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%LRUR]JKUDQt PLNUR D QDQRVWUXNWXURYDQE
JRKOHURYI



+DELOLWDpPQt SUIFH
LRUR]JKUDQt PLNUR D QDQRVWUXNWXURYDQEéFK SRYUFK#¥
=GHQND )RKOHURY:I

IRKOHURYD#YXWEU F]

KWWSV ZZZ YXWEU F] OLGH |]JGHQND IRKOHURYD
5HVHDUFK ," $
25&," ;'

9\WRNp XpHQt WHFKQLFNp Y %UQ
)DNXOWD HOHNWURWHFKQLN\ D NRPXQLNDpQtFK WHFKQRGC
OVWDY PLNURHOHNWURQLN\
7HFKQLFNi
% UQR
ZZZ YXWEU F]

.OtpRYi VOWYXNWXURYDQp SRYUFK\ R[LG\ NRY$ ELRUR]K
PHFKDQRWUDQVGXNFH



3 HGPOXYD

7DWR SUiIFH SUHJHQWXMH REODVWL ]iMPX D Y\EUDQp
SHGDJRJLFNp D Y GHFNp pLQQRVWL $XWRUND Y S HGORA&}L
V S tURGQtPL Y GDPL ELRORJLH FKHPLH D ELRI\]JLN\ F
DG\ ]DMtPDY&FK SURMHNWS$ 9 WpWR SUiFL EXGH S HGHY
QDQRVWUXNWXURYDQ&FK PDWHULiIO$ ] R[LG$ NRY$ D LL
SUR P HQt VtO\ JHQHURYDQp EX NDPL $XWRUNRX SRSVD
S HGHY&tP QD )DNXOW HOHNWURWHFKQLN\ D NRPXQLN
WHFKQLFNpPKR Y %UQ YEUREQt QiOHALWRVWL E\O\ H&H(C
WHFKQRORJLFNpKR LQVWLWXWX 987 3UiFH MH UR]G OHQ
VSHFLILFNRX Y GHFNR SHGDJRJLFNRX pLQQRVW DXWRUN\
KDELOLWDpPpQt SUDFt MVRX VKUQXW\ Y NDSLWROH 7C
SXEOLNRYDQ@&PL Y LPSDNWRYDQ&FK PpDVRSLVHFK .DSLW
SHGDJRJLFNRX pLQQRVW XFKD]HpH GR EXGRXFQRVWL 94
VSHFLILFNp DVSHNW)\ Y&]JNXPQp PLQQRVWL DXWRUN\ yiVW
JUDQWRYRX DJHQWXURX y5 Y UiPFL MXQLRUVN&FK SURM
PLOQQRVWL SRGSRURYiQ\ 0407 Y UiPFL YE]JNXPQpKR FHQWU

5iGD E\FK ]JGH SRG NRYDOD GRF -L tPX +i]H ] OVWDYX
SRVN\WQXWt SRGSRU\ Y KDELOLWDpQtP t]JHQt D PRAQRVW
3RG NRYiQt SDW <t L GDO&tP NROHJ$P ]H VNXSLQ\ &K\WL
IDE6HQV1IDQR QD )(.7 987 -PHQRYLW E\FK XYHGOD S HGH
V YBURERX QDQRVWUXNWXURYDQé&FK SRYUFK$ ] R[LG$ NR
SURI 1HX&LORYL ]D SRVN\WQXWt WHFKQLFNpKR D ILQDQp
FHONRYRX SRGSRUX D PRWLYDFL

=GHQND )R



2EVDK

3 HGPOXYD
2EVDK
OYRG %LRUR]JKUDQt PLNUR D QDQRVWUXNWXURYDQE&FK S|
IDQRVWUXNWXURYDQp SRYUFK\ ] R[LGX NRY$
IDQRWUXELpPN\ ] R[LGX WLWDQLpLWpPKR
(OHNWURFKHPLENQDQR®IWUPEIHp AN2
90LY DQRGL]DpQtFK SRGRIDERVOWXSE LIISHND Y X 7L2
ORGLILNDFH Y GIDVQ\RRVXAELL P HN
9 GHFNp SUIFH YQRB@&BNWE 72N
7HPSOiIWRYi PHWRGD S tSUDY\ AQDQRW\pLQHNS | RJ
(OHNWURFKHPLFNi YBURED 3$$ 4DEORQ\
3 tSUDYD AQDQRW\pLQHN3 3$$ DVLVWRYDQRX DQ
9 GHFNi pLQQRVW Y 3$$ DVLVWRYDQp DQRGL]DF]
OLNURVWUXNWXURYDQp SRYUFK\ ] SRO\PHUS$
98URED 3'06 VORXSNS$
9 GHFNi pLQQRVW Y REODVWL Y&URE\ SRO\PHUQtFK
3HUVSHNWLYD XFKD]HpH
=iy U
S5HIHUHQFH
3XEOLNDpPpQt pLQQRVW Y UiPFL KDELOLWDpPQt SUiFH

YyOiQHN (QKDQFHG DQWLEDFWHULDO DQG DQWQDFQRWKE IS
ILOP

YyOIQHNOQOWLEDFWHULDO DFWQRDQWWREKBV1IIWIMQRHQFH RI GL
VWDELOL]JHUYV

YyOIiQHN 7XQLQJ WKH UHVSRQVH Rl RVWHREODVW OLNH F
R[LGH QDQRPRXQG DUUD\

yOiQHN $QRGLF IRUPDWLRQ DQG ELRPHGLFDO SURSHUWL

yOiQHN IDQRVWEBKRWHKUBRBLEUFRDWLQIJVY GHULYHG IURP W
PHWDO OD\HUV

yOiQHN GHEBRUDWHG 3DU\OHQH & PLFURSLOODUV GHVLJQI



OYRG %LRUR]JKUDQt PLNUR D QDQRVWUXNW

OLNUR D QDQRWHFKQRORJLH D QDQRPDWHULIiO\ MDNR W
VSHNWUXP PRAQRVWt D DSOLNDFt Y DG GLYHU]QtFK RE
REODVWHFK E 8QpKR 8LYRWD MDNR MH HOHNWURQLND SI
FtOHQp GRUXpPRYiQt OppLY WNi RYp LQAHQEUVWYt DQV
QDQRYOINQD DQWLEDNWHULIiOQt QDQRPiIVWLFH QHVPipL
FKHPLFNé SU$P\WO QDQRWUXELFH QDQRNRPSR]LW\
HOHNWURWHFKQLFNé& SU$P\VO Y\WVRNRNDSDFLWQt ]i]QDPR
RSWLFNé SU$P\WVO RSWLFNp ILOWU\ IRWRQLFNi YOiINQD |
NRVPLFNé SU$P\WO NDWDO\]iIWRU\ RGROQp SRYUFK\ VDW
NRQVWUXNpPQt SUYN\ UDNHWRSOiIQ$ &LYRWQt SURVW HGt
3RNURN Y REODVWL Y&INXPX D YEYRMH SRNURpPLOEFK I}
D GRVWXSQRVWL DG\ WHFKQLN XPR&QLO S HVQRX NRQW
] KOHGLVND FKHPLFNpKR WDN S HGHY&tP WRSRJUDILFN
WRSRJUDILt Y PLNUR D QDQRP tWNX QD NRYRYE&FK R[LG
PLPR MLQpKR YHONpPKR Y&]QDPX MDNR VOLEQi VWUDWHJL
SRYUFK$ V ELRORJLFNéP PDWHULIOHP 7tP VH P$&H GRYV
YODVWQRVWt SUR LPSODQWiW\ D DQWLEDNWHULIOQt SRY
RYOLY XMH ELRORJLFNp SURFHV\ YpHWQ DGVRUSFH D NI
OiWHN Pi YOLY QD FKRYiQt EXQ N EDNWHULIiOQt DGKH]L
G$VOHGN\ VH SDN VWDO\ YAHREHFQ VYé]QDPQé&PL L SU
SRX&tYDQE&PL Y PLNURIOXLGQtFK VA\VWpPHFK D ELRVHQ]RU
VRXYLVHMtFt L XUpLWp YODVWQRVWL pL QiVOHGQp LQWH
REMHPRYp YODVWQRVWL PDWHULIiOX QHER SRYUFKRYRX F
5$]QRX WRSRJUDILL PLNUR D QDQRSRYUFK$ MH PR&QR
PHWRG V QiKRGQRX L RUJDQL]JRYDQRX VWUXNWXUBRX Y D¢
VRXpDVQp GRE E &8Q GRVWXSQp NRYRYp PDWHULIO\ Y E
RUWRSHGLFNp LPSODQWiW\ QHER MDNR FKLUXUJLFNp QiV!
QHER VOLWLQD FKUyPX D NREDOWX 9HONpPKR Y&]QDPX WL
WDQWDO JLUNRQ D KDIQLXP 1LFPpQ DGX W FKWR PDWH
WHQNE&FK SRYUFKRY&FK YUVWHY MHOLNRA& MVRX SRP UQ
YODVWQRVWt MH FHOi DGD SRptQDMH PHFKDQLFNé&P ]GU
DQRGL]DFt DWG YHGRXFt N Y\WYi HQt SRUp]QtFK SRYUFK
bL QiIKRGQ&FK VWUXNWXU ] QLFK& Q NWHUp EXGRX SURE
WRSRJUDILFNEFK ~SUDY MH PR&Qp PRGLILNRYDW SRYUF
DGVRUSFH 89 ]i HQtP VLODQL]RYiQtP SRYUFKX DGVRUSFI
OiWHN 9 VRXpDVQp GRE MH REHFQ ]QiPR &H FKHPLFNp Y
P tWNX MVRX YE]QDPQRX YODVWQRVWt PDWHULIOX SRGSF
SUROLIHUDFL pL GLIHUHQFLDFL Y&]NXP WDNp S HAHO ] N



NRPSR]LW\ ptPa& E\OR pDVWR GRViKQXWR ]Y&@3HQp ELRNRP
PRKO\ QDS Y\WYi HW SRYUFK\ V GHILQRYDQ&PL YODVWQF

9 SRVOHGQt GRE QDE\OR YHONpPKR Y&]QDPX WDNp SR
SRO\PHUQtFK SRYUFK$ Y PHGLFtQ QDS YH IRUP LPSODQ
VORX&t SRO\PHUQt VWUXNWXURYDQp SRYUFK\ WDNp MDN
GHWHNFH EXQ pQp VtO\ SRPRFt IOH[LELOQtFK SRO\PHUQtF
PRKRX EEW SRO\PHUQt SRYUFK\ XSUDYHQ\ WDN DE\ PRGXC
VH RS W P$ARX WENDW Y\WYi HQtP PLNUR D QDQRVWUXNYV
YODVWQRVWt pL ]P QRX SRYUFKRYp FKHPLH 1DS tNODG R
MH SRO\PHW\OPHWDNU\OiW D SRO\SURS\OHQ P$8H LQGXN
PLNURVNRSLFN&FK UR]JP U$ DOH WDNp ]JY\AXMH PQR&AVWY
JiIURYH P Qt L FKHPLFNp YODVWQRVWL QD SRYUFKX SR
IOXRURYDQ&FK SRO\PHU$ VH SRXA&tYi N\WOtNRYi SOD]PD N
QDQRPHWUS$ EH]H ]P Q\ SRYUFKRYp FKHPLH 3URFHYV
SUDYLGHOQE&FK VWUXNWXU Y iGHFK RG VWRYHN PLNURP
OLWRJUDILFNp WHFKQLN\ VSRMHQp V WHFKQLNDPL RGOj
VWUXNWXU\ E\O\ Y\WYi HQ\ Y SRO\PHUHFK MDNR SRO\GLI
SRO\NDUERQiW QHER SDU\OHQ MHQ& EXGH GiOH ]PtQ Q
Y NDSLWROH

&tOHP WpWR SUIFH MH WHG\ pWHQi L XNi]DW PRaAaQRVW
] RILG$ NRY$ MDNR MH R[LG WLWDQX R[LG WDQWDOX KL
EX N\ pL EDNWHULH UHDJRYDW QD W\WR QDQRVWUXNWXUF
Y WRSRJUDILL P$aH Ptw ]iVDGQt YOLY QD FKRYiQt EXQ N
SRYUFKRYp YODVWQRVWL PDWHULIO$ PDMtFt SRWHQF
DQWLEDNWHULIOQt SRYUFK\ 9 GUXKp NDSLWROH EXGH SU
VORXSN$ MDNR YHUWLNIOQtFK NDQWLOHYHUS$ D MHMLFK D



IDQRVWUXNWXURYDQp SRYUFK\ ] R[LGX NRY$

+LVWRULFN\ E\OD QDQRVWUXNWXURYDQi SROH QDQRWUXE
Y\UIiE QD ]D ~pHOHP DSOLNDFH Y REODVWHFK SRptQDMH
SRYODNS$ VROIUQtFK pOiQN$ |RWIFRONG WDKOpE MW WU DHD H YWUNDND
Y ELRPHGLFtQVNéFK VP UHFK MDNR ELRNRPSDWLELOQt PI
VI\IVWpP SUR GRUXpPRYiQt OppLY D Y SRNPRI®DPP \
QDQRVWUXNWXURYDQéFK R[LG$ SURNiIJDOD GREURX E|
DQWLEDNWHULIiOQt YODVWQRVWL QtJNRX F\WRWR[LFLWX
]JOHSdHQt DGKH]JH SUROLIHUDFH D GLIHUHQFLDFIYDEW® M D
SUiY Y ]JiYLVORVWL QD JHRPHWULL S tVOX3dQéFK QDQRYV
2EHFQ HpHQR PDWHULIO\ ] pLVWEFK NRY$ MDNR QDS K
DOQWLEDNWHULIiOQt VFKRSQRVW QHER ELRDNWLYLWX SUR)
NRY$ pL NRPSR]JLWS$ YPHWQ MHMLFK QDQRVWUXNWXURYiQ
ELRPDWHULIO$ GOH VSHFLILFNéFK SRADGDYNS$

