Ja+ MBbK2b /6 +iBQM /2 +QKTH2t2b TQHV
~mi?20MBmK UAAY miBHBbUOb +QKK2 ;
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T?QiQi?0 TB2/vM KB[m2
J i C Fm# bx2F
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J i C Fm# bx2FX J0+ MBbK2b /6 +iBQM /2 +QKTH2t2b TQHVTV B/vH2/
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5pVXPp

&EHWWH WKgVHh GRXAJRBEWRUDMQ GIpYDOXHU G{XQ SRLQW G|
biologiqueles complexepolypyridyle 5X ,, &HV FRPSOH[HVY PpWDOOLTXHV
comme photosensibilisateurs (R®ur la W K p UbBodyamique (PDTpu encorecomme

DIHQWYV FKLPLRWKpUDSHXWLTXHY GDQV OH WUDLWHPHQW
RX FRPSOpPHQWDLUH j OD FKLUXUJLH O BesFomBrelxW Kp U D |
DYDQWDJHV OXL FRQ llg trakemant dcuel Quwardds. R/\Q GFDRQW U{OH VSDV
WHPSRUHO HVW SDUWLFXOLqQUHPHQW LQWpUHVVDQW FH TX
OHV WLVVXV VDLQV 'H SOXV OHV UpVLVWDQFHV j UpSpWLV
paU OD FKLPLRWKpUDSLH LQFLWHQW OH PRQGH VFLHQWLILT
FDQGLGDWY DQWLFDQFpUHX[ /HV FRPSOH[HV GH UXWKpQLX
GH PpGLFDPHQWY FDQGLGDWYV j EDVH GH PPRY/dnXaisordePPH FK
OHXUV PXOWLSOHYVY pWDWV G R[\GDWLRQ VWDEOHV &HWWH
des complexegolypyridyle Ru (II) commePS pour la PDTet introduit de nouveaux

complexes TX L SH XY H Q Woundestrakewien@D.¥ p\p JXOLHUV HW FLEOpPV ((
WKgVH VH FRQFHQWUH pJDOHPHQW VXU OD FDUDFWPpPULVD\
JpQpUpV FRPPH DJHQWYV DQWLFDQFpU H XjarBondika@on e OV SR
GLIIpPUHQWY GLR[ROLODIQGXHD X BWWH WKWDYH HVW FRPSRVpl

FRQWHQX HVW EUdesdodsPHQW GpFULW FL

Chapitrel

Cepremier chapitrese concentre sur l'introduction de complexes polypyridyle Ru (1) en tant
que PSourla3'7 HW HQ RXWUH GpFULW OH RX OHV PpFDQLVPH\

GDQV GHV FHOOXOHV VRXULV YLYDQWHY ORUV G XQH LUULI



il \fD SHX GfpWXIBbelMePIRFWH YD QW DFWLRQ GH cE EhdpiffeRPSRVp\
VHXOHV OHV pWXGHM EWPR QR IGTHetHOda HeaksHtiGhVedtlniFeLdd p
certains complexes Ru (JIVRQW SDVVpHV HQ UHYXH |j SDUWLU GHV Uy
1433, le PS du groupe McFarland actuellement en és€aLQLTXH - OD ILQ GH FH F
classification des complexes Ru (ll) en fonction de leur localisation cellulaire est fournie. I
FRQYLHQW GH QRWHU TXH VHXOV OHV FRPSOH[HV GH SR

FRRUGRQQpPpH HW LOWHRY NR GO UGYXEXWhRWXDQV FH FKDSLWL
Chapitre2

&HWWH VHFWLRQ GpFULW OD VI\QWKqVH OHV SURSULpWpPV
complexes de polypyridyle Ru (1) portant une fraction cobalamine. LggoBEPDT actuels

manquent deVpOHFWLYLWp SRXU OHV FHOOXOHV FDQFpUHXVHV

FKDSLWUH GpFULW OD FRQMXJDLVRQ GH GHX[ FRPSOH[HV C
Bi2 (cobalamine) DILQ GH EpQpILFLHU GH OD VR OXE Aifs, Wwop HW DE"
UpVXOWDWY PRQWUHQW TXH @THY WLSURH: DO W RHO@RY FRED Q E
OLEpUBNW ERIY 36 j EDVH GH UXWKpQLXP VRXOLJQDQW OD C

FRPSOH[HV PpWDOOLTXHY DX[ FHOOXOHYV FDQFpUHXVHYV

Chapite 3

&H FKDSLWUH SUpVHQWH OD VI\QWKqVH OD FDUDFWpPpULVDW
de nanocorpsomportant un complexc RQMXJXp GH SKO\S\ULGAQEBHWLI SRX
UpFHSWHXU GX IDFWHXU GH FURLVVDQFH pSAdElEnRehiT XH (*)f
un essorSRXU OH GpYHORSSHPHOMTGH W RXEBSHDEC{UsBnent
DSSURXMPW RQW SDV HQWLBUMPBEW FMDRSIRMPYVWIBWWpV O
polypyridyle Ru (11) de type[Ru (bipy) 2 (dppz)F* et [Ru (phen) 2 (dppz)]f* (bipy = 2,2-

bipyridine; dppz = dipyrido [3,2D o]-SKpQD]JLQH SEWRQODQWKUROLQH R



PWp pWXGLpV &HWH@®RPSOHJHFWALYEHPHQW O $'1 &HSHQGD
RPQLSUPYREMHBWDLFAFORYVWMUAHHFWLYLWp GH FHV 36 HQ OHV
FLEODJH HQ YXH GH OD 3'7 FLEOpH 'DQ% &tk misrosdpw UH OF
confocaleontHUPLV GH GpPR@WBHR U\ j (83D \FIRR G XRHKXP SSCRHQHS \ U L ¢
deRu (I) a XQH VPOHFWLYLWp pOHYpH CeRi¥ilh el impprahts W H X U
SDUWLFXOLqgU H ugexidl® anaedlogidelctuchiBnieffet, celuci est surex LPp HW
RX GpUpJXOp GDQV XQH YDULpWpP GH WXPHXUV VROLGHV
DCFH'$ RQW LQGLTXp TX DXFXQ 526 VLIJQLILFDWLI Q pWDLW ¢

WUqV SUREDEOHPHQW OD UDLVRQpSR®P QR D XSKRIHRW/HR [AR KX
Chapitre4

&H FKDSLWUH SUpVHQWH XQH VpULH GH FRPSOH[HV 5X ,,
« -WHUS\ULGLQH WHUS\ PRLQV pWXGLpV TXH OHV FRPS
OLJDQGV ELGHQWpVQBRIXQBKUWXBHIQDXP ,FL FRPSOH[HV
(terpy: ; @ S &0 % U 20H &22+ &220H
PWXGLpV FRPPH DJHQWYV FKLPLRWdBUD SHXWER KSRV R WRHQV
HQWLqEPPR®WYU\ FRPSULY SDU FULVWDOORJUDSKLH DX[ Ul
TXH VL[ GHV VHSW FRPSOH[HV VH VRQW DYpUpV VWDEOHV G
GDQV O DFpWRQLWULOH ORUV G XQH LUUDGLDWAIBg® /(' FRG
SRXU OHV FRPSOH[HV D UpYpOp OHXU ERQQH VROXELOLW @
V HVW UpYpOp rWUH FAWRWRI[LTXH GDQV OD JDPPH PLFURP
SKRWRWR[LFLWp ORUV G XQH Qiff SRD/Q W IOR©)S L W Bl pADX_XLPy 8 HJjP H

QRQ FDQFpUHKXWB33BH FDUFLQRPH FHUYLFDO KXPDLQ FDQFpU



Chapitreb

&HWWH VHFWLRQ SUpPVHQWH XQH WHXWD \V XYDHAT pauos®/H H G H
PSdePDT efficacequiakUD XQ IRUW GpFDMDOH WHOWVOHpPEFERXQIHY GpYt
GH OD UHFKHUFKH OHV WUDLWHPHQWOVL\NGHYW K@D O $KR
$ SRXU REWHQLU XQ HIIHW 3'7 (Q FRQVpPTXHQFH 6D SURIRC
Hvw OLROADWVBERVWWLELOLWpPp GH WUDLWHU GHV WXPHXUV SURI
*UKFH j FHWWH FRQFHSWLRQ UDW LR QQ Hi@elfbite &bsdrpti6hR PS O H [
dans le rougeRQW SX rWUH SUpSDUpV DY ékes StableFdans le/pdsgpnaG HYV F
KXPDLQ DLQVL TXH ORUV G XQH L UeldaideDdarsRe@ytopadnteQ H X V H
GHVY FHOOXOHV +H/D /RUV GH O LUUDGLDWLRQ | QP FOL
perturbation de la respiration mitociuriale et des processus de glycolyse dans les cellules

PRQRFRXFKHV ' 'H SOXV LO D pWp GpPRQW kcptoioXidleOH FR P S
GDQV OHV 0&76 ' TXL VRQW XQ PRGgOH WXPRUDO EHDXF
monocouches. D'autre HFKHUFKHYV VXU O HIILFDFLWp LQ YLYR GH

SUpYXHV j O DYHQLU
Chapitre 6

&H FKDSLWUH GpFULW OD V\QWKqVH GH QDQRFRQMXJXpV S
ODFWLGH LQLWLpH SDU XQ FRPSOH[H $IRAVO (BH U 3 W UDH) B/X S
les cellules RuOH &HV FRQMXJXpV RQW HQVXLWH pWp IRUPX
QDQRSUpFLSLWDWLRQ SXLV FDUDFWpULVpV SDU VSHFWUF
501 GpVRIUBWMMIDQNLRQ ODVHU OGA5 RPWWR P pIWRRLAS G HHPIDO D T
vol (MALDI-72) 06 HW SDU GLIIXVLRQ G\QDPLTXH GH OD OXPLc
SKRWRWKpURS KAWL BZHJ.cnt DLQVL TXH FHOXRUOBX SWNpF XUV

GpWHUPLQpPp VXU GHV FHOGKOHah GelaF & Wb [dEsReBlHIeF#odb Y L F



FDQFPUHXVHV GIpSLWKpPOLXP SHW H®W D LIUHWHAINQIDDLLN/@D W5L3F
pYDOXpH SDU PLFURVFRSLH FRQIRFDOH HW SDU VSHFWURP|
(ICP-MS). Ces nanopartcué RQW PRQWUp GHV SURSULpWpV SKRWR
OXPLQHVFHQFH HW OH UHQGHPHQW GH SURGXFWLRQ GYR
FRPSOH[H VHXO DLQVL TXYXQH LQWHUQDOLVDWLRQ FHOOX!
UpVXOWHUHHQOXIQMHP SKRWRWR[LFLWp *OREDOHPHQW FHYV
WUDQVIRUPHU XQ 36 QRQ SKRWRWR[LTXH HQ XQ 36 DFWLI HC

simple et modulable.

Chapitre 7

&H FKDSLWUH GpFULW OD FDUDGDWURY®MIDRRH GWXRQQR X Dk
[RuDIPX(sq)]Pk (Ru-sq) (DIP = 4,7GLSKpMAOKp QD QW &R © L IQykhd

VHPLTXLQRQDWH /H EXW GH FHWWH pWXGH HVW GH FRPE
FRPSOH[H SRO\S\ULG\OH GH 5XLRORYHFXENVHSW R S GIR{ WYL
JURXSHPHQW FDWpFKRODWH 'HV UpVXOWDWYV H[SpPULPHQWL
SDUDPDJQPWLTXH pOHFWURQLTXH pOHFWURFKLPLH PRQW
GIR[\GDWLRQ SUpGRFRAIRIRW & ¥ HDERRSOH[H /RDSGMALYLWp F
HQVXLWH [inWipo ptfi@X pHp YpODQW OH IRUW SRWHQWLHO WKpU
WDQW TXTDQWLF D Q FRWdd S[U p(\QH ®DMHN X B XOEWMR W R [LFLWp ELF
du FLVSODWLQH GH OfRUGUH GX QDQRPRODLUH TXL FRQW
HQ SDUWLH SDU OJLQGXFWLRQ GTXQH G\WIRQFWLRQ PLWRF
Ru-sg§ SHXYHQW rWUH OD VROXWLRQ SRXUWuRRMIMRYQHU XQ
OfDSSDULWLRQ GH BpsyD/ &DEWHHYW p' KK GEXDOWFEWLYLWp VSHFWE
GH VSKPURWGHVY PXOWLFHOOXODLUHV WXPRUDX[ 0&76 P
WXPRUDOH MRXUV DSUQqV VHEPBIQMHPHQWR PSRMp DLRW p EKL

PRQWUp XQH DFWLYLWp SURRPKWWHXYBHWNWWN GHX[ PRGqOH"

5



Chapitre 8

(Q UDLVRQ GX IRUW SRWHQWLHO H[SULPp SDU RuHMqFDQGLG
([Ru(DIP)(sq)]PFk (DIP: 4,7-G LS Kp,DBp QDQWUR @ILQBQBTVHPLTXLQRQDYV
GDQV OH FKDSLWUH OH FKDSLWUH SPW HRMWWH X&Fb p WX
XQH JDPPH SOXV ODUJH GTDQDORJXHV UpVXOWDQW GH OC
DOQDORJIJXHV GXX¥DWLWpFRRPH RHQWMWWHDMWpFERROV SRUWDQW Gl
POHFWURGRQQHXUV ('* RX pOHFWURDWWUDFWHXUV (:*
SK\VLFRFKLPLTXHV HW ELRORJLTXHV GH OHXU FRPSOH[H R
H[SPHRRVDX[ GpPRQWUHQW TXH OD FRRUGLQDWLRQ GH F
POHFWURGRQQHXUV PqQH j OD IRUPDWLRQ GH FRPSOH[HV
(complexesl-4 GDQV OHVTXHOV OfpWDW GYR[\GDWLRQ SUpGRPL
VHPLTXLQRQDWH SRUWDQW XQH XQLTXH FK&ohpgddaQpad DWLYH
OLJDQG FDWpPFKRO SRUWDQW XQ JURXesa) Bdrt@&¥ cpraptéked/ URD W'
QHXWUHV EOHXV YLROHWY R+ OH FDWpPFKRW HMWY GBGEXEW !
biologique des complexds6 D PHQp j OD FRQFOXVLRQ TXH OHV GLIIpUH
SK\WLFRFKLPLTXHV RQW XQ IRUW LPSDFW VXU OHXAU DFWL
SUpVHQWHQW XQH F\WRWR[LFLWp EK®. MeX&mplexeHestueH | FHOC
FRPSRVp OH SOXV SURPHWWHXU GH OD VpULH HW D GRQF p\
SOXV SRXVVpH 2XWUH XQH UHRDEODX B-BDOG DR W BWIR p UH.QWHH Y
cellulaires), le complext HVW LQWHUQDOLVp WUqV HIILFDFHPHQW SDU
PpFDQLVPH GH WUDQVSRUW SDVVLI 'H SOXV VRQ DFFX
compartiments intracellulaires.€., noyau, ysosomes, mitochondries et cytoplasme) est un
DYDQWDJH VLIJQLILFDWLI GDQV OD UHFKHUFKH GT1XQ DJHQ\
(Q FRPSOpPHQW GHV pWXGHV GH OD PpWDOODWLRQ GH

VXJJqQUHQW XQH L Qw ¢biexal IDRYQH FG IOSFWBLQVL TXH OJLQG.



dysfonction mitochondriale. Les cibles multiples du compl&éxainsi que sa remarquable
F\WRWRI[LFLWp HQ IRQW XQ FDQGLGDW PpGLFDPHQW SUpFL

le cancer.
Chapitre 9

LH FKDSLWUH GpFULW XQ DQDORJXH GX FRPSOH[H SL
[Ru(DIP) 2(mal)](PFs), portant un ligand maltolPDO XQ H[KDXVWHXU GH JR€W
)’$ 3RVVPGHU XQ OLJDQG DSSURXYp SDU OD )'$ HVW HV\
PpFDQLVPH GY{DFWLRQ SHXW LPSOLTXHU XQ pFKDQJH GH O
VIQWKqVH HW OD HRuDPRima)(RFR)D WOV )XGEH GH VD VWDELO!
ELRORJLTXH DLQVL TXH VRQ pYDOXDWLRQ ELRORJLTXH S
GLIlTPUHQWHYV OLJQpHYVY FHOOXODLUHYV GDQV XQ PRGgOH '

multicellulaires tumorauxQ&76 GH FHOOXOHYV +H/D RQW PRQWUp TXH

DFWLYLWp DFFUXH FRPSDUpH DX FLVSODWLQH DFWXHOOHI
SR X VIRp(BIP) 2(mal)](PF) HVW HIILFDFHPHQW LQWHUQDOLVp SDU O

une voieGH WUDQVSRUW SDVVLYH HW DIIHFWH VpYqQUHPHQW O

Chapitre 10

&H FKDSLWUH SUpVHQWH TXDWUH QRXYHDX[ FRPSOH[HV PF
VIQWKHVBDWINLU GH OD IRUPXOBY@QRpEDPOB FREYBVSRQG |
GLSKpMOKPQDQWUROLQH 10Y FRUUH V-ByRroXglayoXedadd e DQ G 10
complexe [Ru(DIP)2(5-OHF)](PFs) JpQLVWPpPLQH G D (RUDEX(gehR(PRHOH [H
chrysine dans le complexdRu(DIP)2(chr)](OTf), et morine dans le complexe
[Ru(DIP)2(mor)](OTf) HW ; UHSUpVHIQ¥/Ps €OV [ERaEWOEBEO:). Ces
QRXYHDX[ FRPSRVpV RQW pWp FDUDFWpPULVpPV HW OHXU F\W|

D pWp WHVWpH /fDFWLY LWepplELiRom&taufRXBIPE¥enfRR) SO0 H [ H



HQVXLWH pWp pWXGLpH 'HV pWXGHVY GX PpPWDEROLVPH pQHI
VPYqQUHPHQW OD UHVSLUDWLRQ PLWRFKRQGULDOH 'H SOX
cellules MDAMB-435S (celllOHY GH PpODQRPH LGHQWLILpHY LQLWLD(
FDQFpUHXVHV GH JODQGHV PDPPDLUHV RX GX VHLQ H[WUD
PSDQFKHPHQW SOHXUDO IUpTXHPPHQW XWLOLVpPHV SRXU (
accrue duUFRPSOH[H GDQV FHWWH OLJQpH? ERé®mDdgaHalgircOD OLJ

humain).
Chapitre 11

&H GHUQLHU FKDSLWUH FRQWLHQW XQ UpVXPp DLQVL TXH O
SRUWDQW VXU OfpWXGH GX PRGH GTIHF%LRQ BWLERFNHPOH RV
36 SRXU OD 3'7 RX HQ WDQW TXIYDIJHQW FKLPLRWKpUDSHXW
FHY FRPSOH[HV HW SURSRVH GHV SLVWHYV GIDPpOLRUDWLR(

RUIJDQRPpWDOOLTXHV



Summary

This PhD thesis aims tevaluate chemically andnore importary, biologically Ru(ll)
polypyridyl complexesThese metal complexes cha used as photodynamic therapy (PDT)
photosensitizers (PS) aschemotherapeutic agents in cancer treatmi®ld. is analternatie

or complimentary treatment gurgery, chemotherapy or radiotherapy. Currently it draws a lot
of attention due to its advantagéspecialy interesting is its spatial and temporal control,
which leads to targeting tumours while preservinglthgatissue.Additionally, repeatedly
occurring resistances and severe side effects broughhdayotherapyrges the scientific
world to searcHor new anticancer drug candidat&uthenium complexes are one lo¢ tmost
promising groups of metddased drg candidats (as chemotherapeutics or P8g)ing to their
multiple stabé oxidation statestc. This thesis describes an overview of the known modes of
action of Ru(ll) polypyridyl comfgxes as PDPSandintroduces new complexes that can be
used inregular as well as targeted PDT. Additionalthhis thesis also focuseon the
characterisation of novel class of Ru complexes that were generated as potential anticancer
agents for chemotherapy by coordination of different dioxoligands to the metal h@rthesis

is composed of 1thapters and their content is shortly described below
Chapter 1

Thischapterof thethesis focuses aheintroduction of Ru(ll) polypyridyl complexes as a class
of PDT PS and in addition describes knowmechanism(s) of action of these compounds in
living cells/mice upon light irradiationlUnfortunately, to date, there is a scarcity of studies
exploringthoroughlythe mode(s) of action of these compounds. Inahépteronly biological
studies thashowmore than just the phototoxicigndthe cellular localisatiorof some Ru(ll)

complexesare reviewed starting from the results obtained with Ti1433, the PS of the

9



McFarland group currently in clinical trial. To the endtbis chaptera classiication of the
Ru(ll) complexes dependingn their cellular localisations provided Of note, aly
coordinativelysaturated andubstitutionallyinertRu(ll) polypyridyl complexes are discussed

in this chapter
Chapter 2

This section dscribes the synthesiphotophysical properties and biological evaluation of
Ru(ll) polypyridyl complexes bearing cobalamin moiety. Thecurrent PDT PSslack
selectivity for cancer cells. To tackle this drawback, in view of selective cancer dethviery,
chapter describethe conjugaton o two ruthenium polypyridyl complexes to vitaminB
(cobalamin) to take advantage of the solubility and active uptake of the latter. Ultimately,
results show that the transcobalarpethway is unlikely involved for the delivery of these
rutheniumbased PDT PSs, emphasizing the difficulty in successfully delivering metal

complexes to cancer cells.

Chapter 3

This chaptepresens the synthesis, characterization anedepth photophysal evaluation of

a nanobodycontaining Ru(ll) polypyridyl conjugate selective for the epidermal growth factor
receptor (EGFR) in view of targeted PDIllhere is currently a sge for the development of
novel PDT PSssince those currently approved are not completely ideal. Among the tested
compoundsRu(ll) polypyridyl complexes with a [Ru(bipydppz)F* and [Ru(phen)dppz)F*
scaffold (bipy = 2,2bipyridine; dppz = dipyrido[3,2D «c]-phenazine,phen = 1,10
phenanthroling were previously investigatedThese complexes selectively target DNA.
However, since DNA is ubiquitoust, wasof great interest tincrease the selectivity dlese

PDT PSs by linking them to a targeting vector in view of targeted Rbfhis chapterlCP-

MS and confocal microscoptechniques allowed talemonstrate thathe a nanobody
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containing Ru(ll) polypyridytonjugatenad a high selectivity for the EGFR receptor, which is
a crucial oncological target as it is overexpressed and/egdiatel in a variety of solid tumors.
However, DCFH-DA staining experiments indicated that no significant ROS was produced
inside the cellsThis is most probably the reason wthe complex wasfound to be non

phototoxic
Chapter 4

This chaptempresents aeries of Ru (II) complexebearing o o -terpyridine (terpy)
coordinating ligandswhich are less investigated thidn@ complexes based on the coordination

of N-donating bidentate ligands to the ruthenium cdtlerein 7 complexes of the type
[Ru(terpy)(terpyX)]2+ (X = H (1), CI (2), Br (3), OMe @), COOH £), COOMe 6), NMe2

(7)) were investigateas potential chemotherapeutic agents and PDT PSs. The compounds were
characterized wiepth includingby X-ray crystallography. Importantly, six of theeven
complexes were found to be stable in human plasma as well as photostable in acetonitrile upon
continuous LED irradiation. The determination of the logP values fof thenplexes revealed

their good water solubilityThe most promisingamplex7 was found to be cytotoxic in the
micromolar range in the dark as well as to have some phototoxicity upon light exposure at 480
nm in noncancerousretinal pigment epitheliumRPE1) and cancerous human cervical

carcinoma (HeLa) cells.
Chapter 5

This sectbn presents a successful attempDFT guided search for agfficient PDTPS that
will havea strong red shift. Currently photodynamietapytreatmentsdespite the recent
research developmentstilizes blue or UVA light to obtain a PDT effect. As eesult

penetration depth inside the tissadimited and therefore, the possibility to treat dessgated

or large tumars is weakenedThanks to his rational design, ruthenium complexes with a
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strong red shift in their absorption profile could be susftély preparedOne of the complexes
while being stable in human plasma asllvas upon light irradiationyas found to localize in
the cytoplasm of HelLa cells. Upon irradiation at clinically relevant 595 inted to the
disturbance of mitochondrial spiration and glycolysis processin 2D monolayer cells
Moreover, it was demonstrated ththe compound was also phetytotoxic in 3D MCTS,
which area much moresuitabletumour modethan monolayer cultureSurther investigations

of thein vivo efficiency ofthis promisingcompoundare planned ithe future.
Chapter 6

This chapter describébe synthesis of rutheniurnontaining nanoconjugates from a roell-
penetrating, noiphototoxic ruthenium(ll) polypyridyl compleXRUOH), by a druginitiated
ring-opening polymerization of lactide. These conjugates were then formulated into
nanoparticles by nanoprecipitation and characterized by means of nuclear magnetic resonance
spectroscopy (NMR), matrassisted laser desorption/ionizationtime of flight mass
spectrometry (MALDITOF MS) and dynamic light scattering (DLS). Finally, their photo

W K H U D S H X W F48DmAiY, B.Z1.I¢R) in cancerous human cervical carcinoma (HelLa)
and norcancerous retinal pigment epithelium (RBEcells was tested alongside thaRofOH

and their cellular uptake in HelLa cells was assessed by confocal microscopy and inductively
coupled plasma- mass spctrometry (CP-MS). All nanoparticles showedmproved
photophysical properties including luminescence and singlet oxygen generation, enhanced
cellular uptake and, capitalizing on this, an improved photaity. Overall, this study
demonstrates how it gossible to transform a ngrhototoxic PDT PS into an active PS using

an easy, versatile polygrisation.
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Chapter 7

