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Ðàçðàáîòàíû ïëàíàðíûå ïîòåíöèîìåòðè÷åñêèå ñåíñîðû, ÷óâñòâèòåëüíûå ê öåôàëîñïîðè-

íîâûì àíòèáèîòèêàì — öåôóðîêñèìó è öåôîòàêñèìó. Â êà÷åñòâå ýëåêòðîäíî-àêòèâíûõ

êîìïîíåíòîâ èñïîëüçîâàíû àññîöèàòû òåòðàäåöèëàììîíèÿ ñ êîìïëåêñíûìè ñîåäèíåíèÿ-

ìè ñåðåáðî (I)-öåôóðîêñèì (öåôîòàêñèì). Èíòåðâàëû ëèíåéíîñòè ýëåêòðîäíûõ ôóíêöèé

äëÿ íåìîäèôèöèðîâàííûõ ñåíñîðîâ — 1 · 10–5 (1 · 10–4) – 1 · 10–2 ìîëü/ë, óãëîâûå êîýôôè-

öèåíòû — 46 ± 6 ìÂ/pC, âðåìÿ îòêëèêà — 40 ñ. Ïîêàçàíà ðîëü ìàãíèòíûõ íàíî÷àñòèö

Fe3O4 è õëîðèäà öåòèëïèðèäèíèÿ (ÖÏÕ) â óëó÷øåíèè ýëåêòðîàíàëèòè÷åñêèõ ñâîéñòâ ñåí-

ñîðîâ â ðàñòâîðàõ öåôóðîêñèìà è öåôîòàêñèìà. Íàéäåíû îïòèìàëüíûå ñîîòíîøåíèÿ ìî-

äèôèêàòîðîâ â óãëåðîäñîäåðæàùèõ ÷åðíèëàõ (Fe3O4:ÖÏÕ = 1:2,5). Îïðåäåëåíû îñíîâíûå

ýëåêòðîàíàëèòè÷åñêèå õàðàêòåðèñòèêè ìîäèôèöèðîâàííûõ ñåíñîðîâ: ââåäåíèå â óãëåðîä-

ñîäåðæàùèå ÷åðíèëà áèíàðíîé ñìåñè ìàãíèòíûõ íàíî÷àñòèö è õëîðèäà öåòèëïèðèäèíèÿ

ïðèâîäèò ê ñíèæåíèþ ïðåäåëà îáíàðóæåíèÿ öåôóðîêñèìà è öåôîòàêñèìà äî 1 · 10–6

(1 · 10–7 ìîëü/ë), óâåëè÷åíèþ óãëîâûõ êîýôôèöèåíòîâ (55 ± 3 ìÂ/pC) è èíòåðâàëîâ ëèíåé-

íîñòè ýëåêòðîäíûõ ôóíêöèé (1 · 10–6 – 1 · 10–2 ìîëü/ë), ñíèæåíèþ âðåìåíè îòêëèêà äî

26 – 30 ñ. Àäñîðáöèÿ ÏÀÂ íà ãðàíèöå ðàçäåëà ôàç îáåñïå÷èâàåò ñòàáèëüíîñòü ñóñïåíçèè

íàíî÷àñòèö è ïîçâîëÿåò ïðîâåñòè êîíöåíòðèðîâàíèå ìîëåêóë àíàëèòà. Ýëåêòðîñòàòè÷å-

ñêèå è ãèäðîôîáíûå âçàèìîäåéñòâèÿ ñ ÏÀÂ óâåëè÷èâàþò ðàñòâîðèìîñòü îðãàíè÷åñêèõ ñîå-

äèíåíèé. Ïîêàçàíî ïðèìåíåíèå ìîäèôèöèðîâàííûõ «screen-printed» ñåíñîðîâ äëÿ îïðåäå-

ëåíèÿ öåôóðîêñèìà è öåôîòàêñèìà â ëåêàðñòâåííûõ ïðåïàðàòàõ è ìîäåëüíûõ âîäíûõ ðàñ-

òâîðàõ ñ âíåñåííûìè äîáàâêàìè àíòèáèîòèêîâ.

Êëþ÷åâûå ñëîâà: öåôóðîêñèì; öåôîòàêñèì; ïëàíàðíûå ïîòåíöèîìåòðè÷åñêèå ñåíñîðû;
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Planar screen-printed potentiometric sensors sensitive to cephalosporin antibiotics cefuroxime (Cefur)

and cefotaxime (Ceftx) has been developed. Cefotaxime is an amphoteric antibiotic with carboxyl and

aminothiazole groups (third generation), cefuroxime is an acidic antibiotic of the second generation.

Tetradecylammonium associates with complex compounds silver (I)-cefuroxime (cefotaxime) were used as
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electrode-active components (EAC). The linearity intervals of the electrode functions for unmodified sen-

sors are 1 × 10–5 (1 × 10–4) – 1 × 10–2 M, angular coefficients 46 ± 6 mV/pC, response time 40 sec. The

role of magnetic nanoparticles Fe
3
O

4
and cetylpyridinium chloride (CPCh) in improving the electroanaly-

tical properties of sensors in aqueous of cefuroxime and cefotaxime is shown. Optimal ratios of modifiers

in carbon-containing inks (Fe
3
O

4
:CPCh = 1:2.5) were found. The main electroanalytical characteristics of

the sensors are determined. The introduction of a binary mixture of magnetic nanoparticles and

cetylpyridinium chloride into carbon-containing inks leads to an improvement in the electroanalytical

properties of planar sensors sensitive to cefuroxime and cefotaxime: at the same time, the detection limit

of 1 × 10–6 (1 × 10–7 M) decreases, angular coefficients (55 ± 3 mV/pC) and linearity intervals of the elec-

trode functions (1 × 10–6 – 1 × 10–2 M), response time 26 – 30 sec. The adsorption of surfactants at the in-

terface ensures the stability of the suspension of nanoparticles and allows the concentration of analyte

molecules. Electrostatic and hydrophobic interactions of surfactants increase the solubility of organic

compounds. The use of modified screen-printed sensors for the determination of cefuroxime and

cefotaxime in medicinal preparations and model aqueous with added antibiotics is shown.