= KOHGLVND LQWHUDNFH QDQRVWUXNWXURYDQé&FK S
VWXGLt SURNiI]JDOD &H EX N\ YPHWQ NPHQRY&FK EXQ N
RGSRY QD GpONX SU$P U WYDU D Y]GIOHQRVW QDQRWU
VH RGOLAXMIFtEKWRNVUWNXWXH GiOH SRNUDpPRYDO\ Y PRGXO
RSWLPDOL]JRYDW YEVOHGQRX WRSRJUDILL QDQRVWUXNW X
MH P\AOHQR ]JOHSd4HQt QDS DQWLEDNWHULIOQtFK YODV
PHWDEROLFNi DNWLYLWD pL GLIHUHQFLDFH EXQ N PRGXO
ELRPROHNXO DWG =GH H[LVWXMH QHVSRpHW VWXGLt
NRQVWDWRYDQt NWHUé& SRYUFK MH QHMRSWLPIiOQ MAat QF
U$]QéFK WRSRJUDILFN\ RGOLEQéFK QDQRVWUXNWXUIFK
SURFHVHFK pL EXQ pQ&FK V\VWpPHFK D MH WHG\ REWtaQj
&KHPLFNp YODVWQRVWL PDWHULIO$ YpHWQ MHMLFK QD
VPipLYRVWt W FKWR SRYUFK$ YH VURYQiQ &G H HMW Y KR
Y WRP &8H SRXKRX ]JP QRX QDS SU$P UX QDQRVWUXNWXL
E\FKRP P QLOL SRYUFKRYp FKHPLFNp YODVWQRVWL =G|
WHQGHQFL OpSH LQWHUDJRYDW D DGKHURYDW V K\GURILC
YODVWQRVWt QDQRVWUXNWXU P$&H EEW Y G$SVOHGNX QL
K\GUR[\DSDWLW ]JOHS&aXMtFt>R#\D HRUXQRARK] ¥ VLD QXS B\IDRWW
&4H QDS VDPRWQp QDQRWUXELpMR|GBRGXMY WD QLD S WK K
Y VLPXORYDQé&FK W OQtFK WHNXWLQIiFK YA/ VNREH I QtHP @
DPRUIQt IRUPD7DDDWIiI]JRYRX pL VP V DQDWDVX D UXWL
QDQRWUXELpPHN
= KOHGLVND DQWLEDNWHULIOQtFK YODVWQRVWt VDPRWQ
SRYUFKHP Y\ND]XMt YtFH pL PpQ DQWLEDNWHULIiOQt YOD
E\OD GiOH PRGLILNRYIiQD SUR Y\OHS &HXQ } DIpQW/NL ¥ [DN W HRISL W

(@)



VDPRWQi JHRPHWULH QDQRVWUXNWXU Pi YE]QDPQé& YOLY
QHJDWLYQtPL EDNWHULHPL 'DO&t PRGLILNDFH SRGSRUXM
QDSOQ QPDQRWUXELPHN DQWLELRWLN\ MHMLFK& SRVWXS
MHMLFK SU$P BXREBBOMNKR KOHGLVND O]H QDQRVWUXNWX
QDQRpPiVWLFHPL PDMtFt DQWLEDNWHULIiOQt YODVWQRVWL
VHOHQXALFPpQ SRNXG W\WR GHNRURYDQp SRYUFK\ PDMt
ELRPDWHULIiO\ MH QH]JE\WQRX VRXpiVWt RSWLPDOL]RYDW
DQWLEDNWHULIOQtPL ~pLQN\ D QHWR[LFN&PL ~pLQN\ QD W
9 GDO&tFK NDSLWROiFK VH ]DP tPH QD S tSUDYX D DSOLNTC
] RILGX WLWDQX D GiOH QD AQDQRW\pLQN\3 ] R[LGX WDQV

IDQRWUXELPN\ ] R[ILGX WLWDQLpLWpKR

9 SRVOHGQtFK OHWHFK E\OD Y\WYR HQD DGD U$]QéFK V
] RILGX WLWDQLPpLWpKR NWHUp O]H ]JKUXED UR]G OLW
K\GURWHUPiOQt D DQRGLFNRX R[LGDFL 2EU $
ADEORQDPL SUR Y\WYR HQt WUXELpPNRYE&FK VWUXNWXU P
QDQRVWUXNWXUD SRUpP]JQtKR R[LGX KOLQLWpPKR pL MLQp 3
QDQRGUIWE MEMRGADEORQ\ MVRX SRWp Y\SOQ Q\ U$]QéPL P
GHSR]JLFH DWRPRYp YUVWY\ $/' R[LGOPQRWILDIEDHRNER RD
NRPSRJLWQt VWUXNWXU\ U] B HEREGR QN GROMHHIMPDVW ML
VHOHNWLYQ UR]SX&W QD ]D Y]QLNX AYROQ&FK?®* QDQRWU
QP D GpPON\Y QP —P 1D GUXKRX VWUDQX P$&H EéW
] SO\QQp li]H SODWLQRX VW FElAHMPE®@ WEROIONDWRHPH B RIQR Y i
7tP VH JtVNDMt QDQRWUXELpPpN\ VWRMtFt QD NRYRYpP VXEV
L K\GURWHUPiIOQtFK PHWRGiIFK NGH VH REY\NOH piVWLF}
VRGQpP 1D2+ |D Y]QLNX QDQRSOiW$ NWHUp VH SDN VHV\
Y4DN SROH WUXELPHN DGEHIPWRW]EBWREAPROIGRX Y\WYi
V SU$P UHP QP D GpON\ GR Q NROLND —P LL
VDPRXVSR iGDQ&FK QDQRWUXELPHN NWHUp Y]QLNDMt HOF
WLWDQ SUREtKi REY\NOH YH YRGQéFK HOHNWURO\WHFK R
DPRUIQt pL NU\WVWDOLFNp IRUP\ QDQRWUXELpPHN S tPR | NI
gP@
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2EU 3 HKOHG U$]Q S LSUDYRYDQORKRWUORRIBHUESEHDEHNDp 72 K\GURW
PHWRGRX % SRPRFt &DEORQ\ & DQRGLFNRX R[LGDFt D ' HOHNWU|

(OHNWURFKHPLFNi DQ@QRGAWUFELZRER N

9H VURYQiQt V MLQ&PL PHWBGQRWIU SEISIHNY \VH S tPi DQRGL
XND]XMH MDNR MHGQRGXFKi WHFKQLND S L Qt& OJH |
QDQRVWUXNWXU\ V XUpLWRX GpONRX SUS$P UHP WYDUX |
SDUDPHWU$ R[LGDFH MDNR MH DSOLNRYDQ& SRWHQFLIO
"tN\ Y\WVRFH RUJDQL]RYDQp VWUXNWX H WUXELpHN D YHON
P$AaRX JtVNDW VDPRXVSR iGDQi SROH QDQRWUXELpPHN ]
(OHNWURFKHPLFNi DQRGL]DFH MH QDYtF Qt]JNRQiIiNODGRYé&
DOH P$4H EEW YKRGQ& L SUR MLQp S HFKRGQp NRY\ YpHW
QHER MHMLF® VOLWLQ

6DPRXVSR iGDIPQRM2UXELpPNY S LSUDYHQp HOHNWURFKHPIL
Y\WWYi HQ\ S tPR ] WLWDQRYp IyOLH MDNR ]iNODGQtKR VXE
QDQRWUXELpPN\ L ] WLWDQRYp YUVWY\ GHSRQRYDQp QD M
XVSR iGIiQDDIRRWUXELPHN RYOLY XMt [KUXED W\WR G$OHA&L
7L VXEVWUiIiWX QHER PHFKDQLFNp FKHPLFNp pL HOHNWUF
LLL RSDNRYDQi DQRGL]DFH NWHUi P$&4H EEW GYRX L W
VXEVWUIWX S HG VDPRWQRX DQRGL]DFt QDS QDQR LPSU

-DN ML& E\OR QD]QDpHQR QDQRWUXELpPN\ ] R[LGX WLWDC
SRGPtQHN DQRGLFNp R[LGDFH 6DPRWQé& DQRGLFN& SURFF
L VH GY PD HOHNWURGDPL D WR WLWDQRYp IyOLH MDNR
LL HOHNWURO\WHP REVDKXMtFt IOXRULGRYp LRQW\ FKO
QHER SHUFKORUiW D LLL VWHMQRVP UQé&P QDSiMHFtP ]C
D VDPRWQp IRUPRNQRWIULELPHN P$AH WHG\ RYOLYQLW
QDQRWUXELpHN WM YH VP\WVOX MHMLFK JHRPHWULH YHC



D MHMLFK I\]JLNiOQ FKHPLFNp YODVWRRYaWPL ¥ CRKELWRQ
SDUDPHWU$ HOHNWURFKHPLFNp DQRGL]DFH DSOLNRYDQ:
HOHNWURO\WX WHSORWD HOHNWURO\WX S+ HOHNWURO\
MDNR MH URYQRP UQi NRPSDNWQt YUVWYDSRUpGRT BHY \®
QHXVSR iGDQp YUVWY\URD/QRXFXELXPPRNWHER]FAFRFH RUJDQ
7L2 QDQRWUSREILpINRNURpPLOp QDQRWXEXOiUQt YUVWY\ UR
VW UXNOQNGYRX YV VP QER G YREBMUVYXWW XUD 2EU 2EU ]RE
HOHNWURQRYp PLNURVNRSLH S tNODG$ YéaH JPtQ QéFK PF
O]H JtVNDW SROH QDWQRWSPXEHPHNX URIRH]t RG GR QP

Y UR]JPH]t RG Q NROLND VHW QDQRPHWUS$ GR P D@W OR X

k T neuspoiadana uspotradana samouspoiadané
ompakini oxi porézni struktura porézni struktura nanotrubic¢ky

2EU  ORUIRORJLH NWHUp O]H JtVNDW HOHNWURFKHPLFNRX DQRGL]DI
QDQRSRUpP]Qt YUVWYD XVSR iGDQi QDQRSRUpP]Qt QHER VDPRXVSR iGD
SRGOH > @

2EU  6(0 VQtPN\ DQRGL]RYDQé&FK YUYWHKPLODQRGIJREQPPIN §UWREHV\ W
XVSR iGDQp QDQRWW XEDPEXVRYi VWUXNWXUD QDQRWUXELpPHN & 3 H
QDQRWUXELPNiP ' ' QDQRNUDMNRYp VWUXNWXU\ ) IMHROSR QRDQ
QDQRWUXELPN\ * 5R]Y WYHQp QDQRWUXELPN\ + 'YRXYUVWYp QDOQ
SU$P U\ WUXELpPHN 3 HY]DWR ] > @



9 SURFHVX HOHNWURFKHPLFNp DQRGWDRH VB PFROH PIJR
WLWDQX GtN\ W HP UHODWLYQ QH]iYLVOEP SURFHVS$P

HOHNWULFNé&P SROHP LQGXNMRYRIZX AWWABRREBNQ {7 L2 tWR P
QHMPDVW ML IOXRULGRY&FK LRQWS$ 9]QLN QDQRWUXELDpFH
KXVWRVSUYQt piVWL GRFKi]t N SRNOHVX SURXGRYp KXVW
EDULpURYE&P R[LGHP 9H GUXKp piVWL ]DptQi SURXG RS W
DQRG\ D Y\WYi HMt VH SyU\ EXGRXFtFK QDQRWUXELpHN 9
VWDYX D Y]QLNX VDPRXV SFD (GROMDPXEUNFMN \ FALOHGQp QDC
WYDUX StVPHQH 9 WR ]J]QDPHQi &H YUFKQt piVW VW Q MH

2EU  6(0 VQtPADQRWUXELPHN Y SRO\HW\OHQJO\NRO HOHNWURO\WX V
DQRGL]DFt WLWDQX D +RUQt piVW QDQRWUXELpHN E H] QDQRWI
QDQRWUXEIYREWR ] > @

90LY DQRGL]DpQtFK SRGPtQANQFOWY XEUPNNX 7L2

7\S HOHNWURO\WX

BOR&HQt NRQFHQWUDFH D S+ HOHNWURO\WX VLOQ RYOL)
]D XUpLWEéFK DQRGL]DpQtFK SRGPtQHN 1D ]iNODG SRXALV
QDQRWUXELpPHN Y ]iVDG UR]G OHQ GR W t VNXSLQ 3UYC
REVDKXMtFt N\WVHOLQX IOXRURYRGtNRYRX +) 9 +) YRGC
UHODWLYQ Qt]JNp FR& ]QDPHQi Y\WRNRX NRQFHQWUDFL

SURFHVX GRPLQDQWQt SRVWDYH@MGCHNPLFQp WR{BBKEGWLA
GRViIKQXWR Qt]Np XVSR iGDQRVWL D PD[LPiOQ@® GXRRX QD
VNXSLQRX MH SRXALWt SXIURYDQ&FK HOHNWURO\WS$ ptPa
QDQRWUXELpPHN Y iGX RNROR P S LGiQtP IOXRULGX VRG
VODE N\VHOp S+ a >S & SH WQ /AWK S LAQRIXS MV R X SROIUQL |
MDNR JO\FHURO GLPHW\OVXOIR[LG IRUPDPLG QHER HW\C
IOXRULG DPROQMERUVAL G VRGQEé 1D) pL IOXRULG GUDVHOQG®&
YBURE Y W FKWR HOHNWURO\WHFK E\OR GRVD&HQR Y\V
QDQRWUXELpHN WM E\O\ VIQWHWL]RYiQ\ VDPRXVSR iGDC



