
Образац 4. 

 
Факултет             Фармацеутски  

 
      01 број 2257/1-1 

 УНИВЕРЗИТЕТ У БЕОГРАДУ 

 
 Већу научних области медицинских наука 

(Број захтева) 

 

       10.09.2026. 
 

(Датум) 

З А Х Т Е В 

(Назив већа научне области коме се захтев упућује) 

 

за давање сагласности на одлукe о усвајању извештаја Комисије за оцену 

докторске дисертације и о именовању комисије за одбрану 

Молимо да, сходно члану 47. ст. 5. тач. 4. Статута Универзитета у Београду ("Гласник Универзитет", број 186/15- 

пречишћени текст и 189/16), дате сагласност на одлуку о усвајању извештаја Комисије за оцену докторске дисертације: 
 

 
 

КАНДИДАТ                                                 МИЛАН (ЈОВИЦА)  ЈОВАНОВИЋ  
(име, име једног од родитеља и презиме) 

 

студент докторских студија на студијском програму  ДОКТОРСКЕ АКАДЕМСКЕ СТУДИЈЕ, ФАРМАЦЕУТСКЕ НАУКЕ,    

ФАРМАЦЕУТСКА ХЕМИЈА  

пријавио је докторску дисертацију под називом: 

 

„Хеминформатичка анализа, дизајн и испитивање инхибитора липидних и протеин киназа као потенцијално 

нових антинеопластика“ 

 
из научне области:                                   ФАРМАЦЕУТСКА ХЕМИЈА 

 

Универзитет је дана  11.10.2022.године својим актом под бр. 02-01 број 61206-3695/2-22 дао сагласност на 

предлог теме докторске дисертације       која је гласила: 

„Хеминформатичка анализа, дизајн и испитивање инхибитора липидних и протеин киназа као 

потенцијално нових антинеопластика“ 

 
Име и презиме ментора : 1. Др сц. Катарина Николић, редовни професор, Универзитет у Београду –  

 Фармацеутски факултет (Ужа научна област: Фармацеутска-медицинска хемија 

и структурна анлиза) 

2.  Др сц. Милкица Цревар, ванредни професор, Универзитет у Београду – 
Фармацеутски факутет (Ужа научна област : Фармацеутска-медицинска хемија и 

структурна анлиза) 

 

Комисија за оцену докторске дисертације именована је на седници одржаној    18.06.2026.године  

одлуком факултета под бр.         01 бр.1458/2 , у саставу: 

Име и презиме члана 

комисије 

звање научна област Установа у којој 

је запослен

 

1. Др сц. Бранка Ивковић, ванредни професор, Универзитет у Београду - Фармацеутски факултет (Ужа 

научна област: Фармацеутска-медицинска хемија и структурна анлиза), председник 

2. Др сц. Мара Алексић, редовни професор, Универзитет у Београду - Фармацеутски факултет (Ужа научна 

област: Физичка хемија) 

3. Др сц. Славица Ољачић, ванредни професор, Универзитет у Београду - Фармацеутски факултет (Ужа 

научна област: Фармацеутска-медицинска хемија и структурна анлиза) 

4. Др сц. Марија Поповић Николић, виши научни сарадник, Универзитет у Београду - Фармацеутски 

факултет (Ужа научна област: Фармација –Фармацеутска хемија) 

5. Др сц. Бранислав Станковић, виши научни сарадник, Универзитет у Београду – Институт за 

нуклеарне науке „Винча“ (Ужа научна област: Физичка хемија) 
 

 

                  Напомена: уколико је члан Комисије у пензији навести датум пензионисања. 



Датум стављања извештаја Комисије и докторске дисертације на увид јавности: 09.07.2026.године. 
 

Наставно-научно веће факултета усвојило је извештај Комисије за оцену докторске дисертације на седници одржаној 

дана             10.09.2026.године___. 

 

 

Комисија за одбрану докторске дисертације именована је на седници одржанoj     18.06.2026.године_________ 

одлуком факултета под бр. 01 број 1458/2, у саставу: 

Име и презиме члана 

комисије 

звање научна област Установа у којој 

је запослен 

1. Др сц. Бранка Ивковић, ванредни професор, Универзитет у Београду - Фармацеутски факултет (Ужа научна 

област: Фармацеутска-медицинска хемија и структурна анлиза), председник 

2. Др сц. Мара Алексић, редовни професор, Универзитет у Београду - Фармацеутски факултет (Ужа научна 

област: Физичка хемија) 

3. Др сц. Славица Ољачић, ванредни професор, Универзитет у Београду - Фармацеутски факултет (Ужа научна 

област: Фармацеутска-медицинска хемија и структурна анлиза) 

4. Др сц. Марија Поповић Николић, виши научни сарадник, Универзитет у Београду - Фармацеутски факултет 

(Ужа научна област: Фармација –Фармацеутска хемија) 

5. Др сц. Бранислав Станковић, виши научни сарадник, Универзитет у Београду – Институт за нуклеарне 

науке „Винча“ (Ужа научна област: Физичка хемија) 
 

                  Напомена: уколико је члан Комисије у пензији навести датум пензионисања. 

 

 

 
 

 

 

 

ДЕКАН ФАКУЛТЕТА 
 

 

 
 

 
 

Прилози: 1. 
Одлука Наставно-научног већа о усвајању извештаја Комисије за оцену докторске дисертације 
и одлука о именовању Комисије за одбрану докторске дисертације 

2. Извештај Комисије о оцени докторске дисертације 

3. Примедбе на извештај Комисије о оцени докторске дисертације (уколико их је било) и 
мишљење Комисије о примедбама 

 
 

Напомена: Факултет доставља Универзитету захтев са прилозима у електронској форми и у једном писаном примерку 

за       архиву Универзитета 



 

 

УНИВЕРЗИТЕТ У БЕОГРАДУ 

ФАРМАЦЕУТСКИ ФАКУЛТЕТ 

11000 - БЕОГРАД 

Ул. Војводе Степе 450. 

01. број 2257/1 

10.09.2026. године 

 

На основу члана  28.  Статута и предлога Комисије за последипломске студије – 

докторске студије, Наставно-научно веће Универзитета у Београду – Фармацеутског 

факултета на седници одржаној  10.09.2026.године, донело је 

 

О Д Л У К У 
 

ПРИХВАТА СЕ позитиван извештај Комисије за оцену и одбрану завршене докторске 

дисертације,  кандидата  маг.фармације Јовановић Ј. Милана под насловом: 

„Хеминформатичка анализа, дизајн и испитивање инхибитора липидних и протеин 

киназа као потенцијално нових антинеопластика“ и упућује Већу научних области 

медицинских наука на усвајање, а по добијеној писаној сагласности одобрава јавна 

одбрана пред Комисијом  у саставу: 

1. Др сц. Бранка Ивковић, ванредни професор, Универзитет у Београду - 

Фармацеутски факултет (Ужа научна област: Фармацеутска-медицинска 

хемија и структурна анлиза), председник 

2. Др сц. Мара Алексић, редовни професор, Универзитет у Београду - 

Фармацеутски факултет (Ужа научна област: Физичка хемија) 

3. Др сц. Славица Ољачић, ванредни професор, Универзитет у Београду - 

Фармацеутски факултет (Ужа научна област: Фармацеутска-медицинска 

хемија и структурна анлиза) 

4. Др сц. Марија Поповић Николић, виши научни сарадник, Универзитет у 

Београду - Фармацеутски факултет (Ужа научна област: Фармација –

Фармацеутска хемија) 

5. Др сц. Бранислав Станковић, виши научни сарадник, Универзитет у 

Београду – Институт за нуклеарне науке „Винча“ (Ужа научна област: Физичка 

хемија) 

Универзитет је дана 11.10.2022.године својим актом бр.: 02-01 бр: 61206-3695/2-22 дао 

сагласност на предлог  теме докторске дисертације.  

Кандидат маг. фарм. Милан Јовановић, објавио је резултате из ове докторске 

дисертације у два рада категоријe М21 у међународним часописима са СЦИ листе: 

 

1. Jovanović, M.; Nikolić, K.; Čarapić, M.; Aleksić, M.M. Electrochemical and 

Theoretical Study on Interaction between Erlotinib and DNA. J. Pharm. Biomed. Anal. 

2023, 234, 115560, doi:10.1016/j.jpba.2023.115560. 

IF2021 = 3,571; Chemistry, Analytical (24/87); M21 

2. Jovanović, M.; Radan, M.; Čarapić, M.; Filipović, N.; Nikolić, K.; Crevar, M. 

Application of Parallel Artificial Membrane Permeability Assay Technique and 



 

 

Chemometric Modeling for Blood–Brain Barrier Permeability Prediction of Protein 

Kinase Inhibitors. Future Med. Chem. 2024, 16, 873–885, doi:10.4155/fmc-2023-0390. 

IF2022 = 4,2; Chemistry, Medicinal (16/63); M21 

Одлуку доставити: кандидату, Универзитету, члановима комисије, декану, секретару, 

продекану за последипломске студије, Одсеку за наставу и студентска питања, 

менторима (Проф. др Катарина Николић и Проф. др Милкица Цревар), Одсеку за правне 

и опште послове, пословном секретару, председнику Комисије за последипломске 

студије – докторске студије (Проф. др Биљана Антонијевић) и архиви.                                           
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HACTABHO-HAYTIHOM BEhY

yHI{BEP3I4TETA y EEOIPAAy - @APMAIIEyTCKOT OAKyJITETA

KOMI{CI{JI,I 3A IIOCJIEITmJIoMCKE CTyII'IJE - AOKTOPCKE AKMEMCKE
CTYMJE

IPEAMET. I{3BEIIITAJKOMI{CIIJE 3A OUEHy I',I OIEPAHI/ 3ABPIUEHE

IOKTOPC K E II,{CE PTAUI,{JE

Og.uyrcou HacraeHo-HayqHor eeha VHneep3l4rera y Eeorpa4y - @apuaqeyrcKor rparyurera'

6po.i 01 .6p.l45812.4oHeroj Ha ce.qHHUH ogpNauoj 18.6.2026. roAI4He, uneHoearra je Koruncnja

3a oUeHy u o;16paHy 3aBp[teHe loKropcKe gncepraquje KaHAHIara Mnlana J. Josauosnha'

N4apricrpa rfapnlaUuje, rtOlt Ha3HBOnl ,,XeuuutfopMalI'ILIKa aHaJlu3a, ln:aju H I'lCIlIl'HRarLe

arrxn6u.r.opa Jl14nHjlHr{x 14 rrporehrr KHrra3a Kao norc'HUuja:ruo HoBHx aHTrIHeorJlacrhKa"i y

c,nejleheu caclaB)':

1. /lp cu. liparrxa l4exoeyh, Battpe]IHr{ npo(;ecop, Yttusep:nrer y Eeol'pagy - @apuaqeyrcKn

ipaxy.l.rer (yxa Hayvrra o6:racr': @apuauey'r'cKa \'reIHttt{ttcra xeuuja) (Ilpence.qlrur Kouucnje)

2. l{p crr. Mapa A.rrercrh. peAouHu rrpo$ecop. vHueep:Hrer y Eeorpa4y - oapvraqeyrcKl4

rf axl'.'tlcr' (yxa uayvtta o6,lac'l : (rusilqxa xeuu.ia)

3. /lp cu. C,raeHrla o,naur.rh, BagpeAr{r4 npo$ecop. Yuneep:urer y IleofpaAy - tDapuaqeyrcK,l

rf axy,'rre'r (yxa uayu na o6nacr : @apuaqeyrcxa II er H uI'I H cra xeu uj a)

4. l{p cU. Mapuja lloroeuh Hnrcoluh, ur-, nt*rnu capaAHHK, Yuurep:Ltrer y }ieorp aAY -
(rapuaqeyrcxra cfaxy:rrer (yx<a HayqHa o6racr: @apn,raquja - @apvaqeylcxa xeuuja)

5. /lp cq. fipattnc;taB Clattxosuh. euutrl IIayqHH capaAHilK, Yuurep:ure'r y Eeorpagy -
I4Hcru r1,"r 3a HyKneapHe IIayKe .,Buuqa" (yxa nal'uHa o6lacr: cDuslaqxa xel'rnja)

Merrropu noKl'opcKe .qr.rceprarluje cy Ap cU. Karapuua Huxo,ruh, peIoBHI4 rrpo$ecop,

Yuusep:urer y Eeorpa4y - Oapr,raUeyrcKll Sarcy:rrer' (yxa Hayrua o6,racr: @apvaUeyrcxa

\,re;lr4rlnncxa xenluja) l,t "4p ct]. Mnrxuqa I{penap, BaHpeAHI4 rlpo(hecop, YHueep:uTeT y

Iieorpa;11, -- @apnraqcy'r'cKH dtaxyrler (yNa Hayuna o6lacr': (lapuaqeyrcKa IVIeAuul{HcKa

xeura-ia)

Kouracuja y HaBeAerroM cacraBy rrper;reAana je 4ox'ropcxy.4uceprauujy u cauutltl,la I4seetlraj

y cKna.{y ca qJIaHoM 23. flpasnlFll{Ka o noKropcKr{M aKaIeMcKHM crylr'rjava VHanep:nrera y

Beorpa4y - @apuaqeyrcKol Sarcy:rrera xoja noguoch HacraeHo-Hayuuol't sehy.
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1. OCHOBHI,I IOAAIIII O KAIIpIAATY I{ AOKTOPCKOJ ru4CEPTAIU4JI,I

Kaugu4ar: Mulan J. Joeauoauh

Tpe nyruo crpyuuo/axaAeM cKo 3BalLe :riat1u1ar u M arr.rcrap S aprrlaquj e

Ycranosa: Ynunep:rzrer y Eeorpa4y - (DaptraqeyrcKx $arynrer

Hacros AoKropcxe 4zcepraqnje: ,,Xeuzu$opMarr4rrKa a*aJtkt3a) .4usaju kr uctrurvrla1,e
uHxu6uropa nIznHAHI4x 14 nporelzH Kr4Ha3a Kao rroreHrlrzjanuo HoBr4x aHTHHeonJracrI4Ka"

HayrHa o6lacr: @aprraaquj a

VNa uayuHa o6:racr : (Daprra aqeyrcKa MeAr4rlr4ucxa xeuzj a

flocran,reHa eJleKTpouclca repsuja 4ucepraqnje caapxu 223 crpaHe. OcuosHV :rexcr
gucepraquje opraHr.r3orau je y ceAaM nonraBJba: 1. Yno4, 2. I\uts ucrpalrlrrBa5,a,3.
ErcnepuuerrarrHlt geo, 4. Pe:y:rraru w gucxycwja, 5. 3axryrarc, 6. Jfurep arypau l.flpunozu.
fipenaa uyrraepaquju y reKcry, 4ucepraqzj a cagplnu 48 cnuxa/rpaQr.rxux rtpuKa3a,24 ra1erc
u 520 6yt6ttuorpaScrcnx j e1Lr*klr\a.

Ha uouerrcy 4racepraquje Hana3e ce Hac-rroBHe crpaHe Ha cprrcKoM r.,r eHrJrecKoM jesury, noAa{r4
o MeHTopt4Ma u TIJIaHoBI{lta Kouzcraje, 3axBaJIHIrrIa, cil}KeraK Ha cpncKoM u eHrJIecKoM jeszry,
Irvcra cxpaheuuqa t cagpxal, AoK ce y 3aBprrrHoM Aeny Hana3e rrprrJro3r4, luorpa$mjaayropa
u usjaee KaHALIAaTa o ayropcrBy, IlcroBerHocrvt rrrraMrraHe r4 eJreKTpoHcKe sepsu.je u
ropraruhen y AoKropcKe 4uceprarlrEje.

/
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2. IPEAMET I,I III4J6EBII AOKTOPCKE AIICEPTAIryIJE

llpenuer AogropcKe gzcepraqNje je uHrerpr4caHo eKcneplIMeHTaJIHo Ia xeultu$opMarurlKo

r4cnr.rrr4Bar6e ola6panzx rarxr,r6urop a nutruptktx I{ [poreI,IH KlrHiBa, Kao Iz crpyKTypHo

cpoAHr4x je4arrem4 ca rlraJbeM 6omer pa3yMeBarba lLrrxoBl,rx MoneKyJIcKlIx oco6uua, oAHoca

crpyKType la aKTrrBHocrr4, Kao r4 pa3nr4rlurnx SaprraxoKl4nerl4qKlrx u roKcl4KoJloruKrrx oco6uua'

Llctp2;;xuvame o6yxnara nporleHy rracrrBHe nepuea6zirHocrl4 urrrua6uropaKuHa3a Kpo3 MoAen

KpBHo-MoxAaHe 6apujepe, elexrpoxeuujcxy KapaKreprl3apiy eptoruuvda u lberoBor

norenquja:ra 3a I4Hrepaxqrajy ca ,{HK, Kao Ir paUIroHaJIHu Auzqn HoBI{x uoreHqlajalno

ceJreKrr4BHrrx uuxra6uropa PI3Ka rasoSopnre (eum. phosphatidylinositol 3-kinase alpha

isoform) npLIMeHoM caBpeMeHIIx CADD (euru. Computer-Aided Drug Design) MeroAa'

Ocuosuu rlr4Jb AoKTopcKe Aprcepraqxje 6uo je Aa ce Kpo3 rloBe3l4Bane eKcnepI4MeHraJIHlIx

rexHr4Ka u paqyHapcKl4x MeroAa 1e$rzHuruy crpyKrypHl4 Saxropn roju yrl4r{y Ha

nepuea6u,ruOcr, peAOKc noHaluarbe, nOreuqrajal raHrepaXqzje Ca ,ryIK, aKTIIBHOCT 14

ceJreKrr.tBHocr Kr4Ha3Hr4x ranxu6uropa. Ha raj Havnu 4racepraquja o6jeaurrYje aua,uEsy neh

rro3Harr.tx [peAcraBH]rKa rl]rJbaHe aHrl,ITyr,Iopcxe repantje u guzaiu HoBt4x jegznerra

ycMepeHlrx Ka PI3Ka Kao peneBaurHoM IIIL'rHoM MecTy AejcrBa y pasrojy HoBI'Ix

AHTUHEONJIACTI4KA.

C n e L1 r.rt|l nuur4 rrr{ JbeBI4 14 crpa}KnBarsa o6yxearanu cy :

. ncnHlHBan,e nacrlBlre neplrea6n-rHoclu ola6pannx KI4tla3r{t4x ntxH6u't'opa v

eKC11epH]\te]rraJ.rH]{x crpyKryprro cpoJlHHx je;lnttersa xpo: in vilro nloAel KpB}Io-Mo}I(IaHe

5apu.jepe rrpr.rMeHoM I'}Al,tPA (.esr. Parallel Artificial lulentbrane Permeability Assay) l'ecral

. $oprlHparbe, nopefeme, sa.rtu.qarlujl' u 14Hrepflperaqujy QSPR (eHm. Qttontilalive
Slrtrclrtre-Properly Relationship) u,lo,1e,ra:a npe,,1enl1arse nepltea6nrllocl'h, y:l npunreHy ,4121?

(eurrt. ,\lhiltiple Lincctr Ragre,s.sion), lA,',\' (enr,r. trtificial I'leural l{enuork) u SVR (eHr,r.