Keywords: cefuroxime; cefotaxime; planar screen-printed sensors; magnetic nanoparticles; cetylpyridi-

nium chloride (CPCh); pharmaceuticals.

Ââåäåíèå

Öåôóðîêñèì — öåôàëîñïîðèíîâûé àíòèáèî-

òèê âòîðîãî ïîêîëåíèÿ äëÿ ïåðîðàëüíîãî è ïà-

ðåíòåðàëüíîãî ïðèìåíåíèÿ ñ øèðîêèì ñïåêòðîì

ïðîòèâîìèêðîáíîãî äåéñòâèÿ (íàðóøàåò ñèíòåç

êëåòî÷íîé ñòåíêè áàêòåðèé): îí âûñîêîàêòèâåí â

îòíîøåíèè ãðàìïîëîæèòåëüíûõ ìèêðîîðãàíèç-

ìîâ, âêëþ÷àÿ øòàììû, óñòîé÷èâûå ê ïåíèöèëëè-

íàì. Öåôîòàêñèì — íîâûé ïîëóñèíòåòè÷åñêèé

â-ëàêòàìíûé àíòèáèîòèê òðåòüåãî ïîêîëåíèÿ,

àêòèâíûé â îòíîøåíèè ãðàìïîëîæèòåëüíûõ,

ãðàìîòðèöàòåëüíûõ è àíàýðîáíûõ áàêòåðèé, âû-

çûâàþùèõ ðàçíîîáðàçíûå èíôåêöèè [1].

Àíòèáèîòèêè ìîãóò îáëàäàòü òîêñè÷åñêèì

äåéñòâèåì, êîòîðîå ïðîÿâëÿåòñÿ â ôîðìå ïîðàæå-

íèé ïî÷åê, ïå÷åíè, ñëóõîâîãî íåðâà, ÖÍÑ, ïîýòî-

ìó îïðåäåëåíèå ñîäåðæàíèÿ àíòèáèîòèêîâ â ðàç-

ëè÷íûõ ïðîìûøëåííûõ, ìåäèöèíñêèõ, õèìè÷å-

ñêèõ è áèîëîãè÷åñêèõ îáúåêòàõ ÿâëÿåòñÿ àêòóàëü-

íîé çàäà÷åé.

Öåôàëîñïîðèíîâûå àíòèáèîòèêè îáû÷íî

îïðåäåëÿþò ñïåêòðîìåòðè÷åñêèìè [2 – 9] èëè

õðîìàòîãðàôè÷åñêèìè ìåòîäàìè [10 – 15], à òàê-

æå ñ èñïîëüçîâàíèåì ïüåçîñåíñîðîâ [16, 17]. Äëÿ

ýêñïðåññíîãî îïðåäåëåíèÿ àíòèáèîòèêîâ â ëåêàð-

ñòâåííûõ ïðåïàðàòàõ è áèîëîãè÷åñêèõ ñðåäàõ

ïåðñïåêòèâíî ïðèìåíåíèå ïîòåíöèîìåòðè÷åñêèõ

ñåíñîðîâ [18 – 22]. Êðóã àíàëèçèðóåìûõ îáúåêòîâ

âêëþ÷àåò ôàðìàöåâòè÷åñêèå ïðåïàðàòû [6, 7, 12,

18, 19], ðîòîâóþ æèäêîñòü [19] è äðóãèå áèîëîãè-

÷åñêèå ñðåäû [14, 22].

