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ÓÄÊ 57.083.12ÍÀÍÎÌÎÄÈÔÈÖÈ�ÎÂÀÍÍÛÅ ÁÀÊÒÅ�ÈÈ:ÄÅÒÅÊÖÈß ÅÄÈÍÈ×ÍÛÕ ÊËÅÒÎÊ ÌÅÒÎÄÎÌÏÎÂÅ�ÕÍÎÑÒÍÎ-ÓÑÈËÅÍÍÎÉ �ÀÌÀÍÎÂÑÊÎÉÑÏÅÊÒ�ÎÑÊÎÏÈÈÀ.È. Çàìàëååâà, Ì. Êàõðàìàí, Ì. ×óëõà, �.Ô. ÔàõðóëëèíÀííîòàöèÿÂ äàííîé ðàáîòå îïèñàí ìåòîä ìîäè�èêàöèè êëåòîê íàíîïëåíêàìè è ñåðåáðÿíûìèíàíî÷àñòèöàìè äëÿ óñîâåðøåíñòâîâàíèÿ òåõíèêè ïîâåðõíîñòíî-óñèëåííîé ðàìàíîâñêîéñïåêòðîñêîïèè. Ïåðâîíà÷àëüíî êëåòêè ïîêðûâàëè ïîëèýëåêòðîëèòíûìè ïëåíêàìè ïî-ëè(àëëèëàìèí) ãèäðîõëîðèäà è/èëè ïîëè(ñòèðåí) ñóëü�îíàòà, îáðàáàòûâàëè ñåðåáðÿíû-ìè íàíî÷àñòèöàìè è ïîâòîðíî íàíîñèëè áèñëîéíóþ ïëåíêó äëÿ çàêðåïëåíèÿ íàíî÷àñòèöíà ïîâåðõíîñòè êëåòêè. Ìåòîäàìè ñêàíèðóþùåé ýëåêòðîííîé è àòîìíî-ñèëîâîé ìèêðîñêî-ïèè áûëî ïîêàçàíî, ÷òî íàíî÷àñòèöû è èõ àãðåãàòû �îðìèðóþò ïëîòíûé, ðàâíîìåðíûéñëîé íà ïîâåðõíîñòè êëåòîê. Ïðåäëîæåííàÿ íàìè òåõíèêà îáðàáîòêè êëåòîê íàíî÷àñòèöà-ìè îáëåã÷àåò âèçóàëèçàöèþ ìîäè�èöèðîâàííûõ êëåòîê âñëåäñòâèå ñïîñîáíîñòè íàíî÷à-ñòèö îòðàæàòü ñâåò. Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ áûëè âûáðàíû êëåòêè Esherihiaoli, â êà÷åñòâå êîíòðîëÿ � êëåòêè Staphyloous ohnii. Áûëî ïîêàçàíî, ÷òî ñïåêòðûíàíîìîäè�èöèðîâàííûõ áàêòåðèé ñîäåðæàò ïèêè, õàðàêòåðíûå äëÿ êàæäîãî âèäà ìèê-ðîîðãàíèçìà, îáóñëîâëåííûå õèìè÷åñêèì ñîñòàâîì êëåòî÷íîé ñòåíêè áàêòåðèé. Áûëî òàê-æå óñòàíîâëåíî, ÷òî ñèãíàë ðàìàíîâñêîãî ñïåêòðà õàðàêòåðèçóåòñÿ âûñîêîé âîñïðîèçâî-äèìîñòüþ. Ìû ïðåäïîëàãàåì, ÷òî îïèñàííûé íàìè ìåòîä ïîçâîëèò èäåíòè�èöèðîâàòüåäèíè÷íûå êëåòêè ðàçíûõ âèäîâ áàêòåðèé â ñìåñè.Êëþ÷åâûå ñëîâà: ìåòîä ïîñëîéíîãî íàíåñåíèÿ, ïîëèýëåêòðîëèòíûå íàíîïëåíêè, ñå-ðåáðÿíûå íàíî÷àñòèöû, åäèíè÷íàÿ êëåòêà, ïîâåðõíîñòíî-óñèëåííàÿ ðàìàíîâñêàÿ ñïåêòðî-ñêîïèÿ. ÂâåäåíèåÂûñîêîòî÷íàÿ äåòåêöèÿ è èäåíòè�èêàöèÿ ìèêðîîðãàíèçìîâ ÿâëÿåòñÿ àêòóàëü-íîé ïðîáëåìîé äëÿ áèîëîãèè è áèîìåäèöèíû. Èñïîëüçóåìûå íûíå ìèêðîáèîëîãè-÷åñêèå ìåòîäû íå âñåãäà ý��åêòèâíû, îñîáåííî â òåõ ñëó÷àÿõ, êîãäà íåîáõîäè-ìî äåòåêòèðîâàòü åäèíè÷íûå êëåòêè. �åíåòè÷åñêèå ìåòîäû (ïîëèìåðàçíàÿ öåï-íàÿ ðåàêöèÿ è äðóãèå) çíà÷èòåëüíî ý��åêòèâíåå, íî òðåáóþò áîëüøèõ çàòðàòâðåìåíè, ðåàêòèâîâ è äîðîãîñòîÿùåãî îáîðóäîâàíèÿ [1℄. Ñïåêòðîñêîïè÷åñêèå ìå-òîäû ñî÷åòàþò â ñåáå âûñîêóþ òî÷íîñòü è ïðîñòîé ïðîöåññ ïîäãîòîâêè îáðàçöàê àíàëèçó [2, 3℄. Øèðîêèå âîçìîæíîñòè îòêðûâàåò ñïåêòðîñêîïèÿ êîìáèíàöèîí-íîãî ðàññåèâàíèÿ (ðàìàíîâñêàÿ ñïåêòðîñêîïèÿ), ïîçâîëÿþùàÿ îïðåäåëÿòü ìèêðî-îðãàíèçìû ïî óíèêàëüíîìó äëÿ êàæäîãî âèäà ñïåêòðó [4℄. Îäíàêî äëÿ äåòåêöèèíåçíà÷èòåëüíîãî êîëè÷åñòâà êëåòîê íåîáõîäèìî óñèëèòü ñëàáûé ñïåêòðîñêîïè÷å-ñêèé ñèãíàë. Ýòî äîñòèãàåòñÿ ïóòåì ìîäè�èêàöèè êëåòîê ìåòàëëè÷åñêèìè íàíî÷à-ñòèöàìè [5℄. Â îñíîâå óñèëåíèÿ ñèãíàëà êîìáèíàöèîííîãî ðàññåèâàíèÿ ëåæèò ÿâëå-íèå ïîâåðõíîñòíî-ïëàçìîííîãî ðåçîíàíñà, êîãäà äåëîêàëèçîâàííûå ïîâåðõíîñòíûåýëåêòðîíû íàíî÷àñòèö áëàãîðîäíûõ ìåòàëëîâ íà ïîðÿäêè óñèëèâàþò ñèãíàëà ðà-ìàíîâñêîãî ñïåêòðà (äàííàÿ òåõíèêà àíàëèçà íàçûâàåòñÿ ïîâåðõíîñòíî-óñèëåííîé



ÍÀÍÎÌÎÄÈÔÈÖÈ�ÎÂÀÍÍÛÅ ÁÀÊÒÅ�ÈÈ 83ðàìàíîâñêîé ñïåêòðîñêîïèåé) [6℄. Îáû÷íî íàíåñåíèå íàíî÷àñòèö íà ïîâåðõíîñòüêëåòîê îñóùåñòâëÿåòñÿ íåïîñðåäñòâåííî, ïóòåì âíåñåíèÿ êëåòîê â ñóñïåíçèþ íà-íî÷àñòèö [7℄. Êëåòêè âñòóïàþò â êîíòàêò ñ íàíî÷àñòèöàìè, êîòîðûå õàîòè÷åñêèïðèñîåäèíÿþòñÿ ê êëåòî÷íîé ñòåíêå. Ýòî ïðèâîäèò ê àãðåãàöèè êëåòîê, ÷òî äåëàåòíåâîçìîæíûì èäåíòè�èêàöèþ åäèíè÷íûõ ìèêðîîðãàíèçìîâ. Áîëåå òîãî, íåðàâíî-ìåðíîå ïîêðûòèå êëåòîê íàíî÷àñòèöàìè ïðè íåïîñðåäñòâåííîì ñìåøèâàíèè òàêæåíåáëàãîïðèÿòíî âëèÿåò íà âîñïðîèçâîäèìîñòü àíàëèçà [8℄. Òàêèì îáðàçîì, âåñüìààêòóàëüíûì ïðåäñòàâëÿåòñÿ ðàçðàáîòêà ìåòîäà, êîòîðûé ïîçâîëèë áû çàêðåïèòüíàíî÷àñòèöû íà ïîâåðõíîñòè êëåòîê ðàâíîìåðíî è áåç îáðàçîâàíèÿ ìåæêëåòî÷íûõàãðåãàòîâ äëÿ ý��åêòèâíîé äåòåêöèè îòäåëüíûõ êëåòîê ñ ïîìîùüþ ïîâåðõíîñòíî-óñèëåííîé ðàìàíîâñêîé ñïåêòðîñêîïèè.1. Ìàòåðèàëû è ìåòîäûÂ ðàáîòå èñïîëüçîâàëè ñëåäóþùèå ðåàêòèâû: ïîëè(àëëèëàìèíãèäðîõëîðèä,PAH) (ÌÂ � 15 êÄà) (Sigma, ÑØÀ), ïîëè(ñòèðåíñóëü�îíàò, PSS) (ÌÂ � 70 êÄà)(Sigma,ÑØÀ). Äëÿ ïðèãîòîâëåíèÿ âñåõ ðàñòâîðîâ èñïîëüçîâàëè áèäèñòèëëèðîâàí-íóþ âîäó bdH2O.