Supp o rt L'e c t o r lle gress i o n) I I p ti c'r\/ I I a :

. e.lteK'r'poxenr u jcxy KapaKrcpn:arlujy ep,ro'lHun6a IIa eJIeKrpoAH oI c'laKJIac'fol

yrrleHr{Ka npuMeHoM CIl (eHr;. C.yclic Voltcmmetry'). DPV (eartt. Dil/brential Ptrl.ve

Voltammetry) n Slff (eHrr. Square-W'ave Vrtltammelry) rexuuxa;

. l{crrr4ruBarbe uHreparcuuje ep.roruHn6a ca IHK np[MeHoM eneKrpoxeMujcxor AHK-
6uocen:opa, Kao H ynopeAr,ry in Bilic:o aHailv.3y HaqHHa Be3hBatra ep:rornuu6a ca [t.lK
npu N,leH oM M oneKyJIcKo I iloKH Hf a u II ojleKyjlcKe AL{ HaMI'{Ke;

. pa3Boj H npunreHy nporoKo,.ra 3a MoAenoBarbe PI3K usxu6ulopa ce.tteKTuBI{HX 3a cL

u:o$opruy - N,toJIeKyncKy jIilHaNlI4K),. aHcavr6,r noKHHr u 3D-QSAR (eHm. Three-Dimen,sional

Qtrantilcttive Strtrcture-tlctivity Relctionship) auarn:y za P13Ka, P13KP, PI3l<y u PI3Kd

u:orf opun;

. IerfuHucar.be ct'pyKlypHHx cMepHr.{Ua 3a lu3a.lH IIoIlHx ttorerlUt'l.lanno cereKT}IBIll{x

P13Ka uuxu6nlopa. in silit:o npot(crr.v rbuxoBe aK'r'r.{Brlocrtd H cereKl'nBllocrl4 3a PI3Ka, xao u

.rloral.Hy in.silico rrporleHy tbtrxoB14x Qu:nuxo-xetrnjcrtlx. rllapuaxoxllHerHqKHx t4

I t)KCtl KO,'lOlll K14 \ ()e06il I la.

J
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3. TIPI4KA3 CA,4P}I{AJA IOKTOPCKE AI,ICEPTAIII,IJE

Crpyrrypa AorflopcKe .uaceprauuje ouoryhana upaherre I4crpaxuBarlxor roKa oA

reopnjcre ocHoBe o yno3r{ Jrr,rnraAHr,rx ra [porer4n Kt4HiBa y Mirrrplrrllrra 6onecrraMa, IIpeKo

eKcnepr.rMeurzuruor r,r paqyHapcKor r{cnraryrBaEba oga6pauux KIaHz}3HI4x nnxu6urop?, Ao

p arlr4oH anHor 4us aj na c eJI eKTIaB Irr.I x P I 3 Ka wruxtrdut op a.

rlornaeJse ,,YBo4" Aaje cueo6yxrarau nperueA MzIJIpIrHax ryl\dopa, crpyKType u

xnacuftraxauuje uporerrH Kr4Ha3a, ynore Jrlrrrr4AHr{x rc4HuBa u PI3K cr{rH,ulHor rryra, Kao LI

:nauaja PI3K rnxu6uropa y repanujlr Marrr4rHrurx ryMopa. floce6na raxlLa uocnehena je

PI3Ka ceJreKTr,rBHr.ru prrrxra6raroplrMa, ra3ir3oBraMa rrocrlr3alra zso(poprrane ceJIeKTI,IBHocrr rt

:uauajy onrrMr43arluje ftapuaroKr,rHerr{rrKor }r roKc}rxoJloluKor upot}ura. Y uacrarry yBola

nplrKa3aHe cy MeroAe parryHapcKor.4rasajna JreKoBa 3acHoBaHe Ha crpylq/pu qr,IJsHor Mecra I,I

crpyxryppr Jrr,rraHaAa, yr.rryuyjyhu xoMoJrorno MoAenoBarbe, MoJIeKyJIcKLI AoKI4Hr, MoneKyncKy

,u.ruaMrrKy, BrrpryeJrHu cxpr.rHr.rrt QSARISSPR anaJrvl3e, MaIrII4HcKo )rqeme rE ge$uuucarre

AoMeHa rrpr.rMeHJbuBocrr{ paseajenux Mogena. Y earpuruoM AeJry yBoAa o6palenu cy

repannjcxr,l rorenqrajar u r43iBoBr,r flponacKa Kr,rrra3uux urrxu6uropa Kpo3 KpBHo-MoxAaHy

lapujepy, Kao r{ uoryhnocr rEn:repaxquje KHHa3Hr{x ranxra6uropa ca ffiK u IbI{xoBo

enerrpoxeMuj cro racnnrlrBarle.

flor;raeJbe rrllu.lr rrcrpa:mrlBarrat',4e$nHrrrle ocHoBHH rIHJb pa4au crequ$nuue 3a,uarre

xoju cy pacuopeleuu y rprt Ecrpaxr.rBatrKe qenr{He: PAMPA-I<NIEIQSPR anuru3y

nepuea6urHocrrl, ererrpoxeuujcxo u in silico rrcrr,rrprBalrbe eprorunu6a u rberoBe

r.Iurepaxquje ca .{I{I(, Kao r.r CADD cry1;njy ycMepeHy ua ,4usaju u cenerqujy uorenqujanno
ceJreKTrlBHr,rx P I 3 Ka urxra6u:ropa.

[ornasr,e ,rExcuepuueuTaJrHr.r geo" o6yxna:ra orruc xopuruheurEx cra:a4app:a,

xeuuxaluja, onpeMe v paqyuapcKr,rx npolpaMa, Kao ra Mero.4onornre nporoKoJre 3a cBe

eKclepr{MeHriurHe r4 paqyHapcKe [ocryflKe. V rpnou ,(eJry orrucaHw cy PAMPA-KMB recr,
HPLC (errn. High-Perforunance Liquid Chromatography) auatuza pe3ynrara, npurpeMa

cKyra flo.qarara, u3paqyuaBarre MoneK)racKr.rx ,qecKpranropa, pasnoj MLR, ANN u SVR QSPR
MoAeJIa, rrrrxoBa uatngaquja u le$uuzcarre .uoMeHa rrpuMeHJblrBocru. Y lpyrorvr 4eny
rIprIKa3aHI,I cy [ocTylIII.I BoJlTaMeTpajcxux Hcrrr{THBarba, [pur]peMa lHK-6uoceH3opa, Kao u
rIpoToKonI,I MoneKyncKor AorrrHra Ia MoneKyncKe AHHaMr4Ke 3a r{cflr,rTlrBarre rcrreparquje
eplotuura6a ca !IIK. Y rpeherra AeJry/ onlrcanr cy rocryrrqr npr{npeMe ceroBa noAaraKa,

xoMoJloruor MoAenoBaILa, MoJreKyJrcKe Ar.rHaMrare, ancau6l AoKurrra, 3D-QSAR MoAenoBirrra

3acHoBaHor ua PLS (enrn. Partial Least Squares) uero4onorujn, LDA-SBZ^I (enrn. Linear
Discriminant Analysis-Structure-Based Wrtual Screening) Br{pryenHor cKpr4Hr.rHra, ilporleHe
ADMET (enrn. Absorption, Distribution, Metabolism, Excretion and Toxicity) oco1uua u
AoAarHe npLIMeHe PAMPA-SVR MoreJra Ha nonogusajnkrpala ra jenramerra ,qo6rEjena

BpIpryenHI,IM cKpI,IHI,IHroM, Kao u crpyrTypHe aHzurrr3e ca qr,rJBeM npoueHe naoryher peAoKc

noHalrralba I4 rIpI,IMeHe norrauerpujcKHx racnrrrvrBabaprsajnupannx je4umema.

IlornaBrse ,rPe:ylraru ra l[cKyclrjatt uo4erseno je Ha rprr reMarcKr,r [oBe3aHe rtreJr]rHe.

flpna rlerrr,rHa o6yxnara pe3ynrare PAMPA-IAVIB QSPR cry4uje, yrnyuyjyhu
eKcrIepLIMeHTzIrrHe BpelHocrr4 nepirrea6unHocrrr rpos KME, Qopuupase u ,rHTepflperaqrajy
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QSPR MoAena 14 lropebelbe ca AocrynHplM nureparypHuM u SaplraxoxraHerr4qKr4M noraugMa.
Apyra qenilHa npurasyje pe3ynrare elexrpoxeuujcre cry4zje eptorunu6a, alurvt3y
oKcI4IopeAyKIIlIoHLtx rpoueca, vcrrprrr4Barr,e raHrepaKUuje ca ffi{I( ra parryHapcKy [por{eHy
n'roryhux HarIrIHa Be3I4BaIr,a. Tpeha qenr4Ha noceeheua j e PIjK auzajn cryguju, oA xoMoJrorHor
MoAeJIoBaIba PI3KB u:o$optte, MoneKyJIcKe Ar4HaMr4Ke u vatrugaquje .{oKr4Hr rrporoKoJra,
npero pa:noja 3D-QSARMoAena saPI3Ku, P13KP, P13I<y u P13K6uso$opr,re, 4o 4e@ruucan a
crpyKTypHax cMepHIzIa, Suzajua HoBI4x jegunen a npr4MeHoM scaffold hopping MeroAe,
Bl4pryeJrHol cxpl4HrrHra, amaluse xelrzjcxor npocropa r4 rrporleHe ADMET oco6uaa,
yx,'ryuyjyhu rpI4MeHy PAMPA-KMB QSPR MoAerra, Kao r{ crpyKrypHe a:nar&tse y3 npoue}ry
n'roryher peAoKc IIoHaIIIaI+,a u noreuqujanHy Kopenaqrzjy ca eolrauerpujcKr4M Hcrrr4Tr4BaI6eM
guzaiuupauux je4umena. V oxerapy pe3ynrara cy flpernoxrenra uaj6orv KaHAr Aaru 3a ;1arba
14cTpaxr4Bar6a.

[or.ran,'r,e ,r3ar,'ryuar<" cucreMaruqHo cyMLIpa uajnaxuuje pe3ynrare v Har{He
Aorlpl4Hoce Azcepraquje. 3arusyuqra cy (fopuynucalrr y ctnapy ca [ocraBJ.beHr.{M r.U4JbeBr4Ma

ra jacuo nonesyjy eKcneplrMeHranHe Huura3e, satnaa\LrJy go6lrjeurax pe3ynrara r4 crpyKTypHe
cMepHur{e 3a Aauula pasnoj KrrHa3Hrrx uttxulwropa.

floruan,ne ,,Jlureparypa" ca4pxu 520 6u6:naorpa$crux je4uHrrrla, rrrro yxasyje ua
reMeJbHo o6pafeuy peneBaHrHy nl4reparypy trs o6Jracrr4 SapuaqeyrcKe-Melr4rlr4ucre xenauje,
CADD MeroAa, QSAR/QSPR rvo4eroraraa, PI3K uuxa6urop a, uctryrrr4Barba nepuea6uJrHocrr4
ttpos KN4E 14 eneKrpoxeuujcxux Mero.4a y Sapruaqeyrcxoj aHanzsu.

fror,ran,re ,,frpuJro:u" cagpxu AoAarHe noAarxe xoje lmornymyjy pesylrure r43

4ucepraquje, yxnyjyhra crpyKrype vcilrlrwBaHvtx je4rarrema, Kao v BrrxoBe
eKcneprrMeHTilJrHe u n pegeaf eHe aKTlrBH o crl4
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4. mErJrEA PByITATA IPEACTABJbEHI{X y AOKTOPCKOJ AITCEPTAIII{JII

V npeoj Hcrpaxr4Baqxoj qe:ruHu vcnvraHa je erpexrranua nepnaea6r4JrHocr 34 crpyxrypHo
pa3:lurtvra je4ilILelba rrpr,rMeHoM PAMPA-KME recra. Cxyn no4arar<a o6yxrarno je 15

o.4o6penux ruxra6uropa nporer4H Krrua3a, N-4esuerrartxraruau1 (ttwarmnu6 EP ueuucr.ohy

C), excnepuMeHrilJrHt4 ROCK (enm. Rho-Associated Coiled-Coil Containing Protein Kinase)

uirxu6urop RKI-1447, Kao u crplroypno cpoAna eKcneplrMeHra;lHa jegumen a xoja yr,ryryjy
Aepr4Bare apwl-2-atntunotrprpuilrrma, Tna3otptr-xr,rApa3oHa 14 ceneHzl3onvn-xl4ApiBona. Osarae

us6op je4ur+,en a onoryhzo je .4a ce ucnurajy pasrru.rtlrrrr crpyrTypHr4 AeJroBr.{ rpr4cyrHr{ y
KIIHa3HHM uHxu6uroprrMa il cpolHrrM jegnrren utra.

Ha ocuony eKcnepr,rMeHraJrHo o4peleurrx logP" epe.4Hocrr{, vcrtrrrur,aHa je4urren a cy

xlacu$uxoeaHa y rp).Te HrrcKe, cpeArbe rr Bt4coKe nepruea6r.lruocrz. ,{o6ujeH}r pe3yJrrarv cy

IroKa3anv Aa ce Kr{Ha3uuuuxuluropz uelyco6Ho suauajHo pa:nrar<yjy y cnoco6Hocrl4 rIacI4BHe

4Ia$ysuje xpo: rvrenr6paHcxr4 MoAen KME, urro je y cKnaAy ca crpyKTypHoM pa3HoBpcuomhy

oBe rpyne JreKoBa. Ilopef en e PAMPA pe3ynrara ca AocrynHrrM KJrrrHtrtIKr4M tl

$apnaaxoxtzuerr4rrKprM rrolaurrMa yrasa,ro je Aa nacHBHa ueu6paHcxa nepuea6uruocr
npeAcraBrba BaxaH, ailA He u jeauwu $axrop xoju ogpelyje npona3ax rrexoBa y I-IHC, jep ua
gucrpuiyuujy AoAarHo yrpr.{y axrr4BHrz rpaHcrropr, Be3r4Barbe 3a nporer4He rrJra3Me, rr

Nreta6o:rrasar,{.

3a onuc u npegnuhlarte uepuea6uJrHocrr4 pa":nrajenz cy QSPR Mo.{enu [pr4MeHoM MLR, ANN
u SVR npl4cryna. MLRwogler,je us4nojuo rrerr4pr.r KJ6f{Ha gecKpr{rrropa: CATS2D_09_DA,
CATS2D_04_AA, 804[N-S] u F07[C-N]. [ecxpuurop CATS2D*04*AA ]1Mao je
HajIa:paxeuujutozuruBaH Aonpr4Hoc logPe BpeAHocrr4, AoK cy 804[N-S] u F07[C-N] raxofe
tIo3t4rI4BHo Kopenapanh ca nacrrBHolr nepnea6u:ruourhy. Hacynpor rone, CAIS2D_O9_DA
nvao je HerarlrBaH yrwTaj, lrro yxasyje 4a o4peleHr{ rorrororrrKr4 pacnopeA AoHopcKr/rx u
aKllenropcKr4x r{eHrapa Moxe HerroBoJbHo yrauarr4 Ha [pona3 Kpo3 MoAen KME.

Haxos nopelersa crarr4crltrrKux napaMerapa, uajtoysgauujutr MoAeJroM oqerres je QSPR-SVR
MoAeJr, ca BpelHocruva R' : 0,839, Q' : 0,648 kr Rzpred: 0,777. Onaj lro4e:r je sa4oro,'ruo
KJbyqHe xpurepujyue r4HrepHe il eKcrepHe ratmnaquje. a rpa$raqlr oA3r4Ba ytasanu cy Ha

nocrojarse HenhHeapHl4x o.4Hoca rasnaely noje4uurax AecKpurrropa u logP" BpeAHocrr.r.

fle$nuracarre AoMeHa npl4MeHJbr4Bocrr4 oMoryhu:ro je rpor]eHy noy3AaHocrr4 npe4uxquja n

AoAarHo rloApxaJro [pvMeHy Mo,{ena Kao aJrara 3a [peJr]rMr4HapHu us6op HoBrrx KrrHa3Hrrx

lruxra6uropa ca rroBoJbuzlr npoSunoM rrepMea6ulsocru xpo: KMB.

V apyroj I4crporlzBarlxoj qerzuz eproruHu6 je ucnurau Kao rrpeAcraBnr{K Kr4Ha3Hr{x

uuxu6uropa 4-annltuuoxr4Ha3oJrr4HcKor rr4rra, paAr,r flpoqeHe rr,eroBor peloKc [oHarxarba 14

uoreuqzjala 3a I4HrepaKr\r4Jy ca runC Elexrpoxelrnjcxa xaparcrepusar\krJa cnpone4ena je ua

Herto4Ia$uxonaHoj e:rexrpoAr4 oA craKnacror yrJbeHr.rxa rrpr4MeHoM rlr4K.lrr{qHe no,rrauerpuje,

rua$epeuqujanHo rlyncHe BoJrraMerpuje u nolrauerpraje npaBoyraoHr4x raJraca.Mcnvrusau je
yrraqaj ,pH BpeAHocrH, KoHueurpauzje eproruuu6a u lpzuue ilpoMeHe loreHqnja:ra ua

no:roNaj u r4HTeHsr4Ter oKcl4Aarlr{oHrrx r4 peAyxql4oHr4x rIr4KoBa.
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Pesylraru cy noKa3ankt ila ay peAoKc npouecv epnorranu6a [perexHo upevepsululuw.
HajuspaxeHzju oxcu4aql4oHl4 npoqec rroBe3aH je ca cer<yHAapHoM apoMarr,{qHoM aMr{Ho-
rpyfloM, xoja je Ha ocHoBy eKcrIepI4MeHTaJrHr4x pe3ynrara us4nojeHa xao Hajnepona:rnuje
eneKrpoaKruBHo Mecro. Asattusa yru4aja 6p:uue ilpoMeHe noreHqujala yKa3aila je aa je
TJIaBHI4 aHoAHr{ npoqec rperexHo KoHrponucaH agcopnqrajoira, gor je:a lojegune peAyKqrroHe
npouece yorIeH MeIUoBHT 4u$y:rzouo-aAcopnquoHrz KapaKrep. klcnuruBalse yrr4rlaja pH
Aoilpl4Heno je pa:yuenany 6poja rporoHa 14 eneKrpoHa yKJbfreHux y peAoxc npoqece 14

oltoryhuno [perrlocraBxy o naoryheM MexaHr43My oKcr4AaqrzoHl4x 14 peAyKrlr4oHr4x peaxqnja.

Znrepaxqraja epnorl4Hu6a ca IHK ucnzraua je npzMeHoM eJreKrpoxeMujcxor AHK-
6zoceHsopa. llag crpyje.qeoxcl4areHo3r{Hcror cut*array npr4cycrBy pacryhux xouqeurpaquja
eptorwuu5a yxa3ao je ua uureparqujy oBor jeauruewa ca ff{K. Wspa,ryuara KoHcraHra
Be3r4Balba z:Hocu:ra je K:8,25 x 100 M-t, aox je Manv [oMepaj noreuqaj ailatartayKa3ao Ha

uoryhuocr AenhMr4qHo I,IHTepKirnaur4oHot HartvHa Be3r4Balr,a ulullu Be3prBaILa y N,re6 AHK.
Onu pesyma,lu cy AolyH,eHI4 MoneKyncKr,rM AoKlrHroM r{ MoneryncKoM Ar4HaMuKoM, xojra cy
IIoKa3aJII4 Aa epnorlrHrz6 nroxe Ia ce Bexe 14 uHrepKaJraqujou r4y Maltu N:re6 ffIK, arru Aacy
parryHapcKl4 pe3ynrarl4 yna3aJfit Ha r4Hrepxa:rarlujy Kao BepoBaruwju uauun cra6ulnor
Be3IIBalba.

Osa ueJrilHa 4racepraqzje I4Ma MeroAoJroruKr4 :Hauaj jep nonesyje Kracr4rrHe
eneKrpoaHaJrrrrr4qKe rexHHKe, [HK-6uoceHsop 14 par{yHapcxe MeroAe y rporleHr4
noreHqujalHtzx r'Iureparquja KI4Ha3HI4x rzHxra6vrropa ca AHK. flo6ujeHra pe3ynrarr4
npegcraa,T,ajy ocHoBy za lygyha Lrct:l4rvBa*,a crpyKrypHo cpoAHr4x uuxz6uropa KvrHasa,
yxrsyvyjyhu nnsajuupaue PI3K uuxN6urope xojz caApxe xereporlr4xnuuHe SparMeHre u
loreuquj alHo eneKTpoaKru BHe SynxqroHa,rHe rpyne.