SU$P UX RG * > Q®\ORWSBHG\ SURNi]iQR &N @DEGRRVU XE |
PRKRX EEW S LSUDYHQ\ Y SROiUQtP RUJDQLFNpP HOHNWUF
VQL&XMtFtP FKHPLFNp UR]JSRX&W Qt R[LGX WLWDQLpLWpK!
SURFHVX S tSUDY\ QDQRWUXELpPHN REVDK YRG\ %\OR ]ML
QHA YHGH N WYRUE GORXKE&FK QDQRWUXELpHN D VQt&a
Y\WWYR HQt GRE H RUJDQL]RY D Q &y kW YAUDDRXV VXK R ShIOR X HLO!
S HGVWDYXMt HOHNWURO\W\ EH] S tWRPQRVWL IOXRULGRY
QDS N\WHOLQRX FKORURYRGtNRYRX SHUR[LGHP YRGtNX
@2EHFQ WHG\ P$&4HPH tFL &H RSWLPDOL]DFt VORAHQt
PRGXORYDW JHRPHWULL YEVOHGQ&FK QDQRWUXELpPpHN Pt
bL GYRXVW QQ&FK QDQRWUXELpPHN

$SOLNRYDQp QDS Wt
$QRGL]DpQt QDS Wt MH NULWLFNE&P IDNWRUHP ®@RJHPUB\Pi ]i
QDQRWUXELpPHN O]H S HGSRY G W MHGQRGX&H SRXKé&P SR
QDS "RYP BNDRt]NpP QDS Wt GRFKi]Jt N WYRUE QDQRWUXE
MH QDS Wt DOH S tOLa VQX]NWiIiWIUNRR®EDNWXQt D QHO]H
QDQRWXEXOiUQt VWUXNWXUX 1D GUXKRX VWUDQX SRNXC
SRUpP]Qt VWUXNWXUX 2EHFQ DOH SODWt &H Y XUpLWpP
QDQRWUXELpPHN ~-® Q) & i) XSIiMIOR &H GDQ& UR]JVDK QDS W
HOHNWURO\WHP 9H YRGQ&FK HOHNWURO\WHFK E\ QDS "R)

GR 9 S LpHP& Y RUJDQLFNéEFK HOHNWURO\WHFK MH F
YROW\ D& VWRYNDPL YROWS$

'RED DQRGL]DFH

'RED DQRGL]DFH RYOLY XMH IRUPDFL QDQRWUXELpPHN S H
GRMGH N WYRUE QDQRWUXELpPHN D SDN Y GpOFH WUXEL]|
Y\WYR t NRPSDNWG@RNIXEGP MMHL2GRED WUYiQt S tOL& NUiWN
GRVIKQRXW SRX]H QHXVSR i%GBQY \SRMiFPtVHUBWERX DQRC
VWUXNWXUD SRVWXSQ URVWH KORXE ML TR IS XHGF i VtR® DR Q
HOHNWURFKHPLFNp SDUDPHWU\ SRQHFKiQ\ NRQVWDQWC
QDQRWUXELpPHN Y SUS$SE KX pDVX DQL& E\ WR P OR Ye@é]QrL
QDQRWUXELPHN GRNXG QHGRAOR N XVWiOHQpPX VWDY X

7HSORWD HOHNWURO\W X

7HSORWD VQL&XMH U\FKORVW U$VWX D NYDOLWX SROt QI
USVWX R[LGX GpONX D WORXEDNSXtNW/DG\ YD ® R B/QXFE IHHHNN
]JY\ARYiQt WHSORW\ SR]JRURYIQR PtUQp |[PHQAHQt YQLW Q
WUXELpPHN ]$V®D QH YRGIMPp HOHNWURO\WX REVDKXMtFtP
]JMLAW QR &H YQ M&t SU$SP U QDQRWUXELpPHN MH ]Y VaxMmt
1LFPpQ O]JH tFL &H SUR VWDEL MGt SROEH NP QIRWS XS UPHNK
WHSORW



ORGLILNDFH YODYW@QRW WX EILIPH N

9\X4LWt SROHQDWRWUXELpPHN MH JHMPpQD VWXGRYic
IRWRHOHNWURFKHPLFNpPX D ELRPHGLFtQVNpPPX Y\XALWt
SRORYRGLpPRYEFK VWUXNWXU ]D ~pHOHP QDS  ]Y@&aHC
IRWRHOHNWURFKHPLFNp DNWLYLW\ QHER PRGLILNDFH
QDQRWUXELpHN

7HSHOQp atKiQt
.U\WWDOLFNi VWUXNWXUD QDQRWUXELpPHN D MHMLFK YRC
WHSORW &tKiQt D S*tRRQp DPWERBVYHAp QD MRAR X XERRNIC
SRYDK\ DOH PRKRX EéW &tKiQ\ QD DQDWDVRYRX QHER UX
VSHFLILFNp WHSORW %\OR SURNi]JiQR &4H DPRUIQt Ii]L W
Y\44t WHSORW\ QDG f& QD Y]GXFKX QHER QD VP V DQ

f& $QODWDVRYNVH]MHME2 MDNR QHMYE&KRGQ M&t NU\VWD
IRWRHOHNWURFKHPLFNEPL YODVWQRVWPL D Q& m§ Wt P/ IR
MHYLOD MDNR QHMYtFH ELRNRPSDWLELOQt

'RSRYiQt
'RSRYiQtP LRQW\ QHER DWRP\ FBBRWP P$MH 792VS W NH
IRWRHOHNWURFKHPLFNéFK YODVWQRVWt QDQRWUXELpPHN
DSOLNDFH 1DQRWHENOELBRSRYIDA QHMpDVW ML NRY\ MDNF

JLUNRQLXP D SQIHEIRGQHNRYRYé&PL PDWHULIO\ MDNR MH GXV
> @

BRYUFKRYp PRGLILNDFH
SBRYUFKRYRX PRGLILNDFt VH UR]JXPt GHNRUDFH WBRQBFK X
QDQRpPiIVWLFHPL QHER GHSR]LFt WHQNé&FK YUVWHY PDWHU
]D ~pHOHP Y\OHS&d4HQt MHMLFK YODVWQRVWt 1DQRWUXELPD
OQDQRGUPWRBWR PRGLILNDFHPL VH GRVDKXMH QDS ]JOHS4&
7L2Q0DQRWUXELpHN D JOHSdHQt YODVWQRVWt SUR ELRPH
GHNRUDFL QDQRWUXELpHN QDMRW RNEPRH® FQrubQNR\W VA IPA_H
] 7L2D R[LGX ZROIUD®RERKRHSR]LFH SDODGLD R[LGX JLQH
$Q@ SRPRFt $/' WHFKQLN\

9 GHFNp SUIFH Y RBEMRMWWUXELDHN

9 UIiPFL Y GHFNp SUiFH MVHP VH VH VY&PL VWXGHQW\ |DP
7L2QDQRWUXELpPHN Y]JKOHGHP N Y\OHSAHQt DQWLEDNWHU
EX NDPL 9 EDNDOi VNp SUIiFL .DWH LQ\ 3ROiNRYp E\O\ R
R[LGDFH S tSUDY\ QDQRWNBEKXPHRKRY3IQt EXQ N QD QDQRV\
SRYUSDFKH VWXGHQWHP ,QJ 2QG HMHP %tONHP MVHP VI

io



7L2 QDQRWUXELpPHN "HKR GLSORPRN Y®UIFH KIBUDNWHU
QDQRWUXELpHN GHNRURYDQé&FK VW tBDONP]|BYROELRM®HGE
.DWH LQ\ 3ROiINRYp QLFPpQ E\OD QDGVWDYHQD HOHNWL
QDQRWUXELpN\ D VWXGLHP DQWLEDNWHULIOQtP YODVYV
V WNi RYEPL EX NDRIRWALRELpN\ E\O\ S LSUDYHQ\ SRPRF
GYRXHOHNWURGRYpP |DSRMHQt D Y HOHNWURO\WX QD RU.
DQRGL]DFH MVPH JtVNDOL QDQRWUXELpPN\ R SU$P UX RNR
S L f& 'iOH E\O\ RSWLPDOL]JRYiQ\ SRGPtQNS RNUFNKW U R
V FtOHP JtVNDW XQLIRUPQt QDQRpPiIVWLFH D SRNU\Wt SRYU
3R]QDWN\ ] WpWR GLSORPRYp SUIFH VWXGHQW GiOH
VWXGLD =GH MVPH VH MDNR SUYQt |DP L @D @PWR X WILP
S LSUDYHQ&FK DQRGL]DFt FKHPLFN\ VI\QWHWL]RYDQE&PL
GHNRURYiQt SRYUFK®IDRWDPETLPAN\ E\OD ]DP HQD QD ]JtVNI
SRPWHP VHOHQRY&FK QDQRpPiIVWLF QD SORFKX SRYUFKX 2
QP 3RYUFK\ E\O\ GiOH VWXGRYiQ\ ] KOHGLVND NRPSDW
EDNWHULIOQtPL EX NDPL 9éVOHGHN WpWR VWXGLH QD]
DQWLEDNWHULIiOQt YODVWQRVWL QDQRWUXELpPHN ] R[LGX
$QWLEDNWHULIOQt L SURWLQIGRURYi DNWLYLWD VH ]Y\&F
SORFKX 9HGOH WRKR E\OR JMLAW QR &H Y\VRN& SRpPHW C
QD EXQ pQRX DGKH]L D &LYRWDVFKRSQRVW QHQiIGRURY&F
W FKWR SRWHQFLIOQtFK ELRPDWHULIO$ GR KRVWLWHOVN
ELRSRYUFK$ E\ P OD EEW WHG\ QH]E\WQRX VRXpiVWt Y&]N>
PH]L NRPSDWLELOLWRX Y$pL WNi RY&P EX NiP D DQWLEI
SXEOLNRYiQD P&P VWXGHQWHP Y LPSDNWRYDQpP pDVRS
KDELOLWDpPQt SUIFH Y NQISRQYRKE DQWOLEBIRWHULDO DQG D
6H 13V GHFRUQDHBNKEH ILOP 3/R6 21(

2EU  7QRPQRWUXELpPN\ GHNRURYDQp VHOHQRY&PL QDQRpPiIVWLFHPL Y |
] yOIQHNQKDQFHG DQWLEDFWHULDO DQG DQWLFDQEBQBWRBEH UWLRMV3
21(



'"UXKi SUIFH VWXGHQWD ,QJ %tOND Y WP%YRWREEDY W
]JDP LOD RS W QD GHNRURYiQt QDQRWUXELpPHN DOH NRF
DQWLEDNWHULIOQtFK YODVWQRVWt WDNWR S LSUDYHQG&FK
U$]Q8FK VWDELOL]DpQtFK pLQLGHO VW tEUQE&FK QDQRE
SRO\HW\OHQLPLQ FLWUiIW OLSRRYi N\WVHOLQD D SRO\HW\«
QDQRWUXELpHN D YHOLNRVWL QDQRpiVWLF 1D&H Yé&vol
V U$]Q&éP VWDELOL]DpQtP pLQLGOHP KUDMH G$OHALWRX
QDQRWUXELpHN MHOLNR& WHQWR V\QHUJLFNé& HIHNW SUF
VHOHNWRYDQ&FK * D * EDNWHULt 7DWR ]JMLAW Qt E\ PRK
MDNpNROL SRYUFK\ NWHUp PDMt EéW SRXALW\ MDNR D
WLWDQRYE&FK ELRPDWHULiIO$ 3UiFH E\OD RS W SXEOLNRY
WpWR SUiIFH Y NDSEQ@WROEDFWB QWD DFYLYRWXEH$J 130X
GLIIHUHQW QDQRSDUWLFOH VWDELOL]JHUV 56& $GYDQFHYV

7THPSOiIWRYi PHWRGD S tSUDY\ AQDQRW\pLQHN?* ] R[LG$

DN ML& E\OR ]PtQ QR HOHNWURFKHPLFNi DQRGL]DFH VH
YKRGQi L SUR S HFKRGQp NRY\ MDNR MVRX KDIQLXP ]LU}
VOLWLQ\ .URP QDQRBMOXEHLPRKOHBX2 VWXGLD ELRUR]KU
QDQRW\PLQN\ ] R[LGX WDQWDOX KDIQLD D JLUNRQLD 3 HC
E\O\ MDNR SUYQt Y\UREHQp D FKDUDNWHUL]JRYDQp Y Ui
QDQRVWUXNWXU QD EXQ pQp VI\VWpP\ 1t4H EXGH WHG\ SR
= G3YRG$ SRGREQRVWL D RSWLPDOL]DFH VSHFLILFNéFK
QDQRWUXELPHN QHEXGRX ML& W\WR NDSLWRO\ SRSViQ\ Y

7HPSOIWRYp PHWRG\ QHVRXYLVt SRX]JH V S tSUDYRX QD
YH YEURE GDO&tFK QDQRVWUXNWXU MDNR MVRX QDQRWF
-DNR ADEORQD VH QHMYtFH SRX&tYi SRUp]Qt DQRGLFN]
R]JQDpRYDQi MDNR DQRGLFNé& R[LG KOLQLWé& $$2 NWHUI
NRQWURORYDQRX D WHG\ L UHSURGXNRYDWH JRRWR{W
QDQRSRUp]Qt WHPSOiIW O]H VQDGQR S LSUDYLW GYRXNU
GHILQRYDQ&FK SRGPtQHN DQRGL]DFH .URP WRKR S L D
MHGQRP SURFHVX MDN DOXPLQRYRX ADEORQX WDN ]R[L
VWHMQpPP HOHNWURO\WX W]Y 3%$$ DVB$WRWDQBERQGRED\W F
REGREQ MDNR SRUp]Qt QHER W X ED\CE D I tMHWRIDN WEX WAOQ IY §
HOHNWURO\WX 1DS Wt D HOHNWURO\W NWHUp MVRX SRX
YHOLNRVW SyU$ 2GVWUDQ Qt 3$$ SR YEURE QDQRVWUXI
SRPRFt N\WHO&FK QHER D8 NRYINGEF K SHRIWVRRBNLE N\ XV SR
DOXPLQ\ WHG\ SRVN\WXMt aDEORQ\ SUR U$VW QDQRVWU
Y]GiOHQRVW PH]L GY PD VRXVHGQtPL VWUXNWXUDPL O]l



