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AHOTAIIA

Kob6zee J[.B. J10BroxXBWJIBOBI TallOT€HOBaHI (IYyOPECICHTHI TMOJIMETUHOBI
OapBHUKU ISl MEUKO-010JI0TTYHUX 3acTOCyBaHb. — KBasiikamiiiHa HaykoBa mpatis Ha
mpaBax pyKOIHUCY.

Huceptaris Ha 3100yTTS HAyKOBOrO CTymeHs JokTopa ¢urocodii 3a
cnemianbHicTioO 102 Ximis. — Jlep:kaBHa HaykoBa ycTraHoBa "HaykoBO-TE€XHONIOTTYHUI
koMmIuieke "[HctutyT MoHOKpHcTaniB" HarionanpHOT akaneMii Hayk Ykpainu'", Xapkis,
2023.

Ha cporomuimHiil 1eHb HMIMPOKOTO PO3MOBCIOKEHHS HAOYIH (IIyOopecIeHTHI
METOJIM JOCJIIIPKEHHSI B OIOJIOTIYHINA 1 MEOUYHIM 00JacTAX, a TAaKOXK B KIIHIYHIN
miarHoctuul. DyopecueHTHI CHOJYKH BUKOPUCTOBYIOTHCSA SIK A1arHOCTUYHI 3aco0H,
OCKIJIbKM BOHM € OCHOBHUMHU KOMIIOHEHTAMH JJIS BIIPOBA/KEHHS OY[b-SKOTO METOIY
bayopectieHTHUX AochipkeHb. [IpoTte, 13 pO3BUTKOM MepCcOHANI30BaHOT MEIUIIMHH, 1110
BHMara€e 3HauYHUX JOCTIPKeHb Ha )KMBUX KIITHHAX Ta OpraHi3Max in vivo, BAHUKIIA i1es
BUKOPHUCTaHHA (IIyOPECICHTHUX OapBHUKIB JIJIi OTPUMAHHS TEPAreBTUYHOTO e(eKTy,
10 BIJKPUIIO HOBUM MIJAX1J Y MEAMIIMHI — TEPAHOCTHKY (OJIHOYACHA J1arHOCTUKa Ta
JmikyBaHHS okpemux mamieHTiB). [llo6 oTpumarm ¢uyopecueHTHHII CcUTHaT abo
TepaneBTUYHUN €(EeKT BiJ TaKUX MOJICKYJ, BOHU TMOBHUHHI moriauHatu cBitTio. Cifg
3ayBaKUTH, 110 JIMIIE JOBrOXBUJILOBE CBITIO (600900 HM) B Tak 3BaHOMY
«OTNITUYHOMY BIKH1» CJIA0KO MOTIWHAETHCS 010JIOTTYHUMH MaKpOMOJIEKYJIaMH, BOJIOIO Ta
IHITUMHA KOMITOHEHTaMH 01000’€KTIB 1 Ma€ HE3HAYHWUW BIUIMB Ha MPOIIECH, IO
BiIOYBalOTbCSI B OpraHisMi. 3po3yMiio, IO HaKJIAJICHHS TakuX OOMEXeHb Ha
CHEKTpalbHy 005actb  (iayopecuieHTHUX  OapBHHMKIB  ICTOTHO  3MEHIIyE  iX
pizHOMaHITHICTb. Kpim TOr0, OyAb-siKuii (piryopecueHTHU OapBHUK MOBUHEH MAaTH TaKl
BJIACTUBOCTI:

» BHCOKHH KOe(IIliEHT eKCTHHKIIIT Ta KBAaHTOBUH BUXiJ (IIyOpECIICHIIIT;
» J0CTaTHS PO3YMHHICTH Y BOJII Ta (i310JIOTTYHUX CePEIOBHUIIIAX;

» npuitHaTHA (HOTO- 1 XiMiYyHA CTAOUTBHICTS.
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3 KOXHHUM pPOKOM BHUMOTH J0 (UIyOpecHeHTHHX OapBHHUKIB CTalOTh
KOPCTKIIMUMH. TakuM YHHOM, OJIEpKAHHS HOBUX SICKPABUX JIOBTOXBHJIBOBHX
OapBHMKIB, 110 MOYKHA BUKOPUCTOBYBATH SIK ISl J1arHOCTUKH, TaK 1 JJIsl JTIKyBaHHS, €
aKTyaJbHUM 3aBJIaHHAM CbOroJieHHs. L{1aHiHM € HalOLIbII MEPCHEKTUBHUM KJIACOM
OapBHUKIB 3aBISKM 3HA4YHIA THYYKOCTI 1X CHOEKTpadbHUX, (oTodi3uyHuX 1
(OTOXIMIYHUX BJIACTUBOCTEH. ['enTaMeTHHIIaHIHOBI OApBHUKH MaIOTh JIy>)KE€ HU3BKY
(GOTOTOKCHYHICTh 1 J00pe MIAXOMATH JIO0 «ONTHYHOTO BIKHAa» Y ONMKHBOMY
iHppauepBoHomy (BIY) niama3zoHi, TOMy BOHHM IIHPOKO BHUKOPHUCTOBYIOTHCS SIK
aiarHoctnyHi iHCTpymeHTu. Hampuknaa, Indocyanine Green BUKOPHUCTOBYETHCS B
in vivo miarHoctuIl Ta xipyprii. OKpiM BUKOPUCTAHHS K (PIIyOpPECIIEHTHUX MapKepiB,
reNTaMeTUHIIaHIHOBI OApBHMKM MOXXHAa BUKOPHCTOBYBATH SIK CEHCUOUII3aTOpU JIs
dotomuuamiunoi Tepamii (DT). Onnak, HU3bKa (OTOTOKCUYHICTH II1aHIHIB
YCKJIQHIOE iX 3aCTOCyBaHHS [UJIs JIIKyBaHHS. Bimomuii cnoci® ImiABUIIICHHS
(OTOTOKCHYHOCTI OapBHHKA TOJIATAE y BBEJACHHI BAXKKHX aTOMIB y HOTO CTPYKTYDY.
[Ipote, y miTeparypi BIUIMB Ba)KKMX aTOMIB TaJOT€HIB, TaKMX SK OpoM Ta HoA, Ha
CHEKTpaldbHI Ta (QOTOXIMIYHI BJIACTHBOCTI TIeNTAaMETHMHLIAHIHIB Ha Meil yac
3aJIUIIA€THCS HEOCTATHHO BUBYCHHM.

OcHO6HOI0O Memolo 1bOTO JIOCHIKEHHs Oyyia po3poOKa HOBUX TajJOr€HOBAHUX
(byopeclieHTHUX TeNTaMETHUHIIaHIHOBUX OapBHUKIB [IJI1 BUBYEHHS BIUIMBY Ba)KKUX
aToMiB Ha Il OapBHUKH 3 METOIO BJIOCKOHAJICHHS MaTrepiaiiB il TEPaHOCTHKH,
dboroaunamiunoi Teparii (OJIT) 1 doroimyHnorepamii (PIT).

Jlnst nocarHeHHs 1i€i Mmetu Mu cuHte3yBanu psia BIY mianiHOBuX OapBHHKIB 3
aToMaMH Hoay, OpoMy Ta XJIOpY Ta BU3HAUMWJIM iX CHEKTpaibHI BracTuBocTi. LlikaBo,
[0 MU CIIOCTEpIrajau 3HaYHe MiJBUIICHHS KBAaHTOBOTO Buxoay ¢uryopecueniii (D), 10
35%, 1 301LIBIIEHHST TPUBAIOCTI KHUTTS (IYyOPECIESHIIIT A TaJIOreHOBaHUX OapBHUKIB.
3aranoM, atomMu OpoMy MarOTh OUIBIINN MO3UTUBHUN BIUIMB Ha ®p OapBHMKIB, aHIXK
atoMu Hoay. Takox, MU TMOKa3ajiH, 110 3HAYCHHS KBAHTOBOTO BUXOJIY CHUHIJIETHOTO
kucHio (D,), TeHepallis sIKoro 301IbIITYETHCS 3aBISIKH HASBHOCTI aTOMIB TaJIOT¢HIB, HE
Takl OYCBHIHI 1 3aJeKaTh HE TUIBKH BIJ KIUIBKOCTI, ajie ¥ BIJ ITOJIOKCHHS aTOMIB

rajloreHiB y rentameTHHoBux OapBHuKax. Tak, OapBuuK 4,61,-HITC, mo mictuts 4
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aTOMM MOy B MOJOKEHHX 4,6 1HI0JIEHIHOBUX ()parMeHTiB, MaB y 1.5 pa3u Hkuuii O,
nopiBHsHO 3 SI,-HITC 3 2 aromamu #iomy B moNOkKEHHSX 5. MU BCTaHOBWIH, IIIO
aTomu oy A0 8.4 pasiB 30uUIblIyI0Th O FreNTaMETUHIIIAHIHIB, TOJI SIK aTOMU OpoMy
HE3HAYHUM YMHOM BIUIMBarOTh Ha ®,. Bimbm toro, 3a 70momMororo BBEACHHS aTOMIB
XJIOPY MOXKHA OTpuMatu 3HaueHHs @D, renrtamMeTUHINIAHIHIB HaBITh HWKYl HIXK Y
Hezamimenoro OapBHuka, HITC. Mu npumyckaemo, 0 BKJIIOYEHHS BaXKKHUX aTOMIB
NPUBOJUTH J1O0 OOMEXKEHHs OOepTaHHS I1HJOJICHIHOBUX (DparMeHTIiB HAaBKOJIO
MOJIIMETHHOBOTO JIAHIIIOTa, TAKUM YWHOM 30UTbIyH09n D, gac KUTTA HIyopecreHIi
ta HaBiTh O, 1151 I-HITC 1 4,61,-HITC nopisusno 3 HITC. Takum uuHOM, MU
BCTAHOBWJIM  CMOCIO  peryjloBaHHs  KIOYOBUX  BiacTuBoctel (Op 1 Dy)
reNTaMEeTUHIIIAHIHOBUX OAapBHUKIB IIISXOM 3MIHU KIJTBKOCTI Ta TOJOKEHHS aTOMIB
rajoreHy.

[pyHTYIOYHCh HA TOMY, IO aTOMH MHOAY NPUBOAATH O OLIBII iCTOTHOIO
3poctanns @, rentamMeTUHIIAHIHIB, a MiaABUIICHHS @, MO3UTHUBHO KOPEIIOE 31
30UTBIIICHHSM (OTOTOKCUYHOCTI OapBHHUKIB, CHUHTE30BaHO cepiro b4
renTaMeTUHI[IaHIHOBUX OapBHUKIB, 110 MICTATH /10 IIECTH aTOMIB MOy Ta aliaTU4Hy
KapOOKCWIbHY TpyIly, a TaKOX JOCHPKEHO 1X CIEKTpajlibHI BJIACTUBOCTI Ta
(OTOIMTOTOKCUYHICTh JI0 maToreHiB S. aureus, E. coli ta P. aeruginosa y
aHTUMIKpOOHiN hoToaunamiuniil Tepamii (AD/T). 361blIeHHS KITBKOCTI aTOMIB HOy
Ma€ HECIOJIBaHUH 1 HEOJHO3HAYHUHN (POTONMMTOTOKCHYHUN edeKT Ha Ii OakTepii, 110
MoB’s3aHMM 3 JaBoma  mpotuiairouumMu  (akropamu: (1)  30UIBIICHHAM
IHTEpKOMOIHAI[IHOT KOHBEPCIi Ta, BIMOBIIHO, KUIBKOCTI T€Hepalli peakTUBHUX (PopM,
1 (2) arperamiero OapBHHKA, IO BUKJIMKAE 3HIDKEHHS HAKOMHYCHHS OapBHHKA
OakTepisiMu, 110, WMOBIPHO, CYNPOBOJKYETHCS 3HIKEHHSIM TEMIIIB YTBOPEHHS
peakTuBHUX (PopM KHCHIO. Tak, BCTAHOBIICHO, 1110 301IBIICHHS KITBKOCTI aTOMIB HOIY
710 ABOX Yy PsIAY IBITEP-10HHUX IT1aHIHIB MiABUIINY€E €(EeKTUBHICT epaaukarii S. aureus.
Jlnist GapBHUKIB 3 2—4 aTomamu oAy €(eKTUBHICTD 3aJTUIIAE€THCS Maibhke HE3MIHHOIO, Ta
3MEHIIYEThCS y BUMAAKY TeKcahoaoBaHOro ImiaHiHy. [lpu 1mpomy MoHOMOIOBaHUN
renTaMeTUHI[1aHIHOBUI OapBHUK BUKJIMKAE HaNOIbII BUPAKECHUIN

(OTOLUTOTOKCMYHUI BIUIMB Ha E. coli Ta P. aeruginosa. JIonatkoBUil MO3UTUBHUI
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3apsl, IKM BHOCUTHh TPUETUJIAMOHIEBA IPyMNa, 3HIKY€E €(PEKTUBHICTh OapBHUKA IO/I0
S. aureus, ane nokparniye 3auieHHs E. coli ta P. aeruginosa.

BpaxoByroun Hailikpanly sICKpaBiCThb, (POTOUMTOTOKCHUYHICTh Ta arperamio, 1o
3a0e3rnevyye BBEACHHS ABOX aTOMIB MOAY, MU CHHTE3yBaJld HOBUH, T0Ope PO3UMHHUN y
Bomi, mifiomoBanuit BIU renramerunmianinoBuii OapBHUK, 2ICy7S, sxuii MiCTUTH 3
cynbdorpynu. [ami mu 3B’si3ayim 1ied OapBHHUK 13 MOHOKJIOHAJBHUM aHTUTLIOM
Tpacty3ymab (Ab), mo cnemudiuyHe 10 pakKy MOJOYHOI 3aj03u, Ta OIIHHWIA
CIIEKTpaJIbH1 BIacTUBOCTI Ta ®, ofepkaHOMY KOH OTaty, a Takox gociaiaumiu e OIT
KOH IOTaT Ha MOJIENI «TOJINX» MUILEH in vivo, IpU BHYTPIIIHLOBEHHOMY BBEACHHI, JJIS
NPUTHIYEHHS POCTY MYyXJHMH TIOPIBHSHO 3 KOH IOTaToOM HEWOAOBaHOro OapBHHKA
Cy7™(Cy7™-Ab). V Toif yac sk CTUMYJIbOBAHHIT AHTHTIIAMH iMyHOTEpAIIeBTHIHHIT
epexkt 2ICy7S—Ab moxHa OIHUTH SK 1.4-KpaTHe TPUTHIUYEHHS POCTY MyXJIWHH,
KoMOiHOBaHa (DOTOIMYHOTEpaneBTUYHA Jisl MPUBOJIUTH 10 5.4-KpaTHOTO MPUTHIYEHHS,
0 BUKJIMKAHO HEKPO30M IYXIMHHHMX KiitmH. MomoBanmii kom’torar 2ICy7S—Ab
JIEMOHCTPYE B 3 pa3u OLNBINMN KBAaHTOBUU BHXIJ TeHEpallii CHHIJICTHOTO KHCHIO Y
BOJTHOMY CEpEJOBHUIIl MOPIBHIHO 3 HEHOJOBAaHUM aHAJIOTOM Cy7TM—Ab. Takum
yuHOM, aromu #ony B 2ICy7S BigirparoTb KIHOYOBY poOjdb Yy MIABUIIEHIN
dorouuroTokcuunocti kon’torary 2ICy7S—Ab. Heitonoanuit Cy7' " —Ab i BinbHi Ab
HE BUSIBJISIIOTH CTaTUCTUYHO 3HAYYILIO1 (POTOLUTOTOKCHYHOCTI JIJISi PAKOBUX KIITHH 1
JIIOTh BHKJIIOYHO K IMyHOTEpameBTUYHUHN 3acid. 3a BiICYTHOCTI CEHCHOLII3aTOpIB,
BIUTMB OJIMDKHBOTO 1H(GPAYEPBOHOTO CBITJIa HA PICT MyXJWHU OyB He3HAYHUM. TaKoX,
HE crocTepiraBcs BIUIMB BinmbHHX OapeHukis 2ICy7S i Cy7'™, mo BBOmMIHCS
BHYTPIIIHROBEHHO, Ha pICT myxJuHU. KpiM TepamneBTUUHOTO €(eKTy, KOH ioraT
2ICy7S—Ab 3a0e3neuye sickpaBuil (IyopeclEHTHUN CUTHAJ, 110 JO3BOJISIE B PEKUMI
peaNbHOTO Yacy BiJICTEXKYBAaTH PO3MOi] KOH IOTaTy B OpPTaHi3Mi Ta HAKOMWYEHHS HOTO
B myxiuHl. lle BaxxiauBO a1 BHU3HAYEHHS ONTHUMAJIBHOIO 4Yacy JJisi CBITJIIOBOTO
ONPOMIHEHHA 1, TUM CaMuM, IMIJIBUIIEHHS $KOCT1 JIKyBaHHA. MM OUYiIKyeEMO, IO
ko toraiia 2ICy7S abo iHmux ogoBaHuX (POTOCEHCHMOLTI3aTOPIB HA OCHOBI I1aHIHIB

noAi0HOT CTPYKTypH 3 IIMPOKUM CHEKTPOM aHTUTUT MOKE€ 3HAYHO PO3IIHPUTH
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pI3HOMaHITTS e(QEeKTUBHUX MaTepialiB aisl (POTOIMYHOTEPANIEBTUYHOIO JIIKYBaHHS,
CIPSIMOBAHOTO HA PI3HI TUIH PaKy.

[Ipu BukoHaHHI 1€l pPOOOTU 6Gnepuie: CUHTE30BAHO CHUCTEMATUYHUN PsJl
renTaMeTUHIIIaHIHOBUX OapBHUKIB 3 PI3HOIO KUIBKICTIO (Big 1 10 6) aToMmiB ioay abo
OpoMy B TEpMIHAIBHUX TETEPOIUKIIYHUX (PparMeHTax; BHBYCHO 3B’SI30K MiXK
CTPYKTYpOIO Ta BJIACTUBOCTSAMH TaJOT€HOBAaHUX T'€NTAMETHHI[IAHIHOBUX OapBHUKIB
II0JI0 KUIBKOCTI 1 TIOJIOKEHHSI aTOMIB T'aJIOT€HY; BCTAHOBJICHO, SIK PEryJIFOBaTH OCHOBHI
BNacTUBOCTI (P 1 Op) A7 renTaMeTUHINIAHIHOBUX OapBHUKIB, 3MIHIOIOYM KUTBKICTH 1
MOJIOKCHHS aTOMIB TajJIOT€HIB; OI[IHEHO BIUIMB KUIBKOCTI aTOMiB HOIy B
renNTaMETUHIIIAaHIHOBUX OapBHUKaX Ha (POTOIMUTOTOKCHYHHM e(deKkT 10 OakTepiid;
MOKa3aHo, 110 HWOJ0BaHI I'eNTaMETHUHIIaHIHOBI OApBHUKW MPHAATHI JJIs JIIKyBaHHS 1
(dhoToiHAKTUBAIIIT TPaM-TIO3UTUBHUX 1 TPaM-HETaTUBHUX OaKTepii; 0Jep)KaHO KOH torat
"miaHIHOBUM ~ OapBHUK  —  MOHOKJIOHAJbHE  AQHTUTLIO",  SKUA  TPOSBIISE
(OTOIMYHOTEPANEBTUYHY 110 1 IPUAATHUM 111 TEPAHOCTUKH PaKy.

[IpakTyHa IIHHICTH PE3YJbTATIB JOCHIIKEHHS TMOJSAra€ Yy BCTAHOBJICHHI
3akoHOMIpHOCTe mansi oxaepkanHsa bIU 1miaHiHOBHX OapBHHMKIB 3 OakKaHUMU
BJIACTUBOCTSIMU 111 (PIIyOpPECUEHTHOI Bi3yasi3allii, [1arHOCTUKKH Ta, OCOOJIMBO,
(¢oToaMHAMIYHOI Tepamii Ta TEepaHOCTUKU. Po3poOieHl OapBHUKM €(EKTHUBHI IS
doToepaaukaiiii O0akTepiid, MO0 M03BOJSE OOIATH TPOOIEMY PE3UCTEHTHOCTI OakTepiit
1o antubioTukiB. OmepxaHi GapBHUKU, IO MICTITh KapOOKCWIBHY TpYIly, MPUIATHI
JUISE TIONAJbInol (PyHKITIOHAMI3aAMIl MIJIAXOM 1X KOH'IOrarii 3 pi3HUMH HOCISIMH IS
nigBUIICHHS  adiHHOCTI g0 Oakanoi 1. Tak, KoOH’roraTH Ha  OCHOBI
renTaMEeTHHIIIAHIHOBUX OapBHUKIB TIOKa3aJdd BHUCOKY €(DEKTUBHICTh IJIs in  Vivo
JIarHOCTUKH Ta JIIKYBaHHI paKy Nnpu (GOTOIMyHOTEPAeBTUYHOMY 3aCTOCYBaHHI. Takum
YUHOM, II€ JOCHIIIKEHHS PO3IIMPIOE MOXKIUBOCTI BuKOpucTaHHsS bIY miaHiHOBUX
OapBHUKIB.

KuarouoBi cioBa: rentameTHHIIaHIHOBI OapBHUKH, €(EKT BaXKKOTO aToMa,
aHTHOaKTepiaibHa AKTUBHICTD, Ol10s10T1YHA AKTUBHICTD, reTePOLMKIII3aIlis,
dryopecteHilisi, e1eKTPOHHA CIIEKTPOCKOITiS,, CHHTE3, IUTOTOKCUYHICTh, MOJICKYJISIpHA
OynoBa, hoToceHCHOLTI3aTOpH, aHTHOAKTEpiaibHa (OTOJMHAMIYHA Teparisi, KBAaHTOBUI

BUXiJ, poToiMyHOTEparis, (GIyopeciieHTHa Bi3yai3allis.
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ABSTRACT

Kobzev D.V. Long-wavelength halogenated fluorescent polymethine dyes for
biomedical applications. — Qualifying scientific work, the manuscript.

Thesis for the degree of Doctor of Philosophy in programme subject area 102
Chemistry. — State Scientific Institution "Institute for Single Crystals" of National
Academy of Sciences of Ukraine, Kharkiv, 2023.

Nowadays fluorescent research methods in the biological and medical fields and
clinical diagnosis have become widespread. Being the main elements for the
implementation of any fluorescent research method, fluorescent compounds have long
been used as diagnostic tools. But with the development of personalized medicine
requiring significant research on living cells and even organisms in vivo came the idea
of using fluorescent dyes to provide a therapeutic effect raising a new approach in
medicine — theranostics (simultaneous diagnosis and treatment of individual patients).
To obtain a fluorescent signal or a therapeutic effect from such molecules, they must
absorb light. It should be noted that only long-wavelength light (600—900 nm) in the
so-called "optical window" is poorly absorbed by biological macromolecules, water,
and other components of bioobjects and has little effect on the processes occurring in
the body. It is clear that the imposition of such restrictions on the spectral region of
fluorescent dyes significantly reduces their diversity. Moreover, any fluorescent dye
must have the following properties:

» high extinction coefficient and fluorescence quantum yield;
» sufficient solubility in water and physiological issues;
» reasonable photo- and chemical stability.

Year after year above requirements for fluorescent dyes become stricter. Thus,
obtaining new bright long-wavelength dyes that can be used for both diagnostic
purposes and treatment is a pressing task today.

Cyanines are the most promising dye class due to the considerable flexibility of
their spectral, photophysical, and photochemical properties. Heptamethine cyanine dyes

have very low phototoxicity and they fit well to the near-infrared (NIR) "optical
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window", which is why they are widely used as diagnostic tools. For instance,
Indocyanine green is used in in vivo diagnostics and surgery. In addition to their use as
fluorescent markers, heptamethine cyanine dyes can be used as sensitizers for
photodynamic therapy (PDT) applications. However, the low phototoxicity of cyanines
hampers their treatment applications. For that purpose, a known way to increase the
phototoxicity of a dye is to incorporate heavy atoms into the dye structure. In the
literature, however, the influence of heavy halogen atoms such as bromine and iodine
on the spectral and photochemical properties of heptamethine cyanines remains poorly
studied.

The main goal of this research was the development of novel halogenated
fluorescent heptamethine cyanine dyes to explore heavy atom impact on these dyes to
develop materials for theranostics, photodynamic therapy (PDT), and
photoimmunotherapy (PIT) applications.

To achieve the main goal of this work, we synthesized a set of NIR cyanine dyes
with iodine, bromine, and chlorine atoms as well as evaluated their spectral properties.
The most exceptional is the fluorescence quantum yield (@) and lifetime data, where
we observe @p significant enhancement (up to 35%) and the fluorescence lifetime
increase caused by the halogenation of the dyes. In general, bromine atoms have a
higher positive impact on @, of the dyes than iodine atoms. Then, we demonstrate that
the halogen-promoted singlet oxygen quantum yield ®, enhancement is not that
obvious and depends not only on the amount but also on the position where this halogen
is present in the heptamethine cyanine dyes. Thus, 4,61,-HITC dye containing 4 iodine
atoms in positions 4,6 of indolenine moieties has 1.5 times lower ®, compared to
SI,-HITC with 2 iodine atoms. In particular, we observe that while iodine atoms
strongly (up to 8.4 times) increase the singlet oxygen generation (®,) of the
heptamethine cyanines, bromine atoms insignificantly affect @,. It is possible to reduce
@, even below HITC with the incorporation of chlorine atoms. We make a hypothesis
assuming that the incorporation of heavy atoms leads to the restriction of rotation of
indolium moieties around the polymethine chain, thus increasing ® fluorescence

lifetime, and even ®, for I¢-HITC and 4,61,-HITC compare to HITC. In general, we
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show a way to adjust the key properties (®r and ®,) for heptamethine cyanines
changing the amount and positions of halogen atoms.

Then, based on the fact that iodine atoms more significantly increase ®, of
heptamethine cyanines, a series of NIR heptamethine cyanine dyes containing up to six
iodine atoms and an aliphatic carboxylic group is synthesized to investigate their
spectral properties and ability for photocytotoxicity on S. aureus, E. coli and
P. aeruginosa pathogens in APDT. The increasing of the number of iodine atoms has an
unexpected and ambiguous photocytotoxic effect on these bacteria, which is connected
with two opposing factors: (1) increase of the intersystem crossing and the rates of
reactive species generation, and (2) dye aggregation causing the reduced dye uptake
that, supposedly, is followed by the decreased rates of reactive species generation. As a
result, the increase of the number of iodine atoms up to two in the series of zwitterionic
cyanines increases the efficacy of S. aureus eradication; then the efficacy remains
almost unchanged for the two-, three- and four-iodinated dyes and diminishes in the
case of the hexa-iodinated cyanine. At the same time, the mono-iodinated heptamethine
cyanine causes the most pronounced photocytotoxic effect on E. coli and P. aeruginosa.
An additional positive charge contributed by a triethylammonium group decreases the
efficacy of the dye towards S. aureus but improves the eradication of E. coli and
P. aeruginosa.

Considering the best brightness, photocytotoxicity and taking into account the
aggregation facilitated by two iodine atoms, we synthesize novel, highly water soluble
(containing 3 sulfo groups), NIR, diiodinated heptamethine cyanine dye, 2ICy7S,
conjugate this dye with the breast cancer-specific monoclonal antibody trastuzumab,
evaluate its spectral properties and ®@,, and investigate the obtained PIT conjugate in the
mouse xenograft model to suppress tumor growth upon intravenous (IV) injection
versus the parent, non-iodinated Cy7' ¥"—Ab conjugate. While the antibody-stimulated
immunotherapeutic effect of 2ICy7S—Ab can be estimated as 1.4-fold tumor growth
suppression, the combined photoimmunotherapeutic action results in 5.4-fold
suppression caused by tumor cell necrosis. The iodinated 2ICy7S—Ab conjugate

demonstrates a 3-fold increased quantum yield of singlet oxygen generation in aqueous
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media compared to the non-iodinated counterpart, Cy7""—Ab. Thus, the iodine atoms
in 2ICy7S play a key role in the augmented photocytotoxicity of the 2ICy7S—Ab
conjugate. The non-iodinated Cy7"M—Ab and free Ab do not show statistically
significant photocytotoxicity on cancer cells and act solely as an immunotherapeutic
agent. In the absence of sensitizers, the impact of NIR light on the tumor growth is
negligible and also no effect of IV administrated free 2ICy7S and Cy7"™™ dyes on the
tumor growth is observed. The 2ICy7S—Ab conjugate provides a bright fluorescent
signal enabling real-time monitoring of the conjugate distribution in the body and
accumulation in the tumor. This is important for recognizing the optimal time for light
irradiation and thus improving the quality of treatment. We anticipate that the
conjugation of 2ICy7S or other iodinated cyanine-based photosensitizers of a similar
structure with a wide range of antibodies can gradually expand the scope of efficient
materials for photoimmunotherapeutic treatment aimed at different types of cancer.

In this work for the first time we synthesized heptamethine cyanine dyes with
different numbers (from 1 to 6) of iodine or bromine atoms in terminal heterocyclic
moieties; studied the structure-properties relationships of halogenated heptamethine
cyanine dyes with respect to the amount and positions of halogen atoms; set how to
adjust the key properties (fluorescence quantum yield @ and singlet oxygen quantum
yield ®,) for heptamethine cyanine dyes changing the amount and positions of halogen
atoms; evaluated the influence of the number of iodine atoms in heptamethines on the
photocytotoxic effect on bacteria; showed that iodinated heptamethine cyanine dyes are
suitable for the treatment and photoinactivation of gram-positive and gram-negative
bacteria; introduced the use of photoimmunotherapeutic "cyanine dye — monoclonal
antibody" conjugate and demonstrated its efficacy for cancer theranostics.

Practical significance of the obtained results. This study helps in the designing of
NIR cyanine dyes with the desired properties for fluorescence imaging, diagnostics,
and, especially, photodynamic therapies and theranostics. The developed dyes are
effective for photoeradication of bacteria circumventing bacterial drug resistance. The
presence of carboxylic function potentially enables further binding of these dyes to

various carriers. It has been shown that conjugates based on heptamethine cyanine are
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effective for in vivo diagnostics and cancer treatment in photoimmunotherapy
applications. Thus, this study expands applications exploiting NIR cyanine dyes.

Keywords: heptamethine cyanine dyes, heavy atom effect, antibacterial activity,
biological activity, heterocyclization, fluorescence, electronic spectroscopy, synthesis,
cytotoxicity, molecular structure, photosensitizers, antimicrobial photodynamic therapy,

quantum yield, photoimmunotherapy, fluorescence imaging.
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INTRODUCTION

Nowadays fluorescent research methods in the biological and medical fields and
clinical diagnosis have become widespread. Being the main elements for the
implementation of any fluorescent research method, fluorescent compounds have long
been used as diagnostic tools. But with the development of personalized medicine
requiring significant research on living cells and even organisms in vivo came the idea
of using fluorescent dyes to provide a therapeutic effect raising a new approach in
medicine — theranostics (simultaneous diagnosis and treatment of individual patients).
To obtain a fluorescent signal or a therapeutic effect from such molecules, they must
absorb light. It should be noted that only long-wavelength light (600-900 nm) in the
so-called "optical window" is poorly absorbed by biological macromolecules, water,
and other components of bioobjects and has little effect on the processes occurring in
the body. It is clear that the imposition of such restrictions on the spectral region of
fluorescent dyes significantly reduces their diversity. Moreover, any fluorescent dye
must have the following properties:

» high extinction coefficient and fluorescence quantum yield;
» sufficient solubility in water and physiological issues;
» reasonable photostability and chemical stability.

Year after year above requirements for fluorescent dyes become stricter. Thus,
obtaining new bright long-wavelength dyes that can be used for both diagnostic
purposes and treatment is a pressing task today.

Cyanines are the most promising dye class due to the considerable flexibility of
their spectral, photophysical, and photochemical properties. Heptamethine cyanine dyes
have very low phototoxicity and they fit well to the near-infrared (NIR) "optical
window", which is why they are widely used as diagnostic tools. For instance,
Indocyanine green (ICG) is used in in vivo diagnostics and surgery. In addition to their
use as fluorescent markers, heptamethine cyanine dyes can be used as sensitizers for
photodynamic therapy (PDT) applications. However, the low cytotoxicity of cyanines

hampers their treatment applications. For that purpose, a known way to increase the
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cytotoxicity of a dye is to incorporate heavy atoms into the dye structure. In the
literature, however, the influence of heavy halogen atoms such as bromine and iodine
on the spectral and photochemical properties of heptamethine cyanines remains poorly
studied.

The main goal of this research is the development of novel halogenated
fluorescent heptamethine cyanine dyes to explore heavy atom impact on these dyes
to develop materials for theranostics, photodynamic therapy (PDT), and
photoimmunotherapy (PIT) applications.

To achieve the main goal of this work, we intend to carry out the following four
tasks:

1. To synthesize and investigate spectral properties of iodinat ed, brominated, and
chlorinated heptamethine cyanine dyes for the determination of
structure-properties relationships with respect to the amount and positions of
halogen atoms incorporated into fluorophore structure.

2. To obtain iodinated heptamethine cyani ne photosensitizers for antimicrobial
photodynamic therapy (APDT) applicati ons: to synthesize a series of the new
iodinated heptamethine cyanine photosensitizers (PS) with varying the amount
and positions of 10odine atoms; to investigate their spectral properties, efficacy to
generate reactive oxygen species, cell uptake, and photocytotoxicity on
gram-positive (S. aureus) and gram-negative (E. coli and P. aeruginosa) bacterial
pathogens in APDT.

3. To develop antibody-guided, iodinated heptamethine cyanine photosensitizer
for photoimmunotherapy (PIT): to synthesize the new hydrophilic iodinated
heptamethine cyanine sensitizer (PS), to conjugate it with trastuzumab antibody
(Ab), and to investigate the obtained PS-Ab conjugate for photodynamic (PDT)
and immunotherapy cancer treatment in the mouse xenograft model.

The object of research is the determination of the influence of halogen atoms on
spectral, photophysical, and photochemical properties and on the biological impact of

heptamethine cyanine fluorescent dyes.
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The subject of research is the halogenated organic fluorescent dyes, in
particular, heptamethine cyanine dyes modified with chlorine, bromine, and iodine
atoms, and their conjugates with monoclonal antibodies.

Research methods utilized in the work include organic synthesis and
bioconjugation; mass spectrometry, NMR spectroscopy for determination and
confirmation of the structure of synthesized compound; thin-layer chromatography
(TLC) and liquid chromatography (LC), including high-performance liquid and gel
permeation chromatography (HPLC) for purification and determination of the purity of
intermediates and the aimed dyes and conjugates of dyes with monoclonal antibodies;
electron absorption and emission spectroscopy for all the dyes and conjugates; quantum
chemical calculations; fluorescent microscopy, in vivo imaging and flow cytometry for
in vivo experiments.