Îáúåêòàìè èññëåäîâàíèÿ ÿâèëèñü êëåòêè Esherihia oli. Êëåòêè áàêòåðèéStaphyloous ohnii èñïîëüçîâàëè â êà÷åñòâå êîíòðîëÿ. Êóëüòèâèðîâàíèå ìèêðî-îðãàíèçìîâ ïðîâîäèëè ïðè 37oÑ â òå÷åíèå 24 ÷ íà ïèòàòåëüíîé àãàðèçîâàííîéñðåäå.1.1. Ñèíòåç ñåðåáðÿíûõ íàíî÷àñòèö [9℄. 45 ìã íèòðàòà ñåðåáðà ðàñòâîðÿ-ëè â 250 ìë äèñòèëëèðîâàííîé âîäû, äîâîäèëè äî êèïåíèÿ. Çàòåì â êèïÿùèé ðàñ-òâîð íèòðàòà ñåðåáðà â êðóãëîäîííîé êîëáå âëèâàëè ïî êàïëå 40 ìë öèòðàòà íàòðèÿñ êîíöåíòðàöèåé 1 ìã/ìë ïðè ïîñòîÿííîì ïåðåìåøèâàíèè íà ìàãíèòíîé ìåøàëêå.Ñìåñü êèïÿòèëè 10 ìèí äî âûïàäåíèÿ îñàäêà. Çàòåì íàíî÷àñòèöû �èëüòðîâàëè ñèñïîëüçîâàíèåì ìåìáðàííûõ �èëüòðîâ ñ äèàìåòðîì ïîð 220 íì. Ïîñëåäíèì ýòàïîìðàñòâîð íàíî÷àñòèö äèàëèçîâàëè â áèäèñòèëëèðîâàííîé âîäå â òå÷åíèå íåäåëè è�èëüòðîâàëè ÷åðåç �èëüòðû äèàìåòðîì 0.22 ìêì.1.2. Ìåòîä ìîäè�èêàöèè êëåòîê. Â ðàáîòå èñïîëüçîâàëè 2 ìåòîäà ìîäè-�èêàöèè êëåòîê. Ïåðâûé èç íèõ âêëþ÷àë ñëåäóþùèå ýòàïû.Ïåðâîíà÷àëüíî êëåòêè ïîêðûâàëè ïðîòèâîïîëîæíî çàðÿæåííûìè ïîëèýëåê-òðîëèòàìè PAH è PSS ïóòåì ïîñëîéíîãî íàíåñåíèÿ, çàòåì îáðàáàòûâàëè ñå-ðåáðÿíûìè (nanoAg) íàíî÷àñòèöàìè, ñòàáèëèçèðîâàííûìè öèòðàòîì íàòðèÿ. Íàïîñëåäíåì ýòàïå íà ïîâåðõíîñòü êëåòîê íàíîñèëè áèñëîéíóþ ïëåíêó PAH/PSSäëÿ çàêðåïëåíèÿ íàíî÷àñòèö è óìåíüøåíèÿ àãðåãàöèè êëåòîê. Â ðåçóëüòà-òå áûëà ïîëó÷åíà ñëåäóþùàÿ ñòðóêòóðà ïîêðûòèé êëåòîê ìèêðîîðãàíèçìîâ:PAH/PSS/PAH/nanoAg/PAH/PSS.Âòîðîé ìåòîä îñóùåñòâëÿëñÿ àíàëîãè÷íî îïèñàííîìó âûøå ìåòîäó, íî áåçèñïîëüçîâàíèÿ îòðèöàòåëüíî çàðàæåííîãî ïîëèýëåêòðîëèòà PSS. Â ðåçóëüòàòåïîëó÷àëè êëåòêè ìèêðîîðãàíèçìîâ, ìîäè�èöèðîâàííûå ìíîãîñëîéíîé ïëåíêîéPAH/nanoAg/PAH.1.3. Ñêàíèðóþùàÿ ýëåêòðîííàÿ ìèêðîñêîïèÿ. Äëÿ ïîëó÷åíèÿ èçîáðà-æåíèé íàíîìîäè�èöèðîâàííûõ êëåòîê ñ âûñîêèì ðàçðåøåíèåì èñïîëüçîâàëè ñêà-íèðóþùèé ýëåêòðîííûé ìèêðîñêîï Carl Zeiss Evo-40 (�åðìàíèÿ). Îáðàçöû ïîìå-ùàëè â êàìåðó ýëåêòðîííîãî ìèêðîñêîïà è ïîëó÷àëè èçîáðàæåíèå ïðè íàïðÿæåíèèýëåêòðîííîãî ëó÷à 10 êV. Áûëè ïîëó÷åíû òèïè÷íûå èçîáðàæåíèÿ êëåòîê ïðè óâå-ëè÷åíèè 20000�25000 ðàç.



