trochemical behavior of reduced (GSH) and oxidized (GSSG) glutathione on a gold-carbon-containing

electrode (AuCE) was studied using cathodic voltammetry with different methods of removing oxygen

from an electrochemical cell: nitrogen sparging and addition of sodium sulfite (4 mol/dm3). It has been

shown that traces of H2O2 that remain in the near-electrode layer on the AuCE even after oxygen removal

influence the electrochemical properties of GSH at a cathode sweep of the potential from 0 to –1.8 V: GSH

is oxidized by H2O2 to GSSG, the most important product of this reaction is O2. An indirect determination
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of GSH by the current of oxygen reduction in the Na2SO3 medium in the concentration range from

0.5 × 10–8 to 4.2 × 10–8 mol/dm3 with a detection limit of 2.5 × 10–9 mol/dm3 is proposed. The developed

voltammetric method is approved for the determination of GSH in certain pharmaceutical preparations.

Keywords: glutathione; voltammetry; gold-carbon-containing electrode; sodium sulfite; thiol compounds.

Ãëóòàòèîí ÿâëÿåòñÿ íàèáîëåå ðàñïðîñòðàíåííûì

è âàæíûì àíòèîêñèäàíòîì òèîëîâîé ïðèðîäû,

ó÷àñòâóþùèì â ðàçíûõ áèîõèìè÷åñêèõ ïðîöåñ-

ñàõ â îðãàíèçìå ÷åëîâåêà [1], êëåòî÷íîì ãîìåî-

ñòàçå [2], à òàêæå â çàùèòå êëåòîê îò äåéñòâèÿ ïå-

ðåêèñåé è ñâîáîäíûõ ðàäèêàëîâ [3, 4]. Ïî ýòîé

ïðè÷èíå îí îáû÷íî èñïîëüçóåòñÿ â êà÷åñòâå ñòàí-

äàðòíîé ìîäåëè ïðè îöåíêå îêèñëèòåëüíî-âîññòà-

íîâèòåëüíûõ ïðîöåññîâ â îðãàíèçìå ÷åëîâåêà

[5, 6].

Èçâåñòíî, ÷òî óìåíüøåíèå êîíöåíòðàöèè

GSH ìîæåò áûòü ñâÿçàíî ñî ñòàðåíèåì è ðàçâè-

òèåì ðÿäà çàáîëåâàíèé, òàêèõ êàê ìûøå÷íàÿ

äèñòðîôèÿ, áîëåçíü Àëüöãåéìåðà, ñèíäðîì Âåð-

íåðà è äð. [7 – 9].

Â ëàáîðàòîðíîé ïðàêòèêå âàæíî îïðåäåëÿòü

GSH êàê â áèîëîãè÷åñêèõ æèäêîñòÿõ (ñëþíà,

ìî÷à è ñûâîðîòêà êðîâè ÷åëîâåêà), òàê è â ôàð-

ìàöåâòè÷åñêèõ ïðåïàðàòàõ. Ìåòîäû, ñ ïîìîùüþ

êîòîðûõ ìîæíî òî÷íî è ñåëåêòèâíî îöåíèòü ñî-

äåðæàíèå GSH, èìåþò ðåøàþùåå çíà÷åíèå äëÿ

ïîíèìàíèÿ áèîõèìè÷åñêèõ ïðîöåññîâ ñ åãî ó÷à-

ñòèåì. Äëÿ îïðåäåëåíèÿ GSH íàèáîëåå øèðîêî

èñïîëüçóþò èíñòðóìåíòàëüíûå ìåòîäû àíàëèçà,

òàêèå êàê ñïåêòðîôîòîìåòðèÿ [10], ôëóîðèìåò-

ðèÿ [11], êàïèëëÿðíûé ýëåêòðîôîðåç [12], âûñî-

êîýôôåêòèâíàÿ æèäêîñòíàÿ õðîìàòîãðàôèÿ

[13 – 15], ÿäåðíûé ìàãíèòíûé ðåçîíàíñ [16].

Íåñìîòðÿ íà òî ÷òî â ïåðå÷èñëåííûõ ìåòîäàõ

îïðåäåëåíèÿ GSH èñïîëüçóþòñÿ âûñîêîòåõíîëî-

ãè÷íûå ïðèáîðû è ó÷àñòèå êâàëèôèöèðîâàííîãî

ïåðñîíàëà, ýëåêòðîõèìè÷åñêèå ìåòîäû íàøëè

øèðîêîå ïðèìåíåíèå äëÿ îïðåäåëåíèÿ GSH â

ðàçíûõ îáúåêòàõ áëàãîäàðÿ ïðîñòîòå ðåàëèçàöèè,

íåâûñîêîé ñòîèìîñòè è âîçìîæíîñòè ìèíèàòþðè-

çàöèè ïðèáîðíîé áàçû. Çà ïîñëåäíåå âðåìÿ ýëåê-

òðîõèìè÷åñêèå ñïîñîáû îïðåäåëåíèÿ GSH íà

ðàçíûõ ýëåêòðîäàõ ìåòîäîì âîëüòàìïåðîìåòðèè

áûëè èçó÷åíû ãðóïïîé ïðîô. Ð. Êîìïòîíà

[17, 18]. Ìû ïðîâåëè ëèòåðàòóðíûé îáçîð ïóáëè-

êàöèé ïî âîëüòàìïåðîìåòðè÷åñêîìó îïðåäåëå-

íèþ GSH â ðàçíûõ îáúåêòàõ èññëåäîâàíèÿ îò

áèîëîãè÷åñêèõ æèäêîñòåé äî ôàðìàöåâòè÷åñêèõ

ïðåïàðàòîâ çà ïîñëåäíèå ïÿòü ëåò (òàáë. 1).