ADEORQ\ FR& MH UHDOL]RYiQR TPC@HRXOSIRW RKRH R $HA B REBIW |
3$$ SRX4LWD MDNR SRUpP]Qt ILOWUDpPQt PHPEUIQD

(OHNWURFKHPLFNi YEURED 3%$%$ aDEORQ\

2EHFQ H[LVWXMt GY UR]&t HQp PHWRG\ WYRUE\ Y\VRFH X\
DQRGL]DFH D LL S HG WH[WXURYiQt SRYUFKX V QiVOHGOQ
XVSR iGDQpPX XVNXS®OHGWYRWXWRYiQt SRYUFKX KOLQtI
SRPRFt KURWX PLNURVNRSX VH VNHQRYDFt VRQGRX pL PL
OLWRJUDILFN&PL WHFKQLNDPL QLFPpQ VH MHGQi R pDVF
VH SUR S HG WH[WXURYiQt KOLQtNX pDVW ML SRX&tYi OL
V GHILQRYDQRX WRSRJUDILt D WD VH RWLVNQH GR KOLQtN
Y\UREHQD ] NDUELGX N HPtNX QLWULGX N HPtNX QHER QL

pred -texturovani anodizace \ ‘
_
2EU 9URED LGHIiOQ XVSR iGDQpKR DQRGLFNpKR SRUp]JQtKR R[LGX
SRGOH > @

Al substrat

pI;iVIll odstranéni druha
anodizace 0x1du anodlzace
vylesteny Al

Al s konkavnim vzorem

2EU '"YRXNURNRYi DQRGL]DFH KOLQtNX JD Y]JQLNX SRUp]JQt DOXPLQ\

3 LSURFHVX YEURE\ VDPRRUJDQL]RYDQp 3%$%$ aDEORQ\
HOHNWURO\WX NWHUé UR]J]SRXaWt R[LG KOLQLWEé VH Y\WY
QD NRYRYpP SRYUFKX 2EU 9\VRFH XVSR iGDQp SyU\ N~
WpP FHORX WORXA"NRX YUVWY\ R[LGX 1D UR]KUDQt V N
YUVWYD NWHUiI Pi REY\NOH WORX&"NX Q NROLN GHVtWHN
V Y\WWRNRX pLVWRWRX D XQLIRUPQt VWUXNWXURX O]JH NR
GRVIKQRXW KRPRJHQQt GLVWULEXFH SyU$ Y KH[DJRQiIOC
XQLIRUPQt ]iOH&t QD R[LGDpPQtFK SRGPtQNiFK D O]H MHM
VHW QDQRPHWUS$ &HONRYi WORX&"ND YUVWY\ R[LGX MH X



UR]JPH]t GHVHWLQ SR GH¥VFKNPPWNBR® HQVNUSHY VWUXNW XL
2EU OHFKDQLVPXV SURFHVX DQRGLFNp R[LGDFH KOLQtN
VWiOH S HGP WHP Y&]NXPX 3 HGSRNOiGi VH &H SRUp]
NRQNXUHQpPQtFK URDWDFURMWRWEQSWRKRWR R[LGX 2[LG
VWUXNWXURX VH JtVNi ]D SRXaLWt URJWRN$ GYRMV\WQEéF
VQDGQR UR]JSRXaW Q QDS N\WHOLQD IRVIRUHpPQi &a"D)
3RUp]Qt DQRGLFNRX YUVWYX O]H WDNp ]JtVNDW ] URJWRN
YtFHVI\WQé&FK N\WHOLQ MDNR MH N\WWHOLQD YLQQi FLWUR
7ORX&A"ND EDULpPURYpP YUVWY\ SUS$P U SyU$ Y]GIiOHQRVW
]QDpQ OL&t Y JiYLVORVWL QD W\SX HOHNWURO\WS$ QD
JHRPHWULFNp SDUDPHWU\ SyU$ tJHQ\ ]JP QRX QDS Wt E
EDULpPURYpP YUVWY\ D SU$P U SyU$ MVRX YtFHPpQ ~P UQ
SU$P U O]H JtVNDW ] UR]JWRN$ N\VHOLQ\ IRVIRUHpPpQpP QH
QDS @t

B

A primér  vzdalenost HyPO, e
3 . 7 100V 200V
buiika : , poru  mezi péry
i - s
> H2C204 (e
H - 30V 8oV
T H;S04 @
1525V
Al O, porézni oxidova
Vl.stva (] 50 100V 150 200 250 300
C Primér poru (nm)
Y * - l ,,,,,,, H3;PO4 (————
4 100V 200V
bariérova
. H2C204 (S
vrstva v v
H,SO, @

1525V

0 100 200 300 400 500!

Mezipérova vzdalenost (nm)

2EU $ 6FKHPDWLFNp JQiJRUQ Qt VWUXNWXU\ 3%$%$ S LSUDYHQpP HOHN)
HOHNWURO\WX N6HGLERDHOERZR D+ IRVIRUHDPQRD SUSP U Syus$ D PHILS
Y]GIiOHQRVW S L XUpLWpP QDS Wt 3 HY]DWR D XSUDYHQR SRGOH >

3 tSUDYD AQDQRW\PpLQHN3 3$$ DVLVWRYDQRX DQRGL]C

-DN ML& E\OR ]PtQ QR &4DEORQX ] 3$$ D Y\WYi HQt QDQRW
] RILG$ NRY$ O]H UHDOL]JRYDW VRXpDVQ YtFH NURNRYR
SDUDPHWUHP SUR GRVDAHQt AQDQRW\pLQHN?® MH SRX&LW[
EDULpURYp YUVWY\ DOXPLQRYp 4DEORQ\ 2EHFQ O]H tFL
SyU$ 4DEORQ\ D QiVOHGQ GDO&4tP ]Y&3aHQtP QDS Wt pL U



YEVOHGQRX YHOLNRVW A WHpPHN pL W\pLQHN2® 7HSORWD ¢
1L44t WHSORWD WRWLA [DMLA"XMH Y W&t VWDELOLWX Y&V
Y\WWYi HQt QDQRVWUXNWXU SRPRFt 3$$ aDEORQ\ W]Y ERW
HOHNWURO\WHP WHSORWRX QDS WtP D pDVHP DQRGLFN
QDQRVWUXNWXU QHY\4DGXMtFt &iGQp QiNODGQp SURFHV\
V SRXALWtP U$]Q&8FK OLWRJUDILFNEFK PHWRG HOHNWURQ

$QRGLFNRX R[LGDFL S tSUDY\ Y\VRFH XVSR iGDQp VW
SRPRFt 3$$ ADEORQ\ O]H REHFQ ]|QDRBWLM QPDE3[eBOBAEX
SUREtKDOD Y HOHNWURO\WX WYR HQpP N\WHOLQRX &"DY]|
SYURYLWi 4DEORQD E\OD Y\WYi HQD S L QDS Wt 9 3RWp
N SUSUD]X EDULpPURYp YUVWY\ QD GQ DOXPLQ\ 3R QiU$V
RGOHSWIiQD YH VP VL R[LGX FKURPRYpKR N\VBODRKRW RV IRH
VH YH VYp GLSORPRYp SUIiFL WDNp |DEEYDOD §¥WXG HQPW I
FKRYiQt EXQ N QD QDQRVWRWWAVKK RYDQE&FK 7L2

Porézni oxid hlinity TiO, nanotyCinky

500 nm
e

TiO, nanotyCinky

Sio2

b\

2EU 3 tSUDYD QDQRWRGIOAHNR X R[2GDFt ]D SRPRFt 3$$ 4DEORQ\ Q
3 HY]JDWR D XSUDYHQR ] > @

Kfemikovy substrat

(c)

9 GHFNi pLQQRVW Y 3%$%$ DVLVWRYDQp DQRGL]DFL

(OHNWURFKHPLFNi DQRGL]DFH SURFHVX WYRUE\ AQDQRW\
VH QHRPH]XMH SRX]JH QD WLWDQ DOH P$aH EéW YRRGQeé L
JLUNRQEQRRELXP> @ WDbEWDER M@ MYPKHWEGHQWRIPEH DGD
NRY$ MH ELRNRPSDWLELOQtP PDWHULIOHP Y\XatYDQéP Y
Y\WYi HQtP MHMLFK R[LG$ O]H PLPLNRYDW NRPSOH[Qt E
YODVWQRVWL SUR VSHFLILFNp DSOLNDFH Y]JKOHGHP N QFH
PDWHULIO$P 9 SRVOHGQt GRE VH ELRORJLFN\ VRXYLVHI
]JDP LO\ QD ELRVHSDUDFL SUR GRUXpPRYiQt OppLY D YéYR
PDWHULIO$ = SRVOHGQ ]PtQ QpKR Y\FKiJHO\ GDOA&t Y GHF
DVLVWRYDQRX DQRGLFNRX R[LGDFL RUJDQL]JRYDQpKR SR
JLUNRQLD MH& E\O\ QiVOHGQ RWHVWRYDQp ] KOHGLVND
YODVWQRVWHP 1id ]JiMHP S HGHYA&4tP Y\FKi]JHO ] IDNWX Y
SRYUFKX QD EXQ pQp V\VWpP\ YH VURYQiQt V AQHVWUXNW

~

io



9URED D ELRUR]KUDQt QDQRW\pLQHN ] RI[ILGX WDQWDOX

$pNROLY MH WISRNQ HGTUFK OHWHFK QHMYtFH SURVWXGRY
VH GR SRS HGt GRVWiYDMt L Y]iFQ Mat NRY\ YPHWQ WDQ\
DOWHUQDWLYQt PDWHULIO SUR LPSODQWiW\ QHER MDN
DQWLNRUR]QtP YODVWQRVWHP D GREUp ELRNRPSDWLELO
RUJDQL]RYDQBEKRQ RMD\PKQHN: ] R[LGX SRBRMDEBROHNWURF}
DQRGL]DFH $0 7D YUVWY\ QD N HPtNRYpP VXEVWUiWX 2EU
SUYQ DQRGL]JRYIQD S L SRNRMRYp WHSORW Y N\WHOLQ V
VDPRRUJDQL]JRYDQRX SRUpP]Qt VWUXNWXUX GRVDKXMtFt

QiVOHGQ GRFKi]JHOR L N R[LGDFL WDQWDORYp YUVWY\

Y]QLNDMtFt R[LG WDQWDOX S HNRQDO EDULpUX SRUpP]Q
9 JiYLVORVWL QD VOR&HQt HOHNWURO\WX D KRGQRW DC
UHJXORYiQD YHOLNRVW QDQRW\pLQHN 3RUp]Qt DOXPLQD
FKUYPRYp D N\WHOLQ\ IRVIRUHpQp 7tPWR ]S$VREHP E\O!
WDQWDOX R SU$P UX D QP &tOHP E\OR QiVOHGQ \
WA\PLQHN Pi YOLY QD FKRYiQt EXQ N 1D&H Y&EVOHGN\ PRI
ELRUR]JKUDQt PH]L &LYRpLAQEPL EX NDPL D QDQRVWUXNW:
XSODWQ Qt Y WNi RYpP LQAHQEUVWYt 7DWR SUiFH E\OD
VRXpPiVWt WpWR KDELOLWDpQt 7XWJIEEIJYWNKDS UMRORQVHY RQ
FHOOV WR WKH SRURXV DOXPLQD DVVLVRWLURD PO[RG RLREH
ODWHULDOV 5HVHDUFK 3DUW % $SSOLHG %LRPDWHULDO\

9URED D ELRUR]JKUDQt QDQRW\pLQHN ] R[LGX KDIQLD

'DO4&t ]H |DMtPDY&FK PDWHULIO$ NWHUE E\@DVRLOPRYHRQ M
S HFKRGQ& NRY SRGREQ MDNR WLWDQ QHER JLUNRQ +DI
MH WHUPRVWDELOQt WYUGé& D Y\WVRFH ELRNRPSDWLELO
SXEOLNRYiQ\ SUDFXMt SRX]H V pLVWEéP KDIQLHP D WR LQ
QHER VH VWXGXMt MHKR DQWLNRUR]Qt YODVWQRVWL Y E
VWXGLHP KDIQLD MDNR VRXpiVWt VOLWLQ WLWDQX WDQ
VIQWHWL]RYiQ U$]QéPL PHWRGDPL YH IRUP QDQRSRUp]Q:
MDNR SUYQt SUDFXMHPH V QDQRW\pLQNDPL ] R[LGX KDIQI
QP 2EU % 1DQRW\PLQN\ E\O\ S LSUDYHQ\ PHWRC
SRPRFt SRUp]Qt DOXPLQ\ REGREQ MDNR Y S tSDG QDQRV\
VWUXNWXURYDQpKR D QHVWUXNWXURYDQpKR SRYUFKX R]J
OLQLH D *UDP QHJDW(L YRRPLO BEDWWX®RWRLD SRSUYp 6RX
SURKOXEXMt ]QDORVWL ELRORJLFNé&FK SURFHV$ QD E|
Y\FKi]JHMtFtFK ] UROH SRYUFKRYp FKHPLH D PRUIRORJLH
Y LPSDNWRYDQpP pDVRSLVH D MH XYHBGR®DF Y RNWDFSL W IR
ELRPHGLFDO SURSHUWLHYV RI KDIQLXP R[LGH QDQRXLOPV



96URED D ELRUR]JKUDQt QDQRW\PpLQHN ] R[LGX JLUNRQLD

%LRNHUDPLND @B BiQIH¥UPNWLYQ ]DYiGt GR NRPHUpPQtKR
VWDELOLW DQWLNRUR]QtP YODVWQRVWHP D ELRNRPSI
JLUNRQLD Y QDQRP tWNX P$&H GiOH Y\OHS&ALW MHMLFK
RUJDQL]RYDQé&FK QBQRVWUXGIQWEW ¥U2 DQRGL]DFH YUVWY
DQRGLFNp DOXPLQ\ YHGOD N YEURE W t W\S$ QDQRVWUX
D OL&tFtFK VH WYDUHP YHOLNRVWt URJHVWXS\ D KXVWRW