Tpeha rE uajo6ralauuja ucrpaxl4BaqKa r{enr4na uoceehena je paqrzoHarnrolr 4usajHy HoBnx
noreuquja;rHo ceJIeKTpIBHIrtx lrHxr4luropa PI3Ka u:o(popir,re. Ocnoeua cer vrctrutrLrBaHlrx
uHrul6aropa yKJbf{I,IBao je jegzr+,etsa us 6ensorca3errr4HcKor }1 rr4a3oJrHor KJracrepa, xoja cy
ropzruheHa sa a[aJrvt3y oAHoca crpyKType, aKruBHocrr,r a uso$oprune ceJreKTlrBHocra. Eyayhra
aa je npoqeHa ceJleKrrrBHocrrr 3axreBaJra uclrurrtBatue nloryher offtarget Be3r{BarLa PI3Kg-
ycMepeHlrx zuxa6uropaza PI3KB, PI3IQ u PI3K6 uso$opue, y Ar4ceprarlnjw cy aHanw3t4paHe
cBe rIerI4pI4 PI3K uzo$opMe KJrace I. 3a PI3K9 u:oQoplry je, ycne4 HelocryrrHocrrz
o4rorapajyhe xyMaHe Kpl4cranorpat[cxe crpyKrype, zspafeu xoMoJrorHr.r MoAen Ha ocHoBy
KpI'lcraJIHe crpyKType 2Y3A.BatrugagtrjaxoMoJrorHor MoAeJra uxacnuja a*artursaMoJreKyncKe

IilHaMI4Ke IIorBpIlIne cy ILeIoBy IIpI4MeHJ'bL{BocT y AaJbItM AoKIlHt u QSAR crygwjava.

Molexylct<a loxuHrje Banktilt4paH AoKr,rHroM ruta*a1ar43 Kprrcranorpa$crzx crpyKrypa, rpr4
qeMy cy 4o6ujeue RfuISD BpeAHocrI4 6u:re Huxe ol2 A 3a cBe ucrlktrvBale P/3K usoSoprrae.
Haxon rora cy rpI4npeMJL,eHI4 KoMrrJrexca peQepeHrHt4x JrlrraH a;la ca PI3Ka, PI3KP, PIjKy u
PI3KA n:oSoprvralra, a MoJIeKyncKa Ar4HaMr{xa je xopuurheHa 3a ra:6op pelpe3eHrarhBHr4x
xon0opnaquja axnrnnor Mecra. Klacrepra go6ujeuu ras rpajexropraja nronexyncKe Ar4HaMr.rKe
nocJryxfl4nl{ cy sa aucalr6l AoKI{Hx, urro je ouoryhuro la ce y alaJrkt3y yKJbf{rr

S'rrexcu6u.mrocr aKrI4BHor Mecra v Aa ce golujy peanucrt4qHaje ne:urne rro3e Jrr4raHaAa.
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Ha ocuony oAa6panux Be3aHHx xontpoprr,raqujapasnuieuu cy jD-QSAR ruoAema 3a cBe rlerupl4

PIjK uso$opnre. Mo4e:ru cy noKa3ar[ BLIcOKo BpeAHocrI4 napaMeTapa I4HTepHe I',( eKcrepHe

sanraAaulaje, ca BpeAHo crr4waR2 y oucery 0,93-0,96, / y otcery 0'77-0'88 u R2p'"d y oilcery

0,7 1*0,7 5 .,{o4aruo cy fip]rMe]beHe Mero.4e na:rulaquj e Kao rlro cy r-MeTpI4K a, ccc v aHaI&Ba

AOMeHa [pr4MeHJ],!i.BOCT]I, urrO je IIOTBpAI,IJIo CTaTI'ICTUaIKy cra6pr:rrOCr u [Oy3AaHoCT

$opnrupauux MoAena. IrlHrepnperaquja uajeaxnujnx GNND-2 upoueumurux sopluupa[Wx

MoAena ouoryhula je aetbunucan'e KJbyrIHl{x crpyKTypHl4x KapaKTepucrl4Ka vcfivrr$Baul4x

.ieAramema xoje yrzxy Ha aKTI4BH9CT 14 CSJI9KTI{BHOST ua PI3Ka, Kao I{ 4rasaju ceJIeKrI'IBHI'Ix

P13Ka uuxra6aroPa.

3a PI3Kcl 3D-QSAR MoAen ra4eurusuxoBaHl4 cy IloBoJT'HI4 AoIIplIHocI4 Be3aHE 3a [IpocropHI{

pacnopeA xa4po{ro6utrx, crepHHx H BoAoHr4qHo-re:yjyhzx KapaKrepl4crl4Ka, IIIro je noeesauo

ca [paBunHI4M nosI4III{oHI4pa}LeM tlrparueuara lrulra1ila y smo6uovt perl4oHy, a@unurerHou

uery u peru{orry y KoM ce re:yje uogratprararop ceJIeKrI4BHocrI4. floce6uo :uauajue

gHrepaxqzje o6yxlarajy BoAoHr.rqHe Be3e ca val85l, Ser854, Thr856 u Gln859, Kao I4

xrzgpoSo6ue KoHraKre ca ocraUI4M a Met772, Ile800, Tyr836, Ile848, Val850, Met922, Phe930

w lle932. Ynope4na a1utusa PI3KP, PIiKy er PI3K| MoAena oltoryhzla je uleuru$vKalll4jy

KapaKrepr4crr,rKa Koje Tpe6a h36etaBaT1pa,(I4 cMalbeH.a off-targel aKTIBH6STI.'I 14 [o6oJbuarba

ceJreKrldBHocrl{ Ka P 13 Ku.

Ha ocHosy r4HrerplrcaHe aHaJrr43e iD-QSAR MoAena 14 MoneKyncKol AoKlIHra AeoI4HI4caHe cy

cMepHHIIe sa 4usajH HoBI4x PI3Ku I4Hxl46lzropa' y oKBI4py crparerraj e scaffold hopping u

crpyKrypHxx r,ro4raszrarluja -R-ocraraKa ]flsa1parlfi cy HoBI4 crpyKTypHl4 sparuteuru sa

Be3r.rBarbe y 3Ino6HoM pe;14olry, adtuHIarerHoM UeIry 14 peluoHy y KoM ce Be3yje MoAiISI4Karop

ceJreKTIIBHocTil 3a PI3Ka. fiuzaiuupaua cy 23 HoBa jeAI4ILerLa, a H'>I'rxoBa aKrI{BHocr I4

ceJreKrI{BHocr sa PIiKu npoqeneHe cy aHcaM$n AoKl{HIoM u 3D-QSAR aHuuIH3oM' flope4

rora, crlpoBeAeH je LDA-SBVS wpryetmu cKpt4HIIHr Enamine 6r'16:ruorexe KrIHa3Hux

zHxu6nropa, HaKoH .rera je ocalt je4umelba Ia3ABojeHo Kao noreuquja:rHo aKrI'IBHI4 E

ceneKrr4BHll PI3K0 t4Hxlr6t{ropl{.

flo4aruo cy a1ylt431tpauu xeuzjcKl4 1lpocrop, Susuuro-xeMl4jcKe oco6vHe, cnoxeHocT

cvHre3e, ADMET npoSun r npeABl{beHa nepMea6I'IJIHocr Kpo3 KME' PCA (evru' Principal

Component Analysis) aHuIfi3aIIoKa3rLIa je 1a 4IzsajulTpalaje4zrrema roKpl'IBajy HajIuI4pI4 I4

Hajpa:Horp cuuju xeltujcxu npocrop y oAHocy Ha IIoJIasHe Knacrepe PI3K usxra6z'ropa, 4ox

cy VS jegllr+,ena 3ay3LIMaJIa AenuMI4qHo I43ABojeH per[oH' Kona'{Ha }IHTerpscaHa npolleHa'

yxrryryjyhrz a12gTusy ADMETxapaKrepr4crr4Ka npolleHa 4oee:ra je Ao I43ABajall,aD4,D5,D23

ra VS1 Kao HainepcneKrl4BHujllx PI3Kg unxrz6urop a u Kare.Elz-Aara 3a 1Luby oflrllMl43aqlljy'

llpuueHoir.r ilperxoAHo pasnrajeHor PAMPA-SVR QSPR Mo.{ena I43 npBe UeIII4He 4raceprarluje

AoAarHo je npoqer+,eHa IIacI4BHa IlepMea6l4nHocr HoBoA$3aiq4pa1ux u VS je4un'ema' Bo4ehe

je4ursene 81 capcrano je y ryyny je.qzrrerra cpeAlbe nepuea6ulHocrl'I, AoK je BI4IUe

gra:ajHzpaur4x jeArzlrerba rroKa3aJro je4naxy r4nu Behy npeABl4beHy flepMea6l4nnocr. csa

ucr{prT1,IBaHajeAuruem,a :uar,ast4lIacy ce y AoMeHy npI4MeHr'I4B ocrkt PAMPA-SVR QSPR MoAeJla'

rrro noApxaBa lloy3Aagocr Ao6I4jeHIlx npeAI'IKIIraja ra noxasyje BpeAHocr IlHTerpaUlIj e QSPR

MoAena ilepMea6l4nHo crl c a 5us aj uou HoBI{x P I i Ka lznxu5urop a'
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s. vfIoPEAHA AHAJTT{3A PE3yJTTATA KAHMAATA CA IOAATIIIMA r{3
JIIITEPAT}?E

Pesylrarn AoKropcKe 4racepraqraje cy y :uauajHoj naepu ycrura!enkl ca arrye:rHr4M npaBuuMa

MeAuIII4HcKe xettnje KI4Ha3HrIx uuxu6uropa, y xojnnra ce upnrr,renyjy in silico Merole, a*atil3a
oAHOCa cTpyKType il aKrr4BHoQrlr, MoJreKyJrcKo MoAenoBarLe u paHa rrpoueHa

SapuaxorraHerr4rrKr4x oco6uua [ 1 l.

y AeJry xojta ce oAHocI4 ua uepuea6r4JrHocr xpo: KME, 4acepraqraja ce HaAoBesyje ua
caBpeMeHe rpl4cr5me paHor upoQurucama I{HC neplrea6z.:rHocrr.r KraHa3Hrrx nwxu6nropa,
ruro je y cKnaAy ca paAoM Di u cap. [2], y xone je PAMPA-I{ME rprrcryn rrpeAcraBJbeH Kao

6p: uo4er 3a rpoueHy nacr4BHe gra0ysuje Kpo3 KME. [o6ajeHra PAMPA-K\IIB u QSPR
pe3ynrarl4 Mory ce rparryffv y oKBr{py orrrrrr{x npxHrlr{na xoju oapelyjy rpoJra3ax je4ae,ema

xpo: KME. Zhang v cap. l3l, Barn v cap. 14) n Wager u cap. [5] uoxa^:anra cy ga I_ffiC
nepntea6u.nHocr 3aBI4crI oA Br{rxe uelyco6uo roBe3aHrlrx oco6aua, yr<ryryjyhu mnno$ulHocr,
noJrapHocl MoneKyJlcKy BerultuHy, cnoco6Hocr $opurzpalsa BoAoHr,rr{Hr.{x nesa, joHusaur4oHe

KapaKreplrcrl4Ke Iz ronoJlotuKe Aecxprrrrope. V oguocy Ha HaBeAeHe olurre rvro4ene IIHC
nepuea6uruocru, PAMPA-KME QSPR MoAenr4 pasnujeHz y Auceprarlujn sauronalr ay Ha

cKyny crpyKTypHo pa3HoBpcHt4x Kr{Ha3HHx uuxr6uropaut+'ytMacpogHrzxje4r4r6erba, s6or qera

npyNajy AoAarHI4 yBtrr y roIIoJIorIKe r{ crpyKrypHe Kapaxreprrcruxe suauajHe 3a oBy rpyily
je4zrrema [6]. Ono je roce6uo Ba;KHo jep nonapuu xereporlr4KJrrarrHrr Sparnreum KMHa3Hrrx

uuxu1uropa qecro yuecrnyjy y Be3vBarby 3a aKrilBHo Mecro eH3ilMa, rra onrr,rMzsa\uja
uepir,rea6uluocrt4 Mopa 6uru pasuarpana saje4uo ca oqyBalberra a$zuzrera H ceJreKTr4BHocrr4

flpeMa qu-rauoj Kr,rHa3rz.

,{eo lorcropcKe Al,Icepraquje uocneheH elerrpoxelrzjcruu ilcilLtrilBarrrr4Ma 3acHr,{Ba ce Ha

sHauajy eJleKTpoxeMIajcxlrx MeroAa y LrururvBatty peAoKc noHalualba JreKoBa u Er{xoBr{x
uHrepaxquja ca ft{K. Chiorcea-Paquim u Oliveira-Brett l7f, Kao 14 Ramotowska u cap. l8],
rpl{Ka3anl4 cy Aa eneKrpoxeMujcxn npucrynn, yxrsyryjyhra [HK-6uoceH3ope, rvrory 6uru
Kopl4cHI4 3a vcrurllBalLe hHrepaxqraja MaJrlrx MoneKyna ca !HK. Osaxan nprzcryn je
pereBaHraH vI 3a lr.uuasue usxw1urope, jep noje4rEuu rrpeAcraBHrrrlr4 oBe rpyne caApxe
xerepoapoMarcKe cucreMe I4 Syuxqrzona-rrHe rpyne xoje lrory frecrBoBarv y peroKc
npouecl4Ma hnw ulareparcqzjarra ca ffiK. Y rolr KoHTeKcry nperxoAHo cy :acrtvr:fiBaHe
raurepar<quje ilailaru:arrlal9l, gacaruuula [10] ra cyuuruau1a [11] ca EIK. Ko4 eplorzuu6a,
Bakrhan v cap. ll2] cy ucllurrrBailu neroBo oKcr4raur4oHo rroHaruane, BoJrraMerpujcxo
o4pefrzrame I4 HsBptxunu DFT (eHr,r. Density Functional Theory) a*anv3y r€o rroApurKy
rlpeAnoxeHoM MexaHV3My oKcuAarlzje, 4ox cy Chen v cap. l13l ucnnruBaJrut vrrepaxqujy
eploruuu6a ca fftrt rIpIzMeHoM clreKrpocKorrcxr{x MeroAa. Y o4Hocy Ha HaBeAeHe paAoBe, y
4Lrcepraqraju je auwtusa epnorl{Hr46a nponupeHa rroBe3ilBarbeM BoJrraMorprajcxrax pe3ynrara,
eneKTpoxeMujcxor ffIlt-6raoceH3opa, MoneKyncKor AoKt4Hra r4 MoJreKyncKe Ar,rHaMr4Ke.Haraj
HauuH cy peAorc rloHalrralr,e eprorunu6a, r+eroB norenqNjal 3a r4HrepaKqrajy ca .{HK n
MoneKyncKa ocHoBa 4o6rajeHzx eKcnepuMeHraJrHt4x pe3yJrrara catne1Lalu y oKBr{py
j e4uHcrneuor eKcr epprMeHrarHo- par{yHapcKor npracryna I I 4].
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llpororol xoju je npr4MerbeH za yusalu ceireKrr4BHr{x PI3K u:rrxn6r,rropa y cxna4y je ca

AocryrIHI,{M nLITeparypH}IM noAarlr{ua y xojuu ce r4cruqe snauaj uso$opuHo ceJTeKTVBH}rx

PI3KU zuxu6uropa r<ojrz norasyjy aHrr,rr),r.{opcro 4ejcrro y3 noBoJbHuju lesdegnocuu
upoQfln. 3nauaj oBor rpl4cryna noreplyjy nprrMeHa KJrr4Hr{qKpr o4o6peunx PI3KI
urxz6nropa, Kao Ixro cy allinerrucu6 [15] z uHasorucul [16], xao 14 Apyrrx Pl3Kusxu6r4ropa
xoju ce HaJIase y pasnwl*tlzu $a:aua KJrHHrrrrKt4x cryNaja. V nopelersy ca anilenvrculoxr, uuja
je ce.nexruBHocr y nvreparypr orittcaHa rrpeKo 1C50 spe6ocrr4, Br4rrre 4rasajuupaurx
je4nmema je roKa3aJlo rIoBoJbaH npegnuleuu npo$un cerexTrrBnocrr4 Ka PIiKuy oAHocy Ha

PI3KP, PI3l<y u PI3K6 [r71. y nopelemy ca ilHaBorrr4cu6ou, sa roju cy y nurepa-rypr4

AocrynHe pK spe.{Hocrl,{ I4 noAaIII4 o r43paxeHoj celexrzrHocrrr xa PI3Ku, xoA Ara:ajuupaHr.rx
je4lrmer+,a npe4nuf eua ceJleKrvBHocr je 6ula Malbe HarJraru e*a, aJwt je u lase yKa3vBana Ha
jacuy ycuepeHocr xa PI3Ka zsoSoplru [18]. Oeaxno nopeleme ca Krr4Hr.rqKr4 peneBaHrHr4M

PI3KU uuxrz6uropunaa noxasyje 4a je [pr4Merr,eHa crparerraja guzajna.qoBeJra Ao crpyKTypHo
HoBI4x je4uBema ca peneBaHrHI4M ceJreKrr4BHr4M npo$ulorr,r, qlrMe ce AoAarHo nornplyje
HHoBarr{BHocr 4zcepraqzj e.