Èç ïðîâåäåííîãî ëèòåðàòóðíîãî îáçîðà ñëåäó-

åò, ÷òî ñóùåñòâóþò ïðÿìûå ñïîñîáû âîëüòàìïå-

ðîìåòðè÷åñêîãî îïðåäåëåíèÿ GSH ñ èñïîëüçîâà-

íèåì ýëåêòðîäîâ, â ñîñòàâ êîòîðûõ âêëþ÷åíû íà-

íî÷àñòèöû ìåòàëëîâ (Cu, Ag – ZnO, ZnO, Ru, Co,

ç5-(C5H5)2Fe è äð.) èëè êðàñèòåëè, êîòîðûå âû-

ïîëíÿþò ðîëü êàòàëèçàòîðîâ ýëåêòðîäíîãî îêèñ-

ëåíèÿ GSH. Êðîìå òîãî, â êà÷åñòâå ýëåêòðîäíûõ

ìîäèôèêàòîðîâ ïðåäëîæåíû óãëåðîäíûå íàíî-

òðóáêè, ðîëü êîòîðûõ çàêëþ÷àåòñÿ â óâåëè÷åíèè

ýëåêòðîàêòèâíîé ïëîùàäè ïîâåðõíîñòè ýëåêòðî-

äîâ è ó÷àñòèè ìèêðîïðèìåñåé ìåòàëëîâ è/èëè èõ

îêñèäîâ â êàòàëèòè÷åñêîì îêèñëåíèè GSH. Çà-

÷àñòóþ ñïîñîáû ìîäèôèêàöèè ñëîæíû è ìíîãî-

ñòàäèéíû, ÷òî íå ïîçâîëÿåò ïîëó÷èòü âîñïðîèç-

âîäèìûå àíàëèòè÷åñêèå ñèãíàëû GSH è âëèÿåò

íà ðåçóëüòàòû åãî îïðåäåëåíèÿ â ðàçíûõ îáúåê-

òàõ ïðè ðóòèííîì àíàëèçå.

Íåìàëî ðàáîò ïîñâÿùåíî êîñâåííûì ñïîñî-

áàì îïðåäåëåíèÿ GSH ìåòîäîì âîëüòàìïåðîìåò-

ðèè, îñíîâàííûì íà óìåíüøåíèè ñèãíàëîâ ìå-

äèàòîðîâ ýëåêòðîííîãî ïåðåíîñà, íàïðèìåð, êà-

òåõîëà, o-õèíîíà, ïîëè(òèîíèíà), â ðåàêöèè Ôåí-

òîíà [17, 22, 28].

Èç ïðåèìóùåñòâ êîñâåííûõ ñïîñîáîâ îïðåäå-

ëåíèÿ GSH ìîæíî îòìåòèòü ïðîñòîòó ìåòîäîâ,

äîñòóïíîñòü èñïîëüçóåìûõ ðåàêòèâîâ ïðè øèðî-

êîì ëèíåéíîì äèíàìè÷åñêîì äèàïàçîíå ãðàäóè-

ðîâî÷íîé çàâèñèìîñòè äëÿ îïðåäåëåíèÿ GSH â

ðàçíûõ îáúåêòàõ àíàëèçà, à ê íåäîñòàòêàì ìîæíî

îòíåñòè ìåøàþùåå âëèÿíèå ïîñòîðîííèõ êîìïî-

íåíòîâ íà òîêè ìåäèàòîðîâ ýëåêòðîííîãî ïåðåíî-

ñà, ÷òî íå ïîçâîëÿåò ïðèìåíÿòü äàííûå ñïîñîáû

äëÿ îïðåäåëåíèÿ GSH â ìîíîêîìïîíåíòíûõ îáú-

åêòàõ èññëåäîâàíèÿ.

Â ðàáîòå èçó÷åíî ýëåêòðîõèìè÷åñêîå ïîâåäå-

íèå GSH è GSSG íà AuÓÑÝ ìåòîäîì êàòîäíîé

âîëüòàìïåðîìåòðèè ïðè ðàçíûõ ñïîñîáàõ óäàëå-

íèÿ êèñëîðîäà èç ýëåêòðîõèìè÷åñêîé ÿ÷åéêè: äå-

àýðàöèÿ àçîòîì è ââåäåíèå ðàñòâîðà Na2SO3.

Öåëü èññëåäîâàíèÿ — ðàçðàáîòêà ïðîñòîé è ýêñ-

ïðåññíîé ìåòîäèêè êîñâåííîãî âîëüòàìïåðîìåò-

ðè÷åñêîãî îïðåäåëåíèÿ GSH ïî òîêó âîññòàíîâëå-

íèÿ O2 â ñðåäå Na2SO3 íà AuÓÑÝ è åå àïðîáàöèÿ

ñ èñïîëüçîâàíèåì íåêîòîðûõ ôàðìàöåâòè÷åñêèõ

ïðåïàðàòîâ.

