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IVADAS

Dauguma gyvybiskai svarbiy procesy vyksta faziy riboje arba ant
pavir§iaus.! Gyvuose organizmuose tokie procesai kaip biomolekuliy
adsorbcija ir jy lateraliné difuzija, faziniai virsmai, katalizé, oksidacija ir
elektrony pernasa vyksta ties lgsteliy ir organeliy fosfolipidinémis
membranomis. Fosfolipidinés membranos yra sudétingos struktiiros, kuriy
funkcija — apsaugoti lastelés ir organeliy vidinj turinj nuo iSorés, palaikyti
Isiterpiancius baltymus, dalyvauti medziagy ir signalo perdavime. Membranos
taip pat yra ir bakteriniy toksiny taikinys.? Toksinai paZeidZia membranos
vientisuma jsiterpdami j lipidy dvisluoksnj ir formuodami poras bei Zenkliai
pakeicia dielektrines dvisluoksnio savybes.®> Nuodugnesnius lipidiniy
membrany tyrimus lémé jy biologiné svarba ir su jomis susije sutrikimai,
taciau kompleksiska cheminé sandara ir procesy gausa pastiméjo naudoti
dirbtines modelines membranas, savo chemine sudétimi primenancios gyvy
Iasteliy membranas. Sios modelinés membranos taikomos tiek tiriant
lipidy-baltymy saveikas ir jsiterpianciy baltymy savybes, tiek konstruojant
biojutiklius ir diagnostines atpaZzinimo sistemas.*

Tikroms biologinéms membranoms Savo struktlirinémis savybémis
artimiausios yra pakabinamos dvisluoksnés lipidinés membranos (tBLM).
tBLM sudaro lipidy dvisluoksnis, kurj nedideliu atstumu nuo pavirSiaus
pritvirtina inkarinis molekuliy sluoksnis. Inkarinj monosluoksnj dazniausiai
sudaro ilgagrandés | lipidus panaSios inkarinés molekulés ir mazos
molekulinés masés pavirSiaus skiediklis. Patikimam tBLM imobilizavimui
inkarinés molekulés privalo turéti Siuos struktiirinius elementus: (i) pavirsiui
giminingg grupe, (ii) hidrofilinj fragmenta, kuris atitraukia membrang nuo
pavirSiaus ir kuria pomembraninj rezervuarg ir (iii) hidrofobinj segmenta,
jsiterpiantj j lipidy dvisluoksnj ir jj imobilizuojantj. Taigi, inkarinés molekulés
pritvirtina lipidy dvisluoksnj keliolikos angstremy atstumu nuo pavirsiaus,
formuoja kontroliuojamo auk§¢io pomembraninj rezervuarg ir sumazina
pavirSiaus Siurk§tumo poveikj membranai. Be to, kei¢iant inkariniy molekuliy
koncentracijg ant pavirSiaus yra valdoma tBLM lipidy sluoksnio struktira,
takumas ir pomembraninio sluoksnio laidis — parametrai, svarbis
membraniniy baltymy jsiterpimui ir jy funkcijai.

Pomembraninis vandens rezervuaras talpina j membrang jsiterpianciy
baltymy hidrofilinius domenus ir apsaugo juos nuo tiesioginio kontakto su
metalo pavirSiumi, dél to baltymai iSlaiko savo natyvig struktiirg ir
funkcionalumg. Bakteriniai toksinai, membranoje formuoja pazaidas, kurios



didina membranos elektrinj laidj. Registruojant elektrinio laidZio pokycius
dirbtinése tBLM membranose nustatomas pazaidy kiekis ir pasiskirstymas,
elektriné lipidy dvisluoksnio ir pomembraninés erdvés talpa. Vanduo yra
vienas pagrindiniy komponenty palaikan¢iy membranos ir membraniniy
baltymy struktirg ir funkcija bei kurianciy terpg elektrocheminiams
procesams. Taciau vandens ir elektrinio potencialo poveikis inkarinio
sluoksnio molekuléms, ir tai, kaip inkariniy molekuliy struktara veikia
pakabinamos membranos funkcionaluma, néra pilnai istirta. Siame darbe
tiriami inkariniai tBLM membranos sluoksniai sudaryti i j lipidus pana$iy
WC14 molekuliy ir pavirSiaus skiediklio 2-merkaptoetanolio ir jy struktiiros
poky¢iai dél vandens ir elektrinio potencialo poveikio.

Biomolekuliy orientacija pavirSiuje taip pat svarbi ir fermentiniy elektrody
funkcijai uztikrinti. Gebéjimas suvaldyti oksidoreduktaziy ir kity fermenty
adsorbcijg turi didelés reikSmés praktikoje, bandant uZztikrinti efektyvia
elektrony pernasa tarp elektrocheminés sistemos komponenty. Tinkama
fermenty orientacija pavirSiuje lemia biojutikliy, kataliziniy sistemy ir kuro
elementy efektyvuma bei ilgaamziSkuma. Biokatalitinése sistemose vario
mélynyjy oksidaziy fermentai naudojami katodo funkcijai atlikti, taciau jy
veikimo efektyvumas yra slopinamas sudétingy heterogeninés ir
vidumolekulinés elektrono pernasos mechanizmy.® Si problema sprendziama
orientuojant fermenta adsorbcijos metu. Siame darbe tiriama ant elektrodo
adsorbuoty lakaziy priklausianciy vario mélynosioms oksidazéms molekuliné
struktiira ir jy poky¢iai kintant elektriniam potencialui, ieSkoma fermento
molekuliy orientacijos pavir$iaus atzvilgiu zymeny.