QP QDQRVORXSN\ a QP D QDQRSD H]\ a QP 7\
E\O\ VURYQiYiQ\ N AQHVWUXNWXURY DQHH XV P D\QIRG LLRN\B R
V WNi RYEPL EX NDPL D WHG\ MDNR SR8 H FFL MY tPRPRIRDN
Y SURFHVX ]DVOiQt GR pDV RS MK R MpiK R tS RDRR] POIQ X V N
YyOIQHNDQRVWUXFWXRHABUDPLF FRDWLQJV GHULYHG IURP
$0 =U PHWDO OD\HUV

500 nm ; ’ 500 NM ==

B nanotyc¢inky oxidu hafnia nanoty¢inky oxidu hafnia s bunkami

o nanoty¢inky z oxidu zirkonia rizné geometrie

2EU 6(0 PLNURVNRSLH QDQRVWUXNWXU ] R[LGX WDQWDOX $ KDI
YOiIQHN



OLNURVWUXNWXURYDQp SRYUFK\ ] SRO\PHUS$

3RO\PHUQt PLNUR D QDQRVORXSN\ D WR S HGHY&tP V Y\\
N SUSP UX VORXSNX V GHILQRYDQRX JHRPHWULt QDE\O\
VPipLYRVWL SRYUFK$ GRUXPRYiQt OppLY Y\WYi HQt ELR
OLVW\ DM MDNR VXEVWUiIW\ SUR P HQt EXQ@DEr]MMI\
YEKRG\ MDNR MH YHONi SRYUFKRYi SORFKD GREUi OLQHD
SRYUFKRYp WRSRJUDILH DGD SRO\PHU$ MH WDNp WUDQV
D QHER ELRORJLFN\ RGERXUDWHOQ&FK FR& RS W QHVH
SRO\PHU\ MVRX OHYQp FR& MH YHOPL &iGRXFt SUR Qt]NRC

BORXSN\ V $5 KRGQRWRX Y\4dat QH& E\O\ Y\UREHOQ)\
NRYRY&FK D XKO®NRYRRKYADN ]$VWiYi YEURED SRO\PHUQtF
KRGQRWRX D Y\WRNRX KXVWRWRX MHMLFK GLVWULEXFH
Y\WRNE&P $5 D& E\O\ Y\ UREHQ\ SRPRFt OLWRJUDILENE&FK
GHVtWHN D& VWRYBRNXIGNVRQBR]P U\ VWUXNWXU VQtat QD
VH KXVWRWD XVSR iGDQt Y\VRNp D KXVW XVSR iGDQp SR
NH NRODSVX S HGHY&tP X AP NptFK3 SRO\PHU$ MDNR MH
3'06 MH QHMpDVW ML SRX&tYDQ&P PDWHULIOHP YH YEURE
R NWHUp EXGHPH QtaH GiOH POXYLW 3'06 SRO\PHUQt VC
NRODERYDW ] G$YRGX SRP UQ Qt]NpKR <RXQJRYD PRGXO
VtOH PH]L VRXVHGQtPL VORXSN\ D Y]QLNDMt SUREOpP\ S
RGOXSRYiQt SRO\PHUQtFK VWUXNWXU RG aDEORQ\

., NG\& H[LVWXMt UHODWLYQ MHGQRGXFKp ]S$VRE\
P tWNX N YEURE VORXSNRYE&FK SROt V Y\WRNRX KRGQRW
Y QDQRP tWNX VH SRXA&tYDMt SRNURpPLOp YEUREQt WHFKQ
VSRMHQD V SRXALWtP OLWRJUDILFNEFK WHFKQLN 9 QiVOH
S tNODG$ YBURE\ RKHEQ&FK VORXSNRY&FK SROt ] 3'
Y PHFKDQRWUDQVGXNFL WM MDNR IOH[LELOQt VXEVWUiV
NGH YHUWLNiIiOQt VORXSN\ IXQJXMt SRGREQ MDNR KRUL]JI
SRP UQ GRVW AP NNéP3 SRO\PHUHP QDS SRP U Vt"RYDG

f& SR GREX FFD KRGLQ GiYi <RX @] ¥ PREX U OFRRCH V/

$5 D KXVWRWRX MH SRP UQ NRPSOLNRYDQi Y UiPFL pDV!
WHFKQLN® MHOLNR& MH REWt&QB81KRPRG ORX\W R RW HFE® Qa.IN
XPR& XMt YBUREX 3'06 PLNURVORXSNS$ U$]Qp WXKRVWL D
89 VY WOHP pL VWXSQ P SRO\PHUDEFH

-
-



9éURED 3'06 VORXSNS$

A5HSOLFD PROGLQJ® MH pDVWR EUIiQD MDNR ]JODWé& VWDQ
WHFKQLFH VH GR 4DEORQ\ V SRADGRYDQRX JHRPHWUL't
Y\WYU]JHQt SRO\PHUX VH Y&BVOHGQp SROH VORXSN$ RGOF
SULQFLS\ SURWRNRO$ SUR AUHSOLFD PROGLQJ® Y SXEOL
WHFKQLN\ SUR YEURER 4DEORQ VORXSNS$

D 6WDQGDUGQt SRVWXS Y\WYi HQt 4DEORQ\ E\O SRX&LW
UR]JP U\ Y UR]PH]t RG GR PY SU$P UX D P D& P C
VORXSN\ D& P WM V QtJNRX KRGQRWRX>$5 B tSNOROGWHRU
P$aH EEW YEBURED ADEORQ\ ] QHIJDWLYQtKR 68 IRWRUH]L\
GR Q KR4 VH SRPRFt IRWROLWRJUDILH Y\WYR t GtU\ GOH
SURFHVHP Y\YtMHQt +ORXEND OLWRJUDILFNpKR SURFHVX
R]i HQt D WORX&"NRX IRWRUH]LVWX 1iVOHGQ MH 3'06 QDO
]D Y]QLNX 4DEORQ\ 7DWR 4ADEORQD MH RAHW HQD SRYUF
YDNXX DE\ VH XVQDGQLOD VQDGQi VHSDUDFH 3'06 VORXS
QD 4DEORQX RGSO\Q Q YH YDNXX Y\WYU]HQ D RGORXSQ:
AUHSOLFD PROGLQJ® SURFHVX

PDMS
vytvrzovani

UV maska

T—0-0-0-01
|:} hAtAarocict
~NOLOresIst

@ 1rrrrtirnn (iv) \

kiemikovy (V)

substrat
PDMS

| | | | | vyvijeni (vi)
l I ‘ | ‘ vytvrzovani

(vi1)
W AL meone

PDMS liti

PDMS liti
(i)

(iii)

2EU 96URED PLNURVORXSN$ SRPRFt AUHSOLFD PROGLQJ3® WHFKQLN
IRWRUH]LVWQtP PDWHULIOX QDS 68 SURVW HGQLFWYtP IRWROLWR
LY Y\WYU]JRYiQt 3'06 Y GUXKé RGOLWHN 3'06 YL Y\WYU]JHQt 3'06 D
XSUDYHQR SRGOH > @



E A5HSOLFD PROGLQJ® SURFHV E\O WDNp SRXALW N JtVNi
KXVWRW QDS R UR]JP UHFK RG P GR PY SU$P UX

VORXSNS$ RG P GRB WFEKWR VWXGLtFK E\OD Y\WYR HQD C
NRQWDNWQt IRWROLWRJUDILH GOH GHVLJQX IRWRPDVN\
N HPtNRYéFK GHVWLPpNiIiFK SURFHVHP KOXERNpKR LRQWR)
VLODQL]DFL aDEORQ\ E\O 3'06 Y\OLW Y\WYU]JHQ D RGORXSE

design fotomaska

mikropilar@ ' el
E / UV litografie a DRIEV
vyvijeni

leptani

Si substrat
s fotorezistem

.
— L~

silanizovany Si substrat PDMS liti a odloupnuti PDMS

s vyleptanymi sloupky vytvrzeni mikrosloupkt od
substratu
2EU 9URED 3'06 VORXSN$ SRPRFt AUHSOLFD PROGLQJ® PHWRG\ D
> @

F 'DO&4tP S tNODGHP YEURE\ VORXSNS$ D WR L Y> PD@WRR tV
WHFKQLND Y\X&tYi DG$ S tVWXS$ YEURE\ VORXSN$ 1D 2EL
LQGXNRYDQi WHSOHP D 89 ]i HQtP S LpHP& MH QXWQR E!
WHUPRSODVWLFNp pL 89 Y\WYU]JRYDFt SRO\PHU\ UHVS -D
] SRO\NDUERG@REOGRYDQiI VLOLNRQRYi &4DEORQD E\OD
IRWROLWRJUDILFNéP SURFHVHP D '5,( OHSWiQtP MDN MLA
E\OD FKHPLFN\ R&HW HQD VLODQHP SUR ILQiOQt RGOHSH
SRPRFt QDQRLPSULQWHUX SR QDQHVHQt VXEVWUiIWX QD
XUpLWp WORX&A"FH Y iGHFK VWRYHN PLNURPHWUS$ . RWL

PLOQXW 3RWp GRZOR N Y\FKODGQXWt YUVWHY QD  f& D
ADEORQ\



1D JiY U MH WDNp QXWQp JPtQLW &H DpNROLY V UR]JYRMtE
PLNUR D QDQRVORXSNS$ | SRO\PHUQtFK PDWHULIOS$ W\\
VSHFLILFNp DSOLNDFH 1DS tNODG MH O]H PRGLIENREW
QDQRGUIWNS$ g INRELFKWMX FKWR VORXSN$ OJ]H GHNROGRYDW

UV-indukovana
imprinting
litografie

Sablona Sablona
| termoplasticky polymer | | UV-vytvrzovaci polymer |

zahfivani otisknuti

[ el
tarmesf--- = -

vystaveni UV svétlem

otisknuti I!! :!: !!: !!i :!! !!: :!: i!i i!! i!: !!I

ochlazeni odloupnuti

mw

odloupnuti

EE——

2EU 9URED SRO\PHUQtFK PLNUR D QDQRVORXSN$ PHWRGRX 89 D
XSUDYHQR ] > @

Teplem indukovana
imprinting litografie

9 GHFNi pLQQRVW Y REODVWL YEURE\ SRO\PHUQtFK PLI

9 WpWR pivVWL SUiIFH VH ]DP tP QD YEUREX RKHEQéFK P
SRYUFKRYRX GHNRUDFt WHQNRX YUVWW.RNRXRK[EN\XENOHN )
SUR ELRI\]JLNiOQt DSOLNDFL Y REODVWL PHFKDQRWUDQVG

6tOD JHQHURYDQi EX NRX W]Y WUDNpPpQt VtOD YOLY
ELRFKHPLFNéFK SRGQ W$ MH ]QiPé MHY WDN MDNR VW
SRO\PHUQtFK PLNUR QDQRVORXSN$ QHMpPDVW ML Y\UREH
VtO\' Y SRGVWDW KUDMt ]iVDGQt ~ORKX Y EXQ pQpP Y&YRN
NPHQRYE&FK EXQ N ]D SDWRORJLFNEFK VWDY$ YPHWWQ D\
S HVQ WUDNpPQt VIOX EXQ N Y UHIiOQpP pDVH MH GRFHOD

in



VORXSNS$ VH ]Gi EEW XUpLWEP S LEOtaHQtP D H&HQtP O
DGDSWDFt KRULJRQWIiIOQtFK NDQWLOHYUS$ QHEROL MD]épN
DE\ Y SRGVWDW WYR LO\ VXE%WWNWPRKRX GGHKHURX®W D
SRYUFKX VORXSN$ S$VREHQtP WDaQéFK ODWHUIUQtFK VL
F\WRVNHOHWX S HV IRNIiOQt NRQWDNW\ D SRYUFKX VXEVW
VORXSNX NWHUé VH FKRYi Y SRGVWDW MDNR SUXAaLQD
VORXSN$ WM GHILQRYIiIQtP SRP UX GpON\ D SUS$P UX VOI
VSRptWDW MHMLFK NRQVWDQWX SUX4QRVWL D®YEVOHGQR:

u_ N
(LG H (;UT—VLe—7GH jUa

NGHMH WNB®D NRQVWDQWOMSURAIQER VRKLEX MH RRINNS$SY PRC
SRO\PHM¥X GpONDUWMIRNSNMM.AK SRORP U 7UDNpPQt VtO\ EXC
EEW YHOPL VODEp Y IiGHFK S1 D& —1 O9\KRGQRFHQt
PLNURVNRSLENEGFK REUD]$ S LpHP& X VORXSNS$ V U$]QéP |
SRO\PHUX VH EHUH Y SRWD] OLQHiUQt SODWQRVW +RRNF
VH XUpLWeé&P ]S$SVREHP |[DQHGEIiIYi QDS PRA&Qp VP\NRYp QD
D RK\EX VORXSN$ QD ]JiNODGQt VXEVWUiW PHPEUIQX QD
3RNXG YH]PHPH Y ~YDKX QHMpPDVW ML Y\UiE Qp VORXSN\
PHPEUiIQ\] 30'6 MDNR MHGQRKR FHONX D YHOPL Qt]Né& $5 S
EUIW Y ~YDKX D SURYpVW PR&QRX NRUHNFL 3URWR MH QI
$5 NGH VP\NRYp QDS Wt D YOLY GHIRUPDFH PHPEUiIQ\ QD

(,O.O.,OV NSNS U,\ '\ Oh b 6
000 oooooo(\o, Qf)o( y total C 60hyb SSInyk SSklon
000000000k T ~
‘ ’e »

(XX okals >l -
000000 g OOOOOOC F
C000C 0000
:COCCCCCF YOOOC
Sessagre 000 ! + +
LOOLTTr T o0000!
OCOL T £.6000000 y ®
koXolafatafoXoYoXoYoYoXo o))
boocrroco OOOAAARN 3 e
0000010 . 3 3
306000000c 10 UM {Ev T
ohyb napéti
sloupku sloupku d
. — _ (O ‘
deformace sloupku vlivem Y W
pusobeni laterarni sily 6tyéky
piispévek
samotny sloupek membrany