This chaptercharacterise® new chemotherapeutic drug candidate against cancer, namely
[Ru(DIP)(sq)]PF (Ru-sg) (DIP = 4,%diphenytl,10-phenanthroline; sq = semiquinonate
ligand). The aimof this studywas to combine the great potential expressed by Ru(ll)
polypyridyl complexes and the singular redox and biological properties associated to the
catecholate moiety. perimental evidences (e, &-ray crystallographyelectron paramagnetic
resonance, electrochemistrgggmonstrate that the semiquinonate is the preferred oxidation
state of the dioxo ligand in this complex. The biological activitiRofsqwas then scrutised

in vitro andin vivo, and the results highlight theuspiciouspotential of this complex as a
chemotherapeutic agent against canéar-sq was notably found to have a much higher
cytotoxic activity than cisplatin (i.e. in the nanomolar range), ennrary to cisplatin, thave
mitochondrial disfunction as one of its modes of action. The multicellular targ@&s-ef

could potentially be the key to overcome one of the main drawbacks of cisplatitthe
occurrence of resistanceMoreover,Ru-sq exhibited impressive activity oMulti Cellular
Tumour Spheroids (MCTS) model, even leading to growth inhibition of the tumour 13 days
DIWHU W U H D WrRpgeaxily, using-tvo differenh vivo models, this compound was

found to be weltolerated ly mice and has very promising activity.
Chapter8

Due to the great potential expressed by an anticancer drug cardimtatssed in Chaptét,
namely Ru-sq ([Ru(DIP)(sq)](PF) (DIP: 4, %diphenytl,10phenanthroline, sq:
semiquinonate ligandiChapte 8 presens a structureactivity relationship (SAR) that involves
a broader range of derivatives resulting from the coordination of different cateeliidate
dioxoligands to the same Ru(DpRore. More in detailcatecholscarrying either electron

donating or electromvithdrawing groups EDG or EW@&ere chose andthe physicechemical
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and biological properties of their complexewestigated Several pieces of experimental
evidences demonstrated that the coordination ofcbate bearing EDGs led to deep red
positively charged complexds#, in which the preferred oxidation state of the dioxoligand is
the uninegatively charged semiquinonate. Compl&xe&i6, on the other hand, are blue/violet
neutral complexeswhich carryan EWG substituted dinegatively charged catecholate ligand.
The biological investigation of complexésb led to the conclusion that the difference in their
physicachemical properties has a strong impact on their biological activity. Thus, complexes
1 4 expressed much higher cytotoxicities than compleéxaad6. Complex1 constitutes the

most promising compound of the series and was selected for a mdeptin biological
investigation. Apart from its remarkably high cytotoxicity £6G 0.07+ — 0 Lfére@ L
cancerous cell linesromplex1 was taken up by HelLa cells very efficiently by a passive
transportation mechanism. Moreover, its moderate accumulation in several cellular
compartments if., nucleus, lysosomes, mitochondria and cytoplasm) is extremely
advantageous in the search of a potential drug with multiple modes of action. Further DNA
metalation and metabolic studies pointed to the direct interaction of compliix DNA and

to the sever impairment of the mitochondrial function. Multiple targets, together with its
outstanding cytotoxicity, make compléxa valuable candidate in the field of chemotherapy

research.
Chapter©

Chapter 9focuses onstructurally similar compoundo the one from Chapter, hamely
[Ru(DIP) 2(mal)](PFs), carrying the flavowenhancing agent approved by the FDA, maltol
(mal). To possess an FDA approved ligand is crucial for a complex, whose mechanism of action
might include ligand exchange. Herein, wescribe the synthesis and characterisation of
[Ru(DIP) 2(mal)](PFe), its stability in solutions and in conditions which resemble the

physiological ones, and its-oepth biological investigation. Cytotoxicity tests on different cell
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lines in 2D model andn HeLaMultiCellular Tumour SpheroidéMCTS) demonstrated that
our compound has higher activity compared to the approved drug cisplatin, inspiring further
tests. [Ru(DIP) 2(mal)](PFe) was efficiently internalised by HelLa cells through a passive

transport rchanism and severely affected the mitochondrial metabolism.
Chapter D

This Chapter presentsudr novel monocationic Ru(ll) polypyridyl complex#dsat have been
synthesized with the general formula [Ru(DiR]X, where DIP is 4,7diphenyi1,10
phenanthroline, flv stands for the flavonoid ligand-h{&lroxyflavone in[Ru(DIP)2(5-
OHF)](PFe), genistein ifRu(DIP)2(gen)](PFs), chrysin inf[Ru(DIP)2(chr)](OTf) , and morin

in [Ru(DIP)2(mor)](OTf)) and X is the coustion, PE.Cand 271 C WULLISQODWH &)
respectively. These novel compounds were thoroughly characterised, and their cytotoxicity
tested against several cancer cell lines. The most prondemglex,[Ru(DIP)2(gen)](PFs),

was further investigated for its biological activity. Metabolic studies revealed that this complex
severely impaired mitochondrial respiration and glycolysis processes, contrary to its precursor,
Ru(DIP)2Cl, which showed a prominent effect only on theotilitondrial respiratianin

addition, its preferential accumulation MDA-MB-435S cells (a human melanoma cell line
previously described as mammary gland/breast; derived from metastatic site: pleural effusion),
WKDW DUH XVHG IRU Wlingd/the GettdR aciv/iy\W InNEW O W LOLQH FRPSD
W R 0 &human, ductal carcinoma

&KDSWHU

The kst section of this thesis contains the sumnaawy final conclusionsf introduced work
regarding modes of action of Ru (Il) polypyridyl complexas$DT PSs and as chemotherapy
drug candidates. It recapitulates the current drawbacks anéuture directionsfor this

interesting class of metadhsedcomplexes
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Abstract

The unique photophysical propertie®f Ru(ll) polypyridyl complexesmake themvery
attractivecandidates as photosenséis inPhotodynamicTherapy(PDT). However, to date,
there are not many studies exploringdetail the mechanism(s) of action of such compounds
in living systems upon light irradiatioithis feature articlgprovidesan overview othe most

in-depth biological studies on such compds.
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Introduction

The earliest reporten the use oflight in combination wth chemicalentitiesin the field of

medicine are more than 100 years didSince then, thismedical technique known as
photodynamic therapy (PDThas evolved to a successful alternative or complimentary
treatment to chemotherapy, radiotherapy and surdéowadays PDT is an approveuhd
commontreatment in dermatologit.is used to treat acne, psoriasis, keloid scars and port wine
stains, helping patients to imgve their appearance and quality of ifé.PDT also gives

another, new perspective for cancer therapy due to its spatial and temporal “c®hisol.

treatment modalitys currently approvetbr awide range of cancer types using commercially
available photosensirssuchas SKRWRIULQS 9LVXG\QHS )&¥ Figu@S RU /H

1 for structuresy.
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Figure 1. Chemical structueof 3SKRWRIULQS JYRVRBRFHS XQDQS

PDT usuallyrequires threenain @mponents, namely a photoserssiti(PS) molecular oxygen
(30») and light After injection/application of th@Sinto/on the patientthe latteris irradiated
at a specifig defined wavelengthallowing the PSto reachits singlet excited statdS. After
intersystem crossindSC), the PSreachesinexcited statewhichhas a triplet charactétPS).
It might then react in twdifferent electronexchangenechanisms,asulting inthe formation
of very reactivesinglet oxygentO, (Type Il) or radicalaniors or cations, whickcan further
react with oxygen producingherreactive oxygen specieRQS)like hydrogen peroxide D>,
superoxide @ or hydroxyl radicalsOH (Type 1). Both mechanismsnamely Typs | and II,

lead tothe formation ofproducts thaimpair metéolic pathwaysand eventuallylead to
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eukaryoticcell or bacteriadeath The ratio between tése two processetepends on the PS used
as well as the concentrations of molecular oxygen and other biological subsTragemost
attractive feature of PDT is its subsistent selectiditgeed, areas that are affectedRI)T
treatmentsare only those where the PS has accumulated and where lighppked
Additionally, due tothe short life of generatedO, (40 ns) and radicalshe area of action is

estimated to benly 20 nm2

Currently usd PSsare based oayclic tetrgpyrrolic structuredike porphyrins, phtalocyanines
or chlorins® Althoughthey fill the requirementsf a PSthey also hava number ofirawbacks.
3 KR W R ffar LeQe$ple exhibits poor light penetration into the tumour as well law
clearancdrom the patients bodigkatleads to photosensitivify There isthereforea reed for
new PSsthat overcoméheseunwantedeffectsand that have higher uptake and selectivity
towards cancer cell! Recenty desigred moleculescan be classified in two main classes,
namelymodified porphyrinbased PSs guorphyrinfree PDT system%In the second class,
inert Ru(ll) polypyridylcomplexesave raised great interegit only as alternativese cisplatn
but also as a novétDT PS because of their favourable photophysical propeféigs long
excited state lifetimewisible light absorptiorand two-photon excitation® 21> One ofthese
compounds, namelyLD-1433 is currently undergoing humarclinical trial againstnvasive

bladder cancefFigure?2).%®

Understandinghe mechanisr(s) of actionof these compounds in living cells/mice upon light
irradiationis extremelyimportantto establishther therapeutic potentisdind todesign new
generationPSs Unfortunately to date thereis a scarcity ofstudies exploringn depth the
mode(s) of action of these compounfisn this feature article we review only biological
studies thatlescribanore thanust thephototoxicityandthecellular localisatiorof someRu(ll)
complexesstarting fromthe results obtained wifhiLD-1433, the PS of the McFarland group

currently in clinical trial.To the end of our feature article have decided to classify the Ru(
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complexes depending on their cellular localisatiohnote, mly coordinativelysaturated and

substitutionallyinertRu(ll) polypyridyl complexes are discussed herein.

TLD -1433and its derivatives

In 2013, the group of prof. McFarland reported two compounds, narhé&ly1411andTLD -
1433 (see Figure2).!’ Both molecules were first investigated for photodynamic inactivation

(PDI) of pathogenic bacteria.

Figure 2. TLD-1411and TLD-1433

The researchers pointed out thathe 2- § 197 ftérthHfiHene)midazo[4,5
f][1,10]phenanthrolinglP-TT) ligand inthecompounds structure might be responsible for both
Type | and Type Il electron exchange mechanisrhg. dility of the desiged complexes to
work in low oxygen conditions through Type | mechanisntorroborated the@dvantageof
these compound$romisingresultsobtained inbacteria led to further examinations of the
compoundsin 2015 astudy on TLD -1411andTLD -1433asPSs suitable foranticancePDT

in vitro andin vivo was reported by Lilge and-weorkers!® Forin vitro studies, four cell lines
were used namely CT26 and CT5.26 (espectively wild type and -NitrosoN-

methylurethanenducedmouse colon carcinoma), U87MG (human glioblastoma cell line) and
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F98 (rat glioblastoma). The Lethal Dose to kill 50 % of t&l population (LBo) was
determined forTLD -1411and TLD -1433 on all four cell lines in the dark and after light
LUUDGLDWLRQ &RQFHIPWUDQBQ RINODRHBEdRdctivelykilled

100% ofCT-26 WT and U87MG cedlupon light irradiaticQ JUHHQ /(" HPLWWLQJ DW
nm; 45 J crif). US7MGcells were chosen to cheaketherthese PSsauld be used in hypoxic

and normoxic conditions. A photodynamic effect was observed in normoxic conditions with
FRQFHQWUDWLRQV RI ed): Onfortun&elyfFIHDOI®IN ahdl (DO1433did

not work in hypoxia conditions in human cell lindhe @mpounds were also testedvivo

using 810 weekold BALB/C mice injected with CT26.WT murine colon carcinoma. The
maximum tolerated dose SMTDsg) valuesfor TLD -1411andTLD -1433were established to

be 36 mdkgtand 103 még?, respectively. Mice treated with dese TLD -1411higherthan

MTDso showed sign of weakness, ataxia and died a couple of daysjgasion. On the
contrary, TLD -1433 when given at higher doses than Mspl@lid not cause death and all
behavioural symptondisappeare@4 h postinjection. Accumulation studies showed that both
compounds were detectabletiretumour, liver and brain after 24 h. Tumour concentration of
TLD-1411was lower than the one LD -1433 —0 WR  The#dfltacy of PDT
treatment was also tested using the same mouse model. Mice with grown tumours were injected
with compounds and irradiated after 4hereafterwith 190 km for 32 minin 30 s cycles.
Tumours were significantly reduced when treated with Xgrigof TLD -1411and displayed

a growth delay of 8 days. However, all tumours recurred. A higher dose ok&no§ TLD -

1433 gave a tumour reduction and growth delay of 9 days. résearchers also checked
whether continuous wavew lasers) or pulsed lasensuld givebetter results with the tested

PSs Cw lasers are regularly used in PDT applications. Pulsed ones have the advantage of

lowering down the local tissue heating, keeping the high power deliaty treated withrLD -
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1411 and TLD-1433 showed significant increase in survival when higher doses of the

compounds as well as cw light source was applied.

Upregulated receptors or cell swodamarkers in cancer celseusefultarges for therapeutic
agents. Usuallytargeting mosaic is conjugated with the complex. It is also common to use the
association of the serum or membrane proteins with the active compound-aovabent
manner to imrove compound uptake. Ru complexes are known to associate with human serum
albumin (HSA) or transferrit® 2°Transferrin is a 78 kDa glycoprotein necessary for chelating
Fe3* from the seruni! Caner cellsdisplayupregulated levslof transferrin receptorgue to

their higher demand for Féto grow?? In 2016 Lilge et al confirmed that the uptake Bt.D -
1433as well as ROS productiarpon light irradiation96 laser diode array light source; 625
QP “ -3 WelPe improvedn cell free environment when the complex was mixed with
transferrin?® TLD -1433 associated with transferrin showedso lower dark cytotoxicity,
probably dugo enhanced Fédelivery to thecancercells and resistance to photobleaching

contrary toTLD -1433alone.

Cell localisation offLD -1433and its impact on cell metabolidmy changing the cellular redox
balancewas published i recent study* Colocalsation studiepperformedby confocal and
time-resolved laser scanning microscopy wiemnclusive Additionally, fluorescencsignals
of the tracking dyes vanisdbeforethe TLD -1433signalcould be detectedt is possible that
redox reactions andomplexactivation during laser scanning could be tkason for that

unexpecteghhenomena

The gmd results obtained withLD -1433led tothe preparation ok fries of cyclometalated

Ru(ll) complexes similar tFLD 1433 structure(1-4, Figure3).2®
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Figure 3. Structure of complexeks4

Cyclometalatedru(ll) complexes are usually more photostable and their absorption spectra is
red-shifted compagdto diamine Ru(ll) complexed.he (phote)toxicity of the complexes was
checked in two cell lineshamelySK-MEL-28 (melanoma) and CCD064Sk (normal skin
fibroblasts). Complexe$-3 werefound to behighly cytotoxic in the dark towards melanoma
cell line andwere affectingnuch lessnormal skin fibroblasts. Complekdid not show any
cytotoxicity in the dark. Upon irradiatiowith visible light (400700 nm, 34.7 m\W¢m?), all
complexesappeared to bextremely cytotoxidco melanoma cellsParticularly complex4 had

a surprising Pl of more than 110@uch higher than the three other compleXesdetermine

if complexesl-4 would possibly bind tddNA, a mobility shift assaywas performed. pon
light irradiationwith visible light thepUC19 plasmidormedaggregatem the presence of the
complexes No singlestrand nor doublstrand DNA breaks were observedunder these
conditions Ethidium bromide staining with or without light irradiation was impaired
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presumablyasa result ofthe intercalation of complexe$-4 into DNA, or quenching of the
ethidium bromidefluorescenceConfocal microscopy and DIC images were taken to assess
compounds uptake and cells morphology before and after light treatmerni@@dtm, 34.7
mW-cm?, 50 Jcn?). Complexesl and2, which hadthe highest uptake in melanoroells as
determined byonfocal microscopywerenot taken up by neoanceouscells. Complexe8
and4, despite their lower uptake in melanoma cel&isé impressivechangesf cell shape

upon light irradiationcontrary to complexesand?2.

Mitochondria targeting compounds

Mitochondria are the cell energy centegglplay and important role in the intrinsic apoptotic
pathway DNA damage, metabolic stresstbe presence of unfoldegroteinsmight lead to the
permeabilsation of mitochondrial outer membrarEne release of mitochondrial proteins into
the cytosol (e.g. cytochron® activates an apoptotsignalling cascade and finallgadsto
cell death?® Generation of singlet oxygen or other ROS in this organelle might tragompid
apoptoticresponsen the targeted celimakingthis cellular compartmergn interestingtarget

for PDT photosensitizers.

Two Ru(ll) polypyridyl compoundghat target mitochadria functionalized with tyrosine and
tryptophanwere desigadin 2013(Figure4).2” Both amino acids were chosen to improve the

cellular uptake of th Ru complexes.
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Figure 4 Structures of complexdsand6.

Cytotoxicity in the dark andipon lightirradiation( K ZLWK YLVLEOH &80ty VRXUF
10 J cn¥) of both compounds waasxaminedin A549 (pulmonarycarcinoma and HCT116

(colon cancercdl line. Promisingphototoxic index PI) values inA549 cell line (>10for

comgex 5 and >10for complex6) and inHCT116 (>9 and >1(respectively) encouraged the

authors to perform further biological studies.

Singlet oxygenO, production uporight irradiationwas confirmedand was suggested to be
responsible for cell deathzluorescence spectroscopy, WAs absorption and isothermal
titration calorimetry experiments shedthatthe Ru(ll) complexes wemble to bind CIDNA

in a noncovalen way, probably by intercalatioimto theDNA groove. Irradiation of pUC19
plasmid with the Ru(ll) complexes tk to photecleavage of the DNA, suggesy this
mechanism athe main cause of cell death. This findwgsfurther confirmed bysingle cell
gel electrophoresis, which revealed DNA damage in treated A549 cells upon light irradiation.
Confocal lasr scanning microscopy helpaténtify the cellular localisation of the complexes
in A549 cells. Unexpectedly, nonethie compoundsas foundo localise in the cell nucleus.
Signals fromMitotracker Geen suggestetthe presence othe complexes in mitochondria and
cell membranesMicroscopy studies afteight irradiation wouldhave been an nteresting
addition to the worlsince some of the compounds are knowmuadify their localisatiorafter

illumination of the cell$® Neverthelesssinglet oxygen is known to alter the mitochondrial
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transmembrane potential, which migtrigger the apoptotic pathway. To further investigate
the molecular mechanisrof cell death western blot analysis was pemfioed. Itreveaéd that
caspase3, a marker of apoptosis was found to be ovexpressed in irradiated cell$he
researchers concluded thla¢ mechanisrof cell death includd thedisruption of mitochondria

membane potentialhat, in turntriggeredthe caspase3-dependenapoptotic pathway.

Biological evaluation on Ru(ll) complexes containing pdppz (#dpyrido[3,2D 9§ 1
c]phenazine) ligands was published in 2646omplexes? and8 were expected to bind DNA
becaus®f their extendedippz ligand, while amplex9 was used as @ntrol(see Figure $or
chemical structuresxperiments confirmed that complexésand 8 wereable tointercalaée
DNA in non-cell environmentincubation of comple8 with the plasmid pBR322 upon light
irradiation (390nm, 2 J cX) caused single and double breaks in the DSlkh effectwas not
seenwith complex7. It was shown that HelLa celd®uld actively uptake compounds and8-

in atemperaturaependentanner Confocal microscopy studies of compl@xiemonstrated
that this compound colocadid with mitochondriaand lysosomes, which clustered néze
nucleuslt is possible that small amounts&ivere alsable tolocaliseto thenucleusAlkaline
comet assayevealed DNA damage in treated and irradiated cells:NISRexperiments would

havebeen anattractive addition to this study.
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Figure 5. Chemical structures of complexgss, 9.

Cytotoxicity of the complexe# the dark and light conditions+400 nm, ~18 J crf) was
examinedin HelLa (cervical cancer)two mesothelioma cell lineCRL5915and One5§, in
Mutu-1 (EpsteinBarr virusrelated Burkitt lymphoma) anBG-75 (Burkitt lymphoma)cell
lines. Complex7 did not show any dark or light cytotoxicity. Compl&was moderately
cytotoxic in the darklfhibitory concentration 58Cso YDOXHYV UDQJHG IURP ! WR
Light irradiationof the treated cells caused phototoxic efféCt{ values ranged from 42.8 to
—).(Pretreatment of Hela cells withddcetylcysteine (NAG)an establishedntioxidant
confirmed that ROS were involved aell death. Hela @ls were 50% more viable with the
NAC treatmat upon light irradiationReattime confocal microscopy demonstrated tHelta
cellstreated with8 displayed arapoptotic morphology upon light irradiatioBuchresult was
confirmed by Fluorescemctivated Cell Sorting (FACS) analysikiterestingly cell death
could be prevented whemlts were cetreated withVAD -fmk (inhibitor of caspasesHence,

theseresults @monstratdthat8 triggeredapoptotic cell death in the treated cells.
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Another set of four Ru (II) compounds that target mitochondria was synthesised @yabe

group in2015(seeFigure 6 for structure}?®

Figure 6. Chemical structures abmplexes/, 8, 9 and10.
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Thetriphenylphospine (TPR)resent in complexek2 and13 adds lipophilic character to the
compounds, resulting in better mitochondria targeting abififi€onfocal microscopy with
Mitotracker Greenn HelLacell line reveded thatcomplex13 localisesin the mitochondria.
Three other compounds were fouradmoderately localisen that compartment. Localisation
results were confirmed by ICMS analysis, showing thatomplexesl0-12 were presentn

higheramountin the cytoplasm(Figure7).

Figure 7.1CP-MS quantification of the internalized Ru by the Hededls Figure taken from

ref 30 with permission from Elsevier.

All four compounds werdesigredto produce singlet oxygeamt onlyusing aonephoton but
alsoatwo-photon irradiation proces€onfocal microscopy images of Hela cells taken before
and afte two-photon irradiation (816830 nm for 3 minutes; 800Jcm?t) with 2,7-
dichlorodihydroefluorescein diacetate (DCFBA) allowed verifying singlet oxygen
production in all samplePark and light cytotoxicies of all compounds eretested under
onephotonirradiation. Compounds were not toxic under dark conditiong(1C —0 $IWHU
irradiation LED source;450 nm; 12 &m?), complexesl0-12 showed similar cytotoxicity
varyinglURP WR — 0 3 U Righx&noent@ioH inkhRodimblVia/ complex
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13 wasfound to bethe most effective compound testedth a Pl >28 Since nonolayer cell
cultures are noa good model for tumour treatmertdeLa multicellulartumaour spheroids
(MCTS) were used for further tests. Diffusion of the compoyfhfs— O h treatmentwas
examined in 800— P (r&s Treated spheroids were imageith onephoton and twegphoton
z-stackmicroscopy The luminescencsignal of the compounds was found in all depth sections
of thespheroids. Twghoton microscopy showetbeper penetratiarf the complexes through
spheroidsthan onephoton microscopyprobably due to its excitation wavelength in the
therapeutic window.This confirmed the high permeability of the complexes through the
MCTSs. Singlet oxygen generationvith DCFHDA was also investigated in MCTS
Enrichment of the singlet oxygen signal was observettherireated spheroidsihe results
showedlower signal of produced singlet oxygen in the sarkthe spheroidascompaedto
their surface.Compounds trament alsanhibited MCTSsgrowth afterirradiaion with two-
photontechnique The best results were obtained agaith complex 13. All synthesised
compounds exhikgidgood photodynamic thera@pility againsthe HelLa cell line However,
furtherinvestigations should include healthy eelb establisha possibleherapeutic window

for these compounds

An interestingstudywasrecentlypublished bythe samegroup who designed mitochondria
localisingRu(ll) complexes that can bactivated by glutathion@GSH)>! The aim of the study

was to improve the tumour selectivitytbe Ru complexes that are usedRi3T PSs. Complex
14isa dinudear Ru(ll) complexwhichis bridged by a GSH activa OLJD QG ]RELYV 1
bipyridine)(Figure8). Specific properties dhe ligand causquenching of luminescence of the

Ru complex. Since intracellular concentratadrGSH in cancer cells are higher than in healthy
ones the authors were hoping thahe complexwould be activated and transformed into

complex15 (Figure8), and thismostly in cancer cells
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Figure 8. Chemical structures @bmplex14 and complexs.

For the experimentChao and cevorkersusedtwo celllines namelyHelLa and LO2tjuman
fetal hepatocytehealthy contrgl Both were culired in monolayers as well asNirCSs.ICP-

MS and confocal microscopy experimectsfirmed that the mitochondria were the main target
for complex14. As expected 02 cellsdisplayeda much weakeaccumulation of the complex
comparedto Hel. Two-photon irradiation810 nm, 100mwW, 80MHz, 100fs) was used to
establish ROS generation in treated 2D and 3D cell cultérstsong green fluorescence thie
ROS indicator was detectambnfirming thatthecomplex was able to permeate the MCa8d
induce single oxygen production. Cytotoxicity studiesnonstrated thatomplex14 was not
toxic in the dark (Iee> 70 M) for both cells linesAfter 15 min irradiation at 450 nm (20
mW-cn¥), its cytotoxicity mised toabout5 AM for HeLa and 13RM for LO2 cells.Similar

results were obtained with cancer cell MCTGemplex14 was not toxic in the darldCso >
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100 RV) and becamenore harmful @ MCTSs after light irradiation (5.71M). Viability of

the MCTSs was checked by Calcéill staining. Irradiation of treated celtausedoss of the
fluorescent signal from the dysuggesting cell deatlt is worth noting that MCTSs treated
with comgdex 14 at 10 uM concentratiorstopped growing two days after typhoton
irradiation whereasthe control group treated witlhe same concentration ofsplatin kept
growing Of note annexin V andpropidium iodide PI) staining showed that apoptosis was the

main cause of cell death.

In 2018 Stang Chaoand coworkerprepaeda tetrametdic macrocyclic structureontaining

Ru(ll) and Pt(ll) atomsthat can beised in twephoton PDT(Figure9).3?