Äëÿ îïðåäåëåíèÿ öåôàëîñïîðèíîâûõ àíòè-

áèîòèêîâ ïðåäëîæåíû íåìîäèôèöèðîâàííûå è

ìîäèôèöèðîâàííûå òâåðäîêîíòàêòíûå è ïëàíàð-

íûå ñåíñîðû [18, 19] íà îñíîâå àññîöèàòîâ òåòðà-

àëêèëàììîíèÿ ñ êîìïëåêñíûìè ñîåäèíåíèÿìè

ñåðåáðî (I)-â-ëàêòàì. Â êà÷åñòâå ìîäèôèêàòîðîâ

÷àùå âñåãî èñïîëüçóþò íàíî÷àñòèöû, êîòîðûå

óëó÷øàþò âçàèìîäåéñòâèå ñ àíàëèòîì, â ÷àñòíî-

ñòè, íàíî÷àñòèöû îêñèäîâ ìåòàëëîâ [23] èëè ìàã-

íåòèòà Fe3O4 [24]. Ïîâåðõíîñòíî-àêòèâíûå âåùå-

ñòâà (ÏÀÂ) èñïîëüçóþò â ýëåêòðîõèìè÷åñêèõ ñåí-

ñîðàõ äëÿ ïîâûøåíèÿ èõ ÷óâñòâèòåëüíîñòè è

ñåëåêòèâíîñòè [25 – 42]. Èññëåäîâàíî âëèÿíèå

ÏÀÂ ðàçëè÷íûõ òèïîâ íà ýëåêòðîõèìè÷åñêèå

ñâîéñòâà âîëüòàìïåðîìåòðè÷åñêèõ ñåíñîðîâ, ÷óâ-

ñòâèòåëüíûõ ê ôåíîëüíûì ñîåäèíåíèÿì [25] è

ôëàâîíîèäàì [26], íà ñâîéñòâà ìîäèôèöèðîâàí-

íûõ ãðàôèòîâûõ ýëåêòðîäîâ äëÿ îïðåäåëåíèÿ

ïàêëèòàêñåëà [28], ðèáîôëàâèíà [29], äîïàìèíà

[30], íà ñâîéñòâà ýëåêòðîäîâ íà îñíîâå ãðàôåíî-

âîé ïàñòû äëÿ îïðåäåëåíèÿ êàòåõîëà, ðåçîðöèíà

[32], òðèìåòîïðèìà [35], ðèáîôëàâèíà [40], âàíè-

ëèíà [41], öèïðîôëîêñàöèíà è ýñòðèîëà [42], à

òàêæå íà ñâîéñòâà ïëàíàðíûõ ñåíñîðîâ äëÿ îïðå-

äåëåíèÿ ýñòðèîëà â ïðèñóòñòâèè öèïðîôëîêñàöè-

íà [31], ýðèòðîìèöèíà [36] è àíòðîíà [37].

Öåëü íàñòîÿùåãî èññëåäîâàíèÿ çàêëþ÷àëàñü

â îöåíêå âëèÿíèÿ ìàãíèòíûõ íàíî÷àñòèö Fe3O4 è

õëîðèäà öåòèëïèðèäèíèÿ íà ýëåêòðîàíàëèòè-

÷åñêèå ñâîéñòâà ïëàíàðíûõ ïîòåíöèîìåòðè-

÷åñêèõ ñåíñîðîâ, ÷óâñòâèòåëüíûõ ê öåôîòàêñèìó

è öåôóðîêñèìó.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Àïïàðàòóðà è ðåàêòèâû. Â ðàáîòå èñïîëüçî-

âàíû ïðåïàðàòû öåôîòàêñèìà (ÀÎ «Áèîõèìèê»,

ã. Ïåíçà) è öåôóðîêñèìà («Êðàñôàðìà», ã. Êðàñ-

íîÿðñê) — ïîðîøêè äëÿ ïðèãîòîâëåíèÿ ðàñòâî-

ðîâ äëÿ èíúåêöèé ïî 1000 ìã âî ôëàêîíå.

Íà ðèñ. 1 ïðèâåäåíû ôîðìóëû èññëåäóåìûõ

àíòèáèîòèêîâ.

Â ðàáîòå èñïîëüçîâàëè 0,01 Ì ðàñòâîðû àíòè-

áèîòèêîâ â äèñòèëëèðîâàííîé âîäå, ïðèãîòîâëåí-

íûå ïî òî÷íûì íàâåñêàì, ðàñòâîðû ñ êîíöåíòðà-

öèåé 1 · 10–3 – 1 · 10–7 ìîëü/ë ãîòîâèëè ïîñëåäîâà-

òåëüíûì ðàçáàâëåíèåì.

Â êà÷åñòâå ýëåêòðîäíî-àêòèâíûõ êîìïîíåí-

òîâ (ÝÀÊ) äëÿ ñåíñîðîâ, ñåëåêòèâíûõ ê â-ëàêòàì-

íûì àíòèáèîòèêàì, èñïîëüçîâàíû àññîöèàòû

òåòðàäåöèëàììîíèÿ ñ êîìïëåêñíûìè ñîåäèíå-
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íèÿìè ñåðåáðà (²) ñ öåôóðîêñèìîì (Cefur) èëè öå-

ôîòàêñèìîì (Ceftx), Cýàê = 2 %.

Ñèíòåç ÝÀÊ îñóùåñòâëÿëè ïî ðåàêöèè:

Ag(Cefur) ÒÄÀ Ag(Cefur) ÒÄÀ
2 2

� � � �
� � � .

Â ðàáîòå èññëåäîâàëè êàê íåìîäèôèöèðîâàí-

íûå, òàê è ìîäèôèöèðîâàííûå ìàãíèòíûìè íà-

íî÷àñòèöàìè èëè áèíàðíûìè ñìåñÿìè õëîðèäà

öåòèëïèðèäèíèÿ è íàíî÷àñòèö ïëàíàðíûå

«screen-printed» ñåíñîðû, ïîëó÷åíèå êîòîðûõ

îïèñàíî â ðàáîòå [43].

Äëÿ ñòàáèëèçàöèè ýëåêòðîäíûõ ïîòåíöèàëîâ

ïëàíàðíûõ ñåíñîðîâ èñïîëüçîâàëè ìàãíèòíûå

íàíî÷àñòèöû Fe3O4 (d = 8 íì), ñèíòåçèðîâàííûå

íà êàôåäðå àíàëèòè÷åñêîé õèìèè è õèìè÷åñêîé

ýêîëîãèè ÑÃÓ, è õëîðèä öåòèëïèðèäèíèÿ (ÎÀÎ

«Ðåàêòèâ», Ñàíêò-Ïåòåðáóðã) â ñîîòíîøåíèè

ÝÀÊ:Fe3O4 = 1:1, Fe3O4:ÖÏÕ = 1:5,5 – 1:0,5

Ïîäãîòîâêà ñåíñîðîâ ê ðàáîòå. Ïåðåä ïðîâå-

äåíèåì èçìåðåíèé ïëàíàðíûå ñåíñîðû êîíäè-

öèîíèðîâàëè â òå÷åíèå ÷àñà â 0,001 Ì ðàñòâîðàõ

ñîîòâåòñòâóþùèõ àíòèáèîòèêîâ.