84 À.È. ÇÀÌÀËÅÅÂÀ È Ä�.Ïîäãîòîâêà îáðàçöîâ çàêëþ÷àëàñü â ñëåäóþùåì: 5 ìêë ñóñïåíçèè êëåòîê íàíî-ñèëè íà îáåçæèðåííóþ ïîâåðõíîñòü ïîêðîâíîãî ñòåêëà è âûñóøèâàëè â òåðìîñòàòåïðè 37 ◦C â òå÷åíèå 12 ÷. Çàòåì ïîêðîâíûå ñòåêëà ïîìåùàëè â ïðèáîð äëÿ íàïû-ëåíèÿ (Balte SCD 005) è íàíîñèëè òîíêèé ñëîé çîëîòà (∼ 10 íì) íà ïîâåðõíîñòüñòåêîë.1.4. Àòîìíî-ñèëîâàÿ ìèêðîñêîïèÿ. Ýêñïåðèìåíòû âûïîëíÿëèñü íààòîìíî-ñèëîâîì ìèêðîñêîïå Park Systems (ßïîíèÿ) ñ èñïîëüçîâàíèåì áåñêîíòàêò-íûõ êðåìíèåâûõ êàíòèëåâåðîâ  ðàäèóñîì êðèâèçíû îñòðèÿ ìåíåå 10 íì. Ñêàíè-ðîâàíèå ïðîâîäèëîñü â áåñêîíòàêòíîì ðåæèìå ÀÑÌ.Ïîäãîòîâêà îáðàçöîâ çàêëþ÷àëàñü â ñëåäóþùåì: 10 ìêë ñóñïåíçèè êëåòîê íàíî-ñèëè íà îáåçæèðåííóþ ïîâåðõíîñòü ïîêðîâíîãî ñòåêëà è âûñóøèâàëè â òåðìîñòàòåïðè 37 ◦C â òå÷åíèå 1 ÷. Ïðè ñêàíèðîâàíèè íàíî÷àñòèö 10 ìêë ðàñòâîðà íàíî÷àñòèöíàíîñèëè íà ïîâåðõíîñòü ñëþäû è âûñóøèâàëè â òåðìîñòàòå ïðè 37 ◦C â òå÷åíèå1 ÷.1.5. Ïîâåðõíîñòíî-óñèëåííàÿ ðàìàíîâñêàÿ ñïåêòðîñêîïèÿ. Ñïåêòðûáûëè ïîëó÷åíû ñ ïîìîùüþ àâòîìàòèçèðîâàííîãî ðàìàíîâñêîãî ìèêðîñêîïàRenishaw InVia Re�ex (Renishaw Pl., Àíãëèÿ), îñíàùåííîãî äèîäîì (830 íì) èàðãîíîâûì ëàçåðîì (514 íì). Îáðàçöû ïîìåùàëè â êàìåðó ðàìàíîâñêîãî ìèêðî-ñêîïà, �îêóñèðîâàëèñü ïðè ïîìîùè ìèêðîñêîïà îòðàæåííîãî ñâåòà è ÷åðåç 10 ñïîëó÷àëè ñïåêòð ïðè èíòåíñèâíîñòè ëàçåðíîãî ëó÷à 0.2÷ 6 mW. Â ðàáîòå èñïîëü-çîâàëè îáúåêòèâ ñ óâåëè÷åíèåì ×50, ÷èñëîâîé àïåðòóðîé � 0.6. Ïîäãîòîâêà îáðàç-öîâ îñóùåñòâëÿëàñü ñëåäóþùèì îáðàçîì: 20 ìêë ñóñïåíçèè ìîäè�èöèðîâàííûõêëåòîê íàíîñèëè íà ïîâåðõíîñòü ïîäëîæåê, èçãîòîâëåííûõ èç �òîðèäà êàëüöèÿ, èâûñóøèâàëè ïîä ñòðóåé àçîòà.2. �åçóëüòàòû è îáñóæäåíèåÏîäãîòîâêà îáðàçöà æèâûõ êëåòîê äëÿ ïîëó÷åíèÿ ðàìàíîâñêîãî ñïåêòðà ÿâ-ëÿåòñÿ îäíîé èç êëþ÷åâûõ ñòàäèé ñïåêòðîìåòðè÷åñêîé èäåíòè�èêàöèè ìèêðîîð-ãàíèçìîâ è âî ìíîãîì îãðàíè÷èâàåò äåòåêöèþ åäèíè÷íûõ êëåòîê. Íàíî÷àñòèöûáëàãîðîäíûõ ìåòàëëîâ äîëæíû íàõîäèòüñÿ â íåïîñðåäñòâåííîì êîíòàêòå ñ êëå-òî÷íîé ñòåíêîé, è â òî æå âðåìÿ íåæåëàòåëüíî ïðîíèêíîâåíèå íàíî÷àñòèö âíóòðüêëåòêè. �àíåå áûëî ïîêàçàíî, ÷òî ïðîöåäóðà îáðàáîòêè êëåòîê íàíî÷àñòèöàìè âðåçóëüòàòå íåîïîñðåäîâàííîãî ñìåøèâàíèÿ ïðèâîäèò ê �îðìèðîâàíèþ áîëüøîãîêîëè÷åñòâà àãðåãàòîâ êëåòîê, ÷òî äåëàåò íåâîçìîæíûì äåòåêöèþ åäèíè÷íûõ êëå-òîê è ñóùåñòâåííî ïîíèæàåò âîñïðîèçâîäèìîñòü àíàëèçà [10℄.Â äàííîé ðàáîòå êëåòêè ïîêðûòâàëèñü íàíî÷àñòèöàìè òàêèì îáðàçîì, ÷òîêëåòî÷íûå ñòåíêè áûëè ïðåäâàðèòåëüíî èíêàïñóëèðîâàíû â îáîëî÷êè, ñîñòîÿ-ùèå èç ïîëèýëåêòðîëèòíûõ íàíîïëåíîê. Ìåòîä íàíåñåíèÿ ïðîòèâîïîëîæíî-çàðÿ-æåííûõ ïîëèìåðîâ øèðîêî èñïîëüçóåòñÿ äëÿ ìîäè�èêàöèè ïëàíàðíûõ ïîâåðõ-íîñòåé è ÷àñòèö [11�15℄. Ìû èñïîëüçîâàëè â êà÷åñòâå ïîëèêàòèîíà ïîëè(àëëè-ëàìèí)ãèäðîõëîðèä, à â êà÷åñòâå ïîëèàíèîíà � ïîëè(ñòèðåí)ñóëü�îíàò. Ñåðåáðÿ-íûå íàíî÷àñòèöû ñèíòåçèðîâàëè öèòðàòíûì ìåòîäîì. Áûëî ïîêàçàíî, ÷òî ñóñïåí-çèÿ íàíî÷àñòèö îáëàäàåò âûñîêîé êîëëîèäíîé ñòàáèëüíîñòüþ. Ïî ãèñòîãðàììàìðàñïðåäåëåíèÿ íàíî÷àñòèö ïî âûñîòå (ðèñ. 1), ïîëó÷åííûõ ïðè ïîìîùè àòîìíî-ñèëîâîé ìèêðîñêîïèè, áûëè óñòàíîâëåíû ñðåäíèå ðàçìåðû íàíî÷àñòèö: 45± 7 íì.Â ðåçóëüòàòå �îðìèðîâàíèÿ ÷åðåäóþùèõñÿ ñëîåâ ïëåíîê è íàíî÷àñòèö ñóñïåíçèèêëåòîê ïðèîáðåòàëè õàðàêòåðíóþ áóðóþ îêðàñêó (òèïè÷íóþ äëÿ ñåðåáðÿíûõ íà-íî÷àñòèö), ÷òî äåòåêòèðîâàëîñü íåâîîðóæåííûì ãëàçîì.