Scientific novelty. For the first time we:

» synthesized heptamethine cyanine dyes with different number (from 1 to 6) of
iodine or bromine atoms in terminal heterocyclic moieties;

» studied the structure-properties relationships of halogenated heptamethine
cyanine dyes with respect to the amount and positions of halogen atoms;

» set how to adjust the key properties (®p and @,) for heptamethine cyanine dyes
changing the amount and positions of halogen atoms;

» evaluated the influence of the number of iodine atoms in heptamethines on the
photocytotoxic effect on bacteria;

» showed that iodinated heptamethine cyanine dyes are suitable for the treatment
and photoinactivation of gram-positive and gram-negative bacteria;

» introduced the use of photoimmunotherapeutic "cyanine dye — monoclonal
antibody" conjugate and demonstrated its efficacy for cancer theranostics.

The author's personal contribution lies in the systematization of literature data
on the dissertation topic, the synthesis, purification, and structural identification of all
dyes and their conjugates with monoclonal antibodies; conducting all spectral studies,
including measuring electronic absorption and fluorescence spectra, determining

quantum yields of fluorescence, extinction coefficients, quantum yields of singlet
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oxygen, mathematical analysis, and processing of obtained results; working with mice,
including in vivo tumor visualization, tumor measurements, and processing of flow
cytometry results. Additionally, the author participated in the preparation of materials
and drafts of publications. The formulation of tasks, discussion of research results, and
formulation of conclusions were performed under the guidance of the scientific advisor,
Cand. Sci., Senior Researcher A.L. Tatarets.

The author expresses gratitude to the staff of SSI "Institute of Single Crystals" of
the National Academy of Sciences of Ukraine: Dr. Semenova O.M. and Starko S.M. for
synthesizing some starting compounds for dye synthesis, and Dr. Semenova O.M. for
carrying out experiments with bacteria (S. aureus, E. coli, P. aeruginosa);,
Dr. Zhikol O.A., Dr. Konovalova L.S. and Dr. Shishkina S.V. for conducting quantum-
chemical calculations and X-ray structural analysis. The author also thanks the
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CHAPTER 1
HALOGENATED LONG-WAVELENGTH FLUORESCENT POLYMETHINE
DYES: FUNDAMENTAL KNOWLEDGE AND THEIR APPLICATION
(LITERATURE REVIEW)

1.1 Overview of fluorescent dyes

Fluorescent dyes are molecules that move into the electronically excited singlet
state upon absorption of a quantum of light of a specific wavelength (usually ultraviolet
and visible region), and then, during relaxation, rapidly (~10 ns) emit photons with
lesser energy [1]. Molecules that absorb energy are not always able to emit it, as they
lose energy through other pathways (bonds vibration between atoms, rotation of
molecules, etc.). Triplet state population either leads to radiative (phosphorescence) or

non-radiative processes. These mechanisms are depicted in Jablonski diagram

(Fig. 1.1).
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Fig. 1.1. Jablonski diagram [1].

There are several classes of chemical compounds capable of fluorescence [2].
The most well-known among them are polyaromatic hydrocarbons (anthracene,
pyrenes), arylindoles [3], coumarins [4], BODIPY (boron-dipyrromethene) derivatives
[5], xanthenes (fluoresceins [6], rhodamines [7]), phthalocyanines [8], and
polymethines (styryls [9], squaraines [10] and cyanines [11,12]). The introduction of
different substituents into the structure of fluorescent dye allows tuning the desired

properties of the dye such as shifting spectral maxima, varying solubility in water and
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physiological issues, altering photo- and chemical stability, and increasing affinity to
certain molecules or organelles.

Nowadays, however, the ability of halogen substituents to affect the spectral and
biophysical properties of fluorescent dyes is the least studied. In fact, only dyes from
the fluorescein class containing halogen atoms — eosin, erythrosine, and Rose Bengal
(Fig. 1.2) — are the most explored and being utilized in staining of cells and tissues [13].
However, the incorporation of halogens into these dyes significantly reduces the
quantum yield of fluorescence (®p) (from 92% for fluorescein to 68% for eosin
(4 bromine atoms) and 14% for erythrosine (4 iodine atoms)) [14] and increases triplet
state population resulting in the singlet oxygen quantum yield (®,) enhancement (from
3% for fluorescein to 32% for eosin and 69% for erythrosine) [15]. It is known that the
introduction of any heavy atom into the molecule leads to the fluorescence quenching of
the dye due to a significant increase in spin-orbit coupling, which enhances intersystem
crossing [16]. This process is called "heavy-atom effect" [17]. Not only fluoresceins but
also other dye classes such as BODIPY [18], porphyrins [19,20], and anthracenes [21]
behave accordingly to this phenomenon increasing ®, and decreasing ®p, of these dyes.
It should be noted that the chlorine atom has the least effect on ®, and ®f;, while the
iodine atom has the highest. Fluorine atoms, in general, slightly decrease ®, and @
[22,23], thus, the dyes containing fluorine atoms are not the scope of this work.

Br Br | | I
HO
HOOOHOO O NaO 0 o} O
_ P (L)
Br Br | Z | I
0 o}
Cl

COOH
O O OH O ONa

Fluorescein Eosin

Cl
Rose Bengal

Erythrosine

Fig. 1.2. Structures of fluorescein, eosin, erythrosine, and Rose Bengal.

At the expense of @ reduction, the incorporation of "heavy" halogen increases
the quantum yield of triplet states thus sensitizing the formation of reactive oxygen
species, e.g. singlet oxygen, which are cytotoxic. Therefore, such dyes become suitable

for the treatment of bacterial and cancer diseases [24].
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The main disadvantages of xanthene dyes are relatively short-wavelength
absorption and low extinction coefficients. In contrast, polymethine fluorescent dyes
(cyanines and squaraines) are more promising due to the considerable flexibility of their
spectral, photophysical, and photochemical properties. Currently, polymethines are
widely used in various fields: biomedical diagnostics [25,26], photonics [12],
pharmacology, and medicine [27]. Nonetheless, the effect of halogen atoms on

polymethine dyes has been poorly studied.

1.2 Influence of halogen atoms on the spectral-luminescent characteristics of

polymethine dyes

There are several ways to introduce halogen atoms into polymethine dyes. It can
be integrated into a polymethine chain, into substituents that do not contribute to the
n-electron system of a dye, or into terminal heterocyclic moieties of a dye. Thereby, the
impact of the halogen atom will be different depending on its position in a dye
structure.

Thus, the incorporation of heavy atoms exactly into the polymethine chain of the
dyes (1.1-1.5) (Fig. 1.3) leads to a strong blue (1.3—1.4) or red (1.2 and 1.5) spectral
shift and to a significant decrease of @, for all the halogenated dyes. At the same time,
@, of the dyes 1.3—1.4 increases in case of the presence of iodine or bromine atoms due
to the heavy atom effect [28]. Fluorination in the polymethine chain (dye 1.2), though,
caused a major decrease of ®,, thus hampering the formation of reactive oxygen

species, thereby they cannot be efficiently used for theranostics applications.
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1.1: R =H (O = 24.1 %, d, = 0.89 %) (DF = 6 %, D, = 0.35 %)

1.2: R=F (O = 12.5 %, d, = 0.09 %)
1.3: R = Br (dp = 18.4 %, &, = 4.3 %)
1.4:R=1 (Op=11.4%, dy =20 %)

Fig. 1.3. Reported polymethine dyes with halogen atoms incorporated into
polymethine chain and data of their fluorescence quantum yield (®g) and singlet

oxygen quantum yield (®,) [28].



31

On the other hand, the presence of a halogen atom in the substituent in the
polymethine chain [29] leads to insignificant spectral changes and causes a decrease of
®g, for halogenated heptamethines (compare 1.6 with 1.7-1.11) (Fig. 1.4). However,
authors paid attention to the increase of fluorescence lifetime (1) with increasing
halogen atomic number and called this "anomalous heavy atom effect", explaining
longer lifetimes with heavier atoms by restricting conformational changes through steric
interactions (vibration and rotation) [29].
1.6:Rq, Ry=H (Dp =22 %, Dy =0.17 %)

1.7: R1 =1, R2=H (CDF|=20 %, (DA=4.5 %)
1.8: Ry =Br,Ry=H (®p =18 %, ®, = 0.3 %)

N
R1 R2 1.9: R1 = C|, R2= H ((DF| =16 DAJ, ‘DA =0.08 %)
1.10: R1 = Br, R2= Br (CDH =14 %)
o 1.11: Ry = Cl, Ry = CI (g = 15 %)

SO4H
038 1.6-1.11 3

Fig. 1.4. Reported polymethine dyes with halogen atoms in the substituent in the
polymethine chain and data of their ®g and @, [29].

It should be noted that the most controversial is the influence of halogen atoms
incorporated into the terminal heterocyclic moieties of heptamethine cyanines. The
halogen impact on spectral and photochemical properties of the polymethines has been
briefly investigated and limited only with dihalogenated and tetrahalogenated dyes.
In general, the appearance of halogen in terminal heterocycle has a minor effect on

absorption and emission spectra (up to ~10 nm shift), while ®f and ®, changes were

Ri I\\\\
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much more dramatic (Fig. 1.5).
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1.16: Ry = Cl (0p = 34 %) 1.19: R = Cl (0p = 47 %)
1.47: Ry = Br (&g = 35 %) 1.20: R = Br (& = 47 %)

1.21:R=1 (O = 58 %)
Fig. 1.5. Reported polymethine dyes with halogen atoms incorporated into

terminal heterocyclic moieties of cyanines and data of their g and @, [31-36].
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Thus, some authors [30—32] stated that the ®p significantly decreased for
iodinated heptamethines (1.12-1.14, Fig. 1.5) compared to common references (Cy7
and Indocyanine green, ICG), while other authors [33] observed slight enhancement of
®g, for halogenated heptamethines (1.16-1.17, Fig. 1.5) compared to non-halogenated
dye (1.15). This corresponds with the study [34] of another class of polymethine dyes,
squaraines (1.18-1.21, Fig. 1.5), that revealed a significant enhancement of @ upon the
increase of halogen substituent atomic number. The authors explained the anomalous
effect of the heavy atom by the transfer of electron density from halogens to the
chromophore nucleus (+M effect), which becomes more pronounced with increasing
polarizability of halogen substituents (—I effect). Data on changes in ®, are even less
explored. Thus, it is noted that iodine atoms significantly increase ®, (up to 7.9 times)
for compounds 1.12-1.14 compared to non-halogenated analog (IR783) and ICG. But
in our opinion these ®, are confusing and overweighted, because it is not clear what is
the real value of ®, being used for standard (ICG) upon calculation [30,31]. Thus, it is
stated that for compound 1.12 ®, equals 66% in PBS, which is 7.9 times higher than
ICG [30]. However, other sources state that ®, equals only 0.2% in PBS [35] and 0.8%
in methanol [36] for ICG, which clearly contradicts the above-mentioned data.
Thus, the existing spectral-luminescent data concerning halogen influence on
polymethine dyes are insufficient and vague. Therefore, a systematic study of the
influence of halogen atoms present in th e terminal heterocyclic moieties of

heptamethine dyes on their spectral properties is necessary.
1.3 Halogenated polymethines for biomedical applications
1.3.1 Halogenated polymethines for medical diagnostics and bioimaging

Bioimaging has become an indispensable tool in modern biology and medicine,
allowing researchers to visualize and study biological structures and processes at
various scales, from the molecular to the whole organism. Among the various imaging
modalities available, fluorescence-based imaging stands out for its non-invasive nature

and high sensitivity. Due to their versatility, low toxicity, and high extinction
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coefficients, NIR polymethines have found applications in a wide range of bioassays
and bioimaging techniques, including fluorescence microscopy [26,37-39], flow
cytometry [37], fluorescence resonance energy transfer (FRET) assays [25], and
molecular imaging [25-27,37-40]. They are also used in tracking and monitoring
cellular processes, such as receptor-ligand interactions, gene expression, and protein
localization [41,42]. Many NIR polymethines, such as approved by Food and Drug
Administration (FDA) ICG and Pafolacianine, are biocompatible and have low

cytotoxicity, making them suitable for use in in vivo live-cell imaging studies and

surgery (Fig. 1.6) [43—46].

Pafolacianine

Fig. 1.6. Reported FDA-approved polymethine dyes (ICG and Pafolacianine).

Polymethine dyes can also be conjugated to various biomolecules (e.g.,
antibodies, peptides, or nucleic acids) insignificantly compromising the biological
activity of the target molecule [42,47].

Halogenated polymethines offer the same benefits as their non-halogenated
counterparts and exhibit potential for bioimaging applications, although they remain
relatively underexplored. In particular, chlorine-containing NIR dyes of IR series are

widely used in tumor imaging (Fig. 1.7) [36,40,37].
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Fig. 1.7. Structures of IR780, IR783, IR808, and IR820 dyes.

Brominated cyanine dye AlexaFluor680 (Fig. 1.8) is suggested to use for tissue
distribution studies and protein pharmacokinetics [48], however, authors recommended

using it with low dye-to-protein ratios (~0.3).
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Fig. 1.8. AlexaFluor680 structure.

However, the main focus of current research on bromine- and iodine-containing
NIR polymethines is on the use of such dyes as theranostic agents facilitating both
in vivo imaging and photodynamic therapy [30,31,49]. This aspect will be discussed
further in the next chapters 1.3.2 and 1.3.3.

1.3.2 Halogenated polymethines as photosensitizers for photodynamic therapy and

bacterial treatment

The new treatment modality employing the heavy atom effect relates to so-called
photodynamic therapy (PDT). This method is useful to treat cancer [50—54], bacterial
infections (antimicrobial PDT termed APDT [55,56]), and viral diseases [56] among
some others [57—59]. This approach is of great importance due to its non-invasiveness
and minimal side effects on normal tissues. PDT consists in the administering of a

photosensitizer to a required region of the body, followed by its light
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irradiation [60—63] to generate reactive species that kill cells in the vicinity, in

particular, cancer cells and bacteria (Fig. 1.9).
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Fig. 1.9. Mechanisms of apoptosis or necrosis induction in cancer cells by
employing photosensitizers (photodynamic therapy, PDT) or their conjugates with

immune agents, such as antibodies (photoimmunotherapy, PIT) [64].

Photosensitizers are, in general, organic dyes [65,66] or nanoparticles [61,62].
As a result of the light exposure, sensitizing molecules pass to the first excited singlet
state and then due to intersystem crossing turn into the long-lived triplet state, which is
responsible for the photochemical reactions yielding cytotoxic species such as singlet
oxygen ('0,), superoxide anion (O*"), hydroxyl radical (‘OH), hydrogen peroxide
(H,0,), and organic radicals among others [67]. Thus, the efficient population of the
triplet state plays an important role in their cytotoxicity. The probability of intersystem
crossing can be increased by the introduction of heavy atoms in the sensitizer molecule,
which facilitates the generation of reactive oxygen species (ROSs) and other cytotoxic

products (Fig. 1.10).
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Fig. 1.10. Type I and type Il PDT mechanisms [68].

Most of the PDT photosensitizers approved by the FDA are porphyrin-based dyes
that predominantly absorb light in the short wavelength range but insufficiently absorb
light in the biologically transparent and, thus, therapeutically important red and
near-infrared (NIR) spectral region [69,70]. The extinction coefficients (&) of these PSs
in the red region are, however, relatively low, (e.g. 3,500 M 'em™ for Photofrin [71],
30,000 M 'em™! for Foscan, 42,000 M 'cm ™' for Lutrin [72], and 55,000 M 'em™ for
Chlorin €6 [73], which is a serious limitation for their clinical applications, in particular,
in deeper tumor and metastases treatment [72,74].

In recent years, special attention was paid, therefore, to non-porphyrin-based PSs
such as phthalocyanines [75—77] and cyanines [78—80]. Compared to porphyrins,
heptamethine cyanine dyes such as Cy7 exhibit much stronger absorption in the
longer-wavelength (NIR) region with extinction coefficients in the same order as
phthalocyanines, i.e. about 200,000—250,000 M 'em . Due to the bright fluorescence,
low cytotoxicity, and minor phototoxicity, these dyes are widely used as reporters in
numerous biomedical applications including in vivo imaging [40—39,50]. Although the
phototoxicity of cyanines is relatively low, their ability for effective NIR light
absorption makes them promising structures for the development of highly efficient
PSs. A well-known example of heptamethine is ICG (g =230,000 M 'cm ') [81],
which has been FDA-approved for both in vivo diagnostics and treatment of several

types of cancer [43—45].
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To date, there is a growing interest in halogenated cyanines as favorable
photosensitizers [30—32,82]. The incorporation of heavy atoms, such as iodine and
bromine, is known to lead to an increase in the probability of intersystem crossing (ISC)
from the singlet to the triplet state due to enhanced spin-orbit coupling (Fig. 3) resulting
in the elevated rates of cytotoxic species generation [83], in particular, singlet oxygen
('0,). The singlet oxygen quantum yield (®,) serves as a preliminary indicator for an
increase in dye phototoxicity. A series of publications have demonstrated that ®, of the
iodinated heptamethines is several times higher compared to their non-halogenated
counterparts, Cy7 and ICG, making these dyes promising PSs [30—32]. For instance,
the introduction of iodine atoms causes a noticeable increase in the ability of cyanine

dyes for photo-killing gram-positive and gram-negative pathogenic bacteria [84,85].
1.3.3 Halogenated polymethines for targeted drug delivery and theranostics

In principle, halogenated polymethine photosensitizers can act simultaneously as
the cytotoxic drug and as the fluorescent reporter for cancer diagnostics and treatment.
However, current PSs suffer not only from insufficient efficacy, in particular, upon
photoexcitation within the NIR spectral range (as we discussed above), but also from
lack of specificity to targeted abnormal cells and side effects. Similar to the
conventional drugs, this issue can be solved by the conjugation of PSs with
target-specific carriers for targeted drug delivery, which improves the safety of
treatment [86—88].

Carriers are molecules, groups, or species facilitating effective transportation of
drugs to the targeted site [89]. Ideally, carriers should be highly specific to the target,
nontoxic, stable during circulation in the bloodstream to mitigate drug side effects until
a carrier reaches the target, and biodegradable, i.e. decompose in the organism avoiding
accumulation that may lead to cytotoxicity [89]. Also, carriers should not trigger
immune response in the bloodstream [90].

Up to now, a number of different kinds of carriers have been developed to target
these abnormal cells. As the cancer-specific carriers, antibodies [91], peptides [92],

liposomes [93], dendrimers [94], hydrogels [95], nanoparticles (NPs such as quantum
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dots [96], magnetic NP [97], inorganic NP [98]), and polymers [99] are used.
Antibodies have certain advantages over other carriers due to their high affinity and
specificity to many antigens of interest [91,100]. Antibodies are not recognizable as a
threat by the immune system (e.g. humanized antibodies [101]), and have long
circulatory half-life in the bloodstream [91]. In addition, antibodies are fully
biodegradable [102]. Importantly, antibodies act not only as carriers but also as
immunotherapeutic agents, which is due to their ability to block receptor-ligand
interactions, involve proteins and cells of the innate immune system and, in doing so,
mediate complement-dependent cytotoxicity, antibody-dependent cellular cytotoxicity,
and antibody-dependent cellular phagocytosis [91]. Thus, antibodies work
simultaneously as immunotherapeutic agents to stimulate the immune system to attack
tumors [103—105] and as the carriers for targeted photosensitizer delivery to specific
cancer cells [106—108].

Arming PSs with tumor-specific antibodies to yield PS—Ab conjugates ensures
selective delivery of the PSs to cancer cells, which increases treatment efficacy and
reduces side effects on normal organs [109,110].

Importantly, the conjugation of PSs with immunotherapeutic agents such as
antibodies expands PSs applications to photoimmunotherapy (PIT). PIT
synergistically combines two different modalities: photodynamic therapy (PDT) [109]
with immunotherapy, based on the modulation of the immune system with certain
compounds (e.g. antibodies [111], antibody-drug conjugates [112], cytokines [113], and
cells [114,115]).

Some requirements for the targeting PSs used for PIT differ from those for the
conventional, non-targeting, dyes. First, the targeting photosensitizers must be equipped
with reactive groups enabling their conjugation with a carrier. Notably, mono-reactive
dyes containing one reactive group are preferable to the bis- and poly-reactive dyes
because they prevent cross-linking, where two or more molecules are connected with
each other through the dye bridge. Second, the targeting PSs should be hydrophilic to
reduce their aggregation on a carrier [116], while the conventional sensitizers are

relatively lipophilic, which improves their uptake by malignant cells [72]. The reason is
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that, in general, the dye aggregation in solutions or when bound to a carrier decreases
the extinction coefficients, fluorescence quantum yields, and the yields of the cytotoxic
species generation [11,117—-119]. A known method for avoiding this issue consists in
the introduction of hydrophilic moieties such as negatively charged sulfonic [116,119]
or positively charged trialkylammonium groups [120].

The above requirements imply the synthesis of asymmetric dyes, which is
possible but difficult to realize with porphyrins or phthalocyanines. This is likely the
reason why IRdye700DX, the sole commercially accessible phthalocyanine derivative,
has been extensively studied as the photosensitizer for photoimmunotherapy thus far.
[121—125]. Despite the synthesis of appropriately functionalized cyanines is a more
straightforward process, which is an additional advantage of these dyes, they have not
been investigated for PIT applications yet.

Importantly, as organic dyes, photosensitizers can provide fluorescent signal for
visualization and monitoring of their distribution in the body, accumulation in the
targeted tissue, and thus for diagnostics.

To conclude the most challenging task for theranostics applications including PIT
is to develop suitable photosensitizers simultaneously having a reactive group for
binding to a target-specific carrier such as an antibody, high cytotoxicity upon light
exposure, sufficient hydrophilicity to avoid aggregation, and reasonable brightness for

bioimaging.
1.4 Summary to chapter 1

Polymethine dyes exhibiting high extinction coefficients, fluorescence quantum
yields, and brightnesses within the NIR region are widely used as reporters in many
biomedical assays, imaging applications, and as theranostics agents. The development
of a novel class of fluorophores, halogenated polymethine dyes, potentially allows us to
expand the variety of available fluorophores capable of either visualization and/or
therapeutic effect. For that purpose, it is important to understand the impact of halogen
atoms on the spectral-luminescent properties. However, the existing

spectral-luminescent data on the effect of halogen atoms on polymethine dyes are scant
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and vague. Therefore, a systematic study of the influence of halogen atoms on the
spectral properties of polymethine dyes is crucial for the fine-tuning of such dyes.

Due to intensive absorption in the NIR, these dyes are considered promising
photosensitizers (PSs) for PDT and APDT. However, the low phototoxicity of cyanines
is a major limitation for their photodynamic therapy utility. One of the ways to enhance
the phototoxicity of polymethines is the incorporation of heavy atoms. Besides,
increased phototoxicity of the dyes is only one of the requirements for more
sophisticated applications, such as targeted drug delivery and theranostics. Thus, the
most challenging task for photoimmunotherapy is to develop suitable PSs
simultaneously bearing a reactive group for binding to a target-specific carrier such as
an antibody and having high cytotoxicity upon light irradiation, sufficient
hydrophilicity to avoid aggregation and reasonable brightness for bioimaging. Although
the halogenated cyanines may expand the scope of current PSs, there is an explicit lack
of research in this field. Thereby, there is a need for the development of new effective
photosensitizers and antibody—PS conjugates for APDT, PIT, and theranostics

applications.
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CHAPTER 2
SYNTHESIS OF HALOGENATED HEPTAMETHINE CYANINE DYES AND
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This chapter focuses on the development of an efficient synthetic pathway

towards the synthesis of heptamethine cyanine dyes containing halogen atoms in

terminal heterocyclic moieties, including the synthesis and structure confirmation of all

the intermediates.

2.1 Synthesis of starting materials for heptamethine cyanine dyes

Halogenated phenylhydrazines 2.3b-f were formed by a one-pot diazotization

reaction of corresponding anilines 2.1b-f with NaNO, in sulfuric acid (nitrosylsulfuric

acid) or in 20% aqueous HCI followed by the reduction of obtained diazonium salts

2.2b-f with tin(II) chloride in HCl (Scheme 2.1). Phenylhydrazinium salts (2.3b-f)

precipitated out of the reaction mixture during the reaction. Precipitate was filtered off,

washed with 1 M aqueous solution of HCI and water, dried, and then used without

additional purification.

H,SO,4 or HCI (aq.)

R2 NH, NaNO, (1-1.3 equiv.)
Y -

R3
2.1a-f

a:R'=Br; R, R®*=H
b:R"=1,R? R3=H
c:R'"=H,R? R*=Br
d:R% R®=|,R"=H
e:R' R2 R3=Br
f:R", RE R =
g:R" R®=H,R?=Br
h:R'" R?=H,R3=Br
i:R%2R®=CI,R"=H
'R R3, R®=H

Scheme 2.1. Synthetic route toward indolenines quaternized with iodomethane.

2.5a (42%)
2.5b (69%)
2.5¢ (69%)
2.5d (63%)
2.5¢ (60%)
2.5f (48%)
2.5g (51%)
2.5h (42%)
2.5i (75%)
2.5j (74%)

2.5a-j

SnC|g 2H20
(3.2 equiv.) in
HCI

-

R2 NH

;
1)10 min, -10°c R

2) 1h, 0°C
3) 16h, 5-10 °C

R3
2.3a-i

2.3b (90%)
2.3¢ (97%)
2.3d (87%)
2.3e (67%)
2.3 (95%)

=

1.5 equiv.

CH3COOH
5h, 118 °C

2.4a-j

2.4a (85%)
2.4b (57%)
2.4c (57%)
2.4d (43%)
2.4e (59%)
2.4 (97%)
2.49 (18%)
2.4h (65%)
2.4i (69%)

It is worth mentioning that diazotization of 4-iodoaniline (2.1b) was carried out

in aqueous HCI resulting in a high synthetic yield (90%). However, the attempt to
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perform diazotization of less reactive 3,4,5-tribromoaniline (2.1e) in the same
conditions resulted in a reduced yield (67%). Therefore, we employed stronger
conditions, carrying out the diazotization reaction in anhydrous sulfuric acid instead of
aqueous HCI for other halogenated anilines (2.1c, 2.1d, 2.1f), to obtain corresponding
halogenated phenylhydrazines in good vyields (87-97%). The structures of
phenylhydrazines 2.3b-f were confirmed by 'H-NMR and ESI-MS analysis. Other
halogenated phenylhydrazines (2.3a, 2.3g, and 2.3i) were commercially available and
purchased from 7CI chemicals.

Heterocyclization  of  halogenated  phenylhydrazines  2.3a-i  with
3-methyl-2-butanone was performed in acetic acid under reflux for 5 hours. To purify
the product, acetic acid was evaporated, and the residue was treated with 5% aqueous
Na,COs; to get pH around 9 and then product was extracted with benzene. The organic
layer was collected, evaporated, and dried to yield halogenated indolenines 2.4a-i in
moderate to high synthetic yields (43—97%). It should be noted that indoles 2.4g and
2.4h were obtained as the mixture upon heterocyclization of 3-bromophenylhydrazine
2.3g. To isolate both products from the mixture, we performed preparative column
chromatography on Silica gel 60 followed by chromatography on RP-18 resin.
Silica gel 60 column (CHCl;—MeOH or ethyl acetate—hexane) and RP-18 column with
commonly used solvents (ACN or MeOH—H,O + 0.1% acetic acid) did not allow us to
separate these products. Therefore, we selected the appropriate solvent mixture for
RP-18 column (ACN-water (+0.05% acetic acid)—ethyl acetate from 45:50:10 to
65:25:20, v./v./v.) for the isolation of both 2.4g and 2.4h products in 18% and 65%
synthetic yields, respectively.

Structures of indoles 2.4a-i were confirmed by 'H-NMR analysis, where two new
singlet signals from methyl groups at 2.25-2.18 ppm and 1.39—1.22 ppm appeared.
Also, changes in aromatic protons positions were substantial due to cyclization. For
instance, 5-i0do-2,3,3-trimethyl-3H-indole 2.4b had the singlet signals at 7.80 and
doublets at 7.60 and 7.23 ppm of aromatic protons (Fig. 2.1) compared to doublet
signals at 7.58 and 6.81 ppm for 4-iodophenylhydrazine (2.3b).
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Fig. 2.1. '"H-NMR of 5-Iodo-2,3,3-trimethyl-3H-indole (2.4b) in DMSO-d.

Indoles 2.4g and 2.4h also can be clearly characterized by 'H-NMR.
4-Bromo-2,3,3-trimethyl-3 H-indole 2.4g has 2 doublets at 7.46, 7.36 ppm and triplet at
7.25 ppm, while 6-bromo-2,3,3-trimethyl-3H-indole 2.4h has 2 doublets at 7.41, 7.38
ppm and singlet at 7.61. 2,3,3-Trimethyl-3H-indole 2.4j was commercially available
and purchased from 7CI chemicals.

N-alkylation of the indoles 2.4a-j was carried out over 48 h at room temperature
(r.t.) with the excess of iodomethane (Mel), which was used as the reagent and the
solvent. The reaction mixture, which solidified during this time, was triturated with
diethyl ether and dried to provide quaternizated salts 2.5a-i in moderate yields
(42-75%). Structures of indolenines 2.5a-j were confirmed by 'H-NMR spectrum,
where a new singlet signal, corresponding to the NCH; group appeared at 3.95-3.91
ppm, as it is shown for 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium 1odide 2.5b
(Fig. 2.2) [126].
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Fig. 2.2. '"H-NMR of 5-i0do-1,2,3,3-tetramethyl-3 H-indol-1-ium iodide 2.5b in
DMSO-dj.

In order to receive indolenines containing carboxylic acid group, N-alkylation of
the indolenines 2.4b, 2.4f, and 2.4j was carried out with the excess of 6-bromohexanoic

acid (Scheme 2.2) in the absence of solvent.

Br
R2 (H2C)s R2

; COOH R ; ) s
R 152 equiv. 2.4b, 2.6b: R' =1, R2, R® = H
/ e i ®y o 2.4f,2.6f: R2 R®=|,R'=H
R3 N melting at 90-120°C,  R® N Br 2.4j, 2.6j: R", R2, R®= H
(H2C)s

i 15h - 3d .
2.4b, 2.4f, 2.4j 26b (48%) GOOH

2.6 (29%)
2.6j (60%)

Scheme 2.2. Synthesis of the indolenines quaternized with 6-bromohexanoic acid.

We found out that melting of indolenines with 6-bromohexanoic acid provided
the best synthetic yields among other tested reaction conditions, such as heating in

solvents (acetonitrile or benzene). Nonetheless, time and temperature were dependent



45
on the compound. Thus, non-halogenated compound 2.6j was obtained in moderate
yield (60%) at 120 °C over 15 h. However, melting of iodinated indoles 2.4b or 2.4f
with 6-bromohexanoic acid at that temperature (120 °C) resulted in partial elimination
of iodine atom. To avoid this issue, we decreased the reaction temperature to 90 °C and
increased time to 2—3 days to obtain 2.6b or 2.6f in 48% and 29% yields, respectively.
Viscous products were washed 3 times with benzene, then with acetone, and dried to
receive powder of 2.6b, 2.6f, 2.6j and used them as is for further synthesis.

Similarly to previous alkylated indolenines, 2.6b, 2.6f, and 2.6j were confirmed
by 'H-NMR spectrum, where a new triplet at 4.45-4.41 ppm, corresponding to the
NCH, group appeared, as well as other peaks corresponding to methylene protons
(CH,-COOH) at 2.23-2.20 ppm.

In order to receive indolenines containing triethylammonium moiety,
N-alkylation of the indole 2.4b was carried out with the 3-bromo-N,N,N-triethylpropan-
l-aminium bromide in acetonitrile at reflux over 2 days to give desired product 2.7

(Scheme 2.3).

Br/\/\N®
|
11
oy e, U5
N

ACN, reflux, 2 d {
2.4b 2.7 (29%)
@

N

Scheme 2.3. Synthesis of the 5-i0do-2,3,3-trimethyl-1-(3-(triethylammonio)propyl)-
3H-indol-1-1um dibromide 2.7.

Compound 2.7 was obtained in 29% yield by precipitation from the reaction
mixture with benzene, washing with diethyl ether, and drying. 'H-NMR spectrum of
compound 2.7 showed multiplet signal at 3.25 ppm and triplet at 1.18 ppm
corresponding to triethylammonium group.

In order to receive indolenines containing sulfo group, which imparts high
water-solubility to an organic compound, N-alkylation of the indole 2.4d was carried

out with the 1,3-propane sultone in toluene at reflux over 15 h (Scheme 2.4).
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2.8 (41%) SO,

Scheme 2.4. Synthesis of the 3-(4,6-diiodo-2,3,3-trimethyl-3H-indol-1-ium-1-
yl)propane-1-sulfonate 2.8.

The resulting viscous precipitate was filtered, dissolved in methanol, and
precipitated with diethyl ether. Reprecipitation step was repeated several times till the
product became powder. Then, the product was dried to obtain 3-(4,6-diiodo-2,3,3-
trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate (2.8) in 41% yield. The structure
was confirmed by 'H-NMR (Fig. 2.3) indicating characteristic signals: triplet at 4.59
ppm of NCHj, and triplet at 2.62 ppm of CH,SO5 .
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Fig. 2.3. "H-NMR of compound 2.8 in DMSO-ds.
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Additionally, we confirmed the structure of 2.8 by "C-NMR, which was done in
TFA-d due to insufficient compound solubility in other solvents. As expected, carbons
conjugated with 1odine atoms demonstrated chemical shifts at 95.44 ppm and 91.70
ppm, while other aromatic carbons were in the range of 201.46—126.56 ppm.
The molecular structures of 4,6-dibromo-2,3,3-trimethyl-3H-indole (2.4¢) and
4,6-dibromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5¢) were also confirmed by
X-ray diffraction analysis (Fig. 2.4) [127].

2.4c 2.5¢
Fig. 2.4. Molecular structure of compounds 2.4¢ and 2.5¢ by X-Ray diffraction

analysis [127].