Äëÿ èçìåðåíèÿ ÝÄÑ ïëàíàðíûõ ñåíñîðîâ èñ-

ïîëüçîâàëè ñëåäóþùèå ýëåêòðîõèìè÷åñêèå öåïè:

Ag, AgCl/KClíàñûù//èññëåäóåìûé ðàñòâîð/óãëå-

ðîäñîäåðæàùèå ÷åðíèëà,

Ag, AgCl/KClíàñûù//èññëåäóåìûé ðàñòâîð/ìî-

äèôèêàòîð/óãëåðîäñîäåðæàùèå ÷åðíèëà.

ÝÄÑ öåïè èçìåðÿëè ñ ïîìîùüþ èîíîìåðà

È-160 ÌÏ ïðè òåìïåðàòóðå 20 ± 3 °C (ïîãðåø-

íîñòü èçìåðåíèÿ ÝÄÑ — ±1 ìÂ), ýëåêòðîä ñðàâ-

íåíèÿ — ñòàíäàðòíûé õëîðèäñåðåáðÿíûé

ÝÂË-1ÌÇ. Èçìåðåíèÿ ÝÄÑ â àíàëèçèðóåìûõ

ðàñòâîðàõ ïðîâîäèëè îò ìåíüøåé êîíöåíòðàöèè

ê áîëüøåé.

Âðåìÿ óñòàíîâëåíèÿ ñòàöèîíàðíîãî ïîòåí-

öèàëà (âðåìÿ îòêëèêà ô) ñåíñîðîâ îïðåäåëÿëè

ïðè ñêà÷êîîáðàçíîì èçìåíåíèè êîíöåíòðàöèé

ðàñòâîðîâ àíòèáèîòèêîâ íà ïîðÿäîê âåëè÷èíû.

Èçìåðåíèÿ ïðîâîäèëè â ðàñòâîðàõ ñ êîíöåíòðà-

öèåé 1 · 10–6 – 1 · 10–2 ìîëü/ë ñîãëàñíî ðåêîìåíäà-

öèÿì ÈÞÏÀÊ. Èîííóþ ñèëó ì = 0,1 ñîçäàâàëè

äîáàâëåíèåì 0,1 Ì ðàñòâîðà õëîðèäà íàòðèÿ.

Çíà÷åíèå pH ðàñòâîðîâ êîíòðîëèðîâàëè ñ ïî-

ìîùüþ pH-ìåòðà pX 150 ÕÏ ñî ñòåêëÿííûì

ÝÑË-63-07 è õëîðèäñåðåáðÿíûì ÝÂÌ-1ÌÇ ýëåê-

òðîäàìè; äëÿ ýòîé öåëè òàêæå èñïîëüçîâàëè óíè-

âåðñàëüíûå èíäèêàòîðíûå áóìàãè pH 0 – 12.

Îïðåäåëåíèå àíòèáèîòèêîâ â ìîäåëüíûõ ðàñ-

òâîðàõ, ëåêàðñòâåííûõ ïðåïàðàòàõ ïðîâîäèëè

ñïîñîáîì ãðàäóèðîâî÷íîãî ãðàôèêà, ïðàâèëü-

íîñòü ðåçóëüòàòîâ àíàëèçà êîíòðîëèðîâàëè ìåòî-

äîì «ââåäåíî – íàéäåíî».

Îáñóæäåíèå ðåçóëüòàòîâ

Öåôóðîêñèì — àíòèáèîòèê êèñëîòíîãî òèïà,

êîòîðûé ïîëíîñòüþ äèññîöèèðóåò ïðè pH 5, öå-

ôîòàêñèì — àìôîòåðíûé àíòèáèîòèê, èìåþùèé

â ñâîåé ñòðóêòóðå êàðáîêñèëüíóþ è àìèíîòèà-

çîëüíóþ ãðóïïû: îí ñóùåñòâóåò â âèäå êàòèîíà â

ñèëüíîêèñëîé ñðåäå, öâèòòåð-èîíà — â ñëàáî-

êèñëîé è àíèîíà — â íåéòðàëüíîé è ñëàáîùåëî÷-

íîé [44].

Â ðàñòâîðàõ â-ëàêòàìíûõ àíòèáèîòèêîâ ïëà-

íàðíûå ñåíñîðû èìåþò äîñòàòî÷íî øèðîêèé èí-

òåðâàë ëèíåéíîñòè, íèçêèé ïðåäåë îáíàðóæåíèÿ

è íåáîëüøîé äðåéô ïîòåíöèàëà. Ñåíñîðû íà

îñíîâå [Ag(â-lac)2]ÒÄÀ ìîãóò áûòü èñïîëüçîâàíû

â êà÷åñòâå óíèâåðñàëüíûõ äëÿ îïðåäåëåíèÿ öå-

ôàëîñïîðèíîâûõ àíòèáèîòèêîâ â âîäíûõ è áèî-

ëîãè÷åñêèõ ñðåäàõ.

×óâñòâèòåëüíîñòü ïëàíàðíûõ ñåíñîðîâ ê

öåôóðîêñèìó. Íåìîäèôèöèðîâàííûå ñåíñîðû íà

îñíîâå [Ag(Cefur)2] ÒÄÀ â ðàñòâîðàõ öåôóðîêñè-

ìà õàðàêòåðèçóþòñÿ ëèíåéíûì äèàïàçîíîì ýëåê-

òðîäíûõ ôóíêöèé 1 · 10–4 – 1 · 10–2 ìîëü/ë (ðèñ. 2)

ñ óãëîâûìè êîýôôèöèåíòàìè 46 ± 6 ìÂ/pC, ïðå-

äåëîì îáíàðóæåíèÿ 1,9 · 10–5 ìîëü/ë è âðåìåíåì

îòêëèêà 40 ñ.