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�èñ. 1. à) ÀÑÌ-èçîáðàæåíèå ñåðåáðÿíûõ íàíî÷àñòèö, á) ãèñòîãðàììà ðàñïðåäåëåíèÿ ñå-ðåáðÿíûõ íàíî÷àñòèé ïî âûñîòå� ) � )

�èñ. 2. Ýëåêòðîííûå ìèêðî�îòîãðà�èè áàêòåðèé E. ñoli : à) èíòàêòíûå êëåòêè, á) ìîäè-�èöèðîâàííûå ñåðåáðÿíûìè íàíî÷àñòèöàìè� ) � )

�èñ. 3. ÀÑÌ-èçîáðàæåíèÿ êëåòîê E. oli : à) èíòàêòíàÿ, á) ìîäè�èöèðîâàííàÿ ñåðåáðÿ-íûìè íàíî÷àñòèöàìè
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�èñ. 4. Ìèêðî�îòîãðà�èè ìèêðîñêîïèè îòðàæåííîãî ñâåòà áàêòåðèé E. oli : à) èíòàêòíûåêëåòêè, á) ìîäè�èöèðîâàííûå ñåðåáðÿíûìè íàíî÷àñòèöàìè� ) 	 )

�èñ. 5. �àìàíîâñêèé ñïåêòð êëåòîê E. oli â çàâèñèìîñòè îò òèïà ìîäè�èêàöèè:à) PAH/nanoAg/PAH, á) PAH/PSS/PAH/nanoAg/PAH/PSS; 1) èíòàêòíûå, 2, 3) ìîäè�è-öèðîâàííûå êëåòêè

�èñ. 6. �àìàíîâñêèå ñïåêòðû ìîäè�èöèðîâàííûõ êëåòîê E. oli (1) è S. ohnii (2)



ÍÀÍÎÌÎÄÈÔÈÖÈ�ÎÂÀÍÍÛÅ ÁÀÊÒÅ�ÈÈ 87Äàëåå ïîâåðõíîñòü áàêòåðèé E. ñoli áûëà èññëåäîâàíà ìåòîäîì ñêàíèðóþùåéýëåêòðîííîé ìèêðîñêîïèè, êîòîðàÿ ïîçâîëÿåò èçó÷èòü ìîäè�èöèðîâàííóþ ïî-âåðõíîñòü ñ âûñîêèì ðàçðåøåíèåì. Íà ýëåêòðîííûõ ìèêðî�îòîãðà�èÿõ áàêòåðèèE. ñoli (ðèñ. 2), ìîäè�èöèðîâàííîé ïëåíêàìè è íàíî÷àñòèöàìè, ÷åòêî âèäíû àã-ðåãàòû ìåòàëëè÷åñêèõ íàíî÷àñòèö, èçìåíÿþùèõ îäíîðîäíóþ, ðîâíóþ ïîâåðõíîñòüêëåòîê.Àòîìíî-ñèëîâàÿ ìèêðîñêîïèÿ ïîêàçàëà �îðìèðîâàíèå ïëîòíîãî è ðàâíîìåð-íî ðàñïðåäåëåííîãî ñëîÿ íàíî÷àñòèö íà ïîâåðõíîñòè êëåòîê. Êàê ïîêàçàíî íàðèñ. 3, ìîäè�èöèðîâàííàÿ êëåòêà E. ñoli õàðàêòåðèçóåòñÿ øåðîõîâàòîé ïîâåðõ-íîñòüþ, îáóñëîâëåííîé ïðèñîåäèíåíèåì îòðèöàòåëüíî çàðÿæåííûõ íàíî÷àñòèö êïîëîæèòåëüíî çàðÿæåííîé ïëåíêå. Ïðè ýòîì íàíåñåíèå äîïîëíèòåëüíûõ ïëåíîê ïî-âåðõ íàíî÷àñòèö ïîçâîëÿåò çà�èêñèðîâàòü èõ íà ïîâåðõíîñòè êëåòîê, ïðåäîòâðàòèâìåõàíè÷åñêîå óäàëåíèå íàíî÷àñòèö ïðè ìàíèïóëÿöèÿõ ñ îáðàçöîì. Äëÿ ñðàâíåíèÿïîêàçàíà íåìîäè�èöèðîâàííàÿ êëåòêà, ïîâåðõíîñòü êîòîðîé îòíîñèòåëüíî ðîâíàÿè ãëàäêàÿ.Àâòîìàòèçèðîâàííàÿ ñèñòåìà ðàìàíîâñêîãî ìèêðîñêîïà ïðåäñòàâëÿåò ñîáîéêîìáèíàöèþ ìèêðîñêîïà îòðàæåííîãî ñâåòà è ñïåêòðîìåòðà êîìáèíàöèîííîãî ðàñ-ñåèâàíèÿ. Êàê âèäíî èç ðèñ. 4, ïîñëå îáðàáîòêè íàíî÷àñòèöàìè êëåòêè ïðèîáðåòà-þò ìåòàëëè÷åñêèé áëåñê, õàðàêòåðíûé äëÿ ñåðåáðà. Ýòîò �àêò îáúÿñíÿåòñÿ ñïî-ñîáíîñòüþ íàíî÷àñòèö ïðè âûñóøèâàíèè àãðåãèðîâàòü è îòðàæàòü âèäèìûé ñâåò.