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&KFLDaAE\P ]JarR*\it VHUGHF]QH SRG]L N RAMHELD VAW HKND E
SURI 8* ]D NLHURZDQLH QLQLHMV] SUDF GRNWRUVN F
QDG UR]JZRMHP PRMHJR ZDUV]WDWX DQDOLW\F]QHJR DO

'IL NXM GU -RDQQLH 'R4*RQHN QD NWYyUHM QLHRF!
L GX* Z\UR]XPLD&R i PRJAHP OLF]\i QD ZV]\WWNLFK
QLQLHMV]HM UR]SUDZ\

\UD]\ ZG]L F]QR FL ]D SRZLHU]JRQH ]DXIDQLH L VWZ]
WDN*H GR SURI 3LRWUD B6WHSQRZX¥NUBPRF KN LNHW RZIQL!
UHDOL]RZDQD E\4D QLQLHMV]D SUDFD GRNWRUVND

'L NXM FDaHPX ]JHVSRaRZL .DWHGU\ $QDOL]\ URC
Z GRVNRQD&HM DWPRVIHU]JH UHDOL]RZDU EDGDQLD ]DZzV

6]F]JHJYyOQH SRG]L NRZDQLD NLHUXM GRRRREFK 5RC
NWyU\FK EH]JJUDQLF]QH ZVSDUFLH SR]ZDODA&R PL QD VWTE
Z\]ZDQLRP

1D NRQLHF FKFLDaE\P SRG]L NRzZDU PRMHM SDUWQH !
PRM QDMZL NV] LQVSLUDEFM

SUDFD QDXNRZD ILQDQVRZDQD |H URGNYZ 1DURGRZHJ
SURMHNWX %YHBWKRYHQ67QU

ad



Streszczenie
%LRNRQFHQWUDFMD UR]XPLDQD MDNRKEBRFHMFXDJ!

Z RUJDQL]PDFK VWDQRZL LVWRWQ\ F]\QQLN RFHQ\ VNX
OLPR WR ZLHG]D QD WHQZWHRZWF IGHOROL FARNPK ]ZADV]F]
REGDU]RQ\FK ADBMWPNRHBDQLF]RQD &HOHP QLQLHMV]HM
NRPSOHNVRZD RFHQD SRWHQFMD&aX WHJR W\SX LQG\ZLG
-DNR PRGHORZH ]ZL ]NL FKHPLF]QH Z\EUDQR FLHF]H MRQ
WUDQVIRURDHNW&HD3NVV]F]HIJYyaRZH REHMPRZDA&\ |DUYZQR |
FKHPHM™MQ MDN L HNVSHU\PHQWDOQH WHYWLMURNRAGFHQ

UDPDFK EQGIGWNRQDQR RFHQ\ SRWHQFMDaX GR ELRN

73V ] Z\NRUJ\VWDQLHP OLSLGYZ RVDG]RQ\FKQQDPL®R QL
] Z\NRU]J\VWD QLH® IRPXA NPRRXFADANVQD SRWZLHUG]HQLH
NDWLRQ\ ,/V PRJ XOHJDU ELRNRQFHQWUDFML Z WNDQNI
Z\QLNL ZVND]XM *H ,/V PRJ FHFKRZDUO VL Z\VRNLP SRZ
WZRU] F\FK EARQ\ SRPWDNGRWHNDWLRQYZ ,/V SRWZLHUG]R
SDUDPHWUHP GHWHUPLQXM F\P WHQ SURFHV MHVW C
EH]SR UHGQLR SUJHNabDGD VL QD K\GURIRERZR U JZL ]JNX
SU]JHZD*QLH VADEVH JRGBLAOGLBDGDPL QL* NDWLRQ\
]DVRFMRZDQH ] NDWLRQDPL PDM ZSa\Z MDNR SU]J]HFLZMR
SRWZLHUG]RQR *H DQDOL]RZDQH 73V QLH XOHJDM ELR
] OLSLGDPL 3RQDGWR Z UDPDFK QLQLHMV]HM SUDF\ F
SLHUZV] SURFHGXU R]QDF]DQLD PLHV]DQLQ\ NDWLRQ
EHINU JRZFyZ PRUVNLFK SR]JzDODM F QD R]JQDF]DQLH
QD SRJLRPLH QJ J ']L NL ]DVNRRRZIYHR ES W]H B UREZ\D B BH C
HNVSHU\PHQWX Z NWyU\P SR UD] SLHUZV]\ Z\ND]DQR
XOHJDU ELRNRQFHQWUDFML Z WNDQNDFK EH]JNU JRZFyZ
Z QLQLHMV]HM UR]JSUDZLH GRNWRUVNLHM REHMPXM ]
Z NRQWHN FLH RFHQ\ U\]\ND URGRZLVNRZHJR ]ZL JNyZ
aDGXQNLHP DOH WDN*H GRVWDUF]DM SRGGDQ SH&aQ
SR]ZDODM F QD R]QDF]DQLH NDWLRQyYZ LPLGD]ROLRZ
ELRORJLF]Q\FK

6aRZNDOXFIRAHRNRQFHQWUDFMD FLHFIHQMRQWIRLYBUPD
DQDOLWWHN\WRIPXdV WURVVXOXV
i



$SEVWUDFW

%LRFRQFHQWUDWLRQ XQGHUVWRRG DV WKH SURF
FRPSRXQGV LQ RUJDQLVPV LV DQ LPSRUWDQW IDFWRU L
SROOXWLRQWHKNMIRZOIBGIMW KLY WRKLFFKRHPLFDO FRPSR)
HVSHFLDPIODURAG VYSHFWHWO OLPLWHG 7KH DLP RI W
WR FRPSUHKHQVLYHO\IRV VEH\RF RVKRH § KW WWEBDDFDO HQ
,RQLF OLTXLGV ,/V DQG VHOHFWHG WUDQVIRUPDWLRQ
FKRVHQ DYKMHPGHRDOV 6SHFLILF REMHFW L YWDADNDEEF O X G +
H[SHULPHQWDO WH VWXV RIDGE LY R BEERAHRGNR I B Y RHIRN V
DVVHVVHG WKH SRWHQWLDO IRU ELRFRQFHQ¥WSRUMRHGR
OLPHPEUDQH V¥R QW UDIWWR WV XV L QD WK B XX VIMBRORZHIEK V
FRQILUPDWLRQ Rl ZKHWKHU VHOHFW MGAHLY \POHWL R Q B TRCD
RUJDQLVPV 7KH UHVXOWV LQGLFDW WRVKIDOND ,P\H FPBU DKDH
SKRVSKRQQSW&H FDWBWRR@YZDV FRQILUPHG WKDW WKHI
GHWHUPLQLQJ W IOHQS WK FRIIVW KAK WE€HGFERUEERAMBRIQG V- W R
K\GURSKRELFLW\ RI WKH FRPSRXQG ORSHRYZHHDWHUW K R
LQWHUDFWLRQV ZLWK SKRVSKROLSLGVY WKDQ FDWLRQV
KDYH DQ HIIHFMWRQV RAROWIDIN UVRV,PWKEN KR QILUPHG WK
DQDOVWKNWGGR QRW XQGHUJR ELRFRQFHQWUDWLRQ EDV
)XUWKHUPRUH ZLWKLQ WKH VFRSH RI WKH BUBOMQW ZF
RI D PL[WOPWIG IRIFOMKIFRQV LQ PDULQH LQYHUWHEUDWH V
IXOO\ YDOLGDWHG DOORZLQJ WKH GHWRRPEQDOWUR Y/ LR
RKH QJ J OHYHO %\ XVLQJ WKLV PHWRRGLNAMUZPY G\R V
LQ ZKLFK LW ZDV GHPRQVWUBMWB® IR GDKRIO LIXPV \FD W
ELRFRQEWOW.Q PDULQH L QY HUEBWIELEDASE WWL WWKHHWH | R K
KLJL®SRUWDQW LQIRUPDWLRQ LQ WKH FRQWHKDWRHGIQY
FKHPLFEYON DOVR SURYLGH D IXOO\ YDOLGDWHG DQDO\W
RI LPLGD]ROLXW HHORMELRHIVELRORJILFDO PDWULFHYV

H\ZRUGBLRFRQFHQWUDWLRQ LRQLP OLWURNDE®DWRI/F |
PXVVH®LOXV WURVVXOXV



S3XEOLNDFMH ZFKRG] FH Z VNADG UR]JSUDZ\ GRNWRUVNLH
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KWWSV GRL RUJ M VFLWRWHQY
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KWWSV GRL RUJ M MKD]PDW
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ODFXOHZLERZDOVND ZLDFND . 7R VNL%OHGWNSOQRZ
$ 'R4&*RQHN -7UDQVIRUPDWLRQ SURGXFWV RI SKD!

HQYLURQPHQW 7KHLU IDWH HFR WR[LFLW\ DQG ELRD
7RWDO (QYLURQPHQW

KWWSV GRL RUJ M VFLWRWHQY

,PSDFW )DFWRU Z URNX Z\GDQLD SXQNWDFMD 0(L1
3

ODFXOHZLFPpLBANOL VND $ .RZDOVND " 6WHSQRZVNL

'R4*RQHN - %LRFRQFHQWUDWLRQ SRWHQWLDO RI LRQLF
SDUWLWLRQLQJ DQG LWV FRPSDULVRQ Z %ML SKIHG IEFDWH W
%LRSK\VLFD $%BWRPHAESYDQHYV Z GUXNX

KWWSV GRL RUJ M EEDPHP

,PSDFW )DFWRU Z URMNXQAWEDBMD 0(L1

3

.RZDOVNDDFXOHZLFWHSQRZVNL 3 'R 4 R/QHHBID FW LR Q
SKDUPDFHXWLFDO PHWDEROLWHY ZLWK EORRG SURWHL
ELRFRQFHQWUDWLRQ $ SUHOYRWYRYV MMM\ ELPLVHHGEF R @ |
(QOYLURQPHQW

KWWSV GRL RUJ M VFLWRWHQY

,PSDFW )DFWRU Z URNX @NGDFIMD 0 (L1
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ODFXOHZLBWHSQRZVNL 3 'RA%REGBON V-ND $IDAWLV RI
LPLGD]ROLXP LRQLF OLTXLGV LQ ELRORJLFDO PDWULFH\
RI WUDFH DPRXQWYV 1HOPWIH PXVVHOV

KWWSV GRL RUJ M WDODQWD

,PSDFW )DFWRU Z URNX Z\GDQLD SXQNWDFMD 0O(L1
3

ODFXOHZLRR*RQHN - O6KDUAMHOL WVNIDAN O6WHSQRZVNL

%LRFRQFHQWUDWLRQ RI LPQGTHR®OXPWRRQFL Q LA
PXVVHOWLO XV W WBELWOFEXY RI 7KH 7RWDO (QYLURQPH(
KWWSV GRL RUJ M VELWRWHQY
,PSDFW )DFWRU Z URNX Z\GDQLD 3XQNWDEMD 0(L1

&DANRZLW\ ) 6XPD SXQNWyZ 0O(L1
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1.:VW S

SURFHV ELRNRQFHQWUDFML REHMPXMH ZFKADQL
]JH URGRZLVND ZRGQHJR SRSU]JH] THDO WUW3 D HR GREIARRR L
, 2 YDQFLXF HW DO %LRNRQFHQWUDFMD MHVW MHC
bioakumulacji, ktée XZ]JO GQLD WDN*H DEVRUSFM SU]H] SU]H
] WUDQVIHUHP W UR ljakie |iponragniRkdddjpH WOMYQlku biomagnifikacii
VW *HEOGIHM VXZHUYDYDWBMQD NROHMQ\FK SR]JLRPDFK abD |
RVL JDM F PDNV\PDOQ ZDUWR i QD MHJR V]F]\FLH <DL
WH SURFHV\ PR*QD RSLVDU PDWHPDW\F]QLH ]D SRPRF
ZV SyaF ]\ QaxdnNddtracji (angBioconcentration Factor % &) ZVSYaF]\QQLN
bioakumulacji (angBioaccumulation Factor % $) RUD] ZVSYaF]\QQLND ELRP
(ang.Biomagnification FactarBMF) (Arnot i Gobas, 2006).

Biokoncentracia MDNR |MDZLVNR QLRV FH |]D VRE SRZD*QH
URGRZLVND MDN L OXG]JL VWDQRZL SU]JHGPLRW OL
L WHRUHW\F]Q\FK : Z\QLNX WHJR SURFHVX QDzZHW OD
REHFQH Z URGRZLVNX PRJ RVWDWHF]QLH RVL JDU
Z WNDQNDFK RUJDQL]PYZ .RQVHNZHQFMH HNRORJLF]C
RUJDQL]PYyZ EH]SR UHGQLR SRGDWOQ\FK QD ELRNRQFH
ELRPDJQLILNDFML FDaA\FK abD FXFKyz WWRin\FK &
QDUD*RQ\FK QD |[MDZLVNR ELRNRQFHQWUDFML ]Z&4DV]F]I
VWDQRZL LVWRWQ F] i OXGIJNLHM GLHW\ : ]ZL JNX ] W\P
Z WNDQNDFK W\FK RUJDQL]PYZ PRJ WDN*H VWMGDQRZLIU
publicznego (Armitage i in., 2013).

Standardowa metoda szacowania biokoncentracji w organizmach wodnych opiera
VL QD GR ZL bhGivowgkoExystaniem ryb (np. OECD 305 (OECD, 2012)).
=DVWRVRZDQLH WHM PHWRG\ Z\PDJD ]QDF] F\FK QDNA&DG
RUD] PXVL E\0 SRGGDQH U\JRURP SRVWHSRZDQLD ELRF
RJURPQ L ZFL * URVQ F OLF@\FKLODPZNAMKHPEK QDOH:
RFHQ\ U\J[\ND URGRZLVNRZHIWRoO0 M\MG\DWI QR\W PBWRGDE\ ]D
odpowiednie dane dla wszystkich, potencjalnie szkodliwych substancji chemicznych
HLVEURG L LQ :]ZL INX ] sEukpvarieRaffetnbdtiAygeh M HV W
UR]ZL ]D XPR*OLZLDM F\FK ]J]QDF]JQLH WD V]H L V]\E



GR ELRNRQFHQWUDFML ]JDFKRZXM F SUJ\ W\P Z\VRN
]JDFKRG] F\FK Z RUJDQL]PDFK *\Z\FK

&KRFLD* DOWHUQDW\ZQH UR]ZL ]DQLMD vif®dazZQR Z S
insiico LVWQLHM LV VWRVRZDQH RG ZLHOX ODW ZL NV]
VL QD UHODW\ZQLH SURVWHM UHODFML DNW\ZQR
GR JORJDU\WPL]RZDQHM ZLHONR FL -Z348 flégf, @Q@P)ND SRG]
OXE ZVSYaF]\QQLND G\WWU\EXFML ORJ' PDM FHJR ]DV
G\WWRFMXM F\FK 1DOH*\ MHGQDN PLHU ZLDGRPR i *H
QD K\GURIRERZR FL MWUMDNMRX NOXF]JRZ ZaD FLZR
]JD HZHQWXDOQ ELRNRQFHQWUDFM )X L LQ . WSO
PRGHO E GJLH Z VWDQLH RGSRZLHGQLR RGWZRU]\ii RGG
]JH JAR*RQ\PL VWUXNWXUDPL ELRORJLF]Q\PLy RRKRU V]DF.
GDZDi SUJ\EOL*RQ\ REUD] LFK ]DFKRZDQLD Z RUJDQL]JI
]ZADV]F]D Z SUJ\SDGNX GX*HM F] FL ]ZL JNyZ REGDU]RQ
Z\NDJ\ZDii ]QDF]QLH ZL NV]\ QL* R FKdrdentAc) (BRter@amV HQ F M L
L LQ 'R4*RQHN L LQ 7UHX L LQ

1D IUDNFM OLSLGRZ ELRU F XG]JLD& Z SURFHVL
FKHPLF]Q\FK Z RUJDQL]JPDFK *\Z\FK VN4aDGDM VL WaXx
'HLVEURG L LQ 1DOH*\ MHGQDN SDPL WDi *H ]Q
]JDUYZQR VWUXNWXEMRODO QR FL GODWHJR WUDNWRZI
OLSLGRZHM MHVW GX*\P XSURV]F]JHQLHP )RVIROLSLG\ ]
]JDZLHUDM FHM F]ZDUWRU] GRZ UHV]W DPRQRZ QS FKF
IRVIRUDQRZ SRRPORQGURIRERZ\PL UHV]WDPL NZDVyZ \
JayZQD IXQNFMD WR WZRU]JHQLH E&4RQ NRPYUNRZ\FK
RGSRZLDGDM SUJHGH ZV]\WVWNLP ]D JURPDG]HQLH ]DSD
JAyZQ JUXS VWDQRZL WULDFYRRAO L FrrethRIBSOWE]\OL |
WAaXV]F]JRZ\FK /HKQHU L .XNVLV

3RZLQRZDFWZR ]ZL ]NyZ REGDU]RQ\FK 4DGXQNLHP G
E\i Z]PDFQLDQH SU]H] RGG]LD4\ZDQLD HOHNWURVWDW
IRVIROLSLGYZ %LWWHUPDQ L LQ 6W G Z\SURZI
Z RSDUFLX R ZLHOMRYWIRLH XZ]JO GQLD WHJR URG]DM
E\i REDUF]JRQH VSRU\P E4 GHP 3RQDGWR QDOH*\ SRGN|
MRQRZ\FK OXE MRQRJHQQ\FK ] E&4RQDPhe EKRORJILF]C



RG XPLHMVFRZLHQLD 4DGXQNX Z F] VWHF]FH DOH WDN!
ZaD FLZR FL VWHU\F]Q\FK $SUPLWDJH L LQ

:DUWR WDN*H SRGNUH OLUO *H OLSLG\ QLH V MHG\Q
RGSRzZLDGDU ]D ELRNRQFHQWUDFM ,VWRWQ URO PR
PL QLRZHM F]J\ ZH NUZL GR NWYyU\FK LVWRWQH SRZLQRZ
MDN SHUIOXRURZDQH JZL INL DONLORZH SRFKRGQH NZzZD'
i leki (Henneberger i in., 2016a, 2016b; Endo i in., 2012, 2013; Endo i Goss, 2011;
1J L +XQJHUE*KOHU 'ODWHJR EDUG]R LVWRWQH MEH
biokoncentraci QDF]QLH EDUG]LHM ]JaR*RQ\FK ]DOH*QR FL L ZAL
RFHQLDQD ]D SWIRMBRVDARRVL WR JAyZQ SU]JHVADQN GR UH
GRNWRUVNLHM NWyUHM |]DVDGQLF]J\P FHOHP E\AR RNU
]1ZL INyZ FKHPLF]Q\FK REGDU]RQ\FK aDGXQNLHP 'R EDGD
lonic Liquids ,/V VWDQRZL FH VIJHURN JUXS VROL FLHNA&\Fk
VNaAaDGDM F\FK VL ] RUJDQLF]JQ\FK NDWLRQyYyZ L DQLR
FKHPLF]QHM D twitahsfdimasj (TP Nékéw MDNR ]ZL ]NL REGDU
ADGXQNLHP R V]F]HJyOQ\P JQDFJHQLX Z NRQWHN FLH RF}

1LQLHMV]D SUDFD VWDQRZL F\NO SRZL |]DQ\FK ]H
] FIHJR WU]\ SLHUZV]H WR1-B@ RP\VEAULIRQA BRZHFEL OLWH!
a kolejne 4 publikacjeH4-P7] to prace eksperymentalne, w ktorych opublikowano
Z\QLNL SUJHSURZDG]RQ\FK EDGD FR WDN*H JRVWDAR RF



&] U OLWHUDWXURZD
'VSY4F]HVQH® MBRGRQLD |MDZLVND ELRNRQFHQWUDF

=MDZLVNR ELRNRQFHQWUDFML DQWURSRJHQLF]Q\F!
REVIHUQLH SUJHG\WVNXWRZDQH z RSXEOLNR@DQHM
] XZ]JO GQLHQLHP RSLVX ZVSyaF ]H QL HWRAR WRZ\IZ Q \F\KE K
GR MHJRNBRBOHQ\ SRGNUH OLUO *H NoroPeSubidkdnc&Zazji DQDOL]
Z\PDJD XZ]JO GQLHQLD ZV]\VWNLFK WU]JHFK JAyZQ\F
RGSRZLHG]LDOQ\FK ]D WR ]JMDZLVNR F]J\OL IRVIROLSLGY.