Crplxrypna ocHoBa ceJIeKTuBHocrr4 ryMaqeua je y cKna.4y ca paloBlrM a Frazzetto u cap. [19]
u Zheng u cap. [20], xoju cy yKa3alrl4 na :uauaj HeroH3epBr,rcaHrrrx aMr{HoKuceJruHcKrrx
ocraraKa y KffalrurrtqKoM Uerty PI3K uso$opMt4. 3uauaj yrJbf{r,rBarLa $nercu6zJrHocrr4
aKrI4BHor Mecra AoIarHo je [oApxan pe3ynrarprMa go6rajeurarra Kpr4oeneKrpoHcKoM
vuxpocxolujou, xoju uor<a:yjy m PI3KI Moxe 3aysrzMarrr Brrlre xousopuaqrroHr4x crarba

[21]. Hoeuje in silico cryauje PI3Ka uuxn6vropa rorr,r6rznyjy pasnvril4re MeroAonoruje ca

$oxycon Ha MoAenoBarue PI3Kauuxu6ugnje. Halder A cap. [22] cy rpr4MeHr4nr{ $parnaeuruo
3acHoBaH 4zsaju, 6uousocrepHy 3aMeHy, AoKuHt, AIM/GBSA (enrn. Molecular
Atlechanics/Generalized Born Surface Area), DFZ, uo:rexyrct<y ruHavrury u ADMET anatmsy.
Dibia*tcap.l23l cy xon6unoBrulu MorreKyncKr4 AoKrrHr u 3D-QSARMoAenoBalbe, AoK cy Wang
v cap. [24] xopucrutru 3D-QSAR,ADMET npegnralama, AoKr4Hr rz MoneKyJrcrcy Aunauuxy. Ora
4ucepraqr'rja npuuersyje creo6yxsaruuju CADD nporoKon rojra o6yxnara MoAenoBalr,e cBe
qerrpu Iz:o$oprrae ' PI3Ka, PI3KP, PI3I<y u PI3K6. Zcru npororon yx,ryryje r4 xoMoJlorHo
MoAeJIoBarLe PI3KB, MoneKyJIcKy II{HaMVKy, aHcau6n AoKvHL 3D-OSARMoAeJroBarr,e PI3Ka,
PI3KP, PI3n u PI3K6 uso$opirae, Kao LI BlrpryenHr4 cxpr{Hyt:at yr ADtrLET npo$unzcame. Ha
ocHoBy rora cy 4eSznacaue crpyKrypHe cMepHr{Ue 3a oqyBarbe aKruBHocrr{ Ka PIjKa yz
cMalLerr'e repoearnohe HeroBorbHor Be3rrBarr,asa PI3K$, p6n w pI3K61251.

ll] Z. Gagic, D. Ruzic, N. Djokovic, T. Djikic, K. Nikolic, In silico Methods for Design of
Kinase Inhibitors as Anticancer Drugs, Front. chem. 7 (2020) 501169.
https ://doi.o rgl 10.33 89 ECHEM.20 I 9.00873/F{ILL.

l2l L. Di, E.H. Kerns, K. Fan, O.J. McConnell, G.T. Carter, High throughput artificial
membrane permeability assay for blood-brain barier, Eur. J. Med. Chem .38 (2003)223_
232 . http s : I ld o i . org/ 1 0 . 1 0 1 6 I S 0223 - 5 23 4 (03)0 0 0 I 2 - 6 .
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7. OE PASII OXt EIL E HAyqH of AOIIP IIHO CA AOKT OP CKE AI',IC EP TAIII',I'rE

floxropcra Al4cepraUl{ia KaHAHAara Marl4crpa $apn'ra{uje Mu'naua J' JosaHosuha upegcranrsa

opr4rr4Hamlo !I I4HTepAucq[nnI,IHapHo I4cTpaxI4BaI+,e y o6lacru tpapltaUeyrcKe MeAuUt4HcKe

xetruje, ygMepeHo Ha xeMI4HOOpMaTuqKy AHaIWr3y) eKClepI4MeHTzUIHO ltgrtt4"traBalbe II

paUr4oHanHl4 AI43ajH ulxu6l4ropa JII4nI4AHIIx u rrpore]IH KPIHa3a Kao nOTeHUzjanuO HoBI{x

aHrr{HeonJIacTI4Ka. PaA o6je4r.rbyje eKcnepl'IMeHTaIIHe MeToAe, eneKrpoaHaII'IrI4rIKe TexHI4Ke'

ff{K-6uoceH3ope, MoneKyJrcxr4 AoKIIHT, MoneKyncKy IiIHal\dI4Ky, 3D-QSANQSPR

MoAeJIoBaIbe,MaIIII4HoKo)^{erbe,BI4pTyenHI4oKpLIH}IHTAADMET[pos[n[caIbe,IIITo

Ar.{cepTaryIjl4 Aaj e j acHo MynrI4A}IcqI4rInI4HapHo ooelexje'

Hayuuu .(SIpLIHOC [pBe IIenI4He OlneAa Ce y eKClepI'{MeHTanHOM I4CIIt4TIIBa}by naclaBHe

[epMea6lanHocrlI BeJII4Kor I4 crpyKTypHo pa3HoBpguor cKyr{a KI4Ha3HI'Ix vrxu1rrapa Lr

cpoAHr4x jeAur+,ema, Kao 14 y pa3Bojy BanI4.4IIpaHot PAMPA'SVR tvtolieta KojI4 ce Moxe

KopI4crI4rI4 3a paHy npolleHy IIepMea6I4nHocrI4 HoBI'{x KI'IHa3HI4x I4HxI46I'{Topa Kpo3 MoAen

KM6. Aganusa AecKpr4nropa oMoryhilna je pa3)MeBal+,e yrl,(uaja :rouololnrol paclopeAa

AoHOpcKr,Ix II aKqelTOpCKI,Ix UeHTapa, KaO 14 CI9III4$I4qHI4X aTOMCKIIX lapoBa, HA rlACWBHy

rrepMea6I4nHOcr.

Hayunu Aorrpr4Hoc Apyre qenl{He or:reAa ce y AeraJr,Hoj eneKrpoxeM[jcKoj KapaKTepI43aUv\u

epnorr4gr46a, Ae$prHilcally HajBepoBarHrajer erexrpoaKrl4BHor Mecra rJIaBHol oKcI4.4aUI'IoHor

flpolleca 14 IIpoqeHlI ILeroBe HHTepaKUI4je ca I[II(. Kolt6znorame BoJITaMerpI'IjcKIlx TexHI4Ka'

ffiK-6xoceH3opa u patrlrlapcKl{x MeroAa oMoryhl4no je 4a ce eKctrepllMeHTaltlakl pe3ynraTll

TyMaqe y IIInpeM cTpyKTypHoM I'I MeXaHI{CT}IqKOM KOHTeKCTy'

HayrHIa AoIIpIIHoc Tpehe IIeJII4HS oAHocI4 ce Ha pa3Boj I'{Hrerpl4caHor CADD npoToKoJla 3a

Alr3ajH HoBIIx noreHUl4janHo ceJIeKrI4;IHLT1 P13Ka uHxl46llropa. V 4rlcepra\uiu cy pa3BIIjeHI4

Ir Banr4Ar4paH.1 3D-QSARMoASTII4 sa PI3Ky, PI3KP, PI3Ky il PI3KA l43o$opMe, AeSI4HucaHe

cy crpyKrypHe AeTepMl4HaHTe aKTI4BHocrI'I II CSJI9KTI4BHSSTII, AI4sajHI4paHa cy 23 HoBa

jeglamen a, a BupTyenHlIM CKpyHHHIoM II3IBojeHo je ocaM IIoTeHIII'IjanHo aKTI4BH[X PIiKa

r4}rxr46r{ropa. I{urerpucaHoM rrpoqeHoM flpeABraleue aKrLIBHocTI4, CeJIeKTT{BHocT]/r, ADMET

oco6r4Ha v rrepMea6r4nHocTrr r43ABojeHa cy jeAlar+,en a D4, D5, D23 11 vsl Kao

Hai n epcn eKr usuuju KaHAI4AaTI'I 3a AaJLy ort rI'IM u3 aUI4j y'

Yxynuo nocMarpaHo, Arlcepraqraja 1oupuuocll pa3)MeBalby oAHoca crpyKrype 14 AejcrBa

KlrHa3Hrrx I4HxI46t4Topa, Kao LI pa3Bojy HoBI4x npvcryna 3a paqyHapcKl{ M3ajH PI3Kct

r4Hxr46r4ropa Kao UI,IJ6aHI,IX aHrI4HeoIIJIacTt4Ka. fio6rajeuz pe3ynTarll IlMajy 3Harlaj 3a !,aJloa

r,rcTpDI{I{BaIba y o6nacrl{ UI,IJbaHe aHTl4ry\ilopcKe Tepanl4je, rroce6Ho y KoHreKcTy u36opa

je4Ur+,erta Ca SOBOJ6HHM 11pOS1anOM aKTI4BHOCTI{, CSJIeKTI{BHOCTII, [epMea6UnHOcTI4 I{

ADMET KapaKrepllcrl,{Ka.
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8. IIpo BE pA optrfrr,IHAJrH O C Tr4 A OKTOP CKE Ar4 C Ep TAIILT JE

I43B EIIITAJ O IIP OB E PU OP]1lf UHA JIHO CTI4 AO KTOP CKE AI4C EPTAIU4JE

Y cx:raAy ca llpaeunnuKottr o nocmyrug) nposepe opuzuHaJtHocmu doxmopcxux ducepmaquja
rcoje ce 6paue rua Vruueepsumemy y Eeoepady, n Ha ocuoBy pesyJrrara a*ailt43e 4o6r.rjeuux
rIpI4MeHoM co$rrepcxor ilporpaMa iThenticate, r43BprrreHa je nponepa opr4rr{HaJrHocrr4

AOKTOpCKe guceptaguje rroA Ha3uBoM: ,rXeuun{opMarurrma a*ail*t31) 4u:aju v
ucfiIrrlrBalbe nuxudr,rropa J'rIrlIIAHIrx rl [porer.rH KIrHa3a Kao uoreuqujaJrgo HoBIrx
aHTHHeorrJracruKa", rojy je ro,4ueo KaHAraAar Man.rcrap Qapuaquje Mulau Josauosnh.

Yrnplenra creIIeH reKcryanHor rloAylaparba r43Hocr4 5Yo. Hqueha roAyAapn ocr ol lyo
yrrpfeuaje ca nperxoAHo ly6maroBaHl4M paAoM Kal1tu1ararojraje cacraB;611Aeo Ao6ropcKe
4Izceprargje. Ocrale [oAyAapHocrrt cy nocneAr{rla rroHaBJ.barLa t\krrata, r4MeHa ayropa,
6u6nuorpa$cKl4x HaBoAa xopnruheue nilreparype, orrrrre rro3Harr4x froplrynauuj a u Hayq1Lrx
IIoAaraKa, Kao I4 nperxoAHo o6jan,T eHklx pe3yJrrara caMor :rral1uilara xojz cy cacraBHil leo
4ucepraqr'rje. Csa HaBeAeHLI eJIeMeHTI4 y rrornyHocrzr cy y cKnaAy ca qJraHoM 9. naee4eHor
llpanznHzxa.

Ha ocuory cBela I43Hero! a y cxnaAy ca qnaHoM B. crae 2,flpasutur4xa o flocryr]Ky flpoBepe
opr4rlrHanHocrr4 roKropcKr4x Azcepraquja xoje ce 6paHe ua yriurep3prrery y Eeorpa4y,
uajan,nyjer'ro Aa ra3Belrrraj yxa:yje Ha opl4ruHirJrnocr Aoxropcxe Ar4cepraquje, re ce rporrr4caH7
[ocr]'nax rlpunpeMe 3a rbeHy og6pa[ry Moxe HacraBr4rr4.

[ary'rvr

30.06.'2026. roAr.{He

MeHropu:

W
Ap cq. Karapuua Hraxolzh, peAoBHr4 npoQecop

Vuunep:nrer y Eeorpaay - (Dapuaqeyrcrz @arynrer

,llp Mr.r I{peeap, Barrpe.qH}r npo$ecop

VHunep:arer y 6eorpa4y * @apuaqeyrcKa Qar<y:rrer
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9. II3JABA MEHTOPA V KAHAIIAATA AA IICTPAXIIBAILE 34 IOTPEEE

AOKTOPCKE AI4CEPTAIII'IJE HIIJE PAbEHO Y 3APABCTBEHOJ YCTAHOBI'I

I,I:jarryjeuo Aa r4crpaxraBarLe sa norpe6e kl3paAe AoKropcKe AI,IcepraIIr4Je IroA HacJIoBoM

,,XeuraH$opMarur{Ka alalrt3a,,4usaja u:rrcrrrTfiBarbe prrrxra6raropa filallurilrlr4x I4 rlporel{H

KrrHa3a Kao rloreHlluj anno HoBrrx aHTI,{Heo[JIacruKa"

uraje paleHo y 3ApaBcrBeuoj ycrauonu

flornucu MeHTopa:

dau*r+-
flpo$. 4p Karapuua Hmronuh, peAoBHI4 nporpecop

Yuunepsraret y Eeorpa4y - (Dapuaqeyrcrz $arynrer

,ilrrrloo l(o,taLu-uT----T-
IIpoS. lp Mr.uruua I-{pedap, BaHperHI4 nporpecop

YHurepsvrer y Eeorpa4y - @apuaqeyrcKll Sarynrer

flornuc KaHLrAara

kn,* \,6*,r8rl

V Eeorpa4y; lla:g.a 30.6.2026.roaraue

Mar. {aprvr. Mut:mrtt JoeaH osuh
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10. nPEAnOr KOMI,ICTTJE

A}ICEPTAIIIIJE
3A OrIErry 3ABPTTTEHE AOKTOPCKE

FIa ocHony [perJreAa IoKTopcKe qucepraquje, Kouucuja saxrry.ryje ga je xauguAar Marr,rcrap

Sapruaqraje Mulall J. Jonanonuh ycnemHo peanr.r3oBao [ocraBJbeHe rl]rJbeBe r,rcrpaxr,rBa]L4
npI'IMeHI,IO CaBpeMeHe eKcleplrMeHTirJrHe r..r parryHapcKe MeToAe r,r ocTBapHo opHrr{HaJraH
Ha)AIHI'I IonpLIHoc y o6nacru tpaprraaqey,rcKe Me,{uquHcrce xeuuje. ,{ucepraquja je Hanr.rcaHa
jacno u [peruIe.uHo, pe3yJrrarl,I cy cucreMarnqHo npr,rKa3alr h Kpr.rrr,rrrKa rr{cr(yroBaHr,r, a
saxJbyrrrlu cy y cxlraAy ca 4o6ujenuM pesyJrraruMa.

Kouucraja cMarpa ra roKropcKa .quceprarlaja no.4 Ha3r,rBoM ,"Xerr,runQopMarr,rrrKa a1aJrv34
gueajn v uctrvrnBatre unxra6nropa nunu,{Hr.{x H nporer{H Kr,rHa3a Kao noreHrlraja:lno HoB6x
aHrl'IHeonJlacruxa" ucnylbaBa ycJIoBe nponprcaHe 3aronou o Br,rcoKoM o6pasonarry, Cmryrou
YHunepsuretay Beorpaly, Craryrou Yruanepsnrera y Beorpa.4y- (Dapuaqeyrcxor Sarcy,rrera
n flparurHr.rKoM o roKropcKuM axa.ueMcKr.rM crygujaua yrunep:urera y EeorpaAy -
(Daprvt aueyrcror Saxylrera.

Komucuja npe.qnzuxe HacraaHo-HayrHoM aehy yHunep3r.rrera y Eeorpagy - @apuaqeyrcrcor

$axylrera.4a npI{xBarLI Iro3LIrIlBau Hsaeurraj o orleHa 3aBprrreHe .qoKropcKe gucepraquje u
o.qo6pu KaHAr,rrary Munany J. JosaHosprhy januy o,{6paHy AoKropcxe,qucepraquje.

Y Eeorpasy, 2.7.2026.

l. Ip cu. EpauxaHrxoeuh, BaHpeAHr{ npo$ecop

Vuunepsurer y Eeorpagy - @apruaqeyrcKr,r Saxynrer

2. Ap cu. Mapa Anexcah, peAoBHH npo$ecop

Yuunepsurer y Eeorpa4y - @aprr.raqeyrcxz Sarylrer

0 *u,,rt
3. Ap cq. Craeurla Orsa.ruh, BaHpeAHH npo$ecop

Yuxnepsurer y Eeorpagy - (Daprr,raqeyrcxra $axynrer
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Ap cq. Mapraja flononrah HHxorurh, Br{ur HayqHr.r capa.qHr.rr

VHunepsnrer y Eeorpa.{y - @aprr,raueyrcrra Qarynre.r

5. Ap cq. Eparulclan Cranxosuh, Brrrrrr HayqHr.r capaAHnr(

HHcrraryr 3a H),KJreapHe Hayre ,,BuH.ra,',

Hucrnryr oA HartrIroHan,or snauaja sa peny6raxy cp6ujy, ynunepsurer y Beorpary

4
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and DNA 
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A B S T R A C T   

A comprehensive investigation of tyrosine kinase inhibitor erlotinib (ERL) electrochemical behavior and inter
action with DNA was performed with the aim to clarify its redox mechanism and to determine the mode of 
binding. Irreversible oxidation and reduction processes of ERL on glassy carbon electrode were investigated using 
three voltammetric techniques CV, DPV, SWV in pH range between 2.0 and 9.0. Oxidation was established as an 
adsorption-controlled process, while the reduction manifested diffusion-adsorption mixed controlled process in 
acidic medium and adsorption became predominant in the neutral solutions. According to the determined 
number of transferred electrons and protons, oxidation and reduction mechanism of ERL are proposed. To follow 
the interaction between ERL and DNA, the multilayer ct-DNA electrochemical biosensor was incubated in ERL 
solutions concentrations ranged from 2 × 10–7 M to 5 × 10–5 M (pH 4.6) for 30 min. SWV measurements have 
shown the decrease in deoxyadenosine peak current as a consequence of ERL increased concentration and 
binding to ct-DNA. The calculated value of binding constant was K = 8.25 × 104 M− 1. Molecular docking showed 
that ERL forms hydrophobic interactions when docked into minor groove, as well as when intercalated, and 
molecular dynamics analysis predicted the stability of obtained complexes. These results together with vol
tammetric studies imply that the intercalation could be more dominant way ERL binding to DNA compared to 
minor groove binding.   

1. Introduction 

Erlotinib is a tyrosine kinase inhibitor used as first line therapy of 
non-small cell lung cancer and in combination with gemcitabine at the 
pancreatic cancer [1]. It belongs to the class of reversible EGFR/HER1 
(human epidermal growth factor receptor type I) kinase inhibitors type I 
and binds to the active form of enzyme. Erlotinib contains 4-anilineoqui
nazoline pharmacophore with oxygen containing substituents at C-6 and 
C-7 (Fig. 1). 

The high selectivity for EGFR kinase is provided with electron 
withdrawing substituent at position 3` of the aniline phenyl ring and 4` 
unsubstituted position and it binds to hydrophobic pocket of the active 
form of the enzyme [2]. It inhibits intracellular phosphorylation of 

tyrosine kinase through an ATP (adenosine triphosphate) - competitive 
binding to the kinase domain. Expression increases of epidermal growth 
factor and its receptor (EGFR) are key targets in such tumors and its 
activation is linked with increased proliferation, decreased apoptosis, 
angiogenesis, and metastasis [3]. EGFR mutations have an important 
role in the pathogenesis of non-small cell lung cancer. Combined with 
gefitinib, erlotinib could be used in patients with uncommon EGFR 
mutations [4]. Very recently, some erlotinib off–label uses were re
ported in the literature which relate to the mechanism of action. The 
erlotinib was effective in kidney renal cell carcinoma and the role of 
erlotinib’s therapeutic targets were investigated [5]. Erlotinib gold 
conjugate also showed high cytotoxicity in breast cancer cell lines [3]. 
Erlotinib-hydrochloride is used oral as tablet and it shows pH dependent 
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solubility, higher at lower pH due to protonation of secondary amine. It 
shows extensive CYP3A4 metabolism (O-dealkylation) and further 
oxidation which leads to variable bioavailability [6]. The most common 
side effects are rash, diarrhea, loss of appetite, tiredness, and also some 
effects on eyes like serious cases of keratitis and ulcerative keratitis, on 
ears (bilateral eardrum perforation) and on liver (acute hepatitis) are 
reported [7]. 

There are several mechanisms of action for anticancer drugs target
ing inhibition of protein kinase in order to achieve modification of DNA 
of cancer cells [8]. According to electrophilic theory genotoxic com
pounds could bind covalently to the DNA rich with electrons. This type 
of reaction is irreversible and leads to complete inhibition of DNA 
functions and subsequent cell death. Another, more desirable, type of 
binding which is reversible and leads only to change in the DNA 
conformation and morphology is non-covalent binding of drugs to DNA. 
Several modes of non-covalent interaction may occur between drug and 
DNA molecule, such as intercalation, binding to minor and major 
groove, or electrostatic binding to negative sugar-phosphate DNA 
backbone [9]. The stability of the formed DNA-drug complex depends 
on the intensity of the mentioned interactions. 

Plenty of techniques are used to investigate mode and intensity of 
DNA-drug interactions from classical UV–VIS spectroscopy, along with 
fluorescence, IR and NMR spectroscopy, all the way to most recent op
tical and electrochemical biosensors. Although spectroscopic methods 
are traditionally used for studying drug-DNA interactions, they have 
some disadvantages. Those methods, especially with biological samples, 
often need long lasting and demanding pretreatment and the results may 
be affected by the turbidity of a sample. On the other hand, electro
chemical techniques are performed with higher speed and reliability, 
and require small number of samples. In addition to all this, one of the 
main advantages of electrochemical methods is in their ability to mea
sure and determine the binding constants over a wider range of 
concentration. 