Áûëà òàêæå çàìå÷åíà òåíäåíöèÿ ê óìåíüøåíèþ êîëè÷åñòâà àãðåãàòîâ, ìîäè�è-öèðîâàííûõ íàíîïëåíêàìè è íàíî÷àñòèöàìè êëåòîê, ïî ñðàâíåíèþ ñ èíòàêòíûìè(ðèñ. 4, á). Áëàãîäàðÿ ýòèì äâóì ñâîéñòâàì ñòàëî âîçìîæíûì ñ�îêóñèðîâàòüñÿ íàîòäåëüíûõ êëåòêå è ïîëó÷èòü ñïåêòð åäèíè÷íîé êëåòêè E. oli.Äâà ðàçëè÷íûõ ïîäõîäà ê ìîäè�èêàöèè êëåòîê áûëè ïðèìåíåíû â äàííîé ðà-áîòå. Â ïåðâîì ñëó÷àå ìû èñïîëüçîâàëè ïëåíêó, ñîñòîÿùóþ èç PAH/nanoAg/PAH,à âî âòîðîì � PAH/PSS/PAH/nanoAg/PAH/PSS. �àìàíîâñêèå ñïåêòðû ìîäè�èöè-ðîâàííûõ è íåìîäè�èöèðîâàííûõ êëåòîê ïîêàçàíû íà ðèñ. 5. Âèäíî, ÷òî ñïåêòðêëåòîê, ìîäè�èöèðîâàííûõ êàê ïåðâûì, òàê è âòîðûì ñïîñîáîì, ñîäåðæèò õàðàê-òåðíûå äëÿ äàííîãî ìèêðîîðãàíèçìà ïèêè, òîãäà êàê â ñïåêòðå íåìîäè�èöèðîâàí-íûõ êëåòîê íåâîçìîæíî ðàçëè÷èòü ÷åòêèå ïèêè. Ýêñïåðèìåíòàëüíûå ðåçóëüòàòûãîâîðÿò î òîì, ÷òî íàíî÷àñòèöû íàõîäÿòñÿ â íåïîñðåäñòâåííîé áëèçîñòè îò êëåòî÷-íîé ñòåíêè, íî íå ïðîíèêàþò âíóòðü, òàê êàê ðàñïîëîæåíèå ñïåêòðàëüíûõ ïèêîâñóùåñòâåííî îòëè÷àåòñÿ îò êàðòèíû, ïîëó÷åííîé ïðè ââåäåíèè êîëëîèäíîãî ñåðåá-ðà âíóòðü êëåòîê êèøå÷íîé ïàëî÷êè [16℄. Ïîäðîáíûå ñâåäåíèÿ î ïðèðîäå âîçíèê-íîâåíèÿ ñïåêòðàëüíûõ ïèêîâ ïðè õàðàêòåðèñòèêå E. oli ñ ïîìîùüþ ðàìàíîâñêîéñïåêòðîñêîïèè îïóáëèêîâàíû ðàíåå [17℄.Áûëî ïîêàçàíî, ÷òî ñèãíàë ðàìàíîâñêîãî ñïåêòðà ìîäè�èöèðîâàííûõ êëåòîêõàðàêòåðèçóåòñÿ âûñîêîé âîñïðîèçâîäèìîñòüþ íåçàâèñèìî îò ìåòîäà ìîäè�èêà-öèè. Íà ðèñ. 5 (2 è 3) ïðåäñòàâëåíû ðàìàíîâñêèå ñïåêòðû îò ðàçíûõ îáðàçöîâìîäè�èöèðîâàííûõ êëåòîê E. ñoli.Äëÿ òîãî ÷òîáû ïðîäåìîíñòðèðîâàòü âîçìîæíîñòü ïðèìåíåíèÿ äàííîãî ìåòîäàäëÿ ðàñïîçíàâàíèÿ êëåòîê áàêòåðèé, ìû ïîëó÷èëè ñïåêòðû êëåòîê ìèêðîîðãàíèç-ìà S. ohnii, îáðàáîòàííîãî íàíî÷àñòèöàìè è ïîëèýëåêòðîëèòàìè. Êàê âèäíî èçðèñ. 6, ñïåêòð ñòà�èëëîêîêà ñóùåñòâåííî îòëè÷àåòñÿ îò ñïåêòðà êèøå÷íîé ïà-ëî÷êè. Ýòî ñâÿçàíî ñ ðàçëè÷íûì ñîäåðæàíèåì ïîâåðõíîñòíûõ áèîìàêðîìîëåêóëäàííûõ âèäîâ áàêòåðèé (ïåðâûé âèä ÿâëÿåòñÿ ãðàìîòðèöàòåëüíûì, à âòîðîé �ãðàìïîëîæèòåëüíûì ìèêðîîðãàíèçìîì) [18℄. Ñîâïàäåíèå ðÿäà ïèêîâ âûçâàíî íà-ëè÷èåì ðÿäà âåùåñòâ (ïîëèñàõàðèäîâ, áåëêîâ), îäèíàêîâî ïðèñóùèõ è äëÿ E. oli,è äëÿ S. ohnii.