UyG QDU] G]JL VaX* F\FK GR RNUH ODQLD SRZLQF

WZRU] F\FK EARQ\ NRPYUNRZH Z\Uy*QLU QDOH*\ PHWR:
6 WR JEXGRZDQH ] GZXZDUVWZ\ IRVIROLSLGRZHM S FKH!
w roztworach wodnych (Alves i in., 2013; Balon i in., 1999; Decker i in., 2012; Escher
L 6FKZDU]JHQEDFK 2NUH ODQLH SRZLQRZDFWZD
do sztucznychEARQ ELRORJLF]Q\FK SU]\ X*\FLX OLSRVRPyZ M
D QDMF] FLHM VWRVRZDQ\ZMHFKQLW\P ZARNGX ]|\\MWHVW
UyZQRZDJRZD NWyUD MHVW F]JDVRFKARQQD (VFKHU 1
L LQ 'RGDWNRZR OLSRVRP\ V. VWRVXQNRZR QLH\
F] VWHIJR SRZWDU]DQLD F]DVRFKARQQHM SUBFHGXU\
ZVSRPQLDQ\FK ZzDG OLSRVRP\ SRIRVWDM MHGQDN QDN
GR RNUH ODQLD SRZLQRZDFWZD GR IRVIROLSLGYyZ FHF
ZaD FLZR FLDPL GR UJHF]J\ZLVW\FK EARQ NRPYUNRZ\FK

$OWHUQDW\ZQH UR]ZL ]DQLH VWDQRZL OLSLG\ RVLEL
Solid-Supported Lipid Membranes 6/0 NWyUH V FRUD] F] FLHM Z\N
GR RNUH ODQLD SRZLQRZDFWZD ]ZL INyZ GR EARQ NRPyU
IDUPDFHXW\F]Q\FK L URGRZLVNRZ\FK *ROLXV L LQ
i in., 2017; Timmer i Droge, 2017; Drog2018). SSLM tamikroziarnakrzemionkowe
SRNU\WH QLHNRZDOHQF\MQLH JZL IDQ\PL GZXZDUVWZDP!
VI\ENLH RVL JQLYEDRDRZDWID@ERPL G]\ IUDNFM ]ZL ]1DQ L
] OLSLGHP G]L NL FIJHPX SR]ZDODM QD Z\GDMQH SURZ
,QQ\P UR]ZL ]DQLHP RSDUW\P R OLSLG\ RVDG]RQH QD QF
cieczowa z zastosowaniem unieruchomionej BZA@HM EaRQ\ ELRORJLF]Q
Immobilized Artificial Membrand AM) (Tsopelas i in., 2018, 2017; Droge i in., 2017,



Timmer i Droge, 2017).Chromatografia IAM wykorzystuje krzemionkowe fazy
VWDFMRQDUQH QD NWYU\FK Z\VW SXM FKHPLF]QLH ]ZL ]
7aXV]F]H |[DSDVRZH V NROHMQ IUDNFM NWyUD PR
URGRZLVNRZH DF]J]NROZLHN LFK RGG]LDA&\zZzDQLD ]H ]JZL
QD PQLHM ]Ja4R*RQ\FK PHFKDQL]PDFK QL* Z SUJ\SDGNX EL
2013).3RZLQRZDFWZR ]ZL [NyZ FKHPLF]Q\F kwgkR staéufeV |FlyZ ]
VL QD SRGVWDZLH ZVSyar]\Q{wuid (Ka)R GyinBcaatedty ULR O H
DQDORJLF]QLH GR ZVSyaF]\QHwodD (ChieuG 1R x BardaAeW D QR O
QRZDWRUVNLH S R G H MceF L kilikonatveN RridKroxuki X Mvykonane
z polidimetylosiloksanPDMS), zaproponowano w pracy Mayer i in. (2009). Metoda
WD FDANRZLFLH RGG]LHOD ID] ZRGQ RG ROHMRZHM ]L
WDNLP MDN PLQLPDOQH UR]JSXV]F]IDQLH VL ROHMX Z ZRC
2 LOH OLSLG\ EDUG]R F] VWR SRUXV]DQH V Z OLWH
ELRNRQFHQWUDFML WR |JQDF]QLH U]JDG]JLHM G\VNXWR.
VXEVWDQFML ] ELDANDPL 7H ] NROHL E G F SRGVWD,
RUJDQL]PyZ PRRGWDRDPDH ZD*Q URO Z DEVRUSFML
URGRZLVNRZ\FK (VFKHU L LQ +HQQHEHUJHU L LQ
&R ZL FHM ]QDF]HQLH ELD&HN PR*H E\lU V]F]JHJyOQL
jonowych (Henneberger i in., 2016b). WW\P NRQWHN FLH Z\Uy*QLU QDOH
NODV\ ELDaHN ELDA&AND NUENZD \@DP JDAQBERBIURIWH ID@DD QL
ZaD FLZR FL ZL * F\FK RUD] ELDAND EXGXOFRZH WDNLH
czy kolagen. Podobnie jak w przypadkuRgy RPyZ GLDOL]D UyZQRZDJRZD
Z\NRUJ\VW\ZDQD GR Z\]|QDF]HQLD PDV\ DQDOLWX ZH I1UD
LOR FLRZHM RFHQ\ SRZLQRZDFWZD ]ZL INyZ FKHPLF]Q\FK
,QQ SRSXODUQ WHFKQLN Z\NRUNVZM\ZDQLDZ ]F#IH DNy Z
FKHPLF]Q\FK ] ELDANDPL MHVW XOWUDILOWUDFMD )XQ
$OWHUQDW\ZQ\P QDU] G]JLHP V ELDAND RVDG]RQH
Z\NRUJ\VW\ZDQH V Uy*QH IUDNFMH ELDANRZH NRZDOHC
mikroziaren krzemionkowych (LOAH6WDKOKRIHQ L LQ %LDaN
V UyZQLH* MDNR ID]\ VWDFMRQDUQH Z NROXPQDFK FKU
Mallik i in., 2005).



&LHF]H MRQRZH L SURGXNW\ WUDQVIRUPDEML OH
REGDU]JRQH 4DGXQNLHP
&LHF]H MRQRZH

=JRGQLH ] GHILQLFM IénicHigjits, MR QRRHV @K NWyUH F
VWDQ FLHNA&\ MX* Z WHPSHUDWXU]JH. SROINRMR ZENE SRHL ONVL
.7, ZLHNX ]ZL JNL WH J\WWNDa\ RJURPQ SRSXODUQR U .
VWDQRZL F RELHFXM F DOWHUQDW\Z GOD ZLHOX NC
,FK VWUXNWXUD RSLHUD VL |]D]Z\FIDM QD ]JaR*RQ\P NI
Z QLHRUJDQLF]Q\P OXE RUJDQLF]Q\P DQLRQHP *XR L LQ
RUJDQLF]Q\FK MRQyYZ ,/V ]RRWBKAN.S Ul HEG ZWIDE K RZGID EDZR
NWyUH VvsuDzLa\ *H ,/V vwWDa\ VL WDN SRSXODUQH Z
co czyQL MH GRVNRQDa DOWHUQDW\Z GOD ORWQ\FK UR
REHMPXM UyZQLH* Z\VRNL |]DNUHV VWDELOQR FL WHUI
L 6DYR\ 3R UyG OLF]Q\FK SRWHQFMDOQ\FK |[DVWRVF
zaproponowae jako: wydajne ekstrahenty biomasy (Sen Tan i in., 2020), dodatki
do hybrydowych elektrolitow w bateriach litowoetalowych (Yang i in., 2020),
JUyZQRZD*RQH LQKLELWRU\ NRUR]JML 9HUPD L LQ
i in., 2018), absorbenty GQAghaie i in., 2018), polimery stosowane jako sorbenty
Z WHFKQLFH HNVWUDNFML GR ID]\ VWDaHM 63( /ILX L LC
ELRSROLPHUyZ XPR*OLZLDM F\FK GRVWDUF]DQLH JHQYy
iin., 2018).
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Rysunek1.3UJ]\NaDGRZH Z]RU\ VWUXNWXUDOQH ,/V
1DOH*\ MHGQDN QDGPLHQLU *H RG ZLHOX ODW SU
$QDOL]\ URGRZLVND :\@QEZB&X \&KHHW K LY 0 HINIAIRZRI ED G D (
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QDG WRNV\F]QR FL ,/V NWyUD ZHGaXJ ZLHOX GRQLHVL
PLNURRUJDQL]PYZ WDNLFK MDN EDNWHULH L JORQ\ MDI
ryb (% HLO L LQ /IDWDAaD L LQ7KDPNHODWD@D L LQ &R ZD
FKRGO Z OLWHUDWXU]H QDXNRZHM GRVW SQD MHVW GR
WRNV\F]QR FL ,/V ZFL * EUDNXMH V]JF]JHJyaRZ\FK LQIR
PHFKDQL]PYZ RGSRZLHG]JLDOQ\FK ]D LFK V]NR&OLZ\ Z
iin., 2017).

&KRFLD* IDLQWHUHVRZDQLH URGRZLVN QDXNRZ\FK ¢
MHVW RJURPQH QLH J]JQDMGXMH WR MHV]F]H RGSRZLHGC(C
SURGXNFML W\FK ]ZL |[NyZz D W\P VDP\P REHFQR FL Z
]JDXzZzD*\u *H ZVByAWNHU\DD VL Z HNRV\VWHPDFK ZRGQ\FK
VSR*\ZF]\FK NDWLRQ\ DQDORJLF]®-H & QL\ R KF VADRWRZWD] QG
sole amoniowe (n@Bertuzzi i in., 2014; Hepperle i in., 2013; Friedle i in., 2012; Xiang
i in., 2015; Ferrer i in.2001). ,FK V]JHURNLH ]DVWRVRZDQLH V]F]H.
SRZLHU]JFKQLRZR F]J\QQ\FK L GH]J\QIHNF\MQ\FK VSUDZ
SUJHGRVWDZDUu VL GR URGRZLVND : SUDF\ 3DWL L LQ
Z FLHNDFK QD SRILRPNROIHMHONIXLJWURZQDZHOO R]Q
Z RVDGDFK XA WVWUJHQLDFK VL giiPMFMERKRZV]IH GRQLHVL
OLWHUDWXURZH GRW\F] FH SLRQLHUVNLFK SUDF QDG L«
Z URGRZLVNX D WDN*H RVL JQLRFQDFDPMDLIL WA BI®RZ \G-KV
W\FK ]ZL JNyZ Z Uy*Q\FK PDWU\FDFK JRVWDA&8 @ F]HJyaRZ]I

‘HG4XJ GRQLHVLH ] RVWDWQLFK ODW QLHNWYUH ,/\
SRWHQFMD& GR ELRNRQFHQWUDFML 3UJHSURZDG]RQH E
VL GX*\P SRZLQRZDFWZHP GR E4A4RQ IRVIROLSLGRZ\FK L
LFK DNXPX@G®DBMQL]PDFK 'Ra*RQHN L LQ Doniesi®@&ZD OV ND
] RVWDWQLFK ODW ZVND]XM *H SUREOHP URGRZLVNI
LPLGD]JROLRZH NWyYyUH QLH V MHV]F]JH WDN SRZV]HFK
LLQ Z\ N RatorQiektytdB-PHW\ORLPLGD]ROLRZ\ JRVWD4& zZ\
SDFMHQWYZ ] DXWRLPPXQRORJLF]Q FKRURE Z WURE\
(] ang. Primary Biliary Cholangitis, 3 % & FR PR*H VXJHURZDUO MHJR
hepatotoksyczne. ]ZL |NX ] W\P EDGDQLD QDG ELRNRQFHQWUDF
LVWRWQ NZHVWL UyZQLH* Z ]JDNUHVLH LFK SRWHQFML
] DVDGQLF]\P SUJHGPLRWHP SRGM W\FK Z UDPDFK QLQLHI



SURGXNW\ WIDIHNWIRUPDFML

/[HNL VWDQRZL JUXS ]ZL JNyZ R V]F]HJyOQ\P ]QDF]
U\]J\ND URGRZLVNRZHJR : RVWDWQLFK G]JLHVL FLROHFL
VWZDU]DQH SU]JH] WH VXEVWDQFMH FR J]DRZRFRZD&aR G
lepsze zrozumienietR K ZSa\ZX QD HNRV\VWHP\ :LDGRPR *H ]JZL ]!
REHFQH Z URGRZLVNX D ZLHOH SUDF QDXNRZ\FK V]F]H.
G]LDADQLD QD RUJDQL]P\ QLHE G FH SUJHGPLRWHP OHF]
%LHOL VND L L@ /[ZLDFND L LQ %DGDQLD ] RV
SRQDGWRIekiWWDRRZL J]DOHGZLH F] U SUREOHPX D LVW
E\G WDN*H SURGXNW\ Trankfoisndtidh PtoButsT3)QD0 TPs zalicza
VL PHWDEROLW\ Z\GDODQH SU]JH] RUJDQL]P SRGGDQ\ W
SUJHPLDQ ELRW\F]Q\FK L DELRW\F]J]Q\FK ]DFKRG] F\FK S
Z RF]\VIFIDOQLDFK FLHNyZ RUD] Z URGRZLVNX ZRGQ\P

SUJHFLZLH VWZLH GR RPDZLDQ\FK ZF]H QLHM ,/
4ADGXQNLHeROW7]BYZ\F]DM XOHJDM ]JMRQL]JRZDQLX Z Z\QL
IXQNF\MQ\FK R FKDUDNWHU]H NZDVRZ\P OXE SU]\4 FIHQL
dysocjacja badanego w niniejszej pracy-hygiroksyibuprofenu przedstawiona
na Rysunku 2 -RQRJHQQ\PL JUXSDPL IXQNF\MQ\PL F]V
Z F] VWHF]INDFK IDUPDFHXW\NyZ OXE LFK SURGXNWyZ SL

fenolowe czy sulfonowe.

Hs CH,
CH, CH,
OH OH
pKa=4,12
- » +H*
( HO\I — QF .
R
0 CH, o CH,

Rysunek 2.Reakcja dysocjacji-Aydroksyibuprofenu

6]F]JHJyaRZ\ SUJHJO G QDMQRZV]\FK GRQLHVLH ]Z
produktow transformacjiekbw Z URGRZLVNX LFK WRNV\F]JQR FL F
ELRNRQFHQWUDFM ]RVNRIDéH SIQ]HIG \SW D BAEQ\|HIJO GRZHM



IDOH*\ SRGNUH OLUO L* PLPR *H ZL NV]JR 0 GRW\FKF]
URGRZLVNRZ\FK VNXSLDaD VL QD Z\NU\ZDQLX OHNy
Z RVWDWQLFK ODWDFK ]DF] a\ SRMDELDBWPRGRRVH\VDH C
SRGREQH OXE QDZHW Z\*V]H SR]JLRP\ VW *H Z URGRZLV
Analizy wod gruntowych w Barcelonie (Lope@HUQD L LQ Z\ND]Da\ R
OLF]Q\FK 73V MDN QS PHWDEROLW\ HQDODSUZOX|HNMUR
RG ]ZL INyZ PDFIBHURYWAFXK SUDFDFK GH 20LYHLUD .OHL
/IDQJIRUG L LQ Z\ND]DQR *H URGRZLVNRZH VV
L NDUEDPD]JHSLQ\ E\a\ Z\*V]H QL* VXEVWDQFML PDFLHU]\\
Zhou i in. (2019), w europejskich wodapbwierzchniowych zidentyfikowano 66 TPs
IDUPDFHXW\NyZ =D Z\QLNL EDGD 3HWULH L LQ
Z\NU\W\FK ]DQLHF]\V]F]H Z ZRGDFK :LHONLHM %U\WDQLL

'DQH OLWHUDWXURZH GRW\F] FH HNR WRNV\F]QR Fl1
VNXSLDM VL |]DOHGZLH QD NLONX QDMEDUG]LHM SRZV]Ft
O-desmetyltramadol Iub pochodne sulfonamidoéw. Jak wynika 2z informacji
przedstawionych nRysunku 1w publikacjiP3@ Z ZL NV]R FL SURKRSDGNyZ 7
Z\ND]XM QL*V] OXE SRGREQ WRNV\F]JQR i Z SRUYZQDQL
w przypadku niesteroidowych lekéw przeciwzapalnych, antybiotykéw i lekéw
SUJHFLZSDGDF]NRZ\FK RGQRANR/ZDQARSWBWAQPI@RX GR LI
natywnych (Cazzaniga i in., 2020; Bergheim i in., 2012; Toolaram i in., 2017).

Jeszcze bardziej ograniczony jest stan wiedzy na temat potencjalnej

ELRNRQFHQWUDFML 73V &KRFLD* LVWQLHM GRQLHVLHC
niektorych metabolitow lekdéw (np. antybiotykow, lekéw przeciwpadaczkowych)
Z WNDQNDFK RUJDQL]PYZ ZRGQ\FK WUXGQR MHVW RF
QD QLHZLHON LOR. NGOPWWKW Z QLQLHMV]IHM SUDF\ GRNV
SURFHVHP ELRNRQFNMYAW RERBWIU]RQ\FK ADGXQNLHP UR]
R Z\EUDQH ]ZL JNL ] WHM JUXS\

$QDOLW\NDOHNyYLZ 73V

3LHUZV]H QD ZLHFLH PHWRG\ DQDOLW\F]QH VWRVR
RSUDFRZDQH Z .DWHGU]HS®QRB UM\ WHRE R Z SIDN DR IHHNRL
SUJHGH ZV]\¥YWRIUA\ QWBRKZFYRNRVSUDZQHM FKURPDWRJU
DQ3LIJK 3HUIRUPDQFH /LTXL G+ Z/IURPHDNFRIZADNSIK\L LQ
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6WHSQRZVNL \QLND WR ] IDNWX *H ZL NV]R 0 ,/V )
UR]SXV]F]DOQH Z ZRG]JLH = NROHL LFK EDUG]R QLVND (
WHFKQLNL FKURPDWRJUDILL JD]JRZHM : SU]J\SDGNX SUYE
SRNXWHF]Q\P UR]J]G]JLHOHQLX FKURPDWRJUDILF]Q\P PR*C
VSHNWURIRWRPHWU\F]IQHJR ] PDRGHKHF $ URWR GHPR 8 RW R UD

=KRX L LQ 6KDROWHQQDW\ZQ\P UR]ZL ]DQLHP MH)
GHWHNWRUD NRQGXNWRPHWU\F]QHJR ODUNRZVND L
L ODUNRZVND /JLX L LQ VWRVRZDQHJIR Z WHF

DQJRQ &KURPDW&RJIUDSKQDN*H UyZQLH* Z W\P SU]J\SDGN
RJUDQLF]JHQLD Z\QLNDM FH SU]JHGH ZV]\WVWNLP ] QLVN
GHWHNFML D WDN*H RJUDQLF]JRQHM F]XaR FL Z]JO GH
Z NWyU\FK 4DGXQHN HOHNWU\F]Q\ MHVWPVQDRQEH FIN-UND
Z\NRUJ\VW\ZDQ WHFKQLN DQDOLW\F]Q R]JQDF]DQLD ,/V
PDWU\F\ MHVW FKURPDWRJUDILD FLHF]RZD MSWXLERQD
&KURPDWRODDSKSHFWGIRPHWVWDQGHPRZ VSHNWURPHYV
06 06 6WHSQRZVNL L LQ /ILX L <X 3DWL L $UQT

3RGREQLH MDN Z SUJ6SBIGNR&6,06 W&R WDN*H QDME]
Z\NRU]J\WW\ZDQH WHFKQLNL DQ DOHNWB QM GR. RID D F]D Q&LH
L LQ V]F]HJYyOQLH Z SUYENDFK URGRZLVNRZ\FK FlI
RQH ] Z\]ZDQLDPL WDNLPL MDN HIHNW\ PDWU\FRZH -R(
*& 06 DODV &KURPDWRIWND SRHFWURPHWUGX QD QL*V]H J
Z\NU\ZDOQR FL PR*H VWDQRZLU ZDUWR FLRZ DOWHUC
1ZL INyZ QLHS PRMWDR KK BUGUH\



3. Cele pracy

=DVDGQLF]\P FHOHP QLQLHMV]HM SUDF\ GRNWRUV]
GRELRNRQFHQWUDEML ]ZL JNyZ REGDU]JRQ\FK 4DGXQNLF
DQDOLWYZ WM FLHF]\ MRQRZ\FK ,/V CLHSIERIGIN W \ZX W UD
PHWRQ\YRWDE YLRRV]F]HIJYy4RZ\FK FHOyZ QDOH*DAR

2SUDFRZDQLH L ZDOLGDFMD PHWRG R]QDF]DQLD NR
] Z\WWRU]\WWDQLHP Z\WVRNRVSUDZQHM@KURPDWRJUDI
2FHQD SRZLQR ZD@WADPHNEPZ@® GR OLSLGYZ PHPEUDQC
PHWRG YLBWRU]J\WWDQLHP 66/0V

2SUDFRZDQLH L ZDOLGDFMD QRZHM PHWRG\NL
DONLORLPLGD]JROLRZ\FK ,/V Z WNDQNDFK PDA&*\ ]
Z\WWRNRVSUDZQHM FKURPDWRJUDILL WHTLGIG HPREM
VSHNWURPHW@UL PDV >

2FHQD ELRNRQFHQWUDFML Z\EUDQ\FK NDMQRQYR DO|
] Z\NRUJ\VWD QQ\WWPL © R ¥ *WBUR VV X O XV



&] U HNVSHU\PHQWDOQD
'\ND] Z\W\SRZDQ\FK GR EDGD DQDOLWYyZ
&LHF]H MRQRZH ,/V

'VI\WVWNLHE\NRU]\VWDQH Z UDPDFK QLQLHMV]HM SULI
JHVWDZLRREH@L=HVWDZ WHQ REHMPXMH IV R JUY*C
FKHPLF]QHM Z W\P NDWLRQyYZ RUJDQLF]Q\FK ] SURVW\

DQLRQyYZ RUJDQLF]Q\FK ] SURVW\P SUJHFLZMRQHP QL}
NDWLRQYZ L DQLRQyZ RUJDQLF]Q\FK

7TDEHQIND] FLHF]\ MRQRZ\FK Z\NRUJ\VWDQ\FK Z QLQLHMYV

/'S $NURQLP 3HAQD QD]ZD QXPHU & :]JyU VWUXNWXUDOC

>0 @>&@ WULF\MDQRPHWDQ
PHW\@RRIW\ORLPLGD]R!