Ïîêàçàíî, ÷òî íåìîäèôèöèðîâàííûå ñåíñîðû

îáëàäàþò ñòàáèëüíûìè ýëåêòðîõèìè÷åñêèìè è

îïåðàöèîííûìè õàðàêòåðèñòèêàìè â òå÷åíèå

2 ìåñ.

Ýëåêòðîàíàëèòè÷åñêèå õàðàêòåðèñòèêè

ìîäèôèöèðîâàííûõ ïëàíàðíûõ ñåíñîðîâ äëÿ îï-

ðåäåëåíèÿ öåôóðîêñèìà. Íà ðèñ. 3 ïðåäñòàâëåíû
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Ðèñ. 1. Õèìè÷åñêèå ôîðìóëû öåôîòàêñèìà (íàòðèÿ (6R,7R)-3-[(àöåòèëîêñè)ìåòèë]-7-[[(Z)-2-(2-àìèíî-1,3-òèàçîëèë-4)-2-

(ìåòèêñèèìèíî)àöåòèë]àìèíî]-8-îêñî-5-òèà-1-àçàáèöèêëî[4.2.0]îêò-2-åí-2-êàðáîêñèëàò) (à) è öåôóðîêñèìà (íàòðèÿ (6R,7R)-

3-[(êàðáàìîèëîêñè)ìåòèë]-7-[[(Z)-(2-ôóðàíèë)-2-(ìåòîêñèèìèíî)àöåòèë]àìèíî]-8-îêñî-5-òèà-1-àçàáèöèêëî[4.2.0]îêò-2-åí-

2-êàðáîêñèëàò) (á)

Fig. 1. Chemical formulas of cefotaxime (sodium (6R,7R)-3-[(acetyloxy)methyl]-7-[[(Z)-2-(2-amino-1,3-thiazolyl-4)-2-(me-

thoxyimino)acetyl]amino]-8-oxo-5-tia-1-azabicyclo[4.2.0]oct-2-en-2-carboxylate) (a) and cefuroxime (sodium (6R,7R)-3-[(car-

bamoyloxy)methyl]-7-[[(Z)-(2-furyl)-2-(methoxyimino)acetyl]amino]-8-oxo-5-tia-1- azabicyclo[4.2.0]oct-2-en-2-carboxylate) (b)



ýëåêòðîäíûå ôóíêöèè ìîäèôèöèðîâàííûõ ñåí-

ñîðîâ ñ ðàçëè÷íûì ñîäåðæàíèåì ÖÏÕ.

Â òàáë. 1 ïðåäñòàâëåíû ýëåêòðîàíàëèòè÷å-

ñêèå õàðàêòåðèñòèêè íåìîäèôèöèðîâàííûõ è

ìîäèôèöèðîâàííûõ ïëàíàðíûõ ñåíñîðîâ â âîä-

íûõ ðàñòâîðàõ öåôóðîêñèìà.

Èç òàáë. 1 âèäíî, ÷òî ââåäåíèå â óãëåðîä-

ñîäåðæàùèå ÷åðíèëà áèíàðíîé ñìåñè ìàãíèòíûõ

íàíî÷àñòèö è õëîðèäà öåòèëïèðèäèíèÿ ïðèâî-

äèò ê óëó÷øåíèþ ýëåêòðîàíàëèòè÷åñêèõ ñâîéñòâ

ïëàíàðíûõ ñåíñîðîâ, ÷óâñòâèòåëüíûõ ê öåôóðîê-

ñèìó: ïðè ýòîì ñíèæàåòñÿ åãî ïðåäåë îáíàðóæå-

íèÿ äî 1 · 10–6 (1 · 10–7) ìîëü/ë, óâåëè÷èâàþòñÿ óã-

ëîâûå êîýôôèöèåíòû (57 ± 3 ìÂ/pC) è èíòåðâà-

ëû ëèíåéíîñòè ýëåêòðîäíûõ ôóíêöèé (1 · 10–6 –

1 · 10–2 ìîëü/ë), ñîêðàùàåòñÿ âðåìÿ îòêëèêà

(26 – 30 ñ). Íàéäåííîå îïòèìàëüíîå ñîîòíîøåíèå

ñîäåðæàíèé ìîäèôèêàòîðîâ â óãëåðîäñîäåð-

æàùèõ ÷åðíèëàõ ñîñòàâëÿåò Fe3O4:ÖÏÕ = 1:2,5.