Figure 9. Chemical structures of complé&s.

The adition of the Pt(ll)moietiesto thetwo Ru(ll) complexes was made to enhanttes
intrinsic photophysical propertiesf the Ru(ll) complegs Impressivetwo photon absorption
(TPA) crosssectionvalues of 1371 GMwere obtained, which werauch higher thathe one

of [Ru(bpy)]?* itself (66 GM). Moreover the intersystem crossing process was enhanced,
which elevatedhesinglet oxygen quantum yield value to 88%mehanalwhen [Ru(bpyj]?1]

was used as referenc&ellular localisation showed that metallacya®mplex was
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accumulang in the mitochondria andhe nucleus. ICPMS results corroboratd those of
microscopy, mdicating thatafter 2 h incubatiorcomplex16 — (ocalisedin mitochondria
(67 %) and in the nucleus (25 %). Cellular uptake data revealed that colb@exeed the
cells through endocytosis pathw&ytotoxicity experiments were performed HeLa, A549,
A549R (cisplatin resistant cell line), KV (multesistant human oral floor carcinonaa)d PC

3 (prostate cancer) cell lines. The Pl values ranged betWie6nl14 (irradiation conditions:
LED source450 nm,21.8 mW cn?, 5 min). SinceA549 cells displayed the highest Rhey
were chosen as a model cell line for further studies. D@ staining and calcein
AM/ethidium homodimeil (EthD-1) costaining after two photon TP) irradiation of the
treated cellsonfirmed that compoundl6 can genate singlet oxygen and cell death only in
the irradiated are€ompoundl6 causedell apoptosisconfirmed byannexin V and Pstaining
as well as bglevatedevels of @spases/7. To assess the impact of complédin mitochondria
and nucleus, several testere performedlhe mtochondrial membrane potential (MMRRs
significantly lowerin irradiated cells. TP irradiation also cadDNA fragmentation in the
nucleus.Due to these nomising results obtaineth vitro, in vivo studiesin mice were
performed To assesswo photon photodynamic therapyR-PDT) efficacy of complexi6,
A549 tumour bearing nude mice were usEde goup treated with complex6 (0.5 mg kg')
andirradiated with TP laser (800nm, 50 mW, 2@is1) did not exhibit observable weight loss.
The tumour volumeof the treated groupvas reduced by 78%while control mice groups
showed 13old increase in tumour mass. Additionalgxamination of tumour tissue tfie
treated group showed pathologichbages, which @erenot observed in other organs like liver,

kidney, heartetc.
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Nucleus targetingcompounds

Besides mitochondrjaanother important target for PDFSs is the nucleus. Generation of
singlet oxygen or other ROS, in close proximity to the DNAght allow for DNA damage,
and finally lead to cell deatht.is known thatlipyridophenazinedpp2 ligands have the ability
to intercalatavithin DNA.3> 3#That is why i 2014 six different [Ru(bpyippzf* derivatives

17-22 were investigated by our grosigFigure10).

Figure 10. Chemical structures ¢Ru(bpy)dppzf* derivatives

Singlet oxygen production study showed that all compouraits ahigh efficacy for!O;
production but only in hydrophobic environmenhe excitedstateof thecomplexes bearing a
dppz ligandare quenched very fash the presencef water molecule® All synthesised
complexes weréound to benon-cytotoxic in the dark (165 ! — (against HeLa and MRC
5 cells(normal lung fibroblagt Light cytotoxicity studies were performeding twodifferent
light treatments: 10 min at 3%0n (2.58}cm?) and 20 min at 420m (9.27 km?). Amongall
compoundsonly complexs17 and 18 showedaninteresting phototoxic effecThe Pl value
for complex9 was higher than 150vhile for complex18 it was 42.The @llular uptake of the
Ru compounds was investigated High-Resolution Continuum Source Atomfdsorption
Spectrometry IR-CS AAS), showing that itcorrelatedwell with toxicity studies. The most
cytotoxiccomplexesl7 and 18 had the highest accumulation in the HeLa ddll68 and 1.76

nmol Ru per mg prote)nAccumulation of the compoundstine MRC-5 cell line was different
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sinceonly 0.76 and 0.18 nmol Ru per mg proteiere determinedThis indicateshat the
complexespenetragd the noncancerous cell linéo a lesser extdrthanthe cancerous line.

Cellular localisation of amplexes17 and18 was investigated using confocal microscopy.

Figure 11. Cellular localisation of compleX8. Figure taken from ref 36, with permission from

John Wiley and Sons.

The frst complex was difficult to detect even wheells were treated with high doses of
compoundThelow luminescence quantum yieldpsobablyresponsible fothisresult.On the
other handcomplex18 was able to accumulate preferentially in the nucl8esause of the
luminescentquenching effectof the complexin aqueous environment mentionathove
fluorescence microscopy locsdtion was supported by HES AAS.The esults showed that
both complexeefficiently accumulagdin the nucleug “ D Q G 0.06 nrhol Ru
per mg proteip To check if nuclear localisation and binding to DNA midtave been the
reason of toxicityDNA photocleavage experiments were conducledatment of pcDNA3
plasmid with complexes and irradiation at 42@ for 20 min (9.27 -dm?) showed that both
complex17and18 were able to cleave plasmid DNAdministration of compounds the dark
did notcause cleavage of th@asmid.In a follow up studyour grou further exploredthe
molecularcell deathmechanismof comgdex 18.3” Mechanistic tidieson the outcome dDNA

binding led to the conclusion that irradiation of tlmercalatedcompoundcausedoxidative
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damageof purinesin DNA. Importantly, alkaline comet assay supporte@shresults in living
cells. Confocal microscopy images of different cell linsach asU20S (human bone
osteosarcoma) MCF7 (mammary gland adenocarcinomand RPEL (normal retina
pigmented epitheliumjonfirmed thathe complexwas mainlylocalisedin the nucleus®. ICP-

MS confirmed these&esults.The determination of thg@resence of specific markers of DNA
damage response, analysis of DNA content and cytotoxicity staftesirradiationshowed
that cells undevent cell cycle arrest and loss of viability. Annexin V and Pl staining
experimentsof interphase cellexcluded tassic apoptotic or necrotic cell deatfurther
analysisdemonstrated that cell deatlascaused by DNA damage arddoplasmic reticulum
(ER) mediated stress response pathw@ysthe other handreatment and irradiation of mitotic
cells caused death @rding toclassic apoptotipathways, indicating two distinct modes of
cells death in interphase or mitosisd pointing to the potential of the use of these compounds

in combination with established cancer therapeutics

Further sudies on Ru(ll)polypyridyl complexes with dppz ligandgere performedy our
groupin collaboation with theChao group® Two substitutionHy inert complexesnamely
[Ru(phen}(dppz7,8-(OMe)]?* (complex23) and [Ru(phenyppz7,8(OHY]?* (complex24)

were investigated (see Figut2 for structurek

Figure 12. Chemical structures abmplex23 and complex4.
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The am of ths study was to investigate if small structural differencesld causesignificant
changsin thebiologicalresponselt is worth noting that both complexe&me investigated for
use in ongphoton(OP) and twephoton(TP) PDT.Dark and light cytotoxicitygtudies orHeLa
andMRC-5 cell line monolayers showed that the introduction@Me groups on the ligand
enhanced toxicity compad to those bearing th€OH groupgdecreasef the ICsp value from

“ —02EQEHDULQJ FRPSRXQG -@NR compbund inHELA)EDth
complexes were also much more effective th@npositive controlaminolevulinic acid %-
ALA), an approved PDT PSnterestingly, thecompoundswere also studied on 3D
multicellular tumarr spheroido provide a comprehensiv®erviewon howRu(ll) complexes
might act in solid tumars. Surprisingy, only complex23 was activeon MCTSsupon light
irradiation(LED light sourcejCso “ —J© further explorehe mechanism oéction
of the complexescellular localization and uptake of the compounds were studied-MSP
showed that the amount odbmplex23 was much highemi HeLa cells thamomplex24 (2.4
nmol Ru/mg potein to 0.9 nmoRu/mg proteir). This result might explain the differences
betweenthe ICso values obtained for both complex@sthe dark anduponlight irradiation
Confocal microscopy showedhat the Ru complexesunder studylocalised in different
compartments of the ceomplex23 wasfound to accumulati& the nucleus and mitochondria
while 24 localised in the outer cell membranes. Imaging was also performed kdter
irradiation. Complex 23 changed & localisation andnoved completelyinto the nucleus,
probably as result of damaggeneratedby singlet oxygenin membrans, enabing the
compound to reacthe nucleus.Worthy of note,these Ru complexes mightso localise in
other compartmentghat escaped detection byonfocal microscopy Indeed, de to
luminescence quenchingp aqueous solutiorof these dppzontaining complexestheir
detection is onlyossible in hydrophobienvironment® OP andTP absorptionwas also used

to imagebothcompoundsn spheroidsFor both complexesI'P imaginggavebetterresults In
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this experimentcomplex23 completelypermeated the MCTSs, whid®mplex24 could only

be detected in thexternalparts of the spheroid&igure 13 and Figure 14)

Figure 13. A. OP and P images o3 after incubatiorwith HeLa spheroids for 12 h.
B stack images of the same Hela spheroids captured evéng along the Zaxis

Figure taken from reR9 with permission fromlohn Wiley and Sons
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Figure 14. A. OP and P images 024 after incubation with HeLa spheroids for 12 h.
BVWDFN LPDJHV RI WKH VDPH +H/D VSKHURXISY FDSWXUHG +

Figure taken from ref. 29 with permission from John Wiley and Sons.

Comparableesultswith structurally related compounegere obtained bthe Glazelgroupin
20143 Although ®mplexe25 and26 havevery similar photophysical pperties(Figure B),
the dfferences inther overall charge and hydrophilicities led distinct biological effects
While complex25 localised in the mitochondriacomplex26 did not show specific organelle
localisationandwas found in the cytosoUpon irradiation (30 s pulses; >400 nm; 7cd?),
complex25 causedhecrotic cell deathistinct fromcomplex26 which turnedon the apoptotic
pathway It is possiblethat theaddition of sulfonic acidgroups oncomplex 26 induceda

different cell localisation and consequerdlgifferenttype of cell death.
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Figure 15. Chemical structures of compl@s and26.

Similar conclusions werbrought in 2015, when small chaisge the structure of Ru(Hpased
PSs cancelledphototoxicity of the comple® In this casetwo inert Ru(ll) polypyridyl
complexes with a nitrile containing ddpz ligand and two bypridinphenantrolinencillary
ligands were testedn contrasto previously described Ru(ll) complexes with dppz ligands
both did not exhibithigh singlet oxygen production (20% comparing to 580%0). This is
probably whythesecomplexes did not displanycytotoxic effe¢ upon light irradiationRPR

200 Rayonet chamber reactd20 nm; 9.27 -3m?).

ASHULHV Rl IRXU F\FORPHW D O OByarisiedidands werR BeS@ibeHHY Z L W k

McFarland in 201%Figurel6).
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Figure 16. Chemical structures of compl@x-30.

Cytotoxicity of the compoundsasassessenh HL-60 (acute myeloid leukemia) and SKEL -

28 cell lines. Compless 27-29 were toxic to the cells in the dark and did not show high PI
value (418) after irradiation(190 W BenQMS 510 overhead projector; visible light-Z00

nm; 34.2 m\iem?). On the contrary comple®0 showedanastonishing Pl valysmamelyl140Q

To assess if the complexes can interact with the DiNghotocleavage assay was used. It was
shown thatall complexes could imgar ethidium bromidestaining due to induced DNA
aggregation and precipitatione@ausecomplex30 wasthe most promising one, further test
were performed with it. Sinc8 wasgenerating singlet oxygen very weaklgss than 0.5%
relative to [Ru(bpyd)?*, it wassuggested that the other ROS is responsible for the phototoxic

effect in cells.Indeed tests with dihydroethidium (DHE) HL-60 cells confirmed that
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superoxideO. *'was responsible for cell deatth was also shown i8K-MEL-28 cells that
complex 30 alteredits localisation upon light irradiation (from nucleus to cytoplasmdl

induced morphologychanges in the cells.

Lysosome targetingcompounds

In 2015 our groupin collaboration with the Chao groumtroduced highly charged homoleptic

complexes thaare suitable for TRPDT (see Figurd?).4!

Figure 17. Chemical structures tiighly charged eamplexes

The compounds werdound to bephotostable andlid not break downn bovine plasma.
Electron paramagnetic resonanE® R experiments demonstrated that thaimtype of ROS
generatedby the three compoundsat 450 nmirradiation was *0,. Cellular localistion of
complexes31, 32 and33 wasdeterminedusing confocal laser scanning microscapyHelLa

cell line monolayers as well as HeLa multicellular tumour spheroid#\ll three complexes
werefound tolocalise inthe lysosomes, probably entering the cell by endocytosis pathway.
ICP-MS experimentgonfirmed the microscopy outcomeAll compounds were not cytotoxic

in the dark. AfterOP irradiation (450 nm, 10-dm?), complex31 showedparticularly high
phototoxicitywith 1Cso value of1.5 — 0  313). All complexeshad ahigher phototoxicity

than 5ALA, which was used as a control PS. The same trend was also observed for MCTSs.
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Further investigations were performed withmplex 31, which was foundo bethe most
promising compound of the serig€3alcein AM stainingand ROS indicator staininddCFH-
DA) showed that cell death was only limited to the plateradiation Morphologystudies

after TP light treatmenshowedthatcellsunderwenshrinking andormedbubbles

Figure 18. Micrographs of and ROS geration in HeLa cells incubatedth complex31 after
irradiation wth a twophoton confocal laseFigure taken from ref. 42 with permission from

John Wiley and So

The cellularocalisation ofcomplex31 wasalsoaltered After irradiation thecompound was
found in the cytoplasm, mleus and nucleblsee Figure 18Microscopy analysisndicated
that cellsdiedby anecrdic processbursting their conteninto the extracellulaspaceOverall,

this investigation revealed that lysosomes might be a good target for future$DT
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Targeting conjugates

The need for new Ru(ll) polypyridyl complexes witbtter selectivity towards cancer cells led
to the designof compoundswith tumourspecific targeting moieties. Such moieties might be
antibodies, cell surface receptors, aptapetcs® “3In 2015 Weil and RauntroducedaRu(ll)-
basedPSthat was conjugateth somatostatift* a peptidehormone poduced E \ -¢ells of the
pancreagnhibiting the release of insulin and glucagSrSomatostatin receptors are freqign
overexpresed in manyumour cancer cellsnaking themagood target foanticancer agest*®

In this study[Ru(byp)]?* derivativewas conjugatetb the peptiddiormoneto form complex

34 (Figure D).

Figure 19. Chemical structure of compl&4.

The @llular uptake of theonjugate was analysed by laser scanning confocal microscopy in

A549 cells which express different types of somatostatin recepfbing intensity of the
compound emission was measuréd hundred timeshigher uptak of the somatostatin
conjugatecomparedo the controlwas observedTumour selectivity was tested on wild type
CHO-K1/Gal5(Chinese hamster ovarifiH SLWKHOLDO FHOO OLQH H[SUHVVL
protein)and cells overexpressing somatostatin recept@HO-K1/Gal55STR2. Very high

selectivty towards receptor overexpressing cells was confirmed by functional calcium flux
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assayThelCspvalue forcytotoxicity by complex34, after light irradiatiorof A549 cells(LED
array, QP IRU PLQ ¢cn?),ZDV - “ . Interdstingly the ompound did

not showany dark cytotoxicityXxS WR . —O0

A differentapproach was utilised lijie samaesearch groupisvo years later, whea Ru(ll)
complex was conjugated a protein carrier scaffold containing mitochondria targeting groups

to yield complex35 (see Figur@0for Ru(ll) complex structure?’

Figure 20. Chemical structure of Ru(ll) complex that was conjugated to the protein carrier

scaffold.

In this casehuman serum albumin was the nanotransporter fap$€omplex35 wasfound
to localisein mitochondriaof Hela cellswithin 240 min,thanksto the TPPmitochondria
targetinggroups. An impressing Pl valuef 250 was determined fahe conjugateafter
irradiationfor 5 min (LED array;470 nm ~ 20 mWcm?). Phototoskcity was alsexaminedn
A549, MCF7 andCHO cell lines ICsgovalues inthe nanomolar rangevere obtained Colony
forming and cell proliferation assays eatedthat complex 35 could relevantly reduce the
colony growth ofOCI-AML3 (myeloid leukemia cell linef44% and 84.4%) and leukemic
AE9a cell line (37% and 88%) whéamated and irradiated fomin or 5 min respectivelyThe
conjugate reduced thieealthy murine BMcells growth only by 10% and 28%upon light
irradiation clearly iowing the specificity othe conjugate towards cancer ceflsncetwo

photon absorbing PS offer deeper tissue penetration and better spatial re§dtatiearchers
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alsolooked at theTP properties oicomplex Dataobtained for35 showed 5 times highefTP
crosssectionvaluesfor the conjugate thafor the Ru(ll) complex aloneThis nanotransporter
platform with enhancecellular uptake, phototoxicityand specificity against leukemic cell

line isundoubtedlya successfudolution forselective delivery of PDT PSs.

In 2018 abiological evaluation of thase of aRu(Il) complex conjugated with tamoxifers a
TP-PDT PSwas publishedsee Figur@1 for structure)f°The EstrogerRecepto (ER)is highly
overexpressed in breast cancer cells, making it a great target for anticancer¥hecamyer
30 years tamoxifenhas beeran approved drudor the endocrine treatment of oestrogen

receptorpositive breast canceét

Figure 21. Chemical structure of compl&®6 and37

The cesigredcomplex36 demonstrated a large twahoton action cross sectiorhe ®lectivity
of complex36against cells overexpressing ER was confirmed by confocal microsthiyr
7 (ER positive) MDA-MB 231(ER negative) breast cancer cell lines as well as k7 HI2

(human liver) and COS (monkey kidney) na-cancerousell lines.Competitive assay with
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17 -estradiol (inhibitor of ER) showed ththite uptake of comple86 depen@don interaction
with the ER.Complex36 asfound to be noftoxic to cells in the dark. Upon light irradiation
(450 nm, 12-3dm?) almostall MCF FHOOV WUHDWHG Z B&WHre killed(@Rd) FRP SO}
in comparison to the control (compl&t which is notconjugatedo tamoxifen Figure 21).
Calcein AM and Plstainingconfirmedthesecytotoxicity studiesAnnexin V and Pl assay
showed thathetreated and irradiated cells were in late apoptosis or nedRI35.generation
of the complex36 was verified byDCFH-DA. Moreover upon aldition of NaN (singlet
oxygen scavengerpnly very week fluorescence of the DCHEM\ was observedConfocal
microscopystudies showed thabmplex36 localisedin the lysosomes. Acridinerange (AO)
staining demonstrated that upon light irradiation comp&sausedysosomes disruptioNery
importantly, as a further confirmation of the mode of cell death aa@nplex36 wasfound
to generatesinglet oxygenupon twephoton irradiation(fs, 820 nm) leading to celleath

(calcein AM anl PI staining).

Nanomaterials like carbon nanotubes or nanodots can also be used as carriers for different
therapeutic drugs or diagnostic molecufets 2015 Zhanget al developedtarbon nanotubes
functionalised with TP-absorbing Ru(ll) complexes for bimodal photothermal and
photodynamic therapy¥ Two years latera full biological evaluation of carbon nanodots
modified with ruthenium complexvas published? This dudy showedhat the combiration
with Ru(ll) polypyridyl complexes might improvéneir intercellular uptake as well as their
featuresrequiredfor PDT. For the studiegwo complexe were usedcomplex38 aloneand
complex38 conjugated to carbon nanoddtee Figure22 for structure of Ru(ll) complex)
Thesecompoundsexhibited TP phosphorescence as well as highes production in acidic
environmenthanatneutral pHBoth compoundsveretakenupby A549 cellsas well as normal
LO2 cells asconfirmed by ICPMS. The ruthenium content was estimated tdlbe *“ .3

ng/1@® cellsfor complex38and 16 “ .4 ng/1G for complex38 with CDsin A549 cells and
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6. “.2ng/lGand6 “.2ng/1@in LO2 cdls, indicating thaCDs mightimprovethe uptake

into the cancerous csll

Figure 22. Chemical structure of compl&8.

Cellular localisationperformedby confocal laser microscopy showed that both compounds
localisedin the cytoplasmspecifically in the lysosome$he cytotoxicity in the dark and after
lightirradiation(5 min; 450 nm20 mWcm?) was determined bgell proliferation assay (MTT)
in A549 and LO2 cell linesComplex38 andcomplex38 with CDs displayed high Pl valus
(7.8 and 20.0 respectiveligr the cancerougell line compagdto normal LO2 cell§>2.5 and
6.2). Complex38 with CDsshowed better resglthan the Ru (1) polypyridyl complealone
To assess thaéype of mechanism causing calkath the researcherperformed multiple
experimentsCell morphology, annexin V stainingrotein levels of caspase 3 ands/well as
ATP levels in irradiated A549 cells confirmed that apoptosistivasain cause of cell death.
This mechanism was liketyiggered bythe highamountsf O, producedn lysosomes, which
cawsed lysosomal permeability. This hypothesis was furtlenfirmed with confocal
microscopy and flow cytometry analysi® further investigatd complex38 andcomplex38
with CDswould be efficacious solid tumaurs,theresearchers performaséverakexperiments

on MCTSs. Complex38 andcomplex38 with CDswerefound to beable to penetrate 408- P
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A549 spheroidsConfocal microscopystudieswith calcein AM staining corroboratethat
spheroids treated witthecompounds in the dark condition were viable #ratcell death was
only limited to the irradiatechrea.Once againcomplex38 with CDswasfound to bebetter
than ruthenium complex alonéCso values that were obtainedn spheroidsupon light
irradiation (20 min; 810 nm; 100 mW; 80 mHz; 100 BHU H for-eofnplex38 (P1>8.3)
and 2 —f0r complex38 with CDs (Pl >455). Both compounds werguccasfully used as

imagingagents imliving organism namelyzebrafish.

The PDT therapeutic potential of a BRRusually dependent on the oxygen levels in the targeted
tissuesince most of the PSs auatith type Il mechanismin 2017 an interesting workon
cyclometalated Ru(ll) complexgewhich act as ¥pe | PS5, was publishedy Huangand ce
workers® The aim of tlis study was to design neRSs that ould exhibit good PDT effects
underhypoxiaconditions.One of the desigred PS containsa coumarin moietycomplex39)

while the other ondoesnot (complex40) (see Figure 28r structures)

Figure 23. Chemical structure of compl&@ and complex40.

Coumarins havelectrondonating and lighharvesting abilitiedn both normoxia and hypoxia
conditions complex39 showedow dark cytotoxicity anctcau®dfastcell apoptosisfter light

irradiation in HeLa cells (white light; 400-800 nm 30 mW cm2, 10 min) Cell death was
confirmed with flow cytometry and fluorescent microscopy experimeéR@S generation
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studiesconfirmed thatomplex39 generatd high level of ROS unddnypoxic and normoxic
conditionscompaed to complex39 and Ru(bypy¥*, which wereused as a controHighly-
oxidative hydroxyl radicals werdetectedafter lightirradiation Complex40 was a far less
effectivePScompaedto complex39. To further verify the effectiveness cbmplex39, in vivo
studies HeLa derived tumars in mic§ were performedDosage of 5 mgg™ of the Pcaused
tumaur growth inhibitionandserious tumaor cdl damage after irradiatio(xenon lamp, 250
mW cm?, 15 min)(Figure 24) No sideeffects during 14 days of treatmemére observed
Histopathology as well as clearing time studies confirthedcomplex39 was not toxic for

organs andvas not accumulating in the body.

Figure 24.A. Relative tumorvolume of different grops after various treatmenf8. Tumor
weights of different groups after 14 days treatmebt$i&E stained tumor slices of different

groups Figure taken from ref.56 with permission from The Royal Society of Chemistry
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Complex39 can be considered aspromising PS that camvork under hypoxic conditions.

A recent study publisgid by Keyes and cavorkers introduced Ru(ll) complexconjugated
with nuclear localiationsignal (NLS) Such sgnal sequence waterivedfrom nuclear factor
Kappa B (NF % (41, Figure25),°¢ aregulatory protein involvechithe control of immune
and inflammatory responses. Itstigationis caused by different stimuli (e.g. growth factors,
microbial components and stress agéhtmd, mechanisticallyequires nuclearanslocation

of the protein

Figure 25. Chemical structure of compleéd and complex2.

Complex 42 was found tolocalise in the cell nucleus of HeLa and CHO cell lin€n the
contrary, omplex 41 (Figure 18), which did not have a NLS but was conjugated with cell
permeable peptideemainedn the cell cytoplasm.Complex42 wasfound to betaken upby
cells throughan energydepended transpoand to benot cytotoxic in the darkn HelLa cells
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(ICso YDOXH RI —0 /L dfkieatddel RGO MhL(R @VEmM2, 15 min)
lowered the IGo Y DO XH W RSingle eellOrradiation experiments with cells tesdhtvith
complex42 or complex41l, co-stained with nuclear dye DRAQ 7 (which only estdead or
permeabilsed cells) demonstrated thalhe phototoxic effecbf complex42 was a result ofts
nuclear localisationCT-DNA binding affinity studies along with photdeavage of pUC19
plasmid shwed that complex42 binds stronglyDNA and is able to cleave it upon light
irradiation. Tess with NaNs revealedthat singlet oxygernwas not responsible for DNA
cleavagelt was proposed that either Type | mechanism of electron exchange or direct oxidative

damage at the guanine basesthecaue of DNA damage.