>0 @>%@ WHWUDF\MDQRERUDQ
PHW\@RRIW\ORLPLGD]R!

>0 @4A@® ELV WULIOXRURPHWDQ
PHW\QRRIW\ORLPLGD]R!

>1D@>&& WULF\MDQRPHWDQ VRG

>1D@>%9@& WHWUDF\MDQRERUDQ V

>1D@+@) ELV WULIOXRURPHWDQ
VRGX

>0 3K@>&§ FKORUHN EHQ]\CO
PHWV\ORLPLGD]ROLRZ\

LT




>, 0 3K@>6

FKORUHN )
PHW\ORQ\ORHW\ORLPF \
EUDN QXPHUX &$6

>3\ FKORWHNQRXW\ORSLU\!
10H @>&C EUDN QXPHUX &%$6
>,0 FKORUHN GLGHI
OH@>&0@ PHW\OLPLGD]ROLRZ\
>1 3K@> FKORUHN
EHQJ\ORGLPHW\ORGHF\
>1 3K@> FKORUHN
EHQJ\ORGLPHW\ORGRGIH
>1 3K@> FKORUHN
EHQJ\ORGLPHW\ORWHW
>3\ @>%U EURRGRGHF\ORSLU\G\QI
>0 @ WHWUDIOXRURHWDQRYV
>+ & 62@ PHW\@GRGHF\ORLPLGD

EUDN QXPHUX &%$6

>0 @> &§ WHWUDIOXRURHWDQRYV

62@
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EUDN QXPHUX &%$6
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>3 3K@>&' FKORUHN PHW\ORWULIF

>,0 3K @>« FKORUHN PHW\OR
SHQWDIOXRUREHQ]\OR
EUDN QXPHUX &%$6

>1D@®@3) KHNVDIOXRURIRVIRUDQ

> @>4) &2 WHWUDIOXRURHWDQRYV
@

>1D@6&2@ WULIOXRURPHWDQRVXC

> @>» &3)@ WULV SHQWDIOXRURHW
SRWDVX

>1 @>&C FKORUHN RNW\ORWULP

>3 @>%! EURPHN RNW\ORWULPH
EUDN QXPHUX &%$6

>0RU @>& FKORUHN
PHW\RRIW\ORPRUIROL
EUDN QXPHUX &%$6

>0RU @>&§ FKORUHN
PHW\GRGHF\ORPRUIR!
EUDN QXPHUX &%$6

>.@> )6820 ELV IOXRURVXOIRQ\OR .

BURGXNW\ WUDQVIRUPDFML OHNyZ 73V

6]F]HJyaRZH ]JHVWDZLHQLH 73V Z\NRUJ\WWDQ\FK Z
SU]JHG VW DYDIERHIH. Z

-
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7DEHOD\ND] 73WHNyZ Z\NRUJ\WWDQ\FK Z QLQLSMV]HM
QD SRGVWDZLH 7]YHWNRY L LQ 5RVVLQL L LQ

/'S Akronim B3HOQD QD]zZD QXPHU & S Wzér strukturalny
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6FKHPDW SUJHSURZDG]RQ\FK EDGD

Analityka

Opracowanie i walidacja metody oznaczania
mieszaniny kationéw imidazoliowych
z wykorzystaniem techniki L&S/MS [P6]

Opracowanie i walidacja metod oznaczania
NDWLRQyZ ,/V ]D SRPRF

Ocenan vitro

Ocena powinowactwa ILs do fosfolipidow Ocena powinowactwa TPs lekéw do
[P4] fosfolipidow [P5]

Ocenan vivo

Ocena biokoncentracji wybranych kationéw ILs w tkankischirossulugP7]

S5\VXQHNFKHPDW EDGD SU]JHSURZDG]RQ\FK Z UDPDFK SUL

2SUDFRZDQLH L ZDOLGDFMD PHWRG R]J]QDF]DQLD NR
IV ] Z\NRU]J\VWDQLHP WBHFKQLNL +3/&

SLHUZV]\P HWDSLH EDGD RSUDFRZDQR L ]ZDOLG

NR FRZHJR ZV]\VWNLFK EDGDQ\FK NDWLRQyZ ,/V ]DZL
XJUXSRZDQLD FKURPRIRURZH XPR*OLZLDM FH GHWHNFN
1H[HUD ;5 $ 6]F]HJya\ brénRdW Wirfulrkddw Gpracowanych metod
DQDOLW\F]Q\FK zZ W\P Z\NRU]J\VWDQH Z\SHAQLHQLD [
UXFKRP\FK D WDN*H SDUDPHWU\ ZDOLGDF\MQH SR
X]XSHAQLDM F\FK R3RTéhdE SllorDIIMTak>opracowane i w peQ L
zwalidowane PHWR G\ R]QDF]DQLD NR FRZHJR ]JRVWDa\ Z\NRL
DQDOLW\F]QH Z R EélbipkddacentRadfi HQ W bbhDainiéch metodaimivitro
[P4].

= NROHL ZV]\VWNLH DQLRQ\ D WDN*H NDWLRQ\ EH] X

strukturze chemicznej analizowano z wykorzystaniem techniki chromatografii jonowej
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z detektorem konduktometrycznym (940 Professional IC Vario, Szwajcaria),
Z\NRU]J\VWXM F PHWRG\ XSUJHGQLR RSUDFRZDQH L ]ZDOC
.RZDOVN ] NWyU E\4AHP ZVSyaZ\NRQDZF Z SURMHNFLH
Ich podstawowe parametyfRRVW D a\ SUJHGV W D AR TabelZSHOXESAL ND FM L

SUJ\SDGNX DQDOL]\ Z\W\SR ZDeRdaw, Kska&zigstaBd &5 Detod 3 V
XSUJHGQLR RSUDFRZDQ\FK L ]ZDOLGRZDQ\FK SU]JH] JHVE
7R VNL L LQ

%DGDQLH SRZLQRZDFVOHNYEV@ HR QLBIGYZ PHPEUDC
] Z\WNRUJ\WWDQLHP 66/0V

'RNADGQ\ RSLVY SUJHSURZDG]JRQ\FK EDGD3 SW@@HGVWD
'R EDGD Z\W\SRZDQR7ZAMEHOMUY*QYFRZDQ\FK VWUXNWXU
PR*QD E\AR RFHQLUO ZS4\Z EXGRZ\ FKHPLF]QHMG@PISURFH
L ILQDOQHM ELRNRQFHQWUDFML SU]JHGH ZV]J\VWNLP WL
DQLRQX GAXJR U0 4D FXFKD ERF]JQHJIR FI\ REHFQR |
DURPDW\F]Q\FK Z VWGBXNWRG REDDWERIPX &DQND Z]L WD
SUJ]\ GRERU]JH 73V NWyU\FK JUy*QLFRZDQLH VWUXNWXU
VWUXNWXUH I ERBHED QG3RZLQRZVDIRWARLFK EDGDQ\FK ]Zl1
FKHPLF]Q\FK GR IRVIROLSLGYZ WZRU] F\FK EARQ\ NRPy
WHVWyZ PLNURS&4Q\WNRZ\FK 75%$16,/ ;/ ,QWHVWLQDO $EV
1LHPF\ JJRGQLH ] SURFHGXRysurkkt pPHKDY G D ALR A VWRZD Q\|
]ZL INyZ FKHPhr&pdwdaaych w buforze PB&dawano do 6 studzienek
]DZLHUDM F\RKy8@8MVHQLD |R&MaRAWACH stGdziének kontrolnych
]JDZLHUDM F\FK WAONR EXIRU 3%6 1DYWDSW EHVM$USBNHL] L
minut w temperaturze pokojowej. Po inkubacji, prébki odwirowywano, po czym
uzyskany roztwor znad osa@wenoszono do szklanyd@ DF]\QHN FKURPDWRJUDI
i SRGGDZDQR DQDOL]LH FKURPDWRJUDILF]IQHM : SU]\S|
RSLVDDMHERBROZ SXEOLN@FMLNROHL VW *H@UDNPRR/ WRZAH 73
RIQDF]RQH ] Z\NRUJ\VWDQLHP PHYRIEQE S NKEOVMBDEMRQXF |
Na podstawieR]Q D F]R\QNFKHY L TBHNZZDQDOL]RZDQHM IUDNFML C
Z\]QDF]DQR L]JRWHUP\ L REOLF]DQR ZDUWR FL ORJDU\W

membranavoda (logMA).

—_—
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Dwuwarstwa '.O___ Nosnik
lipidowa AN kizemionkowy

Dodanie analitu — gj
© (] oee ':":.

Inkubacja N B B EAN B Gt

Wirowanie

Analiza
supernatantu I I | I I I I I I
(HPLC lub IC)

Rysunek4 6 FKHPDW SUJHGVWDZLDM F\ XNaADG WHVWRZ\ 75%

2WU]J\PDQH GDQH HNVSHU\PHQWDOQH ]JRVWDA&\ WL
X]\WNDQ\PL ]D SRPRF PRGH@RQ@REBEXPRE ODLQH 6FUHHQLQ
0,&HOONWYU\ Z\NRU]J\WWXM F REHOAKDOQEPQ NZRYWRZARRS L
GR SU]JHZLG\ZDQLD RGG]LDA4\ZDQLD ]ZL [NyZ FKHPLF]Q\I
.ODPW L LQ ORGHORZDQLH ]JRVWDAR Z\NRQDQF
] 8QLZHUV\WHWX 7HFKQLF]QHJR Z '"UH(QLH ] NWyU\P E\4&l
QNCN2016/23/G/ST5/042458]\WNDQH Z\QLNL JRVWDA&\ Z GDOV]HM NI
VWDW\VW\F]QLH ] Z\QLNDRQ XAMNRSWAIS BEMR|GGU KDE $.
*DMHZING WQ ] .DWHGU\ &KHPLL L 5DGLRFKHPLL URG
8QLZHUV\WHWX8*@D VNLHJR

2SUDFRZDQLH L ZDOLGDFMD QRZHM PHWRG\NL R]JQDF]I
IV Z WNDQNDFK PDa*\ >3 @

.RQFHSFMD MDN L GRNADGQ\ RSLV EDGD SU]JHSURZ
PHWRG\NL R]QDF]DQLD NDWLRQYZ LPLGD]ROLRZ\FK ,/\
SUJHGVWDELWRXNR B XEOLN@FMLSEHUZV]\FK GZYyFK HWDS
PLD4\ QD FHOX GREUDQLH RGSRZLHGQLHJR ]J4R*D Z WHF
BROBKDVH ([WUBFWIZRQRU\VW\ZRQBWMERDQDOLWYZ L RF
X]\WNLZDQ\FK HNVGRDNIQMERUG]LHM Z\GDMQHM WHFKQ
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] WNDQHN RDEIRZMBYEBHQ ]ZL JHN PRGHB®REK]|DVOZ\@RUX ]aF
Z WHFKQLFH 63( GR DQDOL]\ LQVWUXPHQWDOQHM Z\N
]JH Z]JO GX QD XSURV]F]JRQ\ VN4aDG PDWU\F\ NWyU QD W
PRUVND -HGQDN Z NROHMQ\FK HWDSDFK SUYENL DQDOL
/& 06 06 FR ZL ]JD4AR VL ] NRQLHF]JQR FL XSU]JHGQLHJR
GREUDQLONZDPUMHGQRF]JHVQHM DQDOL]\ Z\EUDQ\FK NDW
LQVWUXPHQWDOQHMRER FRSAWDHR \Z] NRORMQLP &JR]G]LDC
3R Z\EUDQLX QDMEDUG]LHM Z\GDMQHM WHFKQLNL HNVW
PDa*\ GDOV]H HWDS\ REHMPXM FH Z\EyU RVWDWHF]Q\
SUJHSURZDG]RQR SU]J\ X*\FLX GRFHORZHM PLHV]DQLQ
R KRPRORJLF]Q\ V]NDWJILRRWHDORK ORLPLGD}RDL@&Z\FK
>0 @ >0 @ 3@ 2VWDWHF]QLH ]DSURSRQRZDQD QRZD
PLHV]DQLQ\ Z\EUDQ\FK NDWLRQYZ ,/V DVEMBRQHN ZDONJGI
L Z NROHMQ\P HWDSLH Z\NRUJ\VWDQD Z WRNX EDGD QD
LQ YLYR

2SUDFRZDQLH PHWRG\ R]JQDF]DQLD NR FRZHJR
AV ] ZA\NRUJ\VWDQLHRPBNHEFEKQLNL /&

$QDOL]\ LQVWUXPHQWDOQH SURZDG]RQR SUJ\ X*\FL
VL ] SRPS\ Z\WRNRFL QLHQLRZHM DXWRPDW\F]JQHJR S
VSU] *RQHJR |JH VSHNWURPHWDWRWDRQMRIFE Z DQDOL]D
SRWUYMQ\ NZDGUXSR@GA4RTMRQUIDIFML QD GURG]H HOHN
6KLPDG]X -DSRQLD 'R UR]G]JLHOHQLD FKURPDWRJUI
Z\NRUJ\WWDQR NROXPQP .L®BHWH[ c i PP ILUP\
3KHQRPHQH[ .DQDGD 6NA&4DGQLN $FHW\R QKXWKR® H N DWWA
VNADGQLN % PO ZRGQ\ UR]JWZyU RFWDQX DPRQX : WR
MRQYyZ GRGDWQLFK D GOD ND*GHJR DQDOLWX PRQLWRU
IUDJPHQWDF\MQH WU\E PRQLWRURZDQLD ZDEQWOQSPKH U
SHDFWLRQ ORQIOWRWRISWDFRZDQD PHWRGD DQDOLW\F]Q
]ZDOLGRZDQD SRSU]H] Z\]QDF]HQLH WDNLFK SDUDPHW
SRSUDZQR i 5 > @ OLQLRZR iU D WDN*H LQVWUXPHQ"
,QVWUXP HQF\DLAR QHW/PLIW LQVWUXPHQWDOQD JUDQLFD R



,QVWUXPHQWDO 4XD@WLILFOGQURD ]/LMURWUPDFMDPL SU]
Z SUDBF@> 5R]G]LID &\

2SUDFRZDQLH SURFHGXU\ R]QDF]DQLD Z\EUDQ\FK |
IV Z WNDQNDFK PDa*\

0D a*M. trossulus wykorzystane na etapie opracowywania metodyki
DOQDOLW\F]QHM SREUDQR ] =DWRNL *GD VMaddwtzymUD P D F K
Instytutu Oceanologii PANriv A2FHDQLD’ 2UJDQL]P\ SREUDQR =
U L QDW\FKPLDVW ]JDPUR*Rf@R I @DB\P8HUWMWWXSRISU]JHWU
GR ODERUDWRULXP SRGGDQR OLRILOL]DFML 6XFKH W
porcelanowym do uzyskania jednolitej masy, po czym przechowywano je w lodéwce.

Opracowanie optymalnych warunkéw procedury ekstrakcji imidazoliowych
NDWLRQyYZ ,/V REHMPRZDA4R NLOND HWDSyZ NWyUH V]F]F
[P6], tj.:

D 'REUDQLH URG]DMX ]JaR*D L ZDUXQNyZ HNVWUDNFML
vaXx* FHM GR L]RODFML L Z]JERJDFDQLD DQDOLWyYyZ ] S
XJ\WNDQ\FKiZvivéH FLH

63( Z\NRQDQR SU]J\ X*\FLX V\VWHPX %DNHU 63( *
ODWHULDOV 3ROVND VW SQHJR GRERUX RGSRZLHGQI
dejonizowanej z dodatkiem wzorcowej cieczy jonowej [IM18][C(&NWV trakFLH ED G D
VSUDZGRBQ\WN DQDOLWyYyZ ] VRUEHQWYZ Z\NRU]J\VWXM F!
(OasisWCX, Strata XCW, Discovery SCX) oraz hydrofilowhydrofobowe (Strata
;L 2DVLV +/% 1D WHM SRGVWDZLH RVWDWHF]QLH Z SU
+/% PO PJ :DWHUV 868% 1D W\P HWDSLH EDGD
RSUDFRZDQ PHWRG R]Q D F Dv@kortrystonigvhl ted@iiki HPO-C @
DAD.

b) Wytypowanie najbardziej efektywnej techniki ekstrakcji modelowego kationu
imidazoliowego [IM18] ] WNDQHN PDa*\

1D W\P HWDSLH VSUDZG]RQR Z\GDMQR U WU]JHFK Uy
MDN SUJ\WSLHV]RQD HNVWUDNFMD ]AccédRafeR SolvehR]S XV ] F
Extracton $6( HNVWUDNFMD UR]SXV]F]IDOQLNLHP ]D SRPRI
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RUD] HNVWUDNFMD ]D SRPRF UR]JSXV]F]DOQLND 2ZV
mikrofalowym (angMicrovawe Assisted ExtractipMAE) dla wybranego modelowego

kationu tj. [IM18] 6]F]JHJyal GRW\F] FH WHVWRZDQ\FK ZDL
przedstawiono wiabeli 1 [P6] 1DOH*\ SRGNUH OLUO L* X]\WVNDQH HN
RF]\WW]F]JHQLX L ]DW *HQLX MH OL E\AD WDND NRQLHF]C
RSUDFRZDQHM SURFHGXU\ 63( MDN RSLVDQR WR SRZ\*F
otrzymanych probek prowadzono z wykosiniem uprzednio opracowanej metody
R]QDF]DQLD NR FRZHJR NDWLRQyZ LPIMSPMEROtyRBIZ\FK ,/V
MRM (5R]G]LD#

c) Dobranie odpowiednich warunkéw ekstrakcji mieszaniny czterech kationow
LPLGD]JROLRZ\FK ,/V] WNDQHN PDa*\ |]-ZRERWISMB/ DQLHP V
Na podstawie wynikéw uzyskanych dla modelowego kationu, do ekstrakcji
imidazoliowych kationow ILs] WNDQHN PDa*\ Z\W\SRzZDQD ]J]RVWDAaI
'ODWHJR WH* Z UDPDFK RSUDFRZDQLD Z\GDMQHM PH\
MRQRZ\FK Uy*QL F\FK VL Z&BERHRUZR F\WPRLPWHNVNMWNRRZDQH E
warunki tego procesu, PRG\ILNXM F WHPSHUDWXU RUD] PRF
FR JRVWDAR SU]FBY WD ZL@OKdNneHNVWUDNW\ UyZQLH* RF]
] Z\NRU]J\VWDQLHP XSUJHGQLR R SNADtiFR 2@ 5eH pMobi® HWR G\
DQDOL]RZDQR VWRVXM F ZF]JH QLHM RSUDFRZDQ PHWRC

imidazoliowych ILs z wykorzystaniem techniki EIS/MS w trybie MRM (5 R]G]LD&

: WRNX EDGD RFHQLDQR Z\GDMQR U0 WHVWRZDOQ\FK S
wyznaczonegoR G]\VNX EH]Z]JO GQHJR SRV]F]HJYyOQ\FK DQDOL\
PDWU\FRZ\FK NWyUH JRVWD&\ REOLF]RQH QD SRGVW
Z5R]G]LDOH @ >3

:DOLGDFMD RSUDFRZDQHM PHWRG\NL

2SUDFRZDQD PHWRG\ND JRVWDAD SRGGDQD SHAQHM
WNDQHN PD&a*\ | GRGDWNLHP PLHV]DQLQ\ Z]JRUFRZHM F
SR]JLRPDFK VW *H QJ J VXFKHM
SRZWYU]HQLDFK VWWDHRDPGHM 1DVW SQLH REOLF]RQH
ZDOLGDF\MQH ]JJRGQLH | LQIRUPREGPILMIO BUPHGVWDZLRQ\

)
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%DGDQLH ELRNRQFHQWUDFML Z\EUDQ\FK NOPWLRRYZ |
] Z\NRU]J\VWD Q IOH RVP RE\BX@ X V

.RQFHSFMD MDN L GRN&DGQ\ RSLV EDGD SU]HSI
ELRNRQFHQWUDFML Z\EUDQ\FK NDWLRQYZ LPLGD]ROI
L V]IF]JHJYyARZR RPYyZLR GHD:ZWSRNEXO WWPRMEDSD Z\NRUJ\VWI
osobniki M. trossulus, ktore JARZLRQR ] =DWRNL *GD VNLHM ZH
U SD(G]JLHUQLNX U L OLVWRSDG]LH U BRGF]DV I
A2FHDQDW\FKPLDVW SR SREUDQLX Z\EUDQH RMBEQLNL F
FP SUJHQLHVLRQR QD JRG]LQ\ GR ]JELRUQLNyZ ] QI
XPR*OLZLDM F LP ILOWUDF\MQH3RRFGRVYMMEQEH QKXW B
GR ODERUDWRULXP GRN&ADGQLH XVXQL WR ] LFK PXV]OL
Z JELRUQLNDFK WHUPRVWDWRZDQ\FK Z\SHAaQLRQ\FK V]W
]DVROHQLX L WHPSHUDWXU]H FR JRY¥Y@®DAR SU]JHGVWDZLEF

Badanianvivo] Z\NRU]J\VW D QWU tidBsHBIEIRVWD A&\ SRG]JLHORQH
]DVDGQLF]H VHNFMH : SLHUZV]HM F] FL Z UDPDFK ZVV
WHVW\ WRNV\FIQR FL RVWUHM FR PLD&AR QD FHOX
QLHSRZRGXM FHIJR PLHUWHOQR FL EDGDQ\FK RUJDQL]F
Z WHVWDFK ELRNRQFHQWUDFML : GDOV]J]HM NROHMQR
WM EDGDQLD VWRSQLD ELRNRQFHQWUDFML Z\W\SRZDQ\
FHOX G RyBEr&n6 $dle oparte dwa kationy imidazoliowe: [IM18]Joraz [IM1-12]*,

NWyUH WHVWRZDQR Z GZyFK Uy*Q\FK |[DVROHQLDFK WM
SRVWDQRZLRQR VSUDZG]LU ZS4\Z DQLRQX QD ELRNRQFF
zaréwno na [IM18][Br] jak i [IM18][ C(CNj].