Àïïàðàòóðà è ðåàêòèâû. Äëÿ èññëåäîâàíèÿ

ýëåêòðîõèìè÷åñêèõ ñâîéñòâ òèîëîâûõ ñîåäèíå-

íèé èñïîëüçîâàëè ñëåäóþùèå ðåàêòèâû: ñåðíóþ

êèñëîòó (ÃÎÑÒ 4204–77, õ÷), ñóëüôèò íàòðèÿ

(ÃÎÑÒ 5644–75, õ÷), ñïèðò ýòèëîâûé î÷èùåííûé

96 %-íûé (ÃÎÑÒ Ð 51723–2001, õ÷), L-ãëóòàòèîí

98 % (îêèñëåííûé, âîññòàíîâëåííûé) (Sigma-Al-

drich), L-öèñòåèí 97 % (Sigma-Aldrich), öèñòèí

(Sigma-Aldrich), DL-ìåòèîíèí 99 % (Sigma-Al-

drich), (±)-á-ëèïîåâóþ êèñëîòó 99 % (Sigma-Al-

drich), áîðàòíûé áóôåðíûé ðàñòâîð pH 9,18

(ñòàíäàðò-òèòð äëÿ ïðèãîòîâëåíèÿ îáðàçöîâûõ

áóôåðíûõ ðàñòâîðîâ äëÿ pH-ìåòðèè), õëîðèä êà-

ëèÿ (ÃÎÑÒ 4568–95, õ÷).
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Ýêñïåðèìåíòû ïðîâîäèëè ñ èñïîëüçîâàíèåì

âîëüòàìïåðîìåòðè÷åñêîãî àíàëèçàòîðà TA-Lab

è êîìïîçèòíûõ ýëåêòðîäîâ ñ îáíîâëÿåìîé ïî-

âåðõíîñòüþ (ïðîèçâîäñòâà ÍÏÏ «Òîìüàíàëèò»,

ã. Òîìñê). Àíàëèòè÷åñêèå ñèãíàëû, ðåãèñòðèðó-

åìûå íà êàòîäíîé âîëüòàìïåðîãðàììå â âèäå

âîëíû òîêà, ïðåîáðàçîâûâàëè â ðåæèìå ïåðâîé

ïðîèçâîäíîé dI/dE – E, â ðåçóëüòàòå ÷åãî àíàëè-

òè÷åñêèå ñèãíàëû íàáëþäàëèñü â ôîðìå ïèêîâ.

Ýëåêòðîä â âèäå çîëîòûõ ìèêðîýëåêòðîäíûõ

àíñàìáëåé íà óãëåðîäñîäåðæàùåé êîìïîçèòíîé

ïîäëîæêå (ïîëèýòèëåíîâàÿ îñíîâà ñ ðàñïðåäåëåí-

íûìè â íåé ÷àñòèöàìè òåõíè÷åñêîãî óãëåðîäà)

ãîòîâèëè ïóòåì ýëåêòðîëèçà ðàñòâîðà çîëîòîõëî-

ðîâîäîðîäíîé êèñëîòû (0,005 ìîëü/äì3) â ðåæèìå

ýëåêòðîõèìè÷åñêîãî òðàíçèåíòà ïðè ñêîðîñòè èç-

ìåíåíèÿ ïîòåíöèàëà 5 ìÂ/ñ â äèàïàçîíå îò –0,55

äî +0,05 Â [30, 31]. Ðåãåíåðàöèþ AuÓÑÝ ïðî-

âîäèëè ïóòåì ñðåçàíèÿ ñëîÿ êîìïîçèòà (1 – 2 ìì)

ñïåöèàëüíûì ðåçàêîì ñ ïîñëåäóþùèì ýëåêòðîõè-

ìè÷åñêèì íàíåñåíèåì çîëîòà. Íà ïîâåðõíîñòè

óãëåðîäñîäåðæàùåé êîìïîçèòíîé ïîäëîæêè îñàæ-
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Òàáëèöà 1. Âîëüòàìïåðîìåòðè÷åñêèå ñïîñîáû îïðåäåëåíèÿ GSH

Ìàòåðèàë ýëåêòðîäà/ìîäèôèêàòîð Ìåòîä îïðåäåëåíèÿ

Ëèíåéíûé

äèíàìè÷åñêèé

äèàïàçîí,

ìîëü/äì3

Ïðåäåë

îáíàðó-

æåíèÿ,

ìîëü/äì3

Îáúåêò

èññëåäîâàíèÿ

Ññûëêà

íà ëèòå-

ðàòóðíûé

èñòî÷íèê

Ïðÿìûå ñïîñîáû îïðåäåëåíèÿ ãëóòàòèîíà

Ãðàôåíîâûé ýëåêòðîä, ìîäèôè-

öèðîâàííûé ìåäüþ è êîáàëüòîì

Êâàäðàòíî-âîëíîâàÿ

âîëüòàìïåðîìåòðèÿ è

ÖÂÀ

3,3 · 10–7 –

– 5,5 · 10–5

2,5 · 10–7 Îáðàçöû êðîâè [19]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé óãëåðîäíûìè

íàíîòðóáêàìè â ïðèñóòñòâèè ðóòèíà

Êâàäðàòíî-âîëíîâàÿ

âîëüòàìïåðîìåòðèÿ

è ÖÂÀ

5 · 10–7 –

– 3 · 10–4

9 · 10–8 Îáðàçöû êðîâè,

ìî÷è, ôàðìàöåâòè÷å-

ñêèå ïðåïàðàòû

[20]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä

ñ óãëåðîäíûìè íàíîòðóáêàìè

è ïðîèçâîäíûìè àçîôåððîöåíà

ÖÂÀ 3 · 10–7 –

– 3,35 · 10–3

8 · 10–8 Îáðàçöû êðîâè [21]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé íàíîêîìïîçèòîì