2EU OLNURVORXSN\ D EX ND V IOXRUHVFHQPQ ]J]QDpHQRX EXQ PpQRX
VtO\ NROPp N RVH VORXSN$ % 6FKpPD RK\EX VP\NRYpKR QDS Wt D
NROPp N RVH PLNURVORXSNS$ & 3 HY]DWR D XSUDYHQR SRGOH > @



=H VLPXODpPpQtFK YEVOHGNS$ SURYIG QéFK QD 3'06 PLNURYV

E\OR ]ML&W QR &aH X Y\WRNéFK KRGQRW /' MH GRPLQD
KRGQRW GRPLQXMH VP\NRYp QDS Wt VORXSN$ 2NROR KRG
GHIRUPDFH SRGNODGRYp PHPEUIQ\ 7HQWR S tVS YHN Pt}
VORXSN$ QHIDQHGEDWHOQ [JNUHVOXMt YEVOHGQRX P HQ
VWXGLtFK |DQHGEIiIYi 7R ]QDPHQi aH +RRNS3$Y ]JiNRQ E\ P O
KRGQRW\ SUR 3'06 PDWHULIO /' SRP U D 3RLVVRQRYX NR
> @

)  NRUGyeH ¢ U

3RS tSDG MH O]J]H RGKDGQRXW ] JUDIX 2EU GHPRQVWU|

-» O

PP PPPPPPPPOPOP

smykové kb

v 0.6 napéti

prispévek
membrany

POPOPPPOPO D

PP PP PPPPPOPOP

PP T PP PPOPPPPOPP

o
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o
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DODOAP OOOOOD
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01 0.2 05 1 2 5 10
|
3 “‘ pomér L/D
2EU 6QtPHN RK\EX PLNURVORXSNS$ EX NRX ]JDFK\FHQéP HOHNWURQR

IDNWRU XSODW RYDQé SUR RK\E PLNURVORXSNS$ ] 3'06 YOHYR 3 HY]I

3L P HQt EXQ pQp VtO\ QD IOH[LELOQtFK VORXSFt
PLNURNRQWDNWQ¥ WWRNPENWORGF XPRAQXMH AWLVNQRXW? (
SRGSRUXMtFt EXQ pPQRX DGKH]L D GDO&tP FKHPLFNEéEP PRC
DGKH]H EXQ N ASRX]H® QD SRYUFKX VORXSN$ D WtP L St
= SUDNWLFNpKR KOHGLVND MH WR NURN Y\4&DGXMtFt OLWR
SRWp QHFKi UDJtWNR NUIWFH LQNXERYDW V EtONRYLQDPL
DNWLYRYDQé& SRYUFK SROH VORXSN$ = KOHGLVND PHWRG
QHUHSURGXNRYDWHOQé MHOLNR& WLVN Y\&8DGXMH DSOL
VWUXNWXU UDJtWND L VORXSNS$ 'iOH QH Y&G\ YAHFKQ\ Et

MHQ QD EtONRYLQ\ NWHUp O]J]H VRUERYDW QD K\GURIREC
K\GURTIL®Qt



= GDO4tKR SRKOHGX DSOLNDFH W FKWR 3'06 VORXSNS$
E\ E\OR YKRGQp Y\UIiE W VORXSN\ V Y\ VRNRX KRGQRWRX ¢
] SRKOHGX 3'06 SRO\PHUX MH SUREOHPDWLFNp L S HVWR
]li HQt pL SRO\PHDYIBFtY\WYR LW JUDGLHQW WXKRVWL ] 3'C
VH P OD P LW VtOD EXQ N QD ]JiNODG U$]Qp WXKRVWL V.
KRGQRW\ E\ QHPXVHOD SRNUéYDW YHONé UR]JVDK WXKRYV
NRVWt 3URWR MH GREUp KOHGDW GDO&t ELRNRPSDWLELC
VXEVWUIW D Y\UIE W VH V Y\/WRNRX KRGQRWRX $5 D QHN
QHXSODW RYDOD GHIRUPDFH PHPEUIQ\

9H Y GHFNpP S tVS YNX Y WpWR REODVWL NWHUé& MH
MXQLRUVNpPKR Y&]NXPX XFKD]HpN\ S LFKi]JtP V DOWHUQD!
P HQt EXQ pQp VtO\ QD UR]GtO RG E 4Q Y\UIiE QéFK 3'06
QD AWRS GRZQ® YEUREX Y\WRFH XVSR iGDQpKR SROH PLN!
WHQNRX YUWODWYRKYBILIFXX VORXSN$ D VWRMtFtFK QD N HP
Y\WUREHQ\ V Y\WRNRX D QLA&4t $5 KRGQRWRX D D DINRQV
P' UHVS 3 tVS YNHP WpWR SUiFH MH MHGQDN PRA&QRYV
KRGQRWRX $5 D HOLPLQRYDW S tVS YHN GHIRUPDFH SRO\F
MHOLNRA& QD&H VORXSN\ VWRMt QD SHY QpPUMWWPRNRIYRE&Q
NRYDOHQWQ Yi]DW MDNpNROLY DGKH]LYQt EtONRYLQ\ D
PLNURNRQWDNWQt WLVN W FKWR EtONRYLQ 3DU\OHQ & M
<RXQJRYD PRGXOX FR& E\ PRKOR XPRAQRYDW Y\UiE W VO
D YH YEVOHGNX P$8H SRVN\WRYDW L WXA&at VXEVWUiIW SU
SUIFH NWHUi E\OD SXEOLNRYiQD Y LPSDNWRYDQpP pDVRS
SUIFH Y NDSLWROGL2GHPRUBWHG 3DU\OHQH & PLFURSLOC
FHOOXODU IRUFH $GYDQFHG ODWHULDOV ,QWHUIDFHYV

-
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SHUVSHNWLYD XFKD]HpH

SHGDJRJLFNi SHUVSHNWLYD

9 WRPWR VP UX E\FK UiGD SR GLVNX]JL V JDUDQWHP L (
N SHGP WX (OHNWURQLND D ELRVHQ]JRU\ %61 O0&P FtOF
WUHQG\ Y WpWR REODVWL YpHWQ WHFKQRORJLFNEFK St
FKLS VIVWpP$ MHMLFK ELRDSOLNDFH D WtP XG ODW S HGC
PQRKHP ]DMtPDY M&t 9 UiPFL DNUHGLWDFH QRYpKR RER
Y GRKOHGQp GRE MVHP VH WDNp VWDOD JDUDQWNRX DQ.

, ODGiOH SOiIQXML VH DNWLYQ SRGtOHW QD Y]G OiY
GLSORPRY&FK SUDFt 9 WRPWR URFH WDNp PiP ~VS 4Q GR
%tOHN D MHGHQ VWXGHQW NWHUé& PRPHQWiIOQ SUR P
QDVWRXSt Y DNDGHPLFNpP URFH QD GRNWRUVNp V!

9 GHFNi SHUVSHNWLYD
=GH E\FK QDVWtQLOD Q NROLN YL]t GR EXGRXFQD WéNDMt

9 UIPFL VYpPKR *$y5 SURMHNWX ODSRYiQt WUDNpPQt VtO\
]DMtPDYp WpPD S HGHY&4tP Y UiPFL YEUREQtKR SURFHVX D
QiPL QDYUKQXWEéFK VORXSN$ 8UpPLWEP FtOHP MH Y\URELW
KRGQRWRX 'iOH E\FK UiGD SRNUDpPRYDOD Y ELRDSOLNDF
SUDFXML ML& Q\Qt

9 UIPFL QRY S LMDWpKR 09y5 SURMHNWX QD )(.7 987 QL
SRGtOHW VH QD HaAHQt WRKRWR SURMHNWX MDNR pOHQ VW

'iOH EXGX SRNUDpRYDW Y FKDUDNWHUL]DFL ELRUR]KUD
NRY$ &KW OD E\FK VH ]DP LW QD QDQRVWUXNWXURYDQp
PDWHULIO\ Yé]QDPQéPL SUR S HGHYatP ELRPHGLFtQVNp
V NROHJRX 'U OR]DOHYHP QD P\AOHQFH GRSRYiQt JLUNRQ

SRVOHGQtP WpPDWHP PpKR ]JiMPX MVRX ELRVHQ]RU\ -La
.RAHORYRX UR]YtMtPH WpPD HQ]J\PRYpKR ELRVHQ]RUX V
DGVRUERYDQéFK QDQRpPpiVWLF QD SRYUFKX HOHNWURG\ QI

&HONRY EXGH DOH PéP KODYQtP ~NROHP VQDKD SUR ]t\
WX]J]HPVNéFK DOH L HYURSVNEéEFK

-
(@}



=iY U

3UIFH VKUQXMH WHRUHWLFNp D H[SHULPHQWiOQt SR]Q
QDQRVWUXNWXURYDQp SRYUFK\ ] R[LGX NRY$ R[LG WLWD
D MHMLFK ELRPHGLFtQVNRX DSOLNDFL 9 GUXKp piVWL VI
SRO\PHUQtFK PLNURVORXSNS$ D MHMLFK ELRI\][LNiOQt DSO
VtO\ JHQHURYDQp EX NDPL
3UYQt GY SXEOLNDFH MVRX QDERRWUXFEWHRNE GHNF

QDQRpPiVWLFHPL VHOHQX D VW tEUDQD QNFGWA EEQRNS RN DR
Pt H DQWLEDNWHULIiOQt YODVWQRVWL Y VI\QHUJLFNpP S¢
DQWLEDNWHULIiOQt DNWLYLWD Q NROLNDQIVREQ ]Y&aHQD
QiGRURY&FK EXQ N $pNROLY VHOHQRYp QDQRpPiVWLFH E!
QHWRI[LFNp Y$pL QHQIGRURY&P EX NiP Y &LURNpP UR]
V QDQRWUXELpNDPL E\OD ]SR]JRURYiQD VQtaHQi DGKH]H D
SORFKX SROH QDQRWUXELpPHN = KOHGLVND Y\YtMHQt SRI
LQAHQEUVWYt MH WRWR LQIRUPDFH QXWQRVWL RSWLPDC
YPHWQ SRpWX QDQRpPiVWLF QD SORFKX N Y\EDODQFR
SURWLQIGRURYpKR ~pLQNX D JiURYH QHEE&W WR[LFNé Y$p
9 GUXKpP S tSDG E\O\ QDQRWUXELpN\ GHNRURYiQ\ QDQRD
PLQLGOHP 9 QD&HP S tSDG WR E\O SRO\YLQ\OS\UROLGHT
SRO\HW\OHQJO\NRO D N\WHOLQD OLSRRYi . WpWR SUIFL
]DP HQE&FK SXEOLNDFtFK V Y\X4aLWtP DQWLEDNWHULIOQ
PLQLGOR 3URWR MVHP VH VH VYéP VWXGHQWHP ]DP L
QDQRWUXELpHN GHNRURYDQé&FK U$]QéPL VW tEUQE&PL QDC
QHJDWLYQtP EDNWHULtP 8Ni]DOL MVPH &H VWDELOL]DpQ
DQWLEDNWHULIOQtFK YODVWQRVWHFK WDNWR GHNRURYE
QLFPPQ QXWQp GiOH ]JKRGQRWLW U$]Qp SRpW\ QDQRpiV\
JNRPELQRYDW WR V JHRPHWULt QDQRWUXELpHN D WDNp
EX NiP

3L YEURE AQDQRW\PLQHN® ] R[LGX NRY$ MVHP VH
QDQRVWUXNWXURYDQp SRYUFK\ ] RILGX WDQWDOX KDIC
] PHGLFtQVNpKR KOHGLVND ELRNRPSDWLELOQtPL D PéP
WRSRJUDILH QD FKRYiQt EXQ N SRS EDNWHULt = KO}
U$S]QRURGRVW Y W\SX ELRPDWHULIiOX QHPi SRGVWDWQ& Y
YQtPiQD EX NDPL ]JFHOD Y&]QDPQ 3URWR E\O\ Y\WYR HC
VWXGRYDO VH YOLY WRSRJUDILH QD FKRYiQt EXQ N = |
QDQRVWUXNWXURYiQt P$aH PtW SR]JLWLYQt YOLY QD EX N\
1LFPpQ E\O\ L VWUXNWXURYDQp SRYUFK\ NWHUp VH QHM
WRKR MH RS W QXWQp RSWLPDOL]JRYDW VWUXNWXURYiC
SRADGRYDQ&FK YODVWQRVWt
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Abstract

Selenium nanoparticle modified surfaces attract increasing attention in the field of tissue
engineering. Selenium exhibits strong anticancer, antibacterial and anti-inflammatory prop-
erties and it maintains relatively low off-target cytotoxicity. In our paper, we present the fabri-
cation, characterization and cytocompatibility of titanium oxide (TiO,) nanotube surface
decorated with various surface densities of chemically synthesized selenium nanoparticles.
To evaluate antibacterial and anti-cancer properties of such nanostructured surface, gram
negative bacteria E. coli, cancerous osteoblast like MG-63 cells and non-cancerous fibro-
blast NIH/3T3 were cultured on designed surfaces. Our results suggested that selenium
nanoparticles improved antibacterial properties of titanium dioxide nanotubes and confirmed
the anticancer activity towards MG-63 cells, with increasing surface density of nanoparti-
cles. Further, the selenium decorated TiO, nanotubes suggested deteriorating effect on the
cell adhesion and viability of non-cancerous NIH/3T3 cells. Thus, we demonstrated that
selenium nanoparticles decorated TiO, nanotubes synthesized using sodium selenite and
glutathione can be used to control bacterial infections and prevent the growth of cancerous
cells. However, the higher surface density of nanoparticles adsorbed on the surface was
found to be cytotoxic for non-cancerous NIH/3T3 cells and thus it might complicate the inte-
gration of biomaterial into the host tissue. Therefore, an optimal surface density of selenium
nanoparticles must be found to effectively kill bacteria and cancer cells, while remaining
favorable for normal cells.