Conclusionsand outlook

In recent yearamanyRu(lIl) polypyridyl complexesvere studieds potential PDT PS3heir
strong absorption in the visible lighability to produce singlet oxygen upon light irradiation
tunable photophysiand lack of cytotoxicity in the dark makes them very attractive candidates.
Unfortunately not many of them weranalysedn-depthfrom abiological point of view.The
mechanism of actioof these compounds living cells a key factor in order to obtatheir
approval for a given indications very often stillunknownor hasonly been superficially
investigated Worse, as shown in this Feature Article, there are only airiewwo studies
reported to date. However, despite this, one of such compousddrbady entered clinical
trial as a PDT PS against bladder cancer, clearly emphasising the potential of spigxesm
in this area ofesearchFurtherinvestigationsn field of Ru(ll) polypyridyl complexes aBDT
PSsare of course needetlhere isundoubtedly anecessity for newomplexeghat will exert
their action byType | mechanismrhis is acrucialfeature that will helgight very difficult to
treathypoxic tumoursDuringthedesigning processf the PDT PSsdjustmentsvill alsoneed

to be maden order to have PSs that can be activated at higher waveleligthknown that
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longer wavelengthwill allow for deepepenetrabn throughtissue As shown in this Feature
Article, this canalsobe obtained byru(ll) polypyridyl complexes thiaare activatedy two
photonirradiation However, this technique will require further preaif its suitability forin

vivo models,since studies in this field of research, not only with Ru(ll) complexes, are for the
moment much too scarc®verall we ae convinced that this field of research is still in its

infancy andhatvery exciting results will be published in the near future
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Abstract:

The current photosensitizers (PSs) for photodynamic therapy (PDT) lack selectivity for cancer
cells. To tackle this drawback, in view of selective cancer delivery, we envisioned conjugating
two ruthenium polypyridyl complexes to vitaminBCobalamin, Chlto take advantage of the
solubility and active uptake of the latter. Ultimately, our results showed that the transcobalamin
pathway is unlikely involved for the delivery of these rutherhesed PDT PSs, emphasizing

the difficulty in successfully deliverg metal complexes to cancer cells.

Keywords ELRLQRUJDQLF FKHPLVWU\ ¥+ FREDODPLQH ¥ PHGLFL

SKRWRG\QDPLF WKHUDS\ ¥ UXWKHQLXP SRO\S\ULG\O FRPSO
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Introduction

Photodynamic therapy (PDT) is an approved medical technique tlest o& the use of a
photosensitizer (PS) to ultimately generate reactive oxygen species (ROS) or radicals that can
trigger cell death! The interest of this method is its spatémnporal control. The PS is
activated only when and where the physician applies light. In brief, upon irradiation at a
specific, defined wavelength, an electron of the ground state of the PS reaches exsiiigte

state tPS*), which then reaches a triplet stateg*) through an intersystem crossing (ISC)
event? The PDT process can then rely on two types of mechanism: 1) in Type |, an electron
or proton transfer from the speciS* to a biological sostrate that generates radicals which

can further react with molecular oxygen and form superoxides, hydroxyl radicals or peroxides
or 2) in Type Il, an energy transfer frolRS* to molecular oxygen in its ground triplet state
(30,) to generate the highlpxic singlet oxygen'(Qs).El

The arrently used PSs in the clinic are mainly based on cyclic tetrapyrrolic scaffolds (chlorins,
phtalocyanines and porphyrin&. Ther main drawbacks are a lack of selectivity towards
cancers cells, a low water solubility, an important photobleaching and, sometimes, serious
problems of photosensitivity for the treated patiéht®u(ll) polypyridyl complexes were

found to be an interesting alternative to the current PDT PSs. Although the use of such
compounds as PDT PS against cancer is relatively recent, the results are spectacular with one
of such compounds, TLI2433, having recently completed gled clinical trial against bladder
cancer? 1% We note that to reach the therapeutic window for PDT treatment (~ 600 to 800
nm), some Ru(ll) polypyridyl complexes were found to be good PSs fephaton PDT!Y

131 further illustrating the versatility of ruthenium in medicinal chemistry. To further improve
the properties of the Ru(thased PDT PSs, it is also possible to conjugate them with targeting

moieties, or to associate them in raovalent manner with serum or membrane protéfg!
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Another possible strategy envisioned by our group and by others is the encapsulation of the
Ru(ll)-based PDT agents in polymers or their functionalization to nanopahiciés.

Vitamin Ba2is a vital nutrient that is characterized by a low bioavailability. Because it is playing
an essential role in cell proliferation, it is crucial for fast growing ¢@lighis interesting
characteristic was already used in several stddigswhich cobalamin was used as a targeting
moiety for metal complexes to direct themwards fast dividing malignant celf$24 With this

in mind, in this work, we aimed at developing a system f@raving the solubility and uptake

of Ru(ll)-based PSs into cancer cells. Our hope was that the resulting conjugates would have a
good water solubility and an active cellular upt&Re?® Indeed, in the systemic circulation,

Cbl is brought to the cells by a carrier protein named transcobalamin and ultimately taken up
following a receptomediated endocytosts” 271 Therefore, two trisbipyridyl ruthenium(Il)
complexes were conjugated to vitamin2 ECobalamin, Cbl). After characterizafi, the
resulting conjugates were tested in vitro to evaluate their efficiency in PDT as well as their

cellular uptake. This data were compared with the Ru(ll) complexes themselves.

Results and Discussion
Compounds design and chemistry

As a cofactor, ingle cells, cob(lll)alamin is ultimately reduced to cob(l)alamin and during this
S U R F H V-\ippeiligahd of cobalamin becomes labi#This feature has been explored in
the past to attach drugs/drug candidates at this po&ititiowever, chemical modifications at

W K-pbsition were for a long time restrained by synthetic constragtgell as the instability

of the resulting derivative®” Recent advances in organometallic chemistry of cobalamin have
allowed to generate stable derivativesd ao rethink this prodrug approath.3? As a
prerequisite, the chosen compoundswdtt bear an accessible alkyne group which can be
directly attached to the cobalt center of Cbl following a coppediated reaction as described
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by Gryko and coworker€3! Two bispyridyl ruthenium(ll) complexes were chosen and adapted

to the need of this coupling reaction: a cytotoxic compound, which was previously reported to
accumulate at the plasma membranes of ovarian carcinoma cell line A2780, [Ru(§&bpy)

(where NNIpy = diethylamine  {bipyridine) and the standard [Ru(bgly) ELS\ - .
bipyridine) 4 These two compounds were synthetized asymmetrically in order to substitute

one of the original bipyridyl ligands by aethynyl22"ELS\ULGLQH OLJDQG &A&
previously repoed to give [Ru(NNbpy) & A & E 3 \(1j@and [Ru(bpy) & A & E Z\(2jaas

shown in Figure 135 361

Figure 1. Ruthenium complexes andBonjugates used in this study.

The complexed and2 ZHUH WKHQ FRXSOHG WR FREDODPLQ LQ JRR:
procedurE¥to give two B derivatives: Bx-1 and B2-2 (see Figure 1). The compounds were
unambiguously characterized By NMR and HRESFMS and their purity verified by HPLC

(see ESI). Very importantly, all compounds were found stable in water for at least 7 days as

well as light stable over the same tinezipd.
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Photophysical properties

With both compounds in hand, we investigated their photophysical properties to evaluate their
potential as PDT PSs (Tables 1 and 2). As a first experiment, the absorption of the compounds
was measured in MeO&hd compared with theirnBconjugates (Image 2). Since the necessary

SMLCT band centered at 450 nm did not significantly change, we assume that the photophysical
properties of the conjugate should not be influenced through the conjugation. As a second
experiment, the emission of the compounds was investigated upon excitation at 450 nm in
CH3CN. Compoun® has an emission maximum at 635 nm and a luminescence quantum yield

of 0.02. These values are in the same range as other Ru(ll) polypyridine corfiiéXes.
However, the emission dfwas barely measurable with the apparatus in our laboratory. As a

third experiment, the luminescence lifetimes were determined and their influence on the
presence of air investigated. Due to the very low emission of corplexlifetime was not

detected This contrasts with the lifetime of compouBdavhich was found to be in the same

range than other Ru(ll) polypyridyl compleX&s38 Importantly, the excited state lifetime

changed drastically upon the presence of oxygen indicating@h&t able to interact with the

excited state a2.

Table 1. Photopysical properties o and2 as DEVRUSWLRQ PD[LBXP LQ OH.
emission maximum in C4H& 1 em= luminescence quantumyielding®8l 2 OXPLQHVFHQ

lifetime, n.d. = not detectable.

Compound abs/ NM em/ NM - em 2 QV

air degassed
1 Column 2 695 >0.001 n.d. n.d.
2 Column 2 635 0.021 226 679
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After showing that our compounds are able to interact with oxygen, we investigated
quantitatively the production of singlet oxygel®£) upon light exposure. This is a crucial
factor for a PS sincHO; is known to be the major active species for most applied PSs in the
clinics. For this purpose, two different methods have been used: 1) direct by measurement of
the phosphorescence #9,, 2) indirect by measurement of the change in absorbance of a
reporter molecul€® Worthy of note, only singlet oxygen quantum yields over 20% can be
detected via the direct method with our apparatus. The results shown in Table 2 demonstrate
that compound4 and2 are producindgO, only poorly. This could be explained by the weak
population of the excited state indicated by the poor luminescence properties of the complexes

(Table 1) which is a necessary requirement for the productitd,of

Table 2. Singlet oxygen quantum yielda CH:CN and aqueous solution determined at 450

nm. Average of three independent measurements.

Compound Indirect 450 Indirect 450

nm CH3CN nm PBS

1 8 % 3%

2 19 % 7%

Evaluation of PDT activity

Dark and light cytotoxicity of the complexes wiasestigated in the cervical cancer cell line
(HeLa) and nortcancerous retina pigmented epithelium (RBEell lines. It was expected that
the B12 derivatives would be more toxic to both cell lines due to the presencdladtBhould
increase their upke. Surprisingly, compourtiand its derivative B-2 showed no cytotoxicity

both in the dark or upon light irradiation. On the contrary, compleas found to be cytotoxic
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in the dark (1Go “ —0 DQG “ —0 RQ ceHlimes,DQG 53¢
respectively). Irradiation at 480 nm (10 min; 3.2dm¥) did not significantly increase its

toxicity. Photoindex (PI) values (kodark/ICso light) of 1.3 and 1.1 for Hela and RPEcell

lines, respectively, were determined. To our surprise, iad Bomplex was found to be not

toxic in the dark. Light irradiation of cells treated with-B did not caused toxicity in the RPE

1 cell line or in the HelLa cell line (see results in Table 1). Overall, these studies did not show

any correlation between tipeesence of vit B and (phote)toxicity, clearly emphasizing that

the coupling of Cbl was not helping in the delivery of our Ru(ll) complexes. An obvious reason

could be the bulkiness of the Ru(ll) complexes. In a more general context, these disappointing

results highlight the difficulty in specifically delivering metal complexes to cancer cells.

Table 3.1Cso values of complexes incubated with RPEBr HeLa cell line in the dark and upon

OLJKW LUUDGLDWLRQ LQ —O

Compound Cell line

RPE-1 HelLa
Dark Light Plvalue  Dark Light Pl value
1 ‘ “1.1 “ “ 1.3
0.085 0.060
Bi2-1 >100 >100 - >100 >100 -
2 >100 >100 - >100 >100 -
B1>-2 >50 >50 - >50 >50 -
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Ru(ll) polypyridyl complexes are usually known to be highly luminesé@nive have
therefore used this characteristic to further investigate the cellular biodistribution of the
complexes in cells, and confocal microscopy studies were performed. Disappointingly, these
two Ru(ll) complexes as well as thé&1> derivatives showed very weak or no luminescent
signal in treated HeLa cells (see Fig S13). For this reason, cellular localisation could not be

precisely determined, although localization in the cytoplasm could be faintly observed.

Conclusions

In this article, we have presented the synthesis and characterization of the trisbipyridyl Ru(ll)
complexedl and2 conjugated with vitamin B. The resulting organometallic complexes were
then evaluated as potential photosensitisers for PDT. The cowjugath cobalamin increased

the water solubility of the compounds, especially for comdlewhich was found to be
extremely poorly soluble in this solvent. Unfortunately, our ruthersomtaining conjugates
were found to not have any significant phototagtivity to the cell lines studied in this work.

In addition, we could not precisely determine the cellular localization of the complexes by
confocal microscopy due to either the lack of luminescence of the Ru(ll) complexes or due to
the very poor uptakef the compounds. Overall, this study suggests that the transcobalamin
pathway is unlikely involved for the uptake of our Ru(ll) conjugates. It would be interesting to
assess if this is true with other Ru(ll) polypyridyl complexes. More generally, thdy stu
highlights the difficulty in bringing selectively metahsed PDT PSs and, more generally, metal

complexes to cancer cells.
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Experimental Section

General experimental details

All chemicals were purchased from Sigklrich (St Louis, MO) and used witlut further

purification. The ligand 4thynyl  -bipyridine was synthesized according to a published
procedure as well as the Ru complekesid2 and the B, derivative B>-1.1>°HPLC analyses

were performed on a MerdRitachi L7000. The analytical separations were conducted on a
MachereylDJHO 1XFOHRGXU 3RODU7HF FROXPQ —P SDUWLEFC
mm). The preparative seqadions were conducted on a Mache#éggel Nucleodur C18 HTec
FROXPQ —P SDUWLFOH VL]H ¢ SRUH VL]H ) PP + 3
methanol (B). The compounds were separated using the following grad&nmifl (75%

solvent A), 585 VROYHQW $ : V R45 Yhit QLOD%& solvent B). The flow

rate was set to 0.5 mi*mihfor analytical separations and 5 ml*niiriior the preparative ones.

The eluting bands were detected at 320 nm. High resoluticiMiBSStas performed on a Brak

FTMS 4.7T Apex Il (positive mode) and the UV/Vis spectra recorded on a Ja3@OWMR

analyses were recorded on a Bruker Avance lll 500 MHz. The correspotttiingd 1°C

chemical shifts are reported relative to residual solvent protons and carbons.

Synthesis and characterization of the derivativeB

The following procedure was adapted from the literature to achieve the synthesis ef the B
derivativest®* A mixture of cyanocobalamin (20 mg, 0.013 mmol, 1 eq.), CuAcO (2.3 mg,
0.0013 mmol, A eq.) and the alkyn&s(0.07 mmol, 5 eq.) in DMA (3.5 ml) was stirred until
dissolution. DBU (0.01 ml, 0.7 mmol, 5 eq.) was added and the solution was allowed to react

at room temperature for 4h. The respective crudes were precipitated by dropwise ddditi
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stirred solution of diethyl ether/CBI2> (50 ml, 1:1). The residue was dissolved in a mixture of
CHsOH and water (2 ml, 1:1), filtered again and purified by preparative HPLC. The eluting

band containing the desired product was isolated and lyogdhili

B12>-2: Isolated as a brownish powder, yield 19.8 mg (7086NMR (500 MHz, MeOD[d4]):
/=853 (t, J = 9.5 Hz, 4H), 8.25 (t, J = 9.37 Hz, 1H), @ (m, 5H), 7.85.69 (m, 6H),

7.54 (dd, J = 6.0, 2.37 Hz, 1H), 7-2®B2 (m, 5H), 7.29 (s, 1HY.14 (s, 1H), 6.85.76 (m,

1H), 6.50 (s, 1H), 6.37 (d, J = 3.2 Hz, 1H), 6.05 (d, J = 3.8 Hz, 1H);42B(m, 2H), 4.13

4.07 (m, 1H), 3.95 (dd, J = 13.0, 2.45 Hz, 1H), 3.78 (dd, J = 13.0, 4.0 Hz, 1H), 3.62 (d, J = 14.3
Hz, 1H), 3.433.35 (m, 1H), 3.3B.25 (m, 2H), 2.99 (dd, J = 9.0, 5.3 Hz, 1H), 22782 (m,

18H), 2.27 (s, 6H), 2.14 (t, J = 12.0, 1H), 2093 (m, 6H), 1.84.77 (m, 5H), 1.45 (d, J = 4.2

Hz, 3H), 1.40 (d, J = 3.4 Hz, 3H), 1.34 (s, 3H), 1.27 (d, J = 6.3 Hz, 3H), 1.18 (s, 3H), 1.15 (s,
3H), 1.131.02 (m, 2H), 0.52 (s, 3H) pprhiV/Vis spectrum in methanol solutionmax= 330,

363, 460, 519, 55HPLC: tr = 14.5 min;HR-ESI-MS (ESI'): [M]?" = 960.8315, calculated

for Co4H111C011N19014P1R W = 960.8342.

Cell culture

HeLa cell line wasultured in DMEM (Gibco, Life Technologies, USA) supplemented with

10% of fetal calf serum (Gibco). RPE cell were cultured in DMEMMA2 (Gibco)
supplemented with 10% of fetal calf serum. Cell lines were complemented with 100 U/ml
penicillin-streptomycinPL[WXUH *LEFR DQG PDLQWDLQHG LQ KXPLGL

5% of CQ.
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Cytotoxicity studies

Dark and light cytotoxicity of the Ru(ll) complexes and Ru(ll) conjugates was assesed by

fluorometric cell viability assay using resazurin (ACROS Organi€®r light and dark

cytotoxicity, HeLa and RP# cells were seeded in triplicates in 96 well plates at a density of
FHOOV SHU ZHOO LQ —O0 K SULRU WR WUHDWPHQW

concentration of compounds for 48 h. Afteat time medium was replaced by fresh complete

medium. For light cytotoxicity experiments HeLa and RPEells wereexposed to 480 nm

light for 10 min in a 9éwell plate using a LUMOSBIO photoreactor (Atlas Photonics). Each

well was individually illumirated with a 5 Im LED at constant current (light dose 3.219).cm

After 44h in the incubator medium was replaced by fresh complete medium containing

resazurin (0.2 mgml ILQDO FRQFHQWUDWLRQ $IWHU K LQFXEDWL

of resorufin product was read by SpectraMax M5 mictroplate reader (ex: 540 nm; em: 590 nm).

ICs0 values were calculated using GraphPad Prism software.

Localisation studies

Cellularlocalisation of the Ru(ll) compounds was assessed by fluorescent microscopy. HelLa

cells were grown on the 12 mm Menz2lOIVHU FRYHUVOLSV LQ PO RI FRP
density of 1.3 x 10cells per ml. Cells were then treated with the compounds ¢t@centration

in the dark) for 2 h, with NucBlue (2 drops per 1 ml of media) for the last 25 min and with 100

nm Mitotracker Green FM for the last 15 min. HelLa cells were then fixed with
paraformaldehyde solution in PBS (4%) and mounted on glass slidesRrsilogpg Glass

Antifade Mountant. Leica SP8 confocal microscope was used to analyse the samples. Ru

compounds were excited at 488 nm and emission above 650nm was recorded. Images were
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recorded in Cellular and Molecular Imaging Technical Platform, INSERM ORES CNRS

UMS 3612, Faculty of Pharmacy of Paris, Paris Descartes University, Paris, France.
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Figure S1 500 MHz'H-NMR of compound B-2 (in DO, S= solvent residual peak).
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Figure S2 Normalized U\WVis of compound®, B1>-2 and of cyanocobalamin (GRbl) in
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Figure S3 HPLC chromatogram of compound2E2.
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Figure S4 HR-ESIFMS of compound B-2.
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Figure S5.Cytotoxicity of complex 2 in the HeLa cell line.
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Figure S6.Cytotoxicity of complex 2 in the RRE cell line.
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Figure S7.Cytotoxicity of complex B>-2in the HeLa cell line.
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Figure S8.Cytotoxicity of complex Bx>-2 in the RPEL cell line.
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Figure S9.Cytotoxicity of complex 1 in the HeLa cell line.
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Figure S10.Cytotoxicity of complex 1 in the RRE cell line.
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Figure S11.Cytotoxicity of complex B-1 in the HelLa cell line.
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Figure S12.Cytotoxicity of complex Bx-1 in the RPEL cell line.
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Figure S13.Cellular localisation of the complexes in HeLa cell liGells were treated with
the compounds (Iég concentration in the dark) for 2 h andstained with NucBlue and
Mitotracker Green FM. Compounds were then removed, cells were fixed and visualised by

confocal microscopy.
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Abstract

There is currently a surge for the development of novel photosensitizers (PSs) for photodynamic
therapy (PDT) since those currently approved are not completely ideal. Among the tested
compounds, we have previously investigated the ugtu@f) polypyridyl complexes with a
[Ru(bipyx(dppz)f* and [Ru(phen)dppz)f* scaffold (bipy = 2,2bipyridine; dppz =
dipyrido[3,2 D «c]-phenazinephen = 1,1phenanthroling These complexes selectively
target DNA. However, since DNA is ubiquitouswould be ofgreat interest tincrease the
selectivity of our PDT PSs by linking them to a targeting vector in view of targeted PDT.
Herein, we present the synthesis, characterization addpth photophysical evaluation of a
nanobodycontaining Ru(ll) polypyridylconjugate selective for the epidermal growth factor
receptor (EGFR) in view of targeted PDT. Using {08 and confocal microscopy, we could
demonstrate that our conjugate had a high selectivity for the EGFR receptor, which is a crucial
oncological targefs it is overexpressed and/or deregulated in a variety of solid tumors.
However, contrary to expectations, this conjugate was found to not produce reactive oxygen

species (ROS) in cancer cells and to be therefore not phototoxic.
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Graphical abstract

The sythesis, characterization and-depth photophysical evaluation of a nanobody
containing Ru(ll) polypyridyl conjugate selectiver the epidermal growth factor receptor

(EGFR) in view of targeted PDT is presented.
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Introduction

The use of photodynamic theraf®DT) has expanded the possible techniques in medicine to
treat various types of cancge.g., lung, bladder, oesophageal and brain cancer) as well as
bacterial, fungal or viral infections. Its effect is caused by a combimat an ideally noftoxic
photosensitizer (PS), oxygen and light. Upon light exposure, the PS is able to produce reactive
oxygen species (ROS), such as singlet oxy@s) or other radicals. Due to the high reactivity

of the latter, these can cause @tide stress and damage in different cellular compartments
(e.g., membrane, nucleus, endoplasmic reticulum, lysosome, mitochondria), leading ultimately

to cell deatH!)

Next to the already approved PDT PSs, which are based on a tetrapyrrqgladds@ee.
porphyrins, chlorins, phthalocyaninef)e development of Ru(ll) polypyridyl complexes as
PDT PSs s receiving more attention due to their ideal photophysical and photochemical
properties, which include, among others, high water solubility, high chemical stability and
photostability, intense luminescence, large Stokes shifts, Y@gtproductiont®® 2l These
attractive features have allowed one of such complexes, namel1LZ88) to enteinto clinical

trial as a PDT PS against bladder carf@déthase | has been recently complétéd.

In this context, our group was able to demonstrate that Ru(ll) complexes of the type
[Ru(bipyx(dppz)F* (bipy = 2,2-bipyridine, dppz = dipyrido[32D «c]-phenazine) and
[Ru(phen)(dppz)f* (phen = 1,1@henanthroline) were effectiRDT PSs (Figure 1§ 2¢ 4l

As a highlight, we could demonstrate that some of these complexes wetaxitoin the dark

and highly toxic upon light irradiation with ¥ values in he low micromolar range and a
phototoxic index of up to >158&1 Based @ WKH H[W H Qsgste@ oBtBeliQpR liadel,
which is able to intercalate into the base pairs of the DNA, these compounds showed a

preferable nuclear localization. Upon light exposure, these complexes caused oxidative stress,
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as well as DNA photocleage, suggesting that they impaired replication and integrity of the

genetic materidf 2¢ 4l

Highly proliferating celldike cancer cells are generally preferably targeted by such compounds
over healthy cells, as it is the case for cisplBtirlowever, other frequently dividing cells in

the organism (e.g. hair follicles, gastrointestinal tract, bone marrow) can be affected, leading to
severe sideffects for the patienté® ® Thus, it is extremely important to increase the

selectivity of PDT PS, for example, with the developméra suitable delivery system.

Figure 1. Structures of [Ru(bipyfdppz)f* and [Ru(phen(dppz)f* complexes as PSs

developed by our group 264

So far, the examples of Ru(ll) polypyridyl complexes for targeted PDT are scare, if we do not
take into account polymer encapsulation/nanoparticle attewtt*® ' The group of Lilge could
recently demonstrate that the premixing of FILB33 with transferrin was able to increase the
extinction coefficient, prolongs the absorption range, reduced photobleaching, cellular uptake
as well as overall toxicity of the compouidOur group previously demonstrated the efficiency

of the coupling of a metdlased PDTPS to peptides, which are known to bind specifically to
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abundant molecular targets on malignant cells. More precisely, in those studies, bombesin, that
is known to target the human gastreleasing peptide receptor as well as a nuclear localization
signd peptide that facilitates the intracellular transport into the nucleus were coupled to Ru
based PDT PSs. We were able to demonstrate an increased uptake of the conjugate in the
receptorexpressing cells in comparison to the free comfiféThe groups of Weil and Rau

were able to link the peptide hormone somatostatin to a PS and could show-faid 100
increased efficiency for somatostatin receg®pressing cells compared to the freel®S.
Recently, the authors described a macromolecular plastempserum albumidPS conjugate

with several Ru complexes bound to the protein surface. Using the protein as a nanocarrier, the
PSs were delivered selectively to the mitochondria, where it showed an impressive
phototoxicity with 1Go values in the nanomai range’ Worthy of note, a variety metal
complexes as for example Re(l), Pt(ll), Ru(ll) or Ir(lll) compounds have been successfully

coupled to peptides to increase receptor selectity.