UDPDFK SUJHSURZDG]RQHJR WHVWX Zabvivi ZHJR EI
Z\NRUJ\VWDQR FJWHU\ DNZDULD NWyUH Z\SHAQLRQH E)
Z V\VWHPLH WHUPRVWDWRZDQ\P 7 f& SU]\ PLQLPCL
JELRUQLNYZ GRGDQR UR]JWZyU WHVWRZDQHJR ]ZL INX G
10 pg/L, natomiastF ]ZDUWH DNZDULXP VaxX*\aR MDNR NRQWUROI
XPLHV]FIRQR SR RVREQLNyZ : WUDNFLH WUZDM FHJR
VWDOH QDSRZLHWU]DQH 'RGDWNRZR FR GQL Z\PLF
w akwariach, w celu zapewniend WD aHJR Z\M FLRZHJR SR]JLRPX VW *
]ZL INX $E\ RFHQLUO ELRNRQFHQWUDFM FR JRGILQ\ S
osobnikédwM. trossulus 0ODa4*H SUJHQRV]JRQR GR [/ ]JELRUQLNyZ L S
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wodzie morskiej (bez dodatku ILs) na 6 godzin w celu filtracyjnego oczyszczenia ich
XNabGX WUDZLHQQHJR 2VWDWHF]QLH SUHSDURZDQR W|
z probkami wody przechowywano w temperatu2@ °C do czasu analizy.

'\L]RORZDQH WNDQNL PD&*\ OLRILOL]RZDQR D QDV
X*\FLX PR(G]JLHU]D SRUFHODQRZHJR 3R RGZD*HQLX
WNDQNL HNVWUDKRZDQR ]JJRGQLH ] RSUDFRZDQ ZF]JH Q
w publikacji [P6].

1D SRGVWDZLH DQDOL]\ VW *HQLD NDWLRQyZ ,/V Z
Z\]QDF]JRQH JRVWDA4\ ZVSYyaF]\QQLNL %&) 2EOLF]HQLD ]F
]JH VWDQGDUGRZ PHWRG NWy U HuzdvijlePH dypabligt)ilH G VW D
[P7].



5. Wyniki i dyskusja
&KDUDNWHU\VW\ND RSUDFRZDQ\FK PHWRG R]QD!
] Z\ANRUJ\VWDQLHP WHKHFKQL@AL +3/&

1RZH PHWRG\ R]QDF]DQLD NR FRZHJR NDWLRQyZ ,/V
+3/&'$' JRVWDa\ RSUDFRZDQH L VEKDUDNWHU\]RZDQH Z
Z DQDOL]DFK Z\NRQ\ZDQ\FK QD NROHMQ\FK HWDSDFK
LQIRUPDFMH GRWWEG FIR WAB &\ FSHIWHTOD\EWM D DLIFKQ B] Z
Z SXEOLBN@FRSWDFRZDQH PHWRG\ JRVWDA\ Z SHAQL ]zZDOl
SUHF\$RBSWDZQPRWY]F] FH VL Z RJYyOQLH SUJ]\M W\FK NU\V
OLQLRZR ii 5GOD ZV|DOWBLFKZ *UDQLFH R]QDF]DOQR
PHWRG QD SRHRPLH SR]ZROL4\ QD ]DVWRVRZDQLH LF
DQDOLW\F]Q\FK Z SU]JHS URZ DIBPRIE FEDWHW VDK RSUDFER Z
HNVWUDNFML NDWLRQX LPLGD]ROLRZHJR ] ZRG\ ] Z\NRU]

2FHQD SRZLQRZDFWZD FLHF]\ MRQRZNRKZI>® @ RL
GR OLSLGYyZ PHPEUDQRZ\FK ] Z\NRUJ\VWDQLHP 66/0V

%DGDQLD SUJHSURZDG]RQH Z UDPDFK QLQLHMV]HM
QRZ\FK LQIRUPDFML SR]ZDODM F\FK QD OHSV]H JUR]XP
]ZL INyZ REGDU]JRQ\FKWBANGKIQNMBR ,/V RV EARQIDAHNYZ
NRPYUNRZ\PL Z NRQWHN FLH LFK SRWHQFMDA&X GR
JHVWDZLHQLH X]\WNDQ\FK Z\QLNYyZDEFRWVOALD4R SU]JHGVWDZL



7DEHRZLQRZDFWZR Z\EUDQ\FK NDW BRQYZ8WDIL@QyZ ,/
GR IRVIRGLRDRIRWMHVWDFK ] 66/0V
/RJO$ >/ NJ@

‘DWLRQ\

>1 3K@>&0@
>1 3K@>&0@
>1 3K@>&0@

>0RU @>&0@
>0RU @>&0@

>,0 OH@>&0 @

>3\ @>%U@
>3\ 10H @>&0@

>1 @>&0@
>3 @>%U@

%DGDQLH ZSa\ZX DQLRQX QD ND

>0 @>&@1 NDWLRQ “ DQLRQ
>0 @>%@k1 NDWLRQ “ DQLRQ
>0 @410 NDWLRO DQLRQ

>0 @>+)&62@ “

>0 @>r &2@

.DWLRQ\ ] SLHU FLHQLDPL DURPI
>0 3K@>&0@
>0 3K@>&0@
>3 3K@>&0@
>0 3K@>&0@

$QLRQ\
>1D@>&& 1
>I1D@>%&1
>1D@>@)
>1D@®@3)

> @>+) &2@
>1D @6&6&2®
>.@> &3) @
>.@> )6a2@

73V IDUPDFHXW\NyZ
K\GURNV\A\LEXSURIHQ
2GHVPHW\OQDSURNVHQ
K\GURNV\GLNORIHQDN
GLK\GWKRGURNV\NDUEDPD]HS|
HSRNVVG NDUEDPD]HSLQ\
2GHVPHW\OWUDPDGRO
1DFHW\ORVXOIDPHWRNVD]RO

\QLNL X]J\VNDQH GOD WU]JHFK NDWLRQYyZ DPRQLRZ\
]DZLHUDM F\PL RG GR DWRPyZ Z JOD D WDN*H
L LPLGD]JROLRZWHKQORZ\PL aD FXFKDPL ERF]Q\PL MHGQR]
QD NOXF]RZH JQDFIHOQUKNWHEHKMDBOHAKM ¥ RGG]LDA\ZDQL!
WZRU] F\PL EARQ\ NRPYUNRZH &KRFLD* Z SU]J\SDGNX ZV]



NDWLRQyZ ]JDREVHUZRZDQR ZJURVW ZDUWR FL ORJ0S$ ZL
Z JOD Z 4D FXFKX ERF]JQ\P X]\WNDQH ZDUWR FL E\&4\ G>
]DZLHUDM F\FK NDWLRQ\ DONLORPRAUIPRZGLIRZIED FXSAK!
ZDUWR i ORJ0$ BRDIRMVILRFIX IR Z\QLRVAD “ / N
NDWLRQX DPRQLRZHJR SLU\G\QLRZHJR RUD] LPLGD]ROL
DOLIDW\F]Q\PL ZDUWR & WD Z\QLRVA4D RGSRZLHGQLR

/ NJ 2EVHUZDFMHGWR]|QWBQERZBERWZLHUG]HQLH ZF]H QLH
QD SRGVWDZLH GDQ\FK GRW\F] F\FK LFK WRNV\F]QR F
L LQ %HLO L LQ JJRGQLH ] NWyU\PL ,/V PRUI
EDUG]JLHM SU]\MD]QD GOD URGRZLVND DOWHUQDW\ZD
L SLU\G\QLRZ\FK = NROHL |[DREVHUZRZDQD |]DOH*QR i Z
PHPEUDQRZ\FK ZUD] ]H ZJURVWHP GaXJR FL DONLORZH.
SRWZLHUG]JHQLH ]DUYZQR ZH ZF]HGDICHNDVFKF K\NRDW B\q
Z QDV]\P JHVSROH 'R4*RQHN L LQ MDN L GDQ\Fk
SRGREQ\FK VWUXNWXUDOQLH ]ZL |[NyZ WDNLEFK MDN VXU

,QQ LVWRWQ FHFK NDWLRQyYZ ,/V NWYUHM ZS&a\z Q
SRGBIRFHQLH Z WUDNFLH SURZDG]RQ\FK EDGD E\a
DURPDW\F]Q\FK Z VWUXNWXU]H 64DEV]H SRZLQRZDFW
VWUXNWXUDFK Z\VW SXM SRGVWDZQLNL DU\ORZH Z SRI
aD FXFKDPL ERF]Q\PL PR*H LIZNOINDIG SRDDUQR FL RUD]
]DZDG\ VWUXNWXUDOQHM XWUXGQLDM FHM EH]SR UHGQ
ZVND]XM WDN*H *H LOR & SLHU FLHQL DURPDW\F]Q\FK
ZDUWR FL ORJO$ : SUJ\SDGNX NEBWL RIGHYFQ L BIUKS] R CHQR\2
RGG]LD&4\ZDQLH E\aR QD W\OH VA4DEH *H Z\]QDF]JHQLH C
Z SUJ\SDGNX NDWLRQX IRBIRARZ HIJW WBJHFK SLHU FLHQL
VSRZRGRZD4aD MHG\QLH QLH]QDF]Q\ ZJURVW RGG]LDA&\Z
ORJO$ FR PR*H Z\QLNDi# ] ZL NV]HJR XG]LDaXxX
SUJ\FL JDQLD F]ZDUWRU] GRZHM JUXS\ DPLQRZHM REH
DURPDW\F]Q\FK REBK@\FK Z >3

IDWRPLDVW Z SUJ\SDGNX DQLRQyYZ ,/V ]JDREVHUZRZ
GR IRVIROLSLGYZ MHVW Z\UD(QLH VADEV]H QL* SRZLQRZ
ORJOS$ Z\]QDF]JRQR GOD FLHF]\ MRQRZBMaA]DZAQH RN K DF R @ D

“ / NJ :DUWR SRGNUH OLi# *H ]ZL JNL FKHPLF]«
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NODV\ILNRZDQH MDNR VXEVWDQRBMHD GG UBROR IDRMIRWNRIDA
6XEVWD®)BHEY X]QDZDQH V SR ZWQHIF KEUHR 1B QERZ URGRZL
JH Z]JO GX QD ]J]QLNRP ELRGHJUDGR TROIQRNR QF H QWRUND |
%XUNKDUG 1LQLHMV]H EDGDQLD SRWZLHUG]DM
Z VWUXNWXU]JH OLF]QH DWRP\ IOXRUX SRZLQQ\ E\i WUL
SUJ]\SDGNX SR]JRVWDAa\FK WHVWRZDQ\FKS DQINRIRYZ \ 4D/
ZDUWR U/ NJ WDGNK Z@S WNSLRVaD “ / NJ 6XJHL
*H R LOH LQWHUDNFMH DQLRQyYZ ] IRVIROLSLGDPL V ]D]:
] NDWLRQDPL Z\PDJD V]F]HJYOQHM XZDJL Z NRQWHN FI
&R ZD*QH R LOH SRZLQRZDFWZR VDP\FK DQLRQyYZ GR IR\
XG]LD4a Z RGG]LDAa\zZDQLX ,/V ] EARQDPL NRPYyUNRZ\PL P
] Z\NRUJ]\VWDQLHP NDSRZRBRQPHOR @ FJWHUHPD Uy*Q\P
]JDREVHUZRZDQR *H ZDUWR i ORJO$ NDWLRQX Z\QRV] F
/ NJ Z REHFQR FL DQ@R®Y@. >%)&[2@Z]UDVWD GR “
/ NJ JG\ MDNR SUJHFLZMRQ RE3EBVHHAVRY DX LRKA W78 BQA
>& &I@PR*H Z\QLNDU ] WUZD&4HM DVRFMDFMQ LN X DAYH RRD |
QLZHORZDQH MHVW MHJR RGS\FKDQLH SU]JH] GRGDWQLR
1DOH*\ MHGQDN SRGNUH OLi *H QDHRBHDFAHIRVDSR H
WHVWRZDQ\FK DQLRQYZ WHJR W\SX RGG]LDA\ZD@LH ] ND
A\QLNL HNVSHU\PHQWDOQH X]\WNDQH Z QLQLHMV]HM
] ZDUWR FLDPL ORJ0$ RNUH ORQ\PL JDLFSNRWREH RRGW D :
Z\]QDF]JRQH ZH ZVSYyaSUDF\ | GU 6WHSKDQHP %HLOHP |
6NU WQ :DUWR FL SUJHZLG\ZDQH SU]JH] PRGHO V Z ZL
GR Z\QLNyZ HNVSHU\PHQWDOQ\FK FR SRWZLHUG]D 2Z
5 5\WXQHN &R @D*QH W\ONR Z SUJ]\SDGNX WU]JHFK
]ZL JNyZ Uy*QLFD PL G]\ ]JORJDU\WPL]RZDQ\PL ZDUWR
D PRGHORZ\PL Z\QRVL ZL FHM QL* *4yZQ\PL SXQNWI
>)621@ NDWLRQZ>SODU@H | DQLR @R B DJ&NOW LR Q B @
=H Z]JO GX QD RJUDQLF]RQ OLF]JE GDQ\FK QLH MHVW
SUJ\F]\Q REVHUZRZDQ\FK Uy*QLF 3FPRIEPRVWHSBRGB®
QDU] G]JLHP GR ZVW SQHJR V]DFRZDQLD SR ZLQR ZDFQH D
X]\WNDQH GOD MRQyYZ EDUG]R JUY*QLFRZDQ\FK VWUXNW X
GRSUDFRZDQLD Z FHOX ZLDU\JRGQHJR ]JDVWRVRZDQLD G



ODM F QD XZDG]H GDQH X]\WNDQH GOD ,/V Z UDPDFK
UyZQLH* GRNRQDU ZVW SQGIRELRINHRM\F IS Q VDN Hl DY §XBHY
Z IDOH*QR FL RG S+ URGRZLVND WDN*H PRJ Z\VW SRZD
SRGNUH OLi# *H ZV]J\WWNLH EDGDQH 73V ]D Z\M WNLHP ¢
G\WWRFMDFML Z ZDUXQNDFK HNVSHU\PHQ®®D @\IKV\V8M L Fk
DQDOLWYZ JRVWDA&\7TBEHDAVWDZLRQH Z

=DVDGQLF]R Z\]QDF]JRQH ZDUWR HNyZDEHID GOD
MHGQR]QDF]QLH SRWZLHUGNDAK ]ZH GSR/DLGRLGYEWZRRU] F
EARQ\ NRPyUNRZH MHVW ]JQDF]QLH VADEV]H QL* Z SUJ\SD
QDMZ\*V]H SRZLQRZDFWZR ]DREVHUGRRDNYRG ZN &R \S@ISNN
NWyUHJR ZDUWR i ORJO0OS$ Z\QDEWHOD 2]QDF]D WR MHGQ
*H SRZLQRZDFWZR WHJR PHWDEROLWX GR E4ARQ NRPyUN
ZLHONR FL PQLHMV]H QL* ]ZL JNX Z\M FLRZHJR : SUDF
Z\]QDF]JRQH GOD GLNORIHQDNX SU]\ X*\FLX OLSRVRPyZ
DQDOL]RZD@NNZ]\AN&\ EDUG]R QLVNLH SRZLQRZDFWZR G

/ NJ Z VNDOL ORJDU\WPLF]QHM GRQPHWAR RD DSW]RME

L DFHW\ORVXOIDPHWRNVD]JROX QLH |JDREVHUZRZDQR *DC

A\QLNL WHVWyZ SUJHSURZDG]RQ\FK Z QLQLHMV]HM ¢
NRQFHSFMDPL IDUPDNRNLQHW\NL : Z\QLNX SURFHVyZ Pt
SUJHPLDQLH GR SRFKRGQ\FK R ]QDF]QLH EDUG]LHM
FR RVWDWHF]QLH SURZDG]L GR LFK Z\GDODQLD ] RUJDQ
GDQH ZVND]XM *H GOD ZV]\WWNLFK DQDOL]RZDQ\FK
GR IRVIROLSLGYZ MHVW ]JQDF]QLH QL*V]H QL* Z SU]\SDGN
1DOH*\ MIRIBNINH OLi *WZFRRBIRQRZBEGYZ WR W\ONR MHG!H
]JMDZLVND ELRNRQFHQWUDFML D [DWHP ]ZL JNL WH
L G\WWWU\EXRZDQH Z RUJDQL]PLH Z Z\QLNX RGG]LDA&\ZD
]ZADV]F]D ELD4ANDPL 1J L LQ