Light-brown crystals of 2.4¢c were obtained after recrystallization from
acetonitrile, while beige crystals of 2.5¢ were obtained as the result of the synthesis of
2.4¢ with the excess of iodomethane in benzene solution. In the crystal, 4,6-dibromo-
2,3,3-trimethyl-3H-indole (2.4¢) exists as one neutral molecule in the asymmetric unit
(Fig. 2.8). The quaternized molecule 2.5¢ exists as a salt with an iodine anion in the
crystal phase (Fig. 2.8). All atoms of the quaternized cation 2.5¢, with exception of the
C9 atom and the hydrogen atoms of the C10—H3 and C11—H3 methyl groups are
located in a special position relative to the symmetry plane. In compound 2.5c, the
positive charge is localized on the nitrogen atom, which is caused by its quaternization.
The N1—C11 bond is shortened to 1.460 (10) A in comparison with the mean value of
1.485 A for an N—Csp’ bond [128].
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For the synthesis of halogenated non-symmetrical hydrophilic and reactive
cyanine dye, it was necessary to obtain corresponding non-halogenated indolenine
containing sulfonic acid and carboxy group. We started from commercially available
4-hydrazinobenzenesulfonic acid (2.3k), which was reacted with 7-methyl-8-
oxononanoic acid in acetic acid at reflux for 3 h to yield 6-(2,3-dimethyl-5-sulfo-3H-
indol-3-yl)hexanoic acid in a good yield (2.4k). After evaporation of acetic acid, the
product was triturated with diethyl ether and filtered off. Obtained 2.4k was dissolved
in methanol and alkalized with a methanolic solution of potassium hydroxide to get
potassium salt of 2.4k, which further quaternized with 1,3-propane sultone in sulfolane

at reflux for 5 h (Scheme 2.5).

COOH
' - HosT N COOH
SOH  (H,C)s O COOH P i
/_‘/< HO-S (CHy)s 1) KOH (2 equiv.), O=¢ HO,S (CHy)s
] 3 MeOH, rt. iy
2 equiv. o ) — y» [HOsS (CHa)s | g @/
N 2 (\l 1 MHCl, N
HN 3?60';' ) s-O @7 3 h, reflux, (Hzé)3
NH2 - Teflux 1 ; N then NaOH \
2.3k 2.4k O o 2equiv. ' $0,0
. sulfolane, (H2C)s 2.9 (37%)
5h, 130 °C L SO;

Scheme 2.5. Synthetic pathway of 3-(3-(5-carboxypentyl)-2,3-dimethyl-5-sulfo-3H-
indol-1-ium-1-yl)propane-1-sulfonate (2.9).

We observed that during this reaction not only N-alkylation but also esterification
of the carboxylic group during the reaction was occurred. Therefore, we performed
acidic hydrolysis in 1 M aqueous HCI at reflux for 3 h to hydrolyze ester moiety. Then,
the reaction mixture was neutralized with NaOH and purified on RP-18 column using
water as eluent to obtain 3-(3-(5-carboxypentyl)-2,3-dimethyl-5-sulfo-3H-indol-1-ium-
1-yl)propane-1-sulfonate (2.9) in 37% synthetic yield. The structure of compound 2.9
was confirmed by 'H-NMR (Fig. 2.5) and "C-NMR, as described in chapter 5.
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Fig. 2.5. '"H-NMR of compound 2.9 in DMSO-dj.

2.2 Synthesis of halogenated heptamethine cyanine dyes

We synthesized symmetrical cyanine dyes of xHal,-HITC series with various

quantities of iodine, bromine, and chlorine atoms by the route outlined in Scheme 2.6.

©
el g
@®_
NWN
H H
>

1) Ac,0, 90-100 °C, 10 min
2) Ac,0, Py, 90-100 °C, 5 min

R3 \ xHal, -HITC

2.5a, 5Br,-HITC: R'=Br; R? R®=H (58%)
2.5b, 51,-HITC: R'=1,R? R3=H (50%)
2.5c, 4,6Br,-HITC: R' = H, R?, R® = Br (48%)
2.5d, 4,61,-HITC: R2 R3®=1, R'=H (55%)
2.5e, Brg-HITC: R' R2 R®=Br (82%)
2.5f, Ig-HITC: R', R2 R3®=1(32%)
2.5g, 4Br,-HITC: R' R®=H, R? = Br (33%)
2.5h, 6Br,-HITC: R’ R?=H, R® = Br (64%)
2.5i, 4,6Cl4-HITC: R? R3=Cl, R" = H (48%)

Scheme 2.6. Synthesis of halogenated symmetrical heptamethine cyanine dyes.

The indolinium salts 2.5a-j were heated at 90—100 °C with glutaconaldehyde

dianilide hydrochloride in acetic anhydride during 10 min. Then, the reaction mixture

was cooled to 50 °C, following by the addition of pyridine (3 mL) and heating at
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90-100 °C during 5 min, resulting in the formation of the product. The reaction mixture
was precipitated with ether, filtered off, and washed with ether. The crude product was
dissolved in chloroform and column-purified on Silica gel 60 using 1-20% methanol-
chloroform as eluent. Fractions from the column were monitored by LCMS. The
fraction containing the dye was collected, evaporated, washed with ether, and
vacuum-dried to yield target xHal,-HITC cyanine dyes in moderate yields (32—82%).

To this end, we synthesized a series of novel halogenated heptamethine cyanine
dyes xHal,-HITC containing bromine (4Br,-HITC, 5Br,-HITC, 6Br,-HITC,
4,6Br,-HITC, Brs-HITC), iodine (SI,-HITC, 4,61,-HITC, I,-HITC) or chlorine
atoms (4,6Cl,-HITC) at both terminal indolenine moieties. All these dyes possess a
methyl group attached to the nitrogen of both indolenine moieties.

For the synthesis of unsymmetrical iodinated cyanines, we applied a one-pot
sequential reaction of N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride
with the first and then the second quaternized indolenine (Scheme 2.7) [129].

R2
R1

R2

RN1
@%WN /© 2.5b, 2.5f, 2.5j, 2.7 NN N
H CI@ H Ac,0, 90 °C, 15 min \©

25b:R'=;RZ2=H; RN = Me, X = |
25f R R?2=1; RN = Me, X =1

25j:R" RZ=H; RV = Me, X = | R3 Bro
27:R'=|;RZ2=H; ®)
RN" = (CH2)sN"Ets, X = 2Br R N 26b: R®=;R* = H

Ac,0/Py, S

90 °C. 5 min (CH2)5 26f:R3 R =1
Cy7: R' R% R% R*=H; RV = Me (52%) ’ COOH 2.6j:R% R*=H
1ICy7: R'=1; R?, R3, R*=H; RN = Me (45%) 2.6b, 2.6f, 2.6j

2ICy7: R', R®=1; R? R*=H; RN = Me (38%)

3ICy7: R',R?=1; R% R*=H; RN = Me (37%)

4Icy7: R', R% R®=1; R*=H; RN = Me (50%)

6ICy7: R', R% R3 R*=1; RV = Me (27%) (H,C)s

2ICy7+: R', R3=|; R?, R4 H: (15%) R2 coo R*
RN' = (CH,)3N*Et; CF3CO0" Cy7, 1ICy7-6ICy7

Scheme 2.7. Synthesis of heptamethine cyanine dyes.

In the first step, the starting aniline was condensed in acetic anhydride with the
first indolenine molecule 2.5b, 2.5f, 2.5j or 2.7 at 90 °C over 15 min to form a

corresponding N-phenylacetamide derivative, which was further reacted with the
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second molecule, N-carboxypentyl indolenine 2.6b, 2.6f or 2.6j in the presence of
pyridine at 90 °C over 5 min, resulting in the formation of the product. Similarly to
symmetrical dyes, reaction mixtures were precipitated and washed with ether, then the
crude products were column-purified on Silica gel 60 using 1-10% methanol-
chloroform to give the dyes Cy7 and 11Cy7—6ICy7 in moderate yields (27-52%). We
found that positively charged 2ICy7+ dye cannot be efficiently purified on Silica gel 60
column, thereby it was purified on RP-18 column using acetonitrile—water + 0.05%
TFA as eluent to give 2ICy7+ in 15% yield. We assume that the counterion for this dye
changed from bromine to trifluoroacetate.

Thus, we synthesized a series of indolenine-based heptamethine cyanine dyes of
the asymmetric structure containing no iodine (Cy7) as well as one (1ICy7), two
(2ICy7), three (3ICy7), four (4ICy7) and six (6ICy7) iodine atoms. These dyes possess
a carboxypentyl group attached to the nitrogen of one indolenine moiety and the methyl
group at the second indolenine nitrogen. When the carboxylic group is deprotonated,
these dyes exist in zwitterionic form. Furthermore, one of the dyes (2ICy7+) bears an
additional positive charge provided by the quaternized propyl triethylammonium group
substituting N-methyl.

Similarly to hydrophobic nonsymmetrical dyes, the hydrophilic i1odinated
2ICy7S dye was synthesized by a one-pot sequential reaction of N-[5-(phenylamino)-
2,4-pentadienylidene]aniline hydrochloride with the first and then the second

quaternized indolenine (Scheme 2.8).

COOH

|
HO5S (CH2)s
& GOOH
|

(CHz)s

(H2C)s
Qg o 500 s
NW\ '
© H Ac,0, AcOH, 120 °C, 45 min H
cl (g 02)3 Ac,0, AcOH
3 COOH Pyridine ©Y
| N

(CH ) 100 °C, )
2 10 min (H2C)s
o g SO5
2ICy7S (26%) N SO -
(CH2)3 (Hzc)s

SO,H SO4H

Scheme 2.8. Synthesis of the 2ICy7S dye.
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However, worse reactivity of N-[5-(phenylamino)-2,4-pentadienylidene]aniline
with hydrophilic indolenine 2.8 compared to hydrophobic indolenines (2.5b, 2.5f, 2.5j
or 2.7) required more harsh reaction conditions. Moreover, we observed the formation
of a substantial amount of undesired symmetrical dye in acetic anhydride as the solvent
even without pyridine addition. Thus, in the first step the condensation of
N-[5-(phenylamino)-2,4-pentadienylidene]aniline with the carboxypentyl indolenine 2.9
was performed in the mixture of acetic anhydride and acetic acid (1:1) at 120 °C over
45 min to form the intermediate N-phenylacetamide derivative. The mixture of acetic
anhydride and acetic acid (1:1) allowed us to significantly slow down the formation of
symmetrical dye. Then, the N-phenylacetamide derivative reacted with iodinated
indolenine 2.8 in the presence of pyridine at 100 °C for 10 min. Then reaction mixture
was precipitated with ether, filtered off, washed with ether, dissolved in water, and
column-purified on RP-18 using 0—30% acetonitrile—water+0.05% acetic acid as eluent
to yield 2ICy7S in moderate yield (26% after column purification).

Thereby, we synthesized a highly hydrophilic unsymmetrical indolenine-based
heptamethine cyanine dye 2ICy7S comprising 1) two iodine atoms in terminal
indolenine moiety; 2) two sulfo groups attached to the nitrogen of both indolenine
moieties and one sulfo group in terminal indolenine moiety; 3) carboxypentyl group
attached to position 3 of indolenine moiety, which was further used for activation with
N-hydroxysuccinimide and subsequent bioconjugation.

Molecular structure and purity for all the cyanines were confirmed by 'H-NMR,
BC-NMR, LCMS, and HRMS, and detailly presented in chapter 5, and it was done in a
similar way for all the cyanines. For instance, 'H-NMR chemical shifts for cyanine 5I,-
HITC (Fig. 2.6) at 7.96, 7.73, 7.19 ppm related to aromatic ring protons and at 7.86,
7.76, 6.54, 6.30 ppm to polymethine chain protons. To discern these protons, we paid
attention to spin-spin coupling, where aromatic protons had typically 7.4—8.5 Hz and

polymethine chain protons had typically 12.1-13.8 Hz.
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Chemical shifts of aliphatic protons were found in typical regions. Thus, singlets
of NCH; and C3(CHj;), protons for SI,-HITC were present at 3.54 ppm and 1.62 ppm,
respectively (Fig. 2.6). For Cy7, 1ICy7-6ICy7, and 2ICy7+ dyes, NCH, triplet was

observed at 4.08-3.86 ppm, and other peaks corresponding to the pentacarboxylic acid

moiety, such as CH,-COOH at 2.30-2.22 ppm or methylene groups -CH,- at
1.80-1.40 ppm (e.g., 2ICy7, Fig. 2.7) were detected in 'H-NMR spectra.
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Fig. 2.7. '"H-NMR spectrum of 2ICy7 in CDCl;—CD;0D.

'H-NMR spectrum of 2ICy7S shown in Fig. 2.8 does not contradict the proposed
structure. The characteristic signal of C3(CHs), is revealed at 1.71 ppm, while C3(CH,)
of the other indolenine appears at 1.64 ppm.

The spectral purity of all synthesized dyes was determined by LCMS analysis,
where only one peak on the chromatogram at 254 nm was detected. The mass spectrum
of this peak corresponded to the theoretically calculated mass-to-charge (m/z) value of
the dye. As an example, LCMS for SI,-HITC dye (Fig.2.9) showed one peak at
7.757 min and m/z of the compound in this peak was 661.1, which 1s in good agreement

with the theoretical value (661.1).
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To more precisely estimate the exact mass of the dyes we performed HRMS

analysis, which allowed us to register the m/z value with the high accuracy (till four

decimals), and thereby, to predict the chemical formula of the compound. For instance,

the HRMS analysis for 2ICy7S showed m/z = 1057.0464 (Fig. 2.10), which is in good
agreement with the theoretical value (1057.0426).

1: TOF MS ES+
100+ 271e5
COOH

|
(CH2)s
10570464 I /\/\/ \
N N® SOzH
(HC)3

|
(CH2)s ‘
| SOzH 2ICy7S SO3H

M+H
7 /

1058.0492

1059.0471

- /
1

L L/

m/z: 1057.0426

M+Na

080.0321
I 1102.0143
L )

0 U U T 1 T U T U T U T
1000 1050 1100 1150 1200 1250

Fig. 2.10. HRMS spectrum of 2ICy7S.

All intermediates and heptamethine cyanine dyes synthetical procedures and their
full characterization by 'H-NMR, “C-NMR, MS, LCMS, HRMS, and UV-VIS
spectroscopy are thoroughly described in chapter 5.

2.3 Conclusions to chapter 2

The initial quaternized 2,3,3-trimethylindoleninium salts for halogenated
heptamethine cyanine dyes synthesis can be obtained by multistep reaction starting
from the diazotization of corresponding halogenated anilines followed by reduction
with tin(IT) chloride, and then heterocyclization with 3-methyl-2-butanone in acetic
acid, with further N-alkylation by iodomethane, 6-bromohexanoic acid or
3-bromo-N,N,N-triethylpropan-1-aminium bromide. Better yields in the reaction of
diazotization can be achieved by the use of nitrosylsulfuric acid and precise temperature

control.
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An efficient synthetic pathway towards the synthesis of symmetrical and
unsymmetrical heptamethine cyanine dyes containing a number of different halogen
atoms 1in terminal heterocyclic moieties 1s as follows: respective quaternized
indoleninium salts, containing halogen substituents, are introduced into one-pot
sequential reaction with N-[5-(phenylamino)-2,4-pentadienylidene]aniline
hydrochloride with the first and then with the second quaternized indolenine. In the first
step, the formation of an intermediate phenylacetamide derivative is carried out in
acetic anhydride, while in the second step, the formation of heptamethine cyanine dye is
initiated by the addition of pyridine. In the case of symmetrical heptamethinecyanines,
the first and the second quaternized indolenine is the same compound. The synthesis of
the phenylacetamide derivative in acetic anhydride is accompanied by undesired at this
step symmetrical dye byproduct formation. The formation of heptamethine cyanine dye
speeds up with the addition of pyridine and slows down with acetic acid addition to
acetic anhydride
However, in the case of the synthesis of unsymmetrical cyanines, this side
reaction is undesired since it reduces the yield of the target product. Therefore, to
hamper this side reaction, acetic acid is suggested to be used on the first step to increase

overall yield.
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CHAPTER 3
INFLUENCE OF HALOGEN ATOMS IN TERMINAL HETEROCYCLE ON
SPECTRAL PROPERTIES OF HEPTAMETHINE CYANINE DYES

This chapter focuses on the thorough investigation of the effect of the
introduction of heavy halogen atoms in terminal indolenine heterocycle on
spectral-luminescent properties of long-wavelength heptamethine cyanine dyes, as well
as the relationship between structure and spectral properties, and, especially, with the
fluorescence quantum yield ®@g and the singlet oxygen quantum yield ®,.

For the determination of structure-properties relationships with respect to the
amount and position of halogen atom substituent incorporated into fluorophore
structure, we investigated spectral properties of iodinated, brominated, and chlorinated
heptamethine cyanine dyes of xHal,-HITC series, which contain methyl substituents

on positions 1 and 3 of indolenine moieties.

5Br,-HITC: R'=Br;R% R3=H

R? R? 5I,-HITC:  R'=1,R% R®=H
R1 = 2 R3 =
. PN R 4,6Br-HITC: R' = H, R, R®= Br
Q VN A 4,6l,-HITC: R'=H,R>R3=|
" N N R3 Bre-HITC:  R' R% R®=Br

lg-HITC: R', R2, R3=|

4Br,-HITC: R' R®=H,R2=Br
6Br,-HITC: R' R?=H,R3=Br
4,6Cl,-HITC: R'=H, R R®=ClI

xHal,-HITC

3.1 Spectral properties of xHal -HITC

The absorption and emission maxima (An.), extinction coefficients (&),
fluorescence quantum yields (®f), fluorescence lifetimes (1), and the quantum yields of
the singlet oxygen generation (®,) of the investigated dyes measured in methanol, and
calculated radiative (k;) and nonradiative (k,) rate constants are summarized in

Table 3.1, while the absorption and emission spectra are shown in Fig. 3.1.
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Table 3.1. Spectral characteristics of the dyes in methanol at 25 °C (A = 700 nm).

Dye AnaxAD | AmacEm e, o, % | 1, | KD 107 | kD107, [ @4, %
nm nm M tem™ ns s ! s !
HITC 740 770 212,000 28.0 | 1.01 2.77 7.13 0.89 [28]
[130]
5Br,-HITC 748 779 233,000 | 27.2+0.2 | 1.01 2.75 7.22 1.18+0.02
5I,-HITC 753 783 242,000 | 25.6+0.1 | 0.96 2.67 7.75 3.43+0.03
4,6Br,-HITC | 740 770 216,000 | 37.8+0.4 | 1.2 3.15 5.18 0.89+0.04
4,61,-HITC 745 774 216,000 | 36.8+0.1 | 1.17 3.01 5.40 2.25+0.04
Bre-HITC 748 778 247,000 | 36.7+0.8 | 1.17 3.14 5.41 1.45+0.02
I¢-HITC 756 788 270,000 | 32.1+0.5 | 1.07 3.00 6.35 7.51+0.14
4Br,-HITC 738 767 279,000 | 34.0+0.4 | 1.15 2.96 5.74 0.85+0.02
6Br,-HITC 740 770 266,000 | 34.840.5 | 1.10 3.16 5.93 0.92+0.06
4,6CL,-HITC | 737 766 268,000 | 37.9+0.8 | 1.21 3.13 5.13 0.70+0.01

O HITC was used as reference, g = 28% in methanol [130]

@ k. was calculated as Of/ T
@ ko was calculated as (1-®p) / T

@ HITC was used as a reference, ®, = 0.89% in methanol [28]
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Fig. 3.1. Absorption a, b) and emission ¢, d) spectra of HITC and xHal,-HITC

dyes in methanol (cpy. ~ 0.5 pM).
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All the dyes absorb and emit in the NIR region with high extinction coefficients
ranging from 212,000 to 279,000 M '-cm™". No signs of aggregation are found in the
absorption spectra measured in methanol at dye concentration up to at least 5 uM. The
introduction of bromine (5Br,-HITC) or iodine (SI,-HITC) atoms at position 5 of
indolenine rings causes a slight bathochromic shift of about 89 and 13 nm,
respectively, both in the absorption and emission spectra compared to the unsubstituted
dye, HITC. The absorption maxima of the dyes with halogen atoms at positions 4
and/or 6 (6Br,-HITC, 4,6Br,-HITC,) are either similar to that of HITC, or slightly
red- (4,61,-HITC) or blueshifted (4,6Cl-HITC, 4Br,-HITC). At the same time, the
changes in the position of emission maxima for these dyes are negligible. The
absorption and emission maxima of hexabromo- (Brg-HITC) and hexaiodo- (I-HITC)
cyanines are redshifted by 8 nm and up to 18 nm, respectively, compared to HITC. In
general, spectra of cyanine dyes comprising iodine atoms are more redshifted compared
to those for bromine-containing cyanines.

The extinction coefficients (¢) of 4Br,-HITC, 6Br,-HITC, 4,6Cl,-HITC and
I¢-HITC are approximately 1.25-fold higher compared to HITC, while ¢ for
5Br,-HITC, SI,-HITC, and Brg-HITC are higher only in 1.10-1.16 times. As for
4,6Br,-HITC and 4,61,-HITC, ¢ are similar to HITC.

3.3 Fluorescence quantum yield and lifetime

It is well known that the incorporation of heavy atoms into a dye structure leads
to a significant decrease in its fluorescence quantum yield due to the increased
probability of spin-orbit coupling [1,16]. However, the incorporation of halogen atoms
into the structure of heptamethine cyanine dyes led to unexpected results. Thus,
dihalogenated dyes (SBr,-HITC and SI,-HITC) exhibited only an insignificant @
decrease compared to HITC. Meanwhile, tetrahalogenated dyes (4,6Br,-HITC and
4,61,-HITC) demonstrated a pronounced increase in @ by 1.35 and 1.31 times,
respectively. The further increasing number of bromines (Bre-HITC) or iodines
(IeHITC) showed the least ®p increase by 1.31 and 1.16-folds, respectively.
Nonetheless, @ of Brg-HITC and I-HITC remained higher compared to that value
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for HITC. It is also seen that fluorescence quantum yields for dyes with bromine atoms
(5Br,-HITC, 4,6Br,~-HITC, Bre-HITC) generally exceed those for their analogs with
iodine atoms (S1,-HITC, 4,61,-HITC, I,-HITC). To further expand our comprehension
of structure-properties relationships, we compared the dyes with bromine substituents in
positions 4 (4Br,-HITC) and 6 (6Br,-HITC) in terminal indolenine moieties. The
values of fluorescence quantum yield seem almost the same for 4Br,-HITC and
6Br,-HITC, thus the proximity of bromine atom to 3,3-dimethyl groups of indolenine
moiety in 4Br,-HITC does not affect the ®f and both dyes show a noticeable increase
in @ of about 1.2 times compared to HITC. It seems that @y, of the tetrahalogenated
dye with two bromine substituents in positions 4 and 6 (4,6Br,-HITC, 1.35-fold @
increase) lays in a superposition of that effect for both 4Br,-HITC and 6Br,-HITC
dyes. Dye containing more light-weighted halogen atoms like chlorine in positions
4 and 6 (4,6CL,-HITC), also demonstrates 1.35-fold higher ®g as for 4,6Br,-HITC
compared to HITC, indicating the insignificant influence of the heavy atom
incorporation in positions 4 and 6 on dye Op,.

The introduction of the heavy atom into a dye promotes not only the intersystem
crossing but also shortens the fluorescence lifetime (t) [131]. However, t for
dihalogenated dyes (SBr,-HITC and SI,-HITC) are almost the same as for the
non-halogenated dye (HITC), as shown in Table 3.1. Surprisingly, T became even
longer for tetra- (4,6Br,-HITC, 4,61,-HITC, 4,6Cl,-HITC) and hexahalogenated
(Brg-HITC, I,-HITC) dyes.

3.4 Singlet oxygen quantum yield

The quantum yields of the singlet oxygen generation (®,) (Table 3.1) for all the
dyes were measured in methanol using 1,3-diphenylisobenzofuran (DPBF) [28] as a
singlet oxygen scavenger. The DPBF absorbance at 410 nm was monitored over time
and compared with that of HITC. Then, a plot of the absorbance at 410 nm against
irradiation time was built and the ®, value was calculated using the slope of the graph.

Since heavy atoms are known to enhance spin-orbit coupling, we anticipated that

the ®, will increase with an increasing number of bromine and iodine atoms. As
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expected, hexaiodinated dye I¢-HITC showed the most pronounced 8.4-fold @,
increase compared to HITC. Surprisingly, ®, depends not only on the number of heavy
atoms incorporated into the dye but also on the position(s) of these atoms. Thus, two
iodine atoms in positions 5 of indolenine moieties (SI,-HITC) affected @, 1.5 times
stronger than four iodines in positions 4,6 (4,61,-HITC) (3.43% vs. 2.25%). At the
same time, six iodines in positions 4,5,6 (I&-HITC) had a synergistic effect with
@, =7.51%, which is overall higher compared to SI,-HITC or 4,61,-HITC (3.3 and
2.2 times respectively).

Having the same trend with iodinated dyes, Bre-HITC with six bromines in
positions 4,5,6 had ®, = 1.45%, which is the highest value for investigated brominated
dyes, 1.6 times higher than for HITC. Also, two bromines in position 5 (5Br,-HITC)
demonstrated 1.3 times increase compared to HITC. All the other brominated dyes with
substituents in position 4 and/or 6 (4Br,-HITC, 6Br,-HITC, 4,6Br,-HITC) did not
facilitate any ®, increase. We consider that bromine-promoted ®, increase interferes
with high ®g for these dyes, which reduces the probability of intersystem crossing.
Then, we assumed that the incorporation of chlorine atoms, which do not substantially
affect intersystem crossing [ 14,15], would increase @ at the expense of @,. Indeed, we
observed 1.35 times ®f increase and 1.27 times ®, decrease for 4,6Cl-HITC dye
containing 4 chlorine atoms in positions 4,6, compared to HITC.

To sum up, iodine atoms strongly (up to 8.4 times) increase the ®, of the
heptamethine cyanine dyes, while bromine atoms are insignificantly affected ®,. And
for the reduction of @, of cyanine dyes, it is reasonable to incorporate chlorine atoms in

positions 4 and/or 6 of indolenine moiety.
3.5 Evaluation of anomalous heavy atom effect phenomenon

The obtained results on fluorescence and singlet oxygen quantum yields
contradict the common point of view concerning so-called "heavy atom effect" [1,16].
So, we imply an explanation for this phenomenon. After molecule excitation, there are
two major relaxation pathways: radiative with its decay rate constant k, and

non-radiative decay characterized by a rate constant k.. Radiative decay rate constant
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(k;) solely depends on fluorescence lifetime t and @, while k,, comprises several
non-radiative mechanisms. Equation 3.1 defines k, as the sum of the corresponding

rates associated with non-radiative relaxation pathways [18,29].
knr = kisc + kic + kp + ksd (31)a

where ki 1s the constant of intersystem crossing rate, ki is the constant of
internal conversion rate, k, is the constant of rate of photoisomerization and ky 1s the
solvent-dependent rate constant, characterizing the interaction of excited dye molecules
with the solvent.

Fluorescence decays of all investigated dyes corresponded with a
monoexponential function, indicating that fluorescence decay appears to originate from
a single emitting species and the probability of photoisomerization is negligible.
Interaction of dye with the solvent (ky) is supposed to be negligible compared to k. [29]
since internal conversion is the main deactivation pathway for polymethine dyes in
organic solvents because of twisting of the terminal heterocyclic rings around the
polymethine chain, whereby energy is dissipated mainly due to intramolecular vibration
and rotation [29]. Hence, the major non-radiative energy relaxation pathways are the
intersystem crossing with its rate constant k. and the internal conversion, characterized
by rate constant k;.. Intersystem crossing rate constant (ki) can be evaluated by two
parameters: triplet lifetime (phosphorescence decay) and singlet oxygen quantum yield
®,. Due to the absence or very low level of phosphorescence, we were unable to detect
phosphorescence for any of the dyes studied at room temperature to calculate precise
ks values, thereby we attributed the k;. increase solely with @, increase.

In accordance with the common "heavy atom effect" incorporation of a heavy
atom should decrease the radiative decay rate constant expressed by (k, = ®g / 1) due to
an increase in the non-radiative decay constant. As can be seen from the Table 3.1, the
k, slightly increases in the row SI,-HITC < 5Br,-HITC = HITC < 4Br,-HITC <
I-HITC = 4,61,-HITC < 4,6Cl,-HITC = Brs-HITC = 4,6Br,-HITC =~ 6Br,-HITC,
while k,, significantly decreases in the in the row 5I,-HITC > 5Br,-HITC > HITC >
I¢-HITC > 6Br,-HITC > 4Br,-HITC > Brg-HITC ~ 4,61,-HITC > 4,6Br,-HITC >
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4,6CL,-HITC. Wherein the intersystem crossing rate (k;s.), which we attribute to the ®,
changes, decreases in a row I¢HITC > SI,-HITC > 4,61,-HITC > 5Br,-HITC >
HITC = 6Br,-HITC = 4Br,-HITC =~ Brs-HITC = 4,6Br,-HITC > 4,6Cl,-HITC,
which does not coincide with the row for k,, decreasing.

Thereby, in accordance with the common "heavy atom effect", k. increases for
the dyes with bromine or iodine at position 5 of terminal indolenine fragment
(SI,-HITC, 5Br,-HITC) due to @, (e.g. ki) increase compared to HITC. If the
incorporation of halogen atoms leads to a decrease of k,, while maintaining the high
level of ®, compared to HITC (I,-HITC, 4,61,-HITC, Brg-HITC) it corresponds to
the anomalous heavy atom effect. In this case, a decrease in the of non-radiative decay
rate can occur only due to a decrease in the rate of internal conversion k;.. When k,,

decreases due to both ki, and k;. decrease it is consistent with the absence of heavy

atom effect (for 4,6Cl,-HITC) (Fig. 3.2).

a) normal heavy atom effect
50 51,-HITC
. 5Br,-HITC
] HITC no changes in k;¢
"o 70¢) b) anomalous heavy atom effect
-
o 1;-HITG
_\;E 6.0 -4Br2-H|TC 6"
5.5 Bre-HITC 4 61,-HiTC
5.0 *2,6Br,-HITC _
4,6Cl,-HITC kic decrease

0.0 05 1.0 1.5 20 25 3.0 35 7.5 8.0
Dy, %

Fig. 3.2. Non-radiative decay rate k,, vs. singlet oxygen quantum yields (®,) of
all the dyes. Region a) k,, and ®, decrease consistently with known heavy atom effect,
region b) k. decrease and @, increase correspond to anomalous heavy atom effect,
region ¢) k,. and @, decrease indicates no heavy atom effect, k,, decreases due to k;

decrease.

It 1s known that cyanine dyes exhibit significant energy dissipation through
non-radiative pathways [29,132,133] due to the rotation of indolenine moieties around

the polymethine chain (significant contribution of the k). We suppose that the
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incorporation of halogen atoms in positions 4 and/or 6 (4,6Br,-HITC, 4,61,-HITC,
4Br,-HITC, 6Br,-HITC, 4,6Cl,-HITC), leads to the decrease of non-radiative rate
(k,) at the expense of internal conversion rate (k;.) decrease due to the limitation of
rotation of indolium moieties in the dyes. This also explains the increase in fluorescence
quantum yield and lifetime for the 4,6Br,-HITC, 4,61,-HITC, 4Br,-HITC,
6Br,-HITC, 4,6Cl,-HITC simultaneously with an increase in ®, for I&-HITC,
4,61,-HITC and Brg-HITC.

3.6 Quantum chemical calculations

Quantum chemical calculations of the brominated dyes were carried out to
explain structure-related possibilities leading to @ increase concerning energy
relaxation on a quantum chemical level like reversed intersystem crossing, when singlet
energy level (S;) and triplet energy level (T) are close by to each other [134] or
competition in deactivation channels when a number of triplet states have lower energy
than S; [135]. The calculation of energy levels of the brominated dyes (5Br,-HITC,
4,6Br,-HITC, Bre-HITC) showed that triplet energy levels T, are too far from the
lowest excited singlet energy level S; to interfere with its vibrational levels, and energy
relaxation pathways (fluorescence, ISC, phosphorescence) should have maintained

similar trend for all the dyes (Fig. 3.3).
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Fig. 3.3. Energy levels of the dyes 5Br,-HITC, 4,6Br,-HITC, and Bre-HITC
calculated with 7D LC-wB97XD/6-31G", PCM (Ethanol).
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3.7 Conclusions to chapter 3

The incorporation of halogen atoms, such as chlorine, bromine, and iodine in the
terminal indolenine moieties of heptamethine dyes does not have a significant effect on
absorption and fluorescence maxima, although the introduction of iodine substituents
leads to a slightly greater red shift in the spectra, as compared to brominated or
unsubstituted dyes. At the same time, a fluorescence quantum yield (®g) and lifetime
are strongly affected by the type of halogen atom, their quantity, and position. Thus,
halogenation of the dyes leads to the significant ®f enhancement (up to 1.35 times).
In general, bromine and even chlorine atoms have a higher positive impact on @, of the
dyes than iodine atoms. The incorporation of halogen atoms in position 5 of terminal
indolenine moieties causes a decrease of ®p, while, in contrast, halogen atoms in
positions 4 and/or 6 facilitate strong increase of ®@g. The combination of these positions
(4,5,6) shows only a moderate @, increase seemingly at the expense of halogens in
position 5. At the same time, the level of ®f increasing is almost independent of the
type of incorporated halogen (more light-weighted, chlorine, or heavier, bromine or
iodine, atoms).

The halogen atom-promoted singlet oxygen quantum yield ®, depends not only
on a number but also on the position of the halogen substituents in the heptamethine
cyanine dyes. Thus, 4,61,-HITC dye containing 4 iodine atoms in positions 4,6 of
indolenine moieties have 1.5 lower ®, as compared to SI,-HITC with 2 iodine atoms.
Importantly, while iodine atoms strongly (up to 8.4 times) increase the ®, of the
heptamethine cyanine dyes, bromine atoms insignificantly affect it. The incorporation
of chlorine atoms reduces ®, even below this value for HITC.

We hypothesize that the incorporation of heavy atoms leads to the restriction of
rotation of indolium moieties around the polymethine chain, thus increasing @
fluorescence lifetime, and even @, for I-HITC and 4,61,-HITC compared to HITC.

We show a way to adjust the key properties (@ and ®,) for heptamethine

cyanine dyes changing the amount and positions of halogen atoms.
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CHAPTER 4
PHOTODYNAMIC THERAPY AND THERANOSTICS APPLICATIONS

This chapter focuses on the application of halogenated heptamethinecyanine dyes
for photodynamic therapy and theranostics. One of the main characteristics of
dye-sensitizers for photodynamic therapy (PDT) applications is the high singlet oxygen
generation efficiency because singlet oxygen and reactive oxygen species (ROS) are
responsible for the phototoxicity of the dye. Since iodine-containing
heptamethinecyanine dyes indicate the highest singlet oxygen generation among other
halogenated dyes (see Section 3.3), for testing in PDT we used only iodinated dyes. So,
the first part of the chapter describes the investigation of the photocytotoxicity of
promising iodinated heptamethine cyanine dyes in the examples of gram-positive
(S. aureus) and gram-negative (E. coli and P. aeruginosa) photoeradication; and the
second part is devoted to the development of the antibody-photosensitizer conjugate,

which is exploited for theranostics (photoimmunotherapy) of human breast cancer.