Among the different established classes of delivery sy$t¥m@.g. oildispersions,
encapsulation in polymeric particles/lysosontasgeting peptidd®S conjugates, polym&sS
conjugates), the conjugation of PS to monoclonal antibodies (mAb) takes advantage of the
excellent target specificity of the latter. However, despite their clinical success, the concept of
utilizing mAb-PS conjgates is afflicted with several important drawbacks. These vector
molecules are known for their high stability and prolonged serum-lifelf slow
pharmacokinetics and clearance from the body. This leads to an increase of the absolute level
of the mABPS onjugate in the tumor alongside with an increasedspatific uptake in noen

target tissueB Additionally, the treatment of solid tumors is limited due to penetration
problems of the large conjugate into the tumor caused by poor vascularization, drainage,
interstitial pressure and dense strdhi8An attractive strategy to circumvent these limitations

is the use of smaller oncotropic vector molecules like antibody fragments or nanobodies
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(NBs)[*3I NBs represent the agénbinding domain of heavghainonly antibodies that occur
in species belonging to the family @familidae Their small size, stability, solubility, fast
pharmacokinetics as well as high specificity and affinity for their cognate antigens make them

poweful targeting agents for diagnostic imaging and targeted thérapNoteworthy in this

context, Caplacizumab, a bivalent Tvmin Willebrand factdmNB, is currently in Phase llI

clinical trials against acquired thrombotic thrombocytopenic purptira.

A recent study has highlighted the high tumor uptake, rapid blood clearance and low liver
uptake of @°™Tc-labed NB as an imaging probe for epidermal grofattior receptor (EGFR)
positive tumorst® This receptor, which is involved in many cellular processes such as
proliferation, differentiation and cell survival, represents a crucial target in oncology as it is
overexpressed and/or deregulated in a variety of solid tumohsgding head and neck, breast,
nontsmalkcell lung and pancreatic cancer. Therefore, EGFR is a major target for cancer
therapy*®171 Worthy of note, thesuccessful conjugation of the PS IRDye700B¥leimide

to nanobodies for hepatocyte growth factor receptor targeted PDT was recently

demonstrated?

With this in mind, we report herein the design, synthesis, characterization -a@eghtin
biological evaluation of a NBontaining Ru(ll) polypyridyl conjugate (Scheme 1). The
conjugate consists of three building blocks: 1) a [Ru(pleppz)f* complex (geen), which

is known to have an excellent phototoxi€fty?> 4 2) a 7C12 NB (red), which is known for
specific binding to EER expressing cefl§: % and 3) a peptide chain (blue) with a poly
glycine unit, which is necessary for affi@ent and sitespecific conjugation by a sortase A
(SrtA)-mediated tranpeptidation reaction leading to an 1:1 NB:PS r&fidlo the best of our
knowledge, we report herein the first MBntaining Ru(ll) polpyridyl conjugate as a PDT PS

for EGFRtargeted PDT. As can be seen below, thanks to this design, a highly selective NB

containing [Ru(phenjdppz)f* conjugateRu-NB could be unveiled.
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Scheme 10verview of the Sortas&-mediated sitespecific modification of the NB derivative
7C12StrepSortagHiss with the Ru(phen)dppz7-maleimidemethyS-Cys(Serp(Gly)s-

NH2) complex resulting irRu-NB conjugate. PDB entry of Sortase A frdataphylococcus

aureus 1t2p/?1!
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Scheme S1.Total synthesis of[Ru(phen)(dppz7-maleimidemethyS-Cys(Sery(Gly)s-
NH3)](TFA)s D (W2+ UHIOX[ K '0621,10plfedanthtolin€ LiCl, DMF,
reflux overnightunder N atmosphergec) 1,10phenanthroline, KBr, b8Qs, HNOs, f & K
under N atmosphere; d) EtOH, f & ukder N atmosphere; e) LiAlld THF, 6 f & h under
N2 atmospheref) acetic acid, CECN, reflux 1 hunder N atmosphereg) (COClp, DMF,
CHsCN, RT, overnighunder N atmosphereh) Phthalimide, KCOs, DMF, RT, overnight;)i
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NH2NH2, MeOH, reflux overnightinder N atmospherg) maleic anhydride, AcOH, reflux 10

hunder N atmospherek) (NH2CO-Cys-(Sery(Gly)s-NH3)(TFA), CH:CN:H2O 1:1, RT,30 h

Results and discussion
Synthesis of the [Ru(phen)dppz-7-maleimidemethylS-Cys-(Ser)k(Gly)s-NHz)] complex

The synthetic strategy for the synthesis of the [Ru(pleppz7-maleimidemethylS-Cys
(Sery(Gly)s-NH3)]** complex is described in Scheme 1. The [Ru(pidppz7-
aminomethyl)](PE)2 complex was synthesized as previously reported in nine syntheti¢*gteps.
The synthesis of tHRu(phen}(dppz7-maleimidemethyl)](P§). complexis already published
but, in this studya slightly different experimental procedure was empld$&@he maleimide
containing Ru(ll) complexes was prepared by reacting the [Ru(gdppk7-
aminomethyl)](PE)2 complex with maleic anhydride. [Ru(pheftppz7-
maleimidemethyl)](P§)> was coupled to theoly-glycine chainvia a thioMichael addition
reaction. As recently highlighted, this bioconjugation presents important advantages such as
synthetic accessibility, excellent reactivity and, importantly, biocompatiBiityzollowing
this synthetic strategy, ththiosuccinimide product [Ru(pheiippz7-maleimidemethyS-
Cys(Sery-(Gly)s-NH3)]** was prepared by reactingpiol of the (NHs-(Gly)s-(Sery-Cys-
CONH)(TFA) peptide chain with the [Ru(phe(dppz7-maleimidemethyl)](PE). complex.
The product was obtained after an overnight reaction at room tempeaathigolatedvia
preparative HPLC. The identity of the obtained complexes was confirmed 3 &nd the

purity verified by HPLC (Figures $%2).
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Sortase Amediated conjugation

The efficiency of chemoenzymatic bioconjugation was evaluated using the-E&€Ric NB
7C12and [Ru(phen(dppz7-maleimidemethylS-Cys-(Sery(Gly)s-NH3)]** as a substrate. To

this end, the NB was produced with its€minus tagged with a (GGGGSpacer followed

by a Streptag, the LPETGG sortase motif, another (GGGGacer and &exahistidine
purification tag (His). As successful sortaserediatedconjugation leads to the elimination

of the Hig-tag, this design allows the removal of the unreacted NB as well as of thagtied

enzyme bymmobilized Metal lon Affinity Chromatgraphy (MAC). To optimize the reaction,

the molar ratios of SrtA, NB and [Ru(phefppz7-maleimidemethyS-Cys(Serp(Gly)s-

NH3)]3* as well as the reaction time were varied (see FigureéS8433A 4K UHDFWLRQ DW

with a molar ratio of 1:1:10 was idgfied as being ideal (Figure 2).
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Figure 2. Course of reaction for the chemoenzymatic conjugation of [Ru(g(aemp)e7-
maleimidemethylS-Cys-(Serp(Gly)s-NH3)]%* to the EGFRspecific NB 7C12. While the molar

ratio between SrtAand NB was kept constant (1:1), the amount of the Ru(ll) precursor was
increased (1100nmol) to finally achieve molar ratios of 1:1:1, 1:1:2, 1:1:5 and 1:1:10,
respectively. The reaction was monitored for up koedd aliquots were separated on 15% SDS
polyacrylamide gels. After electrophoresis, gels were imaged witlb&3n Gel Scanner (B)

to detect the signal of the Ru(ll) complex and subsequently stained with colloidal Coomassie

G-250 (A).

Consequently, these conditions were kept in an upscaetioe using2—P RO 6 W R O
sdAb and 20— P RO > 5Xd@EHh@leimidemethylS-Cys-(Serp(Gly)s-NH3)]3*. After
purification of the reaction mixture by affinity chromatography, the obtained conjugate 7C12
Strep[Ru(phen)(dppz7-maleimidemethyS-Cys-(Serk(Gly)s-NH3)]** (R+-NB) was

analyzed by MALDITOF MS (Figure S5). The mass spectra of the final purified prdiuct
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NB showed a homogeneous population of a steglgugated NB with a molecular mass of

~17.7 kDa.

Photophysical properties

With the conjugate in hand, we performed photophysical measurements to evaluate its potential
as a PDT agent. At first, the absorptions of [Ru(pi{dppz7-maleimidemethyl)](P§)-,
[Ru(phen)}(dppz7-maleimidemethyS-Cys-(Serp(Gly)s-NHz3)](TFA)s and Ru-NB were
measured to investigate if the peptide chain or the NB conjugation had an influence on the
photophysical properties of tiu(ll) polypyridyl complexes. Since the conjugate is insoluble

in CHsCN, the measurement Bu-NB was performed in DMSO. The comparison between the
absorption spectra (Figure S6) shows small differences in intensity as well as a small shift of
the absorption band which can be explained by solvent effects. Since all major bands are still
comparable, wassume that the conjugation did not chang@hwotophysical properties of the

Ru(ll) polypyridyl complex. As a second experiment, the emission and luminescence of the
conjugate was investigated upon excitation at 450 nm in DMSO. The maximum of the ®missio
of the complex (Figure S7) was determined to be 633 nm. Consequently, there is a large Stokes
shift which results in minimal interference between excitation and luminescence. The
luminescence quantum yield ) was measured upon excitation at 450 nncbmparison

with themodel complex [Ru(bipyg)Cl2in CHsCN (- em= 5.9%)[?% Theluminescence quantum

yield (-em) of the conjugat&ku-NB with a value of 3.3% was found to be in the same range
than complexes of the type [Ru(bipigppz)f* and [Ru(phen)dppz)f*.>> 4 For a deeper
investigation of the excited state, the luminescence lifetimes were determuiegbssed and

air saturated DMSO upon exa&iion at 450 nm to investigate the influence of the presence of
oxygen. As expected, theminescence lifetime in a degassed solution was much longer (589

ns, Figure S8) than in an aerated solution (134 ns, Figure S9). This showsytet has a
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significant influence on the lifetime of the excited state and indicate¥Qhaan interact with

the triplet state of the complex.

Singlet oxygen generation

Knowing that the triplet excited state of the conjugates are able to interact with oxygen, we
were interested in determining the singlet oxygen quantum yig¢id,) of Ru-NB using two
methods previously described by our gr&dbpnamely: 1) bydirect method by measurement

of the phosphorescence @, at 1270 nm. Worthy of note, this method is dependent on the
used setup. With the used equipment in our laboratory, we can only dé@®gt> 0.20; 2) by
indirect method by measurement of the change in absorbance of a reporter molecule which is
monitoredby UV/VIS spectroscopy. Since the measurements were performed in DMSO and
agueous solution, only rather small values (Table 1) could be measured. This is not surprising
and has already been investigated for several other [Ruffolppy)f” and
[Ru(phen)(dppz)f* complex derivative&® 4% 4l In-depth investigations showed that the
excited state of the complex is quenched in an aqueous solution due to hydrogen bonding
interactions between the nitrogen atoms of the dppz ligand and the $8h@amparison of

the singlet oxygen quantum yield Bu-NB with the ones obtained for structurally related
[Ru(bipy)(dppz)f* complexe&, revealed that these values are in the same range and

therefore indicating that the bioconjugation did not significantly influence this property.
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Table 1.Singlet oxygen quantum yields (*Oz)) of Ru-NB in DMSO and aqueous solution

determined by direct and indirect method by excitation at 45@wmarage of three independent

measurements,-+0% (n.d.=not detectable).

DMSO D20 DMSO PBS
Compound
direct direct Indirect indirect
Ru-NB n.d. n.d. 9% 4%

In vitro evaluation of EGFR targeting after conjugation

In order to investigate the targeting ability of the functionalized NB, uptake in the human
epithelial cell line A431 originating from an epidermoid carcinoma of the skin was examined
by confocalfluorescence microscopy. These squamous carcinoma cells express approximately
2 x 1¢ EGFR molecules per cBfil, which represents a high expression level. Confocal
imaging of A431 cells showed docalization ofRu-NB with EGFR (Figure 3), thus indicating

the preserved targeting ability of 7C12 after-sipecific modificatio. Noteworthy,Ru-NB

showed a predominant membrane staining even afteraf8ncubation, and only very little
intracellular fluorescence was observed. However, it has been shown recently that the free
amine ruthenium complex is characterized by a polulae uptake even at high micromolar

concentration&a
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Figure 3. Confocal immunofluorescence misapy images of A431 cells exposedria-
NB for 4, 24 and 48 showing specific binding and ¢ocalization of the singkeonjugated

NB with EGFR.

Cellular uptake of the bioconjugates

The presence of a metal ubiquitous in a cellular environment as an essential component of the
PS allows investigating the cellular accumulation of the bioconjugate by inductively coupled
plasma mass spectrometry (IGKS).2’l In order to demonstrate the recepspecific uptake,
EGFRpositive (A431) and EGHRegative (MDAMB-435S) cells were incubated for

different perials of time (4, 24, and 48 with different concentrations of the bioconjugate in
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the dark. The amount of cedssociated ruthenium was determined by-M® and related to
the cellular protein content (Figure 4). Although ruthenium was detectable inlthesate of
both cell lines after 24 and 48 respectively, the amount of the metal strongly correlated with
the level of EGFR expression. There was more of ruthenium in the B@&Rxpressing cell
line than in the EGFRegative one. This finding confired that cell association was primarily

mediated by the NB and not by the PS.

Figure 4. Amount of celtassociated ruthenium after incubation of EGbdgitive A431 and
EGFRnegative MDAMB-435S cells with 2 or 26— 0 RuU-NB for up to 48h. The level of
ruthenium in cell lysates of MDMB-435S exposed to 2-0 RU-NB were below the

analytical limit and are thus not shown.
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An identical cell uptake study was performed with the compRexXbipyp(dppzOMe)](PF)2,
resulting in comparable ruthenium leveds the A431 cell line (Figure S10 and Table S1). The
amount ofruthenium detected in MDMB-435S cells upon incubation with this ntargeted
Ru-complex was higher at each time point compared to the H@fgfetingRu-NB conjugate.

This result is unsurprisg as the latter cells lack these receptor proteins at their surface.

To confirm the receptor specificity of the ruthenium accumulation, A431 cells were incubated
in the presence or absence of cetuximab in additiGtutdiB. The epitope for 7C12 partigll
overlaps the cetuximab epitope on domain Il of the EGFR extracellular region and an excess
of the mAb can block its interaction with the receptorr® After 24 and 48 of incubation

with 200nM of Ru-NB, 0.77ng and 2.744g ruthenium per mg protein (Table 2), respectively,
were detected in the cell lysates. Uporrmmmbation of EGFRoverexpressing A431 cells with

Ru-NB and cetuximab, no cefissociated ruthenium was detectable even aftar 48

Table 2. Amount of cellassociated ruthenium after incubation of EGbaitive A431 with

200 nM ofRu-NB for 24 or 48 h. The level of ruthenium in cell lysates of A431nooibated

ZLWK —0 RI-bMo&king@nhjibody cetuximab were below the limit of detec{lddD).
Ru-NB 200nM 200nM
Cetuximab - —0
ng Ru per mg protein
24 h “ <LOD
48 h “ <LOD
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These latter findings corroborate the hypothesis that cellular ruthenium association occurs in a
receptormediated manner. OveraRu-NB targets EGFR specifically. Importantly, the free
watersoluble PS exhibits only poor cell binding capacity and lacks cell line selectivity, until
their conjugation to targeting moieties. These facts together strongly provide the basis for

tumorspecific DT.

Dark cytotoxicity and phototoxicity of Ru-NB

To evaluate the potency of the bioconjudateNB as a PDT agent, its cytotoxicity in the dark

and upon light irradiation was determined. For these experiments, the A431 cell line had to be
chose due to the strong light sensitivity of the MD¥8-435S (EGFR negative) cell line that
precluded it from photokicity studies. To avoid light sensitivity in A431 cell line, irradiation

at 480 nm was performed in sequences. 6 x 3.5 min of irradiation with 15 min gap in between
(6.741 J crf) were used. Dark treatment and surprisingly light irradiation of the A431 cells

(48 h incubation withRu-NB) at 480 nndid not cause any cytotoxic effect ffGac! —0

ICs0 light ! —0 VHH )LJXURd-NB. Wd Rdte that we could not go for hiy
FRQFHQWUDWLRQ GXH WR FR Q Niiddpnyethglensl GlycSILspatew,L RQ D\
changing ionic strength or pH could possibly affect conjugate solubility, and consequently help
solving this problem.Lack of cytotoxicity encouraged us to tiy enhance the internalization

of the conjugate into the cells. For that purpose, an additional step was used, namely
temperature chang®! Cells treated witiRu-NB ZHUH LQFXEDWHG IRU K DW 2
LQWHUQDOL]DWLRQ LV HQHUJ\ GHSHQGHQW SURFHVV LQF;
processes but notriding of the Rul% FRQMXJDWH WR WKH UHFHSWRU $ W
(for 1 h) allowed then for efficient endocytosis of the receptor with the bound conjugate. This

step enables for high accumulation of the M in the cellsDue to conjugate preqgitation,

WKH KLIJKHVW FRQFHQWURWME R43 agat VouhH ® he Ddanxic inthe
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dark (1Gso ! —0 B8QIRUWXQDWHO\ OLJRWYW3.. bid Dith 1DMLdgay DW

between irradiations) again did not cause any phototoxic ¢f@et! —0 VHH )LIJXUH 6

Cellular ROS production by Ru-NB

The lack of phototoxicity oRu-NB led us to investigate whether this conjugadald produce

ROS in irradiated cells. For that purpose, we have stained A431 cells with the known ROS
probe BICFH-'$ < -dichlorodihydrofluorescein diacetate). Cells were then treatedRuith

NB —0 XVLQJ WKH UHFHSWRU LQWHUQDOLVDWLRQ SURWE
1,124 J crf) and suspended in PBS buffer. The DGBA signal was detected ing flow

cytometry instrument. As can be seen in Figure S13, theraavBOS production in the A431

cells that were treated witku-NB and then irradiateé@s distinct from the (O, treated control.

This unexpected result might be caused by the impairment of the internalizeRofNB into

the cells. Another explanation would be that the ROS produced are directly reacting with the

NB itself. However, this hypothesis is unlikely s#tO, was detected during tA@; production

measurements.

Conclusion

In summary, in this article, we present the synthesis, characterization and photophysical and
biological evaluation of a novel nanobody containing Ru(ll) polypyridine conjugate. As a
benefit of the linkage to &C12 nanobody, the conjugate selectively accumulated at the
epidermal growth factor receptor (EGFR). The investigation of the uptekdCP-MS
indicated that the conjugate has been successfully internalized inside cancerous A431 cells.
Photophysical studies in cuvette suggested that the photophysical properties of the conjugate

remain unchanged in comparison to the compound alone. Howe@#H-DA staining
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experiments indicated that no significant ROS was produced inside the cells. Consequently,
photocytotoxicity investigations did not show any significant effect. Focus of future work will
be the successful development afianobodycontaning Ru(ll) polypyridine conjugate with

ROS andbhotocytotoxicity inside cancerous cells.

Experimental Section
Materials

All chemicals were obtained from commercial sources and were used without further
purification. Solvents were dried over molecularve® if necessary. The ligand &
(aminomethyllee  #pyridin€®® and the Ru(ll) complexes [Ru(bpheB)] using the
respective ligand®!, [Ru(phen)(dppz7-aminomethyl)](PE)2 were synthesized as previously

reported?a

Instrumentation and methods

'H and®®C NMR spectra were recorded on a Bruker 400 MHz NMR spectrone$éiMS
experiments were carried out using a -O¢bitrap XL from Thermo Scientific (Thermo Fisher
Scientific, Courtaboeyfrance) and operated in positive ionization mode, with a spray voltage
at 3.6 kV. No Sheath and auxiliary gas was used. Applied voltages were 40 and 100 V for the
ion transfer capillary and the tube lens, respectively. The ion transfer capillary waat held

f& "HWHFWLRQ ZDV DFKLHYHG LQ WKH 2UEW¥MWPaSdZLWK D
am/zrange between 152000 in profile mode. Spectrum was analyzed using the acquisition
software XCalibur 2.1 (Thermo Fisher Scientific). The automaiic gantrol (AGC) allowed

accumulation of up to 2*Pdons for FTMS scans, Maximum injection time was set to 300 ms
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DQG —VFDQ ZDV DFTXLUHG —/ ZDV LQMHFWHG XVLQJ D 7
(Thermo Fisher Scientific) with a continuous infessQ R1 PHW K D Q R O. P®Manalytie—/ PLQ
DQG SUHSDUDWLYH +3/& WKH IROORZLQJ V\VWHP KDV EHHQ
system with Agilent G7115A 1260 DAD WR Detector equipped with an Agilent Pursuit XRs

& $QDO\WLF Pc &46PP 3UHSDUDWLYHP e [ &mm)
Column and an Agilent G1364B 1261 fraction collector. The solvents (HPLC grade) were
millipore water (0.1% TFA, solvent A) and acetonitrile (0.1% TFA, solvent B). The sample
was dissolved in 1:1 (v/v) leCN/ Hz 2 7)$ VROXWLRQ DQG ILOWHUHG \
membrane filter. Gradient-8 minutes: isocratic 95% A (5% B): 37 minutes: linear gradient
from 95% A (5% B) to 0% A (100% B); 125 minutes: isocratic 0% A (100% B). The flow
rate was 1 mL/mirffor preparative purposes: 20 mL/min) and the chromatogram was detected

at 250nm, 350nm, 450nm.

Synthesis
[Ru(phen)2(dppz-7-maleimidemethyl)](PFs)2

The synthesis ofRu(phen)-dppz7-maleimidemethyfj* is already publishét but, in this
study, a slightly different synthetic route was employefRu(phen)(dppz7-
aminomethyl)](PE)2 (25 mg, 1.0 equiv.) and maleic anhydride (46 mg, 20.0 equiv.) were
suspended in acetic acid (10 mi)der a nitrogen atmosphefiéhe mixture was refluxed for

10 h. The solution was then cooled down and a sat. aqueous solutionfsN¥hs added.
The crue product, which precipitated as asBElt, was collected by filtration and washed three
times with BO and E£O. The product was purified by column chromatography on silica gel
with a CH3CN /ag. KNG (0.4 M) solution (10:1). The fractions containing theduct were

united and the solvent was removed. The residue was dissolad;@N and undissolved
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KNO3zwas removed by filtration. The solvent was removed and the product was dissolved in
H20. Upon addition of NEPFs the product precipitated as ag®alt. The solid was obtained

by centrifugation and was washedh H-O and E£O. Yield: 86%. Experimental data fits with

the literature. Purity of the sample was assessed by NMR and HPLC analysiBLRPR =

16.2 min.

[Ru(phen)2(dppz-7-maleimidemethytS-Cys-(Serk(Gly)s-NH3)](TFA) 3

[Ru(phen}(dppz7-maleimidemethyl)](PE). (16 mg, 1.0 equiv.)and (NHCO-Cys
(Sery(Gly)s-NH3)(TFA) (11.6 mg, 1.2 equiv.) were dissolved in a 1:13CN/H20 mixture (20

mL) and stirred in the dark at room temperature. diiogress of the reaction was followed via
HPLC. After 24 h, additional (NH¥CO-Cys-(Serp(Gly)s-NHz)(TFA) (4.8 mg, 0.5 equiv.) were
added. The reaction mixture was stirred for another 6 h until the complete consumption of the
Ru(ll) complex was monitored.HE solvent was removed under reduced pressure and the
product was purified by preparative HPLC. The product was isolated as a red TFA salt. Purity
of the sample was assessed by HPLC analysis. Yield: 8BS (ESI) m/z: Calcd. for

[CoeHs2N18012RUS3TFAJ®*: 445.7874, Found: 445.787RP-HPLC: R = 14.9 min.

E. coli strains and plasmids

Escherichia coliNEB 5-alpha thuA2 GargF-lac2U169 phoA ginv44-800 lacZM15
gyrA96 recAl relAl endAl tihsdR1Ywas used in molecular cloning experiments, whereas
E.coli 6+XIIOHS 7 (fnSA2HEYALT7 geneflon] ompT ahpC gal att::pNEB3-r1-
cDsbC (Spe€, lacl%  fixB sulAll R(meci73:miniTn1G-Tet%)2 [dem] R(zgh210::Tn10--
Tet®) endAl (gor ~ mcrGmrr)114::1S1Q andE. coli BL21(DE3) thuA2[lon] ompT gal

DE3 > G F Rs@3 were used for expression of the recombinant proteins. All strains were
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purchase from New England Biolabs. The generation ofp8EX7C12 encoding the EGFR
specific singledomain antibody 7C12 has been previously desciBedhe plasmid

pPGBMCSSortA was a gift fronfFuyuhiko Inagaki (Addgene plasmid # 2195%).

Molecular cloning

A DNA fragment coding for a (GGGGSgpacer followed by a Strepg, the LPETGG sortase

motif and another (GGGGSV SDFHU zZDV FRPPHUFLDOO\ VIQWKHVL]HG
site forHinG,,, DQG D « UHYVWHd]espdctEy. TheN-H50k Rrilyment was

digested with appropriate restriction endonucleases and ligateame intoHindlll/ Xhd-

linearized pET-28b:7C12 plasmié? The ligation reactions were transformed into chemically
competentE. coli NEB 5-alpha cells. The DNA sequences of the resulting recombinant

construct pET28b:7C12StrepSortagHiss were checked by Sanger sequencing.

Cultivation and expression ofrecombinant proteins

Freshly transformeB. coli 6 + X IIOHS 7 ([ tbKBLY1(REB) harboring the plasmids
pPET-28b:7C12StrepSortagHiss or pPGBMCSSortA were inoculated in 1@L of LB broth
containing50 J P/ R1 NDQDP\FLQ RU — fespdctRélyDanGdukivat@ddt Q

f& RYHUQLJKW LQ DQ RUELWDO VKDNHU ZLW. Aftéd? P RIIVH
that, SmL of this preculture were transferred into 125/ 0D JL F 0 HE tdl Bxpression
Medium (Life Technologies) in 1000L bafled-ERWWRP JODVYV IODVNV DQG JU
24 h. For final harvest, cultures were chilled on ice fomif and centrifuged for at least f&n
DW i1JDQG f& $IWHU UHPRYDO RI WKH VXSHUQDWDQW

or subjectedo purification procedure immediately.
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Purification of recombinant proteins

A high-capacity NiLPLQRGLDFHWLF DFLG ,'$ UHVLQ LQ FRPELQCL
chromatography system (GE Healthcare) was used for purification of hexahistidine tagged
proteins by immobilized metal affinity chromatography (IMAC) under native conditions.
Efficient cell lysis was achieved by addition ofr. RIPA cell lysis buffer (&Biosciences)
supplemented with EDTAree protease inhibitor cocktail (Roche Diagnostics), 560
lysozyme (SigmaAldrich) and 25U endonuclease (Thermo Scientific Pierce) per r2g0

bacterial cell pellet. Prior to incubation on ice for at leasmirh the pelleted cells were
resuspended completely by vortexing or pipetting up and down until nowelpslremained.