&KDUDNWHU\VW\NLP HRBRIG\F RDZADIAHM NDWLRQyYyZ LPL
Z WNDQNDFK PDa*\ ] Z\NRUJ\VWEBPLHP6 VW FA3QE@NL 0$(

WRNX SU]JHSURZDG]RQ\FK EDGD RSUDFRZDQR L
LQVWUXPHQWDOQ R]QDF]DQLD PLHV]DQLQ\ F]JWHUHFK
>0 @>0 @,0 @ >0 @ ] ]DVWRVRZDQLHFIG6WHHFKQLNL
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Z WU\ELH 050 =H Z]JO GX QD Uy*Q GaXJR U DONLOR.
DQDOL]RZDQH NDWLRQ\ ]JRVWDA4\ GREU]H UR]JG]LHORQH Z
NROXPQ\ ] Z\SHaAaQQLHQLHP-P % c u PP Z F]DVLH
PLQEWXQHNS @ :\]QDF]JRQH SDUDPHWU\ ZDOLGDF\MQH
RIQDF]DQLD Z\W\SRZDQ\FK NRWLRIH 2 D/QWHHH IRHQNDF ND O (
—1J Z\NU\ZDOQR FLQJ PRUD] SUHF\]MD SRSUDZQR 10
L OLQLRZR U USRWZLAL]Lal PR*OLZR 0 Z\NRU]J\WVV
GR |DSODQRZDQBEBBHRBH@OX=DVWRVRZDQLH WDQGHPRZHM
06 06 GR GHWHNFML NDWLRQYyZ DONLORLPLGD]ROLRZ\F
]1ZL INyz Z VW *HQLDFK R NLOND U] GyZ ZLHONR FL QL*
WHFKQLN WDNLFKSYDPMNV&FHFKEMRIFVMKRVWALDPL ,4/ QD SR]
PJ/ =KDQJ L LQ YDQ L LQ
S3RGF]DV ZVW SQ\FK EDGD |]DREVHUZRZDQR *H VSR |
lay* Z\NRU]J\VWDQ\FK GR HNVW U DprbBe LwoblyD mokski€) X >,0
]D SRPRF WHFKQLNL 63( JAR*H RSDUWH R NRSROLPHU C
2DVLV +/% PO PJ :DWHUV 86% FHFKRZD&R VL
\QLNDaR WR IDNWX L* JZDUDQWXMH RQR oMHGQRF]H
hydrofobowe z analitami
GDOV]HM F] FL ]DSODQRZDQ\FK EDGD VWZLHUG]
QDMEDUG]LHM RGSRZLHGQL VSR UyG WHVWRZDQ\FK WI
LPLGD]JROLRZ\FK NDWLRQyYZ ,/V ] WNDQHN PDa*\ 1D SR
Z\ND]DQR ERZLHP QDBDIM#FQLMIMNMVWIHNW\ZQ WHFKQLN GR ]
]JH Z]JO GX QD REVHUZRZDQ QLVN SRZWDU]DOQR U0 R
EH]Z]JO GQHJR NDWQRHXUIHNU® FIDNKEHN IBW@&RPLDVW
]DVWRVRZDQLH WHFKQLNL +202]PUPRQR *ZFPHEKIRZID ZB UM |
RG]J\WNX EH]Z]JO GQHORVNR @ MDN L EDUG]R GREU ¢
]JRVWDAR Z\NOXF]RQH ] GDOV]\FK EDGD ] XZDJL QD ]QD
]DSURSRQRZDQHM SURFHGXU\ HNVWUDNFML &KF F ERZ
HNVWUDNFML NLONX NDWIZRIYy AL HN GaXIR FLFKD SXEKD D
D W\P VDP\P K\GURIRERZR FL Z GDOV]\FK EDGDQLDFK
WHFKQLND 0$( JG\* GDMH RQH ZL FHM PR*OLZR FL GRVW
WDNLFK MDN WHPSHUDWXUD PRF SURPLHQLRZDQLD F
PRJ F\FK SURZDGI]LUO GR ]ZL NVJHQLD Z\GDMQR FL HNVW
PDa*\



W\P FHOX MDNR SXQNW Z\M FLD GR HNVWUDNFML
ZDUXQNL NWyUH QDMOHSLHM VSUDZG]L4\ VL Z SU]J\S
RIQDF]RQH 03$( -HGQDN QLH E\a\ RQH Z\VWDUF]DM |
SR]IRVWDA\FK DQDOL]JRZDQ\FK ]ZL JNyZ : ]ZL [NX ] W\P ;
WHM*H PHWRG\ REHMPXM FH WHVWRZDQLH ZS&a\zXx ]zl
HOHNWURPDJQHW\F]QHJR$] WGP SHUDWXU\ ]H f& Gl
0$( RUD] NRPELQDFML W\FK GZyFK HG\QDN NYZH G3[]\Q INF
SR* GDQHJRVMIHNWPRQHJIR RG]J\WNX EH]Z]JO GQHJR GOD
2VWDWHF]QLH SRVWDQRZLRQR GRGDWNRZR ]ZL NV]\i

HNVWUDNF\MQHM ] GR RGSRZLHGQLR L GOD 0$(
RG]\WWNX QDMEDUG]LHM @JHHBR G D® QFRIRD GWBRO LABX RZDG
PRG\ILNDFM Z SURFHGXW]BaX%K8DQILBIV\\aB XM 0(2+ ZF

GHMRQL]JRZDQ DE\ |DSRELHF HZHQWXDOQHM HOXFML Q
NWyU SRGHMBHIBPIO®R JEDUG]R QLVNLFK RG]J\WNyZ WHJR
SR]ZROL4\ QD RVL JQL FLH Z\VRNLFK ! RG]\WNyZ E
WHVWRZDQ\FK NDWLRQyYZ ,/V SU]\ REVHUZRZDQLX QL
PLHV] F\FK VL Z ]DNUHY/H@G0$( GR >0 @
Z 0$( : WHQ VSRVYE SRWZLHUG]JRQR *H RSUDFRZDQH F
HNVWUDNEM NDWLRQyYZ ,/V ] WNDQHN PDa*\ M
*H ZVSYaHNVWUDKRZDQH VXEVWDQFMH PDM ®KHZLHO
]ZL INyZ OXE ]JRVWDA&\ Z\WWDUF]DM FR VNXWHE]JQLH XV
'R GDOV]HJR SRVW SRZDQLD Z\EUDQR ZL F PHWRG
URJWZRUHP OH2+ WUZDM F PLQXW SU]\ WHPSHUDW
2VWDWHF]QLH WDN RSUDFRZDQD PHWRG\ND R]Q
DONLORLPLGD]JROLRZ\FK ] WNDQHN PDa*\ |[RVWDA&D SRGC
Z\]QDF]RQH SDUDPHWDEHSOZQRREEBUDFRZDQD PHWRC
FHFKXMH VL EDUG]R BREQN®LEPBR@AR FQLFDPL Z\NU\ZDO
GR QJ J VXFKHM PDV\ RUD] R]QDF]DOQR FL GR
ZV]\WWNLFK EDGDQ\FK ]ZL JNyZ :DUWR FL WH V WDN*H ]
GOD SRGREQ\FK MWBXKWXHPDRIQNFIK 3U]\NaDGRZR Z SU
L LQ ZDUWR FL WH X]\WVNDQH GOD DQDOL]\ F]ZDUW
Z WNDQNDFK U\E RVF\ORZDa\ Z JUDQLFDFK RG NLONX GR
DN ZVND]XM DXWRU]\ LQQ\FK SUDF 3DWL L LQ
HNVWUDNFMD NDWLRQyZ ,/V R Uy*QHM GAaXJR FL aD FXI
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Z\]ZDQLHP DQDOLW\F]Q\P :\QLND WR ] IDNWX *H QD HW
GRFKRG]Li GR XWUDW\ DQDOLW yZQR WEWDG/[Q MMVK K\&GDU RLL
OXE K\GURIRERZ\FK FR WDN*H REVHUZRZDQR Z WRNX
WR Z\NRUJ\WWDQLH WHFEKQLNL 0$( RUD] RGSRZLHGQLH C
L ZDUXQNyZ HNVWUDNFML GR ID]\ VWDA4HM SR]J]ZROL&R
L SRZWDU]DOQHM SURFHGXU\ R]QDF]DQLD Z\EUDQ\FK ND
ODM F QD XZDG]H GRVW SQH Z OLWHUDWXU]H UR]Z
R]QDF]DQLD NDWLRQyYZ LPLGD]ROLRZ\FKIZERD®W@FDFK |
QDOH*\ |D]QDF]\i L* ZV]\WVWNLH RSLHUDM VL R Z\N
UR]SXV]F]DOQLNRZHM ZVSRPDJDQHM XOWUDG(ZL NDPL
SUDFD RGQRV] FD VL GR R]QDF]DQLD Z\EUDQ\FK ,/V
ILEFKWKDXVHU Z N@¢¢yUHM WR ZDUWR FL RG]\VNyZ EDGDQ
Z IDNUHVLH QLHFR QL*§RPDQLMZSDBHHRGRU]H WM RG
3R]JRVWD&H SUDFH GRW\F] Z JAyZQHM PLHU]H R]QDF]DQLl
QLHPR*OLZH MHVW LFK EH]SR UHGQLH SRUYZQDQLH ] Z\Q
GRNWRUVNLHM 3RWZLHWHS|DRMRG|ROGQRNHQB SUJ\NGDW
ZVSRPDJDQ\FK WHFKQLNS GREHNVEALRDNREME]QWK VWDQRZ
Z ZLHG] QD WHPDW DQDOL]\ NDWLRQyZ LPLGD]ROLRZ\FK
7\P VDP\P RSUDFRZDQD L Z SH&4QL ]ZDOLGRZDQD SU
NDWLRQyYZ LPLGD]ROLRZ\FK Z WNDQNDFK RHDNDWF [HRZIFY Z
W\FK ]ZL JNyZ QDZHW Z ODGRZ\FK LOR FLDFK L VWDQRZ
EDGD %LRU F SRG XZDJ *H NDWLRQ\ LPLGD]JROLRZH V
SURGXNEMD ZFL * Z]JUDVWD ]ZL JNL WH PRJ Z\PDJDi
SURJUDPDEKWRPWRLQJIJRZ\FK 'ODWHJIR\NRXPRERZRDQRM P H
R]QDF]DQLH W\FK VXEVWDQFMIOLZ RUNDQINPFE BRAY\HF
Z\NRUJ\WWW\ZDQ\FK Z ELRPRQLWRULQ JX\NBREB KPR/ Z K&RD

SUJHSURZDG]HQLH W H VMQ 2Y IDISFONDRQRZDIWRIKD ZMUDPDFK G
SUDF\ GRNWRUVNLHM



5.4. Ocena biokoncentracji kationéw imidazoliowyh w testachin vivo
] Z\NRU]J\VWD Q MHtessuDsIPT]

0Da*H ] URG]LQ\ O\WLOLGDH V GREU\PL ELRLQG\NDW
FKHPLF]QH REHFQH Z ZRGJ]LH ] XzZDJL QD RG*\ZLDQLH
V RUJDQL]PDPL 4aDWZ\PL Z KRGRZOL 'ODWHJIR WH* V
Z EDGDQLDFK UFRGRAWNRZA\FK ELRPRQLWRULQJX T
ODERUDWRU\MQ\FK ]ZL ]JDQ\FK ] RFHQ ELRNRQFHQWUD
FHFKDPL PD&*\ O\WLOLGDH NWYUH GHF\GXM R LFK VN3
V. RVLDGA&\ WU\E *\FLD L Z\WRNDVRGBRURR ALOBNDQ L
3RQDGWR JDWXQNL ] URG]LQ\ O\WOLGDH V V]HURNR U]
FR ] NROHL XPR*OLZLD SRUYZQ\ZDQLH RWU]J\PDQ\FK Z!
QD RUJDQL]PDFK SREUDQ\FK Z Uy*Q\FKQF] FLDFKN BLIVW!
Z WHWODYYRQ\ ELRNRQFHQWUDFML ,/V Z\NRUJ\WWDQ\ |R
0\WLOLGIMHIRVVXOXV

‘H ZVW SQ\FK HNVSHU\PHQWDFK PDM F\FK QD FHO}
RVWUHM EDGDQ\FK ]ZL |RWDLZDWSRR@IGDEM FHJR PLHUGU
RVREQLNYyZHWKDO &RQFH Q@GN WD YILLRDAD PJ@ 30D@>,0
L PJ/ GOD >,00@=*@KEWHJR QD SRGVWDZLH RWU]\
]JGHF\GRZDQR *H ZH ZV]\VWNLFK WHVWDFK ELRNRQFHQW
JRVWDQLH VW *HQLH —J/ -HVW WR ZDUWR iGROBRQDG
>0 @>& @1 R SUDZLH U] G\ ZLHGOR BLEMBY® RG /&

‘DUWR FL %&) GO@D]ODMFIRQH Z QLQLADMWIGID SHD @
ZVND]XM *H ]JJRGQLH ] Z\W\F]Q\PL SU]J\M W\PL Z UDPDF
JRPEDUGR L LQ NDWLRQ WHQ QDOH*\ X]QDi ]D
GR ELRDNXPXODFML %&) “ / NJ ORJ%&)

MHG\QHM GRW\FKF]DV RSXEOLNRZDQHM SUQFYLERW\F

WHVWRP SRGGDQR NDWLRQ LPLGD]JROLRZ\ ] NUYWNLP E
Z\ND]D4 EDUG]R QLVN ELRNRQFHQWUDFM WW&RVVXOXW
8]\WNDQH Z UDPDFK Q@LQILMKIMYVHND |[XWDF¥H UFZ@IRZA 4D F)>
QLH ]ZL NV]D ]QDF] FR ELRNRQFHQWUDFML LPLGD]ROLR.
%&) GOD >DQ@RVAD ERZLHP TDEHODNJI Z\QLNX
SUJHSURZDG]RQWK YMMBWWRWZLHUG]JRQR ZSa\@X DQLR
QD ELRNRQFHQWUDEMNMOD>,0 f@®LHQQLH GR Z\QLNyZ X]

oi



Z WHVMWD RMKWADRRUJ\WWDQLHP 66/0 OR*QD WR Z\WA&XPC
RUJDQL]PX *\ZHJR 1LHPQLHM MHGQDN |DREVHUZRZDQTE
LQ YLWQRLX¥RGQLHVLHQLX GR Z]JUDVWDM FHM ELRNRQ
GaXJR FL 4D FXFKD Z JORZRGR UWRYZMBRH@RX YHURXMH. D* E LW}
] OLSLGDPL PHPEUDQRZ\PL | SRZRG]JHQLHP PRJ E\i
SUJHVLHZRZ\FK GOD GX*\FK JUXS ]ZL |[NyZ FKHPLF]Q\FK
LQ YLYWUWRVRVRZDQLHP 66/0CRMHPROD&EBHRBHMWMUFLHGOHC
SURFHVYZ ]DFKRG] F\FK Z XVWURMX ] XzZDJL QD WR
JGHILQLRZDQ\FK XN&4DGDFK VWDQRZL SU]J\GDWQH QDI
Z\MD QLHQLH PHFKDQL]PYZ RGG]LDA&\ZDRE.@LDRKU HDQH Q
RG VWUXNWXU\ ]ZL JNX FKHPLF]JQHJR F]\ WH* MHJR EXGR
'RW\FKF]DVRZH GRVW SQH Z OLWHUDWXUJH Z\QLNL

] DONLORZ\P &aD FXFKHP ]JDZLHUDM F\P SRZ\*HM DW
QDJURPDG]DQLX Z WNDQNDFK RUJDQL]PyZ *\Z\FK 'URJH
.LHUNHJDDUG L LQ Z WHVWDFK ] Z\NRU]J\VWDQLHP

*H REGDU]JRQH SHUPDQHQWQ\P aDGXQNLHP F]JEDUWRU] G
Z JORZ\FK 4D FXFKDFK ERF]JQ\FK QLH XOHJDM ELRNRQF
DQDORJLF]Q\FK WUJHFLRUHGRRYZIKQ RO PIIQD FJRREELRNRQ]
NZDOLILNXM F WH ]ZL JNL MDNR XOHJDM FH ELRDNXPXO
'ODWHJR WH* EDGDQLD SUJHSURZDG]RQH Z UDPDFK Ql
SLHUZV]\ ZVND]XM *H NDWLRQ\ ,/VRZHW\R WY BVVGNX K«
DWRPyZ Z JOD 4D FXFKDFK PRJ XOHJDi ]J]QDF]QHM
RUJDQL]PyZ ZRGQ\FK
QLQLHMV]HM SUDF\ DQDOL]RZDQR WDN*H ZSa\:
ELRNRQFHQWUDFML NWyU\ E\a JUy*QLFRZDQ\ Z ][DOH*QR
]JDREVHUZRZDQR ZJURVW ELRNRQFHQWUDFML ZUD] ]JH Z]U
HIHNW JDREVHUZRZD@RIGIDI® ZDUWR U %&) E\4D QLHPD
PQLHMV]D Z SU]\SDGNX GZXNURWQLH ZDENOHIR 3BVW@RO |
=DREVHUZRZDQH UY*QLFH Z ELRNRQFHQWUDFML EDGD(
]JDVROHQLDFK PRJ Z\QLNDi ] QHQQK PROWKLANYAZBD V] L
QD ELRGRVW SQR @i ]ZL JNyZ FKHPLF]JQ\FK MDN L Q
QS HIHNW\ZQR i SURFHVyZ ILOWUDF\MQ\FK F]\ RVPR
Z4D FLZR FL V NOXF]RZH Z SURFHVDFK DEVRUSFML L }

oi



L LQ %LRU F MHGQDN SRG XZDJ X]\WNDQH Z\QL!
Z\MD QLHQLH WHJR JMDZLVND Z\PDJD GRGDWNRZ\FK EDG

of



6. Podsumowanie

=DSODQRZDQH FHOH EDGDZF]H JRVWDA&\ JUHDOL]RZD!
DQDOLW\F]QH RUD] X]\VIND Y BWDR LNIWWBIQRZZ LVWRWQ\
Z OHSV]H JURJXPLHQLH ORVX URGRZLVNRZHJR ]ZL ]Ny
ADGXQMIMPSU]\NADG]LH Z\W\SRZDQ\FK GR EDGD FLHF]
SURGXNWYZ WUDQVIRUPDFML OHNyZ 73V

\QLNL X]\WNDQHLD WBRWHERFK. 4\ QD ZVND]DQLH ZD*
VWUXNWXUDOQ\FK NWyUH PRJ Z QDMZL NV]\P VWRSQL>
GR IRVIROLSLGYZ D FR ]D W\P LG]JLH LFK SRWHQFMDOC
EDGDQLD MHGQR]QDF]QLH SRWZLHUG]BMJIy®W ZXZBWJ\S
Z NRQWHN FLH SRWHQFMDAaX GR ELRNRQFHQWUDFML Q
4D FXFKDPL DONLORZ\PL DOH UyZQLH* DQLRQ\ ]DZLF
&R ZL FHM |DSUH]JHQWRZDQH GQRF]HQLHH WX G GH D@ Xz
] IRVIROLSLGDPL PRJ PLHi WDN*H LQWHUDNFMH SRPI
3RUYZQDQLH Z\QLNyZ HNVSHU\PHQWDOQ\FK PLEVWQLF
SRWZLHUG]LAR *H QDU] GJLH WR MX* QD REHFQ\P HWDS
ZVND]\ZDQLX ]ZL JNyZ FKHPLF]Q\FK R GX*\P SRWHQFMDO'
WHV@/ WYL BAWRU]\VWDQHNPEMBXYLHUG]DM ZF]H QLHMV]H ]Da
] NWyU\PL ]ZL JNL WH PDM QLHZLHONLH SRZLQRZDFWZR
Z\QDN ] IDMWXSURFHVDFK PHWDEROLF]Q\FK J\WNXM RQH
R FKDUDNWHU]H SRODUQ\P JQDF] FRRER RNR®MFH QW FDEIM L
]JPLHQLD WR MHGQDN IDNWX L* Z SUJ\SDGNX LFK HZHQW X
RGG]LD4\zDiu ] ELDaANDPL

2SUDFRZDQD QRZD PHWRG\ND R]QDF]DQLD PLHV]DQI
,/V RSLHUDM FD VL R Z\NRUJ\VW DEBIH: HEK SR ZR 6RO\ F
QD Z\GDMQ HNVWUDNFM L R]JQDF]JHQLH LFK ODGRZ\FK
WD QLH WV\ONR XPR*OLZLA4D SU]HSURZD G LE@HHPPD*$H0 B\QGR
WDN*H QLH]Z\NOH SRPRFQD Z SU]\V]4\FK EDGDQLDFK ELF

1D SRGVWDZLH SUJHSURZDG]RQ\@ K|ISRRURD |S\L\W DRV H A
JDWXQNX PRGHODRRWRROZAVHUG]RQR *H NDWLRQ\ LPLGD]F
G4XJLFK 4D FXFKDFK ERF]JQ\FK XOHJDM ELRNRQFHQW!
PRUVNLFK D W\P VDP\P PRJ VWDQRZL{ SRZD*QH ]DJUR*
\ND]DQR WDN*H *H ]DVROHQLH]\@REMLEPI ZSANVRINWQ FR

oi



QD SRWHQFMDOQ ELRNRQFHQWUDFM ]ZL [NyZ FKHPLF]Q
MHJR SH4QH JUR]XPLHQLH Z\PDJD EDUG]JLHM V]F]HJyaRZ\

1LHPQLHM MHGQDN PDM F QD XZDG]HQZYLWWRAYR WU
RUDD VLORWR GHRIDRNKR QFHQWUDFML ]ZL JNyZ REGDU]RQ\!
VWZLHUG]LU *H SUH]JHQWXM RQH Z\WRN ]JRGQR i Z NZ
WHQGHQFML :V]\WWNLH ERZLHP ZVND]XM *H GaxJR i a
MHVW GHF\GXM F FHFKIRZ SRMYSQPBMWXOQHM ELRNRQFHQ!
SDPL WDi *H Z\QDNYPWRBRIVWEYZ VSHF\ILF]QH GOD EDGDQC
L Z\ND]\ZDiu GKMQQ®R i SRPL G]\ RUJDQL]PDPILQ7YRLRYDRHF
LLQ VRGILHRIDM VL QD RGG]LDa\ZDQLX ] IRVIROLSLGDPL
XQLZHUVDOQ VNA4aDGRZ QLHPDO ZV]\VWNLFK JUXS WDN
SRGNUH OLi# *H Z\WVRND ]JJRGQR i SRPLL®]\YEZMQURIDYR H N
GRZRG]L *H QRZRFJEVYHMRIRIVENE VNXWHF]QLH Z\NRL
Z SUJHVLHZRZ\FK EDGDQLDFK GOD V]JHURNLHM JDP\ VXEV
]JDWHP QDSUJHFLZ REHFQLH ED)ZG]RDSR* G DMYP GVUB QDB E
5HGXFH S5HXVHL 5$FEVFOMLZDQLHP EDUG]LHM SU]J\MD]Q!
UR]ZL ]JD Z W\P RJUDQLF]JHQLX OLF]E\ WHVWly@ ®DWZRH L
PRJ WDN*H VWDQRZLU X*\WHF]QH QDU] G]JLH Z EDGDQL
PHFKDQL]PYyZ RGG]LD&\ZDQLD XVWDODQLD ]DOH*QR
GR IRVIROLSLGYZ D VWUXNWXU FKHPLF]Q ]ZL JNX OXE N

00
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The accumulation of anthropogenic chemical substances in aquatic organisms is an immensely important issue
from the point of view of environmental protection. In the context of the increasing number and variety of com-
pounds that may potentially enter the environment, there is a need for efficient and reliable solutions to assess
the risks. However, the classic approach of testing with fish or other animals is not sufficient. Due to very high
costs, significant time and labour intensity, as well as ethical concerns, in vivo methods need to be replaced by
new laboratory-based tools. So far, many models have been developed to estimate the bioconcentration potential
of chemicals. However, most of them are not sufficiently reliable and their predictions are based on limited input
data, often obtained with doubtful quality. The octanol-water partition coefficient is still often used as the main
laboratory tool for estimating bioconcentration. However, according to current knowledge, this method can lead
to very unreliable results, both for neutral species and, above all, for ionic compounds. It is therefore essential to
start using new, more advanced and credible solutions on a large scale. Over the last years, many in vitro methods
have been newly developed or improved, allowing for a much more adequate estimation of the bioconcentration
potential. Therefore, the aim of this work was to review the most recent laboratory methods for assessing the
bioconcentration potential and to evaluate their applicability in further research.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction through the digestive tract is also considered. The BMF, in turn, is an in-

Water resources around the world are under enormous pressure
due to climate change, ocean acidification, as well as excessive con-
sumption in households and various economic sectors (Werritty 2002;
Kliskey et al., 2019; Rayner, 2019; Wan et al., 2019). Another emerging
problem is the release of various chemicals with potential harm to both
the environment and people.