88 À.È. ÇÀÌÀËÅÅÂÀ È Ä�.Çàêëþ÷åíèåÏðåäëîæåííûé íàìè ìåòîä â îáåèõ âàðèàöèÿõ ïîçâîëÿåò ý��åêòèâíî èììî-áèëèçîâàòü íàíî÷àñòèöû íà ïîâåðõíîñòè êëåòîê áàêòåðèé è çàòåì îïðåäåëÿòü èõâèäîâîé ñîñòàâ ìåòîäîì ðàìàíîâñêîé ñïåêòðîñêîïèè. Èñïîëüçîâàíèå òàêèõ ìåòî-äèê, êàê êàðòèðîâàíèå ó÷àñòêîâ ïîâåðõíîñòè ïðè ïîìîùè ðàìàíîâñêîãî ìèêðîñêî-ïà è âèçóàëèçàöèÿ êëåòîê ïî çàäàííîìó õàðàêòåðèñòè÷åñêîìó ïèêó, ïîçâîëèëî íåòîëüêî äåòåêòèðîâàòü êëåòêè îäíîãî âèäà, íî è ðàçäåëèòü íåñêîëüêî âèäîâ ìèê-ðîîðãàíèçìîâ â ñìåñè. Åñëè ïðèìåíåíèå ñèñòåìû PAH/nanoAg/PAH äëÿ ìîäè�è-êàöèè ÿâëÿåòñÿ ìåíåå ðåñóðñîåìêèì è áîëåå áûñòðûì, òî èñïîëüçîâàíèå ïëåíîêPAH/PSS/PAH/nanoAg/PAH/PSS ïîçâîëÿåò ïîëó÷èòü âûñîêîäèñïåðñíûå ñóñïåí-çèè åäèíè÷íûõ êëåòîê. Îïèñàííûé íàìè ìåòîä ìîæåò áûòü èñïîëüçîâàí íå òîëüêîäëÿ ìîäè�èêàöèè êëåòîê áàêòåðèé, íî è ìèêðîìèöåòîâ, âîäîðîñëåé, à òàêæå âïåðñïåêòèâå � ðàñòåíèé è æèâîòíûõ.SummaryA.I. Zamaleeva, M. Kahraman, M. Culha, R.F. Fakhrullin. Nanomodi�ed Bateria:Detetion of Individual Cells Using Surfae-Enhaned Raman Sattering.The layer-by-layer method of oating baterial ells with polyeletrolytes and silvernanopartiles for improving the surfae-enhaned Raman sattering (SERS) spetra isreported. First, the bateria ell wall is oated with poly(allylamine) hydrohloride (PAH)and/or poly(styrene) sulfonate (PSS) and then with itrate redued silver nanopartiles.In order to inrease the stability of the oating, other layers of PAH/PSS are formed onthe surfae. The SEM and AFM images indiate isolated nanopartiles and aggregates ofnanopartiles on the baterial wall. The oating of baterial ells with silver nanopartilesnot only serves for their preparation for SERS measurement but also helps to visualize theoated baterial ells under the ordinary whitelight mirosope objetive due to e�ient lightsattering properties of silver nanopartiles. The two bateria that di�er in shape and ell wallbiohemial struture, Esherihia oli and Staphyloous ohnii, Gram-negative and Gram-positive respetively, are used as models. Reproduible SERS spetra were obtained from singleand aggregated silver nanopartile-oated ells. These spetra an provide valuable informationabout hemial struture of baterial ell wall. Preliminary results reveal that the approahould be used for single baterial ell identi�ation. Key words: layer-by-layer, polyeletrolytenano�lms, silver nanopartiles, single ell, surfae-enhaned Raman sattering.Key words: layer-by-layer method, polyeletrolyte nano�lms, silver nanopartiles, singleell, surfae-enhaned Raman sattering.Ëèòåðàòóðà1. Smith C.J., Osborn A.M.Advantages and limitations of quantitative PCR (Q-PCR)-basedapproahes in mirobial eology // FEMS Mirobiol Eol. � 2009. � V. 67, No 1. � P. 6�20.2. Naumann D., Helm D., Labishinski H., Giesbreht P. The haraterization ofmiroorganisms by Fourier transform infrared spetrosopy (FT-IR) // ModernTehniques for Rapid Mirobiologial Analysis. � 1991. � P. 133�141.3. Puppels G.J., De Mul F.F., Otto C., Greve J., Robert-Nioud M., Arndt-Jovin D.J.Studying single living ells and hromosomes by onfoal Raman mirospetrosopy //Nature (London). � 1990. � V. 347. � P. 301�303.4. Otto A. Investigations of eletrode surfaes in aetonitrile solutions using surfae-enhanedRaman spetrosopy // Light Sattering. In Solids. � 1984. � V. 4. � P. 289�296.5. Premasiri W.R., Moir D.T., Klempner M.S., Krieger N., Jones G., Ziegler L.D.Charaterization of the Surfae Enhaned Raman Sattering (SERS) of Bateria //J. Phys. Chem. � 2005. � V. 109. � P. 312�320.