Thus, investigation of electrochemical mechanisms of tyrosine ki
nase inhibitors are important for biological systems related to electron 
transport chain and to better understand the relationship between 
structure and mechanism of action [10]. Oxidation of ERL has recently 
been investigated by using a graphite rod electrode modified by the 
nitrogen doped graphene quantum dots (N-GQDs) and a ternary nano
hybrid comprising copper nanoparticles, polyaniline, along with gra
phene oxide, and oxidation mechanism in the acidic medium has been 
proposed [11]. Unlike oxidation, there is no literature data on ERL 
reduction process. The investigation of the interaction of several tyro
sine kinase inhibitors with DNA with different methodologies has been 
assessed. Lapatinib interaction with double-stranded DNA was investi
gated with various voltammetric techniques such as different pulse 
voltammetry (DPV), square wave voltammetry (SWV) and cyclic vol
tammetry (CV) and it was confirmed that it could intercalate into the 
dsDNA helix [12]. The interaction between ibrutinib and dsDNA was 

investigated with the use of voltammetric and molecular docking tech
niques and the groove binding mode to the DNA was suggested [13]. The 
characterization of binding interaction between erlotinib and Calf 
Thymus DNA (ct-DNA) in vitro using multi-spectroscopic methodolo
gies, viscosity measurement and molecular docking and density func
tional theory was investigated and suggest that the main is hydrophobic 
interaction [14]. A recent paper [15] presented biocompatible, ultra
sensitive electrochemical DNA biosensor based on poly-L-methionine 
and bimetallic AuPt nanoparticles to detect Imatinib and ERL in pico
molar concentration. The interaction between ERL and ds-DNA onto the 
biosensor surface, characterized as electrostatic binding, was used for 
determination of ERL concentration within the range of 0.032–1.0 nM 
and applied for detecting in human serum and pharmaceutical samples. 

The aim of this study was to examine and clarify possible oxidation 
and reduction mechanism of erlotinib on glassy carbon electrode using 
three voltammetric techniques CV, DPV, SWV, and to investigate its 
interaction with DNA. For this purpose, DNA electrochemical biosensor 
was used. It is a device that integrates DNA as the biological recognition 
element and an electrode as the physicochemical transducer, i.e., an 
electrode chemically modified by nucleic acid. Several preparation 
methods are available regarding to immobilization technique, to pro
duce thin, thick or multi-layer biosensor [16]. Voltammetric techniques, 
especially the pulse ones (SWV and DPV), are highly sensitive and are 
useful for investigating interaction of in situ generated reactive species 
(by compound redox reactions on the electrode surface) with biological 
material immobilized on the electrode surface [17]. 

In this study, we used multi-layer ct-DNA electrochemical biosensor, 
and SWV technique for analysis of interactions between erlotinib and 
DNA. The results of this research will contribute to the understanding of 
the mechanism of interaction between erlotinib and nucleic acid. This 
study investigates the interaction between erlotinib and ct-DNA using 
voltammetric techniques at bare glassy carbon electrode and the 
determination of binding constant for the first time. Molecular docking 
and molecular dynamics analysis were used to verify and support the 
experimental findings. 

2. Material and methods 

2.1. Apparatus 

The μ-Autolab analyser operating with GPES 4.9 software (Eco 
Chemie, Utrecht, The Netherlands) was used for performing voltam
metric measurements. Glassy carbon electrode (GCE, d = 3 mm, CH 
Instruments, Inc., Austin, TX, USA) was used as a working electrode, 
together with Ag/AgCl as a reference (3.00 M KCl) and Pt as an auxiliary 
electrode inside three-electrode electrochemical cell. Prior to measure
ment GCE was prepared each time by polishing it on a smooth polishing 
pad with aqueous slurry of Al2O3 powder (particle size 0.05 µm). The 
GCE was sonicated after polishing in deionized water and absolute 
ethanol for 2 min in each. This was performed in an ultrasonic bath 
‘Iskra’ UZ 4 R (Sentjernej, Slovenia) and pH measurements were per
formed using PHM 220 pH meter with combined electrode Radiometer 
GK2401B. Weight measurements were carried out with a SCALTEC SBC 
32 balance. 

2.2. Reagents and solutions 

Deoxyribonucleic acid sodium salt from calf thymus (Calf thymus 
DNA (ct-DNA) Product Number D 1501) and erlotinib-hydrochloride 
were obtained from Sigma Aldrich. Sodium citrate dehydrate and cit
ric acid produced by Fisher scientific, and sodium acetate, acetic acid, 
disodium hydrogen phosphate, sodium dihydrogen phosphate, 
ammonia and ammonium chloride from Sigma Aldrich, were of 
analytical grade purity (p.a.) chemicals. The stock solution of DNA, 
73.95 μg/mL, was prepared by dissolving it in 0.1 M acetate buffer, pH 
4.6. The composition (content of fractions other than dsDNA), purity 

Fig. 1. Structure and nomenclature of erlotinib.  
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and stability and of DNA sample have been examined and validated in 
our previous work [18], using agarose gel electrophoresis, UV–VIS 
spectrophotometry and fluorimetric Qubit BR dsDNA assay. A stock 
solution of 1 × 10− 3 M ERL was prepared in methanol and stored at 
4 ◦C. Final solutions of 2 × 10− 4 M concentration of ERL were prepared 
ex tempore by diluting the stock solution in different buffers. Citrate (pH 
2.20 and 3.06), acetate (pH 3.58, 4.64, 5.05 and 5.64), phosphate (pH 
5.89, 6.94 and 8.05) and ammonia (pH 8.51 and 8.90) buffers with ionic 
strength of 0.10 M (prepared using deionized water) were used for the 
preparation. All the experiments were performed at room temperature 
(25 ◦C). High purity nitrogen gas was set to pass through solutions in the 
cell for 10 min before performing each measurement to eliminate oxy
gen from the solutions, as well as above the solution during the 
measurements. 

2.3. Preparation of the biosensor 

The multilayer ct-DNA biosensor was prepared by adding three 5 μL 
drops of DNA stock solution onto previously prepared GCE, with each 
drop drying for 30 min under an atmosphere of nitrogen. After drying 
the last drop, the excess DNA was removed from the biosensor by rinsing 
its surface with deionized water. The response reproducibility was 
already tested and confirmed in our previous work [18] This method of 
sensor preparation enabled the complete surface coverage with DNA and 
prevented non-specific binding of ERL. 

2.4. Voltammetric measurements 

CV, DPV and SWV were performed for voltammetric measurements. 
CV was conducted in the potential range between − 1.6 V and + 1.6 V 
(vs Ag/AgCl, 3 M KCl), starting from 0 V, towards both positive and 
negative potential, with scan rate ranging from 0.01 V s− 1 to 0.10 V s− 1 

and step potential of 0.005 V. The conditions used for performing DPV 
were: step potential 0.005 V, modulation amplitude 0.05 V, modulation 
time 0.05 s and interval time 1 s. The SWV was performed by using the 
following conditions: frequency 25 Hz, step potential 0.001 V, effective 
scan rate of 0.025 V s− 1 and pulse amplitude of 0.005 V. 

The DPV and SWV voltammograms were baseline-corrected with 
moving average application with step windows of 0.005 V. While the 
values for peak current were determined from the original voltammo
grams, for graphical representation of peaks, voltammograms were 
smoothed using a Savitzky-Golay smoothing algorithm (level 4). All the 
analysis were performed using the GPES 4.9 software. 

2.5. Molecular docking 

Besides voltammetric studies, in silico analysis of ERL interacting 
with DNA has been done. Initially, virtual docking has been performed 
in order to generate a possible ERL-DNA complex. A similar in silico 
study was also performed by Chen et al. [14], which stated that ERL 
binds by minor groove binding. However, to further explore the possi
bility of docking results, docking has been performed into both minor 
groove and as an intercalator. Lapatinib (LAP), an epidermal growth 
factor receptor type 2 (HER2/ERBB2) and epidermal growth factor re
ceptor (HER1/EGFR/ERBB1) tyrosine kinases inhibitor [19], whose 
interaction with DNA has previously been examined in voltammetric 
and spectroscopic [12] studies, has also been used in our studies as a 
reference compound. 

Prior to docking, for geometry optimization of ligands, Gaussian 
09 W software [20] was used. The structures of ERL and LAP have been 
subjected to sequential semi-empirical PM3 and DFT B3LYP (d, p) en
ergy minimization. 

We have used two different X-ray structures of double stranded DNA 
sequences obtained from PDB database (https://www.rcsb.org/), pdb: 
1BNA for the minor groove binding, and pdb: 2D55 for intercalation. 
The docking was performed with GOLD 2022.2. software (https://www. 

ccdc.cam.ac.uk/solutions/software/gold/). Earlier studies performed 
by Srivastava et al. [21] confirmed reliable results obtained by use of 
GOLD software for exploring nucleic acid ligand complexes. The binding 
pocket was defined within 8.0 Å radius of the central nucleic acid, while 
GoldScore scoring function was used for ranking the predicted poses. 
The visualization was performed by Discovery Studio Visualizer 2021. 

2.6. Molecular dynamics 

To further explore the interaction of ERL with DNA, the complexes 
obtained from the docking studies were subjected to molecular dy
namics simulation (MD). The generation of input files was performed on 
CHARMM-GUI server (https://www.charmm-gui.org/). The complexes 
were solvated into rectangular box of TIP3P model water molecules with 
10 Å edge distances. Sodium and chloride ions were added with Monte 
Carlo method for the system neutralization and final concentration of 
0.15 M was obtained. CHARMM36m [22] forcefield was used for gen
eration of topology and parameter files, while for the DNA, and CGenFF 
[23] was used for the generation of topology and parameter files for ERL 
and LAP. Minimization (10000 steps) was performed prior to simula
tions. The equilibration NVT (constant number of atoms, volume, and 
temperature) run was performed for 250 ps, and the system was heated 
to 310.15 K. Afterwards, the 50 ns production NPT (constant number of 
atoms, pressure, and temperature) simulation has been run, while 1– 4 
scaling and distance related parameters for switching, cut-off and 
pair-list distances were set to 10 Å, 12 Å and 16 Å, respectively, for the 
evaluation of the Coulombic and van der Waals interactions. Periodic 
Boundary Conditions were used for the simulations, and for the 
long-range electrostatic interactions the particle mesh Ewald (PME) 
method was used. Langevin temperature coupling with a friction coef
ficient of 1 ps− 1 was used for controlling the temperature, while 
Langevin-piston method (Nosé-Hoover Langevin piston pressure con
trol) with a piston period of 50 fs and a piston decay of 25 fs was used to 
control the pressure. The simulations were performed by using NAMD 
2.14 software and necessary analysis by VMD 1.9.3 software 
(https://www.ks.uiuc.edu/). 

3. Theory/calculation 

3.1. Calculation of Binding constant 

The equilibrium reaction for formation of ERL-DNA complex can be 
represented as: 

DNAads + n(ERL) ⇄ (ERL)n–DNAads, 
from which the equilibrium constant of complex forming can be 

given by Eq. (1): 

K =

[
(ERL)n—DNAads

]

[DNAads][ERL]n
(1)  

in which n represents the molar relation of ERL binding to the molar 
quantity of DNA bases. 

Based on the overall Hill cooperativity model [24] the fraction of 
ERL bound to adsorbed DNA (f) is correlated with dissociation equilib
rium constant (), and accordingly with association binding constant 
(K = K− 1

d ): 

f =
[
(ERL)n— DNAads

]

[
(ERL)n—DNAads

]

max

=
[ERL]n

[ERL]n + Kn
d

(2) 

Since the interaction “partners” for ERL are the base pairs of DNA, it 
follows that 

[
(ERL)n—DNAads

]

max is the maximum concentration of base 
pairs that can be complexed, and 

[
(ERL)n— DNAads

]
is the concentra

tion of base pairs that are complexed at given ERL concentration. 
Therefore, the difference between these concentrations represents the 
concentration of free DNA base pairs available for ERL binding: 
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[DNAads] =
[
(ERL)n—DNAads

]

max −
[
(ERL)n—DNAads

]
(3) 

The voltammetric peak currents, obtained under the given experi
mental conditions with DNA layer adsorbed at the electrode surface and 
incubated in solutions of different ERL concentration, are given by the 
relations: 

Ip− complex = k • n •
[
(ERL)n—DNAads

]
and Ip− DNA

= k • n •
[
(ERL)n—DNAads

]

max (4) 

The Eq. (2) can be transformed into the expression: 
(

f
1 − f

)

= Kn • [ERL]n (5) 

By combining Eqs. (2), (4) and (5) the following expression can be 
derived: 

log
[

Ip− complex

Ip− DNA − Ip− complex

]

= nlogK + nlog[ERL] (6)  

where K is the binding constant, Ip-DNA and Ip-complex represent deoxy
adenosine oxidation peak currents, dA (obtained at pH 4.6) in the 
absence and in the presence of ERL bound to ct-DNA, respectively. Based 
on the Eq. (6) the association binding constant K and the value of n can 
be calculated from the intercept and slope of the plot: log [Ip-complex/(Ip- 

DNK − Ip-complex)] vs. log [ERL]. 

3.2. Binding free energy calculations with MM/PBSA method 

Obtained NAMD trajectories were used to calculate binding free 
energy using MM/PBSA method. Prior to performing the calculation, all 
the solvent molecules and charged ions have been deleted from the MD 
trajectories. The snapshots from last 1 ns of the trajectories were used 
for the binding free energy calculation. 

The calculation was performed with CaFE 1.0 plugin [25] in VMD 
software. The method is consisted of three component – MM (molecular 
mechanics for gas-phase energy - ΔGgas), PB (Poisson-Boltzmann for 
polar solvation energy - ΔGpolar

sol ) and SA (surface area for nonpolar sol
vation energy - ΔGnonpolar

sol ). The gas-phase energy difference of complex 
and separated DNA and ligand is calculated by NAMD software, while 
APBS 3.4.1 software (https://server.poissonboltzmann.org/apbs) was 
used for polar solvation energy calculation. The interior dielectric con
stant was set to 4 and exterior dielectric constant to 80 for calculating 
the PB term. Afterwards the nonpolar solvation energy is calculated by 
VMD software. The equation for obtaining the binding free energy is: 

ΔGbind = ΔH − TΔS =
〈
ΔGgas + ΔGpolar

sol + ΔGnonpolar
sol − TΔS

〉
(7) 

The CaFE 1.0 plugin excludes the entropy term from calculation due 

Fig. 2. The CVs of 2 × 10− 4 M ERL recorded from 0.0 V in the: positive potential direction at A) pH 4.64 and B) pH 6.94; and negative potential direction at C) pH 
4.64 and D) pH 6.94; first (──), second ( ) and ( ) third scan; ν = 50 mV s− 1. 
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to inaccuracy of approximations. 

4. Results and discussion 

4.1. Cyclic voltammetry of ERL at bare GCE 

Solutions of 2 × 10− 4 M ERL in acetate buffer pH 4.64 and phosphate 
buffer pH 6.94 were used for obtaining information about oxidation and 
reduction behavior of ERL with CV. Three successive scans were per
formed, always starting from 0.0 V, in order to establish and to distin
guish the independence between oxidation and reduction processes, first 
towards positive limit of + 1.6 V and then backwards to − 1.6 V, and 
second in opposite direction (initially towards negative, and after to
ward positive potential limit). 

In the first scan performed from 0.0 V towards positive E values 
(Fig. 2 A and B - black line), one anodic peak (Ia) was detected in so
lutions of both pH, located at EpIa = 1.035 V at pH 4.64 and at EpIa 
= 0.879 V at pH 6.94. Two cathodic peaks were detected in pH 4.64 
solution, Ic at EpIc = –0.771 V and IIc at EpIIc = –1.357 V (Fig. 2A), while 
at pH 6.94 only the first described cathodic peak (Ic) was detected at EpIc 
= –0.762 V (Fig. 2B). 

When potential was scanned from 0.0 V towards negative E values 
(Fig. 2 C and D), two cathodic peaks were exhibited at pH 4.64 in the 
first scan: Ic at EpIc = –0.664 V and IIc at EpIIc = –1.235 V (Fig. 2C). In 
the same scan at pH 4.64, two anodic peaks were detected: peak Ia at EpIa 
= 1.035 V and new peak IIa at EpIIa = 0.283 V. At pH 6.94 (Fig. 2D) only 
one cathodic peak (Ic) at EpIc = –0.630 V, and two weakly expressed 
anodic peaks at less positive potentials compared to more acidic con
ditions, were observed. 

It should be noted that the peak IIa was present in the first CV scan 
only when recorded under the conditions presented in Fig. 2 C and D but 
was absent from the first scan under the conditions presented at Fig. 2 A 
and B. This peak existed in all other successive scans and could be the 
consequence of the oxidation of the ERL reduction product formed at 
electrode surface when sufficiently negative potential was previously 
applied. The height of the peak IIa slightly increased in the second and 
third scan at both pH values investigated. 

Analyzing the second and third scan, it can be noticed that all other 
peaks (Ia, Ic and IIc) were present, but with a reduced peak current. 
Based on these results it can be assumed that described oxidation and 
reduction processes involve adsorption of the active species on the 
electrode surface. 

According to the shape of the peaks, and the lack of the correspon
dent signal in the backward scans, it can be concluded that all mentioned 
oxidation and reduction processes were irreversible. 

In order to further explore ERL oxido-reduction processes, voltam
mograms were recorded with the variation of scan rate with two 

Fig. 3. The effect of the scan rate on the oxidation Ia peak current; pH = 4.64 
(──), pH = 6.94 ( ). 
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different ERL concentration, high of 2 × 10− 4 M, and low of 2 × 10− 6 M. 
The scan rate studies [26–28] were performed at pH 4.64 and 6.94 be
tween 5 and 100 mVs− 1. 

The effect of potential scan rate (v) on the peak current monitored for 
2 × 10− 4 M ERL anodic Ia peak at both pH 4.64 and 6.94 gave linear 
dependence of Ip vs. v plot (Fig. 3, Table 1), what is characteristic for 
adsorption-controlled processes. Besides that, the slope values over 0.6 
of log Ip vs. logv dependences confirm the above conclusion [26]. 

The reduction of 2 × 10− 4 M ERL at pH 6.94 could only be investi
gated in a narrower scan rate range (10 – 80 mVs− 1), due to the distorted 
shape of the peaks with the increase in v. The cathodic Ic peak, at pH 
4.64, manifested diffusion-adsorption mixed controlled process. This 
can be concluded since both dependences, Ip vs. v and Ip vs. v1/2, showed 
approximately same linear plots with correlation coefficients (r) being 
around 0.98, and the slope of log Ip vs. logv plot being 0.49. The obtained 
slope value coincides with the theoretical value of 0.5 that represents the 
limiting value for the criterion that distinguishes between diffusion and 
adsorption nature of the process [26]. At pH 6.94, on the other hand, 
adsorption became predominant, as indicated by linear Ip vs. v depen
dence, and log Ip vs. logv slope of 0.684. All mentioned regression 
equations along with correlation coefficients are listed in Table 1, and 
the corresponding plots are presented in Fig. S1, in the Supplementary 
Material. 

In order to fully understand the electrochemical behavior of ERL, a 
scan rate study was performed with lower ERL concentration of 

2 × 10− 6 M. With this low concentration, the increase of peak currents 
could be followed only at scan rates below 70 mV s− 1, while at higher 
rates the current levels off. As shown in Table 1, the adsorption effect 
was confirmed for oxidation process of ERL, and in the case of reduction 
peak (Ic), adsorption nature is slightly more pronounced compared to 
higher concentration of ERL. The corresponding plots are presented in 
Fig. S2, in the Supplementary Material. 

The second cathodic peak (IIc) occurs at very negative potentials 
only at pH 4.64. Since it occurs close to the potential of oxygen discharge 
and poorly pronounced, precise measurement of the peak height was 
difficult to perform. That is the reason why all mentioned dependencies 
did not show high correlation coefficient (Table 1), but still, the results 
suggest that the process is primarily diffusion controlled [28]. The sec
ond cathodic peak cannot be detected at low ERL concentration of 
2 × 10− 6 M. 