To fully understand how chemicals enter the body, what happens to
them inside and how they are excreted, it is worthwhile to trace the
processes of uptake, distribution, metabolism and excretion, the most
important components of which are presented in Fig. 1. In the case of
aquatic animals, there are three main ways by which chemicals can
enter the body: gills, skin and gastrointestinal tract (Mackay et al.,
2018; Wassenaar et al., 2020). Once they enter the body, the chemicals
are distributed among the various tissues. The distribution process de-
pends on the properties of the absorbed compounds, which can have
a strong affinity to different biomolecules - blood proteins, structural
proteins, storage lipids or membrane lipids - and therefore they accu-
mulate primarily in organs which are rich in these biomolecules (Da
Cuia et al., 2020; Hou et al., 2017; Grech et al., 2016). The next stage
is metabolism, which leads to the transformation of absorbed com-
pounds into various metabolites. Metabolic processes take place partic-
ularly intensively in the cells of such organs as the liver, gills and
kidneys (Gomez et al., 2010). As a result, usually compounds are formed
which are easier to remove from the body, although there are also
known situations in which the products of metabolism turn out to be
more harmful and more accumulative than the original compounds
(la Farre et al., 2008). The last phase of interaction of chemicals with
the body is excretion. In this case, the main routes are similar to absorp-
tion - elimination takes place primarily through the gills and by fecal
egestion (Arnot and Gobas, 2006). Compounds that have entered the
body can be excreted as derivatives formed during metabolic processes,
but also as parent compounds. In addition, a pseudo-elimination pro-
cess, involving a reduction in the concentration of chemical compounds
by dilution in growing tissues, should be considered (Segner, 2015). All
the processes described above are responsible for the bioaccumulation
phenomenon, which represents the deposition of environmental
chemicals in the tissues of organisms. Bioaccumulation includes
bioconcentration, which involves the absorption of chemicals from the
environment solely through respirators and dermal surfaces, excluding
the digestive tract, as well as biomagnification, a process strictly linked
to trophic transfer, in which the concentration usually increases at sub-
sequent levels of the food chain, reaching a maximum value for the
highest consumers (Yarsan and Yipel, 2013; Barron, 2003). All of these
processes can be described mathematically using the appropriate fac-
tors - BCF (bioconcentration factor), BAF (bioaccumulation factor) and
BMF (biomagnification factor). The BCF is calculated as the ratio of the
chemical concentration in the organism and the chemical concentration
in the surrounding medium at a steady state (Arnot and Gobas, 2006).
In the case of the BAF, the possibility of taking chemical compounds

dicator that only concerns dietary intake and is expressed as the ratio of
the chemical concentration in the organism and the chemical concen-
tration in its diet (Arnot and Gobas, 2006).

One of the key regulations concerning the production and import
of chemical substances into European Union countries is REACH
(Registration, Evaluation, Authorisation and Restriction of
Chemicals). Under this regulation it is required to register all the
chemicals above a production volume of 1 t per year in order to pre-
vent the risk of these substances entering into the environment
(Kemmlein et al., 2009). Moreover, if the production volume of a
chemical exceeds 10 t per year, a risk assessment report must be pre-
pared (chemical safety report), including information on the possi-
ble bioaccumulative properties of the compound and its
persistence in the environment (Kemmlein et al., 2009; Hansen
and Blainey, 2006; Williams et al., 2009). There are currently almost
23,000 compounds registered under the programme, although pre-
registration has even covered >100,000 chemicals. Moreover, many
compounds whose presence in the environment has already been
identified, are covered by the monitoring programme. For the moni-
toring of surface waters in the European Union, the Water Frame-
work Directive (WFD) was established. The main objective of the
WEFD is to determine the quality of water resources and to imple-
ment standards enabling the sustainable management of those re-
sources (Borja et al., 2010; Kaika, 2003; Kallis and Butler, 2001).
Among the groups of compounds monitored under the WFD the fol-
lowing can be distinguished: polycyclic aromatic hydrocarbons
(PAHSs), organochlorine pesticides and polychlorinated biphenyls
(PCBs), alkylphenols, short-chain chlorinated paraffins (SCCPs), tri-
butyltin compounds, polybrominated diphenyl ethers (PBDEs),
perfluorinated compounds (PFCs), as well as pharmaceuticals, such
as nonsteroidal anti-inflammatory drugs and steroidal estrogenes
(Rubirola et al., 2019; Kénemann et al., 2018; Coquery et al., 2005;
Lepom et al., 2009). The compounds monitored according to the
WED are hazardous substances characterized by high toxicity to or-
ganisms (e.g. disturbing reproductive processes or metabolism, dete-
riorating the condition, causing histopathological changes in
tissues). Additionally, their high ability to bioaccumulate has been
demonstrated. Such chemicals pose an enormous risk to human
and aquatic life (Rhind, 2009; Karouna-Renier et al., 2007). For ex-
ample, studies carried out by Karouna-Renier et al. (2007) have
shown the presence of dioxins, furans and DL-PCBs in blue crabs
(Callinectes sapidus) and oysters (Crassostrea virginica) from bays
and bayous in the Pensacola, FL area. The recorded concentration
values of these compounds were well above the acceptable daily
human consumption threshold, posing a serious risk to potential
consumers.

Therefore, it is clear that the assessment of the risks associated with
the presence of anthropogenic chemicals in ecosystems is a key issue
raised by environmental scientists. The bioconcentration potential con-
stitutes an important factor for estimating the effects of the release of
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Fig. 1. Scheme explaining the processes of uptake, distribution, metabolism and excretion.

chemicals into the environment. It allows the determination of the ex-
tent to which the compound will accumulate in living organisms and
is the sum of passive uptake from the environment, metabolism and ex-
cretion (Nichols et al., 2009; Treu et al., 2015).

According to the legal regulations (e.g. OECD Test Guideline 305), the
standard method for estimating the bioconcentration of chemicals in
aquatic organisms is based on experiments using fish. Testing with
fish is very time-consuming and financially demanding. Given the al-
ready huge and still growing number of compounds that require a pol-
lution risk assessment, the capacity of this method is many times too
low to provide adequate data for all these chemicals (Weisbrod et al.,
2009). Another important aspect to be taken into account is the ethical
issue related to the testing of harmful compounds on living organisms,
especially vertebrates. It is therefore extremely important that in vivo
tests, which raise many doubts, are replaced by new laboratory-based
in vitro methods and in silico models that would enable a much cheaper
and faster determination of the bioconcentration potential, with equally
high reliability.

So far, many in silico models have been developed to estimate the ac-
cumulation of chemical pollutants in aquatic organisms. However, most
of them are based on the octanol-water partition coefficient (referred to
as Kow in Environmental Sciences and P in Pharmaceutical Sciences), a
simple tool that determines the partitioning between the hydrophobic
phase and the hydrophilic phase, which means that they take into ac-
count only the hydrophobicity-based absorption of the compounds. In
the case of ionizable substances, the log D parameter can also be

determined, which consists of measurements at different pH values, in
which both ionic and non-ionic forms of the compound are present
(Fu et al., 2009). Nevertheless, these coefficients assume that lipids
(membrane and storage treated as one compartment), whose sorption
properties are similar to octanol, make up the dominant fraction in or-
ganisms responsible for the accumulation of chemical compounds.
However, it is difficult to expect that such a simplified model could ad-
equately reproduce the behavior of complex biological structures. Al-
though predictions obtained with this method may give an
approximate view of the behavior of compounds in organisms, it is
often underestimated, especially in the case of numerous ionic com-
pounds, which may show a much greater bioconcentration potential
than expected (Armitage et al., 2013; Bittermann et al., 2018;
Dotzonek et al., 2017; Treu et al., 2015; Endo et al,, 2013). It should be
remembered that both storage lipids, i.e. triglycerides, and membrane
lipids, i.e. phospholipids are vastly different, both in structure and func-
tionality, therefore treating them as a single phase may lead to false es-
timations. The absorption of charged species in cell membranes is highly
supported by electrostatic interactions with zwitterionic head groups of
phospholipids. Hence estimations based solely on the logKew,
neglecting potential interactions that may occur between such com-
pounds and charged phospholipids, might give highly inaccurate results
in the case of ionic compounds. Moreover, it is clear that interactions of
ionic compounds with biological membranes depend on both the loca-
tion of the charge in the molecule, but also the entire structure of the
compound and its steric properties (Armitage et al,, 2013). In addition,
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anionic species show a greater affinity to choline, while cations interact
primarily with phosphate groups (Escher et al., 2000a, 2000b; Armitage
etal, 2013).In general, it is certain that partitioning of ionic compounds
is much more complex than that of neutral compounds, so they should
be given special attention when estimating bioconcentration
(Henneberger and Goss, 2019).

Moreover, it should be emphasized that lipids are not the only
component of the body that can be responsible for the accumulation
of xenobiotics. Numerous chemical compounds may also show a sig-
nificant affinity to proteins, both structural, building muscles and
blood proteins (e.g. perfluorinated alkyl acids, benzoic acids, pesti-
cides, pharmaceuticals) (Henneberger et al., 2016a, 2016b; Endo
et al.,, 2012, 2013; Endo and Goss, 2011; Ng and Hungerbiihler,
2013). Therefore, it is highly relevant to take into account much
more complex dependencies and properties than lipophilicity
when estimating the accumulation of chemical compounds. Among
simple indicators of bioconcentration, molecular size and mass
should also be distinguished. According to one theoretical concept,
there is a limit value of these two parameters above which chemical
compounds are not able to pass through biological membranes.
However, literature data indicate that such a method of estimating
the bioconcentration potential does not always work, and compari-
son with BCF values shows discrepancies for many compounds
(Lillicrap et al., 2016; Arnot et al., 2010).

Although this article focuses primarily on tests to determine the
absorption of chemicals in aquatic organisms, it should be remem-
bered that this is not the only process responsible for the final
amount of accumulated substances. Biotransformation tests are an
important supplement to the data obtained from the analyses of
partitioning into membranes, proteins or triglycerides (Rehberger
et al., 2018). These experiments make it possible to correct existing
predictions, taking into account the metabolic processes occurring
in organisms. Currently, fractions obtained from the liver, which is
the main organ responsible for detoxification, are most often in-
volved in this type of tests (Jeon and Hollender, 2019; Greaves
et al., 2016; Saunders et al., 2019; Nakpheng et al., 2017). It is clear
that the identification of metabolic processes makes it possible to es-
timate the extent of bioconcentration more accurately. The determi-
nation of the absorption in tissues alone can provide information
about the bioconcentration potential in its worst case scenario
(Bittermann et al., 2018). On the other hand, exploring the metabolic
pathways allows an estimation of which part of the absorbed com-
pound will be able to undergo transformations and eventually be ex-
creted from the body.

The main aim of this work was to present an overview of in vitro
methods for estimating the phenomenon of bioconcentration. We
have analyzed the latest scientific achievements in laboratory-
based studies on bioconcentration, with particular attention to
tests estimating the absorption of xenobiotics. We have considered
both methods that can be useful in quickly and accurately assessing
the overall bioconcentration process, as well as those that can be
used to better understand the specific mechanisms responsible for
the interaction of contaminants with individual components of
the body.

2. In vitro assays for the estimation of bioconcentration
2.1. Artificial membrane assays

A wide range of in vitro methods based on artificial biological
membranes have already been used in research on physiological pro-
cesses in biomedical and pharmacological sciences, as well as in
analyses of environmental hazards (Armitage et al., 2013; Nichols
et al., 2007, 2009; Van Der Heijden and Jonker, 2011). The imple-
mentation of these solutions, based on various artificial structures
made up of phospholipids, is a more advanced alternative to

octanol-based testing. Due to greater physiological similarity to
real biological structures, the analysis of the partitioning to artificial
membranes and their permeability allows for a better estimation of
the bioconcentration potential of chemical compounds, especially
polar and charged ones. Therefore, in this subchapter we present
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Fig. 2. Scheme illustrating the main characteristics of in vitro assays using an artificial
membrane made of phospholipids.



J. Maculewicz et al. / Science of the Total Environment 739 (2020) 140261 5

the main types of in vitro experiments using artificial lipid mem-
branes (Fig. 2).

2.1.1. Liposomes

The most common model of a synthetic membrane, which largely
mimics the true properties of biological membranes, includes liposomes
(Alves et al., 2013; Balon et al., 1999; Decker et al., 2012; Escher and
Schwarzenbach, 1996). Liposomes are vesicles made of phospholipids
that form bilayers. They are obtained in a simple way, based on the ten-
dency of phospholipids to form multilamellar vesicles (MLV) in aqueous
solutions. By applying sonication, multiple freeze/thaw cycles or extru-
sion by special membrane filters, multilamellar vesicles can be used to
obtain single-bilayer liposomes of a desired size (SLV - small
unilamellar vesicles; LUV - large unilamellar vesicles) (Ribeiro et al.,
2010). Although the preparation of liposomes is very simple, experi-
ments determining the affinity of compounds to artificial membranes
are more complex.

Several methods, at least, have been developed to determine the
partition coefficient in liposomes, with many different advantages and
disadvantages (Van Der Heijden and Jonker, 2009). So far, equilibrium
dialysis is the most often used, classic technique for the determination
of membrane partitioning (Escher and Schwarzenbach, 1996; Escher
et al., 2000a; Kwon et al., 2007a; Ottiger and Wunderli-Allenspach,
1997). However, a wide variety of methods have been used for this pur-
pose, i.a. solid-phase microextraction (Van Der Heijden and Jonker,
2009), isothermal titration calorimetry (Patel et al., 2010), ultrafiltration
(Austin et al., 1998), second-derivative spectrophotometry (Takegami
et al, 2015), the polymer depletion method (Endo et al., 2013) and
zeta-potential measurements (Freire et al., 2011). In addition to choos-
ing the right laboratory procedure, the composition of phospholipids
from which the liposomes are made is also important, as different ratios
of particular fatty acids in biological membranes may give different re-
sults (Modi and Anderson, 2013; Van Der Heijden and Jonker, 2011;
Yamamoto and Liljestrand, 2004). It is also important whether choles-
terol is included in the membrane, as it changes its fluidity and therefore
influences the partitioning behavior of the tested compounds (Kucerka
et al,, 2010; Subramanian et al.,, 2016; Wennberg et al., 2012). Among
the difficulties associated with experiments on liposomes, it should be
stressed that they are characterized by relatively low stability in buffer.
Therefore, to avoid their spontaneous destruction, it is recommended to
perform experiments on freshly prepared liposomes. Moreover, exper-
iments with liposomes require the careful selection of the appropriate
methods and lipid components, depending on the purpose of the
study. However, if properly designed, they can provide many physiolog-
ically adequate answers to the matter of the bioconcentration potential.

2.1.2. Solid-supported lipid membranes

Solid-supported lipid membranes (SSLMs) are widely used for de-
termining the partitioning of chemical compounds into membranes, es-
pecially when searching for new pharmaceutical compounds (Golius
et al., 2016; Morandi et al., 2016), but also in the case of environmental
risk assessment (Dotzonek et al., 2017; Timmer and Droge, 2017; Droge,
2018). This tool is based on porous silica beads that have been coated
with a non-covalently bound phosphatidylcholine bilayer (Loidl-
Stahlhofen et al., 2001a). A big advantage of SSLMs, in comparison to
equilibrium dialysis using liposomes, is the fact that it takes only a few
minutes to reach equilibrium, which enables fast screening tests for
many compounds, especially important with regard to generating data
for future models. Although they do not entirely reflect the physiology
of real membranes, they can to a high degree imitate the processes in-
volved in the absorption of compounds. The lipids placed on the solid
support retain their fluidity, which allows a good simulation of the sur-
face of biological membranes (LoidI-Stahlhofen et al., 2001b). According
to studies carried out by Loidl-Stahlhofen et al. (2001a), this method
shows a strong correlation with experiments on liposomes, as demon-
strated for many pharmaceuticals.

However, due to limitations, SSLMs are mainly suitable for sub-
stances with a higher lipophilicity, reaching log kiipw > 1.5. Additionally,
although this method seems to be much easier and faster than liposome
tests, its popularity in the context of environmental research is rela-
tively low. The very limited amount of data prevents the establishment
of appropriate correlations with in vivo results. This low popularity may
be due to doubts regarding the potential interactions of tested com-
pounds with the silica core of SSLMs. Although it is suggested that the
presence of such interactions does not occur, this cannot be so easily ex-
cluded for all compounds. An additional limitation is the fact that these
tests are only available in very limited variants regarding the membrane
composition. Meanwhile, working with liposomes gives much more
freedom, allowing for the free composition of membranes with different
lipids and their mixtures, and additionally enabling the presence of cho-
lesterol to be taken into account. Therefore, while SSLMs are a valuable
tool for large-scale screening, they have limitations that make them un-
likely to replace the more labor-intensive experiments with liposomes,
but rather to complement them.

2.1.3. IAM chromatography

An interesting method, which was initially used mainly in biomedi-
cal sciences for determining the passing of new drug candidates
through biological membranes, is immobilized artificial membrane
(IAM) chromatography (Ong et al., 1995; Reichel and Begeley, 1998;
Yang et al., 1997). It appears that this method can also be used more ex-
tensively in environmental research for the effective determination of
parameters related to the accumulation of pollutants by organisms
(Tsopelas et al., 2018, 2017a; Droge et al., 2017; Timmer and Droge,
2017). Since retention on IAM columns is caused by both hydrophobic
and electrostatic interactions, it represents a border case between pas-
sive diffusion and binding (Tsopelas et al., 2017). Furthermore, impor-
tant advantage of this approach is that it combines the amphiphilic
properties of natural biological membranes with fast and precise chro-
matographic measurements.

The stationary phases of IAM columns are made of phospholipids,
which are immobilized on a propylamine-silica skeleton. Currently,
there are three products among the commercially available chromato-
graphic columns of this type: IAM.PC, IAM.PC.MG and IAM.PC.DD2. Al-
though these columns differ slightly in the design and purpose
recommended by the manufacturer, research has shown that IAM.PC.
MG and IAM.PC.DD2 columns have a similar retention mechanism and
measurements made with them correlate with each other to a large ex-
tent (Tsopelas et al., 2018).