ZnO/CNT/êàòåõîë

Êâàäðàòíî-âîëíîâàÿ

âîëüòàìïåðîìåòðèÿ

2 · 10–9 –

– 7,2 · 10–4

8 · 10–10 Ôàðìàöåâòè÷åñêèå

ïðåïàðàòû, îáðàçöû

ìî÷è è êðîâè

[22]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé íàíîïëàñòèíàìè

Ag/ZnO â ïðèñóòñòâèè òðèïòîôàíà

ÖÂÀ 5 · 10–8 –

– 2 · 10–4

2 · 10–8 Ôàðìàöåâòè÷åñêèå

ïðåïàðàòû,

îáðàçöû ìî÷è

[23]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé íàíîêîìïîçèòîì

FePt/CNT/í-(4-ãèäðîêñèôåíèë)-

3,5-äèíèòðîáåíçàìèä

ÖÂÀ 4 · 10–9 –

– 5,5 · 10–4

1 · 10–9 Îáðàçöû êðîâè,

ìî÷è, ôàðìàöåâ-

òè÷åñêèå

ïðåïàðàòû

[24]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé óãëåðîäíûìè

íàíîòðóáêàìè è áåíçîèëôåððîöåíîì

ÖÂÀ 1 · 10–7 –

– 1 · 10–4

3 · 10–8 Ãåìîëèçèðîâàííûå

ýðèòðîöèòû, îáðàç-

öû ìî÷è, ôàðìàöåâ-

òè÷åñêèå ïðåïàðàòû

[25]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé óãëåðîäíûìè

íàíîòðóáêàìè ñ òðèõëîðîòåð-

ïèðèäèíðóòåíèåì (III)

ÖÂÀ 6 · 10–7 –

– 5,8 · 10–5

3 · 10–7 Îáðàçöû êðîâè

è ìî÷è

[26]

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé óãëåðîäíûìè

íàíîòðóáêàìè, âêëþ÷àþùèé

ïèðîãàëëîëîâûé êðàñíûé

Êâàäðàòíî-âîëíîâàÿ

âîëüòàìïåðîìåòðèÿ,

ÖÂÀ

3 · 10–7 –

– 5 · 10–4

1,9 · 10–7 Îáðàçöû ìî÷è [27]

Êîñâåííûå ñïîñîáû îïðåäåëåíèÿ ãëóòàòèîíà

Óãëåðîäíûé ïàñòîâûé ýëåêòðîä

ñ ïîëè(òèîíèíîì) â êà÷åñòâå

ìåäèàòîðà ýëåêòðîííîãî ïåðåíîñà

Èçìåðåíèå òîêîâ

ìåäèàòîðà ìåòîäîì

ÖÂÀ

1 · 10–8 –

– 1 · 10–3

2,5 · 10–9 Îáðàçöû ìî÷è,

ôàðìàöåâòè÷åñêèå

ïðåïàðàòû

[28]

Óãëåðîäíûé ïàñòîâûé

ýëåêòðîä/àöåòèëåíîâàÿ ñàæà

Èçìåðåíèå òîêîâ îêèñ-

ëåíèÿ ìåäèàòîðà — ðó-

òèíà ìåòîäîì ÖÂÀ

5 · 10–7 –

– 2,5 · 10–5

8 · 10–8 Ôàðìàöåâòè÷åñêèå

îáðàçöû

[29]

Ïå÷àòíûé ãðàôèòîâûé ýëåêòðîä,

ìîäèôèöèðîâàííûé

óãëåðîäíûìè íàíîòðóáêàìè

Èçìåðåíèå òîêîâ îêèñ-

ëåíèÿ è âîññòàíîâëåíèÿ

ìåäèàòîðà — êàòåõîëà

ìåòîäîì êâàäðàòíî-âîëíî-

âîé âîëüòàìïåðîìåòðèè

1 · 10–5 –

– 6 · 10–5

3 · 10–6 Îáðàçöû ñëþíû [17]



äàëèñü ìèêðî÷àñòèöû çîëîòà. Ñâîéñòâà è õàðàê-

òåðèñòèêè AuÓÑÝ îïèñàíû â ëèòåðàòóðíûõ èñ-

òî÷íèêàõ [30, 32]. Äàííûé ñïîñîá ïðèãîòîâëåíèÿ

ýëåêòðîäîâ ïðîñò, âîñïðîèçâîäèì, íå òðåáóåò

ïðèìåíåíèÿ äîðîãèõ òåõíîëîãèé èëè ñïåöèàëè-

çèðîâàííîãî îáîðóäîâàíèÿ.

Óäàëåíèå êèñëîðîäà ïðîâîäèëè äâóìÿ ñïî-

ñîáàìè: äåàýðàöèÿ àçîòîì â òå÷åíèå 30 ìèí è

âíåñåíèå â ÿ÷åéêó (V = 10 äì3) ðàñòâîðà Na2SO3

(4 ìîëü/äì3).

Ôîíîâûì ýëåêòðîëèòîì ñëóæèë áîðàòíûé

áóôåðíûé ðàñòâîð ñ pH = 9,18. Â êà÷åñòâå âñïî-

ìîãàòåëüíîãî è ýëåêòðîäà ñðàâíåíèÿ èñïîëüçîâà-

ëè ïëàòèíîâûé è õëîðèäñåðåáðÿíûé ýëåêòðîäû

ñîîòâåòñòâåííî. Êîíòðîëüíûå ýêñïåðèìåíòû ïî

íàõîæäåíèþ îïòèìàëüíîé êîíöåíòðàöèè Na2SO3

(4 ìîëü/äì3) äëÿ ïðåäîòâðàùåíèÿ ðîñòà òîêà êèñ-

ëîðîäà â êàòîäíîé îáëàñòè ïîòåíöèàëîâ âêëþ-

÷àëè ââåäåíèå â ýëåêòðîõèìè÷åñêóþ ÿ÷åéêó äèñ-

òèëëèðîâàííîé âîäû â îáúåìàõ, ñîîòâåòñòâó-

þùèõ îáúåìàì ðàñòâîðîâ èññëåäóåìûõ òèîëîâûõ

ñîåäèíåíèé.