4.1 Iodinated heptamethine cyanine photosensitizers for antimicrobial

photodynamic therapy applications

The introduction of heavy atoms such as iodine into organic dye molecules is
known to improve the efficacy of photodynamic therapy (PDT) in general and
antimicrobial photodynamic therapy (APDT) in particular. As we discussed in
chapter 1, such a phenomenon is attributed to the increasing probability of intersystem
crossing resulting in the elevated rates of reactive species generation. To study the
photodynamic effect of dyes on the eradication of bacteria, we chose iodinated
heptamethine cyanine sensitizers (PS) with varying amount (up to six) and positions of
iodine atoms.

Cy7: R, R? R3 R*=H; RN' = Me
R? 1ICy7: R'=1; R? R® R*=H; RN"=Me
2ICy7: R' R®=1;R? R*=H; RN = Me
] R®  31Cy7: R",R?2=1:R% R*=H: RN = Me
(H2C)s 41Icy7: R' R2 R®=|: R*=H; RV = Me

4
R? v t1ev7_gicy 2 R 6ICy7: R', R2 R3, R*= ;R = Me
y/, Ty r=olby 2ICy7+: R', R3=I: R, R*= H:

RN = (CH,)3N*(CH3); CF3CO0"
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We investigated their spectral properties, efficacy to generate reactive oxygen
species, cell uptake, and photocytotoxicity on gram-positive Staphylococcus aureus
(S. aureus) and gram-negative Escherichia coli (E. coli) and Pseudomonas aeruginosa

(P. aeruginosa) bacterial pathogens [129].
4.1.1 Spectral properties and quantum yields of singlet oxygen formation

The absorption and emission spectra and the extinction coefficients (&) of the
studied heptamethine cyanines were measured at the dye concentration cpy. ~ 1 pM in
DMSO (Fig. 4.1), aqueous saline (Fig. 4.2) and MeOH (Fig. 4.3) and the corresponding

characteristics are given in Table 4.1.
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Fig. 4.1. Absorption a) and emission b) spectra of the dyes in DMSO
(cpye ~ 1 uM). A* = 680 nm.
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Fig. 4.2. Absorption a) and emission b) spectra of the dyes in 0.9% aqueous
saline containing 0.7% DMSO (cpye ~ 1 pM). A* = 680 nm.
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DMSO 0.7% DMSO in saline MeOH
Dye Structure xmaxAba €, xmaxFla nm|Pg;, %o kmaxAba xmaxFla nm|Pg;, %0 Dy,
nm M lem™ nm %
O N, /rh@ 753 143,300 786 55 739 768 13 1.1
(Hz(‘:)s
CO0
1ICy7 =
l®
| O N b N Q 759 168,000 792 53 746 776 12 1.9
COO
2ICy7 P /
| O N O | 766 173,000 801 55 754 783 4 2.3
h (H0)s
[e]e]e)
21Cy7+ NF F \
O "(ctn (H2C)5® ! 766 176,000 801 48 752 785 10 2.3
caoooe Nty ¢00®
3I1Cy7
" C) 760 148,000 794 49 |677*, 744 774 0.8 24
41Cy7
" c) 768 144,000 803 48 688* 779 0.1 3.7
61Cy7
771 166,000 804 52 718%*, 779 0.02 7.8
(H20)5 777%

extinction coefficients

* Aggregatlon band

These dyes absorb in the NIR, a biologically transparent spectral region with high

(e ~144,000-176,000 M 'em™"), which

1s beneficial

for

applications in the body. The difference in the extinction coefficients between the dyes

does not exceed ~20%. There is a tendency that the iodination of the parent dye Cy7

results in a moderate red-shift in the absorption (up to 18 nm for hexa-iodinated 61Cy7

in DMSO) and a slight increase in the extinction coefficients.
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The fluorescence quantum yield (®g) of the dyes measured in DMSO (~48—55%)
is substantially reduced in aqueous saline (0.02—13%), which can be attributed to the
dye aggregation [136,137,138]. The aggregation bands are well recognized in the
absorption spectra (Fig. 4.2). In the saline solutions, a drastic (up to ~650-fold) decrease
of the quantum yield with increasing the number of iodine atoms is observed. In
general, such an effect is known to be connected with the increasing probability of
intersystem crossing caused by heavy atoms, which results in the growing population of
the triplet state and the fluorescence quenching. However, for the investigated cyanine
dyes, the decrease of the quantum yield is observed only in aqueous solutions but not in
DMSO. That is, the decrease is associated with the dye aggregation rather than with the
heavy atom effect.

All the dyes except 2ICy7+ contain a delocalized positive charge and a localized
negative charge on the deprotonated carboxylic group. Therefore, due to the slightly
polar structure, these dyes are only a little soluble in saline. The introduction of iodine
atoms in organic compounds is known to reduce their solubility in aqueous media.
Thus, the solubility of dimethylaniline in water at 25 °C is 1 g/L [139] while for
4-iodo-dimethylaniline it is only 0.03464 g/L [140]. The solubility of benzoic acid in
water is 3.44 g/ [141] while for 4-iodobenzoic acid it is 0.04 g/L [142] and only
0.036 mg/L for 2,3,5-triiodobenzoic acid [143]. Hereby, the solubility of the
investigated dyes decreases with the increasing the number of iodine atoms and the
aggregation accordingly increases (Fig. 4.2). At the same time, due to the presence of
an additional positive charge, dye 2ICy7+ is less aggregative compared to 2ICy7
containing the same number of iodines.

The quantum yields of the singlet oxygen formation (®,) were measured in
methanol solutions by the decrease of the DPBF dye, as described in [28], under the
light exposure (747 nm, 1 W LED). As anticipated, the ®, were found to increase with
increasing the number of iodine atoms (Table 4.1). Dyes 2ICy7 and 2ICy7+ both
containing two iodines exhibited about the same ®,. In the dark, no pronounced
generation of singlet oxygen was detected: the decrease in the DPBF absorbance did

not exceed 2% during 15 h. According to the absorption spectra (Fig. 4.3), almost no
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aggregation was noted in methanol at the investigated dye concentrations

(c~5-10 x 10° M).
4.1.2 Toxicity and photocytotoxicity of the dyes

All experiments with bacteria were carried out in aqueous saline solution.
Commercial 0.9% saline solution, used in this work, is known to be acidic (pH ~ 5.5),
which is mostly due to the presence of CO, [144]. On the other side, the carboxypentyl
group existing in all the investigated dye molecules is more acidic (e.g. the pK, for
pentanoic and hexanoic acids are 4.84 [145] and 4.88 [146], respectively). It means that
the carboxylic group is basically deprotonated and the dyes Cy7, 11Cy7, 2ICy7, 3ICy7,
41Cy7, and 6ICy7 exist in saline solution in the non-charged zwitterion form.
In contrast, 2ICy7+ has a charge of +1 that is localized on the quaternized
triethylammonium group.

To investigate the effect of the dyes on bacteria, stock solutions of the dyes were
prepared in DMSO and added to the bacterial suspension in saline in such a way that
the concentration of DMSO in the sample was 0.7%. Then the bacterial suspensions
were incubated with each dye in the dark for 30 min (pre-irradiation incubation),
exposed to light and grown in the dark for 24 h at 37 °C followed by the calculation of
the number of bacterial colonies. The dye concentrations and the exposure time were
varied for each dye. To verify the dark toxicity of the dyes, the same experiments were
carried out in parallel without light exposure.

As the control, the bacterial suspensions containing no dye were utilized. These
controls were kept (i) in the dark without DMSO, (ii) in the dark in the presence of
DMSO, (ii1) exposed to light without DMSO, and (iv) exposed to light in the presence
of DMSO. The amount of DMSO in these control samples was the same as for the
dye-stained bacteria. The number of bacterial colonies in each experiment was utilized
to calculate the survival percentage as compared to the control. Importantly, no
detectable bacteria inhibition was registered for all the above controls (i-iv) and the

survival for these samples was taken as 100%.



72

Then, we found that the investigated dyes have no detectable dark toxicity to

gram-positive (S. aureus) and gram-negative (E. coli and P. aeruginosa) bacteria at

least up to the 1 uM and 50 uM dye concentrations, respectively. The dark toxicities at

higher dye concentrations were not studied. In the next step, the experiments were

performed with light irradiation at different exposure times using a 730-nm 30 W LED
(power density 55 mW/cm?).

4.1.2.1 Photodynamic eradication of S. aureus

In our study, the effect on photocytotoxicity of the three following parameters
was investigated: the number of iodine atoms in the dye molecules, the concentration of
the dyes, and the light doses. The methodological approach was as follows: The effect
of the number of iodine atoms in the dyes was first investigated on gram-positive
bacteria S. aureus: (i) at the "medium" (100 J/cm?) and (ii) "low" (3 J/cm?) light dose
vs. the dye concentrations, and (iii) at the constant dye concentrations vs. the light dose.
The "high" light dose (400 J/cm?) was not applied in the initial research stage because it
caused the complete killing of S. aureus by all the investigated dyes and, therefore, it
was not possible to compare the efficacies of these dyes.

Following this approach, the impact of the number of iodine atoms and the dye
concentration (cpye = 0.01-1 pM) on the S. aureus survival was first investigated at the
constant light dose of 100J/cm’. The most pronounced and nearly equal
photocytotoxicity was observed for 2ICy7, 3ICy7, and 4ICy7 which contained 2—4
iodine atoms, while Cy7, 1I1Cy7, 2ICy7+, and, surprisingly, 61Cy7 were less effective

(Fig. 4.4). These results allow us to draw several conclusions.
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Fig. 4.4. Survival of S. aureus in 0.7% DMSO in saline, when exposed to
100 J/cm? light dose (56 mW/cm?, 30 min) vs. the dye concentrations.

First, the introduction of iodine atoms in the Cy7 molecule, which is the parent
structure for all the iodinated dyes, elevates photocytotoxicity, which is an anticipated
result: one 10dine atom in 1ICy7 causes a distinct increase of the photocytotoxicity but
this increase is less pronounced as for the 2—4 iodinated dyes (Fig. 4.4). Thus, the dyes
with 2—4 iodines were the most photocytotoxic affording almost total bacteria killing
(survival 0-2.1%) at 0.01-1 uM, while 1ICy7 at 0.01 uM is much less photocytotoxic
exhibiting the percentage of survival of 60.8%. Obviously, this result is connected with
increasing the number of heavy atoms.

The second conclusion is that increasing the number of iodines from 2 to 4 has
almost no effect on the photokilling while the hexa-iodinated dye 6ICy7 surprisingly
exhibits a reduced photocytotoxicity (the percentage of survival is 35.6% at 0.01 uM)
compared to the 2—4 iodinated dyes (survival 0-2.1%).

Third, the non-delocalized positive charge produced by the triethylammonium
group (2ICy7+ vs. 2ICy7) noticeably decreases the photocytotoxicity (Fig. 4.4).

We assume that the above phenomena, i.e. "saturation" and reduction of the

bacteria photo-eradication with increasing the number of iodine atoms from 2 to 6, can
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be attributed to the increasing dye aggregation in aqueous media (Fig. 4.2) resulting in
the decreasing dye uptake (the aggregation reduces both the photocytotoxicity
[136, 147] and the above-mentioned fluorescence quantum yields [136—138]). This
conclusion contradicts, however, recently reported findings that iodination of small
organic molecules such as 4-amino naphthalimides causes vice versa the increase of the
dye uptake by several mammalian cells [ 148].

To check our assumption that increasing the number of iodine atoms (as well as
the positive charge) in the series of the investigated cyanines reduces the dye uptake by
S. aureus and thus decreases the photokilling effect, we measured the dye uptake and
correlated it with the photocytotoxicity percentage. For this purpose, S. aureus
suspensions in saline (10°-10* cells/mL) were incubated with the dyes (1 uM) for
30 min and the fluorescence intensities of these suspensions were measured. Then, the
bacteria were separated from the solvent by centrifugation (10 min, 4,000 rpm),
resuspended in saline and the fluorescence intensities were again measured. In these
experiments, the effect of light scattering on the relative fluorescence intensities was
minimized because the samples contained the same number of cells before and after
staining. The dye uptakes quantified as the ratios between the fluorescence intensities
for the resuspended bacteria and for the initial suspensions were as follows: Cy7 (0.85),
1ICy7 (0.28), 2ICy7 (0.98), 2ICy7+ (0.21), 3ICy7 (0.99), 4ICy7 (0.97), and 6ICy7
(0.73). These data indicate that 2ICy7, 3ICy7, and 4ICy7 exhibited the most
pronounced uptake while uptake for 61Cy7 and especially for 2ICy7+ was noticeably
reduced. The uptake of Cy7 is lower compared to 2ICy7 but much higher than for
1ICy7. The obtained uptake values are in good agreement with the photocytotoxicities
(Fig. 4.5).

Thus, for the iodinated dyes, there is a clear correlation between the uptake and
the photocytotoxicity (» = 0.98). At the same time, the non-iodinated dye Cy7 exhibits a
substantially reduced antimicrobial photocytotoxicity (elevated survival) compared to
the value anticipated from the correlation curve (Fig. 4.5). More likely, this is due to the
fact that the correlation curve takes into account also the contribution of the heavy atom

effect.
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Fig. 4.5. Dye photocytotoxicity on S. aureus vs. the dye uptake. The uptake was
estimated as the ratio between the fluorescence intensities of the stained bacteria after

and before washing.

Furthermore, we studied the effect of the light dose on the dyes' photocytotoxicity

towards S. aureus at a constant dye concentration of 0.05 uM (Fig. 4.6).
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Fig. 4.6. Survival of S. aureus at 0.05 uM dye concentrations in 0.7% DMSO in
saline, when exposed to 3 J/cm® (1 min), 17 J/em® (5 min), 50 J/cm? (15 min), 100 J/cm®

(30 min), 200 J/cm® (60 min), and 400 J/cm” (120 min) light doses.
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The photocytotoxicity increases with increasing the light dose from 3 J/cm’

(1 min) to 400 J/cm® (120 min). However, the dyes with two (2ICy7) and three (3ICy?7)
iodines almost totally eradicate bacteria even at 3 J/cm® and 4ICy7 at 17 J/cm®. The
data presented in Fig. 4.6 confirm also that the dyes with 2—4 iodines bearing a
delocalized positive charge cause the more pronounced bacteria eradication while
1ICy7, 6ICy7, 21Cy7+, and especially Cy7 are less photocytotoxic. It can be seen from
Fig. 4.6 that dyes 2ICy7 and 3ICy7 entirely eradicate S. aureus even at a low dye
concentration (0.05 uM) and at a very low light dose of 3 J/cm®. Therefore, we

investigated the impact of the dye concentrations on the photocytotoxicity at this low

light dose (Fig. 4.7).
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Fig. 4.7. Survival of S. aureus in 0.7% DMSO in saline, when exposed to 3 J/cm®

light dose (56 mW/cm?, 1 min) vs. the dye concentrations.

Thus, 0.05 uM is, actually, the minimal concentration at which 2ICy7 and 31Cy7
almost completely eradicate S. aureus while the dyes with fewer or more iodine atoms
are less photocytotoxic. Thus, the non-charged (zwitterionic) dyes with two and three

iodine atoms (2ICy7 and 31Cy7) were found to be the most effective against S. aureus.
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They are more effective against this pathogen compared to other dyes at low

concentrations and low light doses.
4.1.2.2 Photodynamic eradication of E. coli and P. aeruginosa

In the next step, we studied the photocytotoxicity of the dyes towards
gram-negative pathogens E. coli and P. aeruginosa. The obtained data show that these
bacteria are much more resistant to photodynamic treatment compared to the
gram-positive S. aureus. Thus, all the investigated dyes do not cause a sufficient

photocytotoxic effect on E. coli even at 50 pM and a light dose of 100 J/cm?® (Fig. 4.8).
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Fig. 4.8. Survival of E. coli in 0.7% DMSO in saline, when exposed to 100 J/cm®

light dose (56 mW/cm?, 30 min) vs. the dye concentrations.

There is a trend, however, that the mono-iodinated 1ICy7 is more active
compared to other dyes at 100 J/cm® and this tendency is even more pronounced at
200—400 J/cm® (Fig. 4.9).

Surprisingly, the dyes containing four and six iodines are less photocytotoxic
than Cy7. The increase of the positive charge (2ICy7+ vs. 2ICy7) has almost no effect
on the dye photocytotoxicity at 100 J/cm® (Fig. 4.8) but noticeably improves the toxic
effect at higher light dose of 200400 J/cm® (Fig. 4.9). Therefore, the mono-iodinated
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1ICy7 and positively charged 2ICy7+ are considered more effective against E. coli

compared to other cyanines.

120.0 1 E. coli, light exposure, ¢ =50 uM o
o
M 30 min W 60 min B 120 min S
100.0 1 100 J/cm? 200 J/cm? 400 J/cm?
i ®
o i
80.0 - . R o o N
R o g0 88 83
= A g ]
= 60.0
c
>
(%]
40.0
20.0
0.0
Q A ) AX A A A >
[o) \,\(ﬁ 'pc\ ,»\C\ a,\('* “\(ﬁ b\(’* o (.\é

Fig. 4.9. Survival of E. coli at 50 uM dye concentrations in 0.7% DMSO in
saline, when exposed to 100 J/em® (30 min), 200 J/cm®> (60 min), and 400 J/cm®
(120 min) light doses.

Similar to S. aureus, the decrease in the photocytotoxicity towards gram-negative
bacteria with increasing the number of iodine atoms between 2 and 6 is supposedly
connected with the increasing dye aggregation (Fig. 4.2) and decreasing dye uptake.
The aggregation effect is, however, even more pronounced for gram-negative bacteria
because the dyes are used at much higher concentrations. To diminish the aggregation,
we increased the content of DMSO in saline 10 times, from 0.7% (as in all the above
experiments) to 7%. The obtained data in Fig. 4.10 show that the efficacy of Cy7,
1ICy7, and 2ICy7 to eradicate E. coli was noticeably improved.

Thus, the survival percentage for these three dyes at 50 uM and 400 J/cm®
decreased from 27.6%, 15.4%, and 50.0%, respectively, to zero. Nevertheless, the
addition of even 7% DMSO to the saline solutions was insufficient to overcome the

aggregation and improve the photocytotoxicity of 3ICy7, 4ICy7, and 61Cy7.
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Fig. 4.10. Survival of E. coli in 7% DMSO in saline, when exposed to 400 J/cm®

light dose (56 mW/cm®, 120 min) vs. the dye concentrations.
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P. aeruginosa was found to be even more resistant towards the investigated dyes

(Figs. 4.11 and 4.12) than E. coli.
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Fig. 4.11. Survival of P. aeruginosa in 0.7% DMSO in saline, when exposed to

100 J/ecm® light dose (56 mW/cm?, 30 min) vs. the dye concentrations.
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Fig. 4.12. Survival of P. aeruginosa at 50 uM dye concentrations in 0.7% DMSO
in saline, when exposed to 100 J/cm® (30 min), 200 J/cm® (60 min), and 400 J/cm®
(120 min) light doses.

Having the same tendency as for E. coli, the most photocytotoxic dyes for
P. aeruginosa are mono-iodinated 1ICy7 and positively charged 2ICy7+, which is
different from S. aureus, where the most photocytotoxic are the diiodinated (2ICy7)
and tritodinated (3ICy7) cyanines.

Thus, a studied series of novel, NIR, iodinated heptamethine cyanine dyes
containing carboxylic function revealed the unexpected effect of the increasing number
of 1odine atoms (up to six) on the photodynamic eradication of gram-positive
(S. aureus) and gram-negative (E. coli and P. aeruginosa) microbial pathogens. The
efficacy of S. aureus photo-eradication by non-charged, zwitterionic cyanines increases
with increasing the number of iodine atoms up to two, remains almost unchanged for
the two-, three- and four-iodinated dyes, and reduces in the case of the hexa-iodinated
cyanine. However, the mono-iodinated dye exhibits the most pronounced
photocytotoxic effect on E. coli and P. aeruginosa. An additional positive charge
provided by a triethylammonium group decreases the photokilling of S. aureus but

improves the inactivation of E. coli and P. aeruginosa.
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4.2 Antibody-guided, iodinated heptamethine cyanine photosensitizer for

photoimmunotherapy (PIT)

Photoimmunotherapy (PIT) is a cancer treatment modality that synergistically
combines immunotherapy and photodynamic (PDT) treatment. Besides being the main
active agent in immunotherapy modulating the immune response on cancer cells,
antibodies can be used as a carrier for target delivery. Among other carriers, antibodies
have certain advantages over other carriers due to their high specificity,
biodegradability, long blood circulatory half-life, and therapeutic effect. One of the
well-known antibodies for immunotherapy of breast cancer is the FDA-approved
humanized monoclonal antibody trastuzumab (Herceptin™) [149]. Trastuzumab
targeting a human epidermal growth factor receptor 2 (HER2+) was launched in the late
1990s. It was the first immunotherapeutic agent to improve survival in women with
metastatic HER2+ breast cancer, which tends to be aggressive driving the tumor’s
progression [149,150]. Trastuzumab also was used for the production of antibody-drug
conjugates [150]. So, we used trastuzumab (Ab) to develop an antibody-guided
photosensitizer for photoimmunotherapy with highly water-soluble diiodinated
heptamethine cyanine dye, 2ICy7 (Scheme 4.1). We conjugate 2ICy7S with
Ab(trastuzumab), and investigate the obtained PIT conjugate in the mouse xenograft
model to suppress tumor growth versus the parent, non-iodinated Cy7—Ab

conjugate [151].
4.2.1 Bioconjugation

The carboxylic group of 2ICy7S was activated with N-hydroxysuccinimidyl
(NHS) group using N,N,N’, N -tetramethyl-O-(N-succinimidyl) uronium
tetrafluoroborate (TSTU) in the presence of DIPEA in DMF. Then, the NHS-activated
dye 2ICy7S was bound to trastuzumab (Ab) in PBS by the straightforward,
well-established, and commonly used procedure [152] to yield the 2ICy7S—Ab
conjugate which was then separated from the unbound dye on a Sephadex G50 column

(Scheme 4.1).
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Scheme 4.1. Synthesis of 2ICy7S—Ab conjugate (A4) and the structure of the
Cy7™-Ab conjugate (B).
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For comparison, starting from the commercially available dye Cy7™, the

Cy7"™-Ab conjugate containing no iodine atoms was synthesized. Noteworthy, the

attempts to link non-activated dyes (containing carboxylic acid group) with antibodies

by using the above-mentioned conjugation procedure give the negligible level of

binding, the obtained products contain only about 0.01 mol of dye per 1 mol of

antibody (Fig. 4.13).
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Fig. 4.13. Absorption spectra of the products isolated after purification on

Sephadex G50 column when interacting of non-activated carboxylic acids of 2ICy7S

with Ab (P1) and Cy7™ with Ab (P2) in 0.1 M PBS pH 7.4 at 25 °C.
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4.2.2 Spectral properties of 2ICy7S and Cy7"™™ dyes and their conjugates

The absorption and fluorescence maxima (An,Abs and Ay.cFl), extinction
coefficients (¢), and the fluorescence quantum yield (@), for Cy7™™ and 2ICy7S dyes
and, additionally, Dye-to-Antibody ratio (DAR) and brightnesses for the 2ICy7S—Ab
and Cy7""'—Ab conjugates measured in 0.1 M PBS pH 7.4 are given in Table 4.2, while
the absorption and emission spectra, dye-to-antibody ratios are shown in (Fig. 4.14).
The singlet oxygen quantum yields (®,) were measured in methanol and PBS and also

presented in Table 4.2.

Table 4.2. Spectral characteristics of the dyes and conjugates (AyaxAbs, ApaxFl, @p, Py,
€). DAR and brightnesses (B = € x ®g x DAR) were calculated only for the conjugates.

L D4, % Dy, %
Dye AmaxAbs, nm | ApaxFl, nm | €, M cm Opy, %
Methanol PBS
Cy7™ 747 774 200,000 | 13[153]]0.7840.02 | 1.9+0.2
2I1Cy7S 749 779 262,000 14+1 1.10+£0.03 5.8+0.3
Conjugate | ApaxAbs, nm | ApaxFL, nm | B, M em ™ | ®p, % DAR Dy, %(PBS)
Cy7-Ab 752 777 21,400 6.3£0.5 1.7 1.1+0.1
2ICy7S—Ab 754 779 16,500 3.5+0.4 1.8 3.5+0.3
"HITC was used as the reference, @, = 0.89% in methanol [28].
2 ICG was used as the reference, ®, = 0.2% in PBS pH 7.4 [35].
a b
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Fig. 4.14. Absorption and emission spectra of the dyes 2ICy7S (dashed line) and
Cy7™ (solid line) @), as well as conjugates 2ICy7S—Ab (dashed line) and Cy7"™M—Ab
(solid line) b) in 0.1 M PBS pH 7.4. The dyes do not aggregate while Cy7""—Ab and
especially 2ICy7S—Ab exhibit aggregation bands at around 695 nm.
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The modification of Cy7™ with iodine atoms and additional sulfo groups
yielding the 2ICy7S dye leads to the negligible spectral red-shift of about 2—5 nm and a
1.3-fold increase in the extinction coefficient (¢) while the fluorescence quantum yield
(®p) remains almost the same. Both dyes exhibit no signs of aggregation in the
phosphate buffer. In the absorption spectra, there is only a low-intensity shoulder at
about 685 nm originating from the vibronic transition (Fig. 4.14a) [154].

Binding Cy7™" and 2ICy7S to the antibody has a minor effect on the absorption
and emission maxima while the fluorescence quantum yields noticeably decrease in
about 2 and 4 times, respectively (Table 4.2). This is more likely due to the dye
aggregation on the antibody, which can be seen as an additional band at around 695 nm
(Fig. 4.14b). Although the iodinated dye 2ICy7S contains three sulfonic groups (one
aromatic and two aliphatic), it is more aggregative on the antibody compared to Cy7"™
containing two aromatic sulfonic groups. As a result, the fluorescence quantum yield of
2ICy7S—Ab is about twice as reduced compared to Cy7 M—Ab. Both conjugates had
very similar dye-to-antibody (DAR) ratios of 1.8 and 1.7, respectively, and the
calculated brightness for 2ICy7S—Ab is 1.3-fold smaller. Nonetheless, the brightnesses

of these two conjugates are close.
4.2.3 Singlet oxygen generation

The quantum yields of the singlet oxygen generation (®,) for Cy7™ and 2ICy7S
were measured in methanol using known singlet oxygen scavenger
1,3-diphenylisobenzofuran (DPBF) [28]. Upon NIR light irradiation (30 W LED,
730 nm) of a mixture containing the dye and DPBF, the absorbance of DPBF reduced
due to the reaction of DPBF with singlet oxygen formed caused by the dye sensitization
of oxygen dissolved in the solvent. The corresponding plot (the example is presented in
Fig. 4.15) representing the change in absorbance of DPBF at 410 nm vs. time was
drawn and fitted by a first-order reaction rate function. Other plots can be found in
[151].

The reaction rate (r), which is the key parameter for ®, calculation, was

calculated as r=1/¢, where ¢ was taken from the fitting
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equation: y = yy + Ay-exp(—(x—xg)/t; (Table 4.3). Then, ®, was calculated relative to the

reference dye (HITC) (see Section 5.4.3) [28].

0.4+ HITC Model ExpDecay1

A730 =0.815 |Equaton ¥ =y0 + At*exp(-(x-x0)t1)
Plot B

r= 1 / t1 y0 -0.00493 £ 0.00173
x0 -0.06557 + -

A1 0.36941 £ -

t 11.58377 £ 0.12564
Reduced Chi-Sqr 5.93952E-7
R-Square(COD) 0.99999

Adj. R-Square 0.99997
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Fig. 4.15. The changes in absorbance of DPBF at 410 nm vs. time of irradiation
of the mixture of HITC and DPBF in methanol with 730 nm LED, as well as fitting

first-order decay function.

Table 4.3. The absorbances at 730 nm and reaction rate values of oxygen
sensitization by the Cy7™" and 2ICy7S dyes and their conjugates were measured with

DPBF in methanol and SOSG in 0.1 M PBS pH 7.4.

DPBF SOSG

methanol 0.1 MPBSpH 7.4
A~y |7, min’ Chyes UM | D4, % Ao | r, min” Cbyes UM | D, %
HITC |0.815/0.0863 | 4.0 0.89 — — —~ —
ICG — — — - 0.184 | 64.2 1.26
0317 | 84.3 2.17 0.2
0.629 | 1423 | 4.30
Cy7™ 10.802(0.0739 | 6.0 0.78 | 0.183 | 611.6 1.26 1.91
0315 | 797.4 | 2.17 1.90
0.624 |1326.6 | 4.30 1.88

2ICy7S |0.810(0.1074 | 5.0 1.10 | 0.336 |25444| 1.7 5.8
Cy7™-Ab| - — — — 0.263 | 428.4 1.9 1.1
2ICy7S—Ab| - — — - 0.341 |1575.3 1.9 3.5

As shown in Table 4.2, The ®, for 2ICy7S in methanol was only 1.41 times
higher than for Cy7™. Essentially, we anticipated a much higher increase of ®, upon

iodination, so we assumed that the conjugation of the dyes with antibodies may affect
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the singlet oxygen generation value. However, conjugates should be measured in
aqueous solutions to maintain the native conformation of antibodies. Moreover,
applications of conjugates for in vivo targeted delivery of dye-sensitizer involve the use
of aqueous buffers, so the values of ®, for aqueous solutions are more practically
significant. Unfortunately, DPBF is insoluble in water and should be used for
determination of singlet oxygen only in methanol or some other organic solvents [155].

Thus, we utilized another singlet oxygen scavenger, singlet oxygen sensor green
(SOSG), which is water-soluble and designed for the determination of singlet oxygen in
aqueous solutions [156]. So, the quantum yields of the singlet oxygen generation (®,)
were measured using SOSG in 0.1 M PBS pH 7.4 for Cy7™™, 2ICy7S, Cy7"M-Ab, and
2ICy7S—Ab. Upon NIR light irradiation (30 W LED, 5.7 mW/cm®, 730 nm) the
emission of SOSG gradually increased, over up to 125 min. The corresponding plots
representing the emission of SOSG at 530 nm vs. time were drawn and fitted by a
zero-order reaction rate function (Fig. 4.16). Then, ®, was calculated relative to the
reference dye (ICG).

Because the SOSG emission rate increase upon ®, measurements was very
different with respect of the investigated dye, we used various concentrations of studied
dyes (Cy7™ and 2ICy7S) and their conjugates (2ICy7S—Ab and Cy7"™'-Ab) ranged
between cpy, = 1.2—4.3 uM. We studied dependence of the SOSG reaction rate () from
the dye concentration within the cpy,. = 1.2-4.3 pM on the example of Cy7™
(Fig. 4.17), which demonstrated a positive linear correlation indicating that the

calculated @, is not dependent on the cpy. within this range.
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Fig. 4.16. The changes in SOSG fluorescence intensity over time at 530 nm due

to singlet oxygen scavenging by SOSG upon irradiation of the mixture ICG and SOSG
in 0.1 M PBS pH 7.4. A solution of SOSG (c ~ 6 uM) containing ICG (cpy. ~ 4.3 pM)

was light-irradiated with a 730 nm, 30 W LED, and the emission spectra were measured

over time. The experimental emission values were fitted by a zero-order reaction rate

function. The reaction rate (r) was calculated as » = b (slope of the line), where b was

taken from the fitting equation: y=a + b x x.
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Fig. 4.17. The reaction rate of SOSG (6 uM) vs. different concentrations of

CcyT™.
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As shown in Table 4.2, the ®, for 2ICy7S in PBS was 3-fold higher than for
Cy7™. A similar effect (a 3-fold increase of ®,) was observed for 2ICy7S—Ab
compared to Cy7'V—Ab. In addition, ®, for the 2ICy7S—Ab and Cy7"V-Ab
conjugates were 1.7 times lower than those for the respective unconjugated dyes
(2ICy7S and Cy7™), which could be attributed to the aggregation of these dyes on the
antibody (Fig. 4.14).
Thus, the iodine atoms play a key role in the potency of the dyes to generate
singlet oxygen and this effect is more pronounced in aqueous media compared to
methanol. As will be shown below, the increase in the @, correlates with the increase of

the photodynamic effect in the tumor-bearing mice model.
4.2.4 Photoimmunotherapy

The photoimmunotherapeutic effect of the Cy7'V—Ab and 2ICy7S—Ab
conjugates was investigated in the mouse xenograft model. Fifteen six-week-old
athymic Balb/c female nude mice were subcutaneously inoculated in the dorsal right
side with human breast cancer cell line BT-474 (1x10° cells in PBS into nu/nu mice,
100 uL per mouse) and tumors were allowed to establish over 10 days. After that,
fifteen mice were randomly separated into five groups (3 mice per group). Group 1 was
used as a control for tumor growth and background autofluorescence upon imaging. The
rest of the mice were intravenously (IV) administered (tail vein) with Cy7—Ab (groups
2 and 3) and 2ICy7S—Ab (groups 4 and 5). The administered dose of conjugate was
0.67 nmol (100 pg) (4 mg/kg) in 200 uLL PBS. After 24 h post-injection, groups 3 and 5
were exposed to NIR light for 15 min (730 nm LED, 63 J/cm?) and the tumor volumes
for all the groups were monitored during 28 days (Fig. 4.18).
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Fig. 4.18. Methodology of mice experiment to  evaluate the

photoimmunotherapeutic effect of dye conjugates on tumor growth.

To verify the impacts of NIR light on IV administrated free Ab, 2ICy7S, and
Cy7™ on tumor growth, we performed an additional in vivo experiment (groups 6—10).
After injection of BT-474 cells and tumor establishing over 10 days, fifteen mice were
randomly separated into five groups (3 mice per group). Group 6 was used as the
control for tumor growth and background autofluorescence upon imaging. After 10
days, group 7 was exposed to NIR light for 15 min (730 nm LED, 63 J/cm®) and other
mice groups were IV administered (tail) with Cy7"™ (group 8), 2ICy7S (group 9) and
Ab (group 10). The administered doses were 1.14 nmol (0.774 png) of Cy7, 1.20 nmol
(1.27 pg) of 2ICy7S, and 0.67 nmol (100 pg) of Ab in 200 uL PBS (Fig. 4.19).
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Fig. 4.19. Methodology of mice experiment to evaluate the effect of Ab, 2ICy7S,

and Cy7™

4.2.4.1 Imaging

on tumor growth.