Introduction

Thewidespreadiseand persistingnegativepropertiesof somemetallicbiomaterialgor tissue
engineeringor surgicalinstrumentsaimedresearche® modulatethe surfacecharacteristics
of biomaterialgnto theform with desiredfunctionalsurfacepropertiesTherapid progressn
nanotechnologenabledusto approachand mimic thetissueenvironmentvia surfacemodifi-
cationsincluding chemistry topographyor roughnesshat cansignificantlychangeheinter-
facebetweerindividual materialandtissuecellsor bacteriaandthus,resultsin different
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responses celladhesionyiability, metabolismantibacteriabr anti-inflammatoryactivity.
Forinstancejt waspreviouslyreportedin independent studieghatthe nanotopogra-
phy playsacrucialrolein the charactelandstrengthof the cellularinteractionto suchamodi-
fied surfacewith apositiveimpacton theresultingcellularresponseglL+5]. Moreover,
nanostructurecbiomaterialsvereconsideredo exhibitvariousqualities suchasantibacterial
activity[6, 7] or improvedbioactivity[8, 9] thatwerenot observedor their non-structured
forms.

Materialssuchastitanium (Ti) andits alloysarewidelyusedin manyreplacementgclud-
ing orthopaedicaldentaland cardiovasculaimplantsand medicaldeviceg10]. Thefavorable
mechanicaproperties exceptionatorrosionresistanc@&ndbiocompatibilityof titanium [11]
wereattributedto apassivehin film of titanium dioxide (TiO,) formedon Ti surfacd8]. This
thin layerwasalsoconsideredo impart bioactivityand chemicabondingbetweernmplant
andthebone[2]. Nanostructuringof titanium film into theform of nanotubegTNTs) has
attractedgreatattentionfor improving celladhesiongrowth anddifferentiation[9, 12,13].
Laterfindings provedthe strongrelationbetweerthe cellresponseandnanotubedimensions
[4,14,15]. For examplemesenchymadtemcellsshowedheimprovedrespons@n nanotubes
with smallerdiameterg~15nm) [4, 16], while osteoblastpreferrednanotubeswith bigger
diameterg~70nm) [12]. Theadhesiorwasfasterand strongercomparedo the control,
whichwasthoughtto avoidformation of fibroustissuecausedy aweakcell-surfacénterac-
tion [2].

Many approachesveresubsequentliintroducedto enhancehe performanceof TNT sur-
facesSomeaimedto increasehe antibacteriakctivity throughloadingthe nanotubeswith
variousantibiotics,suchasvancomycin17] andgentamicin[18] or their decoration/doping
with variousnanoparticlesincluding gold[19, 20], silver[8, 21] and zinc oxide[22]. Other
addressethe biocompatibilitythrough coatingwith bioactivecompoundssuchasPLGA
[23], chitosan[23], hydroxyapatitg§24] or growthfactors[25].

Recentlytreatmentof bio-surfacesvith seleniumattractedattention.Seleniunis an
important elementhat playscrucialrole in preventingcancerand protectingcellsfrom oxida-
tivedamagd?26,27]. It hasbeenreportedto exhibitnot only antibacteria[28+31],but also
anti-cancel[28, 32] andanti-inflammatory[29, 33] propertiesthat makeseleniuminteresting
for variousapplicationgncluding oncology{28, 32], regenerativenedicine[34] andtissue
engineerind29,30,35+37].SeleniunnanoparticleSeNPsjlecoratedNTs werestudiedand
reportedpreviouslyfor its antibacteriabndanti-inflammatorypropertieq29]. Resultsug-
gestedhat seleniumnanoparticleenhancedintibacteriapropertiesof TNTswhich caused
thedecreas@ colonyforming units of both gram-positiveandgram-negativdacteriaHow
suchasurfaceeffecteccancerousindnon-cancerousgellsremainedunansweredin another
reportedresearch28], thereleasef seleniumnanoparticlesrom TiO, nanotubesovered
with chitosanwasstudiedfor antibacteriabctivity. Authorsdeclaredhat suchafabricated
anddesignedsurfacepositivelyinfluencedthe viability of osteoblastand negativelyaffected
cancerougells while promotedthe antibacteriakctivity of TNTs. However this antibacterial
effectcouldbeattributedto chitosanwhichis, in thefact,antimicrobial[38] andbiocompati-
ble[39]. Authorsin this studyalsoadmitted,that no discernabldayerof Seor Senanopatrticles
wasobservedn their samples.

In our work, weintroducedthefabricationof TiO, nanotube®f 50nm in diametervia
anodicoxidationof titanium layerdepositedn siliconwafer.Nanotubesveredecoratedvith
chemicallysynthetizedseleniumnanoparticleof threedifferentsurfacedensitiesDesigned
films werecharacterizeavith contactanglemeasurementSEM,XPSand AFM techniques.
Dueto theabsencef reportsregardingthe interactionof sucha surfacewith tissuecells we
studiedmutual effectof seleniumnanoparticlesand TiO, hanotubesn antibacterial
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propertiesagainst. andviability of osteosarcom®MG-63 cellsandnon-canceroudNIH/
3T3fibroblasts.

Materials and methods
Preparation of nanotubesvia anodic oxidation

TiO, nanotubesverefabricatedrom 500nm thick titanium layersputter-depositedn silicon
waferviaelectrochemicahnodizationaccordingto protocolestablishegreviously{40]. The
fabricationprocesss schematicallglepictedin Fig 1. Briefly,electrochemicaknodizationwas
performedwith voltagerampfrom OV to 15V andthe stepof 1 volt per secondn the electro-
lyte solution of ethyleneglycol(C,HgOo, p.a.,PentaCZz), 1.2wt% ammoniumfluoride (NH 4F,
SigmaAldrich, DE) and 2 vol%of deionizedwater(Millipore Corp.,USA,18,2M0O). When
thevoltagereachedhe maximumsetvalue the voltagewasmaintaineduntil the current
reachedzerovalue. Samplesverethenrinsedwith deionizedwater,dried with streamof nitro-
genandsubsequentlgnnealedn vacuumfurnaceat 450EGor 3 hours,with the heatingramp
of SEQperminute.

Decorationwith seleniumnanoparticles. Theprotocolfor preparationof selenium
nanoparticlesolutionwasinspiredby previousstudycarriedby Liu etal.[29]. The 3 mL of 100
mmol L™ L-glutathione(Sigma-Aldrich)and 3 mL of 100mmol L ™* sodiumselenitgSigma-
Aldrich) wereblendedtogether.To control theamountof seleniumnanoparticlesiecorated
onto the surfacedifferentvolumesof ultrapurewaterwereaddedto individual mixtures+9
mL for low, 6 mL for mediumand3 mL for high seleniumnanoparticleconcentration Finally,
50 L of 1 mol L™* NaOH solutionwasaddedto initiate the reactionat room temperatureThe
formation of nanoparticlesvasopticallyobservedisagradualchangen the color from trans-
parentto red.100 L of nanoparticlesuspensionvasthenintroducedonto the nanostructured
surfaceandincubatedfor 20 minutes.After that, samplesvererinsedseveratimes,and

anodic nanotube ‘
—-

oxidation growth

suspension

Fig 1. Fabrication schemeof Se-NPdecoratedTiO , nanotubefilm. TiO, nanotubesverefabricatedviaanodicoxidationof 500nm thick titanium layerdepositecn
siliconwafer.Nanotubesveredecoratedvith different concentratims of seleniurmanopartcles.

https://dd.org/10.1371¢urnal.pon®214066.g0D
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subsequentlgoakedn ultrapurewaterto removenon-adsorbedgarticles Scanningelectron
microscopyandatomicforcemicroscopywasusedto checkthe quality of nanoparticledecora-
tion, andto analyze¢he amountanddiameterof seleniumnanoparticlesPrior to bio-charac-
terizations fabricatedsurfacesveresterilizedwith UV irradiation for 15minutes.

Characterizationof nanostructuredfilm

Thewettabilityof samplesvasmeasuredat room temperatureby determinationof watercon-
tactangleof 5 L waterdrop introducedon samplesurfaceafterUV irradiation (Phoenix300,
Surfacek ElectroOpticsCo.,Ltd,KOR).Contactanglewasevaluatedisingtangentline
method?2 (higheranglesjyandtrigoniometric functionsmethod(loweranglesjmplementedn
softwareSurfacewar8. The surfacenorphologyand nanoparticlesizewascharacterized
with scanningelectronmicroscopgSEM,Mira Il, TescanCZ) andtheroughnessvascalcu-
latedby atomicforcemicroscopyin dry non-contactmode(AFM, NanoWizzard3,JPK).
Chemicalcompositionof samplesvasdeterminedwith X-ray photoelectrorspectroscopy
(XPS AXIS SupraKratosAnalyticallLtd, UK). The XPSspectravereanalyzedy apeakfitting
softwarg(CasaXPS8ersion2.3.18PR1.Qrovidedby SPECEmbH (Berlin, Germany) Raw
datawereprocessety the subtractionof a Shirleybackgroundor secondarelectronsand
elementpeakfitting wasusedto estimateherelativeelementmolar fraction. Theintegralof
the peakwasdivided by arelativesensitivityfactor (R.S.F.)whichis characteristidor eachele-
ment.Finally,the concentrationprofile of seleniunmreleasedrom the surfacevasdetermined
with inductivelycoupledplasmamassspectrometr(ICP-MS).Decoratedsamplesvere
immersedinto 3 mL of ultrapurewaterfor 15days At selectedime points,1.5mL of solution
wascollected Samplesveresubsequentlgried with nitrogenstreamandimmersednto 3 mL
of freshultrapurewater.

Antibacterial test

Antibacterialpropertiesof seleniumNPsdecoratechanotubesvereevaluatedhroughthe bac-
terial viability assayvith gramnegative. . Non-decoratedhanotubesurfacevasusedasa
control. Thesamplesvererinsedwith waterandsterilizedwith UV for 15minutesbeforeeach
experimentBriefly,50 L of bacterialsuspensionvasspreadnto the surfaceandincubated4
hoursat37ECSubsequentlygdheredbacteriaverewashecdut with phosphatéuffersaline
(PBS)andcollectedbacterialuspensionvasdiluted 100timeswith PBSBacteriacultured
platesnverepreparediusingagaryeasextract NaClandtryptone.The200 L of diluted solution
wasinoculatedon preparedagarplatesandincubatedfor 24 hoursat 37ECand 80%humidity.
Agarplateswerethen photographedind colonyforming units werecalculated CFUmL™).

Cell culture

The canceroudlG-63 cellsandnon-canceroudNIH/3T3 cellsweremaintainedin complete
Dulbecco'dModified Eagle'snedium (DMEM) supplementedvith 10%fetalbovineserum
(FBS)2 mmol L™ L-glutamine,and5%penicillin/streptomycin (50U mL ™ and50 g mL™) at
37EQn ahumidified 5%CO, incubator.Cellswereharvestedy trypsinizationwith 0.25%
trypsin-EDTASsolutionat 75%confluencyand seededvith a defineddensityonto the sterile
sampleplacedn apolystyrenamicroplate.

Celladhesionand viability

Theadhesiornf MG-63andNIH/3T3 cellsonto TiO, nanotubeslecoratedwvith selenium
NPsandonto the control (TiO, nanotubeswvithout seleniumnanoparticlesyvasqualitatively
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evaluatedrom imagedakenby anopticalmicroscopgAxio ImagerM2m, Zeiss).TiO, and
TiO, tSeNPsamplesvereplacedn a24-wellplateand usedasthe surfacdor cellseedingat
adensityof 1 1C° cellsperarea Theimagef cellsweretakenat 3 hours.Viability of MG-63
cellswasmeasuredvith XTT assayndevaluatedn daysl, 2,and 6 afterthe seedingthe ini-
tial celldensitywasl 10 cellsperarea Briefly, the cellswereincubatedfor adefinedperiod of
time andthengentlywashedwicewith pre-heategphosphatéduffersaline(PBS).The mixture
0f100 L culturemediumand50 L of tetrazoliumdye(XTT, 1mgmL™in DMEM and

25 mol L™ PMSin PBS)wasaddedinto eachwell containingthe samplesindincubated?
hoursin CO,incubator.100 L solutionweretransferredrom eachwellinto anew96-well
plateandthe absorbancerasmeasuredt450nm with amicroplatespectrophotometefBeck-
man Coulter Paradigm) Thelive/deadstainingof MG-63 cellsand 3T 3fibroblastsvasper-
formedattheday6. Thecellsweregentlyrinsedwith pre-warmedPBSandincubatedl5min
with2 M Calcein-AMand1.5 M propidium iodide solutionin PBSThecellswerefinally
rinsedtwicein PBSbeforeimagingwith afluorescenmicroscopecoupledto aCCD camera
(ZeissGermany).

Statisticalanalysis

Meanvaluesandstandarddeviationsof obtaineddatawerecalculatedStatisticallysignificant
differencegp < 0.05)wereconfirmedusingStudent'd-test.All showndataareexpresseds
themean standarddeviation.

Results and discussion
Surfacecharacterization

SeleniumNPsdecoratedliO, nanotubesverefabricatedvia anodicoxidation of titanium
layerdepositecn siliconwaferfollowedby the adsorptionof chemicallysynthesizedelenium
nanoparticlesFabricationof nanostructuredsurfaceresultedn TNTswith thediameterof
51.72 5.55nm (Fig 2A) andlengthof 500nm (Fig 2B).Thesurfacevasdecoratedvith spher-
ical seleniumnanoparticlegFig 2C)of 88.93 6.87nm in size whichis significantlybigger
than nanotubediameter.Thusthe nanoparticlecoveredhetop of the nanotubesat Se-Low
(Fig2D), Se-Medium(Fig 2E)and Se-High(Fig 2F) densitiescorrespondingo numberof

3.2 1.14(low),9.1 1.20(medium)and18.5 2.37(high) particlesper4 m 2 respectively.
Accordingto Boxplotof obtaineddata(Fig 3) and Shapiro-Wilktestof normality, both nano-
particleand nanotubesizehavenormal distributions

SEManalysisalsorevealedhe discreteTiO, nanotubeswvith the nanoparticledensityand
nanotubediameterconsistenbverthe wholesurfaceof the sample AFM analysidurther
showedheincreasen root meansquaredRMS)roughnes®f samplesvith increasingsurface
densityof nanoparticlesThe RMSvaluefrom bareTNTsto Se-HighTNTsrangedfrom 16.6
nmto 24.1nm.