4.1.1. The effect of pH on ERL redox reactions 
The analysis has been performed in different buffer solutions (pH 

range between 2.0 and 9.0) in order to track changes of Ip and Ep across 
different pH values of medium. The peak Ia occurs in all pH values, 
shifting from + 1.2 V to + 0.8 V when the pH value increases. The peaks 
IIa and Ic can be detected at all pH values as well, with peak potentials 
notably shifting in acid solutions, but without a significant change of 
potential in neutral and basic medium. The absence of a change in the 
potential of the peak under these conditions can be explained by the fact 

Fig. 4. The influence of pH on the peak potentials of 2 × 10− 4 M ERL obtained by A) CV; and B) DPV; • – peak Ia, – peak IIa, – peak Ic and – peak IIc.  

Fig. 5. 3D plot of selected DP voltammograms of 2 × 10− 4 M ERL recorded at different pH: A) oxidation peak Ia; B) reduction peak Ic.  
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that protons do not participate in redox processes, but only electron 
transfer occurs. The peak IIc occurs in narrow pH range 3.0 – 6.0, with a 
change of peak potential towards more negative values with the increase 
of pH. The effect of pH on all ERL CV peaks potential is presented in  
Fig. 4A. 

For the Ia peak, the slope of 63.8 mV/pH (obtained across the whole 
investigated pH regia), which is close to the theoretical value of 59 mV/ 
pH [27], indicates that an equal number of protons and electrons is 
involved in the rate determining step of the oxidation process. Although 
this linear dependence was obtained with a high correlation coefficient 
(r > 0.99), a more detailed analysis can distinguish two separate linear 
segments (Fig. S3, in the Supplementary Material). The values of the 
slopes of these segments, 71.5 mV/pH and 53.4 mV/pH respectively, 
confirms the participation of the same number of electrons and protons 
in both pH areas. From the value of their cross section, pKa = 5.8 can be 
deduced, what is in good agreement with the value reported for ERL in 

the literature (pKa = 5.4 [29]). 
The IIa peak potential showed pH dependance only in acid media. 

Since the shift of the peak potential per pH unit is 55 mV/pH, it suggests 
that in this oxidation process equal number of protons in electrons is 
transfered as well. In neutral and basic solutions, no proton transfer is 
involved due to the lack of pH influence on the EpIIa. 

The cathodic peak Ic showed results qualitatively like anodic peak Ia. 
The slope of the Ep vs. pH dependence is 69 mV/pH (pH < 6.0) and no 
pH effect at pH > 6, which again refers to equal number of protons and 
electrons involved in the reduction process in acid medium, and no 
proton transfer in the neutral and alcaline solutions. Results of ΔEp/ΔpH 
refer that the reduction process characterized with IIc, as in the previous 
cases, consumes an equal number of protons and electrons (EpIIc vs. pH ~ 
47 mV/pH; 3.0 < pH < 6.0). 

The difference between peak potential and half-height peak potential 
was calculated across the examined pH region, for all investigated peaks. 
Considering the equation for ireversible electrode prosecces [30]: 

⃒
⃒Ep–Ep1/2

⃒
⃒ =

47.7
αnn

(8)  

where αn is the charge transfer coefficient and n the number of electrons 
transferred in the rate determining step, and comparing with difference 
between peak potential and half-height peak potential experimentaly 
obtained, the number of exchanged electrons can be determined. 

The calculated values for peak Ia was 64 mV (at pH 4.6) and 70 mV (at 
pH 7.0), while the peaks Ic and IIa were significantly wider and conse
quently showed Ep–Ep1/2 between 100 and 120 mV (even more in 
alkaline solutions). Bearing in mind that for an irreversible process the 
transfer coefficient value should be ≤ 1 (actually between 0.3 and 0.7), it 
follows that the rate determining step should involve transfer of one 
electron in the all mentioned proceses. In acid medium, pH ≤ 3, difference 
between peak potential and half-height peak potential for peak Ia showed 
less values (30 – 50 mV), indicating dismission of two electrons, what is in 
accordance with much higher peak inthensities under these conditions. In 
the case of IIc peak, the potential corresponding to its width was less then 
40 mV, indicating two electrons involved in reduction. 

The peak current for all anodic and cathodic peaks in different pH 
media is shown in Fig. S4. in the Supplementary Material. 

Fig. 6. Plot of Ip vs. pH for the oxidation peak Ia by SWV; Inset: Peak Ia ob
tained by SWV at pH 4.64 of 2 × 10− 4 M ERL in solution (1), and after 30 min 
of adsorption from the 2 × 10− 4 M ERL (2)¸ 2 × 10− 5 M ERL (3), and 2 × 10− 6 

M ERL (4) solution. 

Scheme 1. Proposed oxidation mechanism of ERL.  

M. Jovanović et al.                                                                                                                                                                                                                             



Journal of Pharmaceutical and Biomedical Analysis 234 (2023) 115560

8

4.2. DPV and SWV of ERL at bare GCE 

The electrochemical behaviour of ERL was also studied by DPV in the 
previously described pH range. When scanning the potential in positive 
direction, one anodic peak can be detected across the whole examined 
pH region, with Ep shifting from + 1.2 V to + 0.7 V (Fig. 5A). This peak 
corresponds to Ia peak previously described in analysis of CV scans. The 
relationship of Ep vs. pH (Fig. 4B) was linear: EpIa = − 0.0646 pH 
+ 1.2828, with the slope close to theoretical value, confirming that 
process involves the equal number of protons and electrons. The second 
oxidation peak IIa has not been detected. 

DPV scans performed towards negative potentials, showed two 
reduction peaks. The first one, with Ep shifting from − 0.45 V to 
− 0.64 V in different buffers, corresponds to Ic peak (Fig. 5B). The 
dependence of Ep in the function of pH (Fig. 4B) is linear in pH range 2.2 
– 6.0 (EpIc = − 0.0508 pH − 0.3272). According to the obtained ΔEp/ 
ΔpH value, the participation of an equal number of electrons and pro
tons is confirmed. 

With the second cathodic peak IIc, which can be detected in pH range 
3–6, somewhat minor shift of peak potentials was observed (47 mV/pH), 
but still enough to indicate the participation of equal number of elec
trons and protons. 

The effect of pH on the DPV peaks current is summarized in Fig. S5 in 
the Supplementary Material, 

The half peak width (W1/2) was analysed in order to obtain insight 
into the number of electrons involved in the oxidation and reduction 
processes. As already known [10] irreversible systems have broader 
peaks comparing to reversible, therefore the calculated W1/2 values of 
about 120 mV and 200 mV for Ia and Ic peaks respectively, confirm the 
statement previously established by CV results, that one electron is 
exchanged in both processes. As already noticed with CV, Ia DPV peaks 
obtained in acid solutions (pH ≤ 3) were sharper with W1/2 ~ 80–90 mV 
indicating possible transfer of two electrons under these conditions. The 
same conclusion about the consumption of two electrons was made for 
the peak IIc based on the W1/2 value which was in the range 45–65 mV. 

As with CV results earlier, the effect of pH on the DPV Ia peak po
tential has been studied in detail resulting in the pKa = 5.6 (Fig. S3, in 

the Supplementary Material), therefore indicating the even better 
agreement with literature data. 

The SWV was also used for analyzing the electrochemical behavior of 
ERL. The results, similar to DPV were obtained and confirmed the 
irreversibility of electrode processes, as well as the number of exchanged 
electrons and protons. Special attention was paid to SW oxidation peak 
Ia. The effect of pH on the peak Ia potential is given by the equation: EpIa 
= − 0.0623 pH − 1.3057; r = 0.9928; and the influence on the height of 
the Ia peak is presented at Fig. 6. Although the maximal peak current 
was obtained at pH ≤ 3, the best peak stability and reproducibility was 
obtained in the range 3.5 ≤ pH ≤ 5.0. At pH > 5.5, ERL peak by SWV 
was rather poorly obtained. This oxidation process was previously 
identified as adsorption-controlled, and it was checked and confirmed 
by recording the SW voltammogram of adsorbed ERL. For this purpose, 
GCE was immersed in solutions of different concentrations of ERL for 
30 min and then transferred to the electrochemical cell with acetate 
buffer pH 4.64. As seen from the Fig. 6 Inset, the adsorbed ERL showed 
lower peak currents and slightly more positive potentials for peak Ia 
compared to the peak obtained directly from the solution without 
adsorption. These observations were expected for a compound easily 
adsorbed and when the transfer technique was applied. 

Scheme 2. Proposed reduction mechanism of ERL.  

Fig. 7. Baseline corrected SWV voltammograms of ct-DNA biosensor incubated 
in 2 × 10− 5 M ERL solution for different time of incubation. 
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4.3. Redox mechanism 

According to CV and DPV results, the oxidation process of ERL 
(characterized with Ia peak) requires transfer of one proton and one 
electron, except in an acidic medium, where oxidation takes place with 
the exchange of 2 electrons and 2 protons. It may be assumed that the 
oxidation of ERL is related to the secondary aromatic amine group, 
which upon the deprotonation and losing of an electron yields nitrenium 
radical. In acidic medium, this process may be continued by leaving off 
the second electron and the formation of carbocation, and its stabiliza
tion to a conjugated imine. The proposed mechanism, which is in 
accordance with already published literature data [12,31], is presented 
at the Scheme 1. 

The reduction of ERL presented by peak Ic, as suggested by both CV 
and DPV results, was proceeded with the uptake of one electron and one 
proton by the nitrogen atom at quinazoline ring system. The peak IIc is 
most likely a consequence of the reduction of the terminal acetylenic 
group in the R2 side chain, which takes place at pH < 6.0, with the 
consumption of two electrons and two protons according to the mech
anism shown in Scheme 2. 

4.4. ERL-DNA interaction 

For exploring the interaction between ERL and ct-DNA, the multi- 
layer electrochemical ct-DNA biosensor was used and SW voltammetry 
was performed. The application of SWV was previously used by our team 
for investigation of DNA oxidation studies and was proven to perform 
better comparing to DPV because of higher speed, better repeatability, 
better resolved voltammograms and reduced surface poisoning [18,32]. 
The measurements were performed in acetate buffer pH 4.64, due to 
higher and better shaped DNA oxidation peaks compared to neutral 
phosphate buffer. The stability of ct-DNA helix at this pH has already 
been confirmed by other researchers [33] and our team [18]. 

To follow the interaction, the DNA biosensor was incubated in ERL 

solutions of different concentrations in acetate buffer at pH 4.64 for 
30 min. As a control, the ct-DNA biosensor incubated in acetate buffer at 
pH 4.64 for 30 min was used. The voltammogram obtained with control 
ct-DNA biosensor showed two oxidation peaks: at + 1.05 V representing 
the oxidation of deoxyguanosine (dG) and at + 1.31 V (Fig. 7) repre
senting the oxidation of deoxyadenosine (dA) [32]. 

The interaction of small molecule with surface-immobilized DNA 
caused changes to oxidation peaks dG and dA due to changes in DNA 
morphology [34]. Furthermore, with multi-layer biosensor, the com
plete coverage of the electrode surface with DNA was accomplished with 
the aim to avoid the non-specific adsorption of interacting molecules, so 
the biosensor response comes only from a compound that is incorpo
rated into the DNA layer, with no contribution from the free compound 
in the solution [34]. In present case, after the incubation of biosensor in 
ERL solution, two SWV peaks were registered: (dG+Iinteract) due to the 
superimposed oxidation currents of deoxyguanosine and ERL inside the 
DNA layer, and dA peak. Due to the complex nature of the first 
mentioned peak, it cannot be used to evaluate the interaction, and 
therefore only the changes in dA peak height and position were 
informative. 

The initial investigation was done with the intention of establishing 
the optimal incubation time. In order to do that, the ct-DNA biosensor 
was incubated in 2 × 10− 5 M ERL solution for 10, 20 and 30 min, and a 
reduction of the peak was registered with increasing incubation time 
(Fig. 7). 

The decrease of dA current has been represented as normalized peak 
current, which represents a percentage of signal change, and has been 
calculated by following equation: 

d(dA) % =
Ip− complex, dA

Ip− DNA, dA
× 100 (9)  

in which d(dA) represents the normalized peak value, Ip-DNA, dA and Ip- 

complex, dA represent dA peak currents in the absence and in the presence 
of bound ERL to the ct-DNA, respectively. The normalized peak current 
values and the change of dA peak potentials for different incubation 
times of ct-DNA biosensor incubated in 2 × 10− 5 M ERL solution are 
shown in Table 2. 

The decrease of Ip between 20 and 30 min of incubation time 
compared to the decrease between 10 and 20 min is much smaller, and 
the d(dA) value at 30 min is ≈ 50%. This implicates that 30 min was 
sufficient to give quantitative response of formed interaction between 
ERL and ct-DNA. 

To explore the effect of change in concentration of ERL solutions on 

Table 2 
Normalized peak currents (d(dA)%) and peak potentials (Ep, dA) obtained after 
different time of incubation of ct-DNA biosensor in 2 × 10− 5 M ERL solution.  

Time (min) d (dA) (%) Ep, dA (V) ΔEp (V) 
(Ep-DNA = 1.315 V) 

10  87.50  1.308 − 0.007 
20  60.33  1.311 − 0.004 
30  50.76  1.319 0.004  

Fig. 8. A) Baseline corrected SWV voltammograms showing dA peak of ct-DNA biosensor incubated in a series of ERL solutions; B) Dependence of 

log
[

Ip− complex
Ip− DNA − Ip− complex

]
vs log [ERL] used for ERL-DNA binding constant determination. 
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the interaction of ct-DNA and ERL, a series of solutions with concen
tration of ERL in the range of 2 × 10–7 M to 5 × 10–5 M was used for 
30 min incubation. SWV measurements have shown that when 
increasing the concentration of ERL in solution, the dA peak height at 
+ 1.3 V was decreasing (Fig. 8A) as a direct consequence of ERL binding 
to ct-DNA and disruption of the oxidation process of deoxyadenosine. 
The normalized peak current values and the change of dA peak poten
tials for different ERL concentrations are shown in the Table S1 in the 
Supplementary Material. The dA peak current reduction up to 30% of 
the initial value indicates significant interaction with ERL. 

The decrease of dA current in the presence of ERL ranged from 
2 × 10–7 M to 5 × 10–5 M was further examined in order to calculate the 
binding constant (K) of ERL to the ct-DNA. Using the Eqs. (1) and (2) 
(Section 2.1) and having in mind that the concentration of DNA adsor
bed on the electrode surface was constant whilst ERL concentration 
increased during the experiment, K has been obtained from the intercept 
of the linear dependence: log [Ip-complex/(Ip-DNA-Ip-complex)] = − 2.4967 −

0.5078 log [ERL] (Fig. 8B). The calculated value was K = 8.25 × 104 

M− 1. 
This K value with the small shift of Ep value could implicate a 

moderately intercalation binding mode of ERL to DNA, and/or possible 
groove binding [35]. This finding is in agreement with results of lapa
tinib [12] and ibrutinib [13] binding mechanism. On the other hand, it is 
inconsistent with the study [15] that reported electrostatic interaction 
and shift of the DNA oxidation signals after the interaction with ERL. 
The reason for this difference is probably due to the modification of 
electrode surface by coating with poly L-methionine. 

Fig. 9. 2D interactions of A) ERL bound to minor groove (1BNA); B) ERL intercalated (2D55); C) LAP bound to minor groove (1BNA); D) LAP intercalated (2D55) and 
E) legend. 

Table 3 
GoldScore values obtained from docking studies.   

ERL LAP 

Minor groove binding (1BNA)  72.75  95.13 
Intercalation (2D55)  75.06  86.57  
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The slope of the equation (n = 0.5078 ≈ 0.5) points out the forma
tion of a 2:1 association complex between ERL and ct-DNA. Based on the 
obtained binding constant of the complex of the ct-DNA and ERL, the 
change of Gibbs free energy was calculated by following equation: 

ΔG = − RTln K (10) 

The value of ΔG = − 28.05 kJ/mol was obtained which describes the 
stability of the formed adsorbed complex and the spontaneity of the 
binding process. 

4.5. Computational modelling of ERL-DNA interaction 

The molecular docking poses of ERL and a reference compound LAP 
have been obtained in both used DNA structures, implying possibility of 
both types of interaction. Both ERL and LAP form different interactions 
with nucleic acids in sequences, and their poses are shown in Fig. 9. 

Fig. 9 shows that ERL quinazoline ring forms hydrophobic in
teractions with examined DNA sequence when docked into minor 
groove. Benzene ring and both methoxy groups form hydrophobic in
teractions as well. On the other hand, when intercalated, ERL forms 
hydrophobic contacts with quinazoline ring, multiple interactions 

formed with both 2-methoxyethoxy substituents and with the ethynyl 
group. Oxygen of one methoxyethoxy substituent also forms a hydrogen 
bond with deoxycytidine (DC B: 13). 

LAP when docked to minor groove forms two hydrogen bonds with 
furane ring (with deoxycytidine DC A: 7) and with secondary amine 
connected to furane (with deoxyguanidine DG A: 6). Chlorobenzene, 
quinazoline and methylsulfonylethyl substituents also form different 
hydrophobic interactions with the DNA. LAP when intercalated forms 
multiple hydrophobic contacts involving, quinazoline ring, chloroben
zene ring and methylsulfonylethyl substituent. 

Obtained GoldScore values (Table 3) suggest that LAP shows higher 
affinity towards both DNA structures compared to ERL, but further 
analysis was still necessary. 

Complexes of ERL and LAP have been subjected to MD simulations to 
predict the stability of obtained complexes. It has been shown that both 
ERL and LAP unbind from DNA minor groove under 10 ns of production 
time, whereas intercalated ligands stay in bound state with used DNA 
structure. It has been noted that the DNA structure unwinds during the 
simulation time, thus for stability of the interaction between ligands and 
DNA nucleic acids inside binding site are checked for RMSD change. The 
fluctuation of RMSD values of minor groove binding nucleic acids were 
higher than 2 Å in some parts of simulation while the ligands were 
bound to the DNA, and it has been represented in Fig. S6. It can be 
noticed that at RMSD values of both ERL and LAP binding nucleic acids 
in intercalation complexes oscillate under 2 Å after 20 ns (ERL crossing 
the limit in few snapshots) indicating fairly stable interaction between 
them (Figs. 10 and 11). These results together with voltammetric studies 
imply that the intercalation could be more dominant way ERL binds to 
DNA compared to minor groove binding. A higher RMSD value fluctu
ation of LAP could be due to its bigger structure parts which don’t form 
interactions with DNA and thus move more freely. 

The MM/PBSA calculations were performed to acquire information 
of affinity of ERL and LAP for DNA. The free energy value calculated for 
ERL is − 146.93 kJ/mol, and − 214.40 kJ/mol for LAP. Higher values 
compared to experimental values gained in our work and the work made 
for LAP [12] calculation has been made because snapshots of trajectory 
parts with stable RMSD fluctuation were used. The difference could also 
be because one DNA sequence has been used for the MD simulation to 
explore the nature of non-specific binding of ERL to DNA. However, the 
ratio of these values (Table 4) is similar to the ratio of experimental 
values which supports our hypothesis about the type of interaction of 
ERL with DNA. 

5. Conclusions 

The tyrosine kinase inhibitor erlotinib is electroactive in the whole 
investigated pH range (pH 2.0 – 9.0) and undergoes separate processes 
of oxidation and reduction on GCE. Oxidation of ERL is irreversible 
adsorption-controlled process which proceeds with the transfer of one 
proton and one electron, except in an acidic medium, where the ex
change of 2 electrons and 2 protons occurs. It is presumed that the 
oxidation of ERL take place at the secondary aromatic amine group, 
which upon the deprotonation and losing of an electron yields nitrenium 
radical. In acidic medium, this process may be continued by leaving off 
the second electron and the formation of carbocation. The reduction 
process (presented by peak Ic) in mild acidic medium manifested 
diffusion-adsorption mixed controlled process, while in neutral 

Fig. 10. RMSD during production run of A) nucleic acids from binding site and 
B) ligands in ERL-DNA and LAP-DNA intercalation complexes. 

Fig. 11. 3D representation of ERL-DNA intercalation complex A) obtained from 
docking; B) after 10 ns MD production run; C) after 50 ns MD production run. 