The distribution of the conjugates in mice whole body was monitored by an

in vivo imaging system, CRi Maestro II. The images were captured in white light and

NIR channel after 5 h, 10 h, and 24 h post-injection. After 5 h, an intense fluorescence

signal originated from the photosensitizer was observed in the lungs while at 10 h the

conjugates started to accumulate in the tumor sites (dorsal right side) followed by

complete accumulation at 24 h (Fig. 4.20). At this time point (24 h), groups 3 and 5

administered with Cy7"™"—Ab and 2ICy7S—Ab, respectively, were exposed to NIR
light for 15 min (730 nm LED, 63 J/cm?).
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Group 2 Group 3

5h 10h 24 h 5h 10h 24 h

Fig. 4.20. In vivo whole body images of tumor-bearing mice (groups 2—5)

captured at 5h, 10 h, and 24 h after IV injection of the Cy7'"—Ab and 2ICy7S—Ab

conjugates. 1¥ row — white-light, 2" row — fluorescence channel, 3™ row — their merge.

The unconjugated dyes Cy7'™ and 2ICy7S were almost equally distributed and

remained over time in whole mouse body and organs (Fig. 4.21).

Group 6

Group 8

Group 9

Fig. 4.21. In vivo whole body images of tumor-bearing mice from control group

6; and groups 9 and 10 captured at 24 h after IV injection of the Cy7™ and 2ICy7S

dyes. 1 row — white-light channel, 2" row — fluorescence channel, 3™ row — their

merge.
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Thus, to avoid healthy organs damage, these mice had not been light-irradiated
(groups 8 and 9). The tumor size was monitored during 28 days by the hands-on digital
caliper method [157]. On the 28™ day, all the tumors were resected for further imaging

and flow cytometry analysis.
4.2.4.2 Tumor development

Tumor growth curves of BT-474 tumor-bearing mice shown in Fig. 4.22

represent the impacts Cy7'"—Ab and 2ICy7S—Ab conjugates on tumor development.
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G 800 - roup 2
£ Group 3 :::::::;'
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5 400- /-

200 ofi {’::.’,"I" ”,#{Group 5 PIT
0 s 7—“—-’5‘-’*“:”"”-“
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Fig. 4.22. Tumor growth curves of BT-474 tumor-bearing mice for Groups 1-5:

control (group 1), monitored after a single IV administering of 100 pg (0.5 mg/mL) of
Cy7"™-Ab, when kept in the dark (group 2) or exposed to NIR light (730 nm LED,
63 J/cm?) for 15 min (group 3), and 2ICy7S—Ab, when kept in the dark (group 4) or
exposed to the same NIR light dose (group 5). The tumor volumes were measured
in vivo by the caliper method and calculated as ¥ = Length x Width” / 2. The volumes
of the resected tumors are shown by stars. The tumor volume at each time point is

represented by the mean =+ standard error for three mice in each group.

It was found that the tumors in control group 1 started to gradually develop on
the 6™ day of observation. Meanwhile, the tumors of four other mice groups showed
modest growth during 16 days. After that, the tumors of groups 2 and 3 began to grow

while the tumors for groups 4 and 5 showed a notable increase only on the 24™ day. By
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the 28" day, the tumors of the control group 1 reached 957+55 mm’, demonstrating a
34-fold volume increase compared to the initial volume (~28.5 mm®) while the tumors
of groups 2—4 exhibited almost an equal increase by the factor of about 24 (the final
tumor volumes were 673169 mm’), which corresponded to the 1.4-fold tumor growth
suppression compared to group 1. Importantly, the light-irradiated group 3 administered
with the non-iodinated Cy7"¥—Ab conjugate had very similar final tumor volumes, as
the groups 2 and 4 were kept in the dark (Fig. 4.22). On the other hand, the tumors in
group 5 reached only 176440 mm’ (~6-fold increase), which corresponded to the
~5.4-fold tumor growth suppression compared to control and ~4-fold suppression
compared to non-irradiated groups 2 and 4. The noticeably increased tumor suppression
(5.4x vs. 1.4x) we explain by combined immuno- and photodynamic effects.
The tumors resected on the 28" day were captured in white light (Fig. 4.23) and

their volumes were calculated from the caliper measurements.

Group 1 Group 2 Group 3 Group 4 Group §
Control Cy7-Ab dark Cy7-Ab light 2I1Cy7-Ab dark 21Cy7-Ab light

Fig. 4.23. Representative photographs of the tumors resected on the 28" day after

IV injection of the conjugates.

The volumes of the tumors were similar to those determined in vivo by the same
caliper method (Fig. 4.22). Thus, the tumors of groups 2—4 were 756+43 mm’,
804+117 mm>, and 816+128 mm’, respectively, which was about 1.4-fold lower
compared to group 1 (1,126+65 mm®), while for group 5 tumors were 5.2 times lower,
216469 mm’.

Tumor growth curves of BT-474 tumor-bearing mice shown in Fig. 4.24
represent the impacts of NIR light (group 7), Cy7™ (group 8), 2ICy7S (group 9) and
Ab (group 10) on the tumor development.
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Fig. 4.24. Tumor growth curves of BT474 tumor-bearing mice for Groups 6—10:
(1) control (group 6), (ii) mice monitored after NIR light exposure (730 nm LED,
63 J/cm®) for 15 min (group 7) or (iii) mice IV administered (tail) with Cy7™ (group
8), 2ICy7S (group 9) and Ab (group 10). The administered doses were 1.14 nmol
(0.774 ng) of Cy7™, 1.20 nmol (1.27 pg) of 2ICy7S, and 0.67 nmol (100 pg) of Ab in
200 uL PBS. The tumor volumes were measured in vivo by the caliper method and
calculated as ¥ = Length x Width® / 2. The volumes of the resected tumors are shown
by stars. The tumor volume at each time point is represented by the mean =+ standard

error for three mice in each group.

The results depicted in Fig. 4.24 evidenced that the light exposure of
non-administered mice (group 7) had negligible effect on the tumor growth and IV
administering of free Cy7™ (group 8) and 2ICy7S (group 9) had no effect on the tumor
growth. To estimate the contribution of the "pure" immunotherapeutic effect in mice
treatment, the mice of group 10 were IV injected with the same amount of Ab not
conjugated to dye (group 10). The tumor suppression was found to be only ~1.5-fold
more pronounced compared to the control (group 6). The effectiveness of
immunotherapy for the Ab-administered mice (group 10) was found to be almost the
same as for groups 2, 3, and 4. Therefore, we can conclude that the 1.4-fold tumor
growth suppression was associated only with the immunotherapeutic effect, and the

Cy7™ dye exhibited no detectable photocytotoxicity.
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Thus, the major contribution in PIT treatment of xenograft mice model comes
from the PDT effect of dye (2ICy7S) in the conjugate, while the immunotherapeutic

effect is less significant.
4.2.4.3 Flow cytometry

The tumors resected on the 28" day were dissociated into the single cell
suspensions, as described in the procedure [158], and the isolated cells were stained
with Annexin V-FITC and propidium iodide (PI) to identify the dead apoptotic and
necrotic cells, respectively. Cells that remained unstained were considered alive. As
anticipated, for the control group 1 only survived cancer cells (99.2+0.1%) were
detected. Flow cytometry analysis of the stained cancer cells in all other groups (groups
2-5) indicated almost no early apoptosis (no more than 1.2%), and, in fact, only an
insignificant (up to ~3%) late apoptosis for groups 3 and 5 (Fig. 4.25).

Group 1 Group 2 Group 3 Group 4 Group 5

\ Control Cy7-Ab dark Cy7-Ab light 2ICy7-Ab dark 2ICy7-Ab light
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Fig. 4.25. Flow cytometry analysis of cancer cells taken from the BT-474 tumors
resected on the 28" day without treatment (control group 1), after the IV administering
with Cy7—Ab and kept in the dark (group 2) or exposed to NIR light for 15 min (730
nm LED, 63 J/cm®) (group 3), and IV administered with Cy7"¥—Ab when kept in the
dark (group 4) or exposed to the same NIR light dose (group 5). Q1 (top left section) —
necrosis, Q2 (top right section) — late apoptosis, Q3 (bottom right section) — early

apoptosis, Q4 (bottom left section) — live cells.

Groups 2 and 4, which were subjected to immunotherapeutic treatment without
light exposure, and the light-irradiated group 3 were characterized by insignificant
necrotic processes of 5.2+1%, 4.9+0.7%, and 5.9+£1.2%, respectively. However, the

percentage of the necrotic cells for the light-irradiated (PIT-treated) group 5 was much
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more pronounced, 58.1+0.2%. Thus, necrosis is the main mechanism of cancer cell
death upon PIT treatment.

Hence, the combination of the immuno- and photodynamic therapies has resulted

in the noticeably enhanced cancer cell death.
4.3 Conclusions to chapter 4

Investigation of the spectral properties and ability for photodynamic eradication
of S. aureus, E. coli,and P. aeruginosa pathogens of the developed new NIR
heptamethine cyanine dyes containing up to six iodine atoms and an aliphatic
carboxylic group demonstrate that the increasing the number of iodine atoms has an
unexpected and ambiguous photocytotoxic effect on these bacteria, which is connected
with two opposite factors: (i) increasing the intersystem crossing and the rates of
reactive species generation and (ii) dye aggregation causing the reduced dye uptake
that, supposedly, is followed by decreased rates of reactive species generation. As a
result, the increase of the number of iodine atoms up to two in the series of zwitterionic
cyanines increases the efficacy of S. aureus eradication; then the efficacy remains
almost unchanged for the two-, three- and four-iodinated dyes and diminishes in the
case of the hexa-iodinated cyanine. At the same time, the mono-iodinated heptamethine
cyanine causes the most pronounced photocytotoxic effect on E. coli and P. aeruginosa.
An additional positive charge contributed by a triethylammonium group decreases the
efficacy of the dye towards S. aureus but improves the eradication of E. coli and
P. aeruginosa. We believe that the developed dyes will be effective for the treatment of
other bacteria, viruses, and cancer cells. The presence of carboxylic function potentially
enables further binding of these dyes to various carriers.

The photoimmunotherapeutic agent, 2ICy7S—Ab, based on the water soluble
diiodinated heptamethine cyanine NIR dye 2ICy7S conjugated with the trastuzumab
antibody facilitates significant breast cancer tumor growth suppression in the mouse
xenograft model. While the antibody-stimulated immunotherapeutic effect of
2ICy7S—Ab can be estimated as 1.4-fold tumor growth suppression, the combined

photoimmunotherapeutic action results in 5.4-fold suppression caused by necrosis. The
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iodinated 2ICy7S—Ab conjugate demonstrates a 3-fold increased quantum yield of
singlet oxygen generation in aqueous media compared to its non-iodinated analog,
Cy7™-Ab. Thus, the iodine atoms in 2ICy7S play a key role in the augmented
photocytotoxicity of the 2ICy7S—Ab conjugate. The non-iodinated Cy7"'—Ab does not
show statistically significant photocytotoxicity on cancer cells and acts solely as an
immunotherapeutic agent.

Importantly, 2ICy7S—Ab provides a bright fluorescent signal enabling real-time
monitoring of the conjugate distribution in the body and accumulation in the tumor,
which is important for recognizing the optimal time for light irradiation and thus
improving the precision and safety of treatment. We anticipate that the conjugation of
2ICy7S or other cyanine-based photosensitizers of a similar structure with a wide range
of antibodies can gradually expand the scope of efficient tools for

photoimmunotherapeutic treatment aimed at different types of cancer.
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CHAPTER 5
EXPERIMENTAL PART

5.1 Materials and methods

Starting materials were purchased from Acros, Aldrich, Alfa Aesar Israel. Silica
gel 60 for column chromatography, and other materials were from Merck and used as is.
Solvents were purchased from Bio-Lab Israel and used as is. 4-lodoaniline was
purchased  from  Aldrich.  3,5-Dibromoaniline,  3,5-dichlorophenylhydrazine
hydrochloride, 3- and 4-bromophenylhydrazines hydrochlorides, 2,3,3-Trimethyl-3H-
indole were purchased from 7CI. HITC as the reference dye was purchased from
Sigma-Aldrich and additionally purified by column chromatography (Silica gel 60,
5-10% methanol-chloroform). Cy7™ NHS Ester (Cy7"-NHS) was purchased from
Cytiva Amersham™, and trastuzumab from F.Hoffmann-La Roche Ltd (Basel,
Switzerland). All other chemicals were supplied by Sigma-Aldrich. Chemical reactions
were monitored by TLC (Silica gel 60 F-254, Merck) and LC/MS.

LC/MS analysis was performed using an Agilent Technologies 1260 Infinity
(LC) 6120 quadrupole (MS), column Agilent Zorbax SB-C18, 1.8 mm, 2.1 x 50 mm,
column temperature 50 °C, eluent water—acetonitrile (ACN) + 0.1% formic acid.

HRMS spectra were obtained using a Xevo G2-XS QTOF device. Data was
acquired using resolution mode under positive electrospray ionization. Acquisition
range was 50-1200 m/z. Capillary voltage was 2.0 kV. Cone voltage was 40 V. Scan
times were 0.5 s. The samples were injected direct to MS. In all cases, MeOH was used
as eluent.

"H-NMR and "C-NMR spectra were recorded on a Bruker Avance III HD
('H at 400 MHz and "°C at 100 MHz) spectrometer and a BBO probe equipped with a
Z-gradient coil. "H-NMR spectra of quaternized indolenines 2.2 and 2.4 were measured
in DMSO-d; at 300 K. ?C-NMR spectra of quaternized indolenines 2.2, 2.4, 2.1a-d and
2.3a-¢ were measured at 300 K in DMSO-d¢ and TFA-d, respectively. 'H-NMR
and "C-NMR spectra of xHal,-HITC heptamethine cyanine dyes were measured
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in DMSO-ds at 300 K; for 2ICy7S were measured in DMSO-d¢ at 275 K; for Cy7,
1ICy7-6ICy7 were measured in a CDCl; (80%) — CD;0D (20%) mixture at 275K.

5.2 Synthesis procedures
5.2.1 Synthesis of phenylhydrazines

General procedure for synthesis of phenylhydrazines 2.3b—f:

A solution of aniline 1b—1i (1 equiv.) in 25 mL of conc. H,SO,4 was cooled to
about —10 °C and the solution of NaNO, (1-1.3 equiv.) in 5 mL of conc. H,SO, was
added dropwise with continuous stirring. The suspension was stirred for 40 min
at —10 °C. Then, the cooled solution of SnCl,-2H,0O (3.2 equiv.) in conc. HCI was
added dropwise at —10 °C to the obtained suspension of diazocompound (2.2b—i).
The reaction mixture was kept at 0 °C for 1 h and at 5—10 °C overnight. The obtained
precipitate was filtered off, washed with 1 M aqueous solution of HCI and water to give
target compound 2.3b—i. These phenylhydrazines were used for further synthesis of
indoles without additional purification.

(4-lodophenyl)hydrazine hydrochloride (2.3b) was obtained according to the
general procedure starting from 4-iodoaniline (10 g, 45.6 mmol) suspended in 10 mL of
conc. HCI and 8 mL of water (instead of conc. H,SO,), 14 mL of 20% aqueous solution
of NaNO, (3.18 g, 46 mmol) and SnCl,-2H,0 (33 g, 146 mmol): beige powder, yield:
90%, 'H-NMR (400 MHz, DMSO-d;), &, ppm: 10.32 (2H, bs, NH,), 7.58 (2H, d,
J=8.1 Hz, CH), 6.81 (2H, d, J = 8.2 Hz, CH). Exchangeable NH proton was not
recorded in '"H-NMR spectrum. ESI-MS m/z found: [M—CI]" 234.9; C¢HIN,"
requires 235.0.

(3,5-Dibromophenyl)hydrazine hydrochloride (2.3c) was obtained according
to the general procedure starting from 3,5-dibromoaniline (4.1 g, 16.3 mmol), NaNO,
(1.13 g, 16.3 mmol) and SnCl,-2H,0 (11.8 g, 52.3 mmol): beige powder, yield: 97%,
"H-NMR (400 MHz, DMSO-d;), 8, ppm: 10.13 (2H, bs, NH,), 7.33 (1H, s, CH), 7.11
(2H, s, CH). Exchangeable NH proton was not recorded in 'H-NMR spectrum. ESI-MS
m/z found: [M—Cl]+ 266.9; C¢H;Br,N," requires 266.9.
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(3,5-Diiodophenyl)hydrazine hydrochloride (2.3d) was obtained according to
the general procedure starting from 3,5-diiodoaniline (5 g, 14.5 mmol), NaNO, (1.3 g,
18.8 mmol) and SnCl,-2H,O (10.5 g, 46.4 mmol): beige powder, yield: 87%, 'H-NMR
(400 MHz, DMSO-dg), 6, ppm: 10.33 (2H, bs, NH,), 8.62 (1H, bs, NH), 7.59 (1H, s,
CH), 7.34 (2H, s, CH). ESI-MS m/z found: [M—CI1]" 360.8; C¢H-I,N," requires 360.9.

(3,4,5-Tribromophenyl)hydrazine hydrochloride (2.3e) was obtained
according to the general procedure starting from 3,4,5-tribromoaniline (7.9 g,
24 mmol), suspended in 10 mL of conc. HCl and 8 mL of water (instead of conc.
H,SOy4), 10.7 mL of 20% aqueous solution of NaNO, (2.15 g, 31 mmol) and
SnCl,-2H,0 (17.3 g, 76.6 mmol): beige powder, yield: 67%, 'H-NMR (400 MHz,
DMSO-dy), 6, ppm: 10.51 (2H, bs, NH,), 8.88 (1H, bs, NH), 7.40 (2H, s, CH). ESI-MS
m/z found: [M—Cl]+ 344.7; C¢H¢BrsN, " requires 344.8.

(3,4,5-Triiodophenyl)hydrazine hydrochloride (2.3f) was obtained according
to the general procedure starting from 3,4,5-triiodoaniline (5 g, 10.6 mmol), NaNO,
(0.95 g, 13.8 mmol) and SnCl,-2H,O (7.7 g, 34 mmol): beige powder, yield: 95%
"H-NMR (400 MHz, DMSO-d,), 3, ppm: 9.96 (2H, bs, NH,) 7.47 (2H, s, CH).
Exchangeable NH proton was not recorded in 'H-NMR spectrum. ESI-MS m/z found:
[M—CI1]" 486.7; CéH¢IsN, requires 486.8.

5.2.2 Synthesis of 3H-indoles

General procedure for synthesis of indoles 2.4a-i

Phenylhydrazine 3a—3i (1 equiv.) and 3-methyl-2-butanone (1.5 equiv.) were
refluxed in 15 mL of acetic acid for 5 h. The acetic acid was evaporated, the residue
was washed with 20 mL of 5% aqueous solution of Na,CO;. Residue was dissolved in
benzene and extracted with 5% aqueous solution of Na,CO; and water. The organic
layer was collected, concentrated and dried in a desiccator over NaOH to yield product
4a—4i. These indoles were used for further synthesis of indolenines without additional
purification.

5-Bromo-2,3,3-trimethyl-3H-indole (2.4a) was obtained according to the
general procedure starting from (4-bromophenyl)hydrazine hydrochloride (2 g,
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8.9 mmol) and 3-methyl-2-butanone (1.15 g, 13.4 mmol): brown oil, yield: 85%, 'H-
NMR (400 MHz, DMSO-dy), 6, ppm: 7.66 (1H, s, CH), 7.44 (1H, d, J = 8.2 Hz, CH),
7.36 (1H, d, J=8.1 Hz, CH), 2.19 (3H, s, CH;), 1.24 (6H, s, C(CH3),). ESI-MS m/z
found: [M+H]" 238.0; C;;H3BrN" requires 238.0.

5-Todo-2,3,3-trimethyl-3 H-indole (2.4b) was obtained according to the general
procedure starting from (4-iodophenyl)hydrazine hydrochloride (6 g, 22.2 mmol) and
3-methyl-2-butanone (2.86 g, 33.3 mmol): brown oil, yield: 57%, "H-NMR (400 MHz,
DMSO-dy), 6, ppm: 7.80 (1H, s, CH), 7.60 (1H, d, J = 8.1 Hz, CH), 7.23 (1H, d,
J=8.0 Hz, CH), 2.18 (3H, s, CH3), 1.22 (6H, s, C(CHs),). ESI-MS m/z found: [M+H]"
286.0; C; H;5INT requires 286.0.

4,6-Dibromo-2,3,3-trimethyl-3H-indole (2.4c) was obtained according to the
general procedure starting from (3,5-dibromophenyl)hydrazine hydrochloride (3.3 g,
11 mmol) and 3-methyl-2-butanone (1.42 g, 16.5 mmol): light brown crystals, yield:
57%, "H-NMR (400 MHz, DMSO-dy), 8, ppm: 7.66 (1H, s, CH), 7.58 (1H, s, CH), 2.24
(3H, s, CH3), 1.36 (6H, s, C(CH;),). ESI-MS m/z found: [M+H]" 317.9; C;;H,Br,N"
requires 317.9.

4,6-Diiodo-2,3,3-trimethyl-3H-indole (2.4d) was obtained according to the
general procedure starting from (3,5-diiodophenyl)hydrazine hydrochloride (3 g,
7.6 mmol) and 3-methyl-2-butanone (0.98 g, 11.4 mmol): off-white powder, yield:
43%, "H-NMR (400 MHz, DMSO-d;), 8, ppm: 7.92 (1H, s, CH), 7.79 (1H, s, CH), 2.22
(3H, s, CH3), 1.32 (6H, s, C(CHs),). ESI-MS m/z found: [M+H]" 412.0; C;;H;)LN"
requires 411.9.

4,5,6-Tribromo-2,3,3-trimethyl-3H-indole (2.4e) was obtained according to the
general procedure starting from (3,4,5-tribromophenyl)hydrazine hydrochloride
(0.457 g, 5 mmol) and 3-methyl-2-butanone (0.155 g, 1.8 mmol): off-white powder,
yield: 59%, "H-NMR (400 MHz, DMSO-dy), 6, ppm: 7.86 (1H, s, CH), 2.24 (3H, s,
CH;), 1.37 (6H, s, C(CHs),). ESI-MS m/z found: [M+H]" 395.9; C,H;Br;N"
requires 395.8.

4,5,6-Triiodo-2,3,3-trimethyl-3H-indole (2.4f) was obtained according to the
general procedure starting from (3,4,5-triiodophenyl)hydrazine hydrochloride (1 g,
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1.9 mmol) and 3-methyl-2-butanone (0.25 g, 2.9 mmol): off-white powder, yield: 97%,
"H-NMR (400 MHz, DMSO-d), 5, ppm: 8.03 (1H, s, CH), 2.19 (3H, s, CH3), 1.29 (6H,
s, C(CHs3),). ESI-MS m/z found: [M+H]" 537.8; C; H;,I5N" requires 537.8.

4-Bromo-2,3,3-trimethyl-3H-indole (2.4g) and 6-bromo-2,3,3-trimethyl-3H-
indole (2.4h) were obtained according to the general procedure starting from
(3-bromophenyl)hydrazine hydrochloride (1 g, 4.5 mmol) and 3-methyl-2-butanone
(0.58 g, 6.7 mmol). The mixture of 2.4g and 2.4h was separated on RP-18 column using
as eluent ACN-—water (+0.05% acetic acid)—ethyl acetate from 45:50:10 to
65:25:20 v.v.%.
4-Bromo-2,3,3-trimethyl-3H-indole (2.4g): yellow oily liquid, yield: 18%, '"H-NMR
(400 MHz, DMSO-dg), o, ppm: 7.46 (1H, d, J = 7.4 Hz, CH), 7.36 (1H, d, J = 7.8 Hz,
CH), 7.25 (1H, t, J = 7.6 Hz, CH), 2.25 (3H, s, CH3;), 1.39 (6H, s, C(CH3),). ESI-MS
m/z found: [M+H]" 237.9; C,;HsBrN" requires 238.0.
6-Bromo-2,3,3-trimethyl-3H-indole (2.4h): light-yellow oily liquid, yield: 65%,
"H-NMR (400 MHz, DMSO-d;), 8, ppm: 7.61 (1H, s, CH), 7.41 (1H, d, J = 7.9 Hz,
CH), 7.38 (1H, d, J = 8.2 Hz, CH), 2.25 (3H, s, CH3), 1.25 (6H, s, C(CH;),). ESI-MS
m/z found: [M+H]" 238.0; C;;H3BrN" requires 238.0.

4,6-chloro-2,3,3-trimethyl-3H-indole (2.4i) was obtained according to the
general procedure starting from (3,5-dichlorophenyl)hydrazine hydrochloride (1.5 g,
7.0 mmol) and 3-methyl-2-butanone (0.9 g, 10.4 mmol): off-white powder, yield: 69%,
"H-NMR (400 MHz, DMSO-dy), o, ppm: 7.50 (1H, s, CH), 7.32 (1H, s, CH), 2.23 (3H,
s, CH3), 1.36 (6H, s, (CH3),). ESI-MS m/z found: [M+H]" 228.1; C;;H;;,CLN" requires
228.0.

5.2.3 Procedures for the synthesis of indolenines

Indole 2.4a—j (1 equiv.) was dissolved in 2 mL of iodomethane and left at r.t. for
48 h in a sealed tube. The formed precipitate 2.5a—j was filtered, washed with diethyl
ether and dried. These indolenines were used for further synthesis of dyes without

additional purification.
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5-Bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5a) was obtained
according to the general procedure starting from 5-bromo-2,3,3-trimethyl-3H-indole
(1.8 g, 7.6 mmol): off-white powder, yield: 42%, "H-NMR (400 MHz, DMSO-dy),
o, ppm: 8.15 (1H, s, CH), 7.87 (1H, d, J = 8.5 Hz, CH), 7.83 (1H, J = d, 8.4 Hz, CH),
3.94 (3H, s, CHj), 2.75 (3H, s, CH3), 1.53 (6H, s, C(CHs),;). ESI-MS m/z found:
[M—I]" 252.1; C;,H,sBrN" requires 252.0.

5-Todo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5b) was obtained
according to the general procedure starting from 5-iodo-2,3,3-trimethyl-3H-indole
(2.03 g, 7.1 mmol): off-white powder, yield: 69%, "H-NMR (400 MHz, DMSO-dy),
o, ppm: 8.27 (1H, s, CH), 7.99 (1H, d, J = 8.2 Hz, CH), 7.71 (1H, d, J = 8.4 Hz, CH),
3.93 (3H, s, CH3), 2.73 (3H, s, CH3), 1.51 (6H, s, (CHs),). ESI-MS m/z found: [M—I]"
300.0; C;,H;sIN" requires 300.0.

4,6-Dibromo-1,2,3,3-tetramethyl-3 H-indol-1-ium iodide (2.5c¢) was obtained
according to the general procedure starting from 4,6-dibromo-2,3,3-trimethyl-3H-indole
(0.3 g, 0.95 mmol): off-white powder, yield: 69%, "H-NMR (400 MHz, DMSO-dj),
o, ppm: 8.34 (1H, s, CH), 8.11 (1H, s, CH), 3.94 (3H, s, CH;), 2.81 (3H, s, CH3), 1.63
(6H, s, C(CH3),). ESI-MS m/z found: [M—I]" 332.0; C;,H4Br,N" requires 332.0.

4,6-Diiodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5d) was obtained
according to the general procedure starting from 4,6-diiodo-2,3,3-trimethyl-3H-indole
(0.34 g, 0.83 mmol): off-white powder, yield: 63%, '"H-NMR (400 MHz, DMSO-d;),
o, ppm: 8.37 (2H, s, CH), 3.91 (3H, s, CH3;), 2.78 (3H, s, CH3), 1.60 (6H, s, C(CH3),).
ESI-MS m/z found: [M—1]" 425.9; C;,H4I,N " requires 425.9.

4,5,6-Tribromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5¢) was
obtained according to the general procedure starting from 4,5,6-tribromo-2,3,3-
trimethyl-3H-indole (1.12 g, 2.8 mmol): beige powder, yield: 60%, 'H-NMR
(400 MHz, DMSO-dy), o, ppm: 8.48 (1H, s, CH), 3.92 (3H, s, CH3;), 2.78 (3H, s, CHs),
1.61 (6H, s, C(CH;),). ESI-MS m/z found: [M—I]" 409.9; C,,H,3;Br;N" requires 409.9.

4,5,6-Triiodo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5f) was obtained
according to the general procedure starting from 4,5,6-triiodo-2,3,3-trimethyl-3 H-indole
(1.0 g, 1.9 mmol): off-white powder, yield: 48%, "H-NMR (400 MHz, DMSO-dj),
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o, ppm: 8.52 (1H, s, CH), 3.92 (3H, s, CHj3), 2.76 (3H, s, CH3), 1.59 (6H, s, C(CHs),).
ESI-MS m/z found: [M—I]" 551.8; C;,H 513N " requires 551.8.

4-Bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5g) was obtained
according to the general procedure starting from 4-bromo-2,3,3-trimethyl-3H-indole
(0.18 g, 0.76 mmol): off-white powder with reddish hue, yield: 51%, '"H-NMR
(400 MHz, DMSO-dy), 8, ppm: 7.96 (1H, d, J = 8.1 Hz, CH), 7.81 (1H, d, J = 8.2 Hz,
CH), 7.60 (1H, J =d, 8.0 Hz, CH), 3.95 (3H, s, CH3), 2.79 (3H, s, CH3), 1.64 (6H, s,
C(CH3),). ESI-MS m/z found: [M—I]" 252.1; C;,H;sBrN" requires 252.0.

6-Bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5Sh) was obtained
according to the general procedure starting from 6-bromo-2,3,3-trimethyl-3H-indole
(0.69 g, 2.9 mmol): off-white powder with reddish hue, vyield: 42%,
"H-NMR (400 MHz, DMSO-d;), &, ppm: 8.25 (1H, s, CH), 7.80 (2H, d, J = 8.2 Hz,
CH), 3.95 (3H, s, CH3), 2.77 (3H, s, CH3), 1.51 (6H, s, C(CH3;),). ESI-MS m/z found:
[M—I]" 252.1; C;,H,sBrN" requires 252.0.

4,6-dichloro-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.5i) was obtained
according to the general procedure starting from 4,6-dichloro-2,3,3-trimethyl-3 H-indole
(0.9 g, 3.94 mmol): off-white powder, yield: 75%, '"H-NMR (400 MHz, DMSO-dj),
8, ppm: "H-NMR (400 MHz, DMSO-d;), 5, ppm: 8.21 (1H, s, CH), 7.88 (1H, s, CH),
3.95 (3H, s, CH3), 2.81 (3H, s, CH3), 1.63 (6H, s, (CHs),). ESI-MS m/z found: [M—1]"
242.0; C,H4CLN" requires 242.1.

1,2,3,3-tetramethyl-3 H-indol-1-ium iodide (2.5j) (was obtained according to
the general procedure starting from 2,3,3-trimethyl-3H-indole (1.0 g, 6.3 mmol):
off-white powder with reddish hue, yield: 74%, 'H-NMR (400 MHz, DMSO-dj),
o, ppm: 7.91 (d, /= 5.2 Hz, 1H, CH), 7.83 (d, /= 5.4 Hz, 1H, CH), 7.62 (t, J = 3.6 Hz,
2H, CH), 3.98 (s, 3H, CH,), 2.77 (s, 3H, CHs), 1.53 (s, 6H, (CHs;),). ESI-MS m/z found:
[M—I]" 174.1; C;,H (N” requires 174.13.

Indolenines 2.4b, 2.4f or 2.4j (1 equiv.) was mixed with 6-bromohexanoic acid
(1.5-2 equiv.) and heated at 90—120 °C for 15 h—3 d in a sealed tube. The reaction

mixture was cooled to r.t., diluted with benzene (5 mL), the solvent was decanted, and
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the residue was triturated with benzene (3x5 mL), and filtered. The obtained precipitate
was washed with acetone (1 mL) and dried to yield 2.6b, 2.6f or 2.6j.