Darbe nagrinéjamy inkariniy membranos sluoksniy ir adsorbuoty fermenty
funkcija tiesiogiai priklauso nuo jy struktiiros ir erdvinés orientacijos. Norint
giliau suprasti ir numatyti rysj tarp molekuliy struktiiros ir jy funkcijos, biitina
taikyti auksto jautrio metodus. Vienas tokiy metody — pavirSiaus sustiprinta
Ramano spektroskopija (angl. surface-enhanced Raman spectroscopy, SERS)
pasizymi galimybe tirti tarpmolekulines sgveikas, molekuliy ir jy funkciniy
grupiy orientacijg ir konformacijos kitimus. Didelis $io metodo privalumas —
galimybé atlikti spektrinius matavimus vandeniniuose tirpaluose in-situ ir
kontroliuojamo potencialo saglygomis.

Siame darbe buvo naudoti Ramano ir kontroliuojamos temperatiros
Ramano spektroskopijos, SERS ir elektrocheminés-SERS, izotopy pakeitimo,
elektrocheminés  desorbcijos, kvantinés chemijos  skaiiavimy ir
dvidimensinés koreliacinés analizés (2DCOS) metodai.
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Darbo tikslas: istirti vandens ir elektrinio potencialo poveikj inkariniam
tBLM monosluoksniui ir nustatyti elektrinio potencialo poveikj lakazés
fermenty struktiirai ant elektrodo pavirsiaus.

Siam tikslui pasiekti buvo suformuluoti uzdaviniai:

1. Suformuoti savitvarkius monosluoksnius sudarytus i§ WC14 ir ME-D4
molekuliy aukso pavirSiuje ir priskirti virpesines juostas;

2. Nustatyti savitvarkiy monosluoksniy sudaryty i WC14 ir ME-D,
molekuliy struktiiros ir orientacijos ant pavirSiaus spektrinius Zymenis;

3. Nustatyti vandens ir elektrinio potencialo poveikj savitvarkiy
monosluoksniy struktiirai ir orientacijai ant pavirsiaus;

4. Suformuoti elektrodo pavirSiuje tBLM membrang. SERS metodu
nustatyti jos spektrinius zZymenis ir biisena;

5. Nustatyti lakaziy J6 i§ Didymocrea sp. ir TaLc i§ Trichaptum abietinum
adsorbcijos elektrodo pavirSiuje spektrinius Zymenis;

6. Istirti elektrinio potencialo poveikj pavirSiuje adsorbuoty lakazés
fermenty molekulinei struktirai, katalitiniam vario centrui ir aminoriig§¢iy
biisenai.

Mokslinis naujumas ir aktualumas

Darbe parodyta, kad inkariniai membranos sluoksniai sudaryti i$
ilgagrandzio | lipidus panasaus junginio WC14 ir pavirSiaus skiediklio
merkaptoetanolio (ME-D,) islieka adsorbuoti ant aukso pavirSiaus
inkubuojant juos vandenyije.

Pirma Kkartg spektroskopiniais metodais parodyta, kad adsorbuotas
merkaptoetanolis su aukso pavirSiumi susidaro ne tik Au-S, bet ir cheminj
Au-O rysj. MiSriame monosluoksnyje merkaptoetanolio go§ konformery
skaiCius iSauga ilgéjant inkubacijos vandenyje laikui. Kvantinés chemijos
skai¢iavimai parodé, jog Au-O ry8ys sustipréja susidarant vandeniliniam
rySiui tarp merkaptoetanolio hidroksilo grupés ir vandens molekulés.

Veikiamos vandens ilgagrandziy WC14 molekuliy hidrofobinés grandinés
igauna pilnai-trans konformacija ir suformuoja molekulinius klasterius ant
pavirSiaus.

Parodyta, kad neigiaméjant potencialui cheminis metalo-adsorbato (Au-S
ir Au-0O) rysys susilpnéja ir pradinés molekuliy grupés persiorientuoja ant
pavirsiaus. Sis persiorientavimas ir vandens poveikis hidrofobinéms
ilgagrandziy WCI14 molekuliy dalims sukelia molekuliy Kklasteriy
formavimasi ant pavirSiaus. Nustatytas siy molekuliniy klasteriy spektrinis
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Zymuo — juosta ties 1129 cm, kuri priskiriama valentiniam v(C—-C) virpesiui
kai grandiné yra trans konformacijos.