Íàíî÷àñòèöû ñïîñîáñòâóþò âçàèìîäåéñòâèþ ñ

àíòèáèîòèêàìè áëàãîäàðÿ ñâîèì ýëåêòðîííûì,

õèìè÷åñêèì, ôèçè÷åñêèì ñâîéñòâàì, à òàêæå

áîëüøåé ïëîùàäè ïîâåðõíîñòè [45]. Ìîäèôèêà-

òîðû îñóùåñòâëÿþò ôóíêöèè ìåäèàòîðà ýëåê-

òðîííîãî ïåðåíîñà, ñíèæàþò ñîïðîòèâëåíèå ìåì-

áðàí â äâà ðàçà, îáåñïå÷èâàþò óâåëè÷åíèå óäåëü-

íîé ïîâåðõíîñòè ñåíñîðîâ. Èñïîëüçîâàíèå ÏÀÂ â

êà÷åñòâå ñîìîäèôèêàòîðîâ ïðèâîäèò ê ñòàáèëè-

çàöèè äèñïåðñèé íàíî÷àñòèö, êîíöåíòðèðîâàíèþ

ìîëåêóë àíàëèòîâ íà ýëåêòðîäíîé ïîâåðõíîñòè

çà ñ÷åò ýëåêòðîñòàòè÷åñêîãî âçàèìîäåéñòâèÿ èëè

ãèäðîôîáíîãî âçàèìîäåéñòâèÿ óãëåâîäîðîäíûõ

ôðàãìåíòîâ â ñòðóêòóðå ÏÀÂ ñ ãèäðîôîáíûìè

ìîëåêóëàìè àíàëèòîâ, ÷òî ïðèâîäèò ê ñíèæåíèþ

ïðåäåëà îáíàðóæåíèÿ àíàëèòà [25, 26, 38].

Ýëåêòðîàíàëèòè÷åñêèå ñâîéñòâà íåìîäè-

ôèöèðîâàííûõ è ìîäèôèöèðîâàííûõ ïëàíàð-

íûõ ñåíñîðîâ â ðàñòâîðàõ öåôîòàêñèìà. Èçó÷å-

íû ýëåêòðîàíàëèòè÷åñêèå ñâîéñòâà ïëàíàðíûõ

ñåíñîðîâ íà îñíîâå àññîöèàòîâ òåòðàäåöèëàììî-

íèÿ ñ êîìïëåêñíûìè ñîåäèíåíèÿìè ñåðåáðî (I)-

öåôîòàêñèì — íåìîäèôèöèðîâàííûõ, ìîäèôè-

öèðîâàííûõ ìàãíèòíûìè íàíî÷àñòèöàìè Fe3O4 è

èõ ñìåñÿìè ñ õëîðèäîì öåòèëïèðèäèíèÿ (ðèñ. 4,

òàáë. 2).

Èç ðèñ. 4 è òàáë. 2 âèäíî, ÷òî äîáàâëåíèå ìî-

äèôèêàòîðîâ ïîâûøàåò óãëîâûå êîýôôèöèåíòû
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Ðèñ. 2. Ýëåêòðîäíàÿ ôóíêöèÿ íåìîäèôèöèðîâàííîãî

ïëàíàðíîãî ñåíñîðà íà îñíîâå [Ag(Cefur)
2
]ÒÄÀ â ðàñòâî-

ðàõ öåôóðîêñèìà

Fig. 2. Electrode function of an unmodified planar sensor

based on [Ag(Cefur)
2
]TDA in cefuroxime solutions

Òàáëèöà 1. Ýëåêòðîàíàëèòè÷åñêèå õàðàêòåðèñòèêè ïëàíàðíûõ ñåíñîðîâ äëÿ îïðåäåëåíèÿ öåôóðîêñèìà, íåìîäèôèöè-

ðîâàííûõ è ìîäèôèöèðîâàííûõ íàíî÷àñòèöàìè Fe
3
O

4
ñ ðàçëè÷íûì ñîäåðæàíèåì ÖÏÕ è áåç íåãî (n = 3; P = 0,95)

Table 1. Electroanalytical characteristics of planar cefuroxime-selective unmodified and modified by Fe
3
O

4
nanoparticles

with different content of CPCh or without it (n = 3; P = 0.95)

Íîìåð

ñåíñîðà
Ìîäèôèêàòîð

Ëèíåéíûé äèàïàçîí

ýëåêòðîäíûõ ôóíêöèé, ìîëü/ë
S ± ÄS, ìÂ/pC C

min
, ìîëü/ë ô, ñ

1 — 1 · 10–4 – 1 · 10–2 46 ± 6 1,3 · 10–5 40

2 Íàíî÷àñòèöû Fe
3
O

4
1 · 10–5 – 1 · 10–2 49 ± 3 1,1 · 10–5 34

3 Íàíî÷àñòèöû Fe
3
O

4
, ÖÏÕ 1,0 % 1 · 10–6 – 1 · 10–2 51 ± 4 7,5 · 10–7 36

4 Íàíî÷àñòèöû Fe
3
O

4
, ÖÏÕ 2,5 % 1 · 10–6 – 1 · 10–2 57 ± 3 6,8 · 10–7 30

5 Íàíî÷àñòèöû Fe
3
O

4
, ÖÏÕ 4,0 % 1 · 10–6 – 1 · 10–2 55 ± 3 5,4 · 10–7 26

6 Íàíî÷àñòèöû Fe
3
O

4
, ÖÏÕ 5,5 % 1 · 10–6 – 1 · 10–2 60 ± 3 8,3 · 10–7 30

E
,
ì

Â

pC

3

6

5

2

1

4

Ðèñ. 3. Ýëåêòðîäíûå ôóíêöèè ïëàíàðíûõ ñåíñîðîâ äëÿ

îïðåäåëåíèÿ öåôóðîêñèìà: íåìîäèôèöèðîâàííûõ (1), ìî-

äèôèöèðîâàííûõ íàíî÷àñòèöàìè Fe
3
O

4
(2), íàíî÷àñòèöà-

ìè Fe
3
O

4
ñ ñîäåðæàíèåì 1 (3), 2,5 (4), 4 (5), 5,5 % (6) ÖÏÕ

Fig. 3. Electrode functions of cefuroxime-selective planar

sensors: unmodified (1), modified by Fe
3
O

4
nanoparticles

(2), Fe
3
O

4
nanoparticles containing 1 (3), 2.5 (4), 4 (5), 5.5%

(6) CPCh



ýëåêòðîäíûõ ôóíêöèé, ñîêðàùàåò âðåìÿ îòêëèêà

ñåíñîðîâ è ñíèæàåò ïðåäåë îáíàðóæåíèÿ öåôî-

òàêñèìà. Îïòèìàëüíûå êîíöåíòðàöèè: ÝÀÊ —

2 %, ìàãíèòíûõ íàíî÷àñòèö — 2 %, ÖÏÕ —

2,5 %, ñîîòíîøåíèå ñîäåðæàíèé ìàãíèòíûõ

íàíî÷àñòèö è ÖÏÕ ñîñòàâëÿåò 1:2,5.