Table 4 
Binding free energies of ERL and LAP.   

ERL LAP 

MM/PBSA (kJ/mol) − 146.93 − 214.40 
Voltammetric (kJ/mol) − 28.05 − 32.98*  

* Calculated based on reported binding constant (K = 6.03 ×105 M− 1)[12] 
with Eq. 10. 

M. Jovanović et al.                                                                                                                                                                                                                             



Journal of Pharmaceutical and Biomedical Analysis 234 (2023) 115560

12

solutions, adsorption became predominant. As suggested by both CV and 
DPV results, this reduction occurs with the uptake of one electron and 
one proton by the nitrogen atom at quinazoline ring system. In the acidic 
solutions, pH < 6.0, the reduction of the terminal acetylenic group in the 
ERL R2 side chain occurred as a diffusion-controlled process with the 
consumption of two electrons and two protons. 

The interaction between ERL and DNA was investigated using the 
multilayer electrochemical ct-DNA biosensor incubated in ERL solu
tions, and the measurements were performed with SWV. Series of so
lutions with concentration of ERL in the range of 2 × 10–7 M to 5 × 10–5 

M were used to follow the interaction the between surface-immobilized 
DNA and ERL in the solution. Having in mind that multi-layer biosensor 
provides the complete coverage of the electrode surface with DNA, and 
the change in biosensor response originates only from ERL incorporated 
into the DNA layer, the decrease of dA peak height was a direct conse
quence of ERL binding to ct-DNA and disruption of the oxidation process 
of deoxyadenosine. 

SWV measurements have shown that the increasing of ERL concen
tration in the solution, caused a further decrease in dA peak height, what 
was utilized to calculate the binding constant, K = 8.25 × 104 M− 1 of 
ERL to the ct-DNA. The obtained value, together with the small shift of 
Ep suggested a moderately intercalation binding mode of ERL to DNA, 
and/or possible groove binding. 

Molecular docking and molecular dynamics analysis were used to 
verify and support the experimental findings. Molecular docking showed 
that ERL quinazoline ring forms hydrophobic interactions when docked 
into minor groove. When intercalated, ERL forms hydrophobic contacts 
with quinazoline ring, acetylenic group and several interactions with 2- 
methoxyethoxy substituents. Molecular dynamics analysis predicted the 
stability of obtained intercalation complexes and further depicted the 
nature of the interaction between the DNA and ERL. The MM/PBSA 
method was also used to compare binding energies between ERL and a 
reference compound LAP. 

The results of this research will contribute to the understanding of 
the mechanism of interaction between erlotinib and nucleic acids. 
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Graphical abstract:

PAMPA-BBB HPLC Analysis

Permeability
logPe

Molecular descriptors 3D structures of 
kinase inhibitors

QSPR studies - MLR, ANN and SVM model creation
Selection of the best model

P
re

d
ic

te
d

 lo
g
P

e -4.80

-4.80

-5.10

-5.10

-5.70

-5.70
-6.00

-6.00

-5.40

-5.40
Observed logPe

Model 
validation and 
mechanistic 
interpretation

The blood–brain barrier (BBB) is a highly selective system composed of non-fenestrated endothelial cells of the
brain capillaries connected by much tighter junctions than the peripheral vessels and supported by pericytes in
the membrane base and astrocytes [1]. With its complex transport mechanism, the BBB regulates the transport of
nutrients, ions and hormones, and prevents neurotoxins or pathogens from entering the brain [2]. The discovery of
drugs that can reach the CNS is a very difficult and important phase in the preclinical research of CNS-targeted
drugs [3]. In addition, blood–brain penetration testing of drug candidates targeting peripheral tissues is necessary
to avoid side effects on the CNS [4].

Protein kinases play an important role in cell regulation and protein phosphorylation in various cellular signaling
pathways [5]. Due to numerous physiological functions in different systems and tissues (cardiovascular system,
kidney, CNS, etc.), phosphorylation deficiencies can be associated with Type II diabetes, cardiovascular diseases,
Alzheimer’s disease, other neurodegenerative diseases and cancer [6]. Currently, protein kinases have become one
of the most important drug targets with more than 70 approved therapeutics against cancer and inflammation.
Approximately a third of global drug discovery efforts target protein kinases [7], while 180 clinical trials of orally
administered protein kinase inhibitors are ongoing [8]. Some protein kinases have recently emerged as promising
targets for the treatment of neuroinflammation and neurodegenerative diseases such as stroke, Parkinson’s disease,
Alzheimer’s disease and amyotrophic lateral sclerosis.

A new concept, known as ‘aberrant cell cycle disease’ (ACCD) suggests that cancers and neurological disorders
share a common mechanism characterized by an ‘aberrant re-entry into the cell cycle’ [9,10]. This phenomenon
involves the activation of kinases/oncoproteins, which leads to the proliferation of tumor cells in cancer and the
death of neurons in neurological disorders. Since kinases play an important role in the cell cycle process, kinase
inhibitors could have significant potential for the treatment of both cancer and neurological disorders.

Protein kinases are the hallmark of neoplasms due to their role in signaling mechanisms in malignant cell activity,
and therefore protein kinase inhibitors play the most important role in cancer chemotherapy. However, one of
the limitations is the risk of significant drug–drug interactions, toxicity, off-target effects and resistance. Since
most kinase inhibitors are metabolized by cytochrome 450 isozymes there is a high risk of interactions with CYP
(CYP3A4) inhibitors/inducers [11].

Apart from primary CNS tumors such as neuroblastoma and glioblastoma, more than 40% of peripheral tumors
metastasize to the CNS. However, the discovery of kinase inhibitor for the treatment of brain tumors is very
difficult due to the complexity of drug penetration through the BBB and drug distribution in the CNS. Despite
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this challenge, several therapeutic candidates targeting CNS protein kinases are currently in various stages of
preclinical and clinical development [12,13].

In this study, the BBB permeability of 34 structurally diverse derivatives was investigated, including 15 ap-
proved protein kinase inhibitors – afatinib, axitinib, erlotinib, gefitinib, imatinib, crizotinib, lapatinib, nilotinib,
nintedanib, ruxolitinib, palbociclib, dabrafenib, vemurafenib, everolimus and fasudil (Supplementary Figure 1).
N-desmethyl-imatinib – an impurity of imatinib (defined in the European Pharmacopeia as imatinib EP impurity
C) – and RKI-1447 as an experimental ROCK inhibitor were also investigated. New experimental compounds
were also investigated to expand the dataset, including 2 synthetic aryl-2-aminopyridine derivatives (compounds
1 and 2) [14] and 15 pyridyl-based thiazolyl hydrazone and selenazolyl hydrazone derivatives (compounds 3–
17) [15,16], some of which have proven anticancer activity and whose scaffolds are known to exhibit protein kinase
inhibitory activity (Supplementary Figure 2).

The development of reliable in vitro methods for the screening of drugs that can cross the BBB is of great
importance for the early phase of drug development. One of the most efficient and widely used in vitro methods to
assess BBB permeability is the parallel artificial membrane permeability assay (PAMPA-BBB) [17]. The PAMPA-BBB
assay is based on the passive diffusion of test substances through a membrane that mimics the physicochemical
environment of the BBB [18,19]. Recent publications continue to rely on the study of PAMPA-BBB to understand
the structural features that are important for the passive permeability of various substances through the BBB [20,21].
Despite the limitation of PAMPA-BBB that active or efflux transporters cannot be modeled, PAMPA-BBB is a very
useful method because most drugs are absorbed by passive diffusion through the BBB [22]. Compared with cell-
based methods, the PAMPA-BBB assay is time and cost effective, reliable, efficient and suitable for high-throughput
screening and therefore very useful in the early stages of CNS drug discovery.

Quantitative structure–property relationship (QSPR) studies using various machine learning approaches are
applied at various stages of drug discovery [23], by using molecular descriptors to correlate chemical structures with
BBB permeability and allow prioritization of compounds with favorable properties for further testing, thereby
improving the discovery of more effective CNS drugs.

The PAMPA assays provide screening capabilities by simulating passive diffusion through the BBB, while QSPR
modeling provides predictive insights into the molecular features that influence permeability. Therefore, the main
objective of this research is to develop chemometric models for the BBB permeability of different types of structurally
diverse protein kinase inhibitors and to enable efficient discovery of CNS protein kinases.

This approach, which focuses on both structural diversity and different modes of action, is more useful in drug
discovery and provides a flexible tool to identify kinase inhibitor candidates with improved BBB penetration. The
results of this research could help advance the development of kinase inhibitors by enabling rapid selection of
compounds based on desired BBB permeability, thereby improving the drug discovery process. This chemometric
study also provides rapid screening of new candidates and the identification of potential therapeutic options for
CNS diseases.

Materials & methods
Chemicals & reagents
Reference compounds that include US FDA-approved kinase inhibitors: afatinib, axitinib, dabrafenib–mesylate,
erlotinib–hydrochloride, everolimus, fasudil, gefitinib, imatinib, crizotinib, lapatinib–ditosylate, nilotinib–
hydrochloride, nintedanib–esylate, palbociclib, ruxolitinib–phosphate, vemurafenib and compounds that affect
CNS like levodopa and haloperidol as well were obtained from Sigma-Aldrich (MO, USA). Imatinib EP impu-
rity C (N-desmethyl imatinib) was obtained from Sigma-Aldrich and RKI-1447 was obtained from Selleck Co.
(Shanghai, China). The experimental compounds 1–17 were obtained from V. Savic [14] and T. Todorović/N.
Filipović [15,16] research groups.

The physiological phosphate buffer (pH = 7.4) was prepared using sodium chloride (JT Baker, Deventer, The
Netherlands), sodium hydrogen phosphate and potassium dihydrogen phosphate (Merck, Darmstadt, Germany).

Alongside the buffer, dimethyl sulfoxide (DMSO) and Tween-80 (both obtained from Sigma-Aldrich) were used
for preparing compound solutions. Dodecane (Sigma-Aldrich) and the porcine polar brain lipid (PBL; catalog no.
141101C), purchased from Avanti Polar Lipids, Inc. (AL, USA), were used for membrane preparation.

The PAMPA 96-well plates (MultiScreen-HV, 0.45 lm, clear, cat. no. MAHVN4510) were purchased from
Millipore, Inc. (MA, USA). All solutions prepared for high-performance liquid chromatography (HPLC) analysis
were passed through a 0.45 μm nylon syringe filters (Amtast, FL, USA) before analysis.
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HPLC grade reagents were used to prepare the mobile phase: acetonitrile (ACN; JT Bakers), disodium hydrogen
phosphate (Sigma-Aldrich), orto phosphoric acid, 85% (Sigma-Aldrich), and deionized water (Thermo Electron
LED GmbH, Germany, TKA GenPure).

Artificial membrane permeability assay
The PAMPA-BBB model, previously described in literature [19] was used to examine the effective permeability of
structurally diverse derivatives. Alongside, permeability of levodopa and haloperidol have also been examined to
validate the procedure. Stock solutions of the compounds were prepared in DMSO (5 mg/ml) and were further
diluted in physiological phosphate buffer. Tween 80 was added in 5% concentration to ensure good solubility of
low soluble compounds in the buffer [24]. Final solutions were obtained in concentration of 25 μg/ml that was
used for PAMPA analysis.

The artificial membrane solution was prepared with 20 mg of PBL dissolved in 1 ml dodecane. A total of 4 μl
of the solution was used to coat the well plates’ filter membrane. The donor wells were filled with 300 μl of the
prepared solutions of each tested compound, and the acceptor wells were filled with 300 μl of the phosphate buffer
containing 5% Tween-80. Afterward, the acceptor plates were placed on top of the donor plates, thus creating
a ‘sandwich’, covered from the top, with the whole system wrapped up with parafilm. The system was left for
18 h incubation at 25◦C. After the incubation, the ‘sandwich’ was disassembled carefully, and HPLC with a UV
detector was used to determine the concentration of the starting solutions as well as each donor and acceptor well.
All samples were analyzed in triplicate, and the mean values of concentrations were reported. Equations used for
calculating the effective permeability of the tested compounds are (Equation 1 and 2):

VaCa(t) + VdCd(t) = VdCd(0) (1 − R) (Equation 1)

Pe = − 2.303Vd

A
(
t − τlag

)
(

1

1 + rv

)
log10

[
1 −

(
1 + r −1

v

1 − R

)
Ca(t)
Cd(0)

]
(Equation 2)

in which Va – acceptor well volume – 300 μl; Vd – donor well volume – 300 μl; A – filter area – 0.28 cm2; t –
incubation time – 64 800 s; Ca(t) – compound concentration in acceptor wells after incubation; Cd(t) – compound
concentration in donor wells after incubation; Cd(0) – compound concentration in donor wells before incubation;
R – mole fraction of compound retained by a membrane; rv – donor volume (300 μl) and acceptor volume (300 μl)
ratio – Vd/Va = 1; τlag – time needed for the membrane saturation (approx. 20 min).

High-performance liquid chromatography analysis
The HPLC analysis was performed using Dionex UltiMate 3000 (Thermo Scientific, Germering, Germany)
equipped with Diode Array Detector (DAD). Chromatographic analyses were performed on the Poroshell 120
EC-C18, 250 × 4.6 mm (particle size 5 μm) chromatographic column. Column temperature was set on 30◦C,
and autosampler temperature on 10◦C. Injection volume was 20 μl. For most of the compounds, flow rate was
0.8 ml/min, except for compound 2 (1 ml/min). UV detection was performed at 230, 254, 265 and 278 nm. The
mobile phase contained a mixture of 10 mM phosphate buffer, pH 2.3 and ACN at ratios varying from 30:70
(v/v) to 90:10 (v/v), respectively.

Dataset preparation
Kinase inhibitor structures set, obtained from Drugbank database [25], has been subjected to hierarchic clustering
in DataWarrior 5.5 software [26] based on FragFp (substructure fragment dictionary-based binary fingerprint) to
ensure coverage of different chemical structure types of kinase inhibitors used in clinical practice (Supplementary
Table 1).

Dominant forms at physiological pH = 7.40 of the prepared dataset compounds were checked in the Marvin
Sketch 20.8 program. The geometry of these structures was then optimized within the Gaussian 09W program [27]

using the semiempirical PM3 (Parameterized Model revision 3) method and subsequently with the Hartree-Fock/3-
21 G method.

Molecular descriptors calculation
DRAGON 6.5 [28] and ADMET Predictor 13.1 [29] software have been used to calculate a set of different geometrical,
electronic, topological and physicochemical descriptors for the dataset. Descriptors with low and zero variance have
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Table 1. Training and test sets used in creating the quantitative structure–property relationship models.
Training set Test set

Afatinib Compound 2 Gefitinib

Axitinib Compound 4 RKI-1447

Dabrafenib Compound 5 Ruxolitinib

Erlotinib Compound 6 N-desmethyl imatinib

Everolimus Compound 7 Compound 1

Fasudil Compound 9 Compound 3

Imatinib Compound 11 Compound 8

Crizotinib Compound 12 Compound 10

Lapatinib Compound 14 Compound 13

Nilotinib Compound 15

Nintedanib Compound 16

Palbociclib Compound 17

Vemurafenib

been removed. They were also checked for collinearity, by which only descriptors with intercorrelation lower than
0.90 were used for the predictive model building. Z-score normalization was used to scale descriptors, so the final
set of 910 descriptors was prepared.

Quantitative structure–property relationship modeling
Several methods were applied to obtain multiple QSPR models. The descriptors of the studied compounds were
considered as independent variables, while the logPe value obtained from the PAMPA study was used as the
dependent variable. Three machine learning methods were employed to develop QSPR models – multiple linear
regression (MLR), support vector machine regression (SVM) and artificial neural network (ANN). All models were
created using STATISTICA 13.6 software [30].

The MLR model assumes a linear relationship between the dependent and independent variables. Stepwise
regression was used to select the variables in the MLR model development based on F to add and F to remove
criteria. SVM and ANN models were then created with the same selected variables.

The SVM regression modeling was performed to investigate possible nonlinear dependencies of the selected
variables with logPe. Regularization parameter (C), the gamma parameter (γ) and the ε-intensive objective function
parameter (ε) are hyperparameters that were optimized in the search for the optimal model. The cross-validation
method was used to tune the hyperparameters. Four kernels were used to search for an optimal support vector
regression model: linear, polynomial, RBF (Radial Basis Function) and sigmoid.

ANNs consisted of three layers: an input layer (Input), one hidden layer and an output layer (Output). To
train the data, the Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) was used. An automated search for
regression neural networks, either multilayer perceptron networks (MLP) or radial basis function networks (RBF),
was conducted and trained a total of 100 networks, and the best network was selected based based on their
performances during training, testing and validation process. During training, the following activation functions
for hidden and output neurons were tested: identity, logistic, Tanh, exponential and sine.

The dataset was divided into a training set (n = 25) and a test set (n = 9) (Table 1). The training dataset was
used for model building, and the test dataset was used to validate the models. The test set was selected to cover all
structure types and the logPe range used. The test set was further divided into a verification set (n = 4) and a test
set (n = 5) for modeling ANN.

Model validation
In general, the internal validation of the model can be performed with a couple of statistical parameters, such as
the coefficient of determination for the training set (R2), the cross-validated correlation coefficient (Q2) and the
root mean square error of estimation (RMSEE) [31]. Tenfold cross-validation technique was used to calculate the
Q2 parameter. The models were also subjected to external validation analysis [31], which evaluates the reliability of
the models by calculating the coefficient of determination for the test set (R 2

pred) and the root mean square error
of prediction (RMSEP). For further evaluation of the predictive abilities, the r-metrics [32] parameters (r 2

m, r /2
m
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and �r 2
m) were calculated. The Concordance correlation coefficient (CCC) [33] has also been calculated to check

the model reliability.
For the QSPR model to be applied accurately, it is essential to establish its applicability domain (AD) [34]. The

AD is a theoretical region in chemical space determined by the structures of compounds in the training set [35].
SPSS v.18.0 software [36] was used to perform the leverage approach, which determines if a structure’s activity can
be reliably predicted by comparing its leverage value h to the critical value h*. The critical value can be calculated
using the following Equation 3:

h∗ =
3 (p + 1)

n
(Equation 3)

In which p represents the number of model variables while n represents the number of structures used to create
the model.

Results & discussion
The main objective of the current study was to determine the effective BBB permeability of the 34 protein kinase
inhibitors using the PAMPA-BBB assay and perform QSPR analysis to establish the most reliable in silico models
for permeability prediction. The created QSPR model with the highest predictive capacity was used for mechanistic
interpretation of the structural factors important for passive diffusion of these and similar compounds through the
BBB and provide a robust model for permeability prediction of structurally similar derivatives.

Parallel artificial membrane permeability assay results
The PAMPA-BBB assay was performed to provide information on the passive diffusion rate of the FDA-approved
kinase inhibitors through the BBB and estimate the potential passage rate of the experimental compounds. The test
has also been performed for levodopa and haloperidol with and without the addition of Tween-80. Levodopa is a
hydrophilic compound known to utilize active transport and does not passively diffuse through BBB [37]. On the
other hand, haloperidol is a highly lipophilic compound, with a strong affinity for lipids and can readily cross cell
membranes, including the BBB [38]. Since Levodopa does not pass into the acceptor wells and haloperidol passes
in almost the same amount in both cases, it has been confirmed that the Tween-80 does not affect the viability of
the PAMPA testing in our work.

By using calculated experimental permeability rates (logPe), compounds can generally be classified into four
groups: impermeable compounds (logPe < -6.14), low permeability compounds (-6.14 < logPe < -5.66), medium
permeability compounds (-5.66 < logPe < -5.33) and high permeability compounds (logPe > -5.33) [39]. Obtained
results showed that the examined kinase inhibitors vary between low, medium and high permeable compounds, as
presented in Table 2.

Performed hierarchical clustering showed that most clusters have representative structures in the dataset, implying
that the compounds used in the study cover a broad range of structural features of existing kinase inhibitors.