Ïðè èññëåäîâàíèè ýëåêòðîõèìè÷åñêîãî ïîâå-

äåíèÿ GSH è GSSG íà AuÓÑÝ â äèàïàçîíå ïîòåí-

öèàëîâ îò 0 äî +1,8 Â ìåòîäîì öèêëè÷åñêîé

âîëüòàìïåðîìåòðèè áûëî âûÿâëåíî, ÷òî èñïîëü-

çîâàíèå òîêà îêèñëåíèÿ GSÍ äëÿ åãî âîëüòàìïå-

ðîìåòðè÷åñêîãî îïðåäåëåíèÿ íåâîçìîæíî, ÷òî

ñâÿçàíî ñ íàëîæåíèåì ïîòåíöèàëîâ ïèêîâ îêèñ-

ëåíèÿ GSH è îáðàçîâàíèÿ îêñèäà çîëîòà ïðè ïî-

òåíöèàëå +1,2 Â. Â äàííîé îáëàñòè ïîòåíöèàëîâ

GSSG îêàçàëñÿ ýëåêòðîõèìè÷åñêèì íåàêòèâíûì.

Ïîýòîìó âñå äàëüíåéøèå èññëåäîâàíèÿ ñ ïðè-

ìåíåíèåì AuÓÑÝ ïðîâîäèëè â êàòîäíîé îáëàñòè

ïîòåíöèàëîâ îò 0 äî –1,8 Â.

Èññëåäîâàíèå âîëüòàìïåðîìåòðè÷åñêèõ

ñâîéñòâ GSSG/GSH ïðè óäàëåíèè êèñëîðîäà

äåàýðàöèåé àçîòîì. Íà ðèñ. 1 ïðåäñòàâëåíû êà-

òîäíûå âîëüòàìïåðîãðàììû GSSG â áîðàòíîì

áóôåðíîì ðàñòâîðå (pH 9,18) ïðè ïðåäâàðèòåëü-

íîì óäàëåíèè êèñëîðîäà èç ýëåêòðîõèìè÷åñêîé

ÿ÷åéêè äåàýðàöèåé àçîòîì.

Çàâèñèìîñòü òîêà âîññòàíîâëåíèÿ GSSG

îò åãî êîíöåíòðàöèè ëèíåéíà â äèàïàçîíå

0,4 · 10–8 – 4,0 · 10–8 ìîëü/äì3:

y = 0,2071x + 1,1564 (R2 = 0,9986).

Íåîáõîäèìî îòìåòèòü, ÷òî ìèêðî÷àñòèöû

çîëîòà íà AuÓÑÝ ïðîÿâëÿþò êàòàëèòè÷åñêóþ

àêòèâíîñòü â îòíîøåíèè âîññòàíîâëåíèÿ êèñ-

ëîðîäà, êîòîðûé âîññòàíàâëèâàåòñÿ äî âîäû (ñì.

ðèñ. 1, êðèâàÿ 1) â äâå ñòàäèè:
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2 2
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Ïîñëå äåàýðàöèè ÿ÷åéêè àçîòîì ñ ïîñëåäóþ-

ùèì ââåäåíèåì ðàñòâîðà GSSG âîññòàíîâëåíèå

ïðîèñõîäèò ïðè ïîòåíöèàëå –1,4 Â (ñì. ðèñ. 1,

êðèâûå 3):

GSSG H GSH
Â


 
 � ���
	 
2 2 2

1 4
e

,
. (3)

Òîê âîññòàíîâëåíèÿ GSSG óâåëè÷èâàëñÿ ïðî-

ïîðöèîíàëüíî åãî êîíöåíòðàöèè â ÿ÷åéêå (ñì.

ðèñ. 1, êðèâûå 3).

Âûÿâëåíî, ÷òî ïðè ââåäåíèè â ÿ÷åéêó GSH

ïîÿâëÿåòñÿ êàòîäíûé ïèê (ñì. ðèñ. 1, êðèâûå 3),

ïîòåíöèàë êîòîðîãî ñîâïàäàåò ñ ïîòåíöèàëîì

âîññòàíîâëåíèÿ GSSG (– 1,4 Â), íî çíà÷åíèå òîêà

íå óâåëè÷èâàåòñÿ ïðè óâåëè÷åíèè êîíöåíòðàöèè

GSH.

Íà îñíîâàíèè ýêñïåðèìåíòàëüíûõ èññëåäî-

âàíèé è àíàëèçà ëèòåðàòóðíûõ äàííûõ ìû

ïðåäïîëîæèëè, ÷òî ñóùåñòâåííóþ ðîëü â îáðà-

çîâàíèè GSSG èãðàåò H2O2, îêèñëÿþùàÿ GSH äî

äèñóëüôèäà:

2GSH + H2O2 � GSSG + 2H2O. (4)

Êèíåòèêó îêèñëåíèÿ GSH ïåðåêèñüþ âîäîðî-

äà ñïåêòðîôîòîìåòðè÷åñêèì ìåòîäîì èçó÷àëè àâ-

òîðû ðàáîòû [33] ïðè ðàçíûõ èñõîäíûõ êîíöåí-

òðàöèîííûõ ñîîòíîøåíèÿõ [GSH]/[H2O2] (îò 0,2

äî 2,0): âî âñåõ èññëåäîâàíèÿõ GSSG (90 %) ÿâëÿ-

åòñÿ îñíîâíûì ïðîäóêòîì, îáðàçîâàííûì â ðå-

çóëüòàòå îêèñëåíèÿ GSH ïåðåêèñüþ âîäîðîäà.
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Ðèñ. 1. Êàòîäíûå âîëüòàìïåðîãðàììû GSSG íà AuÓÑÝ:

1 — ôîíîâûé ýëåêòðîëèò (áîðàòíûé áóôåðíûé ðàñòâîð

pH 9,18); 2 — ôîíîâûé ýëåêòðîëèò ïîñëå äåàýðàöèè àçî-

òîì â òå÷åíèå 30 ìèí; 3 — â ïðèñóòñòâèè GSSG â ðàçíûõ

êîíöåíòðàöèÿõ (îò 0,4 · 10–8 äî 4,0 · 10–8 ìîëü/äì3); 4 — â

ïðèñóòñòâèè GSH (ýêñïåðèìåíò îñóùåñòâëÿëè îòäåëüíî

ïðè ñõîæèõ óñëîâèÿõ, ÷òî è äëÿ GSSG)



Ïðîìåæóòî÷íûé ïðîäóêò — ñóëüôåíîâàÿ êèñëî-

òà (GSOH), êîòîðàÿ îêèñëÿåòñÿ äî GSSG è O2:

GSH + H2O2 � GSOH + H2O, (5)

2GSOH + H2O2 � GSSG + O2 + 2H2O. (6)

Ïðè ýòîì òîê âîññòàíîâëåíèÿ O2 íå íàáëþäà-

åòñÿ â êàòîäíîé îáëàñòè èç-çà ïîñòîÿííîé äåàýðà-

öèè ýëåêòðîõèìè÷åñêîé ÿ÷åéêè àçîòîì, ÷òî ïðè-

âîäèò ê âûòåñíåíèþ O2 ñ ïîâåðõíîñòè ýëåêòðîäà

(ñì. ðèñ. 1), òîãäà êàê âîëíà âîññòàíîâëåíèÿ

GSSG íàáëþäàåòñÿ ïðè ïîòåíöèàëå –1,4 Â.

Âàæíîñòü îáðàçîâàíèÿ óñòîé÷èâîãî ïðîäóêòà —

GSOH ïðè îêèñëåíèè GSH ïåðåêèñüþ âîäîðîäà

îöåíåíà â ðàáîòå [34]. Ïðè ýòîì àâòîðû óòâåðæ-

äàþò, ÷òî îêèñëèòåëüíî-âîññòàíîâèòåëüíûé áà-

ëàíñ ñ ó÷àñòèåì àíòèîêñèäàíòà GSH ôàêòè÷åñêè

îáåñïå÷èâàåòñÿ ñîîòíîøåíèåì GSH/GSOH, à íå

GSH/GSSG, êàê ñîîáùàëîñü ðàíåå [35].

Êðîìå òîãî, íà îñíîâàíèè ýêñïåðèìåíòàëü-

íûõ äàííûõ, ïðåäñòàâëåííûõ íà ðèñ. 2, ìîæíî

îòìåòèòü, ÷òî ïðè ââåäåíèè èçáûòêà H2O2 ïî îò-

íîøåíèþ ê GSH ïðîèñõîäèò óâåëè÷åíèå êà-

òîäíîé âîëíû GSSG ïðè ïîòåíöèàëå –1,4 Â, ÷òî

ïîäòâåðæäàåò óâåëè÷åíèå âûõîäà ïðîäóêòà ðå-

àêöèè (6).

Ïðè÷èíû îáðàçîâàíèÿ H2O2 íà ïîâåðõíîñòè

èíäèêàòîðíîãî ýëåêòðîäà ìîãóò áûòü ðàçíûå.

Âî-ïåðâûõ, ñëåäû êèñëîðîäà îñòàþòñÿ íà ïîâåðõ-

íîñòè AuÓÑÝ äàæå ïîñëå äåàýðàöèè ôîíîâîãî

ýëåêòðîëèòà àçîòîì â òå÷åíèå 30 ìèí, ÷òî íåïðå-

ìåííî ïðèâåäåò ê ýëåêòðîõèìè÷åñêîìó âîññòà-

íîâëåíèþ êèñëîðîäà äî H2O2 (ñì. ðèñ. 1, êðè-

âàÿ 2). Âî-âòîðûõ, ââåäåíèå GSH â ÿ÷åéêó âïî-

ñëåäñòâèè ïðèâåäåò ê åãî àäñîðáöèè íà ìèêðî÷àñ-

òèöàõ çîëîòà èíäèêàòîðíîãî ýëåêòðîäà ñ îáðàçî-

âàíèåì ñàìîîðãàíèçóþùèõñÿ ìîíîñëîåâ. Èçâåñò-

íî, ÷òî íà ïîâåðõíîñòè çîëîòîãî ýëåêòðîäà ñ àä-

ñîðáèðîâàííûìè òèîëîâûìè ñîåäèíåíèÿìè âîñ-

ñòàíîâëåíèå O2 èäåò ñ îáðàçîâàíèåì H2O2 ïðè

ó÷àñòèè äâóõ ýëåêòðîíîâ, â îòëè÷èå îò íåìîäè-

ôèöèðîâàííîãî çîëîòîãî ýëåêòðîäà [36, 37].

Òàêèì îáðàçîì, GSSG âîññòàíàâëèâàåòñÿ

ïðè ïîòåíöèàëå –1,4 Â â áîðàòíîì áóôåðíîì

ðàñòâîðå (pH 9,18) íà AuÓÑÝ. Òîê âîññòàíîâ-

ëåíèÿ GSSG óâåëè÷èâàåòñÿ ïðîïîðöèîíàëüíî

åãî êîíöåíòðàöèè â äèàïàçîíå îò 0,4 · 10–8 äî

4,0 · 10–8 ìîëü/äì3.