Íà ðèñ. 5 ïðåäñòàâëåíà çàâèñèìîñòü ÝÄÑ

ïëàíàðíûõ ñåíñîðîâ íà îñíîâå àññîöèàòîâ

[Ag(Ceftx)2]TDA ìîäèôèöèðîâàííûõ ñìåñüþ ìàã-

íèòíûõ íàíî÷àñòèö Fe3O4 ñ ÖÏÕ, îò êîíöåíòðà-

öèè öåôîòàêñèìà.

Äëÿ óñòàíîâëåíèÿ äðåéôà ïîòåíöèàëà è ñðî-

êà ñëóæáû ðåãèñòðèðîâàëè ýëåêòðîäíûå ôóíê-

öèè ñåíñîðîâ â ðàñòâîðàõ öåôîòàêñèìà âî âðåìå-

íè: äðåéô ïîòåíöèàëà ñîñòàâèë 3 – 5 ìÂ/ñóò äëÿ

âñåõ èññëåäóåìûõ ñåíñîðîâ, ñðîê ñëóæáû —

1,5 ìåñ äëÿ íåìîäèôèöèðîâàííûõ è 2 ìåñ äëÿ ìî-

äèôèöèðîâàííûõ.

Òàêèì îáðàçîì, ìîäèôèöèðîâàííûå ñåíñîðû

íà îñíîâå ðàçëè÷íûõ àêòèâíûõ êîìïîíåíòîâ

[Àg(Cefur)2]ÒÄÀ è [Ag(Ceftx)2]ÒÄÀ â ðàñòâîðàõ

öåôîòàêñèìà îáëàäàþò ïðàêòè÷åñêè îäèíàêîâû-

ìè ýëåêòðîàíàëèòè÷åñêèìè õàðàêòåðèñòèêàìè.

Àäñîðáöèÿ ÏÀÂ íà ãðàíèöå ðàçäåëà ôàç îáåñ-

ïå÷èâàåò ñòàáèëüíîñòü ñóñïåíçèè íàíî÷àñòèö â

âîäíûõ ñðåäàõ. Ýëåêòðîñòàòè÷åñêèå è ãèäðîôîá-

íûå âçàèìîäåéñòâèÿ ÏÀÂ ñ ìîëåêóëàìè îðãàíè-

÷åñêèõ ñîåäèíåíèé îáåñïå÷èâàþò äîñòàòî÷íóþ

ðàñòâîðèìîñòü ïîñëåäíèõ. Àäñîðáöèÿ ÏÀÂ ïîçâî-

ëÿåò ïðîâåñòè êîíöåíòðèðîâàíèå ìîëåêóë àíàëè-

òà [25, 26, 38].

Ïðîâåäåíî ýêñïðåññíîå îïðåäåëåíèå öåôó-

ðîêñèìà (öåôîòàêñèìà) â ëåêàðñòâåííûõ ïðåïà-

ðàòàõ. Îòíîñèòåëüíàÿ ïîãðåøíîñòü îïðåäåëåíèÿ

íå ïðåâûøàåò 10 % äëÿ ìîäèôèöèðîâàííûõ ìàã-

íèòíûìè íàíî÷àñòèöàìè è õëîðèäîì öåòèëïèðè-

äèíèÿ ïëàíàðíûõ ñåíñîðîâ (òàáë. 3).

Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î ïðè-

ìåíèìîñòè èññëåäóåìûõ ñåíñîðîâ äëÿ ýêñïðåññ-

íîãî îïðåäåëåíèÿ öåôóðîêñèìà (öåôîòàêñèìà) â

ìîäåëüíûõ âîäíûõ ðàñòâîðàõ ëåêàðñòâåííûõ

ïðåïàðàòîâ.

Çàêëþ÷åíèå

Ïîêàçàíî âëèÿíèå ìîäèôèêàòîðîâ — ìàãíèò-

íûõ íàíî÷àñòèö Fe3O4 è õëîðèäà öåòèëïèðèäè-

íèÿ — íà ýëåêòðîàíàëèòè÷åñêèå ñâîéñòâà ïîòåí-

öèîìåòðè÷åñêèõ «screen-printed» ñåíñîðîâ â ðàñ-

òâîðàõ öåôóðîêñèìà è öåôîòàêñèìà. Âíåñåíèå

íàíî÷àñòèö îêñèäà æåëåçà (II, III) â óãëåðîäîñî-

äåðæàùèå ÷åðíèëà ïðèâîäèò ê ñòàáèëèçàöèè

ýëåêòðîäíûõ ïîòåíöèàëîâ, ÷òî îáóñëîâëåíî ñè-

íåðãåòè÷åñêèì ýôôåêòîì ìàãíèòíûõ ñâîéñòâ

íàíî÷àñòèö è ïðîâîäÿùèõ ñâîéñòâ ãðàôèòîâûõ
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Ðèñ. 4. Ýëåêòðîäíûå ôóíêöèè ïëàíàðíûõ ñåíñîðîâ äëÿ