ÍÀÍÎÌÎÄÈÔÈÖÈ�ÎÂÀÍÍÛÅ ÁÀÊÒÅ�ÈÈ 896. Chang R.K., Furtak T.E. Surfae Enhaned Raman Sattering. � New York, London:Plenum Press, 1982. � 432 p.7. Lauks M.L., Sengupta A., Junge K., Davis E.J., Swanson B.D. Comparison of Psyhro-ative Arti Marine Bateria and Common Mesophilli Bateria Using Surfae-EnhanedRaman Spetrosopy // Appl. Spetros. � 2005. � V. 59. � P. 1222�12288. Kahraman M., Yazii M.M., �ahin F., Bayrak �O.F., �Culha M. Reproduible Surfae-Enhaned Raman Sattering Spetra of Bateria on Aggregated Silver Nanopartiles //Appl. Spetros. � 2007. � V. 61. � P. 479�485.9. Taton T.A., Mirkin C.A., Letsinger R.L. // Siene. � 2000. � V. 289. � P. 1757.10. Jarvis R.M., Brooker A., Goodare R. Rapid analysis of mirobiologial systems usingSERS // Anal. Chem. � 2004. � V. 76. � P. 5198�5202.11. Arida A.I., Al-Tabakha M.M. Enapsulation of ketoprofen for ontrolled drug release //Eur. J. Pharm. Biopharm. � 2007. � V. 66, No 1. � P. 48�54.12. Correa-Duarte M.A., Kosiorek A., Kandulski W., Giersig M., Liz-Marzan L.M. Layer-by-Layer Assembly of Multiwall Carbon Nanotubes on Spherial Colloids // Chem. Mater. �2005 � V. 17, No 12. � P. 3268�3272.13. Multilayer Thin Films / Eds. G. Deher, J.B. Shleno�. � Wiley-VCH Verlag GmbH &Co., 2002. � 535 p.14. Diaspro A., Silvano D., Krol S., Cavalleri O., Gliozzi A. Single living ell enapsulationin nano-organized polyeletrolyte shells // Langmuir. � 2002. � V. 18. � P. 5047�5050.15. Sukhorukov G.B., Donath E., Lihtenfeld H., Knippel E., Knippel M., Budde A., M�ohwaldH. Layer-by-layer Self Assembly of Polyeletrolytes on Colloidal Partiles // ColloidSurfae À. � 1998. � V. 137, No 1�3. � P. 253�266.16. Zeiri L., Bronk B., Shabtai V.Y., et al. Surfae-Enhaned Raman Spetrosopy as a Toolfor Probing Spei� Biohemial Components in Bateria // Appl. Spetros. � 2004. �V. 58. � P. 33�40.17. Kahraman, M. Muge Y. M., Fikrettin S�uahin, Culha M. Convetive Assembly of Bateriafor Surfae-Enhaned Raman Sattering // Langmuir. � 2008. � V. 24. � P. 894�901.18. Sengupta A., Mujai M., Davis E. Detetion of bateria by surfae-enhaned Ramanspetrosopy // J. Anal. Bioanal. Chem. � 2006. � V. 386. � P. 1379�1388.Ïîñòóïèëà â ðåäàêöèþ21.01.09Çàìàëååâà Àëñó Èëüãèçîâíà � àñïèðàíò êà�åäðû áèîõèìèè Êàçàíñêîãî ãîñóäàð-ñòâåííîãî óíèâåðñèòåòà.E-mail: alsu130ksu�mail.ruÌåõìåò Êàõðàìàí � àñïèðàíò Ñòàìáóëüñêîãî òåõíè÷åñêîãî óíèâåðñèòåòà, Òóðöèÿ.E-mail: mkahraman�yeditepe.edu.trÌóñòà�à ×óëõà � êàíäèäàò õèìè÷åñêèõ íàóê, äîöåíò �àêóëüòåòà ãåíåòèêè è áèî-èíæåíåðèè Óíèâåðñèòåòà Åäèòåïå (Yeditepe University), ã. Ñòàìáóë, Òóðöèÿ.E-mail: mulha�yeditepe.edu.trÔàõðóëëèí �àâèëü Ôàðèäîâè÷ � êàíäèäàò áèîëîãè÷åñêèõ íàóê, ñòàðøèé ïðåïî-äàâàòåëü êà�åäðû áèîõèìèè Êàçàíñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà.E-mail: biosensor�bk.ru