Èññëåäîâàíèå âîëüòàìïåðîìåòðè÷åñêèõ

ñâîéñòâ GSH ïðè óäàëåíèè êèñëîðîäà ðàñ-

òâîðîì Na2SO3 (4 ìîëü/äì3). Ïðè èññëåäîâàíèè

ýëåêòðîõèìè÷åñêîãî ïîâåäåíèÿ GSH è GSSG â

ñðåäå Na2SO3 (4 ìîëü/äì3), êîòîðûé èñïîëüçîâà-

ëè äëÿ óäàëåíèÿ êèñëîðîäà â ÿ÷åéêå â áîðàòíîì

áóôåðíîì ðàñòâîðå (pH 9,18), íàáëþäàëè èíîé

õàðàêòåð êàòîäíûõ âîëüòàìïåðîãðàìì GSH

(ðèñ. 3). Ïðè ââåäåíèè GSH â ÿ÷åéêó ïîÿâëÿëèñü

òðè êàòîäíûå âîëíû ïðè ïîòåíöèàëàõ –0,3, –1,0

è –1,4 Â. Ñèãíàë âîññòàíîâëåíèÿ êèñëîðîäà

ïðè –0,3 Â óâåëè÷èâàëñÿ â äèàïàçîíå êîíöåí-

òðàöèé GSH îò 0,5 · 10–8 äî 4,2 · 10–8 ìîëü/äì3

(y = 0,5959x + 0,4659, R2 = 0,9984).

Ïðåäïîëîæèòåëüíî, äàííûå ÿâëåíèÿ îáóñëîâ-

ëåíû ïðåäøåñòâóþùåé ðåàêöèåé ñâÿçûâàíèÿ
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Ðèñ. 2. Êàòîäíûå âîëüòàìïåðîãðàììû GSH â îòñóòñòâèå

è â ïðèñóòñòâèè H2O2: 1 — ôîíîâûé ýëåêòðîëèò (áîðàò-

íûé áóôåðíûé ðàñòâîð pH 9,18) ïîñëå äåàýðàöèè àçîòîì â

òå÷åíèå 30 ìèí; 2 — â ïðèñóòñòâèè GSH; 3 — â ïðèñóò-

ñòâèè GSH (4,2 · 10–8 ìîëü/äì3) è H2O2 (1,0 · 10–6 ìîëü/äì3)
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Ðèñ. 3. Êàòîäíûå âîëüòàìïåðîãðàììû GSH â ñðåäå

Na2SO3 (4 ìîëü/äì3): 1 — ôîíîâûé ýëåêòðîëèò (áîðàòíûé

áóôåðíûé ðàñòâîð pH 9,18); 2 – 5 — â ïðèñóòñòâèè GSH

(îò 0,5 · 10–8 äî 4,2 · 10–8 ìîëü/äì3)



GSH êàê àíòèîêñèäàíòà ñ H2O2 ñ ïîñëåäóþùèì

îáðàçîâàíèåì äèñóëüôèäíîé ôîðìû GSSG è O2

ñîãëàñíî óðàâíåíèÿì (5), (6). Êèñëîðîä âîññòà-

íàâëèâàåòñÿ íà AuÓÑÝ ïðè ïîòåíöèàëå –0,3 Â,

GSSG — ïðè ïîòåíöèàëå –1,4 Â.

Ñîãëàñíî ëèòåðàòóðíûì äàííûì Na2SO3 ñâÿ-

çûâàåòñÿ ñ O2 ñ îáðàçîâàíèåì ñóëüôàòà â ñåðèè

ðàäèêàëüíûõ ïðîöåññîâ [38], ÷òî óñòðàíÿåò ìå-

øàþùåå âëèÿíèå ðàñòâîðåííîãî êèñëîðîäà â êà-

òîäíîé îáëàñòè ïîòåíöèàëîâ ïðè èññëåäîâàíèè

ýëåêòðîõèìè÷åñêèõ ñâîéñòâ GSH. Ñóììàðíàÿ ðå-

àêöèÿ ïðåäñòàâëåíà óðàâíåíèåì:

2
3

2SO 	 + O2 � 2
4

2SO 	 . (7)

Ëèøü â íåêîòîðûõ ëèòåðàòóðíûõ èñòî÷íèêàõ

îòìå÷åíî, ÷òî ïåðåõîäíûå ìåòàëëû, â òîì ÷èñëå

çîëîòî, ñïîñîáíû êàòàëèçèðîâàòü ðàäèêàëüíûå

ïðîöåññû ñ ó÷àñòèåì êèñëîðîäà, â êîòîðûõ îñíîâ-

íûìè ïðîäóêòàìè ÿâëÿþòñÿ ñóëüôàò-èîí è H2O2

[38 – 41]:

SO
3

2	 + O2 + H2O � SO
4

2	 + H2O2 , (8)

H2O2 ñâÿçûâàåòñÿ ñ GSH.

Íåñìîòðÿ íà îæèäàåìûé ýôôåêò óäàëåíèÿ O2

èç ïðèýëåêòðîäíîãî ñëîÿ AuÓÑÝ ñ ïîìîùüþ

Na2SO3, áûë ïîëó÷åí ñèãíàë âîññòàíîâëåíèÿ O2,

êîòîðûé âîçðàñòàë ïðîïîðöèîíàëüíî êîíöåíòðà-

öèè GSH â ÿ÷åéêå. Äàííûé ýôôåêò ìîæåò áûòü

èñïîëüçîâàí äëÿ êîñâåííîãî îïðåäåëåíèÿ GSH.