Measuremenbf UV-treatedTNTs wettabilityshowedsignificantdifferencebetweerdeco-
ratedandnon-decoratediO, nanotubesThe contactangleof barenanotubesand nanoparti-
cledecoratechanotubesvasassesset values-20Eand~48ErespectivelyThe difference
betweerindividual nanoparticlesurfacedensitiesvas~1.5ESeleniunrmanoparticlesan
slightlyincreasehe contactangleof TiO, surfacegswaspreviouslyreported[41] andthis
effectwasalsoretainedafterthe UV irradiation.

X-ray photoelectrorspectroscopgf seleniumdecoratedliO, nanotubesvasdoneto con-
firm thepresenceeleniumin the samplesTherewasno significantchangan bondingstates
of Ti2p and O1safterthe decorationwith nanoparticlesThe XPSquantitativeanalysiof
selecteeélementavassummarizedn Tablel. The percentagef seleniumSe3doroportionally
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Fig 2. SEMimagesof fabricated nanostructures.AnnealedTiO, nanotubegA), their crosssection(B), andseleniumnanopartcles(C). TiO, nanotubeslecorated
with Se-Low(D), Se-Medium(E) and Se-High(F) concentraions of nanoparttcles.

https://de.org/10.137 1§urnal.pon®214066.90D

increasedwith increasingsurfacedensityof nanoparticlesWe alsoobserved peakcorre-
spondingto the presencef sulfur. The sulfur peakwasobservedor all nanoparticledecorated
samplegvenaftermultiple washingstepsand 24 hoursimmersionin ultrapurewater.It could
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Fig 3. Boxplot of normal sizedistributions of nanoparticle (A) and nanotube(B). Boththe boxplotand Shapire
Wilk testof normality suggestedormaldistributions

https://bi.org/10.1371durnal.por.0214066.908
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Tablel. XPSanalysisof seleniun decoratedTiO, nanotubes Relativgpercentagef selecte@lementsalculate
from narrowspectra.

TNTs Se-Low Se-Medium Se-High
[%0] (0] (%] (0]
Ols 55,93 56,12 55,89 51,92
Ti2p 12,75 11,69 11,98 11,11
Cls 31,31 32,19 31,76 35,24
Se3d 0,00 0,08 0,46 1,73

https://cbi.org/10.1371djurnal.por.0214066.t00

correspondwith the adsorptionof glutathione or otherproductof reactioncontainingsulfur
onthefabricatedsurface.

ThelCP-MSanalysisntroducepowerfuland sensitivaechniquecapableof detecting
metalsandseverahon-metalsat concentrationsaslow asonepartin 10" (part per
quadrillion, ppq). We usedthis techniqueto obtainthe releaserofile of seleniumfrom the
nanotubesurfaceTheanalysishowedhe minimal releaseate of seleniumat maximumtens
of ppb (Fig 4), suggesting strongbond betweerSeNPsnd nanotubesThebiggestontribu-
tion to the total releasavasduring thefirst 24hours,which canbestill attributedto the wash-
ing seleniumout from the nanotubesOverperiod of time, therelease@mountof selenium
steadilydecreasedsamplesverethen checkedvith SEMmicroscopeComparedo images
takenbeforethe measuremento significantdifferencein SeNPsurfacedensitywasfound.
Further,thereleaseatewassignificantlylowerthanin researctdoneby Liu etal.[29],in
whichauthorsattributedtheimportanceof releaseo the cytotoxicityof seleniumTheques-
tion iswhethersuchalow concentrationof seleniumcanresultin thetoxicity for somebacte-
ria andtissuecells.Takinginto the consideratiorit beneficialpropertiesn the humanbodyat
higherconcentrationthan our measurabl@pb valueswebelievethat thereis anothermecha-
nism of toxicity viatheinteractionof cellmembranewith combinationof nanoparticleand
nanotubepropertiesnanoparticlesizeand surfacedensity.

Antibacterial propertiesof SeNPsBTIO , nanotubes

To protectthe adhesiorand proliferation of pathogenidacteriaon biomaterialsconsistin coat-
ingswith antibiotics,biocidalagentor antibacteriahanoparticlesSeleniummanoparticlesre
well-knownfor antibacteriapropertiesto the wide rangeof bacteriaevenif the mechanisnof
actionis still unknown[42]. It hasbeenreportedby Tran etal.[30] that seleniumnanopatrticles
inhibited the growth of gram-positive . Liu etal.[29] incorporatedthese
nanoparticlesnto TNTsto enhancehe antibacteriabctivityof TNT surfaceo

with 50%efficiencycomparedo bareTNTsin 24hours.In our experimentwecomparedhe
antibacteriakfficiencyof seleniumdecoratedrliO, nanotubesat different seleniumnanoparti-
clesurfacadensityagainst. in ashortfour-hour incubation.Comparedo the barenano-
tubes seleniumdecorated NTs exhibitedenhancedantibacteriaproperties(Fig 5). Shorttime
interactionof surfacewith bacteriawvasefficientto decreaséhe numberof . coloniesfor
Se-Lowand Se-Highabout60%and 90% respectivelyEvenif we confirmedthe antibacterial
propertiesof Se-TNTssurfacethe questionis whetherbacteriawerekilled by seleniunrelease
in ppb concentrationasindicatedby ICP-MSatthefirst 24hoursor by the nanoscalsurface
topographyand chemistryof Se-TiQ-TNTs which canbenon-adhesiveanti-proliferativeor
membranedamagingor somebacterig29, 30,36,43].Seleniunmanoparticleand TiO, are
negativel\chargedat physiologicapH andthusrepulsivefor the negativelychargednembrane
of . [44]. Thismight alsosuggestheinhibition mechanismof . adhesiorandprolifer-
ationon Se-TiQ-TNTs surfaceat ashorttime incubation.
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Se release [ppb]

Se-High ——
Se-Medium
10 Se-Low

Day2 Day35 Day9 Dayl12 Day 15

Fig 4. The cumulativereleaseprofile of selenium.Individual samplesveremeasued with ICP-MStechnique Measuredeleasavas
highlydependenbn initial SeNPgoncentratios.

https://da.org/10.137 1§urnal.pon®214066.g00

Viability assayof normal and cancercells

Adhesionplaysafundamentakole in celldevelopmentdifferentiation,communicationand
migration,andduring the pathogenesisf awide rangeof diseasescluding cancelf45], oste-
oporosig46], andatherosclerosig! 7]. The strengthof celladhesiorto substratés acrucial
consideratiorin biomaterialdesignanddevelopmentOn the otherhand,seleniumis known
to beinvolvedin anti-canceractivity while protectingthe benigncells[27,28,32,48]. Thuswe
studiedthe effectof seleniumnanoparticledecoratedliO, nanotubesn adhesiorand prolif-
erationof cancer(MG-63cells)andnormal (NIH/3T3 cells)cells.Theadhesiorand morphol-
ogyof both cellswasqualitativelyevaluatedy taking DIC images3 and 24 hoursatftercell
seedingasshownin Fig 6. TheNIH/3T3 cellsadheredon control TNTsand Se-LowTNTs sur-
facewith fibroblasticwell spreadelongatednorphology.Se-Mediumsurfaceshowedalittle
deteriorationin cellsmorphologyturning the elongatednorphologyto the roundedshapéebut
still welladheredThe NIH/3T3 cellson Se-Highsurfaceverecompletelyround in shapewith
obviousapoptoticcells. Theunfavorableconditionsreflectingthe changen cellmorphology
resultedin lowernumberof attachectells.The similar effectof seleniumdecoratechanotubes
wasobservedor adhesiorand morphologyof cancerousG-63 cells(Fig 6). Thesecellsat
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Fig 5. Bacterialassayof viability expressd in colonyforming units. Senanopartcledecorate TiO, -TNTswereexposedo gramnegativebacteria. for 4 hours
andthe antibacteriakffectSe-TNTsvascomparedwvith undecoatedTNTSs. indicatessignificantdifferencebetweercomparedsamplegp = 0.05).

https://da.org/10.137 1§urnal.pon®214066.g00

theday1 attachedo the control and Se-Lowsurfacedut exhibitedmore roundedshapecom-
paredto thenoncancerousells(Fig 6). Celladhesiorexperimentdemonstratedhat the sele-
nium nanoparticledecoratedrliO, nanotubesausedinfavorableconditionsfor canceMG-
63andnormal NIH/3T3 cells particularlyat Se-Mediumand Se-HighTNTs surfacecom-
paredto thecontrol TNTsand Se-Lowsurfaceln orderto know whetherthesemicroscopic
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Fig 6. Adhesionand morphology of MG-63 (cancer)and NIH/3T3 (normal) cellscultured on Se-NPgecoratedTiO , nanotubes DIC imagesvere
takenafter3 and24hourscultivation.Live/deadstainingof cellswasperformedwith calcein(greencolor) andpropidium iodide (red color) attheday
6.

https://doiorg/10.1371§urnal.pon®214066.g06

observationsverenot doneby the slowadhesiorrate,we performedproliferation assayy
measuremendf cellularactivity usingXTT assayOur resultswith NIH/3T3 cellssuggested
thattherewasno significantdifferencen proliferationrateatday1 and2 for Se-Lowand Se-
Medium TNTs surfacegomparedo the control group(Fig 7A). At theday6, XTT assay
showedncreasedroliferationrateof NIH/3T3 cells.Thedecreasingendencyof measured
valuest this daytowardsSe-Mediumcanbeattributedto the sloweradhesionactivity or pro-
liferation of cellson suchsurfacesAnyway,the Se-Lowand Se-Mediumsurfacepromoted
activity andproliferation of NIH/3T3 cells.Proliferationratein NIH/3T3 cellsculturedon Se-
High TNTssurfacewvassignificantlydecreasedtdayl,2 and®6. It cameout from the smaller
initial numberof cellsadheredwvell on Se-Highsurfaceasobservedvith adhesiorassaynd
suggestthatthis seleniumnanoparticlesurfacedensitywasnot compatiblewith the adhesion
andproliferationof noncanceroufNIH/3T3 cellscomparedo the Se-lowessurfacedensities
andcontrol TNTs surfacesThesimilar resultswereobtainedfor the cancerousMG-63cells
(Fig 7B).Theunfavorablesffectof seleniumnanoparticledensityfor cancerougellswasstron-
gerat Se-Mediumsurfacecomparedo the noncancerousellsand maximalat Se-Highsur-
face We canalsoobservdrom our resultsthat MG-63 cellsdid not adherewell selenium
decoratedsurfacedbut whenadheredtheydid not increasectivity or proliferationratesince
no significantchangen absorbancevasobserveditday6 comparedo dayl and?2. Finally,
wedid live/deadstainingof both cellsto checkthe viability of cellsatthe day6. Theimages
(Fig 6) confirmedour quantitativeresultsobtainedfrom the proliferationtest.The cancerous
cellsgraduallydetachedhe seleniumdecoratedsurfaceand comparedwith the control, mostly
dying cellsoccurredattachedhe surfacg(Fig 6, red color). Fibroblastshowedsignificant
decreas&é anumberof adheredccellson Se-Highsurfaceandafewdying cellson Se-Medium
surfacewhichagainsupportedour resultsfrom proliferationassay.

Fig7. XTT viability assayof MG-63 (B) and NIH/3T3 (A) cellscultured on Se-NPgecoratedTiO, nanotubes. indicatessignificantdifferencebetweercompared
samplegp = 0.05).

https://da.org/10.137 1§urnal.pon®214066.g0D
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Our observatioris consistentvith othersimilar report of Chenetal.[28] in whichthesele-
nium nanoparticleseleasedrom TiO, nanotubesanddiffusedthroughthe chitosanlayer,
decreaseddhesiorandviability of canceroussteoblast®therreportssuggestingelenium
asapromisingandfavorablefor noncancerousells[28, 32] wasnot confirmedin our experi-
mentssincethe Se-HighTNTs surfacewassignificantlysuppressinghe noncancerouNIH/
3T3cellsadhesiorandviability. To concludetheseresults the exactmechanisnthat makes
theanti-canceractionof seleniumwork is still asubjectof researctaswellasmuchwork must
bedoneregardingtheinfluenceof seleniumtowardsnoncancerousells However selenium
nanoparticledecoratedl'iO, nanotubesanbe promisingbiomaterialsurfacefor tissueengi-
neeringsincethe mechanism®f actioncombiningthe antibacteriakeleniumnanoparticles
andnanostructuredrliO, surfaces still unknown.

Conclusion

In this paper,TiO, nanotubeswith 51,72 5,55nm diameterdecoratedvith differentsurface
densitieof sphericakeleniumnanoparticlesith 88,93 6,87nm diameterwerefabricated
viaanodicoxidationand characterizedvith SEM,XPSand AFM. Thereleaseateof selenium
measuredvith ICP-MSwasfound out verylow for along period of time, which indicatesfor
the strongand stableadsorptionof seleniumnanoparticleon TiO, nanotubesTheantibacte-
rial activity of Se-NPslecoratedl NTs wassignificantlyenhancedn 4 hoursincubationfor
gramnegative. which suggesthe strongantibacteriakffectof seleniumcomparedo the
bareTNTs surfaceThe celladhesiorand proliferation of cancerousMG-63 cellswasobvi-
ouslydecreasedn seleniumdecoratedsurfaceconfirming the anti-canceractivity of selenium
comparedo the bareTiO, nanotubesTheNIH/3T3 fibroblastsadheredand proliferatedon
bare,Se-Lowand Se-MediumTNTs surfacesThe Se-Highsurfacedensityof nanoparticles
wasfound to beincompatiblewith NIH/3T3 celladhesiorandproliferation. Thereforejt is
importantanddesirabldo find anoptimal surfacedensityof seleniumnanoparticleto bedec-
oratedon TiO, nanotubesncluding the nanoparticleandnanotubediameterghat effectively
kill bacteriacancercellsandremainsfavorableo the normalcells.
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