By comparing the clinical data with our results, considering the structural characteristics of these compounds,
some agreement can be observed (Table 2).

The obtained logPe values for two BCR-ABC tyrosine kinase inhibitors indicated medium and high BBB
permeability of nilotinib and imatinib respectively. Due to its higher permeability and lower adverse effects
compared with nilotinib, imatinib could be a potential candidate for the treatment of CNS tumors. On the other
hand, lower permeability of nilotinib could be described by the presence of a bulky trifluoromethyl substituent.
Among the EGFR/HER kinase inhibitors, lapatinib showed high permeability, which could be associated with the
lipophilic substituent on the 4-anilinoquinazoline moiety. Nintedanib, as a VEGFR inhibitor, was classified as low
permeable, which could be due to several structural features, such as the bulky substituent at the alpha position of
the 1H-indolinone and its four amino groups, which could be protonated at physiological pH (7.4).

Everolimus, for example, is an agent known to be able to cross the BBB [40] and results obtained herein also
showed that it can be classified as a highly permeable agent. In addition, high permeability in PAMPA assay was
proposed for fasudil that has been shown to have a good therapeutic effect on neurodegenerative diseases, as it
increases the activity of neural stem cells [41]. Moreover, fasudil was reported to reduce BBB dysfunction, improve
neurological and clinical outcomes in acute cerebral infraction and have neuroprotective effects [42].
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Table 2. The parallel artificial membrane permeability assay-blood–brain barrier results for the studied kinase inhibitors.
Compound Pe logPe

Compound 2 1.13E-06 -5.95

Vemurafenib 1.17E-06 -5.93

Afatinib 1.47E-06 -5.83

Nintedanib 1.60E-06 -5.80

Compound 1† 1.57E-06 -5.80

Compound 5 1.63E-06 -5.79

Compound 16 1.63E-06 -5.79

Compound 8† 1.76E-06 -5.75

Compound 7 1.99E-06 -5.70

Compound 14 2.08E-06 -5.68

Compound 17 2.29E-06 -5.64

Gefitinib† 2.37E-06 -5.62

Nilotinib 2.38E-06 -5.62

Compound 10† 2.47E-06 -5.61

Compound 11 2.52E-06 -5.60

Compound 13† 2.57E-06 -5.59

Compound 9 2.85E-06 -5.55

Compound 4 2.94E-06 -5.53

Compound 6 3.12E-06 -5.51

Compound 3† 3.24E-06 -5.49

Crizotinib 3.50E-06 -5.46

RKI-1447† 3.74E-06 -5.43

Erlotinib 3.79E-06 -5.42

Compound 12 3.85E-06 -5.41

Imatinib 4.73E-06 -5.32

Dabrafenib 4.88E-06 -5.31

Lapatinib 4.85E-06 -5.31

Compound 15 5.31E-06 -5.28

N-desmethylimatinib† 5.40E-06 -5.27

Fasudil 6.72E-06 -5.17

Everolimus 7.52E-06 -5.12

Ruxolitinib† 7.59E-06 -5.12

Axitinib 1.19E-05 -4.93

Palbociclib 2.07E-05 -4.68

†Test set compounds.

Nevertheless, crizotinib does not pass the BBB, but our results showed that it has moderate passive permeability.
However, the reason that crizotinib cannot pass the BBB is that it is a known P-gp substrate [43], which could be
the explanation for this discrepancy.

The PAMPA-BBB results for the experimental compounds showed that aryl-2-aminopyridines (compounds
1 and 2) were classified as low-permeable compounds, and pyridyl-based thiazolyl–hydrazones and selenazolyl–
hydrazones (compounds 3–17) fall into the low-, medium- and high-permeability categories.

Furthermore, the ADMET predictor was utilized to predict whether examined compounds are P-glycoprotein
(Pgp) substrates or not (Supplementary Table 2). Dabrafenib, erlotinib, fasudil, lapatinib, nilotinib and ruxolitinib,
as well as all experimental compounds were predicted not to be Pgp substrates. The remaining portion of the dataset
compounds were expected to act as both Pgp substrates and inhibitors. The only exception was RKI-1447 which
was predicted only to be a Pgp substrate. Plasma protein binding was also predicted with the ADMET predictor
to estimate the percentage of the drug in plasma available to be subjected for passive diffusion across the BBB.
All compounds except fasudil, palbociclib and ruxolitinib had less than 10%, but more than 1% unbound drug.
Despite the belief that drugs bound to plasma proteins are not available for transport via the BBB, studies have

10.4155/fmc-2023-0390
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Table 3. Results of the validation parameters for created quantitative structure–property relationship models.
R2 Q2 RMSEE R2

pred RMSEP r2m r/2m � r2m (r2m+r/2m)/2 (r2m-
r/2m)/r2m

k’ CCC

MLR 0.769 0.628 0.145 0.811 0.092 0.791 0.676 0.115 0.734 0.036 0.997 0.897

SVM 0.839 0.648 0.121 0.777 0.100 0.723 0.657 0.067 0.690 0.033 1.002 0.882

ANN 0.749 0.620 0.151 0.953 0.050 0.978 0.988 0.010 0.983 0.000 0.992 0.977

0.999† 0.095†

Limit �0.7 �0.5 �0.5 �0.5 �0.5 �0.2 �0.5 �0.1 0.85�k’�1.15 �0.85

†Verification set validation parameters.
ANN: Artificial neural network; CCC: Concordance correlation coefficient; MLR: Multiple linear regression; RMSEE: Root mean square error of estimation; RMSEP: Root mean square error
of prediction; SVM: Support vector machine regression.

demonstrated that numerous plasma protein bound compounds are able to pass the BBB. This would mean that
drug concentration in the brain can be achieved by intrinsic passive permeability of the compounds and that the
PAMPA test is a viable tool for early passive BBB permeability screening [44].

Quantitative structure–property relationship modeling
QSPR modeling was performed with the aim to investigate possible correlations between molecular properties of
the examined PK inhibitors and related compounds and BBB permeability. The preprocessed descriptors obtained
for the dataset compounds were used as independent variables, and the calculated logPe value from PAMPA assay
was selected as the dependent variable. Stepwise MLR modeling was applied to estimate the linear relationship
between the descriptors and the logPe value and to find the most important variables that could efficiently predict
and describe passive permeability through BBB. After stepwise selection, four variables were selected by the MLR
model based on F to enter and F to remove criteria. The model was subjected to both internal and external
validation, including r-metrics.

The radial basis function (RBF) was used as the kernel for modeling SVM. To optimize the parameters C, ε and γ,
their values were changed in the range of 10–45 for C, 0.01–0.10 for ε, and 0.10–1.00 for γ. After hyperparameter
optimization, the optimal values for C, ε, and γ were 10, 0.1 and 0.25, respectively.

A three-layer MLP neural network, with the final structure of 4-8-1, was selected as ANN with the highest
training performance. The activation function of the hidden neurons was sinusoidal, and the activation function
of the output neurons was logistic.

Comprehensive internal and external statistical validation analysis revealed that all created QSPR model possess
comparable performances (Table 3). However, a slight advantage may be given to the QSPR-SVM model (Figure 1)
which satisfied all critical validation parameters, making it an effective tool for predicting the permeability of new
analogs within the defined applicability domain. The ANN model has higher external parameters probably due to
the smaller number of test set compounds.

SVM models are useful in avoiding over-fitting problems while providing accurate results with a small amount
of data. Although ANN have the advantage of fitting datasets well, it can sometimes hinder their performance.
Additionally, unlike SVM, ANN tends to overfit models, thereby reducing its generalization ability.

Created MLR, ANN and SVM models were analyzed to determine their applicability domain using chosen
molecular descriptors. The leverage value limit was calculated using Eq. 10 and found to be h* = 0.6. The Williams
plot shown in Figure 2 indicated that both the training and test sets compounds were within the defined AD. Thus,
the SVM model created is suitable for predicting the BBB permeability of new compounds with similar structures.
This could be particularly useful in optimizing novel ligands to develop more effective and potent compounds
targeting CNS disorders or to prevent potential adverse effects on the CNS.

Quantitative structure–property relationship models interpretation
Molecular descriptors play an essential role in QSPR modeling, providing chemical-structural information of the
molecule’s structure in numeric form. In that regard, reliable prediction of the molecular descriptors is a crucial
step for developing predictable QSPR models. The created and validated MLR model was assessed to elucidate the
encoded structure–permeability relationships, identifying four variables that significantly describe the logPe value.
The selected parameters and coefficients are listed in Table 4.

10.4155/fmc-2023-0390 FutureMed. Chem. (Epub ahead of print)



Application of PAMPA technique & chemometric modeling for BBB permeability prediction of protein kinase inhibitors Research Article

P
re

d
ic

te
d

 lo
g

P
e

Training set

Test set

-4.80

-4.80

-5.10

-5.10

-5.70

-5.70
-6.00

-6.00

-5.40

-5.40

Observed logPe

Figure 1. The plot of the dataset’s observed versus predicted logPe values for the quantitative structure–property
relationship-support vector machine regression model.
• – Training set.
�– Test set.

Training set
Test set

3.5

2.5

1.5

-0.5

-1.5

-2.5

-3.5
0.1 0.2 0.3

Leverge Value

S
ta

n
d

ar
d

iz
ed

 r
es

id
u

al

h*=0.6

0.5 0.6 0.70

0.5

Figure 2. The applicability domain of the
created quantitative structure–property
relationship-support vector machine
regression model.
• – Training set.
�– Test set.

Table 4. The most influential molecular descriptors from quantitative structure–property relationship study.
Descriptors CATS2D 09 DA CATS2D 04 AA B04[N-S] F07[C-N] Intercept

Coefficients -0.121 0.171 0.170 0.096 -5.496

The MLR coefficients of normalized parameters indicated that CATS2D 04 AA was the highest positive
contributor to the logPe value (Supplementary Figure 3). Furthermore, B04[N-S] and F07[C-N] were also identified
to positively correlate with passive permeability through BBB, while CATS2D 09 DA was observed to have negative
impact.

ANN and SVM regression models were developed to investigate possible nonlinear relationships between selected
descriptors and logPe value. After sensitivity analysis, the created ANN model showed similar contributions to the
logPe value compared with the MLR model. CATS2D 09 DA was the most influential descriptor on the permeation
coefficient through the PAMPA artificial membrane.
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Figure 3. The response graphs of selected descriptors from the quantitative structure–property
relationship-support vector machine regression model. (A) CATS2D 04 AA and (B) F07[C-N].

The response graphs (Figure 3) of CATS2D 04 AA and F07[C-N] show a nonlinear dependence on logPe in
QSPR-SVM modeling. The more precise relationship of these descriptors to the dependent variable is the likely
reason for the higher performance of this QSPR model.

One of the descriptors with a positive contribution to the logPe value is CATS2D 04 AA, which belongs to the
CATS2D descriptors describing a distance between different pharmacophoric features [45]. It is defined as CATS2D
acceptor-acceptor at lag (topological distance) of 4. Most of the studied compounds, which had lower permeability,
had a descriptor value of 0. Compounds with higher permeability had higher values, such as palbociclib and
ruxolitinib. On the other hand, the descriptor coefficient of CATS2D 09 DA had a negative value, which means
that the hydrogen bond donor and acceptor with the topological distance of 9 lowers the logPe value. This implies
that the presence of hydrogen bond donors in this group of compounds would decrease the penetration through
the BBB. Vemurafenib is one of compounds from the dataset that had the descriptor value of 2 and a lower logPe

value.
The atom-pair fragment descriptor B04[N-S] [45] defines the frequency of pairs of N and S atoms with a

topological distance of 4, indicating that sulfur-containing compounds should have an optimal distance between
nitrogen and sulfur in their structure. Axitinib is one of the compounds with high permeability that exhibited this
property. Another pair of C and N atoms with a topological distance of 7 also positively contributed to the logPe

value, defined by the descriptor F07[C-N]. A larger distance between nitrogen and a carbon atom described by this
descriptor could indicate that the presence of carbonaceous side chains connected to central aromatic rings would
enhance penetration through the BBB.

Described descriptors provide valuable insight into possible ways to optimize BBB penetration of the kinase
inhibitors and structurally related studied compounds. Structural modifications, such as reducing the number of
hydrogen bond donors, for example, by replacing free hydrogens with alkyl chains, or isosteric replacement with
some hydrogen bond acceptors, such as nitrogen, at the parts of the structure insignificant for activity or selectivity,
may prove to be promising strategies to improve the BBB penetration of these structures. For instance, if we add
an N-methyl group to the sulfonamide part of vemurafenib (compound V1), the compound with the second logPe

value in our dataset, it will decrease the number of hydrogen bond donors in the structure, while keeping the
7-azaindole ring intact, which is responsible for binding with the BRAF hinge region. This modification would
result in increased passive permeability across the BBB. Based on the PAMPA-SVM model, the predicted logPe

value of the compound V1 is -5.35, which falls within the upper limit of medium permeable compounds.
When comparing our model to existing models in the literature, various authors have used a QSPR approach

to uncover the significant impact of different descriptors on BBB permeability. Zhang et al. [46] addressed the
importance of E-state and Van der Waals surface areas in addition to traditional factors like lipophilicity, hydrogen-
bonding properties and polar surface area on BBB permeability. Barn et al. [47] have highlighted the influence
of polar surface area, molecular weight, lipophilicity, and hydrogen bond donors. Wager et al. [48] also described
the influence of lipophilicity factors, molecular weight, topological polar surface area, presence of hydrogen bond
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donors and pKa values on blood–brain permeability. Our model aligns with these findings regarding the primary
descriptors influencing BBB permeability while also differentiating itself through specific structural features essential
for designing and optimizing kinase inhibitors.

Conclusion
In this study, the PAMPA in vitro technique was used to predict the ability of structurally different kinase inhibitors
and related compounds to penetrate the BBB. The experimentally determined permeability values (logPe) were
calculated and the tested compounds can be characterized as low, medium and high permeable compounds. The
logPe values and calculated molecular descriptors were used for development of different models which can reliably
predict BBB permeability. To evaluate the reliability of the models, they were subjected to extensive statistical
validation and the PAMPA-SVM model has been selected for further analysis. It was found that the descriptors
CATS2D 09 DA, CATS2D 04 AA, B04[N-S] and F07[C-N] have the greatest influence on the logPe values.
The specified descriptors provide important information for optimizing BBB penetration of kinase inhibitors
and structurally related compounds. One approach is to reduce hydrogen bond donors. The integration of the
PAMPA technique with in silico computational methods offers a reliable and cost-effective approach for assessing
penetration of kinase inhibitor candidates targeting the central nervous system, crucial in pharmaceutical research
for optimizing drug delivery and developing effective treatments through the BBB.

Summary points

• The parallel artificial membrane permeability assay in vitro technique was used to predict the ability of diverse
kinase inhibitors and related compounds to penetrate the blood–brain barrier (BBB).

• The experimentally determined permeability values (logPe) and the calculated molecular descriptors were
analyzed using three different statistical and mathematical methods - multiple linear regression (MLR), artificial
neural network (ANN) and support vector machine (SVM) to develop linear and nonlinear quantitative
structure–property relationship (QSPR) models which can reliably predict BBB permeability.

• To evaluate the predictive ability of the models, they were subjected to extensive statistical validation. The results
showed that the SVM model has good predictive power based on the validation parameters, making it an
effective tool for predicting the permeability of new analogs within the defined applicability domain.

• It was found that the descriptors CATS2D 09 DA, CATS2D 04 AA, B04[N-S], and F07[C-N] have the greatest
influence on the logPe values. The integration of this technique with in silico computational methods provided a
reliable, rapid and cost-effective methodology for assessing brain penetration.

• The structural diversity of the compounds in the dataset and good predictive power of the created model
indicated the potential utility of these methods for assessing permeability through the BBB of related kinase
inhibitor candidates targeting CNS.
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05.1I.2025. roAI{He rlporeKlu{y 3a rocire.q}rrnoMcKy HacraBy r{ KoHraHynpaHy eayraqujy
(Daryrtera Aa lvry ce o4o6pr npoAyxeram poKa 3a 3aBprtrerar cryauja y mrcorcrcoj
202512026 rolrrHrr.

flpo4eran a rocJleArrnoMcKy HacraBy r,r Korrrr,ruylrpaHy e,{yraq}dy Oarcynrcra je
pa3MarpaJla 3axreB 07 .ll.2025.roAr,rHe 14 orleHr{na ga je saxreB ocrroBrru, rc je 4onero petuerbe
Kao y Ar.rc[o3HTr{By.

IIPABHA fIOVKA: flporun oBe o,qJryKe rrMeHoBarru rrMa rpaso rplrroBopa AeKaHy
Oaxynrera y poKy o4 8 (ocau) aana o,q Aarra upujenaa rrcror.

Oanyry AocraBr,rrrr: cryAeuTy, Ogcery 3a HacraBy r,r cryAeHTcKa rrr{rar6a.

nP OAEKAH 3A rrOCnEAr4rrJrOMCKy
HACTABY

H KOHTr4Hyr4PAHy EAyKATI4Jy

IIpoQ.ap Kpajnonuh



yHIIBEP3I,{TET y EEOTPMy
@APMAT{EyTCKI4 OAKynTET
Ilocn.6poj: 5/133

[aHa 24.09.2024. roAnne

Ha ocuony rrraHa 107. 3aroua o BrrcoKou o6pa:onamy Peny6rrlrxe Cp6lrje, npo,4eKaH

@ary"urera je 4ana 24.09.2024. roAI4He, .{oHe.ra

PEIIIEIbE

OAOBPABA ce JOBAHOBtrh MIIIAHy, cryAeHry (Dapuaueyrcror $aryrrera,
r4HAeKc 6p. ll/2015, rpoAyxerarc porca 3a 3aBpllreram crytuja y lrlKorrcrcoi 202412025.

O6pa3.tocrcerue

JOBAI{OBIIh MUJIAI{, cry4eHr Ha cry,uujcxorur nporpaMy AAC - (Dapuaqeyrcrca

xeuruja, noAHeo je saxren 6p. 51133 ot24.09.2024. rolulae npoAeKaHy 3a nocne,qlrnJloMcKe

cryauje @arynrera Aa My ce o4o6pu npoAyrfierar( poKa 3a 3aBprnerar cryluja y rurco;rcroj

202412025.
flpogerau @ary.urura je pasnrarpaJra 3axreB 24.09.2024. roALIHe lr oqenlua 4a je

3axreB ocHoBaH, re je gonero pelrrelbe Kao y AIrcno3I'ITIrBy.

trPABHA fIOYKA: flpo'nar oBor peruerra r{MeHoBaHVvtv.a npaBo npl{roBopa AeKaHy

@axylrera y poKy og 8 (ocaN,I) raHa o,q aana tpujeMa I{cror.

Peurerre AocraBaTrr: I,IuenonasoM, AeKaHy, npoAeKaHy 3a HacraBy, ceKperapy, O,ucercy

3a HacraBy I4 cryAeHTcKa rlrlTarba v apxLrBLl.

frPoreKAH 3A [OCJIEru{rInOMCKv HACTABy
I4 KOHTI4HYI,IP AHY EAvKAl[4Jv

npoS Beslaap Konaqenuh


	Electrochemical and theoretical study on interaction between erlotinib and DNA
	1 Introduction
	2 Material and methods
	2.1 Apparatus
	2.2 Reagents and solutions
	2.3 Preparation of the biosensor
	2.4 Voltammetric measurements
	2.5 Molecular docking
	2.6 Molecular dynamics

	3. Theory/calculation
	3.1 Calculation of Binding constant
	3.2 Binding free energy calculations with MM/PBSA method

	4 Results and discussion
	4.1 Cyclic voltammetry of ERL at bare GCE
	4.1.1 The effect of pH on ERL redox reactions

	4.2 DPV and SWV of ERL at bare GCE
	4.3 Redox mechanism
	4.4 ERL-DNA interaction
	4.5 Computational modelling of ERL-DNA interaction

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