The use of IAM chromatography enables the determination of sev-
eral different parameters related to the interaction between the com-
pound and the membrane. The first is the simple retention factor of
the compound, k(jam), which is proportional to the partition coefficient.
This coefficient is determined using a buffer, usually phosphate, to
mimic physiological conditions. In turn, a pure aqueous phase can be
used to obtain kyam) values, while for compounds with a high affinity,
the determination can be made with an organic modifier, and then,
through linear extrapolation, the K, am) value can be obtained. An al-
ternative to these coefficients is the chromatographic hydrophobicity
index, CHI(jam), which refers to the percentage of acetonitrile needed
for the equal partitioning of the compound between the mobile and sta-
tionary phase (Tsopelas et al., 2018; Valké, 2004).

According to the latest research (Tsopelas et al., 2018), retention on
IAM columns may reflect not only partitioning and lipophilicity, but also
electrostatic interactions. This was mainly observed in the case of alka-
line compounds, which is related to the attraction of protonated mole-
cules by phosphate anions present at the hydrophobic nucleus of
phospholipids (Tsopelas et al., 2017a; Vrakas et al., 2006). Moreover, it
appears that the IAM retention index can highly reflect the permeability
of physiological barriers such as the intestinal barrier or the blood-brain
barrier (Tsopelas et al,, 2016). For example, Yoon et al. (2004) has cre-
ated a model that allows for correlating intestinal absorption with
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isocratic retention factors (kgav)) and molecular weight. By also taking
into account electrostatic interactions, unlike many other models, the
log kw(iam) factor can reliably determine the partitioning of ionic com-
pounds, as demonstrated by Stepnowski and Storoniak (2005). Of
course, the application of IAM chromatography also has some disadvan-
tages, and the results obtained with this method, in some cases, are in-
consistent with the results obtained with liposomes. This may be caused
by the lower lipid density in the IAM method (Tsopelas et al., 2016).
However, considering the speed of measurements and their repeatabil-
ity, IAM chromatography is an interesting alternative in the studies of
the affinity of compounds to biological membranes.

2.1.4. PAMPA

Another method originally used to estimate the absorption of drugs
by humans (Kansy et al., 1998; Wohnsland and Faller, 2001), but also
adapted to bioconcentration studies in aquatic organisms, is the parallel
artificial membrane permeability assay (PAMPA) (Nichols et al., 2009).
Regarding aquatic organisms, this system was first used to simulate
fish gill absorption by Kwon et al. (2007b). According to the diffusion
mass transfer model, this test assumes that the gills, which consist of
multiple layers of lipid membranes and water, are the main uptake
route. As shown in Fig. 3, the PAMPA system uses a polymeric filter im-
pregnated with a mixture of solvent, usually dodecane, and phospho-
lipids, placed between two aqueous phases. This specially designed
experimental set imitates processes in the gills and allows access to
aqueous phases on both sides of the membrane, which are equivalent
to the external and internal environment of fish. Therefore, both the up-
take and elimination rates in fish can be determined. Changes in the
concentration of the analyzed compound between the acceptor and
donor phases are determined, and then the permeability of the mem-
brane is evaluated.

However, due to the retention of hydrophobic compounds on the
membrane, measurements with such compounds required modifica-
tion. Originally, measurements with an additional solvent (acetonitrile)
or additional elimination rate analyses were proposed (Kwon and
Escher, 2008). However, such solutions proved to be ineffective because
they required the additional extrapolation of data or significantly ex-
tended the analysis time, which may have increased the risk of biodeg-
radation or reduced membrane stability. Kwon and Escher (2008)
designed a new version of PAMPA, enabling the effective analysis of hy-
drophobic compounds through the use of polydimethylsiloxane disks
(PDMS) as dosing and receiving systems. In the PDMS-PAMPA system,
on one side of the membrane (also made of PDMS, with a thickness of
0.125 mm) there is a dosing disk, preloaded with the tested compound,
while on the other side there is a clean acceptor disk. Using the data ob-
tained by this method, it is possible to estimate the rate of passive elim-
ination in fish (Kwon and Escher, 2008). However, the results obtained
with the PAMPA systems may be underestimated for compounds that
are metabolized by organisms. On the other hand, they still make it

PAMPA assay

Acceptor
compartment

Artificial
membrane

Donor
compartment

possible to quickly identify substances for which the passive elimination
process itself indicates a low bioconcentration potential. For other com-
pounds, however, the data need to be supplemented with information
on metabolism, so the most accurate results can be expected when com-
bined with in vitro metabolism tests.

2.2. Protein binding assays

The second important component of living organisms, which may be
largely responsible for the absorption of environmental pollutants, is
proteins (Escher et al., 2011; Henneberger et al.,, 2016a, 2016b; Ng and
Hungerbiihler, 2013). Their role in the bioconcentration process may
be particularly significant, especially in the case of ionic compounds
(Henneberger et al., 2016b). Among proteins, two important classes
should be distinguished. The first group of these includes plasma pro-
teins, especially albumin, which is known for its organic anion binding
properties, but also alpha-1-acid glycoprotein (AGP), which can bind
cations and neutral compounds (Kremer et al., 1988), as well as many
other proteins present in the plasma of marine organisms. The second
class potentially responsible for bioconcentration includes structural
proteins, i.e. proteins building muscles, but also keratin, collagen, and
others. In the following chapter, we describe the most relevant methods
for estimating the contribution of protein binding to the
bioconcentration process of contaminants in the aquatic environment.

The general assumptions of most tests determining the affinity of
chemical compounds to proteins are based on measurements of the un-
bound fraction. The most popular method for determining the binding
of xenobiotics to proteins is equilibrium dialysis (Oemisch et al.,
2014). Itis based on the separation of two chambers in a test vessel, be-
tween which there is a special dialysis membrane with pores small
enough to retain proteins. The protein solution is then placed in one of
the chambers and the buffer in the other. After adding a known concen-
tration of the tested compound, diffusion occurs through the membrane
until equilibrium is established, which usually takes 24-48 h. Finally,
the remaining concentration of the compound in the protein-free cham-
ber is analyzed with HPLC or LC-MS and the degree of binding is calcu-
lated from these results (Ng and Hungerbiihler, 2013).

The second most popular technique used to analyze the binding of
chemical compounds to proteins is ultrafiltration (Fung et al., 2003;
Singh and Mehta, 2006). In this method, a solution containing proteins
and a solution of the tested compound are first mixed together. After a
specified time to bind the test substance to the protein, the mixture is
placed in dedicated ultrafiltration tubes. These tubes are equipped
with membranes that allow the aqueous solution to be separated from
the protein molecules during centrifugation. After the separation of
these fractions, it is possible to determine the degree of binding to the
protein. The measurements can be done either indirectly by analyzing
the filtered solution or directly by measuring the content of the ligand
in the separated protein molecules. Of course, due to the simpler

PDMS-PAMPA assay

Donor Acceptor
PDMS PDMS
disk ke ‘ al . disk
Artificial
membrane

Water compartments
(with magnetic stirrers)

Fig. 3. Scheme illustrating the design of the PAMPA and PAMPA-PDMS systems.
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procedure, the analysis of the unbound fraction is more frequently used.
It is worth mentioning, however, that in the case of ultrafiltration, the
occurrence of non-specific binding (NSB) with the membranes or fil-
trate collection tubes may be a significant problem, limiting the use of
this method. However, there are some ways to reduce these interac-
tions. According to the procedure proposed by Lee et al. (2003),
pretreating the membrane with surfactants effectively protects against
NSB problems. In turn, Taylor and Harker (2006) presented another
modification of the method, which allows NSB to be eliminated by
adding plasma retentate to the filtrate collection tubes before sampling
for analysis (Fig. 4).

In addition, the use of solid-supported biomolecules (Loidl-
Stahlhofen et al., 2001b) is also possible for protein binding testing. In
these analyses, different protein fractions (e.g. human blood albumin,
acid glycoprotein and others) that have been immobilized on silica
beads are used. This method, similarly as in the case of lipids, allows
the time of analysis to be significantly shortened and the efficiency in-
creased (Hartmann et al., 2006). Reaching equilibrium in samples
takes even a few minutes, allowing for easy and fast measurements on
a large scale. The proteins bound to the silica beads allow simple sepa-
ration of the unbound fraction by centrifugation and the collection of
the supernatant, without involving membrane filters. However, it
should be taken into account that in this case, as with SSLMs, potential
interactions with the silica core may also be of concern.

Immobilized protein molecules are also used as a stationary phase of
chromatographic columns. In the literature, there are at least a few dif-
ferent methods to immobilize proteins on a chromatographic bed, and
ready-to-use columns are also commercially available (Kim et al.,
2004; Mallik et al., 2005; Millot et al., 2001). According to Singh and
Mehta (2006), plasma protein binding values obtained by the HSA-
HPLC method show a very good correlation with the results obtained

Equilibrium
dialysis

in earlier studies with different methods, including ultrafiltration. More-
over, the use of chromatographic columns with immobilized protein al-
lows the analysis of substances that showed strong non-specific
interactions with the membrane, excluding the use of ultrafiltration.
However, not all compounds can be analyzed with this method, because
some of them have such a strong binding to the protein that they cannot
be eluted. This can be overcome by incorporating organic modifiers into
the mobile phase and then extrapolating the results. Nevertheless, both
methods have advantages and disadvantages that make their universal
use rather difficult (Singh and Mehta, 2006).

2.3. Affinity to storage lipids

The second class of lipids which may also be responsible for the ac-
cumulation of environmental contaminants are storage lipids - mainly
triacylglycerols. Due to the fact that their functioning in organisms
and their interactions with potential xenobiotics are significantly less
complex than in the case of proteins and phospholipids, the estimation
of their potential contribution to bioconcentration is easier, although it
also raises doubts and produces large variations between measure-
ments in some cases (Endo and Goss, 2011). Generally, the affinity to
storage lipids is estimated by the Ky, (triolein-water partition coeffi-
cient), which is determined analogically to the Koy (Chiou, 1985).
Therefore, these experiments are based on mixing an aqueous solution
of the tested compounds and a mixture of storage lipids in a single tube
(Fig. 5). The samples are incubated, usually at 37 °C or at room temper-
ature, until equilibrium is established. After reaching equilibrium, it is
possible to measure the concentration of the tested compounds and cal-
culate the partition coefficient. The original “shake-flask” method used
for this type of tests involves vigorous shaking of the mixture of water
and lipids and then the separation of phases by centrifugation (Cheng

Ultrafiltration

Protein molecules
and tested compound

|
‘ Dialysis
membrane

Water (buffer)

TRANSIL assay

Protein molecules
~and tested compound

Test compound
(unbound fraction)

Ultrafiltration
membrane

Immobilized protein

chromatography
Protein -
= °— Silica core
layer
IAM
column

Test compound
in buffer solution

Fig. 4. Scheme illustrating the design of the in vitro assays using proteins.
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Slow stirring/

shake flasks assay
assay _
inlet
| Storage lipids
(oil)
Water — __ Stirring
N ~ or shaking

PDMS microtubes

SPME assay

Storage lipids
outlet (oil) Water
Microtube
made of PDMS -  PDMS
Water fibers

(in microtube)

Fig. 5. Scheme illustrating the design of different oil-water partitioning systems.

et al., 2010; Chiou, 1985; Hung et al., 2014). However, for this method,
there are doubts about the partition coefficient determined for highly
hydrophobic compounds (Kow > 5.0). In the case of such compounds,
these tests require a large volume of the water phase, which can be ad-
ditionally contaminated during the formation of emulsions by shaking.
An alternative method is the “slow stirring” method, which was first in-
troduced by De Bruijn et al. (1989). It is suggested that its use may be
more effective, especially in the case of compounds with a higher affin-
ity to the lipid phase (Jabusch and Swackhamer, 2005). Due to the very
slow stirring, it is possible to prevent the formation of emulsions during
the test, which also means that high partition coefficient values can be
easily determined. However, it should be stressed that both of the
above mentioned methods have a significant disadvantage, as it is im-
possible to analyze rapidly biodegradable compounds. Importantly,
this problem can be eliminated by using biomimetic chromatography.
In this technique, partition coefficients are determined on the basis of
retention time, while quantitative analysis is not required. Therefore,
potential degradation products appear as separate peaks without affect-
ing the analysis result (Tsopelas et al., 2017).

An alternative way of determining the partitioning between the
water and oil phase was invented by Mayer et al. (2009). In this new
method, silicone microtubes made of PDMS are used, which in the
first stage are placed in the donor phase - oil containing the examined
compounds (Oemisch et al., 2013). Once the equilibrium between the
donor phase and the PDMS is reached, the tube is filled with water
and then the equilibrium between the water and oil phase is deter-
mined using the PDMS as a carrier. One of the major advantages of
this method is that the water phase and the oil phase are completely
separated from each other, which prevents undesirable effects such as
dissolving oil in water or vice versa.

The affinity to storage lipids can also be determined by experiments
either using headspace measurements or solid-phase microextraction
(SPME) using fibers with PDMS (Geisler et al, 2012, 2011) or
polyacrylate (PA) coating (Oemisch et al., 2013). In the case of both
methods, lipids and water are first placed in separate tubes to which
tested compounds are added. Once the equilibrium is reached, either di-
rect measurements are performed or, as in the case of SPME, concentra-
tions are assessed after extraction from the solid phase.

3. In vitro and in vivo - the environmental relevance of
laboratory data

It is commonly assumed that the main sorption matrices in organ-
isms are membrane lipids, storage lipids, muscle proteins (structural
proteins), blood proteins and water (Bittermann et al., 2018; Endo and
Goss, 2011; Goss et al., 2018). In pharmacological studies, it is becoming
increasingly popular to take into account the individual components of
the body in order to better determine the absorption and distribution of
the compound in the organism (Endo et al., 2011). A similar concept is

also increasingly being used in environmental research. The introduc-
tion of more advanced models will benefit both the prediction of
bioconcentration and the identification of bioconcentration mecha-
nisms. At present, however, there are too few data on individual bio-
components, so such predictions can only apply to a limited, narrow
group of compounds (Endo et al,, 2011). Therefore, it is essential to ex-
tend the existing knowledge with data obtained with the help of reliable
in vitro methods, such as those presented in this paper.

Among the compounds that may accumulate in aquatic organisms,
apart from the “classical” pollutants, a wide group of newly emerging
compounds with different properties related to bioconcentration
should be distinguished. For example, pharmaceuticals and their me-
tabolites are an important group of unregulated, increasingly frequent
environmental contaminants (aus der Beek et al., 2016; Ebele et al.,
2017; Puckowski et al., 2016; Swiacka et al., 2019). These compounds
are continuously released into the environment via various routes.
There are a lot of data on their wide distribution in the environment, al-
though they report low concentrations in surface water, groundwater
and drinking water. However, even such low concentrations can cause
toxic effects on fauna and flora and damage the endocrine system of
living organisms. In addition, pharmaceuticals are referred to as
“pseudo-persistent” pollutants because their usually high transforma-
tion/purification rates in the environment are compensated by a steady
inflow to water bodies, leading to the chronic exposure of organisms
(Tsopelas et al., 2017a).

Important group of potential pollutants are ionic liquids, the produc-
tion and use of which are growing at a very fast rate (Thuy Pham et al.,
2010). These next-generation chemicals are becoming popular in vari-
ous industries as harmless and safe alternatives. Their rapidly increasing
use is recorded in sectors related to biotechnology, electrochemistry,
chemical engineering and the pharmaceutical industry (Thuy Pham
et al,, 2010). Although it is believed that ionic liquids are environmen-
tally friendly compounds, in recent years there have been more and
more frequent reports contradicting this thesis. It appears that some
of them may exhibit significant toxicity to aquatic organisms
(Docherty and Kulpa, 2005; Matzke et al., 2007; Stolte et al., 2012,
2007; Thuy Pham et al., 2010; Zhao et al., 2007). Furthermore, there
are serious doubts about their bioconcentration potential, since the re-
sults obtained so far with the octanol/water partition coefficient may
have been significantly underestimated for these compounds
(Dotzonek et al., 2017). It is therefore essential to anticipate how these
compounds can impact the environment before their use reaches a
large scale. Moreover, among the chemical compounds of an ionic char-
acter entering the aquatic environment, such groups as surfactants, pes-
ticides, as well as poly- and perfluorinated acids should be
distinguished.

The data on the bioconcentration of selected compounds obtained
by various methods are presented in Table 1. It is undeniable that both
the octanol water partition coefficient and the other methods give
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Table 1
Comparison of data on bioconcentration obtained with different methods.

Tested compound In vitro In vivo

log Kow Membrane partitioning Protein binding Storage lipids absorption log BCF

[L/kg] (log Kiipw) [L/kg] (log Kiw) [Likg]

[L/kg] [L/kg]

Chlorpyrifos 496" na 3.83" [1; 44611 na 3461
Methoxychlor 5.08'" na na na
4-n-nonylphenol 5.76!" na na 3,08 321
Pyrene 4.388!" 5.60-6.1018 na 5.43-6.6319-12
BDE 28 5.94/21 629" na na
BDE 47 68117 6.86°! na na
BDE 100 7.2412 7.261% 5.162% na na
2,2',5-Trichloro biphenyl 5.48!41 52714 na 5,631 na
2,4,4'-Trichloro bipheny! 5.8714 5.70141 na 6.1214 na
2,3',4,4',5-Pentachloro biphenyl 6.8314 6.564 na 7.09'4 na
2,2'3,3",4,4",5-Heptachloro biphenyl 7.4914 7.4414 na 7.92141 na
I-Ampicillin —1.708! 258! na na na
[TEA][Amp] —1.175! 2,965 na na na
[Ny 11201 ][Amp] —0.851%! 3,051 na na na
[Cy6Pyr][Amp] —0.52%! 3.67°! na na na
[Ps6614)[Amp] —0.511! 3.68!° na na na
[(CF350,)oN]~ 1.50¢ 161 250171 na na na
[B(CN)4]~ 1.861°1 23371 na na na
[(FSO,),N]~ 15147 2,037 na na na
[(CoFs)3PF3]~ 3.1747 36771 na na na
Phenanthrene 4.46!"5 4.90-5.42!81 41511 na 4.24-5.54/°-121
Benzo[a]pyrene 5.98!14l 7.13-7.8718! na na 5.96-7.46!9-12|
Anthracene 4541161 5.20-5.5581 na na 4.44-5.7010131
Fluoranthene 5.121"71 5.52-5.968! 4281 na 5.37-5.90!10-131
Acetylsalicylic acid €1.1/—2.0!18! €2.4/2.11181 na na na
Acyclovir e_1.8/—2.08 €1.7/2.01181 na na na
Allopurinol €0.2/—09!"8! €2.5/2.7118 na na na
Amiloride €0.1/—0.7""8! €1.8/1.6!"8 na na na
Atenolol 0.5/—1.5!"%1 €2.2/1.01"8 na na <—05780
Diclofenac €4.2/0.3!8! €4.3/2.9'8l 2.47¢ 1241 na 0.47-3.45/26!
Fluoxetine ©4.5/1.51181 €3,0/2.21181 2.04¢1241 na 0.60-2.19127
Ibuprofen 4.0/—0.1081 €38/2.10181 391723, 1481241 na 1-2.731281
Proplanolol ©3,4/0.5!'8! €32/2.5!18l 1.43%1231; 1,48¢1241 na 1-2.261°!
26DNP 12211 2,031 na na na
34DNP 17919 3.171 na na na
DNPC 1.88/1°! 2341201 na na na
Dino2terb 3.541191 41012 na na na
Dinodterb 3361 3811201 na na na
Dichlorobenzene 33821 na 3.03123! 351121 3.51-3.80'22!
Trichlorobenzene 41421 na 3,602 419121 4.15-4.47%%
Tetrachlorobenzene 4,602 na 421%1%31 4681211 4.80-5.1322
Pentachlorobenzene 520121 na na 5.27211 5.19-5.36/22!
Benzoic acid 18781 na 22323 na na
2-Chlorobenzoic acid 19834 na 1.84%1231 na na
3-Chlorobenzoic acid 268341 na 3.2231231: 0,72¢124] na na
4-Chlorobenzoic acid 26514 na 321°121; 0.72¢1241 na na
3,4-Dichlorobenzoic acid 325131 na 4061231, 1,31 <l24 na na
2,6-Dichlorobenzoic acid na na 1.65°1231 na na
4-Fluorobenzoic acid na na 2.84°1231 na na
4-Nitrobenzoic acid na na 2661231 na na
4-Bromobenzoic acid na na 3481231, 0.91¢[24] na na
4-Methylbenzoic acid 23634 na 267123 na na
2-Methylbenzoic acid 21834 na 1.99223 na na
4-Ethylbenzoic acid na na 3,031 na na
4-Butylbenzoic acid 397031 na 3.7321231; 1,39¢1241 na na
4-Hexylbenzoic acid na na 4231231, 2, 17¢1241 na na
2,4,6-Trimethylbenzoic acid na na 2261231 na na
2-Cyclohexylbenzoic acid na na 3.55%231; 1,14¢1241 na na
2-Naphthoic acid na na 436%1231; 1,14°124) na na
2-Naphthaleneacetic acid na na 4771231 1,09°1241 na na
1-naphthoic acid na na 2.8121231; 0.g7¢1241 na na
1-Naphthaleneacetic acid na na 3.43°231; 0,98°1241 na na
4-Fluoro-1-naphthoic acid na na 3.46°1231; 1001241 na na
1-Bromo-2-naphthoic acid na na 40221231, 1,19¢1241 na na
6-Bromo-2-naphthoic acid na na 1.89°1241 na na
2-Methoxy-1-naphthoic acid na na 216", 070141 na na
2-Ethoxy-1-naphthoic acid na na 2.661231; 0,74¢1241 na na
3-Methoxy-2-naphthoic acid na na 2.8612%1; 0,851 na na
2-Phenoxyacetic acid na na 253231 na na
2,4-Dichlorophenoxyacetic acid na na 3,28%2! na na
4-(2,4-Dichlorophenoxy)butyric acid na na 4121231, 1 53241 na na

(continued on next page)
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S1. Validation of analytical methods for finalanalysis of ILs by HPLC and IC.