$IWHU FHQWULIXJDWLRQ D Wnin to rempvé delQi& debds, kireltlarified
supernatant was loaded using an automated sample pump with a flow rateBfrGrb IMAC

was performed on a prefilledral His60 Ni Superflow cdridge (Clontech Laboratories) at a

flow rate of 5SmL/min in equilibration buffer (5M Tris-HCI, 150mM NaCl, pH 7.5). Before

elution of the hexahistidine tagged proteins by addition ©¥8lution buffer (5anM Tris-

HCI, 150 mMNaCl, 500mM imidazole, pH 7.5), the column was washed withC¥
equilibration buffer and TV wash buffer (50nM Tris-HCI, 150mM NacCl, 35mM imidazole,

pH 7.5).Removal of imidazole and buffer exchange after IMAC was achieved by dialysis
against sortase buffer (%M Tris-HCI, 150mM NaCl and 10nM CaCp, pH 7.5) using a

cellulose ester membrane with a molecular weightofutof 3.5 N'D 6SHFWUXPS

Laboratories).

Gel electrophoresis

Denaturing sodium dodecyl sulfapelyacrylamide gel electrophoresis (SP8GE) was

carried otiaccording to a standard proto€8l For each gel, PageRuler Plus Prestained Protein
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Ladder (Thermo Fisher Scientific) was used as molecular weight ladder staAdtard.
electrophoresis, gels were imaged with @it Gel Scanner (LICOR Biosciences) and
subsequently stained with PageBlue protein staining solution (Thermo Fisher Scientific)

DFFRUGLQJ WR WKH PDQXIDFWXUHUYfYVY LQVWUXFWLRQV

Protein determination

Protein concentration was determined with the DC Protein Assay-Bid Laboratories)
DFFRUGLQJ WR WKH PDQXIDFWXUHYVY PLFURSODWH DVVD\

sortase buffer (5M Tris-HCI, 150mM NaCl and 1GnM CaCp, pH 7.5) as protein standard.
Sortase Amediated conjugation

Smallscale reactions were set up in 180/ ZLWK YDULDEOH PROBESt#te DWLRYV
SortagHiss and  [Ru(phen}(dppz7-maleimidemethylS-Cys-(Sery(Gly)s-NHz)]**and

different incubation times. The optimal conditions were upscaled and the reaction mixture was
composed of 2—=PRO 6UVWPRO 1% B-@ERO(phen)(dppz7-maleimidemethyS-
Cys(Sery(Gly)s-NH3)]%* in sortase buffer (50M Tris-HCI, 150mM NaCl andLO mM CaCb,

S+ %LRFRQMXJDWLRQ UHDFWLRQ VhihHhe Hark @ith yéhileW HG DV

shaking.

Purification of conjugation reactions

In the first purification step, all remaining hexahistidine tagged proteins were eliminated from
the reaction mixture by IMAC using prepacked His60 Ni Gravity Columns (Clontech
Laboratories). After collection of the flettirough, the gravitflow column wa washed twice

with equilibration buffer (50nM Tris-HCI, 150mM NaCl, pH 7.5). These wash fractions as
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well as the flowthrough were analyzed for the presence of theNBuconjugate by SDS
PAGE. Remaining unconjugatefRu(phen}(dppz7-maleimidemethylS-Cys-(Sery(Gly)s-
NH3)]** was removed in a second purification step by-sizelusion chromatography using
Zeba Spin Desalting Columns (7K MWCO, Thermo Scientific) with elution in PBS. The
purified conjugate was sterile filtered using Whatman Puradisc ERlBlose acetate syringe

filter units with a pore size of 0.2-P *( +HDOWKFDUH /LIH 6FLHQFHV DQG

Matrix -assisted laser desorption ionization timef-flight (MALDI -TOF) mass

spectrometry of purified sdAb-conjugates

2,5-Dihydroxyactetopheone (2,5DHAP, Bruker Daltonik) was used as matrix for MALDI

TOF MS. For solubilization of the matrix, 7n6g of 2,5DHAP were dissolved in 375/ R

absolute ethanol. After this, 1259 R1 D Qng/mL aqueous solution of diammonium

hydrogen citrate (SigmAldrich) were added. Protein samples were desalted using mixed
cellulose esters membrane filters with a pore size of 0628 DQG D GLDiHMFHU R
OLOOLSRUHE OHPEUDQH )LOWHU 96:3 OHUFN &KHPLFDOV ¢
water surfae of a beaker filled with distilled water. A2/ DOLTXRW RI WKH SURWHIL
carefully pipetted on top of the membrane. After incubation at room temperature for at least
10min,2 —/ R1 WKH GLDO\]HG VDPSOH ZD V7 PL MROX HditR) $1W
of2—/ RI WKH PDWUL[ VROXWLRQ WKH PL[WXUH ZDV SLSHW)
starts and the solution became cloudy. Finally, 53 R1 WKH FU\VWDO VXVSHQVL

onto the ground steel target plate and the droplet iwasiad completely at room temperature.

Spectra were acquired with an autoflex Il TOF/TOF (Bruker Daltonik) in positive linear mode

in combination with the flexControl software (Version 3.3, Bruker Daltonik) and analyzed with
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the flexAnalysis software (&tsion 3.3, Bruker Daltonik). Theoretical molecular weights were

calculated using the Compute pl/Mw tool on the ExPASy Sét¥ler.

Spectroscopic measurements

The absorption of the samples was measured in a cuvette with a Lambda 800 UV/VIS
Spectrometer (PerkinElmer Instruments) or in 96 well plates wiSpegtraMaxvi2
Spectrometer (Molecular Devices). The emission was measure@diion of the sample in
fluorescence quartz cuvettes (width 1 cm) using a NT342BYAG pumped optical
parametric oscillator (Ekspla) at 450 nm. The luminescence was focused and collected at a right
angle to the excitation pathway and directed to a Bramc Instruments Acton SEB00i

monochromator. As a detector a XXax 4 CCD camera (Princeton Instruments) was used.

Luminescence quantum yield measurements

For the determination of the luminescence quantum yield, the samples were prepared in a
CHsCN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in
fluorescence quartz cuvettes (width 1 cm) using a NT342B OPO pulse la¥&®Igumped

optical parametric oscillator (Ekspla) at 450 nm. The emission signal was focusediectdato

at a right angle to the excitation pathway and directed to a Princeton Instruments Acton SP
2300i monochromator. As a detector a Xfdx 4 CCD camera (Princeton Instruments) was
used. The luminescence quantum yields were determined by compartbothevieference

[Ru(bipys]Cl2in CH3 & 1 en=0.059¥%°! applying the following formula:

: .6
~ (pcdcpel c a_knjc ~ °q_knjc
Ockag_knjd Ockacdcpeibk ¢ ul

q_knjc pcdcpclac ®*pcdcpclac

129



LsFsr?
-HP OXPLQHVFHQFH TXDQWXP \LHOG ) IUDFWLRQ RI OLJK

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength

Lifetime measurements

For the determinatioof the lifetimes, the samples were prepared in an air saturated and in a
degassed CHCN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in
fluorescence quartz cuvettes (width 1 cm) using a NT342BYAG pumped optical
parametricoscillator (Ekspla) at 450 nm. The emission signal was focused and collected at a
right angle to the excitation pathway and directed to a Princeton Instruments AcRX0@EP

monochromator. As a detector a R928 photomultiplier tube (Hamamatsu) was used.

Singlet oxygen measurements

- Direct evaluation

The samples were prepared in an air saturated DMSQQ@rsblution with an absorbance of

0.2 at 450 nm. This solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using
a mounted M450LP1 LED (Thlabs) whose irradiation, centred at 450 nm, was focused with
aspheric condenser lenses. The intensity of the irradiation was varied usiGgiz T.ED

Driver (Thorlabs) and measured with an optical power and energy meter. The emission signal
was focuse@nd collected at a right angle to the excitation pathway and directed to a Princeton
Instruments Acton SR300i monochromator. A longpass glass filter was placed in front of the
monochromator entrance diat cut off light at wavelengths shorter than 8%0. he slits for
detection were fully open. As a detector an-&OL IR-sensitive liquid nitrogen cooled

germanium diode detector (North Coast Scientific Corp.) was used. The singlet oxygen
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luminescence at 1270 nm was measured by recording spectra fronol1400 nm. For the

data analysis, the singlet oxygen luminescence peaks at different irradiation intensities were

integrated. The resulting areas were plotted against the percentage of the irradiation intensity

and the slope of the linear regressiorcekted. The absorbance of the sample was corrected

with an absorbance correction factor. As reference for the measurement iR@N Edfution

S KHQ D O Hi&RdxB.95F8 and for the measurement in a®solution [Ru(bipy|Cl2
-Rubipy)3c1=0.22)*"1 was used and the singlet oxygen quantum yields were calculated using

the following formula:

~ knjc ~ pcdcpclac
yc gq_xnj Up p

0q_knjcl— 0pcdcpcl
pcdcpclac gq_knjc

L , U:sFsr’:;

- VLQJOHW R[\JHQ TXDQWXP \LHOG 6 VORSH RI WKH OLQ
the singlet oxygen luminescence peaks against the irradiation intensity, | = absorbance
correction factor, 10 = light intensity of the irradiation sources Absorbance of the sample at

irradiation wavelength.

- Indirect evaluation

For the measurement in DMSO: The samples were prepared insatuaated DMSO solution

containing the complex with an absorbance of 0.2 at the irradiation wavelength and 1,3
diphHQ\OLVREHQ]RIXUDQ '3%) —0 )RU WKH PHDVXUHPHQW
prepared in an asaturated PBS solution containing the complex with an absorbance of 0.2 at

the irradiation wavelengtiN,N-dimethyb4- QLW URVRDQLOLQH Da&pd kistidnd 512

(10 mM). The samples were irradiated on 96 well plates with an Atlas Photonics LUMOS BIO

irradiator for different times. The absorbance of the samples was measured during these time
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intervals with a SpectraMax M2 Microplate Reader (Molecavices). The difference in
absorbance (AA) at 415 nm for the DMSO solution and at 440 nm for the PBS solution was
measured and plotted against the irradiation times. From the plot the slope of the linear
regression was calculated as well as the albsmd correction factor determined. The singlet
oxygen quantum yields were calculated using the same formulas as used for the direct

evaluation.

Cell culture

Cell culture flasks, dishes and plates (CELLSTARS) were supplied by Grein@r@&GmbH.

The DGKHUHQW KXPDQ WXPRU FHOO OUQ%)E\F@MDAMB&B&S QXPEH
$7&&S QXPE HQ9) weétémaintained as previously repoH8de All cell lines were

confirmed to be mycoplasm@ HIDWLYH XVLQJ WKH 9HQRUS*HO $GYDQFH

Kit (Minerva Biolabs) and were tested monthly.

Cell uptake studies

A total of 300,000 MDAMB 435S cells and 450,000 A431 cells were se&dd@5 cell culture

flasks in 5mL DMEM supplemented with 10% fetal calf serum (FCS), respectively, and
incubated in a humidified atmosphere of 95% air/5% @ON  f & $h\of lhelbation,

cells were washed twice with warm PBS. The buffer was thelaaegp by fresh DMEM
supplemented with 10% FCS and different concentrations of th&lBRweonjugate or
Ru(bipyp(DPPZOMe) (PR). JROORZLQJ LQFXEDWLRQ DW f& IRU FHU)\
was removed and the cells washed three times with warm PBS ypuinized. After
resuspension in warm DMEM with 10% FCS, the pellets were collected by centrifugation at

200 x g for 5min and washed once with warm PBS. The cell pellets were resuspended ih 500
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Rl 3%6 O\VHG E\ I[UHH]HiW KD Zn ie&Edll divasdhi@ Iath/f&R Qli- DWHG L
(SONOREX SUPER 10P digital, Bandelin). After determination of the protein content, the

lysates were lyophilized on an AlphadA_.SC plus (CHRIST).
ICP-MS studies

After digestion of samples in distilled ultrapure 658403 (Roth) and dillution in 1% HNE)
ICP-MS measurements were performed on an iCap RQMISEpectrometer (Thermo Fisher
Scientific) equipped with a SDX autosampler (ESI). Calibration was done with Ru single
element standard (Merck 170347). Rh anev8e used as internal standards. Limit of detection

(LOD) was 50 ng/L Ru.

Dark cytotoxicity and phototoxicity

The dark and light cytotoxicity of the Ru(Hgontaining conjugates was assesed by fluorometric

cell viability assay using resazurin (ACR@®ganics). For dark and light cytotoxicity with the

EGFR internalisation st&, A431 cells were seeded in triplicates in 96 well plates at a density

R FHOOV SHU ZHOO L Q ment—€élls werKthgrutieRéd WitiRsenitd fiee W

'0(0 PHGLD FRQWDLQLQJ Rl %6% IRU K DW 2& T7KH PH
increasing concentrations BU-NB, then cells were incubated on ice for 1 h. After that time,

cells were transferred for K DW 2& 7KH PHGLXP ZDV WKHQ UHSODI
medium. For the dark and light cytotoxicity without the EGFR internalisation step, A431 cells
ZHUH VHHG LQ WULSOLFDWHYV LQ ZHOO SODUHYV DW D GHQ

totreatment. The medium was then replaced with increasing concentratRmsNg for 44 h.

Cells used for the light cytotoxicity experiments wWRb-NB were exposed to 48im light for
6 x 3.5 min with 15 min gap in between irradiations or in-a@8 plate using a LUMOSBIO

photoreactor (Atlas Photonics). Each well was individually illuminated with a 5 Im LED at
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constant curren®(741 J cr?). After 44 h in the incubator, the medium was replaced by fresh
complete medium containing resazurin (0.2 mg*fihal concentration). After 4 h incubation

DW f& WKH IOXRUHVFHQFH VLJQDO RI WKH UHVRUXILQ
mictroplate reader (ex: 540 nm em: 590 nm3oMalues were calculated using GraphPad Prism

software.

Cellular ROS production

10 cm cell culture plates were seeded with A431 cell line and allowed to adhere overnight.
Next, the cells were incubated with a DGFl4 VROXWLRQ —0 LQ '0(0 PHGL
PLQ DW Cellszere then washed and treated with serum free DMEM media containing

RI %6% IRU K DW 2& 7TKH PHGLXP ZDV WKRUNBJHSODFF
dilution, 0.1 mM RO or media. Cells were then incubated on ice for 1 h. After that thee, t
FHOOV ZHUH WUDQVIHUUHG IRU K DW 2& T7TKH PHGLXP
medium. The cells used for the light experimamése exposed to 480 nm light for 3.5 min
using a LUMOSBIO photoreactor (Atlas Photonics; 1.124 J3JnAll cells were then washed,

collected and gated using Fortessa instrument in Cytometry Platform at the Curie Institute.

Data was analysed using FlowJo 10.5.2 software.
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Scheme S1.Total synthesis of[Ru(phen)(dppz7-maleimidemethylS-Cys(Sery(Gly)s-
NH3)](TFA)s D (W2+ UHIOX[ K '0621,10plfehanthrolin€ LiCl, DMF,
reflux overnightunder N atmosphergec) 1,18phenanthroline, KBr, bF5Qs, HNGs, f & K
under N atmosphere; d) EtOH, f & ukder N atmosphere; e) LiAlld THF, 6 f & h under
N2 atmospheref) acetic acid, CECN, reflux 1 hunder N atmosphereg) (COCI», DMF,
CHzsCN, RT, overnighunder N atmosphereh) Phthalimide, KCOs, DMF, RT, overnight; i)
NH2NH2, MeOH, reflux overnighunder N atmospherg) maleic anhydride, AcOH, reflux 10
h under N atmosphergk) (NH2CO-Cys(Serk(Gly)s-NH3)(TFA), CH;CN:H20 1:1, RT,30 h
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Figure S1.HPLC chromatogram dRu(phen)}(dppz7-maleimidemethylj*

Figure S2.HPLC chromatogram dRu(phen)(dppz7-maleimidemethyS-Cys-(Serp(Gly)s-

NH3)] 3*
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Figure S3.SDSPAGE analysis of the reaction efficiency for chemoenzymatic conjugation of
the [Ru(phen)dppz7-maleimidemethylS-Cys-(Sery(Gly)s-NH3)]** to the EGFRspecific

NB 7C12. The amounts used wer@rbol SrtA, 10nmol NB and 16100nmol of Ru(ll)
precursor. The reaction was monitored for up td 2¢hd aliquots were separated on 15% SDS
polyacrylamide gels. After electrophoresis, gels were imagtda D-DiGit Gel Scanner (B)

to detect the signal of the Ru(ll) complex and subsequently stained with colloidal Coomassie

G-250 (A).
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Figure S4.SDSPAGE analysis of the reaction efficiency for chemoenzymatic conjugation of
the [Ru(phen)dppz7-maleimidemethylS-Cys-(Serk(Gly)s-NH3)]** to the EGFRspecific

NB 7C12. The amounts used werenifol SrtA, 10nmol NB and 16100nmol of Ru(ll)
precursor. The reaction was monitored for up td 24hd aliquots were separated on 15% SDS
polyacrylanide gels. After electrophoresis, gels were imaged withZiGit Gel Scanner (B)

to detect the signal of the Ru(ll) complex and subsequently stained with colloidal Coomassie

G-250 (A)
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Figure S5.MALDI -TOF mass spectra of the purified (A) NB derivati@12StrepSortag
Hiss, (B) singleconjugated NBconjugate 7C1-5trep[Ru(phen}(dppz7-maleimidemethyl

S-Cys(Serp(Gly)s-NH3)]** (Ru-NB) and (C) sortase enzyme SrtA
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Figure S6. Normalised UV/Vis spectra ofRu(phen)}(dppz7-maleimidemethyl)](P§)2 in
CHsCN (blue), [Ru(phenjdppz7-maleimidemethylS-Cys(Sery(Gly)s-NH3)](TFA)s in

CHzCN (green) andRu-NB in DMSO (red).
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Figure S7.Emission spectra dRu-NB in DMSO.
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Figure S8.Lifetime spectra oRu-NB in degassed DMSO.
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Figure S9.Lifetime spectra oRu-NB in aerated DMSO
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Figure S10.Amount of celtassociated ruthenium after incubation of A431 and MDB-

6 FHOOV ZLWK RU »DRPBORI¢) EPX)-Hdr 8p to 48 h.
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Ru-NB Ru(bipy)2(DPPZ-OMe) (PFs)2
A431 MDA -MB 453S A431 MDA -MB 453S
Time
&ERQFHQWUDWLRQ RI VXEVWDOQFH
[h]
2 20 2 20 2 20 2 20

4 <LOD | <LOD

1.30 1.70 0.28 2.23 0.14 0.90
24 <LOD

1.86 1.54 2.00 0.19 2.84 0.05 2.69
48 <LOD

1.89 4.87 1.32 0.74 1.89 0.08 2.39

Table S1.Headto-head comparison of uptake Rf-NB and [Ru(bipy}(DPPZ0OMe)](PFs)2
into A431 and MDAMB 435S cells. Theraount ofcell-associated ruthenium [ng/mg protein]

was measured by ICMS

S153



Figure S11. Cytotoxicity of Ru-NB in A431 cell line. Cells were treated for 48h, light

irradiation: 6x 3.5 min at 480 nm.
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Figure S12. Cytotoxicity of Ru-NB in A431 cell line. Cells were treated using receptor

internalisation protocol, light irradiation: 6x 3.5 min at 480 nm.
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Figure S13.Cellular ROS production in A431 cells treated wigu-NB and stained with
DCFH-DA. Cells were gated for DCFHBA signal(GreenD-610_20A) using flow cytometry.
Cell count for each experimental group with mean of the DORHsignal is provided in the

table.
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Abstract

Due to acquired resistance or limitations of the currently approved drugs against cancer, there
is an urgent need for the development of new classes of compounds. Among others, there is an
increasing attention towards the use of Ru(ll) polypyridyl comgleidost studies in the
literature were made on complexes based on the coordinatiodoh&ting bidentate ligands

WR WKH UXWKHQLXP FRUH ZKidrpyrding (féipyXd@drdindtiig@gands « e«
are relatively scare. However, several stuti@ge shown that [Ru(terpy)2]2+ derivatives are

able bind to DNA through various binding modes making these compounds potentially suitable
as chemotherapeutic agents. Additionally, light irradiation of these compounds was shown to
enable DNA cleavage, higghting their potential use as photosensitizers (PSs) for
photodynamic therapy (PDT). In this work, we present the systematic investigation of the
potential of 7 complexes of the type [Ru(terpy)(te¥y2+ (X = H (1), Cl (2), Br (3), OMe

(4), COOH §), COOMe ), NMe2 (7)) as potential chemotherapeutic agents and PDT PSs.
The compounds were characterizedl@pth including Xray crystallography. Importantly, six

of the seven complexes were found to be stable in human plasma as well as photostable in
acetaitrile upon continuous LED irradiation. The determination of the logP values far the
complexes revealed their good water solubility. Complexas found to be cytotoxic in the
micromolar range in the dark as well as to have some phototoxicity upoexjgbsure at 480

nm in noncancerousretinal pigment epitheliumRPE1) and cancerousiuman cervical

carcinoma (HelLa) cells.
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1. Introduction

Based on the increasing impact of cancer on the life quality as well as mortality in the world,
research effortsra madetowardsthe development of new methods the treatmentof this
diseaseas well aghe improvement of existingnticancerdrugs. Most commonly, cancer is
fought through the combination of different techniques (ichemotherapy, surgery,
radiaherapyand immunotherapy1-3] To date the gold standard in thehemotherapeutic
treatment of cancer ishe platinum drugcisplatin and its derivatives carboplatin and
oxaliplatin[4, 5] However, althoughtthe ability of cisplatirfor the treatment of patiesitvith
canceris impressive and undenigptreatments withhis drugarealso associated with severe
side effectsthat includenerve and kidney damage, nausea, vomiting and bone marrow
suppressionAcquired resistancedganmit also the use of cisplatiand this derivativesThese
drawbacks havéed, in the last decadeto the search foralternative compounds and, among
others, ohon-platinum based compoundsmongthenew classesvestigatedcoordinatively
saturated, inerRu(ll) polypyridyl complexesare receiving increasing attentioloe to their
promising anticancer and antimicrobial activity as chemotherapeutic agents as well as
photodynamic therapyPDT) photosensitizergPS9.[6-17] Very importantly, one of Mc
Farland and coZ R U NidtbevifimbasedPDT PSS, namelyTLD-1433 just completedphase

| clinical trialas a PDT PS against bladder carjééi

In the field of rutheniunbased PDT PSs, ast studies in the literaturare based on a

[Ru(bipyphen/bphefipp?s]>* EL S\ -bipyfiding phen =1,1@henanthroline, bphen
4,7-diphenytl,10phenanthroling dppz =dipyrido[3,2a:2 3 &]phenazing scaffold due to
their interesting redox properties, long excigdte lifetims as well as intense

luminescenc§ll, 13, 1824] In comparison complexes based on a [Ru(ter}¥) (terpy

» o -terpyridine) scaffold have not beeery extensivelystudied. Thesecomplexes are
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well-known to have a shortlived excited stateand to be wealky luminescent at room
temperature but lontived and stronly luminescent at low temperature (#). This
phenomenoris explained by an unfavourable bite angle of the ligands for the octahedral
coordnation of the Ru(ll). As a result, a relatively low ligand field sfafé is created which

is able to quench the normally emittidgILCT state[20, 25] Despite thee unfavourable
photophysical propertiesegeral studies have shown that these complesezs still ableto

bind to DNA andto cleave itupon light irradiation making them potential PSs for PDT
purpose$26-30] Interestingly, itwasdemonstratethat thesecomplexes were able to interact

in differert mannes with DNA, including electrostatic interactisnintercalation, and groove

binding depending on the substituents on the terpy ligaheB5]

In this work, we present the systematic investigatiortloé potential of 7 Ru(ll) complexes of

the type [Ru(terpy)(terpx)]?* (X = H (1), CI (2), Br (3), OMe @), COOH 6), COOMe 6),

NMe: (7)) as potential chemotherapeutic agents and as PDTARSisvestigated complexes
werefully characterised bjH and'*C-NMR, ESFHRMS, elemental analysis as well as sing|
crystal Xray crystallographyAs described belowgne of thecomplexes (compound) was

found to be cytotoxic in the micromolar range in the dark as well as to have some phototoxicity

upon light expsure at 480 nirhighlighting some potential for this type of complexes

2. Experimental section

2.1. Materials

All chemicals were obtained from commercial sources and used without further purification.
Solvents were dried over molecular sieves if necgs3ae Ru(ll) precursor Ru(terpy)$has
synthesised as previously publisii@d] 7 KH V XEV W L W Xanp¥iGine lighnd§ (terpy

; -phloro T ftterpyridine (terpyCl),[37] Horomo T fterpyridine (terpy
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Br),[38] pmethoxy 9§ fHerpyridine (terpyOMe),[39] pcarboxy T fterpyridine
(terpy-COOH),[40] pmethylcarboxy  §  fHterpyridine  (terpyCOOMe)[40] 4
dimethylamine  f fHerpyridine (terpyNMe2)[41] were synthesised as previously

reported.