1-(5-Carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6b)
was obtained starting from 5-iodo-2,3,3-trimethyl-3H-indole (2.4b) (1.0 g, 3.5 mmol)
and 6-bromohexanoic acid (1.37 g, 7.0 mmol) by heating at 90 °C for 2 days in a sealed
tube. Yield: 0.81 g (48%). '"H-NMR (400 MHz, DMSO-d;), 8, ppm: 8.31 (s, 1H), 7.99
(d, J=8.4 Hz, 1H), 7.81 (d, J= 8.5 Hz, 1H), 4.43 (t,J= 7.7 Hz, 2H), 2.82 (s, 3H), 2.20
(t, J = 6.7 Hz, 2H), 1.82 (m, 2H), 1.53 (s, 6H), 1.42 (m, 2H), 1.34 (m, 2H).
MS m/z (ESI") C7H»;BrINO, calculated [M—Br]" 400.08, found m/z 400.12.
1-(5-Carboxypentyl)-4,5,6-triiodo-2,3,3-trimethyl-3H-indol-1-ium  bromide
(2.6f) was obtained starting from 4,5,6-triiodo-2,3,3-trimethyl-3H-indole (2.4f) (1.0 g,
1.9 mmol) and 6-bromohexanoic acid (0.73 g, 3.7 mmol) by heating at 90 °C for 3 days
in a sealed tube. Yield 0.4 g (29%). "H-NMR (400 MHz, DMSO-d;), 3, ppm: 8.60 (s,
1H), 4.41 (t, J = 7.7 Hz, 2H), 2.83 (s, 3H), 2.20 (t, J = 6.7 Hz, 2H), 1.79 (m, 2H), 1.60
(s, 6H), 1.51 (m, 2H), 1.44 (m, 2H). MS m/z (ESI') C;;H, BrlsNO, calculated
[M—Br]" 651.87, found m/z 651.90.
1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6j) was
obtained starting from 2,3,3-trimethyl-3H-indole (2.4j) (1.0 g, 6.3 mmol) and
6-bromohexanoic acid (1.84 g, 9.4 mmol) by heating at 120 °C for 15 h in a sealed tube.
Yield 1.33 g, 60%. "H-NMR (400 MHz, DMSO-d,), 8, ppm: 7.97 (d, J = 5.1 Hz, 1H),
7.84 (d, J=3.4 Hz, 1H), 7.62 (t, J=4.1 Hz, 2H), 4.45 (t, J= 7.8 Hz, 2H), 2.84 (s, 3H),
223 (t, J = 7.2 Hz, 2H), 1.85 (m, 2H), 1.56 (m, 2H), 1.54 (s, 6H), 1.43 (m, 2H).
MS m/z (EST") C,7H,4B1NO; calculated [M—Br]" 274.18, found m/z 274.20.
5-Iodo-2,3,3-trimethyl-1-(3-(triethylammonio)propyl)-3H-indol-1-ium
dibromide (2.7): 5-lodo-2,3,3-trimethyl-3H-indole (2.4b) (1.0 g, 3.5 mmol) and
3-bromo-N,N,N-triethylpropan-1-aminium bromide (1.23 g, 3.9 mmol) were stirred in
acetonitrile (14 mL) at reflux for 2 days. Reaction mixture was diluted with benzene
(50 mL). In 1 h the solvent was decanted and the viscous solid was triturated with
diethyl ether, filtered, washed with ether, and dried to yield 7 (0.6 g, 29%). '"H-NMR
(400 MHz, DMSO-d;), 6, ppm: 8.33 (s, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.95 (d,
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J=17.6 Hz, 1H), 4.56 (t, J=7.7 Hz, 2H), 3.25 (m, 8H), 2.91 (s, 3H), 2.18 (m, 2H), 1.56
(s, 6H), 1.18 (t, J=73Hz, 9H). MS m/z (ESI") C,HsBrIN, calculated
[M—2Br]" 428.17, found m/z 428.20.
3-(4,6-Diiodo-2,3,3-trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate (2.8).
4,6-diiodo-2,3,3-trimethyl-3H-indole 2.4d (1 g, 2.43 mmol) was refluxed with
1,3-propane sultone (0.44 g, 3.64 mmol) in toluene (4 mL) for 15 h and cooled to r.t.
The obtained brown residue was filtered, washed with acetone, dissolved in methanol,
and precipitated with diethyl ether. The product was collected and vacuum-dried to
yield the quaternized indolenine 2.8 (0.53 g, 41%). "H-NMR (400 MHz, DMSO-d), 3,
ppm: 8.52 (s, 1H, CH), 8.37 (s, 1H, CH), 4.59 (t, J = 6.9 Hz, 2H, NCH,), 2.85 (s, 3H,
CH,), 2.62 (t, J = 6.7 Hz, 2H, CH,SOsH), 2.06 (t, ] = 6.9 Hz, 2H, CH,SO;H), 1.61 (s,
6H, (CH;),). "C-NMR (100 MHz, TFA-d), 8, ppm: 201.46, 151.98, 144.66, 143.69,
126.56, 95.44, 91.70, 60.04, 50.37, 49.05, 24.82, 20.10, 15.53. HRMS: m/z (ESI")
C14H,7;I,NO5S calculated [M+H]" 533.9092, found m/z: 533.9122.
3-(3-(5-Carboxypentyl)-2,3-dimethyl-5-sulfo-3 H-indol-1-ium-1-yl)propane-1-
sulfonate (2.9). A solution of potassium hydroxide (0.33 g, 5.91 mmol) in methanol
(5 mL) was added to a solution of 6-(2,3-dimethyl-5-sulfo-3H-indol-3-yl)hexanoic acid
(2.4Kk) (1 g, 2.95 mmol) obtained according to [159] in 5 mL methanol, the mixture was
stirred at r.t. for 30 min, methanol was evaporated and the product vacuum-dried. The
residue (1.22 g, 2.95 mmol) was heated with 1,3-propanesultone (0.72 g, 5.9 mmol) in
sulfolane (5 mL) at 130 °C for 5 h. After cooling to r.t., the solid product was dissolved
in methanol, precipitated with diethyl ether, filtered and dried. Crude product was
dissolved in 1 M HCI, refluxed for 3 h, cooled, alkalized with sodium hydroxide, and
column-purified (LiChroprep RP-18, water) resulting in the quaternized indolenine 2.9
as a pale-yellow solid. Yield 0.5 g (37%). '"H-NMR (400 MHz, DMSO-d), 3, ppm:
8.00 (d, J = 8.4 Hz, 1H, CH), 7.97 (s, 1H, CH), 7.83 (d, J = 9.6 Hz, 1H, CH), 4.68 (t,
J=7.0Hz, 2H, NCH,), 2.86 (s, 3H, CH;), 2.63 (t, J] = 6.6 Hz, 2H, CH,SO;H),
2.34-1.97 (m, 6H, CH,), 1.54 (s, 3H, CH3) 1.42—1.27 (m, 2H, CH,), 1.20—1.05 (m, 2H,
CH,), 0.78-0.45 (m, 2H, CH,). "C-NMR (100 MHz, DMSO-d;), 8, ppm: 174.41,
158.61, 146.49, 138.65, 133.93, 125.46, 119.47, 103.67, 74.65, 48.71, 47.38, 42.43,
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40.66, 33.75, 29.40, 28.75, 24.30, 23.86, 21.95. HRMS: m/z (ESI") C;oH»NOsS,
calculated [M+H]" 462.1251, found m/z: 462.1259.

5.2.4 General procedure for the synthesis of symmetrical xHal,-HITC cyanine dyes

Indolenine 2.5a-i (1 equiv.) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (0.45—0.5 equiv.) were dissolved in 4 mL of
acetic anhydride and heated at 90—100 °C during 10 min. Then, the reaction mixture
was cooled to 50 °C, following by the addition of pyridine (3 mL) and heating at
90-100 °C during 5 min, resulting in the formation of the product. Then, the reaction
mass was cooled to r.t. during 5—10 min. The desired dye was precipitated with ether,
filtered off and washed with ether. The crude product was column purified on Silica gel
60 using 1-20% methanol-chloroform as eluent. Fraction with the dye was collected,
evaporated, washed with ether and vacuum-dried.

5-Bromo-2-((1,3,5,7)-7-(5-bromo-1,3,3-trimethylindolin-2-ylidene)hepta-
1,3,5-trien-1-yl)-1,3,3-trimethyl-3 H-indol-1-ium iodide (5Br,-HITC) was obtained
according to the general procedure starting from 5-bromo-1,2,3,3-tetramethyl-3 H-indol-
l-ium  iodide (100 mg, 0.26 mmol) and  N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (33.7 mg, 0.118 mmol): dark blue metallic
powder, yield: 58%, "H-NMR (400 MHz, DMSO-dy), 6, ppm: 7.86 (2H, t, J = 13.1 Hz,
CH), 7.84 (2H, s, CH, arom.), 7.78 (1H, t, J = 12.8 Hz, CH), 7.58 (2H, d, J = 8.1 Hz,
CH, arom.), 7.32 (2H, d, J = 8.5 Hz, CH, arom.), 6.54 (2H, t, J = 12.6 Hz, CH), 6.31
(2H, d, J = 13.7 Hz, CH), 3.56 (6H, s, N-CH3), 1.63 (12H, s, (CHs),). "C-NMR
(100 MHz, DMSO-dy), o, ppm: 171.35, 156.23, 150.93, 143.17, 142.27, 131.07, 125.79,
125.50, 116.73, 112.70, 104.28, 48.71, 31.24, 26.79. HRMS: m/z (ESI)
CyoH3 BN, calculated [M]" 567.0836, found m/z: 567.0858.

5-Iodo-2-((1,3,5,7)-7-(5-iodo-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-
trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (SI,-HITC) was obtained
according to the general procedure starting from 5-iodo-1,2,3,3-tetramethyl-3 H-indol-1-
ium iodide (150 mg, 0.35 mmol) and N-[5-(phenylamino)-2,4-pentadienylidene]aniline
hydrochloride (50.0 mg, 0.175 mmol): dark blue metallic powder, yield: 50%, '"H-NMR



108
(400 MHz, DMSO-dy), 3, ppm: 7.96 (2H, s, CH, arom.), 7.86 (2H, t, J = 13.2 Hz, CH),
7.76 (1H, t, J = 12.6 Hz, CH), 7.73 (2H, d, J = 8.2 Hz, CH, arom.), 7.19 (2H, d,
J=8.3 Hz, CH, arom.), 6.54 (2H, t, J = 12.6 Hz, CH), 6.30 (2H, d, J = 13.7 Hz, CH),
3.54 (6H, s, N-CH3), 1.62 (12H, s, (CH;),). >C-NMR (100 MHz, DMSO-dy), 5, ppm:
171.05, 156.28, 150.93, 143.33, 142.80, 136.90, 130.99, 125.79, 113.12, 104.22, 88.72,
48.60, 31.18, 26.83. HRMS: m/z (ESI") C,oH; LN, calculated [M]™ 661.0577,
found m/z: 661.0566.

4,6-Dibromo-2-((1,3,5,7)-7-(4,6-dibromo-1,3,3-trimethylindolin-2-ylidene)
hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4,6Br,-HITC) was
obtained according to the general procedure starting from 4,6-dibromo-1,2,3,3-
tetramethyl-3 H-indol-1-1um iodide (100 mg, 0.218 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (27.9 mg, 0.098 mmol): dark green metallic
powder, yield: 48%, "H-NMR (400 MHz, DMSO-dy), 6, ppm: 7.93 (2H, t, J = 13.1 Hz,
CH), 7.81 (1H, t, J = 12.9 Hz, CH), 7.72 (2H, s, CH, arom.), 7.60 (2H, s, CH, arom.),
6.62 (2H, t,J =12.7 Hz, CH), 6.36 (2H, d, ] = 13.8 Hz, CH), 3.56 (6H, s, N-CH3;), 1.75
(12H, s, (CH;),). *C-NMR (100 MHz, DMSO-dy), 5, ppm: 171.72, 156.94, 151.66,
146.42, 136.12, 129.88, 126.84, 122.16, 117.57, 113.89, 104.46, 50.27, 31.63, 23.28.
HRMS: m/z (ESI+) CaoHyoBruN, " calculated [M]" 724.9026, found m/z: 724.9028.
4,6-Diiodo-2-((1,3,5,7)-7-(4,6-diiodo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4,61,-HITC) was obtained
according to the general procedure starting from 4,6-diiodo-1,2,3,3-tetramethyl-3H-
indol-1-ium iodide (110 mg, 0.20 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (28.3 mg, 0.1 mmol): dark blue metallic
powder, yield: 55%, "H-NMR (400 MHz, DMSO-dj), 6, ppm: 7.94 (2H, s, CH, arom.),
791 (2H, t, J = 13.3 Hz, CH), 7.80 (2H, s, CH, arom.), 7.76 (1H, t, J = 13.5 Hz, CH),
6.59 (2H, t, J = 12.6 Hz, CH), 6.33 (2H, d, J = 13.8 Hz, CH), 3.53 (6H, s, N-CH3), 1.72
(12H, s, (CHs),). ®C-NMR (100 MHz, DMSO-d;), 8, ppm: 171.34, 156.51, 150.92,
143.17, 142.28, 131.07, 125.50, 116.73, 112.70, 104.28, 91.60, 48.71, 31.24, 26.79.
HRMS: m/z (EST") CooHxI4N, " calculated [M]" 912.8510, found m/z: 912.8514.
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4,5,6-Tribromo-2-((1,3,5,7)-7-(4,5,6-tribromo-1,3,3-trimethylindolin-2-
ylidene)hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (Brs-HITC)
was obtained according to the general procedure starting from 4,5,6-tribromo-1,2,3,3-
tetramethyl-3H-indol-1-ium iodide (49 mg, 0.09 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (13.0 mg, 0.045 mmol): dark green metallic
powder, yield: 82%, "H-NMR (400 MHz, DMSO-dy), o, ppm: 7.95 (2H, t, J = 13.1 Hz,
CH), 7.93 (2H, s, CH, arom.), 7.81 (1H, t, J = 12.8 Hz, CH), 6.63 (2H, t, J = 12.7 Hz,
CH), 6.35 (2H, d, J = 13.8 Hz, CH), 3.56 (6H, s, N-CH3), 1.77 (12H, s, C(CHjs),).
BC-NMR (100 MHz, DMSO-d,), 8, ppm: 171.50, 157.12, 151.73, 144.83, 138.58,
127.11, 125.17, 122.57, 120.57, 115.46, 104.49, 51.26, 31.68, 23.09. HRMS:

m/z (ESI") CpoH,7BrgN, " calculated [M]" 882.7216, found m/z: 882.7212.

4,5,6-Triiodo-2-((1,3,5,7)-7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-
ylidene)hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (Ie-HITC)
was obtained according to the general procedure starting from 4,5,6-triiodo-1,2,3,3-
tetramethyl-3H-indol-1-ium iodide (150 mg, 0.22 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (31.5 mg, 0.11 mmol): dark green metallic
powder, yield: 32%, '"H-NMR (400 MHz, DMSO-d), 8, ppm: 8.01 (2H, s, CH, arom.),
7.90 (2H, t, J = 13.7 Hz, CH), 7.76 (1H, t, J = 12.5 Hz, CH), 6.58 (2H, t, J = 12.7 Hz,
CH), 6.31 (2H, d, J = 13.8 Hz, CH), 3.53 (6H, s, N-CH;), 1.72 (12H, s, C(CHjs),).
BC-NMR (100 MHz, DMSO-d,), 8, ppm: 171.52, 156.57, 151.39, 145.18, 142.44,
126.61, 121.35, 120.38, 108.30, 104.33, 104.03, 51.86, 31.38, 23.18. HRMS:
m/z (ESI") CooHy/BrgN, " calculated [M]" 1164.6443, found m/z: 1164.6423.
4-Bromo-2-((1,3,5,7)-7-(4-bromo-1,3,3-trimethylindolin-2-ylidene)hepta-

1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (4Br,-HITC) was obtained
according to the general procedure starting from 4-bromo-1,2,3,3-tetramethyl-3 H-indol-
I-ium iodide (100 mg, 0.263 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (36.0 mg, 0.126 mmol): dark blue metallic
powder, yield: 33%, "H-NMR (400 MHz, DMSO-dy), 6, ppm: 7.92 (2H, t, J = 13.0 Hz,
CH), 7.78 (1H, t, J = 12.8 Hz, CH), 7.43 (2H, dd, J = 6.7 Hz, J = 2.3 Hz, CH, arom.),
7.40-7.33 (4H, m, CH, arom.), 6.58 (2H, t, J = 12.6 Hz, CH), 6.34 (2H, d, J = 13.8 Hz,
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CH), 3.58 (6H, s, N-CH3), 1.77 (12H, s, C(CH;),). "C-NMR (100 MHz, DMSO-d,),
o, ppm: 171.37, 156.28, 151.14, 145.26, 136.63, 130.43, 128.63, 126.07, 116.92,
110.74, 103.85, 50.42, 31.43, 23.39. HRMS: m/z (ESI") CyoH3Br,N," calculated [M]"
567.0836, found m/z: 567.0845.

6-Bromo-2-((1,3,5,7)-7-(6-bromo-1,3,3-trimethylindolin-2-ylidene)hepta-
1,3,5-trien-1-yl)-1,3,3-trimethyl-3H-indol-1-ium iodide (6Br,-HITC) was obtained
according to the general procedure starting from 6-bromo-1,2,3,3-tetramethyl-3 H-indol-
I-ium iodide (100 mg, 0.263 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (36.0 mg, 0.126 mmol): dark blue metallic
powder, yield: 64%, "H-NMR (400 MHz, DMSO-dy), 6, ppm: 7.88 (2H, t, J = 13.1 Hz,
CH), 7.79 (1H, t, J = 12.8 Hz, CH), 7.64 (2H, s, CH, arom.), 7.52 (2H, d, J = 7.9 Hz,
CH, arom.), 7.38 (2H, d, J = 8.0 Hz, CH, arom.), 6.56 (2H, t, ] = 12.4 Hz, CH), 6.34
(2H, d, J = 13.7 Hz, CH), 3.56 (6H, s, N-CH3), 1.61 (12H, s, C(CHs),). "C-NMR
(100 MHz, DMSO-dy), o, ppm: 171.97, 156.52, 151.20, 144.51, 140.12, 126.84, 125.98,
123.96, 121.03, 113.95, 104.49, 48.36, 31.28, 26.78. HRMS: m/z (ESI") CyH3 BN,
calculated [M]" 567.0836, found m/z: 567.0840.
4,6-Dichloro-2-((1,3,5,7)-7-(4,6-dichloro-1,3,3-trimethylindolin-2-ylidene)

hepta-1,3,5-trien-1-yl)-1,3,3-trimethyl-3 H-indol-1-ium iodide (4,6Cl,-HITC) was
obtained according to the general procedure starting from 4,6-dichloro-1,2,3,3-
tetramethyl-3 H-indol-1-ium iodide (150 mg, 0.405 mmol) and N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (55.4 mg, 0.195 mmol): dark blue metallic
powder, yield: 48%, "H-NMR (400 MHz, DMSO-dy), 6, ppm: 7.94 (2H, t, J = 13.1 Hz,
CH), 7.83 (1H, t, J = 12.8 Hz, CH), 7.59 (2H, d, /= 1.7 Hz, CH, arom.), 7.36 (2H, d,
J= 1.7 Hz, CH, arom.), 6.62 (2H, t, J = 12.6 Hz, CH), 6.37 (2H, d, J = 13.8 Hz, CH),
3.57 (6H,s, N-CHj3), 1.75 (12H s, C(CHs),). *C-NMR (100 MHz, DMSO-d), 8, ppm:
171.74, 157.12, 151.73, 146.13, 134.25, 134.09, 129.08, 126.89, 124.26, 110.79,
104.55, 79.17, 49.71, 31.71, 23.48. HRMS: m/z (ESI") Cy0HyCLN," calculated [M]"
547.1059, found m/z: 547.1068.
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5.2.4 General procedure for the synthesis of the unsymmetrical dyes Cy7,
1ICy7-61Cy7

A solution of indolenine 2.5b, 2.5f, 2.5j or 2.7 (0.25 mmol, 1.1 equiv.) and
N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride (0.23 mmol,
1.0 equiv.) in acetic anhydride (2 mL) was heated at 90 °C for 15 min to form the
corresponding N-phenylacetamide intermediate product. Then, the second indolenine
2.6b, 2.6f or 2.6j (0.25 mmol, 1.1 equiv.) was added and dissolved in the reaction
mixture at 90 °C. The reaction mixture was then cooled to 50 °C, pyridine (1 mL) was
added, heated at 90 °C for 5 min, and the obtained dye was precipitated with ether,
filtered, and washed with ether. The raw product was column purified on Silica gel 60
using 5—10% methanol—chloroform as eluent.

6-(3,3-Dimethyl-2-(7-(1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-
yl)-3H-indol-1-ium-1-yl)hexanoate (Cy7).

Dye Cy7 was synthesized from 1,2,3,3-tetramethyl-3 H-indol-1-ium iodide (2.5j)
(75 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride
(64 mg, 0.23 mmol), and 1-(5-carboxypentyl)-2,3,3-trimethyl-3 H-indol-1-ium bromide
(2.6j) (88.5 mg, 0.25 mmol). Yield: 119 mg (52%). 'H-NMR (400 MHz,
CDCl;—CD;0D), 8, ppm: 7.71 (t,J = 13.1 Hz, 2H), 7.42 (t, J = 12.7 Hz, 1H), 7.40-7.34
(m, 2H), 7.32 (d, J = 7.5 Hz, 2H), 7.18 (t, J = 7.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 1H),
7.06 (d, J = 8.4 Hz, 1H), 6.47 (t, J = 12.5 Hz, 2H), 6.08 (d, J = 13.4 Hz, 1H), 6.05 (d,
J=13.6 Hz, 1H), 3.92 (t, J = 7.4 Hz, 2H), 3.53 (s, 3H), 2.27 (t, J = 7.2 Hz, 2H),
1.84-1.67 (m, 2H), 1.62 (s, 12H), 1.67— 1.53 (m, 2H), 1.50—1.35 (m, 2H). "C-NMR
(100 MHz, CDCI;—CDs0D), 93, ppm: 175.63 (COOH), 171.14 (CN Ind), 170.56
(CN Ind) 155.75 (CH), 150.53 (2CH), 141.67 (Ar), 141.00 (Ar), 139.80 (Ar), 139.63
(Ar), 127.84 (2CH Ar), 124.76 (2CH), 124.26 (2CH Ar), 121.36 (CH Ar), 121.23
(CH Ar), 109.50 (CH Ar), 109.40 (CH Ar), 102.68 (CH), 102.42 (CH), 48.47
(2C(CHs;),), 43.09 (CH,), 32.98 (CH;), 30.23 (CH,), 26.83 (4CH,), 26.19 (CH,), 25.45
(CH,), 23.58 (CH,). HRMS m/z (ESI") CssH4N,O, calculated [M+H]" 509.3090
(509.3163), found m/z: 509.3168.
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6-(2-(7-(5-iodo-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-yl)-3,3-
dimethyl-3 H-indol-1-ium-1-yl)hexanoate (11Cy7).

Dye 1ICy7 was synthesized from S5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium
iodide (2.5b) (106.75 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (64 mg, 0.23 mmol), and 1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indol-1-ium bromide (2.6j) (88.5 mg, 0.25 mmol). Yield: 74 mg
(45%). "H-NMR (400 MHz, CDCl;—CD;0D), &, ppm: 7.76 (t, J = 13.1 Hz, 1H), 7.61
(t, J=13.1 Hz, 1H), 7.59 (d, J= 8.5 Hz, 1H), 7.54 (s, 1H), 7.40 (t, J = 12.7 Hz, 1H),
7.37 (t, J=17.9 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.25 (t, J = 7.4 Hz, 1H), 7.15 (d,
J=79 Hz, 1H), 6.77 (d, J = 8.4 Hz, 1H), 6.53 (t,J=13.3 Hz, 1H), 6.44 (t, J=13.3 Hz,
1H), 6.20 (d, J = 13.5 Hz, 1H), 5.92 (d, /= 13.3 Hz, 1H), 3.99 (t, J= 7.4 Hz, 2H), 3.42
(s, 3H), 2.24 (t, J= 7.2 Hz, 2H), 1.77 (m, 2H), 1.64 (m, 2H), 1.63 (s, 6H), 1.58 (s, 6H),
1.44 (m, 2H). ®C-NMR (100 MHz, CDCl;—CD;0D), §, ppm: 176.41 (COOH), 172.48
(CN Ind), 168.14 (CN Ind), 155.64 (CH), 152.05 (2CH), 148.66 (CH), 141.83 (Ar),
141.46 (Ar), 140.63 (Ar), 140.16 (Ar), 136.45 (CH Ar), 130.15 (CH Ar), 128.06 (CH
Ar), 125.46 (CH Ar), 125.20 (CH), 122.42 (CH Ar), 110.53 (CH Ar), 110.27 (CH Ar),
104.14 (CH), 101.49 (CH), 86.19 (CI Ar), 48.73 (C(CHj3),), 47.05 (C(CHs;),), 43.54
(CH,), 33.74 (CH,), 29.95 (CH,), 26.86 (2CHj), 26.67 (2CHj;), 26.35 (CH,), 25.42
(CH,), 23.80 (CH,). HRMS m/z (ESI") CsH3IN,O, calculated [M+H]" 635.2056
(635.2129), found m/z: 635.2134.

6-(5-Iodo-2-(7-(5-iodo-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-
yl)-3,3-dimethyl-3 H-indol-1-ium-1-yl)hexanoate (2ICy7).

Dye 2ICy7 was synthesized from 5-iodo-1,2,3,3-tetramethyl-3H-indol-1-ium
iodide (2.5b) (106.5 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-pentadienylidene]aniline
hydrochloride (64 mg, 0.23 mmol), and 1-(5-carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-
indol-1-ium bromide (2.6b) (120 mg, 0.25 mmol). Yield: 65 mg (38%). '"H-NMR
(400 MHz, CDCI;—CDs0D), o, ppm: 7.71 (t, J = 13.0 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H),
7.60 (s, 2H), 7.45 (t, J = 12.7 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.85 (d, J = 8.1 Hz,
1H), 6.51 (t,J=12.1 Hz, 2H), 6.08 (d, /= 12.7 Hz, 1H), 6.06 (d, J = 13.5 Hz, 1H), 3.90
(t, J=7.2 Hz, 2H), 3.49 (s, 3H), 2.23 (t, J = 7.2 Hz, 2H), 1.72 (m, 2H), 1.64 (m, 2H),
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1.60 (s, 12H), 1.42 (m, 2H). "C-NMR (100 MHz, CDCl;—CD;0D), &, ppm: 176.74
(COOH), 170.26 (CN Ind), 169.74 (CN Ind), 156.26 (CH), 150.81 (CH), 150.69 (CH),
142.00 (Ar), 141.75 (Ar), 141.53 (Ar), 140.86 (Ar), 136.73 (2CH Ar), 130.45 (CH Ar),
130.31 (CH Ar), 125.65 (2CH), 111.38 (CH Ar), 111.25 (CH Ar), 103.08 (CH), 102.86
(CH), 87.63 (CI Ar), 88.52 (CI Ar), 48.2 (2C(CHs),), 43.18 (CH,), 33.48 (CH,), 30.34
(CH3), 26.78 (4CH;), 26.12 (CH,), 25.43 (CH,), 23.73 (CH,). HRMS m/z (ESI")
C34H33I,N,0, calculated [M+H]" 761.1023 (761.1095), found m/z: 761.1101.

6-(5-Iodo-2-(7-(5-iodo-3,3-dimethyl-1-(3-(triethylammonio)propyl)indolin-2-
ylidene)hepta-1,3,5-trien-1-yl)-3,3-dimethyl-3 H-indol-1-ium-1-yl)hexanoate
trifluoroacetate (2ICy7+).

Dye  2ICy7+ was  synthesized from  5-iodo-2,3,3-trimethyl-1-(3-
(triethylammonio)propyl)-3H-indol-1-ium dibromide (2.7) (147 mg, 0.25 mmol),
N-[5-(phenylamino)-2,4-pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol),
and  1-(5-carboxypentyl)-5-i0odo-2,3,3-trimethyl-3H-indol-1-ium  bromide (2.5b)
(120 mg, 0.25 mmol). The product was purified on a RP-18 column (acetonitrile—water
+ 0.05% TFA). Yield: 34 mg (15%). "H-NMR (400 MHz, CDCl;—CD;0D), §, ppm:
7.74 (t, J = 13.0 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.68 (t, J = 13.0 Hz, 1H), 7.66 (s,
1H), 7.64 (d, J = 8.1 Hz, 1H), 7.59 (s, 1H), 7.40 (t, J = 12.8 Hz, 1H), 7.01 (d,
J=8.3 Hz, 1H), 6.91 (d, J= 8.3 Hz, 1H), 6.60 (t,J=12.7 Hz, 1H), 6.55 (t,J = 12.8 Hz,
1H), 6.28 (d, J=13.2 Hz, 1H), 6.15 (d, J = 13.5 Hz, 1H), 4.08 (t, J= 7.0 Hz, 2H), 3.95
(t,/J=6.8 Hz, 2H), 3.43 (t, /= 7.9, 2H), 3.26 (m, 6H) 2.30 (t, /= 7.2 Hz, 2H,), 2.04 (m,
2H), 1.77 (m, 2H), 1.66 (m, 2H), 1.64 (s, 6H), 1.61 (s, 6H), 1.45 (m, 2H), 1.27 (t,
J=1.1 Hz, 9H). HRMS m/z (EST") C4sHs6F31,N50,
calculated [M—CF;COO]" 888.2451, found m/z: 888.2462.

6-(3,3-Dimethyl-2-(7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-ylidene)hepta-
1,3,5-trien-1-yl)-3H-indol-1-ium-1-yl)hexanoate (3ICy7).

Dye 3ICy7 was synthesized from 4,5,6-triiodo-1,2,3,3-tetramethyl-3 H-indol-1-
ium  iodide (2.5f) (170 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), and 1-(5-carboxypentyl)-
2,3,3-trimethyl-3H-indol-1-ium bromide (2.6j) (88.0 mg, 0.25 mmol). Yield: 75 mg
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(37%). "H-NMR (400 MHz, CDCl;—CD;0D), 8, ppm: 7.82 (t, J = 12.4 Hz, 1H), 7.54
(t, J=13.0 Hz, 1H), 7.50 (s, 1H), 7.40 (d, J = 7.7 Hz, 2H), 7.40 (t, J = 12.6 Hz, 1H),
7.31 (t, J = 7.6 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H), 6.59 (t, J = 12.6 Hz, 1H), 6.43 (t,
J=12.5Hz, 1H), 6.36 (d, J=13.5Hz, 1H), 5.77 (d, J = 13.1 Hz, 1H), 4.07 (t, J =
7.2 Hz, 2H), 3.31 (s, 3H), 2.22 (t, J = 7.2 Hz, 2H), 1.79 (m, 2H), 1.69 (s, 6H), 1.65 (s,
6H), 1.64 (m, 2H), 1.45 (m, 2H). "C-NMR (100 MHz, CDCl;—CD;0D), §, ppm:
177.20 (COOH), 174.33 (CN Ind), 166.58 (CN Ind), 155.22 (CH), 153.27 (CH), 146.81
(CH), 144.47 (Ar), 141.28 (Ar), 140.59 (Ar), 140.34 (Ar), 128.28 (CH Ar), 126.34
(CH), 126.11 (CH), 125.57 (CH Ar), 121.54 (CH Ar), 118.83 (2CH Ar), 116.77 (CI
Ar), 111.04 (2CI Ar), 105.96 (CH), 101.98 (CH), 50.51 (C(CHj3),), 49.30 (C(CHs;),),
44.03 (CH,), 34.28 (CH,), 28.73 (CHj3), 26.58 (CH,), 26.50 (2CHs), 25.42 (CH,), 23.98
(CH,), 23.29 (2CH;). HRMS m/z (ESI") C34H;715N,0; calculated [M+H]™ 886.9989
(887.0062), found m/z: 887.0067.

6-(5-Iodo-3,3-dimethyl-2-(7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-ylidene)-

hepta-1,3,5-trien-1-yl)-3H-indol-1-ium-1-yl)hexanoate (41Cy?7).

Dye 4ICy7 was synthesized from 4,5,6-triiodo-1,2,3,3-tetramethyl-3H-indol-1-
ium  iodide (2.5f) (170 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), and 1-(5-carboxypentyl)-
5-10do-2,3,3-trimethyl-3H-indol-1-tum bromide (2.6b) (120 mg, 0.25 mmol). Yield:
116 mg (50%). '"H-NMR (400 MHz, CDCl;—CD;0D), &, ppm: 7.78 (t, J = 12.8 Hz,
1H), 7.68 (d, J = 8.3 Hz, 1H), 7.66 (s, 1H), 7.63 (t,J = 13.0 Hz, 1H), 7.57 (s, 1H), 7.43
(t, J=12.7 Hz, 1H), 6.96 (d, J= 8.4 Hz, 1H), 6.58 (t, J = 12.6 Hz, 1H), 6.48 (t,
J=12.6 Hz, 1H), 5.23 (d, J=13.4 Hz, 1H), 5.88 (d, J = 13.3 Hz, 1H), 3.98 (t, J=7.8
Hz, 2H), 3.37 (s, 3H), 2.24 (t, J= 7.2 Hz, 2H), 1.74 (m, 2H), 1.70 (s, 6H), 1.62 (s, 6H),
1.52 (m, 2H), 1.42 (m, 2H). “C-NMR (100 MHz, CDCl;—CD;0D), §, ppm: 177.01
(COOH), 172.11 (CN Ind), 168.49 (CN Ind), 156.17 (CH), 152.62 (CH), 148.84 (CH),
144.13 (Ar), 142.34 (Ar), 141.45 (Ar), 140.42 (Ar), 137.03 (CH Ar), 130.63 (CH Ar),
126.44 (2CH), 119.32 (CH Ar), 118.06 (CI Ar), 112.19 (CH Ar), 105.56 (CI Ar),
104.78 (CH), 102.10 (CI Ar), 101.18 (CH), 89.21 (CI Ar), 50.99 (C(CHj),), 48.72
(C(CHj3),), 43.70 (CH,), 33.48 (CH,), 28.42 (CHj;), 26.60 (2CHs;), 26.38 (CH,), 25.32
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(CHy), 23.66 (CH,), 23.16 (2CH;). HRMS m/z (ESI") CsH3clsN,0, calculated
[M+H]" 1012.8956 (1012.9028), found m/z: 1012.9034.
6-(4,5,6-Triiodo-3,3-dimethyl-2-(7-(4,5,6-triiodo-1,3,3-trimethylindolin-2-
ylidene)hepta-1,3,5-trien-1-yl)-3H-indol-1-ium-1-yl)hexanoate (61Cy7).

Dye 6ICy7 was synthesized from 4,5,6-triiodo-1,2,3,3-tetramethyl-3H-indol-1-
ium  iodide (2.5f) (170 mg, 0.25 mmol), N-[5-(phenylamino)-2,4-
pentadienylidene]aniline hydrochloride (65 mg, 0.23 mmol), and 1-(5-carboxypentyl)-
4,5,6-tritodo-2,3,3-trimethyl-3H-indol-1-ium bromide (2.6f) (183 mg, 0.25 mmol).
Yield: 78 mg (27%). 'H-NMR (400 MHz, CDCL—CD;OD), &, ppm: 7.73 (t,
J=13.0 Hz, 2H), 7.65 (s, 1H), 7.62 (s, 1H), 7.45 (t, J = 12.6 Hz, 1H), 6.57 (m, 2H),
6.06 (d, J=13.5 Hz, 2H), 3.86 (t, J = 7.6 Hz, 2H), 3.47 (s, 3H), 2.26 (t, /= 7.1 Hz, 2H),
1.72 (s, 12H), 1.68 (m, 2H), 1.63 (m, 2H), 1.42 (m, 2H). "C-NMR (100 MHz,
CDCI1;—-CD;0D), 8, ppm: 177.05 (COOH), 170.80 (2CN Ind), 156.82 (CH), 151.90
(CH), 151.50 (CH), 143.68 (Ar), 142.93 (Ar), 141.94 (Ar), 141.70 (Ar), 120.03 (2CH),
119.95 (2CH Ar), 119.54 (2CI Ar), 105.95 (CI Ar), 105.75 (CI Ar), 102.86 (2CI Ar),
102.45 (CH), 102.22 (CH), 51.72 (C(CH;),), 51.57 (C(CHs),), 43.08 (CH,), 33.57
(CH,), 28.72 (CHs;), 25.81 (CH,), 25.22 (CH;), 23.68 (CH,), 23.01 (4CH;). HRMS m/z
(EST") C34H3414N,0, calculated [M+H]" 1264.6888 (1264.6961), found m/z: 1264.6967.