îïðåäåëåíèÿ öåôîòàêñèìà: íåìîäèôèöèðîâàííûõ (1), ìî-

äèôèöèðîâàííûõ íàíî÷àñòèöàìè Fe
3
O

4
(2), íàíî÷àñòèöà-

ìè Fe
3
O

4
ñ ñîäåðæàíèåì 1 (3) è 2,5 % ÖÏÕ (4)

Fig. 4. Electrode functions of planar cefotaxime-selective

sensors unmodified (1), modified by Fe
3
O

4
nanoparticles (2),

Fe
3
O

4
nanoparticles containing 1 (3) and 2.5% CPCh (4)

Òàáëèöà 2. Ýëåêòðîàíàëèòè÷åñêèå õàðàêòåðèñòèêè ïëàíàðíûõ ñåíñîðîâ äëÿ îïðåäåëåíèÿ öåôîòàêñèìà, íåìîäèôèöè-

ðîâàííûõ è ìîäèôèöèðîâàííûõ íàíî÷àñòèöàìè Fe
3
O

4
ñ ðàçëè÷íûì ñîäåðæàíèåì ÖÏÕ è áåç íåãî (n = 3; P = 0,95)

Table 2. Electroanalytical characteristics of planar cefotaxime-selective sensors, unmodified and modified by Fe
3
O

4
nanopar-

ticles with different content of CPCh or without it (n = 3; P = 0.95)

Íîìåð

ñåíñîðà
Ìîäèôèêàòîð

Ëèíåéíûé äèàïàçîí ýëåê-

òðîäíûõ ôóíêöèé, ìîëü/ë

S ± ÄS,

ìÂ/pC

ô, ñ (1 · 10–4 –

– 1 · 10–3 ìîëü/ë)

C
min

,

ìîëü/ë

1 — 1 · 10–4 – 1 · 10–2 37 ± 8 ~40 4,9 · 10–5

2 Íàíî÷àñòèöû Fe
3
O

4
1 · 10–5 · 1 · 10–2 46 ± 4 ~36 5,1 · 10–6

3 Íàíî÷àñòèöû Fe
3
O

4
+ ÖÏÕ (1 %) 1 · 10–6 – 1 · 10–2 56 ± 3 ~30 9,4 · 10–7

4 Íàíî÷àñòèöû Fe
3
O

4
+ ÖÏÕ (2,5 %) 1 · 10–6 – 1 · 10–2 58 ± 3 ~30 1,2 · 10–7

E
,
ì

Â

pC

Ðèñ. 5. Çàâèñèìîñòü ÝÄÑ ïëàíàðíûõ ñåíñîðîâ íà îñíîâå

[Ag(Ceftx)
2
]ÒÄÀ, ìîäèôèöèðîâàííûõ ñìåñüþ ìàãíèòíûõ

íàíî÷àñòèö Fe
3
O

4
ñ ÖÏÕ, îò êîíöåíòðàöèè öåôîòàêñèìà

Fig. 5. Dependence of the electromotive force (EMF) of pla-

nar sensors based on [Ag(Ceftx)
2
]TDA modified by a mix-

ture of Fe
3
O

4
magnetic nanoparticles with CPCh on the cefo-

taxime concentration



÷åðíèë. Äëÿ ñòàáèëèçàöèè êîëëîèäíîãî ìàãíåòè-

òà èñïîëüçîâàí õëîðèä öåòèëïèðèäèíèÿ.

Óñòàíîâëåí îïòèìàëüíûé ñîñòàâ óãëåðîäñî-

äåðæàùèõ ÷åðíèë èññëåäóåìûõ ïëàíàðíûõ ñåí-

ñîðîâ äëÿ óëó÷øåíèÿ èõ ýëåêòðîàíàëèòè÷åñêèõ

ñâîéñòâ.

Îïðåäåëåíû ýëåêòðîàíàëèòè÷åñêèå õàðàêòå-

ðèñòèêè íåìîäèôèöèðîâàííûõ è ìîäèôèöèðî-

âàííûõ ìàãíèòíûìè íàíî÷àñòèöàìè è õëîðèäîì

öåòèëïèðèäèíèÿ ïëàíàðíûõ ïîòåíöèîìåòðè÷å-

ñêèõ ñåíñîðîâ, ÷óâñòâèòåëüíûõ ê öåôóðîêñèìó è

öåôîòàêñèìó. Óñòàíîâëåíî, ÷òî ââåäåíèå ìîäè-

ôèêàòîðîâ ñïîñîáñòâóåò óâåëè÷åíèþ èíòåðâàëîâ

ëèíåéíîñòè è óãëîâûõ êîýôôèöèåíòîâ ýëåêòðîä-

íûõ ôóíêöèé, ñîêðàùåíèþ âðåìåíè óñòàíîâëå-

íèÿ ñòàöèîíàðíîãî ïîòåíöèàëà è ñíèæåíèþ ïðå-

äåëîâ îáíàðóæåíèÿ àíòèáèîòèêîâ.

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò áëàãîäàðíîñòü íàó÷íîé

ãðóïïå çàñëóæåííîãî äåÿòåëÿ íàóêè ÐÔ ä.õ.í.

ïðîôåññîðà Ñ. Í. Øòûêîâà çà ïðåäîñòàâëåííûå

îáðàçöû ìàãíèòíûõ íàíî÷àñòèö.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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