2.2. Instrumentation and methods

'H and'*C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. Chemical
VKLIWYV / DUH UHSRUWHG LQ SDUWWWHD PHHWIOIWCRQ OPDRMH U
using the residual proton solvent peaks as internal standards. Coupling constants (J) are reported

in Hertz (Hz) and the multiplicity is abbreviated as follows: s (singulet), d (doublet), dd (doublet

of doublet), m (multiplet ESFMS experiments were carried out using a LO¢bitrap XL

from Thermo Scientific (Thermo Fisher Scientific, Courtaboeuf, France) and operated in
positive ionization mode, with a spray voltage at 3.6 kV. No Sheath and auxiliary gas was used.
Applied vdtages were 40 and 100 V for the ion transfer capillary and the tube lens, respectively.
7KH LRQ WUDQVIHU FDSLOODU\ ZzDV KHOG DW f& '"HWHFW
resolution set to 100,000 (at m/z 400) andh/arange between 15P000 inprofile mode.

Spectrum was analyzed using the acquisition software XCalibur 2.1 (Thermo Fisher Scientific,
Courtaboeuf, France). The automatic gain control (A@Byved accumulation of up to 26°

ions for FTMS scansnaximuminjection time was setto30PV DQG —VFDQ ZDV DFT?
—/ ZDV LQMHFWHG XVLQJ D 7KHUPR )LQQLJDQ 6XUYH\RU +3
&RXUWDERHX!| )JUDQFH ZLWK D FRQWLQXRXVElenmeh¥aVLRQ RI

microanalyses were performed on a Thermo F¥ID elemental analyser.
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2.3. Synthesis

[Ru(terpy}](PFe)2 (1)

[Ru(terpy»PF6) was synthesized as previously publisp&2l. Experimental data fits with the
literature. Purity of the sample was assessed by HPLC and elemental aAalgki€alc. for

CaoH22F12NeP2Ru: C 42.02, H 2.59\ 9.80 Found: C 41.91, H 2.60, N 9.71.

[Ru(terpy)(terpyCl)](PFe)2 (2)
The synthesis dRu(terpy)(terpyCl)](PFs)2was previously reported3] In this work,another
synthetic route was employed. Ru(terpy)@200mg, 0.45mmol, 1.0equiv.), pChloro

1 fterpyridine (terpyCl) (134mg, 0.50mmol, 1.lequiv) and some drops dfi-
ethylmorpholine were dissolved in 8:2 EtOH® (50mL). The mixture was heated under
reflux for 4 h under nitrogen atmosphere. The crude product was cooled to room temperature
and undissolved solid was filtered off over Celite. The solid was washed with EtOH, the
solution concentrated and a sat. ampugesolution of NEHPF was added. The crude product,
which precipitated as a PBalt was collected by centrifugation and washed with EtO), H
and E3O. The product was isolated by column chromatography on silica gel with £8NZ&¢).
KNOz3 (0.4 M) solution (10:1). The fractions containing the product were united and the solvent
was removed under reduced pressure. The residue was dissolveeddN @rd undissolved
KNO3z was removed by filtration. The solvent was removed again and the product was dissolved
in H20 (50mL). Upon addition of NPFs the product precipitated as ad¥alt. The solid was
obtained by filtration and was washed thtieees with HO and E40. Experimental data fits
with the literature. Purity of the sample was assessed by HPLC anch&éarealysisAnal.
Calc.for CzoH21CIF12NsP2RU + 1.3*H20: C 39.36, H 2.60, N 9.1&ound: C 38.99, H 2.50, N

9.68.

163



[Ru(terpy)(terpyBr)](PFs)2 (3)
The synthesis dRu(terpy)(terpyBr)](PFe)2was previously reported4] In this work, another
synthetic route was employed. Ru(terpy)@200mg, 0.45mmol, 1.0equiv.), pBromo

1 fHerpyridine (terpyBr) (156mg, 0.50mmol, 1.lequiv) and some drops dfl-
ethylmorpholine were dissolved in 8:2 EtOH® (50mL). The mixture was heated under
reflux for 4 h under nitrogen atmosphere. The crude product was cooled to room temperature
and undissolved solid was filtered off over Celite. The solid was washed wiH, Ehe
solution concentrated and a sat. aqueous solution aPRHvas added. The crude product,
which precipitated as a PBalt was collected by centrifugation and washed with EtO), H
and E3O. The product was isolated by column chromatography a@a gjél with an CkCN/ag.
KNOz3 (0.4 M) solution (10:1). The fractions containing the product were united and the solvent
was removed under reduced pressure. The residue was dissolveddN @rd undissolved
KNO3z was removed by filtration. The solvent wastoved again and the product was dissolved
in H20 (50mL). Upon addition of NPFs the product precipitated as ad®¥alt. The solid was
obtained by filtration and was washed thtieees with HO and E4O. Experimental data fits
with the literature. Puritpf the sample was assessed by HPLC and elemental anAlyais.
Calc. for CaoH21BrF12NgP-Ru +1 H>O: C 37.75, H 2.43, N 8.8Found: C 37.55, H 2.03, N

9.26.

[Ru(terpy)(terpyOMe)](PFe)2 (4)

Ru(terpy)Ct (203mg, 0.46mmol, 1.0equiv.), HMethoxy {1 fterpyridine (terpyBr)
(133mg, 0.51mmol, 1.1equiv) and some drops dFethylmorpholine were dissolved in 8:2
EtOH/HO (50mL). The mixture was heated under reflux for 5 h under nitrogen atmosphere.
The crude product was cooled tiom temperature and undissolved solid was filtered off over

Celite. The solid was washed thoroughly with EtOH and afterwards the solvent was removed

164



under reduced pressure. The residue was dissolvedOnadd a sat. aqueous solution of
NH4PFs was added. fie crude product, which precipitated as a B&lt was collected by
centrifugation and washed with EtOH,® and E4O. The product was isolated by column
chromatography on silica gel with an €EN/aq. KNG (0.4 M) solution (10:1). The fractions
containingthe product were united and the solvent was removed under reduced pressure. The
residue was dissolved in GEIN and undissolved KNfwas removed by filtration. The solvent

was removed again and the product was dissolved@(BHOmL). Upon addition of NEPFe

the product precipitated as ad>alt. The solid was obtained by filtration and was washed
threetimes with HO and EiO. 257mg of [Ru(terpy)(terpyOMe)](PFs)2 (4) (0.29mmol,

63 %) were yielded as a red solfti-NMR (CDz & 1 0+] / J=8G Hz, 2H),
8.50:8.46 (m, 4H), 8.36 (t] = 8.2 Hz, 1H), 8.33 (s, 2H), 7.9886 (m, 4H), 7.42 (ddd,= 5.5,

1.4, 0.7 Hz, 2H), 7.29 (ddd,= 5.5, 1.4, 0.7 Hz, 2H), 7.18 (dd#i= 7.5, 5.6 1.3 Hz, 2H), 7.12
(ddd,J = 7.5, 5.6 1.3 Hz, 2H), 4.31 (s, 3H}C-NMR (CD: & 1 0+] /

158.6, 156.5, 156.4, 153.3, 152.8, 138.5, 138.4, 135.7, 128.0, 127.9, 125.0, 124.8,124.1, 111.3,
57.8. ESFHRMS m/z: 299.0527 [M}*, calcd for GiH24NsO1Ru 299.0522 Anal. Calc. for

C31H24F12NeO2P2RuU: C 41.95H 2.73, N 9.47Found: C 41.79, H 2.64, N 9.45.

[Ru(terpy)(terpyCOOH)](PF)2 (5)

The synthesis ofRu(terpy)(terpyCOOH)](PFs)2 was previously reported5] In this work,
another synthetic route was employed. Ru(terpy@00mg, 0.45mmol, 1.0equiv.), H
Carboxy 1 Stterpyridine (terpyCOOH)(139mg, 0.50mmol, 1.1equiv) and some drops

of N-ethylmorpholine were dissolved in 8:2 EtORH®I (50mL). The mixture was heated under
nitrogen atmosphere at reflux for 4 h. After cooling down to room temperature, the crude
product was filtered over Celite and washed thoroughly with EtOH. The solvent waseigtm

and the solid residue dissolved in(H A sat. aqueous solution of WP was added and the
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crude product preticipated as asRElt. The solid was collected by centrifugation and washed
with Ethanol, Water and ED. The product was isolated Mieactionated precipitation from
Acetonitrile by adding dropwise K. The yielded solid was isolated by filtration and washed
with pentaneExperimental data fits with the literature. Purity of the sample was assessed by
HPLC and elemental analysknal. Calc.for CaiH2oF12NsO2P.RU + 0.1* CsH1o: C 41.63, H

2.57, N 9.25Found: C 41.84, H 2.68, N 9.56.

[Ru(terpy)(terpyCOOMe)](PF)2 (6)

Ru(terpy)Ct (137mg, 0.31mmol, 1.0equiv.) and AgBE (212mg, 1.09mmol, 3.5equiv.)

were suspended in Acetone (®Q) under nitrogen atmosphere. The mixture was refluxed for

2 h, cooled to room temperature and undissolved solid was filtered off over Celite. The solid
was washed with methanol and then the solvent removed rettleced pressure. The residue
was dissolved in dry EtOH (50 mL) andpMethylcarboxy  fHerpyridine (terpy
COOMe)(100mg, 0.34mmol, 1.1equiv.) was added. The mixture was heated under reflux for
18 h under nitrogen atmosphere. The crude prodiast cooled to room temperature and
undissolved solid was filtered off over Celite. The solid was washed with EtOH, the solution
concentrated and a sat. aqueous solution ofFiwas added. The crude product, which
precipitated as a RBalt was collectey centrifugation and washed with EtOHMHand E£O.

The product was isolated by column chromatography on silica gel with a8NZag. KNG

(0.4M) solution (10:1). The fractions containing the product were united and the solvent was
removed under redudegressure. The residue was dissolved in@¥Hand undissolved KN

was removed by filtration. The solvent was removed again and the product was dissolved in
H>O (50mL). Upon addition of NHPFs the product precipitated as ag&alt. The solid was
obtainel by filtration and was washed thrémes with HBO and EiO. 154mg of

[Ru(terpy)(terpyCOOMe)](PFk)2 (6) (0.17mmol, 55%) were yielded as a red solitH-
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NMR (CDs & 1 0o+] / V  +J=8.2 Hz,@H), 8.68.62 (m, 2H), 8.50
8.47 (m,2H), 8.45 (t,J = 8.2 Hz, 1H), 7.99.89 (m, 4H), 7.39.36 (m, 2H), 7.30.27 (m,
2H), 7.237.19 (m, 2H), 7.14.10 (m, 2H), 4.18 (s, 3H}3*C-NMR (CD3 & 1 0+] /
165.4, 158.7, 158.4, 157.1, 155.8, 153.5, 153.4, 139.3, 139.1, 137.5, 137.2, 128,8, 228,
125.5, 124.8, 123.7, 54.2. EBRMS m/z: 313.0502 [Mj", calcd for Cs2H24NsO2Ru
313.0497 Anal. Calc. for CzoH24F12NeO2P2RuU: C 41.98, H 2.64, N 9.18ound: C 41.92, H

2.63, N 9.50.

[Ru(terpy)(terpyNMez)](PFs)2 (7)

Ru(terpy)Ct (205mg, 0.47mmol, 1.0equiv.), gDimethylamine  fterpyridine

(terpy NMe2) (141 mg, 0.52mmol, 1.1equiv) and some drops df-ethylmorpholine were
dissolved in 8:2 EtOH/KD (50mL). The mixture was heated under reflux for 6 h under
nitrogen amnosphere. The crude product was cooled to room temperature and undissolved solid
was filtered off over Celite. The solid was washed thoroughly with EtOH and afterwards the
solvent was removed under reduced pressure. The residue was dissolw€d andHa at.
agueous solution of NiPFs was added. The crude product, which precipitated ass &d-

was collected by centrifugation and washed with EtOLD tnd E2O. The product was
isolated by column chromatography on silica gel with an@\{aq. KNQ (0.4 M) solution

(10:1). The fractions containing the product were united and the solvent was removed under
reduced pressure. The residue was dissolved gC8Hand undissolved KNQwas removed

by filtration. The solvent was removed again and the product was\wtidsin HO (50mL).

Upon addition of NHPFs the product precipitated as adalt. The solid was obtained by
filtration and was washed thréienes with BO and EfO. The product was isolated via
fractionated precipitation frol@H:CN by adding dropwise ED. 225mg of [Ru(terpy)(terpy

NMe2)](PFs)2 (7) (0.25mmol, 53%) were yielded as a dark red solid-NMR (CDsCN, 400
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0+] / J=(B.2 Hz, 2H), 8.58.45 (m, 4H), 8.31 (t) = 8.2 Hz, 1H), 7.93 (s, 2H),
7.937.82 (M, 4H), 50-7.48 (m, 2H), 7.24.19 (m, 4H), 7.08.03 (m, 2H), 3.46 (s, 6HYC-
NMR (CD3 & 1 0+] |/

135.2, 128.3, 127.7, 125.0, 124.7, 124.3, 107.4, 40.8HR®MS m/z: 305.5687 [M{*, calcd
for Cs2H27N7Ru 305.5680Anal. Calc.for Ca2H27F12N7P2.Ru: C 42.68, H 3.02, N 10.8Bound:

C 42.55, H 2.95, N 10.82.

2.4.X-ray crystallography
X-ray singlecrystal data were collected at 160(1)Wth Oxford liquid-nitrogen Cryostream
coolers onRigaku OD diffractometers: SuperNova (CCD Atlas detector) ToBPh: and
XtaLAB Synergy Dualflex (Pilatus 200K detector) for all the otheraX analysesSingle
wavelength Xray sources from micrfocus sealed Xay tubes were used with the Mo, K
radiation ( = d46] for 1_BPh and 2 BPhs and with the Cu Kradiation ( =

d46] for all other analyses. The selected single crystals were mounted using
polybuteneoil on a flexible loop fixed on a goniometer head and transferred to the
diffractometer. Preexperiments, data collections, data reductions and analytical absorption
correction§47] were performed with the program suiteysAlisPrq48]. Using Olex2[49] all
structureswvere solved with the SHELX%0] small molecule structure solution program and
refined with the SHELXL2018/3 program packadBl] by full-matrix leastsquares
minimization on B. Molecular graphics were generated usiercury 4.0[52] The crystal
data collections and structure refinement parameters for are summarized in Tali&88.S1
CCDC 1889454 (fo?_PFs), 1889455 (fof_BF4), 1889456 (foB_BF1), 1889457 (foB_PF),
1889458 (ford_BF4), 1889459 (for2_BPh), 1889460 (ford_PFs), 1889461 (for6_BPhy),
1889462 (for6_PFs), 1889463 (for6_BFs), 1889464 (for5_BPhi), 1889465 (for7_PFs),

1889466 (forterpy-Br), 1889467 (foi7_BF:), 1889468 (fol5_BF4), 1889469 (fotterpy-Cl)
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and 1889470 (forl_BPhi) contain the supplementary crystgjfaphic data for these

compounds, and can be obtained free of charge from the Cambridge Crystallographic Data

Centre vigwww.ccdc.cam.ac.uk/data request/cif

2.5. Spectroscopic measurements

The absorption of the samples has been measured wipeetraMaXVi2 Spectrometer
(Molecular Devices). The emission was measured by irradiation of the sample in fluorescence
guartz cuvettes (width 1 cm) using a NT342B-XAG pumped optical parametric oscillato
(Ekspla) at 450 nm. Luminescence was focused and collected at right angle to the excitation
pathway and directed to a Princeton Instruments Acte@3PRimonochromator. As a detector

aPIl-Max 4 CCD camera (Princeton Instruments) has been used.

2.6. Luminescence quantum yield measurements

For the determination of the luminescence quantum yield, the samples were preparet in a
degasse@HzCN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in
fluorescence quartz cuvettes (Widl cm) using a NT342B NMAG pumped optical
parametric oscillator (Ekspla) at 450 nm. The emission signal was focused and collected at right
angle to the excitation pathway and directed to a Princeton Instruments Act®BOGP
monochromator. As a detec@PI-Max 4 CCD camera (Princeton Instruments) has been used.
The luminescence quantum yields were determined by comparison with the reference

[Ru(bipyx]Cl2in CH3 & 1 en=0.059]53] applying the following formula :

2
~em, sample ~“em, referencéc (Freference/ Fsamplé * (|sample/ |referenca * (nsample/ nreferencé

F=12+10%
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-em = luminescence quantum vyield, F = fraction of light absorbed, | = integrated emission

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength.

2.7. Lifetime measurements

For the determination of the lifetimes, tt@mples were prepared in an air saturated and in a
degassed C¥CN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in
fluorescence quartz cuvettes (width 1 cm) using a NT342BYAG pumped optical
parametric oscillator (Ekspla) 450 nm. The emission signal was focused and collected at right
angle to the excitation pathway and directed to a Princeton Instruments Act®eBOGP

monochromator. As a detector a R928 photomultiplier tube (Hamamatsu) has been used.

2.8. Distribution coefficient

The lipophilicity of a compound was determined by measuring its distribution coefficient
between the PBS amttanol SKDVH E\ XVLQUOWKN 3FRKR/NIRG )RU WKLV W
used phases were previously saturated in each other. The cahvpasidissolved in the phase

(A) with its major presence with an absorbance of about 0.5 at 450 nm. This solution was then
mixed with an equal volume of the other phase (B) at 80 rpm for 8 h with an Invitrogen sample
mixer and equilibrated overnight. Thhgse A was then carefully separated from phase B. The
amount of the compound before and after the sample mixing was determined by UV/VIS
spectroscopy at 450 nm with an SpectraMax M2 Microplate Reader (Molecular Devices). The
evaluation of the complexes wespeated three times and the ratio between the organic and

agueous phase calculated.
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2.9.Stability in human plasma
The stability of the complexes was evaluated wdffeineas an internal standard, which has
already shown to be suitable for these expents[54] The pooled human plasma was obtained
from Biowest and caffeine from TCI Chemicals. Steokutionsof the compounds and caffeine
were prepared in DMSO. One aliquot of the solutons WS GHG WR I RI KXPDQ ¢
WR D WRWDO YROXPH RI / )LQDO FRQFHQWUDWLRQV RI
O ZHUH DFKLHYHG 7KH UHVXOWLQJ VROXWLRQ ZDV LQFX

gentle shaking (ca. 300 rpm). The @t was stopped after the incubation time by addition of

P/ Rl PHWKDQRO 7KH PL[WXUH ZDV FHQWULIXJHG IRU P
VROXWLRQ zZzDV ILOWHUHG WKURXJK D P PHPEUDQH ILO
reduced pressure @arthe residue was dissolved in 1:1 (v/v) M/ H.O 0.1% TFA solution.
7KH VROXWLRQ ZDV ILOWHUHG WKURXJK D P PHPEUDQH
HPLC System (Agilent Technology). A Pursuit XRs 5 C18 (250x4.6 mm) reverse phase column
hasbeen used and the absorption at 250 nm measured. The samples have been measured with
a flow rate of 1 mL/min and a linear gradient of 0.1% TFA containigl@ &hd CHCN (t=0+
3 min 95% HO 0.1% TFA, 5% CKECN; t=17 min 100% CECN; t=23 min 100% CECN) has

been used.

2.10.Photostability

The samples were prepared in an air saturategCQ$olution. To measure the photostability,
the samples were irradiated at 450 light dose after 10 mirt3.22 J/cn) in 96 well plates
with an Atlas Photonics LUMOS BIO irradiator during time intervals frohOOmin. The
absorbance spectrum from 3800 nm was recorded with an SpectraMax M2 Microplate
Reader (Molecular Devices) after each time interval and compared. gasitive control

[Ru(bipy)]Cl2 and as a negative control Protoporphyrin IX has been used.
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2.11.Cell culture

HeLacells were cultured using DMEM medsapplemented with 2@ fetal calf serumRPE

1 cellswere culturedising DMEM/F12 media supplementeditlv 10% fetal calf serum. Cell
lines were complemented wittD0 U/ml penicillinstreptomycin mixture, and maintained in
KXPLGLILHG DWPRVSKH U HBBfve anfegpddiiQebt cellRweik passaged three

times.

2.12.(Photo-)Cytotoxicity
The cytotoxicity of the compounds was accessed by measuring the cell viability using a
fluorometric resazurin assa@ells were seeded in triplicates in 96 well plai#800 cels per
ZHOO LQ /). RfteP 241G Lnizth was removed and the cells wdreated with
increasing concentrations of the compasididuted in cell meth achieving a total volume of

/| 7TKH FHOOV ZHUH L QFXES$&WAHIGAZdr Wik tiMeKthe &t 318X Q G
UHPRYHG DQG UHSODFHG alRafihephototoRcityl diudigsiKthie eelslwere
exposed to light with an Atlas Photonics LUMOS BIO irradiator. Each well was constantly
illuminated with 480 nm irradiation. During this time, the temperature was maintained at 37
f& 7KH FHOOV ZHUH totfdR ZdQitior@l 4¥¢ K. IFoiLtkeFixt& mination of the dark
cytotoxicity, the cells were not irradiated and after theiemerlchange directly incubated for
44 h. After this timemediawas replaced with fresimediacontaining resazurin with a final
concentation of 0.2 mg/mL. After 4 h incubation, the amount of the fluorescent product
resorufin was determined upon excitation at 540 nm and measurement its emission at 590 nm
using a SpectraMax M2 Microplate Reader (Molecular Devices). The obtained data was

andysed with the GraphPad Prism software.
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3. Results and Discussion
3.1.Syntheses and Characterisation
Ru(ll) complexedl-7 investigatedn thiswork can bevisualised inFigurel. The synthesis and
characterisation of compountig42] 2,[43] 3[44] and5[45] have been previously reported in
the literatureHowever, in this work except forl, a different synthetic proceduneas employed
to prepare theno the best of our knowledge, complexde6 and7 have never beerepored.
Specifically, WKH V XEV W L WtxrpyridiGe ligafids [terpX, Scheme S1), BPHOG\ p
chloro § fterpyridine (terpyCl),[37] tbromo | ferpyridine (terpyBr),[38]
pmethoxy {1  fHerpyridine (terpyOMe),[39] pcarboxy  fHerpyridine (terpy
COOH)[40] pmethylcarboxy  §  ftterpyridine  (terpyCOOMeJ40] DQG -
dimethylamine  f fHerpyridine (terpyNMey)[41] were synthesised as previously
reported. Analytial data ofall synthesised ligands matched with those of the literature.
Interestingly,the structures of thkgands terpyCl and terpyBr were confirmedby single
crystal Xray crystallography in this worfsee section belowComplexes wersynthesisethy
refluxing the precursoRu(terpy)Clz[36] and the respectie tempy ligand in ethanolto give
complexesl-7 (Scheme S2)n moderateyields[36] Worthy of note, the reactiohetween
Ru(tempy)Cls with terpy-COOMe yieldedamixture of differenundesired productss observed
by HPLC (data not shown)lo overcome this problenthe synthetic procedureaschangedo
atwo-stepreaction. In the first steghe Cl substituents on the Ru(ll) cavere exchangedith
solvent moleculeby reaction ofRu(tempy)Cls with AgBFs and filtration of theformed AgCI.
In the second step, themy-COOMe ligandwas coordinate to the metal coreupon
replacenent of the solvent molecules. All complexes were analysedH)y*C-NMR, ESF
HRMS as well elemental analygiSigure S1S9) Worthy of note the structures adll Ru(ll)
complexegpreparedn this work weredetermired bysingle crystal Xray crystallographysee

below)

173



Figure 1. Chemical structures of tHRu(terpy)(terpyX)] >* complexes investigated in this

work. The complexes were isolated as Bts.

3.2.X-ray crystallography

The crystal structures of ten®l, terpyBr, and all investigated [Ru(terpy)(terp§)]>*
complexedl £7 have been determined by single crystalay diffraction studies. Crystal data,
structure refinement parameters and molecular structures are prasenagtes S1+S9 and
Figures SO +S18 In the literature, the [Ru(terpyd* cation is well known and can be found

in many crystal structures -@ystallizing with various counterions (Cl, BFs, ClOs, PR and
RWKHU 3W DQLRQLF modacues (1Y, «CHDIE BeGN\R BIWekR + 2 « [42,

55-63] There is also a very large number of other ruthenium terpyricbngplexes in the
Cambridge Structural Database (version 5.40, last update Novembel@1B)r instance,

142 structures were obtained from a search with terpyridine ligands substitoéed position.