5.2.5 Procedure for the synthesis of 2ICy7S dye

3-(5-carboxypentyl)-2-(7-(4,6-diiodo-3,3-dimethyl-1-(3-sulfopropyl)indolin-2-
ylidene)hepta-1,3,5-trien-1-yl)-3-methyl-1-(3-sulfopropyl)-3 H-indol-1-ium-5-
sulfonate (2ICy7S). N-[5-(Phenylamino)-2,4-pentadienylidene]aniline hydrochloride
(71 mg, 0.25 mmol) and indolenine 2.9 (115 mg, 0.25 mmol) were heated in a mixture
of acetic anhydride (2 mL) and acetic acid (2 mL) at 120 °C for 45 min to form the
intermediate N-phenylacetamide derivative. After cooling to r.t., a solution of
indolenine 2.8 (138 mg, 0.26 mmol) in dry pyridine (1 mL) was added, stirred at 100 °C
for 10 min, the obtained dye was precipitated with ether, filtered off, washed with ether,
and column-purified on LiChroprep RP-18 using 0—-30% acetonitrile—water+0.05%
acetic acid as eluent. Yield: 69 mg (26%). "H-NMR (400 MHz, DMSO-d;), 5, ppm:
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8.02 (t, J = 13.0 Hz, 1H, CH), 7.84-7.72 (m, 5H, CH), 7.67 (d, J = 8.1 Hz, 1H, CH),
7.53 (d, ] = 8.4 Hz, 1H, CH), 6.74 (d, J = 14.1 Hz, 1H, CH), 6.66—6.44 (m, 2H, CH),
6.26 (d, J=13.6 Hz, 1H, CH), 4.35 (t, ] = 6.3 Hz, 2H, NCH,), 4.05 (t, J = 7.0 Hz, 2H,
NCH,), 2.66-2.54 (m, 4H CH,SOsH), 2.30-2.16 (m, 2H, CH,COOH), 2.09-1.96 (m,
4H, CH,), 1.95-1.86 (m, 2H, CH,), 1.71 (s, 6H, s, (CHs),), 1.64 (s, 3H, CH),
1.36-1.26 (m, 2H, CH,), 1.17-1.05 (m, 2H, CH,), 0.80—0.67 (m, 1H, CH,), 0.51-0.38
(m, 1H, CH,). ®C-NMR (100 MHz, DMSO-d), 3, ppm: 174.64 (COOH), 173.80
(CN Ind), 168.27 (CN Ind), 156.75 (CSOs Ar), 147.02 (CH), 146.63 (Ar), 146.16 (Ar),
143.02 (Ar), 142.59 (2CH), 141.26 (Ar), 139.83 (CH Ar), 139.29 (CH Ar), 127.78
(2CH), 126.86 (CH Ar), 120.19 (CH Ar), 118.98 (CH Ar), 111.64 (CH), 102.38 (CH),
95.97 (C-I), 92.03 (C-I), 54.45 (C(CH3)), 50.15 (C(CHs),), 48.39 (CH,SOs), 48.28
(CH,S03), 43.90 (NCH,), 42.39 (NCH,), 33.88 (CH,COOH), 28.87 (2CH,), 27.14
(2CH,), 24.48 (CHj), 24.21 (2CHs), 23.33 (2CH,). HRMS: m/z (ESI") C33HusIbN>O1S5
calculated [M+H]" 1057.0426, found m/z: 1057.0464.

5.2.6 Synthesis of the Dye—Antibody (Dye—Ab) conjugates

Synthesis of 2ICy7S-NHS. 2ICy7S (0.82 mg, 0.78 umol) and N,N,N',N'-
tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) (0.35 mg, 1.2 pumol)
were dissolved in DMF (100 uL), and N,N-diisopropylethylamine (DIPEA) (0.8 uL,
4.68 pmol) was added. The mixture was stirred at r.t. for 20 min to give 2ICy7S-NHS.
The obtained solution was used as is for conjugation with antibody.

Conjugation of 2ICy7S with monoclonal antibody to get 2ICy7S—Ab. A stock
solution of trastuzumab (1.34 mg, 8.66 nmol, 62 pl) was diluted with 0.1 M PBS
pH 7.4 (588 uL) to the final concentration of 2.1 mg/mL. The stock solution of
2ICy7S-NHS (1 mg) in DMF (763 uL) was prepared; the aliquot (38.9 ug, 30.3 nmol,
29.6 uL) was added dropwise to the trastuzumab solution and stirred 1 h at 25 °C. The
obtained conjugate was separated from the unbound dye by using a gel-permeation
chromatography (Sephadex G50, 0.1 M PBS pH 7.4). The first blue fraction was
collected to yield 2ICy7S—Ab conjugate (1.09 mg) with DAR ~1.8 (the amount of the

conjugate and DAR were determined spectrophotometrically). The second blue fraction
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consisted of the unbound dye. The obtained solution was diluted with PBS to the final
concentration of 0.5 mg/mL, kept at 4 °C overnight, and used next day for
IV administering.

Conjugation of Cy7'™ with monoclonal antibody to get Cy7 "—Ab.
Cy7™-Ab was obtained by the same procedure as for 2ICy7S—Ab starting from the
stock solution of trastuzumab (1.78 mg, 11.9 nmol, 85 pL) diluted in 0.1 M PBS pH 7.4
(765 uL) and Cy7™-NHS (37.8 ug, 41.6 nmol, 17.5 uL). Separation on Sephadex G50
resulted in Cy7"™M—Ab conjugate (1.7 mg, DAR ~ 1.7). Conjugate was diluted with PBS

to 0.5 mg/mL concentration and used as is for IV administering.
5.3 Spectral-luminescent measurement procedures
5.3.1 Spectral measurements

The absorption spectra were recorded on a Jasco V-730 UV-Vis
spectrophotometer and the fluorescence spectra were taken on an Edinburgh
Instruments FS5 spectrofluorometer. The absorption and fluorescence spectra were
measured at 25 °C in standard 1-cm quartz cells at ~0.5 pM dye concentrations in

MeOH and 0.1 M PBS pH 7.4. The excitation wavelength (A*) was 700 nm.
5.3.2 Molar absorptivities

To determine extinction coefficient, the dye (~5mg) was dissolved in the
selected solvent (50 mL), the stock solution was diluted to the dye concentration
Cpye ~ 0.5-5 uM and the absorbance (4) at the absorption band maximum was measured
in a 1-cm standard quartz cell. The extinction coefficients were calculated according to
the Beer—Lambert law. The extinction coefficient of each dye was independently
measured three times and the average value was taken. The reproducibility for

determining the extinction coefficients was within £5,000 M 'cm .
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5.3.3 Fluorescence quantum yield

To determine the fluorescence quantum yield (®g), the integrated relative
intensities of the dye or dye-antibody conjugates were measured in the appropriate
solvent vs. the Cy7™ (®p = 13%) [153] or HITC in MeOH as the reference
(®g =28%) [130]; and the fluorescence quantum yields were calculated according to

Equation 5.1 [160].

Dp = Opger X (F/ Fre) X (Arer/ A) X (Mpmedia)” / Mp(mediaken s (5.1)

where Opp.r is the quantum yield of the reference, Fr.s and F' are the areas
(integral intensities) of the emission spectra (F = | I(A)d\) of the reference dye and the
dye under examination, Ar.r and 4, are the absorbances at the A* of the reference dye
and the dye under examination, npmediarey MD(media) are the refractive indices of the
solvent, where the reference dye and dye under examination are dissolved respectively.

The quantum yield for each dye was independently measured three times and the

average value was taken.
5.3.4 Quantum yield of singlet oxygen generation

The quantum yields of the singlet oxygen generation (®,) were measured in methanol
and PBS. ®, in methanol were measured according to the known procedure [28].
Solutions containing (i) the singlet oxygen scavenger, 1,3-diphenylisobenzofuran
(DPBF, 4~ 03, ¢ ~ 14 uM) and (ii) a dye under investigation or reference dye
(A~1.0, ¢ ~ 4-6 uM) in methanol were prepared. 1,1',3,3,3’,3’-Hexamethylindo-
tricarbocyanine iodide (HITC) was used as the reference dye. The obtained solutions
(3.0 mL) were light irradiated from the distance of 46 cm in a standard 1-cm quartz
cells by using a 730-nm, 30 W LED equipped with a 60° lens and the absorption spectra
were recorded over time. The total irradiation time was up to 30 min. During this time
the absorbance of DPBF reduced to about 10% of its initial value. The corresponding
plot representing the absorbance of DPBF at 410 nm vs. time was drawn and fitted by a
first-order reaction rate function (Fig. 4.15). Then, ®, was calculated relative to the

reference dye (HITC) (®prer = 0.89% in methanol [28]) according to Equation 5.2.
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CDA = q)ARef X (I’ / rRef) X (ARef/A)a (52)

where ©®g.r 1s the quantum yield of the singlet oxygen generation for the reference dye,
rrer and r are the rates of singlet oxygen scavenger degradation obtained from the
corresponding fitting curves of the reference dye and the dye under examination, and
Agrer and A are the absorbances at A* = 730 nm of the reference dye and the dye under
examination.

The quantum yields of the singlet oxygen generation (®,) in 0.1 M PBS
pH 7.4 were measured according to the known procedure [156]. The solutions of
Singlet Oxygen Sensor Green (SOSG, ¢ ~ 6 uM) [161] and a dye under investigation or
reference dye (¢ = 1.2—4.3 uM) in PBS were prepared in standard 1-cm quartz cells.
ICG was used as the reference dye. The obtained solutions (3 mL) were light irradiated
from the distances of 26.5 cm by a 730-nm, 30 W LED equipped with a 60° lens and
the emission spectra were recorded over time. The total irradiation time was up to
125 min. During this time the emission of SOSG gradually increased. The
corresponding plots representing the emission of SOSG at 530 nm vs. time were drawn
and fitted by a zero-order reaction rate function (Fig. 4.16) [156]. Then, the singlet
oxygen quantum yield ®, was calculated relative to the reference dye (ICG,
D prer = 0.2% in PBS [35]) according to Equation 5.2 [156]. Because the emission rate
increase of SOSG upon ®, measurements was very different in respect of the
investigated dye, we used various concentrations of these dyes ranged between
Cpye = 1.2—4.3 uM. To confirm that ®gr 1s not dependent of the dye concentration, we
demonstrated a positive linear correlation between the SOSG reaction rate () and the
dye concentration within the cpy. = 1.2—4.3 uM (see example of Cy7™, Fig. 4.17).

Each experiment of ®, measurements in methanol and PBS was carried out in
triplicate and the average ®, was calculated. The reproducibility in the determination of

@, was not more than 5%.
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5.3.5 Fluorescence lifetimes

Fluorescence lifetimes (t) were acquired with ChronosFD (ISS, Champaign, IL)
a frequency domain lifetime spectrofluorometer using a 695-nm laser diode as the
excitation light source, a 705-nm excitation bandpass filter and a 720-nm long-pass
emission filter. The measurements were done against Cy7"™ in PBS as a reference
(t=0.57 ns) [153] at 25 °C. Two synthesizers (Model IFR2023) provided modulation
frequencies in the range from 9 KHz to 1.2 GHz; one synthesizer drove the LEDs
directly at a frequency f'. The second synthesizer drove the gain of the light detector at a
frequency (f" + Af"), where the quantity A4f’, called the cross-correlation frequency, was
of the order of 1 KHz. The signals of the sum (that is 2" + Af") and the difference (that
is Af") of the two frequencies were recorded and the low frequency component Af” was
taken to determine DC (direct current), AC (alternating current) and the phase
components of the signal. In all lifetime measurements the dye concentrations were
¢ ~ 0.5 uM. Instrument control, data acquisition and data analysis were performed using
Vinci — Multidimensional Fluorescence Spectroscopy software (ISS, Champaign, IL).
The analysis of the time-resolved fluorescence data was carried out using the traditional
non-linear least squares method. This method evaluates how close a model selected by
the user matches the data acquired with the instrument. The Marquardt—Levenberg
algorithm was utilized for the minimization routine of the *-function that compares the
selected model with the experimental data. Frequency-domain data were used to
determine the lifetimes using the multi-exponential model expressed by

Equation 5.3 [1].

n
I(t)= Zal-e_t/fi
i=1 , (5.3)
where a; is the pre-exponential factor, t; the lifetime, and n = 1 or 2 for the single
or double exponential fits, respectively. The fractional contribution of each component

in the intensity decay /(?) is given by Equation 5.4 [1].
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fi:a,-z'i/Zajrj (54)
j 2

The average lifetime (Tmen) for a two-exponential decay was determined

according to the Equation 5.5 [1]

Tmean :ﬁ 0 +ﬁ 72, (55)

where f; and f are the fractional intensities, 7; and 7, are the lifetimes.
5.3.6 Determination of Dye-to-Antibody Ratio (DAR)

DAR was measured by the spectrophotometric method and calculated according

to Equation 5.6 [162].

; 850 .
DAR — Amax(conjugate)xXep Jeeo Anorm(conjugate)di
[Az78—xXAmax(conjugate)]xeq f;}:C?Angrm(free dye)dA (5 6)
) .

where Ap.x(conjugate) is the absorbance of dye—Ab conjugate at the dye
absorption maximum; Ay is the absorbance of dye—Ab conjugate at 278 nm
(absorption maximum of Ab); €4, and g4 are the extinction coefficient of the Ab and
dye, respectively; x is the correction factor (the ratio of the 4,75 to Anax(dye) for the dye
alone). A correction factor of 0.042 was applied for 2ICy7S—Ab and 0.031
for Cy7"™-Ab. A,.m(conjugate) is the normalized absorbance spectra of Ab—dye
conjugate and A,,m (free dye) is the normalized absorbance spectra of the

corresponding unconjugated dye.
5.4 Biological procedures
5.4.1 Antimicrobial studies

Cultures of S. aureus (ATCC 25923), E. coli (ATCC 25922) and P. aeruginosa
(ATCC 25668) were grown on Brain Heart agar plates (BHA, Acumedia, Lansing, MI,
USA) for 24 h, transferred into Brain Heart broth (BH, Acumedia, Lansing, MI, USA),
grown at 37+1°C with shaking at 170 rpm until reaching the absorbance 4 = 0.10+0.02

at 660 nm, which corresponded to a final concentration of 10° cells/mL, and diluted
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with commercially available sterile 0.9% saline solution to the final concentration of
10°-10* cells/mL.

All preparatory operations with photosensitizers were carried out in the dark to
avoid their activation and photobleaching. The stock solutions of the dyes in DMSO
(3—8 mM, spectrophotometrical control by known dilutions) were prepared and the
desirable final concentrations were prepared in up to three dilutions. Then, each dye
solution in DMSO (7 pL) was added to bacterial suspensions (1 mL) in 0.9% saline
(Falcon® 24-well polystyrene clear flat bottom plate was used). Thus, the amount of
DMSO added to the bacterial suspensions was always 0.7% (7% was used in several
experiments, as noted below). The bacterial suspensions were then incubated in the dark
at r.t. for 30 min and then exposed to light with shaking (or kept in the dark for the
control) for certain periods of time according to the experimental conditions. The light
exposure was carried out by a 730-nm, 30 W LED equipped with a 60° lens from the
distance of 8 cm (light power density 56 mW/cm?).

After the light exposure, aliquots of each sample (100 pL) were spread over BHA
plates with a Drigalsky spreader, incubated at 37 °C for 24 h, and the colony forming
units (CFU) were counted using a colony counter Scan 500 (Interscience,
Saint-Nom-la-Bretéche, France).

To verify the dark toxicity of the dyes, the same experiments were carried out in
parallel without light exposure. As the control we utilized the samples of bacteria
without dye: (i) in the dark and without DMSO, (ii) in the dark in the presence of
DMSO, (ii1) exposed to light without DMSO, and (iv) exposed to light in the presence
of DMSO.

All the experiments with bacteria were carried out in triplicate 4-5 times in

different days and the average values were taken.
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5.4.2 Animal studies

5.4.2.1 Animal preparation

All animal experiments were carried out in compliance with the Israel Council on
Animal Care regulations and were approved by the Animal Care Committee of Ariel
University (Authorization number IL-179-06-19).

Six-week-old athymic Balb/c female nude mice (Harlan Labs, Nes Ziona, Israel)
were subcutaneously inoculated on the dorsal left side with human breast cancer cell
line BT-474 (1x10° cells in PBS into nu/nu mice, 100 pL per mouse) and tumors
allowed to establish over 10 days. For that time tumor volumes reached around
28.5 mm’.

Before imaging and/or photodynamic treatment, the mice were anesthetized by
an intraperitoneal injection of a combination of ketamine and xylazine (0.5 mL of
ketamine + 0.25 mL of xylazine + 4.25 mL of water). The injection dose was

0.1 mL/10 g mouse, total: 0.25 mL/mouse.
5.4.2.2 Animal imaging

Imaging was carried out using multispectral fluorescence in vivo imaging system
CRi Maestro II. For imaging acquisition mice were anesthetized, and imaging was
performed after the conjugate administering at certain time intervals from 5, 10, 24 h
post-injection. The images were obtained in the white light and in the fluorescence
channel: excitation wavelength 705 nm, excitation filter 740 nm, registration scan
740-950 nm. The data processing was performed by Maestro 3.0 and Imagel
software [163].

5.4.2.3 PDT experiment

After 10 days of tumor development, thirty mice were randomly separated into
the ten groups (3 mice per group). Groups 1 and 6 were taken as the control for tumor
growth and background autofluorescence in imaging experiments. Groups 2 and 3 were

administered in the tail vein (IV) with Cy7"—Ab and groups 4 and 5 with 2ICy7S—Ab
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(100 pg of the conjugate in 200 pL PBS). Accumulation of the conjugates was
monitored by fluorescence imaging at 5 h, 10 h and 24 h. After complete accumulation
(24 h) monitored by fluorescence imaging, mice from groups 3 and 5 were anesthetized
and subjected to 730 nm light irradiation (30 W LED, 70 mW/cm2, 15 min) at the
irradiance of 63 J/cm®. Group 7 was exposed to NIR light for 15 min (730 nm LED,
63 J/cm?). Mice were IV administered (tail) with Cy7™ (group 8), 2ICy7S (group 9)
and Ab (group 10). The administered doses were 1.14 nmol (0.774 ng) of Cy7,
1.20 nmol (1.27 pg) of 2ICy7, and 0.67 nmol (100 pg) of Ab in 200 uL PBS.
The amount of the administered dye was calculated as
m(dye) = n(Ab) x D/P(conjugate) x MW(dye) to receive the same amount of the dye as
it was in the corresponding conjugates. The tumor sizes were measured in vivo over
time by using the hands-on digital caliper method and the tumor volumes were
calculated according to the Equation 5.7 [157]. Tumor volumes for all the groups were

monitored during 28 days:

Tumor volume (mm’) = 0.5 x Tumor Length x Tumor Width? (5.7)
5.4.2.4 Flow cytometry

Tumor-bearing mice were sacrificed, the tumors were resected, and single-cell
suspensions (0.5—1.0 x 10° cells) were prepared from mice tumors according to the
procedure [158]. Isolated cells were washed and then fixed by using paraformaldehyde
in order to prevent further degradation. Then, the cells were stained with MEBCYTO"
Annexin V-FITC/PI Apoptosis Detection Kit according to the manufacturer's suggested
protocol. The data were acquired by a CytoFLEX (Beckman Coulter) flow cytometer

and analyzed using FlowJo software.
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CONCLUSIONS

We developed novel halogenated fluorescent heptamethine cyanine dyes
containing different quantities of iodine, bromine, and chlorine atoms in various
positions of terminal indoleninium moieties and explored heavy atom effect on dyes
spectral, photophysical and photochemical properties. In order to use the developed
iodinated heptamethine cyanines as the materials for theranostics, photodynamic
therapy (PDT), and photoimmunotherapy (PIT) applications, we studied their
photocytotoxicity against gram-positive and gram-negative bacterial pathogens, as well
as against breast cancer.

1. The initial quaternized 2,3,3-trimethylindoleninium salts for halogenated
heptamethine cyanine dyes synthesis can be obtained by multistep reaction starting
from the diazotization of corresponding halogenated anilines followed by reduction
with tin(Il) chloride, and then heterocyclization with 3-methyl-2-butanone in acetic
acid, with further N-alkylation by iodomethane, 6-bromohexanoic acid or
3-bromo-N,N,N-triethylpropan-1-aminium bromide. Better yields in the reaction of
diazotization can be achieved by the use of nitrosylsulfuric acid and precise temperature
control.

2. An efficient synthetic pathway towards the synthesis of symmetrical and
unsymmetrical heptamethine cyanine dyes containing a number of different halogen
atoms in terminal heterocyclic moieties is as follows: respective quaternized
indoleninium salts, containing halogen substituents, are introduced into one-pot
sequential reaction with N-[5-(phenylamino)-2,4-pentadienylidene]aniline
hydrochloride with the first and then with the second quaternized indolenine. In the first
step, the formation of an intermediate phenylacetamide derivative is carried out in
acetic anhydride, while in the second step, the formation of heptamethine cyanine dye is
initiated by the addition of pyridine. In the case of symmetrical heptamethinecyanines,
the first and the second quaternized indolenine is the same compound. The synthesis of
the phenylacetamide derivative in acetic anhydride is accompanied by undesired at this

step symmetrical dye byproduct formation. The formation of heptamethine cyanine dye
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speeds up with the addition of pyridine and slows down with acetic acid addition to
acetic anhydride.

3. Incorporation of halogen atoms, such as chlorine, bromine, and iodine in the
terminal indolenine moieties of heptamethinecyanines does not have a significant effect
on absorption and fluorescence maxima, although the introduction of iodine substituents
leads to a slightly greater red shift in the spectra, as compared to brominated or
unsubstituted dyes. At the same time, the fluorescence quantum yield (®) and lifetime
are strongly affected by the type of halogen atom, their quantity, and position. Thus,
halogenation of the dyes leads to significant ®p enhancement (up to 1.35 times).
In general, bromine and even chlorine atoms incorporation leads to a higher increase in
®g, of the dyes than iodine atoms. Halogen atoms in position 5 of terminal indolenine
moieties result in a slight decrease of ®g;, while, in contrast, halogen atoms in positions
4 or 6 facilitate strong increase of ®g, and the introduction of two halogen atoms in
positions 4 and 6 at once enhances this effect. The combination of these positions
(4,5,6) shows only a moderate @, increase seemingly at the expense of halogens in
position 5. At the same time, the level of ®f increasing is almost independent of the
type of incorporated halogen (more light-weighted, chlorine, or heavier, bromine or
iodine, atoms).

4. The halogen atom-promoted singlet oxygen quantum yield ®, depends not
only on a number but also on the position of the halogen substituents in the
heptamethine cyanine dyes. Thus, 4,61,-HITC dye containing 4 iodine atoms in
positions 4,6 of indolenine moieties have 1.5 lower @, as compared to SI,-HITC with
2 iodine atoms. Importantly, while iodine atoms strongly (up to 8.4 times) increase the
®, of the heptamethine cyanine dyes, bromine atoms insignificantly affect it. The
incorporation of chlorine atoms reduces ®, even below this value for HITC.

5. The inclusion of halogen atoms in terminal heterocycles of heptamethine
cyanine dye leads to a decrease of internal conversion in the excited state specifically
the restriction of rotation of indolium moieties around the polymethine chain, thus
increasing @, fluorescence lifetime, and, in some cases, even ®, for halogenated dyes

compared to unsubstituted one.
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6. The developed new NIR heptamethine cyanine dyes containing up to six
iodine atoms and an aliphatic carboxylic group demonstrate the ability for
photodynamic eradication of S. aureus, E. coli, and P. aeruginosa pathogens, wherein
the increasing the number of iodine atoms in the dye has an unexpected and ambiguous
photocytotoxic effect on these bacteria, which is connected with two opposing factors:
(1) increase of the intersystem crossing and the rates of reactive species generation, and
(2) dye aggregation causing the reduced dye uptake that, supposedly, is followed by the
decreased rates of reactive species generation. As a result, the increase of the number of
iodine atoms up to two in the series of zwitterionic cyanines increases the efficacy of
S. aureus eradication; then the efficacy remains almost unchanged for the two-, three-
and four-iodinated dyes and diminishes in the case of the hexa-iodinated cyanine. At the
same time, the mono-iodinated heptamethine cyanine causes the most pronounced
photocytotoxic effect on E. coli and P. aeruginosa. An additional positive charge
contributed by a triethylammonium group decreases the efficacy of the dye towards
S. aureus but improves the eradication of E. coli and P. aeruginosa.

7. Water-soluble NIR diiodinated heptamethine cyanine dye 2ICy7S conjugated
with the trastuzumab antibody (Ab) is considered the most promising agent for
photoimmunotherapy (PIT) due to its high brightness and photocytotoxicity, while the
aggregation issue caused by iodine substituents is handled by the introduction of
sulfogroups. The iodine atoms in 2ICy7S play a key role in the enhanced
photocytotoxicity of the 2ICy7S—Ab conjugate. Thus, 2ICy7S—Ab conjugate promotes
significant breast cancer tumor growth suppression in the mouse xenograft model: when
irradiated with light, the combined photoimmunotherapeutic action results in 5.4-fold
suppression caused by necrosis, while the antibody-stimulated immunotherapeutic
effect of 2ICy7S—Ab can be estimated as 1.4-fold tumor growth suppression, the
similar result as for conjugate with non-iodinated analog Cy7""—Ab with and without
light irradiation. The iodinated 2ICy7S—Ab conjugate demonstrates a 3-fold increased
quantum yield of singlet oxygen generation in aqueous media compared to its

non-iodinated analog, Cy7" —Ab.
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8. Antibody conjugate with iodinated dye 2ICy7S—-Ab provides a bright
fluorescent signal allowing real-time monitoring of the conjugate distribution in the
body and accumulation in the tumor, which is crucial for diagnostics purposes and for
recognizing the optimal time for light irradiation and thus improving the precision and
safety of treatment. The conjugation of 2ICy7S with a wide range of antibodies should
significantly expand the scope of efficient tools for photoimmunotherapeutic treatment
and theranostics targeting various types of cancer.

Thus, variation of quantity and position of halogen atoms allows adjusting the
key properties (@, 4, and phototocytoxicity) of heptamethine cyanine dyes and gives
an opportunity to design NIR cyanines with the desired properties in order to develop
effective materials for fluorescence 1maging, diagnostics, and, especially, for

photodynamic therapy and theranostics.



10

11

129
REFERENCES

Lakowicz JR. Principles of fluorescence spectroscopy. Springer science & business
media; 2006. https://doi.org/10.1007/978-0-387-46312-4.

Lavis LD, Raines RT. Bright ideas for chemical biology. ACS Chem Biol
2008;3:142—-55. https://doi.org/10.1021/cb700248m.

Otto F. DAPI Staining of Fixed Cells for High-Resolution Flow Cytometry of
Nuclear DNA. Methods Cell Biol 1990;33:105—10. https://doi.org/10.1016/S0091-
679X(08)60516-6.

Akkol EK, Geng¢ Y, Karpuz B, Sobarzo-Sanchez E, Capasso R. Coumarins and
coumarin-related compounds in pharmacotherapy of cancer. Cancers 2020;12:1-25.
https://doi.org/10.3390/cancers12071959.

Desiatkina O, Boubaker G, Anghel N, Amdouni Y, Hemphill A, Furrer J, et al.
Synthesis, Photophysical Properties and Biological Evaluation of New Conjugates
BODIPY: Dinuclear Trithiolato-Bridged Ruthenium(Il)-Arene Complexes.
ChemBioChem 2022;23:202200536. https://doi.org/10.1002/cbic.202200536.
Keerthana S, Sam B, George L, Sudhakar YN, Varghese A. Fluorescein Based
Fluorescence Sensors for the Selective Sensing of Various Analytes. J Fluoresc
2021;31:1251-76. https://doi.org/10.1007/s10895-021-02770-9.

Beija M, Afonso CAM, Martinho JMG. Synthesis and applications of rhodamine
derivatives as fluorescent probes. Chem Soc Rev 2009;38:2410-33.
https://doi.org/10.1039/b901612k.

Lo PC, Rodriguez-Morgade MS, Pandey RK, Ng DKP, Torres T, Dumoulin F. The
unique features and promises of phthalocyanines as advanced photosensitisers for
photodynamic therapy of cancer. Chem Soc Rev 2020;49:1041-56.
https://doi.org/10.1039/c9¢s00129h.

Deligeorgiev T, Vasilev A, Kaloyanova S, Vaquero JJ. Styryl dyes - synthesis and
applications during the last 15 years. Color Technol 2010;126:55—80.
https://doi.org/10.1111/j.1478-4408.2010.00235.x.

[lina K, MacCuaig WM, Laramie M, Jeouty JN, McNally LR, Henary M. Squaraine
Dyes: Molecular Design for Different Applications and Remaining Challenges.
Bioconjug Chem 2020;31:194-213.
https://doi.org/10.1021/acs.bioconjchem.9b00482.

Lange N, Szlasa W, Saczko J, Chwitkowska A. Potential of cyanine derived dyes in
photodynamic therapy. Pharmaceutics 2021;13:818.
https://doi.org/10.3390/pharmaceutics13060818.



12

13

14

15

16

17

18

19

20

21

22

23

130

Shindy HA. Fundamentals in the chemistry of cyanine dyes: A review. Dyes Pigm
2017;145:505—13. https://doi.org/10.1016/j.dyepig.2017.06.029.

Feenstra RPG, Tseng SCG. Comparison of Fluorescein and Rose Bengal Staining.
Ophthalmology 1992;99:605—17. https://doi.org/10.1016/S0161-6420(92)31947-5.
Zhang XF, Zhang J, Liu L. Fluorescence properties of twenty fluorescein
derivatives: Lifetime, quantum yield, absorption and emission spectra. J Fluoresc
2014;24:819-26. https://doi.org/10.1007/s10895-014-1356-5.

Gandin E, Lion Y, Van de Vorst A. Quantum Yield of Singlet Oxygen Production
By Xanthene Derivatives. Photochem Photobiol 1983;37:271-8.
https://doi.org/10.1111/1.1751-1097.1983.tb04472 .x.

Verhoeven JW. Glossary of terms wused in photochemistry (IUPAC
Reconunendations 1996). Pure Appl Chem 1996;68:2223—86.
https://doi.org/10.1351/pac199668122223.

Geddes CD. Optical halide sensing using fluorescence quenching: theory,
simulations and applications - a review. Meas Sci Technol 2001;12:R53—88.
https://doi.org/10.1088/0957-0233/12/9/201.

Rey YP, Abradelo DG, Santschi N, Strassert CA, Gilmour R. Quantitative Profiling
of the Heavy-Atom Effect in BODIPY Dyes: Correlating Initial Rates, Atomic
Numbers, and 102 Quantum Yields. European J Org Chem 2017;2017:2170-8.
https://doi.org/10.1002/ejoc.201601372.

LiY, Li G, Zhang Q, Li Y, Jia Q, Zhang W, et al. Heavy atom effect on water-
soluble porphyrin photosensitizers for photodynamic therapy. Chem Phys Lett
2021;784:139091. https://doi.org/10.1016/j.cplett.2021.139091.

Hayashi K, Nakamura M, Miki H, Ozaki S, Abe M, Matsumoto T, et al. Photostable
iodinated silica/porphyrin hybrid nanoparticles with heavy-atom effect for wide-
field photodynamic/photothermal therapy using single light source. Adv Funct
Mater 2014;24:503—13. https://doi.org/10.1002/adfm.201301771.

Amirav A, Jortner J. Resonances in mediated intersystem crossing of jet-cooled
anthracene derivatives. Chem Phys Lett 1986;132:335—40.
https://doi.org/10.1016/0009-2614(86)80621-2.

McLoughlin CK, Kotroni E, Bregnhgj M, Rotas G, Vougioukalakis GC, Ogilby PR.
Oxygen-and pH-dependent photophysics of fluorinated fluorescein derivatives:
Non-symmetrical vs. symmetrical fluorination. Sensors 2020;20(18):5172.
https://doi.org/10.3390/s20185172

Spagnuolo CC, Massad W, Miskoski S, Menendez GO, Garcia NA, Jares-Erijman
EA. Photostability and spectral properties of fluorinated fluoresceins and their

biarsenical derivatives: a combined experimental and theoretical study. Photochem
Photobiol 2009;85(5):1082-8. https://doi.org/10.1111/5.1751-1097.2009.00565.x



24

25

26

27

28

29

30

31

32

33

34

35

131

Szacitowski K, Macyk W, Drzewiecka-Matuszek A, Brindell M, Stochel G.
Bioinorganic  photochemistry:  Frontiers and mechanisms. Chem Rev
2005;105:2647-94. https://doi.org/10.1021/cr030707e.

Li Y, Zhou Y, Yue X, Dai Z. Cyanine Conjugate-Based Biomedical Imaging
Probes. Adv Healthc Mater 2020;9:2001327.
https://doi.org/10.1002/adhm.202001327.

Gorka AP, Nani RR, Schnermann MJ. Cyanine polyene reactivity: scope and
biomedical applications. Org Biomol Chem 2015;13:7584-98.
https://doi.org/10.1039/c50b00788g.

Choi PJ, Park TIH, Cooper E, Dragunow M, Denny WA, Jose J. Heptamethine
Cyanine Dye Mediated Drug Delivery: Hype or Hope. Bioconjug Chem
2020;31:1724-39. https://doi.org/10.1021/acs.bioconjchem.0c00302.

Stackova L, Muchova E, Russo M, Slaviéek P, Stacko P, Klan P. Deciphering the
Structure-Property Relations in Substituted Heptamethine Cyanines. J Org Chem
2020;85:9776—90. https://doi.org/10.1021/acs.joc.0c01104.

Flanagan, Jr. JH, Romero SE, Legendre, Jr. BL, Hammer RP, Soper SA. Heavy-
atom modified near-IR fluorescent dyes for DNA sequencing applications: synthesis
and photophysical characterization. Adv Fluoresc Sens Technol III
1997;2980:328—37. https://doi.org/10.1117/12.273529.

Atchison J, Kamila S, Nesbitt H, Logan KA, Nicholas DM, Fowley C, et al.
Iodinated cyanine dyes: a new class of sensitisers for use in NIR activated
photodynamic  therapy  (PDT). Chem  Commun  2017;53:2009—-12.
https://doi.org/10.1039/c6¢c09624¢.

Cao J, Chi J, Xia J, Zhang Y, Han S, Sun Y. Iodinated Cyanine Dyes for Fast Near-
Infrared-Guided Deep Tissue Synergistic Phototherapy. ACS Appl Mater Interfaces
2019;11:25720-9. https://doi.org/10.1021/acsami.9b07694.

Usama SM, Thavornpradit S, Burgess K. Optimized heptamethine cyanines for
photodynamic  therapy. @ ACS  Appl Bio Mater 2018;1:1195-205.
https://doi.org/10.1021/acsabm.8b00414.

Levitz A, Marmarchi F, Henary M. Synthesis and optical properties of near-infrared
meso-phenyl-substituted symmetric heptamethine cyanine dyes. Molecules 2018;23.
https://doi.org/10.3390/molecules23020226.

Mayerhoffer U, Fimmel B, Wiirthner F. Bright near-infrared fluorophores based on
squaraines by unexpected halogen effects. Angew Chem - Int Ed 2012;51:164—7.
https://doi.org/10.1002/anie.201107176.