Êðîìå òîãî, Na2SO3 ÿâëÿåòñÿ ñèëüíûì âîñ-

ñòàíîâèòåëåì, ðàçðûâàåò äèñóëüôèäíûå ñâÿçè

GSSG ñ îáðàçîâàíèåì S-ñóëüôîãëóòàòèîíà ïî

óðàâíåíèþ [42]:

GSSG SO GSSO GS
 � 

	 	 	

3

2
3

. (9)

Ïðèðîäó ïîÿâëåíèÿ âîëíû ïðè ïîòåíöèàëå

–1,0 Â ìîæíî îáúÿñíèòü âîññòàíîâëåíèåì GSSO 3
	

íà AuÓÑÝ:

GSSO GS SO
Â g

3

1 0

3

2	 	
	

	

 � ��� 
e

,
. (10)

Â ðàáîòå ïðîâåäåíû êîíòðîëüíûå ýêñïåðè-

ìåíòû ïî èçó÷åíèþ ýëåêòðîõèìè÷åñêèõ ñâîéñòâ

äðóãèõ òèîëîâûõ ñîåäèíåíèé (öèñòåèí, öèñòèí,

ìåòèîíèí, ëèïîåâàÿ êèñëîòà) â ñðåäå Na2SO3: íè

îäíî èç íèõ, êðîìå GSH, íå ïðîÿâèëî âîëüòàìïå-

ðîìåòðè÷åñêèõ ñâîéñòâ, ïîäîáíûõ îïèñàííûì

âûøå.

Òàêèì îáðàçîì, âîçìîæíî êîñâåííîå îïðå-

äåëåíèå GSH ïî òîêó âîññòàíîâëåíèÿ O2 â äèà-

ïàçîíå êîíöåíòðàöèé îò 0,5 · 10–8 äî 4,2 · 10–8

ìîëü/äì3 ñ ïðåäåëîì îáíàðóæåíèÿ 2,5 · 10–9

ìîëü/äì3.

Îïðåäåëåíèå GSH â ôàðìàöåâòè÷åñêèõ îá-

ðàçöàõ. Îïðåäåëÿëè GSH â ôàðìàöåâòè÷åñêèõ

ïðåïàðàòàõ ïðè ñëåäóþùèõ óñëîâèÿõ: êàòîäíàÿ

îáëàñòü ðåãèñòðàöèè ñèãíàëà ïðè ïîòåíöèàëå

–0,3 Â, W = 100 ìÂ/ñ, áîðàòíûé áóôåðíûé ðàñ-

òâîð (pH = 9,18) â ñðåäå Na2SO3 (4 ìîëü/äì3).

Îáúåêòàìè àíàëèçà ÿâëÿëèñü ëåêàðñòâåííûå

ïðåïàðàòû — òàáëåòêè «Glutathione» (NOW

Foods, ÑØÀ) è «Àöåòèë-Ãëóòàòèîí» (NutriCology,

ÑØÀ), ñîäåðæàùèå GSH. Òàê êàê â ñîñòàâ òàáëå-

òîê âõîäÿò âèòàìèíû ãðóïïû B6, ïðîâåäåíû

ïðåäâàðèòåëüíûå èññëåäîâàíèÿ ïî ìåøàþùåìó

âëèÿíèþ âèòàìèíîâ íà îïðåäåëåíèå GSH. Âèòà-

ìèíû ãðóïïû B6 áûëè âçÿòû â 300-êðàòíîì èç-

áûòêå ïî îòíîøåíèþ ê GSH. Óñòàíîâëåíî, ÷òî

äàííûå êîìïîíåíòû íå èçìåíÿëè âåëè÷èíó òîêà

ïðè ïîòåíöèàëå –0,3 Â áîëåå èëè ìåíåå ÷åì íà

±3 %, ÷òî íå îêàçûâàëî ñóùåñòâåííîãî âëèÿíèÿ

íà ðåçóëüòàòû îïðåäåëåíèÿ GSH. Ðåçóëüòàòû îï-

ðåäåëåíèÿ GSH ïðåäñòàâëåíû â òàáë. 2.

Òàêèì îáðàçîì, â ðàáîòå èññëåäîâàíî ýëåê-

òðîõèìè÷åñêîå ïîâåäåíèå GSH/GSSG íà AuÓÑÝ

ìåòîäîì êàòîäíîé âîëüòàìïåðîìåòðèè.

Óñòàíîâëåíî, ÷òî ñëåäû H2O2, êîòîðûå îñòà-

þòñÿ â ïðèýëåêòðîäíîì ñëîå íà AuÓÑÝ äàæå ïî-

ñëå óäàëåíèÿ êèñëîðîäà, âëèÿþò íà ýëåêòðîõèìè-

÷åñêèå ñâîéñòâà GSH ïðè êàòîäíîé ðàçâåðòêå ïî-

òåíöèàëîâ îò 0 äî –1,8 Â: GSH îêèñëÿåòñÿ H2O2

äî GSSG. Íàèáîëåå èíôîðìàòèâíûì ïðîäóêòîì

ðåàêöèè îêèñëåíèÿ GSH ñëåäàìè H2O2 ÿâëÿåòñÿ

O2. Ïðåäëîæåí êîñâåííûé ñïîñîá îïðåäåëåíèÿ

GSH â ôàðìàöåâòè÷åñêèõ îáðàçöàõ íà AuÓÑÝ

ìåòîäîì êàòîäíîé âîëüòàìïåðîìåòðèè.
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