For the purpose of method validation the standard solutions of each of ILs in PBS buffer
were prepared at 9 concentration levels (1, 2, 5, 10, 20, 40, 60, 80, 100 uM) and analysed six
times each. Validation parameters such as linearity, coefficient afrdaggion (7), intraday
precision (expressed by RSD), accuracy (defined as the percentage of deviation from the known
amount of analyte added to the sample and calculated value), instrumental limit of

quantification (LOQ, calculated as the lowest con@ian at which the method is linear with
acceptable precision and accuracy) and instrumental detection limit (LOD, calculaﬁgcf as

were established according to standard procedures, as suggested by Eurachem (1998).



Table S1. Analytical methods used for determination of ILs.

Compound analyzed = Chromatographic Flow rate Injection Analysis  Retention Wave Mobile phase

column [ml/min] volume time time length

[uL] [min] [min] [nm]

[IM1 -1Ph]+ [cl’ Kinetex G8 2.6 um. 100 x 5 15 205 Phase A 98%; Phase B 2%
(M1 -2Ph]’ [CI]’ 3 mm 5 2.4 205  Phase A 98%; Phase B 2%
[Py4—NMe2]+ [C'] 5 2.2 285 Phase A 95%; Phase B 5%
[IM -10102Me]+ [CI]' Luna PS €18 3.0 um. 100 15 7.2 212 Phase A 58%; Phase B 42%

x 3 mm
[Nll—lO—Ph]+ [CI]_ Kinetex XB G18 2.6 pum. 10 6.2 215 Phase A 60%; Phase B 40%
(N11-12-Ph] [CI] 100 x 3 mm 10 7.5 215  Phase A 50%; Phase B 50%
[Nll—l4—Ph]+ [C'] 8 5.2 215 Phase A 40%; Phase B 60%

+ - 4.2 212 Phase A 80%; Phase B 20%
[IM18] [C(CN),] 0.5 10
[|M18] + [B(CN) ] 7 2.9 212 Phase A 80%; Phase B 20%
4-
[IM18] * [TF.N] 7 3.2 212 Phase A 60%; Phase B 40%
2

[P1-3Ph[*[CI] 10 5.8 208 Phase A 90%; Phase B 10%
[Py-12] [Br] 10 5.6 260 Phase A 60%; Phase B 40%
[IM18H(C 2F4)SO3] 9 4.1 212 Phase A 80%; Phase B 20%
[IM1 -12H(C2F4)SO3] 10 6.5 212 Phase A 60%; Phase B 40%
[Morph8][CI] Metrosep C4 pm. 150 x 1.2 20 14 8.8 - Phase A 50%; Phase B 50%

4 mm
[Morph12][Cl] 1.2 20 14 8.1 - Phase A 50%; Phase B 50%
K] + [(C2Fs)sPF3] Metrosep A Supp 5 um 5( 1.2 20 17 12.2 - Gradient elution:

x 4 mm from 0 to 9 min: Phase A 100 %;

from 9 to 17 min: Phase A 45%: Phase B 559
1.2 20 17 13.1 - Gradient elution:

[Na]" [PFe]

=1}

From 0 to9 min: Phase A 100 %;
From 9 to 17 min: Phase A 45%: Phase B 55



[K] " [H((C2F4)SOs|’

[Na] [CF3SOs

[K] " [(CF3S0)2N]

[K] " [(FSO2)2N]

[K]" [C(CN)3]

[K]" [B(CN)4]

1.2

1.2

1.2

1.2

1.2

1.2

20

20

20

20

20

20

17

17

17

17

15

15

12.9

11.7

12.8

12.7

12.2

11.6

Gradient elution:

From 0 to 9 min: Phase A 100 %;

From 9 to 17 min: Phase A 30%: Phase B 70
Gradientelution:

From 0 to 9 min: Phase A 100 %;

From 9 to 17 min: Phase A 40%: Phase B 60
Gradient elution:

From 0 to 9 min: Phase A 100 %;

From 9 to 17 min: Phase A 45%: Phase B 55
Gradient elution:

From 0 to 9 min: Phase A 100 %;

From 9 to 17 min: 40% ACN; 60% IC Phase |
Gradient elution:

From 0 to 5 min: Phase A 100 %;

From 5 to 10 min: Phase A 65%: Phase B 4%
From 10 tal5 min: Phase A 70%: Phase B 3(
Gradient elution:

From 0 to 5min: Phase A 100 %;

From 5 to 10 min: Phase A 55%: Phase B 4t
From 10to 15 min: Phase A 60%: Phase B 4

HPLC

Phase A: 1 mM ammoniurcetate buffer (8 mg/L ammonium acetate + 150 uL/L acetic acid)

Phase B: 100% acetonitrile
IC:

Phase A (anions): carbonate buffer (5 mM NaH@®mM NaCQ0s). supressor phase: sulfuric acid (0.1 M)

Phase A (cations): nitric acid buffer (5 mM nitric acid + 5 mM dipicolinic acid)

Phase B: 100% acetonitrile

—_

=14
Ox



Table S2. Validation parameters of analytical methods used for determination of ILs.

Compound analyzed LOQ LOD Accuracy [%] Precision RSD [%] R?
(uM] - [uM]

[IM1 -1Ph]+ [cl’ 25 0.83 98.4115.1 0.681.51 0.9997
[IM1 -2Ph]+ [cl’ 25 0.83 97.1:123.5 0.51-3.83 0.9996
[Py4—NMe2]+ [cl’ 1 0.33 99.1-117.2 0.16-3.09 1.0000
[IM -10102Me]+ @ 25 0.83 78.3104.9 1.298.90 0.9985
[N11-10Ph]+ [cl’ 25 0.83 90.6102.9 0.20-2.69 0.9995
[N11-12-Ph]+ [cl’ 5 1.67 90.2108.3 0.241.56 0.9996
[N11-14Ph]+ [cl’ 5 1.67 91.9102.2 0.72-2.33 0.9997
[IM18] * [C(CN)s]- 5 1.67 90.6-100.9 0.57-3.67 0.9998
[IM18] * [B(CN)4]' 1 0.33 89.8105.6 0.71-3.26 0.9996
[IM18] * [TFZN]_ 25 0.83 91.5103.5 0.793.85 0.9998
[P1-3Ph]*[CI] 1 0.33 92.1-102.6 0.131.79 0.9998
[Py-12] [Br] 5 1.67 98.5105.5 0.753.29 0.9999
[[M18H(C 2F4)SOs] 25 0.83 96.3104.1 0.62-3.01 0.9997
[IM1 -12H(C2F4)SO3] 25 0.83 84.1-102.7 0.662.94 0.9992
[Morph12][CI] 5 1.67 90.8105.7 0.684.91 0.9998
K] * [(C2Fs)sPF3] 10 3.33 98.9101.2 0.242.76 0.9999
[Na]+ [PFe| 10 3.33 93.1:111.6 0.293.62 0.9957
K] * [H((C2F2)SO4]’ 5 1.67 95.3101.6 0.191.47 0.9999
[Na]+ [CFaSOs 5 1.67 98.4105.9 0.161.37 0.9995
K] * [(CF3S02)2N] 5 1.67 97.2107.2 0.302.24 0.9994
K] * [(FSO2)2N] 10 3.33 95.8103.5 0.742.98 0.9986
K] * [C(CN)3]’ 5 1.67 89.7-105.6 0.92-3.39 0.9998
[K]" [B(CN)4] 5 1.67 95.2132.9 0.502.77 0.9983

S2.Literature
1. Eurachen{1998) The fitness for purpose of analytical methods: a laboratory guide to

method validation and related topic. LGC Teddington Ltd, UK (First English Edition 1.0)
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6XSSOHPHQWDU\ ODWHULDO IRU

$QDO\VLV RI LPLGD]ROLXP LRQLF OLTXLGV LQ ELRORJLF
WKH GHWHUPLQDWLRQ Rl WUDFH DPRXQWYV LQ PDULQH P
-DNXE ODFXOHRWY 6WHROQRDDN'R $ QRN NH OL VND

PHSDUWPHQW RI (QYLURQPHQWDO $QDO\VLV )DFXOW\ F

LWD 6WZRV]D*GD VN 3RODQG

&RUUHVSRQGLRDLODXWHBUWXE PDEXOHZLE]J#BKGVWXG XJ t

&ROQWHOQW  )LIXUHV

o7
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&]PUE ~iX 0] E Y}v HEA U «3v E]I & ] 4 0° %aiis5 v E o
V 0CIBXVSE} % pequye

ioo



&]PUE 73X 0] E Y}v HEA U v E]I € *] 4 0 %0d}5 v E -
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10. Dorobek naukowy

3XEOLNDFMH

ODFXOHZLF]%LHOUDYND $ .RZDOVND ' G6WHSQRZVNL
'Ra*RQHN - %LRFRQFHQWUDWLRQ SRWHQWLDO RI LRQLF
SDUWLWLRQLQJ DQG LWV FRPSDULVRQ ZLWK SUHGLFWLR
%LRSK\VLFD $RPWDPHFESYIDQHY Z GUXNX

ZLDFND . ODFXOHZLF] - .RZDOVND ''R *UDFF
SKDUPDFHXWLFDOV DIIHFW PLFURELDO FRPPXQLWLHYV
JURQWLHUV LQ (QYLURQPHQWDO 6FLHQFH

ODFXOHZLF] - 'Ra*RQHN %LERDUWAD /$ %BLVDEASQRZ\
3DJGUR . %LRFRQFHQWUDWLRQ RI LPLGD]J]ROLXP LRQLF
PDULQH PXVVHOV O\WLOXV WURVVXOXV 6FLHQFH RI WKF

ODFXOHZLF] - 6WHSQRZVNL 3%LRA@LRWONHIN $ %
$QDO\WVLYV RI LPLGD]ROLXP LRQLF OLTXLGV LQ ELRORJLF
GHWHUPLQDWLRQ RI WUDFH DPRXQWY LQ PDULQH PXVVH

ZLDEND . ODFXOHZLF] - 6PRODU] /IRQWH&IFEDQ
VWDELOLW\ Rl GLFRGRIRQROGEFORIGKQDF LQ WKH VHDZD\
PLFURHQYLURQPHQWY (YDOXDWLRQ RI ELRWLF DQG DE

ODFXOHZLF] - ZLDFND . G6WHSQRZWNHOR VNRRE*BQ
,RQLF OLTXLGY DV SRWHQWLDOO\ KD]JDUGRXV SROO
WKH HQYLURQPHQW DQG UHFHQW DQDO\WLFDO GHYHOR

/ILV + SDVINLHZLF] O *RGOHZVND . ODFXOHZ|
6WHSQRZVNL 3 &SDED@LFOEDVHGEG IXQFWLRQDOL]JHG P
DQDO\WLFDO FKHPLVWU\ -RXUQDO RI &¢KURPDWRJUDSK\

ZLDFND . ODFXOHZLF] - ZLH*DN - &DE&DQ O
PXOBLRPDUNHU DSSURDFK WR DV V HMVGAR DLAEIH/Q\DFEI LGL B OV
WURVVXOXYLUWPXWVHOVMGHQFH RI GLFORIHQDF PHWDERC
(QYLURQPHQWDO 3ROOXWLRQ

ZLDFND . ODFXOHZLF] - .RZDOVND ' &DEDQ 0
- 3UHVHQFH RI SKDUPDFHXWLFDOV OIQWA QUKHB T XDRMH
RUJDG&XPYHQW VWDWH RI NQRZOHGJH -RXUQDO RI +D]L

-
td



ODFXOHZLF] - .RZDOVND ' ZLDEND . 7R VNL O
%LHOL VND $ 'Ra*ROBIQVIRUPDWLRQ SURGXFWV RI SKI
HQYLURQPHQW WKHLU IDWH HFR WR[LFLW\ DQG ELRDF
(QYLURQPHQW

ZLDFND . 6PRODU] . ODFXOHZLF] - OLFKQRZVNI
([SRVXUH RI O0\WLOXV WURVVXOXGUWRRGGEGRRHAQBDF 83
ELRFRQFHQWUDWLRQ DQG PDVV EDODQFH IRU WKH HYDO
RI WKH 7TRWDO (QYLURQPHQW

.RZDOVND ' ODFXOHZLF] - 6WHSQRZWQNHWBDFWRRT
RI SKDUPDFHXWLFDO PHWDEROLWHY ZLWK EORRG SURW
ELRFRQFHQWUDWLRQ $ SUHOLPLQDU\ VWXG\ EDVHG RQ
(QYLURQPHQW

ZLDFND . OLFKQRZVND $ ODFXOHZLF] - &DEDQ
7RILF HIITHFWV Rl 1WHUIVHVD ORLFLHY $ UHYLHZ IURP Wk
DTXDWLF HQYLURQPHQW (QYLURQPHQWDO 3ROOXWLRQ

.RZDOVND ' ODFXOHZLF] - 6WHSQRZVNRQ L3F 'R
OLTXLGYV DV HQYLURQRHIQDND @G DAWDPDUQGVYLHZ RI IXWXU
DVVHVVPHQW -RXUQDO RI +D]DUGRXV ODWHULDOYV

ODFXOHZLF] - ZLDEND . .RZDOVND ' 6WHSQF
'R4&*RQHN -,Q YLWUR PHWKRGV IRU SUHGLFWLQJ WKH EI
LQ DTXDWLF RUJDQLVPV 6FLHQFH RI 7KH 7TRWDO (QYLUR

ZLDFND . 6PRODU] . ODFXOHZLF] (HHFW&DRDQ
HQYLURQPHQWDOO\ UHOHYDQW FRQFHQWUDWLRQV RI G
WKH 7RWDO (QYLURQPHQW

ZLDFND . ODFXOHZLF] - 6PRODU] . 6]DQLDZVNI
O\WLOLGDH DV PRGHO RUJDQLVPV LQ WKH PD WLH)H HHERW
(QOYLURQPHQWDO 3ROOXWLRQ

OLZL MOB]HZVND 6 &LHV]\ VND $ .RQLN 0O ODFX
$ (QOYLURQPHQWDO GRUPHQV R\DERERFEWHULD LQ W
(IIHFWV RI VDOLQLW\ WHPSHUDWXUH DQG LUUDGLDQFH

OLZL L'®WB]J]HZVND 6 &LHV]\ VND $ ODFXOHZLF] -
(FRSK\VLRORJLFDO FKDUDFWHULVWLFV Rl UHG JUHHC
SLFRF\DQREDFWHULXP B\ QBERRPRFREXYXY WWEX G\ %LRIHRYV



OLZL L'®B]HZVND 6 JHOSHWR $ % ODFXOHZLF
9DVFRQFHORV 9 /DOm0 RSDWKLF DFWLYLW\ RI WKH
6\QHFKRFRFFXV VS RQ XQLFHOOXODU HXNDU\RWH SC
JUHVKZDWHU 5HVHDUFK

OLZL M®B]HZVND 6 ODFXOHZLF] - %DUUHLUR )H
$OOHORSDWKLFEUPQQJIESIRRF\DQREDFWHULD LQ D FK

OLZL L®PBP]HZVND 6 ODFXOHZLF] - JHOSHWR $
/IDWDabD $ $OOHORSDWKLF DFWLYLW\ RI SLFRF\DQREDF\
ILODPHQWRXY F\DQREDFWHULD -RXUQDO RI ([SHULPHQ\

S5HIHUDW\ QD NRQIHUHQFMDFK QDXNRZ\FK

ODFXOHZLF] -DNXE .RZDOVND 'RURWD ZLDFND .C
'R4*RQHN -RDQQD %LRFRQFHQWUDWLRQ DVVHVVPHQW R
,QWHUQDWLRQDO ,QWHUGLVFLSOLQDU\ &RQIHUHQFH &X

ODFXOHZLF] -DNXE .RZDOVND 'RURWD ZLDFND .C
'R4*RQHN -RDQQD 2FHQD FLBRERQFRIODFWIYRMZ\EUDQ\FK ]
GR OLSLGYyZ WZRU] F\FK E4RQ\ NRPYUNRZH 9, ,QWH
.RQIHUHQFMD 2FKURQ\ URGRZLVND

ZLDFND .ODXGLD ODFXOHZLF] -DNXE 6PRODU] .DWD
ELRFRQFHQWUDWLRQ DQG P D V¥+E®ICFIDRA H GRD FG LFEWD RV KD B
RI WKHLU HQYLURQPHQWDO IDWH :9, ,QWHUQDWLRQDO

(QYLUR@MD ,VVXHV

.RZDOVND 'RURWD ODFXOHZLF] -DNXER BR®IB QR DRRIG
SURWHLQV DV DQ LPSRUWDQW UHVHUYRLU RI FKDUJHG F
‘9, ,QWHUQDWLRQDO ,QWHUGLVFLSOLQDU\ &RQIHUHQFH

ODFXOHZLF] -DNXE .RZDOVND 'RURWD B6WHSQRZVI
%LRFRQFHQWUDWQRROLBMREYDOHQIW UWLWLRQLQJ RI LRC
&XUUHQW (QYLURQPHQWDO ,VVXHV %LD&\VWRN

.RZDOVND 'RURWD ODFXOHZLF] -DNXE G6WHSQRZVI

$VVHVVPHQW Rl WKH SRWHQWLDO WR ELRDFFXPXODWLI
SURWHLQV &XUUHQW (QYLURQPHQWDO ,VIKXBIAAVWR & (,

[RK)



ZLDFND .ODXGLD &DEDQ 0DJGD ODFXOHZLF] -DNXE
.DWDUWQRFRQFHQWUDWLRQ DQG PHWDERQ IW&RR/INVG QR/R
(QYLURQPHQWDO ,VVXHYV &(%LDA\VWRN

SURMHNW\ QDXNRZH

1&1 67 T\WXeFHQD ELRNRRFHNEDPFWK ]ZL [Ny
MRQRZ\FK L MRQRJHQQ\FK PHWRGDPL LQ YLWUR LQ YL"
6WDQRZLVNR Z\NRQDZFD

7 % 7\WX4aDQRUXUNL Z JORZH MDNR QR ¢
SUJHFLZQRZRWZRURZ\FK BWDQRZLVNR NLHURZQLN S
7 % 7\WXa 2FHQD SRWHQFMDAaX GR ELRNRQFHQW

WUDQVIRUPDFML IDUPDFHXW\A\NWYINDQRZLVNR NLHURZQLN

1DJURG\ QDXNRZH

1DJURGD 5HNWRUD 8QLZHUV\WHWX *GD VNLHJR SLHUZ

6W\SHQGLXP OLQLVWUD 1DXNL L 6]NROQLFWZD :\*V]VHJF
]D ODWD DNDGHP RRNLH

6WD*H QDXNRZH

6WD* Z +XVDYLN 5HVHDUFK &HQWUFHIRYODR WD *X REH
LGHQW\ILNDFM REVHUZDFM L UHMHVWUDFM |]DFKRZD
D WDN*H WZRU]JHQLH GRNXPHQWDFML IRWRJUDILF]QHI
REVHUZREDQWXQNyZ

6WD* QD 8QLZHUV\WHFLH 7THEKREWF]Q\P Z '"UH@UWRIUDP
VWD*X REHMPRZD4& JO/WRVRRZDIQBIOLE& FLHF]\ MRQRZ\F
Z\NRQ\ZDQLH WHVWyZ HOHNWURILIMRORJLF]Q\FK ] X*\FL!

6WD* QD 8QLZHUV\WH®IUH MBI VEOXOWQNGUDOLD3URJUDP
VWD*X REHMPRZDa DQDOL] VW *HQLD ]ZL J]NyZ SU]JHFLZ
RVDGyZ FLHNRZ\FK ] $XVWUDOLL
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