Wang S, Shang L, Li L, Yu Y, Chi C, Wang K, Zhang J, Shi R, Shen H,
Waterhouse GIN, et al. Metal-organic-framework-derived mesoporous carbon



36

37

38

39

40

41

42

43

44

45

46

132

nanospheres containing porphyrin-like metal centers for conformal phototherapy.
Adv Mater 2016;28(38):8379—8387. https://doi.org/10.1002/adma.201602197.
James NS, Chen Y, Joshi P, Ohulchanskyy TY, Ethirajan M, Henary M, et al.
Evaluation of polymethine dyes as potential probes for near infrared fluorescence
imaging  of  tumors:  Part - 1.  Theranostics  2013;3:692—702.
https://doi.org/10.7150/thno.5922.

Feng L, Chen W, Ma X, Liu SH, Yin J. Near-infrared heptamethine cyanines (Cy7):
from structure, property to application. Org Biomol Chem 2020;18:9385-97.
https://doi.org/10.1039/d0ob01962c¢.

Chinna Ayya Swamy P, Sivaraman G, Priyanka RN, Raja SO, Ponnuvel K,
Shanmugpriya J, et al. Near infrared (NIR) absorbing dyes as promising
photosensitizer for photo dynamic therapy. Coord Chem Rev 2020;411:213233.
https://doi.org/10.1016/j.ccr.2020.213233.

Mu X, Lu 'Y, Wu F, Wei Y, Ma H, Zhao Y, et al. Supramolecular nanodiscs self-
assembled from non-ionic heptamethine cyanine for imaging-guided cancer
photothermal therapy. Adv Mater 2020;32:1906711.
https://doi.org/10.1002/adma.201906711.

Shi C, Wu JB, Pan D. Review on near-infrared heptamethine cyanine dyes as
theranostic agents for tumor imaging, targeting, and photodynamic therapy. J
Biomed Opt 2016;21:050901. https://doi.org/10.1117/1.jb0.21.5.050901.

von der Haar M, Heuer C, Pahler M, von der Haar K, Lindner P, Scheper T, et al.
Optimization of cyanine dye stability and analysis of FRET interaction on DNA
microarrays. Biology 2016;5:47. https://doi.org/10.3390/biology5040047.

Hoelzel CA, Zhang X. Visualizing and Manipulating Biological Processes by Using
HaloTag and SNAP-Tag Technologies. ChemBioChem 2020;21:1935—-46.
https://doi.org/10.1002/cbic.202000037.

Polom K, Murawa D, Rho YS, Nowaczyk P, Hiinerbein M, Murawa P. Current
trends and emerging future of indocyanine green usage in surgery and oncology: a
literature review. Cancer 2011;117:4812—22. https://doi.org/10.1002/cncr.26087.
Wang H, Li X, Tse BWC, Yang H, Thorling CA, Liu Y, et al. Indocyanine green-
incorporating nanoparticles for cancer theranostics. Theranostics 2018;8:1227—-42.
https://doi.org/10.7150/thno.22872.

Alander JT, Kaartinen I, Laakso A, Pétild T, Spillmann T, Tuchin V V., et al. A
Review of indocyanine green fluorescent imaging in surgery. Int J Biomed Imaging
2012;2012. https://doi.org/10.1155/2012/940585.

Azari F, Zhang K, Kennedy G, Bou-Samra P, Chang A, Nadeem B, Chang A,
Galandarova A, Ibrahimli A, Karimov Z, Din A. Prospective validation of tumor



47

48

49

50

51

52

53

54

55

56

133

folate receptor expression density with the association of pafolacianine fluorescence
during intraoperative molecular imaging—guided lung cancer resections. European
Journal of Nuclear Medicine and Molecular Imaging. 2023 Mar 11:1-3.

Szabo A, Szendi-Szatmari T, Ujlaky-Nagy L, Radi I, Vereb G, Szol16si J, et al. The
Effect of Fluorophore Conjugation on Antibody Affinity and the Photophysical
Properties of Dyes. Biophys J 2018;114:688-700.
https://doi.org/10.1016/1.bp;.2017.12.011.

Cilliers C, Nessler I, Christodolu N, Thurber GM. Tracking Antibody Distribution
with Near-Infrared Fluorescent Dyes: Impact of Dye Structure and Degree of
Labeling on  Plasma  Clearance. Mol  Pharm  2017;14:1623-33.
https://doi.org/10.1021/acs.molpharmaceut.6b01091.

Serpe L, Ellena S, Barbero N, Foglietta F, Prandini F, Gallo MP, et al. Squaraines
bearing halogenated moieties as anticancer photosensitizers: Synthesis,
characterization and biological evaluation. Eur J Med Chem 2016;113:187-97.
https://doi.org/10.1016/j.ejmech.2016.02.035.

Gunaydin G, Gedik ME, Ayan S. Photodynamic therapy—current limitations and
novel approaches. Front Chem 2021;9:400.
https://doi.org/10.3389/fchem.2021.691697.

Algorri JF, Ochoa M, Roldan-Varona P, Rodriguez-Cobo L, Lépez-Higuera JM.
Photodynamic therapy: a compendium of latest reviews. Cancers 2021;13.
https://doi.org/10.3390/cancers13174447.

Wang K, Yu B, Pathak JL. An update in clinical utilization of photodynamic
therapy for lung cancer. J Cancer 2021;12:1154-60.
https://doi.org/10.7150/jca.51537.

Nowak KM, Schwartz MR, Breza VR, Price RJ. Sonodynamic therapy: rapid
progress and new opportunities for non-invasive tumor cell killing with sound.
Cancer Lett 2022;532:215592. https://doi.org/10.1016/j.canlet.2022.215592.

Yan P, Liu LH, Wang P. Sonodynamic therapy (SDT) for cancer treatment:
advanced sensitizers by ultrasound activation to injury tumor. ACS Appl Bio Mater
2020;3:3456—75. https://doi.org/10.1021/acsabm.0c00156.

Songca SP, Adjei Y. Applications of antimicrobial photodynamic therapy against
bacterial biofilms. Int J Mol Sci 2022;23:32009.
https://doi.org/10.3390/ijms23063209.

Dias LD, Blanco KC, Bagnato VS. COVID-19: Beyond the virus. The use of
photodynamic therapy for the treatment of infections in the respiratory tract.
Photodiagnosis Photodyn Ther 2020;31:101804.
https://doi.org/10.1016/5.pdpdt.2020.101804.



57

58

59

60

61

62

63

64

65

66

67

68

134

Hung JH, Lee CN, Hsu HW, Ng IS, Wu CJ, Yu CK, et al. Recent advances in
photodynamic therapy against fungal keratitis. Pharmaceutics 2021;13:2011.
https://doi.org/10.3390/pharmaceutics13122011.

Alves F, Pavarina AC, Mima EG de O, McHale AP, Callan JF. Antimicrobial
sonodynamic and photodynamic therapies against Candida albicans. Biofouling
2018

Zhang Y, Koradia A, Kamato D, Popat A, Little PJ, Ta HT. Treatment of
atherosclerotic plaque: perspectives on theranostics. J Pharm Pharmacol
2019;71:1029—43. https://doi.org/10.1111/jphp.13092.

Li L, Chen Y, Chen W, Tan Y, Chen H, Yin J. Photodynamic therapy based on
organic small molecular fluorescent dyes. Chinese Chem Lett 2019;30:1689—703.
https://doi.org/10.1016/j.cclet.2019.04.017.

Shang L, Zhou X, Zhang J, Shi Y, Zhong L. Metal nanoparticles for photodynamic
therapy: a potential treatment for breast cancer. Molecules 2021;26:6532.
https://doi.org/10.3390/molecules26216532.

Nasseri B, Alizadeh E, Bani F, Davaran S, Akbarzadeh A, Rabiee N, et al.
Nanomaterials for photothermal and photodynamic cancer therapy. Appl Phys Rev
2022;9:011317. https://doi.org/10.1063/5.0047672.

Zhao X, Liu J, Fan J, Chao H, Peng X. Recent progress in photosensitizers for
overcoming the challenges of photodynamic therapy: From molecular design to
application. Chem Soc Rev 2021;50:4185-219.
https://doi.org/10.1039/d0cs00173b.

Mundekkad D, Cho WC. Nanoparticles in Clinical Translation for Cancer Therapy.
Int J Mol Sci 2022;23:1685. https://doi.org/10.3390/ijms23031685.

Lan M, Zhao S, Liu W, Lee CS, Zhang W, Wang P. Photosensitizers for
photodynamic therapy. Adv Healthc Mater 2019;8:1900132.
https://doi.org/10.1002/adhm.201900132.

Escudero A, Carrillo-Carrion C, Castillejos MC, Romero-Ben E, Rosales-Barrios C,
Khiar N. Photodynamic therapy: photosensitizers and nanostructures. Mater Chem
Front 2021;5:3788—812. https://doi.org/10.1039/d0gm00922a.

Correia JH, Rodrigues JA, Pimenta S, Dong T, Yang Z. Photodynamic therapy
review: principles, photosensitizers, applications, and future directions.
Pharmaceutics 2021;13:1332. https://doi.org/10.3390/pharmaceutics 13091332.
Prejano M, Alberto ME, De Simone BC, Marino T, Toscano M, Russo N. Sulphur-
and Selenium-for-Oxygen Replacement as a Strategy to Obtain Dual Type I/Type 11
Photosensitizers  for Photodynamic = Therapy. Molecules 2023;28:3153.
https://doi.org/10.3390/molecules28073153.



69

70

71

72

73

74

75

76

77

78

79

135

Kou J, Dou D, Yang L. Porphyrin photosensitizers in photodynamic therapy and its
applications. Oncotarget 2017;8:81591-603.
https://doi.org/10.18632/oncotarget.20189.

Srivatsan A, Missert JR, Upadhyay SK, Pandey RK. Porphyrin-based
photosensitizers and the corresponding multifunctional nanoplatforms for cancer-
imaging and phototherapy. J Porphyr Phthalocyanines 2015;19:109-34.
https://doi.org/10.1142/S1088424615300037.

Qiu H, Kim MM, Penjweini R, Finlay JC, Busch TM, Wang T, et al. A comparison
of dose metrics to predict local tumor control for Photofrin-mediated photodynamic
therapy. Photochem Photobiol 2017;93:1115-22.
https://doi.org/10.1111/php.12719.

O’Connor AE, Gallagher WM, Byme AT. Porphyrin and nonporphyrin
photosensitizers in oncology: preclinical and clinical advances in photodynamic
therapy. Photochem Photobiol 2009;85:1053—74. https://doi.org/10.1111/J.1751-
1097.2009.00585.X.

Amirshaghaghi A, Yan L, Miller J, Daniel Y, Stein JM, Busch TM, et al. Chlorin
e6-coated superparamagnetic iron oxide nanoparticle (SPION) nanoclusters as a
theranostic agent for dual-mode imaging and photodynamic therapy. Sci Rep
2019;9. https://doi.org/10.1038/s41598-019-39036-1.

Ikeda A, Satake S, Mae T, Ueda M, Sugikawa K, Shigeto H, et al. Photodynamic
activities of porphyrin derivative-cyclodextrin complexes by photoirradiation. ACS
Med Chem Lett 2017;8:555-9. https://doi.org/10.1021/acsmedchemlett.7b00098.
Zheng B De, Ye J, Zhang XQ, Zhang N, Xiao MT. Recent advances in
supramolecular activatable phthalocyanine-based photosensitizers for anti-cancer
therapy. Coord Chem Rev 2021;447:214155.
https://doi.org/10.1016/j.ccr.2021.214155.

Chen D, Song M, Huang J, Chen N, Xue J, Huang M. Photocyanine: a novel and
effective phthalocyanine-based photosensitizer for cancer treatment. J Innov Opt
Health Sci 2020;13. https://doi.org/10.1142/S1793545820300098.

Li X, De Zheng B, Peng XH, Li SZ, Ying JW, Zhao Y, et al. Phthalocyanines as
medicinal photosensitizers: developments in the last five years. Coord Chem Rev
2019;379:147—60. https://doi.org/10.1016/j.ccr.2017.08.003.

Bilici K, Cetin S, Aydindogan E, Yagci Acar H, Kolemen S. Recent advances in
cyanine-based phototherapy agents. Front Chem 2021;9:444.
https://doi.org/10.3389/fchem.2021.707876.

Lange N, Szlasa W, Saczko J, Chwitkowska A. Potential of cyanine derived dyes in
photodynamic therapy. Pharmaceutics 2021;13:818.



80

81

82

83

84

85

86

87

136

Dereje DM, Pontremoli C, Moran Plata MJ, Visentin S, Barbero N. Polymethine
dyes for PDT: recent advances and perspectives to drive future applications.
Photochem Photobiol Sci 2022;21:397—419. https://doi.org/10.1007/s43630-022-
00175-6.

Indocyanine Green | AAT Bioquest 2019.
https://www.aatbio.com/catalog/indocyanine-green#toc 1 (accessed March 2,
2023).

Guerrero Y, Singh SP, Mai T, Murali RK, Tanikella L, Zahedi A, et al. Optical
characteristics and tumor imaging capabilities of near infrared dyes in free and
nano-encapsulated formulations comprised of viral capsids. ACS Appl Mater
Interfaces 2017;9:19601—11. https://doi.org/10.1021/acsami.7b03373.

Wang Z, Ivanov M, Gao Y, Bussotti L, Foggi P, Zhang H, et al. Spin—orbit charge-
transfer intersystem crossing (ISC) in compact electron donor—acceptor dyads: ISC
mechanism and application as novel and potent photodynamic therapy reagents.
Chem Eur J 2020;26:1091—102. https://doi.org/10.1002/chem.201904306.
Semenova O, Kobzev D, Hovor I, Atrash M, Nakonechny F, Kulyk O, et al. Effect
of solubilizing group on the antibacterial activity of heptamethine cyanine
photosensitizers. Pharmaceutics 2023;15:247.
https://doi.org/10.3390/pharmaceutics15010247.

Ebaston TM, Nakonechny F, Talalai E, Gellerman G, Patsenker L. lodinated
xanthene-cyanine NIR dyes as potential photosensitizers for antimicrobial
photodynamic therapy. Dyes Pigm 2021;184:108854.
https://doi.org/10.1016/j.dyepig.2020.108854.

Birrer MJ, Moore KN, Betella I, Bates RC. Antibody-drug conjugate-based
therapeutics: state of the science. J Natl Cancer Inst 2019;111:538—49.
https://doi.org/10.1093/jnci/djz035.

Abdollahpour-Alitappeh M, Lotfinia M, Gharibi T, Mardaneh ],
Farhadihosseinabadi B, Larki P, et al. Antibody—drug conjugates (ADCs) for cancer
therapy: strategies, challenges, and successes. J Cell Physiol 2019;234:5628—42.
https://doi.org/10.1002/jcp.27419.

88 Manzari MT, Shamay Y, Kiguchi H, Rosen N, Scaltriti M, Heller DA. Targeted drug

delivery strategies for precision medicines. Nat Rev Mater 2021;6:351-70.
https://doi.org/10.1038/s41578-020-00269-6.

89 Dunuweera SP, Rajapakse RMSI, Rajapakshe RBSD, Wijekoon SHDP, Nirodha

Thilakarathna MGGS, Rajapakse RMG. Review on targeted drug delivery carriers
used in nanobiomedical applications. Curr Nanosci 2018;15:382-97.
https://doi.org/10.2174/1573413714666181106114247.



137

90 Tewabe A, Abate A, Tamrie M, Seyfu A, Siraj EA. Targeted drug delivery — from
magic bullet to nanomedicine: principles, challenges, and future perspectives. J
Multidiscip Healthc 2021;14:1711-24. https://doi.org/10.2147/JMDH.S313968.

91 Goydel RS, Rader C. Antibody-based cancer therapy. Oncogene 2021;40:3655—64.
https://doi.org/10.1038/s41388-021-01811-8.

92 Borrelli A, Tornesello AL, Tornesello ML, Buonaguro FM. Cell penetrating
peptides as molecular carriers for anti-cancer agents. Molecules 2018;23:295.
https://doi.org/10.3390/molecules23020295.

93 Saraf S, Jain A, Tiwari A, Verma A, Panda PK, Jain SK. Advances in liposomal
drug delivery to cancer: an overview. J Drug Deliv Sci Technol 2020;56:101549.
https://doi.org/10.1016/j.jddst.2020.101549.

94 Ambekar RS, Choudhary M, Kandasubramanian B. Recent advances in dendrimer-
based nanoplatform for cancer treatment: a review. Eur Polym J 2020;126:109546.
https://doi.org/10.1016/j.eurpolymj.2020.109546.

95 Sun Z, Song C, Wang C, Hu Y, Wu J. Hydrogel-based controlled drug delivery for
cancer treatment: a review. Mol Pharm 2020;17:373-91.
https://doi.org/10.1021/acs.molpharmaceut.9b01020.

96 Kulkarni NS, Guererro Y, Gupta N, Muth A, Gupta V. Exploring potential of
quantum dots as dual modality for cancer therapy and diagnosis. J Drug Deliv Sci
Technol 2019;49:352—64. https://doi.org/10.1016/j.jddst.2018.12.010.

97 Li X, Li W, Wang M, Liao Z. Magnetic nanoparticles for cancer theranostics:
advances and prospects. J Control Release 2021;335:437—48.
https://doi.org/10.1016/j.jconrel.2021.05.042.

98 Amaldoss MIN, Yang JL, Koshy P, Unnikrishnan A, Sorrell CC. Inorganic
nanoparticle-based advanced cancer therapies: promising combination strategies.
Drug Discov Today 2022;27:103386. https://doi.org/10.1016/j.drudis.2022.103386.

99 Ghosh B, Biswas S. Polymeric micelles in cancer therapy: state of the art. J Control
Release 2021;332:127—47. https://doi.org/10.1016/j.jconrel.2021.02.016.

100 Zahavi D, Weiner L. Monoclonal antibodies in cancer therapy. Antibodies
2020;9:1-20. https://doi.org/10.3390/antib9030034.

101  Waldmann H. Human monoclonal antibodies: the benefits of humanization.
Methods Mol Biol 2019;1904:1—-10. https://doi.org/10.1007/978-1-4939-8958-4 1.

102 Eigenmann MJ, Fronton L, Grimm HP, Otteneder MB, Krippendorff BF.

Quantification of IgG monoclonal antibody clearance in tissues. MAbs
2017;9:1007—15. https://doi.org/10.1080/19420862.2017.1337619.

103 Scott AM, Allison JP, Wolchok JD. Monoclonal antibodies in cancer therapy.

Cancer Immun 2012;12:34. https://doi.org/10.3390/ANTIB9030034.



104

105

106

107

108

109

110

111

112

113

114

115

138

Tan S, Li D, Zhu X. Cancer immunotherapy: Pros, cons and beyond. Biomed
Pharmacother 2020;124:109821. https://doi.org/10.1016/j.biopha.2020.109821.
Esfahani K, Roudaia L, Buhlaiga N, Del Rincon S V., Papneja N, Miller WH. A
review of cancer immunotherapy: From the past, to the present, to the future. Curr
Oncol 2020;27:87-97. https://doi.org/10.3747/c0.27.5223.

Jung AC, Moinard-Butot F, Thibaudeau C, Gasser G, Gaiddon C. Antitumor
immune response triggered by metal-based photosensitizers for photodynamic
therapy: Where are we? Pharmaceutics 2021;13:1788.
https://doi.org/10.3390/pharmaceutics13111788.

Hua J, Wu P, Gan L, Zhang Z, He J, Zhong L, et al. Current strategies for tumor
photodynamic therapy combined with immunotherapy. Front Oncol 2021;11:4774.
https://doi.org/10.3389/fonc.2021.738323.

Ducry L, Stump B. Antibody-drug conjugates: linking cytotoxic payloads to
monoclonal antibodies. Bioconjug Chem 2010;21:5—13.
https://doi.org/10.1021/bc9002019.

Kobayashi H, Choyke PL. Near-infrared photoimmunotherapy of cancer. Acc
Chem Res 2019;52:2332-9. https://doi.org/10.1021/acs.accounts.9b00273.
Thankarajan E, Tuchinsky H, Aviel-Ronen S, Bazylevich A, Gellerman G,
Patsenker L. Antibody guided activatable NIR photosensitizing system for
fluorescently monitored photodynamic therapy with reduced side effects. J Control
Release 2022;343:506—17. https://doi.org/10.1016/j.jconrel.2022.02.008.

Scott AM, Wolchok JD, Old LJ. Antibody therapy of cancer. Nat Rev Cancer
2012;12:278—87. https://doi.org/10.1038/nrc3236.

Drago JZ, Modi S, Chandarlapaty S. Unlocking the potential of antibody—drug
conjugates for cancer therapy. Nat Rev Clin Oncol 2021;18:327—-44.
https://doi.org/10.1038/s41571-021-00470-8.

Berraondo P, Sanmamed MF, Ochoa MC, Etxeberria I, Aznar MA, Pérez-Gracia
JL, et al. Cytokines in clinical cancer immunotherapy. Br J Cancer 2019;120:6—15.
https://doi.org/10.1038/s41416-018-0328-y.

June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell
immunotherapy for human cancer. Science 2018;359:1361-5.
https://doi.org/10.1126/science.aar6711.

Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: from T
cell basic science to clinical practice. Nat Rev Immunol 2020;20:651—68.
https://doi.org/10.1038/s41577-020-0306-5.



116

117

118

119

120

121

122

123

124

125

139

Markova LI, Terpetschnig EA, Patsenker LD. Comparison of a series of
hydrophilic squaraine and cyanine dyes for use as biological labels. Dyes Pigm
2013;99:561-70. https://doi.org/10.1016/j.dyepig.2013.06.022.

Myrzakhmetov B, Arnoux P, Mordon S, Acherar S, Tsoy I, Frochot C.
Photophysical properties of protoporphyrin 11X, pyropheophorbide-a and
photofrin® in  different  conditions.  Pharmaceuticals ~ 2021;14:1-21.
https://doi.org/10.3390/ph14020138.

Moan J. The photochemical yield of singlet oxygen from porphyrins in different
states of aggregation. Photochem Photobiol 1984;39:445-9.
https://doi.org/10.1111/3.1751-1097.1984.tb03873 .x.

Markova LI, Fedyunyayeva 1A, Povrozin YA, Semenova OM, Khabuseva SU,
Terpetschnig EA, et al. Water soluble indodicarbocyanine dyes based on 2,3-
dimethyl-3-(4- sulfobutyl)-3H-indole-5-sulfonic acid. Dyes Pigm 2013;96:535—46.
https://doi.org/10.1016/j.dyepig.2012.09.007.

Stackova L, Russo M, Muchova L, Orel V, Vitek L, Stacko P, Klan P.
Cyanine-flavonol hybrids for near-infrared light-activated delivery of carbon
monoxide. Chem Eur J 2020;15;26(58):13184-90.
https://doi.org/10.1002/chem.202003272

Kobayashi H, Furusawa A, Rosenberg A, Choyke PL. Near-infrared

photoimmunotherapy of cancer: a new approach that kills cancer cells and
enhances  anti-cancer host immunity. Int Immunol 2021;33:7-15.
https://doi.org/10.1093/intimm/dxaa037.

Wakiyama H, Kato T, Furusawa A, Choyke PL, Kobayashi H. Near infrared
photoimmunotherapy of cancer; Possible clinical applications. Nanophotonics
2021;10:3135—-51. https://doi.org/https://doi.org/10.1515/nanoph-2021-0119.
Kobayashi M, Harada M, Takakura H, Ando K, Goto Y, Tsuneda T, et al.
Theoretical and experimental studies on the near-infrared photoreaction
mechanism of a silicon phthalocyanine photoimmunotherapy dye: photoinduced
hydrolysis by radical anion generation. Chempluschem 2020;85:1959—-63.
https://doi.org/10.1002/cplu.202000338.

Sato K, Ando K, Okuyama S, Moriguchi S, Ogura T, Totoki S, et al. Photoinduced
ligand release from a silicon phthalocyanine dye conjugated with monoclonal
antibodies: a mechanism of cancer cell cytotoxicity after near-infrared
photoimmunotherapy. ACS Cent Sci 2018;4:1559-69.
https://doi.org/10.1021/acscentsci.8b00565.

Takakura H, Matsuhiro S, Kobayashi M, Goto Y, Harada M, Taketsugu T, et al.
Axial-ligand-cleavable silicon phthalocyanines triggered by near-infrared light



126

127

128
129

130

131

132

133

134

135

140

toward design of photosensitizers for photoimmunotherapy. J Photochem
Photobiol A Chem 2022:426:113749.
https://doi.org/10.1016/j.jphotochem.2021.113749.

Bokan M, Nakonechny F, Talalai E, Kobzev D, Gellerman G, Patsenker L.
Photodynamic effect of novel hexa-iodinated quinono-cyanine dye on
Staphylococcus aureus. Photodiagnosis Photodyn Ther 2020;31:101866.
https://doi.org/10.1016/;.pdpdt.2020.101866.

Konovalova IS, Shishkina SV, Kobzev D, Semenova O, Tatarets A. Crystal
structures and Hirshfeld analysis of 4,6- dibromoindolenine and its quaternized
salt. Acta Crystallogr Sect E Crystallogr Commun 2021;77:1203-7.
https://doi.org/10.1107/S2056989021011385.

Burgi HB, Dunitz JD. Structure correlation. Weinheim: VCH. 1994;2:741-784.
Semenova O, Kobzev D, Yazbak F, Nakonechny F, Kolosova O, Tatarets A, et al.
Unexpected effect of iodine atoms in heptamethine cyanine dyes on the
photodynamic eradication of Gram-positive and Gram-negative pathogens. Dyes
Pigm 2021;195:109745. https://doi.org/10.1016/j.dyepig.2021.109745.

Altinoglu EI, Russin TJ, Kaiser JM, Barth BM, Eklund PC, Kester M, et al. Near-
infrared emitting fluorophore-doped calcium phosphate nanoparticles for in vivo
imaging of human breast cancer. ACS Nano 2008;2:2075—84.
https://doi.org/10.1021/nn800448r.

Berezin MY, Achilefu S. Fluorescence lifetime measurements and biological
imaging. Chem Rev 2010;110:2641—84. https://doi.org/10.1021/cr900343z.

Soper SA, Mattingly QL. Steady-State and Picosecond Laser Fluorescence Studies
of Nonradiative Pathways in Tricarbocyanine Dyes: Implications to the Design of
Near-IR Fluorochromes with High Fluorescence Efficiencies. ] Am Chem Soc
1994;116:3744—52. https://doi.org/10.1021/7200088a010.

Lee H, Berezin MY, Henary M, Strekowski L, Achilefu S. Fluorescence lifetime
properties of near-infrared cyanine dyes in relation to their structures. J Photochem
Photobiol A Chem 2008;200:438—44.
https://doi.org/10.1016/j.jphotochem.2008.09.008.

Hu D, Yao L, Yang B, Ma Y. Reverse intersystem crossing from upper triplet
levels to excited singlet: A "hot excition" path for organic light-emitting diodes.
Philos Trans R Soc A Math Phys Eng Sci 2015;373.
https://doi.org/10.1098/rsta.2014.0318.

Gastilovich EA, Klimenko VG, Korol’Kova N V., Nurmukhametov RN. Effect of
a heavy atom in the Sl(nn*) T 1(nn*) nonradiative transition. 9,10-



136

137

138

139

140

141

142

143

144

145

146

147

141

Dichloroanthracene. Opt Spectrosc 2008;105:489-95.
https://doi.org/10.1134/S0030400X08100020.

Ishchenko AA. Structure and spectral-luminescent properties of polymethine dyes.
Russ Chem Rev 1991;60:865—84.
https://doi.org/10.1070/rc1991v060n08abeh001116.

Levitus M, Ranjit S. Cyanine dyes in biophysical research: The photophysics of
polymethine fluorescent dyes in biomolecular environments. Q Rev Biophys
2011;44:123-51. https://doi.org/10.1017/S0033583510000247.

Smith GJ. The effects of aggregation on the fluorescence and the triplet state yield

of hematoporphyrin. Photochem Photobiol 1985;41:123-6.
https://doi.org/10.1111/5.1751-1097.1985.tb03459.x.
N,N-Dimethylaniline. Sigma-Aldrich. Safety data sheet,

https://www.sigmaaldrich.com/IL/en/sds/aldrich/515124; 2021, [accessed
1 August 2021].

Chemistry: 4-Iodo-N,N-dimethylaniline, https://handwiki.org/wiki/Chemistry:4-
Iodo-N,N-dimethylaniline; 2021, [accessed 1 August 2021].

Jorge K. Soft drinks. Chemical composition. In: Caballero B, Finglas P, Toldra F,
editors. Encyclopedia of food sciences and nutrition, Academic Press; 2003, p.
5346—52. https://doi.org/10.1016/b0-12-227055-x/01101-9.

4-lodobenzoic acid,
https://www.chemicalbook.com/ChemicalProductProperty EN CB4374473.htm;
2021, [accessed 1 August 2021].

2,3,5-tri-iodobenzoic acid. PPDB: Pesticide Properties DataBase. University of
Hertfordshire. http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/2941.htm, [accessed 4
June 2021]. Lewis KA, Tzilivakis J, Warner DJ, Green A. An international
database for pesticide risk assessments and management. Hum Ecol Risk Assess
2016;22:1050—64. https://doi.org/10.1080/10807039.2015.1133242.

Reddi BAJ. Why is saline so acidic (and does it really matter?). Int J Med Sci
2013;10:747-50. https://doi.org/10.7150/1jms.5868.

Dean JA. Handbook of Organic Chemistry. New York, NY: McGraw-Hill Book
Co.; 1987, p. 8-45.

Riddick JA, Bunger WB, Sakano TK. Techniques of Chemistry, Vol II. Organic
Solvents. Physical properties and methods of purification. 4th ed. New York, NY:
John Wiley and Sons; 1985.

Zhao B, He YY, Chignell CF, Yin JJ, Andley U, Roberts JE. Difference in
phototoxicity of cyclodextrin complexed fullerene [(y-CyD),/Cq] and its



148

142

aggregated derivatives toward human lens epithelial cells. Chem Res Toxicol
2009;22:660—7. https://doi.org/10.1021/tx800478u.

Ungati H, Govindaraj V, Mugesh G. The remarkable effect of halogen substitution
on the membrane transport of fluorescent molecules in living cells. Angew Chem
2018;130:9127-31. https://doi.org/10.1002/ange.201804128.

149 Krishnamurti U, Silverman JF. HER2 in breast cancer: A review and update. Adv

Anat Pathol 2014;21:100—7. https://do1.org/10.1097/PAP.0000000000000015.

150 Ferraro E, Drago JZ, Modi S. Implementing antibody-drug conjugates (ADCs) in

151

152

153

154

155

156

HER2-positive breast cancer: state of the art and future directions. Breast Cancer
Res 2021;23:1—11. https://doi.org/10.1186/s13058-021-01459-y.

Kobzev D, Semenova O, Tatarets A, Bazylevich A, Gellerman G, Patsenker L.
Antibody-guided iodinated cyanine for near-IR photoimmunotherapy. Dyes Pigm
2023;212:111101. https://doi.org/10.1016/j.dyepig.2023.111101.

Hermanson  GT. Bioconjugate  Techniques:  Third  Edition.  2013.
https://doi.org/10.1016/C2009-0-64240-9.

Texier I, Goutayer M, Da Silva A, Guyon L, Djaker N, Josserand V, et al.
Cyanine-loaded lipid nanoparticles for improved in vivo fluorescence imaging. J
Biomed Opt 2009;14:054005. https://doi.org/10.1117/1.3213606.

Mustroph H, Towns A. Fine structure in electronic spectra of cyanine dyes: are
sub-bands largely determined by a dominant vibration or a collection of singly
excited vibrations? ChemPhysChem 2018;19:1016—23.
https://doi.org/10.1002/cphc.201701300.

Lindig BA, Rodgers MA, Schaap AP. Determination of the lifetime of singlet

oxygen in water-d2 using 9,10-anthracenedipropionic acid, a water-soluble probe.
J Am Chem Soc 1980;102(17):5590-3.
Lin H, Shen Y, Chen D, Lin L, Wilson BC, Li B, Xie S. Feasibility study on

quantitative measurements of singlet oxygen generation using Singlet Oxygen
Sensor Green. J Fluoresc 2013;23(1):41—47. https://doi.org/10.1007/s10895-012-
1114-5.

157 Faustino-Rocha A, Oliveira PA, Pinho-Oliveira J, Teixeira-Guedes C, Soares-Maia

158

R, Da Costa RG, et al. Estimation of rat mammary tumor volume using caliper and
ultrasonography measurements. Lab Anim 2013;42:217-24.
https://doi.org/10.1038/laban.254.

Thermo Fisher Scientific. BestProtocols: Cell Preparation for Flow Cytometry

Protocols | Thermo Fisher Scientific - DK 2019:3-5.
https://www.thermofisher.com/dk/en/home/references/protocols/cell-and-tissue-
analysis/protocols/cell-preparation-flow-cytometery.html#protocol-b (accessed
June 10, 2022).



159

160

161

162

163

143

Leung WY, Cheung CY, Yue S. Modified carbocyanine dyes and their conjugates.
US 6974873, 2005.
Parker CA. Photoluminescence of Solutions. Amsterdam, London, New York:

Elsevier; 1968.

ThermoFisher scientific. Singlet Oxygen Sensor Green Reagent | Thermo Fisher
Scientific - DK 2019:3-5.  https://www.thermofisher.com/document-
connect/document-connect.html?url=https://assets.thermofisher.com/TFS-
Assets%2FLSG%2Fmanuals%2Fmp36002.pdf (accessed October 29, 2022).
Grabolle M, Brehm R, Pauli J, Dees FM, Hilger I, Resch-Genger U. Determination
of the labeling density of fluorophore-biomolecule conjugates with absorption
spectroscopy. Bioconjug Chem 2012;23:287-92.
https://doi.org/10.1021/bc2003428.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Imagel: 25 years of
image analysis. Nat Methods 2012;9:671-5. https://doi.org/10.1038/nmeth.2089.

[ okymeHT nignucaHo y cepeici ByacHo (noyaTok)
Kobzev PhD thesis eng print-4.pdf



[oKyMeHT nignucaHo y cepiici BuacHO (NpofoB)XeHHS)
Kobzev PhD thesis eng print-4.pdf

JokymeHT BignpasneHo: 18:57 21.12.2023

BnacHUK flOKYMEHTY

EnekTpoHHuMiA nignuc

18:57 21.12.2023

|laeHTUdikauinHmni kog: 3495612133

KOB3EB AMUTPO BO1IOANMUPOBUY

BnacHuk kntova: KOB3EB JMATPO BOJTIOAMMUPOBUY
Yac nepeBipku KEM/ELM: 18:57 21.12.2023

Cratyc nepeBipku ceptudikaty: Ceptudikar gie

CepiitHuii Homep: 5E984D526F82F38F04000000A26B3901FFAAA904
Twn nignucy: yaocKoHaneHum