In the crystal structures of our new metal complexes, the Ru(ll) centragpaally in a
distorted octahedral environment coordinated by two terpyridine ligands acting as tridentate
pincer ligands through the nitrogen atoms. The two ligand planes are always exactly or almost
perpendicular to each other. The largest deviation to orthogonalitpésvaa in6_PFs with

DQ DQJOH RI f EHWZHHQ WKH FDOFXODWHGNRHDQ SOD(

distances are significantly shorter than thef\Mmina distances which is typical for
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coordination of conjugated terimine systems. Thé\Mnwadistances fall in the range 1.973(3)

* c D Q G f\Wikitd dBtances in the range 2.063(2) c ,Q PRVW RI W
crystal structures d@ 7, the Ru(ll) molecules exhibit a positional disorder of the terpyridine
ligands. The result of such a disorder is that the group or atparaposition on the central
pyridine of the substituted terpyridine ligand (and consequently the corresponding H atom of
the unsubstituted ligand as well) appears on both terpyridinadgywith a sit@ccupancy

factor of 0.5. It is observed in nine crystal structures over fourteen4oRls, 5 BF4, 6_PFs,
7_PFsand7_BFs are free of that kind of disorder. It seems to not be influenced or controlled
by the presence of one specific ctarmon, neither by thparasubstituent but it is worth noting
WKDW ZKHQ WKH ®DMRW HE LW DX SP R QRand 8 (X +&,PEB)AHe [H V
disorder is always observed (five crystal structures). The crystal packjinigtefpy),] cations
havebeen fully analysed by Scuddegétin 1999(65] A standard crystal supramolecular motif has
been identified as a twdimensional net of terpy embraces involving molecules attracted by face
to-face (E « f{deractions and edge-face G + « (Enteractions between the external ringghef

ligands. Despite theara VXEVWLWXWLRQ RI RQH RI WKH WHUS\ULGLQH O
motif can be observed in six of our crystal structuPe®Fs, 2_PFs, 3_BF, 3_PFs, 4 BFR and

7_BF4 (Figure S1% The presence of the bulky BPbouterion in1_BPh, 2_BPh, 5 BPh and

6_BPh: rules out that standard layer structure since no direct interactions are observed between
cations anymore, the crystal packing is mainly governe@hy i@ieractions between the pyridine

rings of the cations and the phenyigs of the anions (Figure SR0’he secalled terpy embrace

motif still exists in the other crystal structures but the typical-taface and edgw-face
interactions only lead tohains in5_BF and 7_PFs (Figure S2) or form small units of two
molecules in6_PFs or four molecules ir6_BFs (Figure S22 These chains or units are further

connectedtovi€-+«2 K\GURJHQ E R @QIn@ratioRsJar&d to the counterions via C
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+ « ) interactions to form a thresimensional network. Finally, the crystal structurd dPFs is the

RQO\ RQH WR QRW H[KLE LW «@&adS t QWHU/DHFWRLRQLVR RQOU& RE

3.3.Photophysical Characterisation

For a complete characterisatjahe absorption and emission properties of the synthesised
compoundsvereinvestigated. The UV/Vis absorption spectra were recorded #&QKFigure

2) and PBS buffe(Figure S23. The comparison between the different complexes shows that
the para substituents on the central pyridine of the terpy ligafildences the amount of light
absorbedand therefore the excitation coefficigiable S10). However, no strong shift either

to blue or red could be observéthe analysis of the absorption showst the very intensive
band in the UV region is caused dljgand centreLC) EE W U D Th¥ ath¢ldro@d band

in the visible spectrum (~46€850 rm) wasattributed tothe spin-allowed d & P HoAIlgaal
charge transfe(MLCT) transition[20, 25, 66]Next to the absorptigrthe emission of the
complexesvasinvestigated. The synthesised complexage a very weak emission from ~550
800 nm(TableS1, Figure S24upon excitatiorin CH3:CN at 450 nnmat room temperatusghich

was measurable only eite detection limit of our used setdpeluminescencguantum yields
were found to be <0.01 % in GEN which is fitting with previous studies of similar
complexeg30, 67-69] The characterisation of the excited state lifetimes was not pogsible

our apparatuslue to a necessary minimal delay between excitatiordatettion indicating

that the compound&-7 have lifetimes < 29 nsTherefore as expectedthe excited state
lifetimesare in the same rangeathother [Ru(terpy)]?* derivativespreviously publishe30,

67-69]
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Figure 2. UV/Vis spectra of the complexds7 in CH3CN.

3.4.Determination of the LogP values

After having asssed the photophysical propertiesoaf compounds, we investigated their
solubility inanaqueous solution which is crucial for any kind of biological application. For this
purposewe determinedhe distributiorcoefficient (lod? values)of the complersbetween an
agueous PBS phase and a lipophilic octanol phase b$/\th€ BINDHD V N = PasipheididuSy
performed by our group with other metal complejd@s 71]All compoundswere mostly found

in theaqueous phasehich we assumes due to the positive charge of thetaleomplexes

As anticipated, e results (Figure)3how that théogP valueschange based on the fuioctal
grouppresenbn theterpy ligand Compound5 bearing a carboxylic acid wésund to bethe

most hydrophilic anacomplex3 bearing a bromine substituent the most lipophilic one. The
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following ordercouldbe madgfrom the most hydrophilic to the most lipophiti&>1>6 >

2>4>7>3.

Figure 3. Distribution coefficient§fLogP values) of complexedl-7.

3.5. Stability in Human Plasma

In order tohavea prelimnary insight of the metabolic stabilityof our compounds, their
compatibility under biological conditiongvasinvestigated For this purpose, the complexes

were incubatediponthe addition of the internal standard caffeiheQ KXPDQ SODVPD DW
for 48 h anl their stability investigateds previously performed by our group with other metal
complexeg21, 23] After extraction from the plasma, the complexes were analjagdPLC

and the chromatogram beéoand after incubation compargcomplexesl-5 and7 (Figure

S25S529, S3) were found to bestable fora therapeutically relevant time. Howevesgme

degradatn ofcompound (Figure S3Qwasobserved, as indicatdxy the appearance of small
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peaks as well as a decred®f the compound/caffeine ratio. A potential explanation is the

activity of esterases in human plasmaich could potential cleave the ester bam@.[72, 73]

3.6.Photostability

SinceRu(ll) complexes are well known to actRBT PSsthe compounds were investigated
to assess if a phatbbleaching effectwhich is a degradation of theompoundupon light
irradition, was observef’4, 75]To investigate this, the complexes warenstantlyirradiated

at 450 nmin CH3CN and the potential change in absorbance betweetv@8G0mfrom 0-10
min monitored. As @ositivecontrol [Ru(bipy)]Clo[76] (Figure S32andas a negative control
Protoporphyrin IX(PpIX)[77] (Figure S33 werechosenAnalyseqFigure S34540 shows a
different photostabilityf the complexebased on the functional group they béaigenerala
rather small photobleaching effeatas dserved From comparison between the different
complexesthe following orderfor photostability can be madieom the most photostable to the

least photostabl ~3>4>1>7>5>6.

3.7.Dark Cytotoxicity and (Photo-)toxicity

Wetheninvestigated the biological influenoéthe complexe&-7, their corresponding lignds
and prearsor on nonrcancerous retinal pigment epithelium (RPEand human cervical
carcinoma (HelLa) cellg-or this purposegells were treated with thempoundsn the dark as
well as upon light irradiation at 480 nm and their cell viability measured using arfletiic
resazurin assay. The d€values of tle compounds are shown in Tableatd Table 2
Unfortunantly, complexe$-6 did not show a measurable cytotoxic effecHelLa cellsin the
dark as well asipon light irradition.The poor phottoxic effectwas expected due to the poor
photophysical propertigacluding the short excited state lifetimafsour complexeddowever,

compound?7 wasfound to be cytotoxic in the micromolar rangeRPEL1 and Hela cells
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Unfortunately, no selectivity for cancerous cells versuscarcerous cells was observétie
ICs0 valuesfor 7 are 1.4 times higher in RPEand 3.3 times higher in HeLa ceifen for the
clincally used drug cisplatirin terms of PDT treatement amportant value for the evaluation
of a PS is the comparison between a dark and light treatment. For this ptinpgd®gtotoxic
index (PI) is defined as the ratio between they Malue in the dark and upon irradiation.
Compound’ wasfound to bgphototoxic with a Pl value of 1.4 RPE1 and HelLa cellsThese
values are rather low in comparistaporphyrin basedSs like Protoporhyrin IX (PplIX).

On the contrary all ligands (besida®coursor in HeLa and RPEcell line, TerpyCOOH and
TerpyCOOMe in RPEL cell line) used for the synthesis betseries of the compounds were
found to be cytotoxic. Their toxicity dinot change much upon light irradiatjcitained Pl

values were very low ( from 0.8 to 2.0).

Table 1 ICsovalues in the dark and upon irradiatetr480 nnfor the complexe$-7 incubated
in noncancerous retinal pigment epithelium (RPEandhumancervical carcinoma (HelLa)

cells. Average of three independent measurements.

RPE-1 HelLa
Compound | ICsp 0| ICso 0 ICs0 0| ICso 0
dark 480 nm P dark 480 nm P
(20 min, (20 min,
3.1 J/cnd) 3.1 J/crd)
1 >100 >100 n.d. >100 >100 n.d.
2 >100 >100 n.d. >100 >100 n.d.
3 >100 >100 n.d. >100 >100 n.d.
4 >100 >100 n.d. >100 >100 n.d.
5 >100 >100 n.d. >100 >100 n.d.
6 >100 >100 n.d. >100 >100 n.d.
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7 “ “ 1.4 “ “ 1 .4

PpIX >100 ! >26 >100 “ >40

Cisplatin - - - -

n.d. = not determinable

Table 2.ICso values in the dark and upon irradiation at 480 nm forlitends as well as
Ru(terpy)Ct incubated innonrcancerous retinal pigment epithelium (REPEand human

cervicalcarcinoma (HelLa) cells. Average of three independent measurements.

RPE-1 HelLa
Compound | ICso 0| ICso 0 ICso 0| ICso O
dark 480 nm [=]] dark 480 nm =]
(10 min, (10 min,
3.1 J/cnd) 3.1 J/cnd)
terpy-H “7 “ 0.8 3.0 “ 1.5
terpy-Cl : : 1.0 : : 15
terpy-Br ! : 11 “ : 2.0
terpy-OMe “ “ 1.1 “ “ 1.3
terpy-COOH >100 >100 n.d. “ “ 1.3
terpy- >100 >100 n.d. 23.3“4.0 | 20.0“2.4 1.2
COOMe
terpy-NMe> “ “ 11 “ “ 1.1
Ru(Terpy)CI3| >100 >100 n.d “ “ 1.1

n.d. = not determinable
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4. Conclusion

In this study we reporton the systematic investigation of differently substituted
[Ru(terpy)(terpyX)]?* (X =H (1), CI (2), Br (3), OMe @), COOH £), COOMe 6), NMe>

(7)) complexess potential chemotherapeutic agents and PB3 The compounds were
characterized naepth including singke crystal Xray crystallograpj. Photophysical
measurementshowedthat the complexestrongly absorb in the green region of the
visible electromagnetic spectrum. Further analysis revealed that they are weakly
luminescent and have a short livediged stateThe distributiorcoefficient (lod® value)

of the complers between an aqueous PBS phase and a lipophilic octanol phase was
determined. As expected, all compoandere majorly found in the aqueous phase.
Importantly, compound$-5 and7 were found to bstable in human plasma atahave

only a small photobleaching effeapon continuous LED irradiation. Compléxwas

found to be not stable human plasmaprobablydue tothe presence an estebond
Biological evaluation on one canoais and one neocancerous cell linelemonstrated
thatcompounddl-6 had no cytotoxic effect in the dark as well as upon light irradiation.

In comparisony/ was found to have a dark and (phdtgtotoxicity in the micromolar
range However, rradiation al80 nm seesito have only aegligibleeffect. We assume

this is caused by the very short excited state lifetiofi¢isis complexOverall, this study
demonstratethat small structural changes are able to influence significantly the effect
the compound tson a cellDespite unfavourable photophysical properties as a weak
emission and short lifetimes, it could have been demonstrated in the literature that
ruthenium terpyridine complexes were able to bind to DNA and to cleave it upon light
irradiation. Insgred from these works from Thorp and Brewer et al., we considered them
as potential candidates as PSs for PDT. Due to a lack of a detailed investigation of

Ruthenium Terpyridine complexes in this field, we decided to systematic investigate their
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potential. Unfortunately, we could demonstrate that these kind of compounds are not

particular interesting as PDT PSs.
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Scheme 3. Synthesis of theerpy-X ligands. a) NaH, 1;@imethoxyethane75% b)
NH4OAc, EtOH 71% c) PCk, POCE, 51% d) HBr, AcOH 99% e) NaOMe, MeOH90%

f) KMnOg4, KOH, H0, 80% g) SOCb, MeOH, 72% h) NMe», FeCh, MeOH, HO>, 79%
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Scheme Q. Synthesis of the complexes7. a) terpy, DMFE 87% b) terpyX, N-

ethylmorpholine, EtOH, kD, 4376%

Figure S1 'H NMR spectrum oft in CDsCN, 400 MHz.
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Figure S2 3C NMR spectrum oft in CDsCN, 100MHz.

Figure S3. ESFHRMS spectrum ofl (positive detection mode
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Figure S4 'H NMR spectrum o6 in CDsCN, 400 MHz.
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Figure S5 3C NMR spectrum 06 in CDsCN, 100 MHz

Figure S& ESFHRMS spectrum o6 (positive detection mode
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Figure S7. 'H NMR spectrum of in CDsCN, 400 MHz.
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Figure S8 3C NMR spectrum of in CDsCN, 100 MHz.

Figure S9 ESFHRMS spectrum of (positive detection moge
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Identification code terpy-Cl terpy-Br
CCDC number 1889469 1889466
Empirical formula CisH10CIN3 CisH10BrN3
Formula weight 267.71 312.17
Temperature/K 160(1) 160(1)
Crystal systm orthorhombic orthorhombic
Space group Pnag Pnag
D c 29.8281(6) 29.7043(3)
E c 3.82970(10) 3.87802(4)
F c 10.6447(2) 10.83185(12)
o f 90 90

f 90 90

f 90 90
9ROXPH ¢ 1215.97(5) 1247.76(2)
Z 4 4
lea@/cn? 1.462 1.662

PP 0.301 4.384
F(000) 552.0 624.0
Crystal size/mm 7 7 7 7
Radiation OR.. &X..
2, UDQJH IRU GDWD F5.462to 61.008 5.95 to 148.998
Index ranges - "K”"- "N "O"- "K"- "N" "O"
Reflections collected 17130 9659
Independent reflections 3719 [Ry = 0.0220, Bgma= 0.0188] 2449 [Rn = 0.0123, Bgma= 0.0101]
Data/restraints/parameters 3719/1/172 2449/1/172
Goodnesof-fit on P 1.065 1.109

Final R indexes [I>=2A(])]
Final R indexes [all data]
/IDUJHVW GLII
Flackparameter

S*HDN

R; = 0.0300, wR = 0.0755
R; = 0.0319, wR = 0.0770
0.30£0.16
-0.002(15)

R = 0.0157, wR = 0.0424
R = 0.0157, wR= 0.0424
0.17+0.20
-0.015(9)

Table S1.Crystal data and structure refinement parametertefpy_Cl andterpy_Br.
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Identification code 1_BPh 2 BR
CCDC number 1889470 1889455
Empirical formula CrgHe2B2oNeRU C30H2182C|F8N6RU
Formula weight 1206.02 775.67
Temperature/K 160(1) 160(1)
Crystal ystem orthorhombic monoclinic
Space group Pbca Cc
D c 52.5897(6) 12.61649(13)
E c 39.8302(2) 12.24589(13)
F c 52.6464(5) 19.3380(2)
o f 90 90

f 90 98.1529(11)

f 90 90
9ROXPH c 110276.2(17) 2957.52(6)
z 72 4
lcaic@/cn? 1.308 1.742

PP 2.460 5.891
F(000) 45072.0 1544.0
Crystal size/mm 7 7 7 7
Radiation &X.. &X..
2, UDQJH IRU GDWD F5.242 to 149.002 9.24t0 136.5
Index ranges - KT TN L

59 23

Reflections collected 494692 39989
Independent reflections 3.101689481] (R = 0.0865, Rgme =557, [Rat = 0.0524, Rgma= 0.0278]
Data/restraints/parameters 111841/270/6980 5372/187/489
Goodnesf-fit on P 1.012 1.034

Final R indexes [I>=2A(1)]
Final R indexes [all data]
/IDUJHVW GLII

Flack parameter

R1=0.0561, wR=0.1284
R1=0.1000, wR = 0.1481
S*HDN 1.45+1.16

Ry = 0.0360, wR = 0.0919
Ry = 0.0372, wR = 0.0925
0.80£0.79
-0.021(8)

Table S2.Crystal data and structure refinement parameters fBPhs and2_BF.
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Identification code 2_BPh 2_PFs
CCDC number 1889459 1889454
Empirical formula C98H101820|N505RU C30H21C|F12N5P2RU
Formula weight 1600.98 891.99
Temperature/K 160(1) 160(1)
Crystal system monoclinic tetragonal
Space group C2/c P-42,c
D c 21.3575(5) 8.91426(16)
E c 22.5215(4) 8.91426(16)
F c 18.3027(3) 20.2372(6)
o f 90 90

f 93.9633(18) 90

f 90 90
9ROXPH ¢ 8782.6(3) 1608.13(7)
z 4 2
leag/cn? 1.211 1.842

PP 0.264 6.619
F(000) 3368.0 884.0
Crystal size/mm 7 7 7 7
Radiation OR.. &X..

2, UDQJH IRU GDWD F5.066 to 52.742

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodnesf-fit on P

Final R indexes [I>=2A(])]
Final R indexes [all data]

8.74 10 148.912

0 K "- N ” - o)
53511 5988

8996 [Ru: = 0.0403, Rgma= 0.0256] 1634 [Ru: = 0.0388, Rgma= 0.0218]
8996/54/428 1634/0/122

1.085 1.231

R:1=0.0583, wRR=0.1540
R:1=0.0664, wR= 0.1599

/IDUJHVW GLII S*HDN 1.78+0.90

Flackparameter

Ry = 0.0448, wR = 0.0990
Ry = 0.0450, wR = 0.0991
0.51£0.93

0.01(2)

Table S3.Crystal data and structure refinement parameter2 fBPh and2_PFe.
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Identification code 3_BFR 3_PK
CCDC number 1889456 1889457
Empirical formula CsoH21B2BrFsNsRu CsoH21BrF12NsPRu
Formula weight 820.13 936.45
Temperature/K 160(1) 160(1)
Crystd system monoclinic tetragonal
Space group Cc P-42:c
D c 12.6998(1) 8.93203(8)
E c 12.2010(1) 8.93203(8)
F c 19.5672(1) 20.3547(3)
o f 90 90

f 98.9220(10) 90

f 90 90
9ROXPH c 2995.26(4) 1623.92(4)
z 4 2
leag/cn? 1.819 1.915

PP 6.559 7.240
F(000) 1616.0 920.0
Crystal size/mm 7 7 7 7
Radiation &X.. &X..
2, UDQJH IRU GDWD F9.15 to 149.008 8.688 to 148.908
Index ranges 23 - K " - N 7 - @)
Reflections collected 44079 13324
Independent reflections 6018 [Rnt = 0.0235, Bgma= 0.0117] 1647 [Rn = 0.0288, Rgma= 0.0120]
Data/restraints/parameters 6018/97/483 1647/0/123
Goodnesf-fit on P 1.061 1.229

Final R indexes [I>=24(1)] R:=0.0280, wR=0.0718 R1=0.0426, wR = 0.0947
Final R indexes [all data] R:=0.0280, wR=0.0718 R1=0.0426, wR = 0.0947
/IDUJHVW GLII SHDN 0.95/0.60 0.34+0.77

Flack parameter -0.007(3) 0.01(3)

Table S4.Crystal data and structure refinement parameter3 fBFs and3_PFs.
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Identification code 4 BFs 4 PR

CCDC number 1889458 1889460
Empirical formula C31H24B2FsNsORuU C41H44F12NsO3PoRU
Formula weight 771.25 1059.83
Temperature/K 160(1) 160(1)
Crystalsystem monoclinic orthorhombic
Space group P2 Pccn
D c 8.7526(2) 18.5147(2)
E c 8.9936(2) 21.4071(2)
F c 19.6673(4) 22.1597(2)
o f 90 90
f 99.282(2) 90
f 90 90
9ROXPH ¢ 1527.89(6) 8782.91(15)
z 2 8
lcaic@/cn? 1.676 1.603
PP 4.936 4.454
F(000) 772.0 4304.0
Crystalsize/mni 7 7 7 7
Radiation &X.. &X..
2, UDQJH IRU GDWD F9.112to 148.984 7.468 to 148.998
Index ranges S KT TN e TR PN
24 27
Reflections collected 30909 112638
Independent reflections 6245 [Ryt = 0.0278, Bgma= 0.0214] 8979 [Rn = 0.0300, Rgma= 0.0169]
Data/restraints/parameters 6245/179/546 8979/308/679
Goodnesf-fit on P 1.027 1.051
Final R indexes [I>=24(1)] R1=0.0382, wRR= 0.0996 R1=0.0572, wR=0.1561
Final R indexes [all data] R:1=0.0384, wRR = 0.0998 R1=0.0579, wR=0.1566
/[DUJHVW GLII SHDN 0.93:0.96 1.20+0.88
Flack parameter 0.002(6) -

Table S5.Crystal data and structure refinement parameterd fBFs and4_PFs.
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Identification code 5 BF 5 BPh

CCDC number 1889468 1889464
Empirical formula CagH3sB2FsN7OsRu Ci1o03H108B2NsOsRU
Formula weight 912.42 1676.66
Temperature/K 160(1) 160(1)
Crystd system monoclinic monoclinic
Space group P2/n C2/c
D c 10.4076(2) 21.21225(18)
E c 24.6965(5) 22.62075(18)
F c 14.4928(3) 18.72045(14)
o f 90 90
f 98.1874(19) 92.2918(8)
f 90 90
9ROXPH ¢ 3687.12(13) 8975.58(13)
z 4 4
lealcg/c? 1.644 1.241
PP 4.245 1.877
F(000) 1848.0 3536.0
Crystal size/mm 7 7 7 7
Radiation &X.. &X..
2, UDQJH IRU GDWD F7.126 to 148.97 5.714 to 148.944
Index ranges U L S L
18 23
Reflections collected 39087 39430
Independent reflections 7529[Rint = 0.0468, RBgma= 0.0260] 9151 [Rn = 0.0229, Rgma= 0.0178]
Data/restraints/parameters 7529/271/589 9151/72/504
Goodnesf-fit on P 1.153 1.076
Final R indexes [I>=24(1)] R:=0.0899, wRR=0.2343 R: =0.0460, wRR=0.1373
Final R indexes [all data] R1=0.0943, wR=0.2363 R1=0.0471, wR=0.1385
/IDUJHVW GLII S*HDN 1.48+1.89 1.78+0.72

Table S6.Crystal data and structure refinement parameters fBFs and5_BPhs.
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Identification code 6_BF4 6_BPh

CCDC number 1889463 1889461
Empirical formula C3eH32BoFgNgOsRuU CosHosB2NeOsRU
Formula weight 871.36 1552.47
Temperature/K 160(1) 160(1)
Crystal system monoclinic monoclinic
Space group P2/n C2/c
D c 10.42043(19) 21.4964(2)
E c 24.4208(5) 22.4535(2)
F c 14.4210(2) 18.3461(2)
o f 90 90
f 98.1976(16) 92.8920(10)
f 90 90
9ROXPH ¢ 3632.29(11) 8843.82(15)
z 4 4
lcaic@/cn? 1.593 1.166
PP 4.270 1.861
F(000) 1760.0 3264.0
Crystalsize/mni 7 7 7 7
Radiation &X.. &X..
2, UDQJH IRU GDWD F7.174 to 148.998 5.696 to 149.006
Index ranges KT TN e TR N
17 22
Reflections collected 38743 47330
Independent reflections 7421 [Ryt = 0.0365, Bgma= 0.0229]9017 [Rat = 0.0341, Rgma= 0.0249]
Data/restraints/parameters 7421/802/708 9017/98/496
Goodnesf-fit on P 1.056 1.062
Final R indexes [I>=21(1)] R1=0.0609, wR=0.1713 R1=0.0613, wRR=0.1953
Final R indexes [all data] R1=0.0667, wR=0.1762 R:1=0.0665, wR=0.2014
/IDUJHVW GLII SHDN 1.78+1.16 0.88£0.45

Table S7.Crystal data and structure refinement parameter8 fBFs and6_BPhu.
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Identification code 6_PFs 7 _BFR
CCDC number 1889462 1889467
Empirical formula C41H40F12NgOsP-RuU CsoH27BoFsN7Ru
Formula weight 1083.82 784.29
Temperature/K 160(1) 160(1)
Crydtal system monoclinic monoclinic
Space group P2/c P2/n
D c 8.57780(10) 8.74499(14)
E c 28.6387(2) 9.01167(15)
F c 18.51310(10) 39.4349(10)
o f 90 90

f 94.0080(10) 91.7352(16)

f 90 90
9ROXPH ¢ 4536.75(7) 3106.32(11)
z 4 4
leag/CIT? 1.587 1.677

PP 4.342 4.851
F(000) 2192.0 1576.0
Crystal size/mm 7 7 7 7
Radiation &X.. &X..
2, UDQJH IRU GDWD F5.694 to 154.756 8.974 t0 136.576
Index ranges S KT TN ke TN

22 47

Reflections collected 62640 7806
Independent reflections 9605 [Rnt = 0.0343, Bgma= 0.0244] 7806 [Rigma= 0.0286]
Data/restraints/parameters 9605/90/662 7806/36/454
Goodnesf-fit on P 1.043 1.099

Final R indexes [I>=2A(])]
Final R indexes [all data]

R1=0.0428, wR=0.1011
R:1=0.0459, wR = 0.1029

/IDUJHVW GLII S*HDN 0.73+0.80

R1=0.0857, wR=0.2364
R1=0.0976, wR = 0.2453
2.55/1.14

Table S8.Crystal data and structure refinement parameter8 fBfs and7_BFa.
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Identification code 7_PFs
CCDC number 1889465
Empirical formula CsaH32F12NsOP:RuU
Formula weight 959.68
Temperature/K 160(1)
Crystd system triclinic
Space group P-1
D c 8.83260(10)
E c 11.05140(10)
F c 19.88040(10)
o f 90.8210(10)

f 93.8360(10)

f 104.1870(10)
9ROXPH c 1876.23(3)
z 2
lcac@/c® 1.699

PP 5.117
F(000) 964.0
Crystal size/mm 7 7
Radiation &X..

2, UDQJH IRU GD'8.256 to 148.994

Index ranges

- "K"- "N”- "0

Reflections collected 31694

Independent reflections 7646 [Ry = 0.0259, Bgma= 0.0225]
Data/restraints/parameters 7646/194/585

Goodnesf-fit on P 1.034

Final R indexes [I>=24(l)] R;=0.0463, wR=0.1332

Final R indexes [all data] R:=0.0474, wR=0.1342
/IDUJHVW GLII S%1.23/1.45

Table S9.Crystal data and structure refinement parameter fBi.
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