Uzregistruotas pirmasis tBLM pavirSiaus sustiprintas Ramano sklaidos
spektras. Nustatyta, kad tBLM lipidai yra skystos busenos hidrofobinéje
molekulés dalyje ties neso¢igja C=C jungtimi.

Nustatyta, kad J6 ir TaLc lakazés fermentai negrjztamai adsorbuojasi ant
aukso elektrodo pavirsiaus ir iSlieka stabilas -0,3-0,8 ir 0,1-0,9 V (atz. NHE)
ribose.

Nustatyti baltymo funkciniy grupiy saveikos su metalu spektriniai
Zymenys: ,,minksta“ C—H moda, fenilalanino ziedo F12 virpesio daznis ir
juostos pusplotis, karboksilo grupés juostos intensyvumas.

Remiantis spektriniais Zymenimis, parodyta, kad elektroda poliarizavus
neigiamai fermentai priglunda prie pavirSiaus, jgauna plokscig formg ir
netenka Kkatalitinio aktyvumo. Elektroda poliarizuojant teigiamai, fermentai
saveikauja su pavirSiumi per karboksilo grupes, atgauna pirmine struktiira ir
katalitinj aktyvuma.

SERS metodu nenustatyti T1 katalitinio centro spektriniai Zymenys rodo,
kad fermenty T1 centras yra nutoles nuo pavirSiaus.

Ginamieji disertacijos teiginiai

1. Adsorbuotas merkaptoetanolis (ME-D4) sgveikauja su aukso pavir§iumi
susidarant ne tik Au—S, bet ir Au—O rysiui. Parodyta, kad vandenilinis rySys
tarp ME-D4 hidroksilo grupés ir vandens molekulés stabilizuoja Au—O rys;j.

2. Vanduo skatina go$ konformacija turinéiy ME-D4 molekuliy skaiius
did¢jimg ir pavirSiaus klasteriy sudaryty i§ inkariniy WC14 molekuliy
alkiliniy grandiniy formavimasi.

3. Neigiaméjant elektrodo potencialui mazéja adsorbuoty molekuliy Au-S
rySio energija ir pasikei¢ia pradinés grupés orientacija. Tai sumaZina
aktyvacijos energija reikalingag molekuliy persiorientavimui ant pavirsiaus.

4. Uzregistruotas pirmasis tBLM membranos SERS spektras ir nustatyta,
kad membrana ties neso¢igja jungtimi (C=C) yra skystos biisenos.

5. Lakazés fermentai negrjztamai adsorbuojasi ant aukso nanodaleliy ir ant
aukso elektrodo pavirsiy ir ilieka stabiltis potencialo ribose nuo -0,3 iki 0,8 V
(J6) ir 0,1-0,9 V (TaLc) atz. NHE.

6. Dél neigiamos elektrodo poliarizacijos fermentai prispaudziami prie
pavirSiaus, jgauna ploks¢ig forma ir praranda savo katalitinj aktyvumg. Dél
teigiamos poliarizacijos — fermentai jgauna vertikalig orientacija pavirSiaus
atzvilgiu ir savo pradinj aktyvuma.
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7. Adsorbuoty lakaziy SERS spektruose T1 vario centro spektriniai
zymenys nenustatyti. Tai rodo, kad T1 vario centras yra nutoles nuo
pavirSiaus.

Autoriaus indélis

SAM, tBLM ir adsorbuoty fermenty tyrimai atlikti VU Gyvybés moksly
centro Biochemijos instituto Bioelektrochemijos ir biospektroskopijos
skyriuje (skyriaus vadovas prof. dr. Gintaras Valin¢ius) ir Fiziniy ir
technologijos moksly centro Organinés chemijos skyriuje (Skyriaus vadovas
prof. habil. dr. Albertas Malinauskas).

Visus spektroskopinius, elektrocheminius matavimus ir kvantinés
chemijos skaic¢iavimus atliko autorius. Lakazés fermenty elektrody paruosima
ir jy elektrocheminiy savybiy tyrima atliko dr. Dalius Ratautas ir dr. Irina
Bratkovskaja (VU, Biochemijos institutas), fermentus tyrimams paruosé dr.
Liucija Marcinkevic¢iené (VU, Biochemijos institutas). Duomeny analizg ir
disertacijos straipsniy rengimg atliko autorius kartu su disertacijos moksliniu
konsultantu.
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1. Virpesine spektroskopija
1.1. Ramano spektroskopija

Virpesinés spektroskopijos metodais gaunama informacija apie $viesos
saveika su medziaga ir tos medZiagos molekuliy virpesing energija. Sviesai
sgveikaujant su molekulémis, ji yra sugeriama arba iSsklaidoma. Ramano
sklaidos metu tik nedidelé dalis fotony sudalyvauja energijos mainuose su
molekulémis jgaudami arba netekdami energijos.

Molekulés energijos lygmenys yra kvantuoti, dél to apsikeitimas energija
tarp molekulés ir Sviesos kvanto (hw) vyksta diskreciais dydziais, kurie
atitinka molekulés virpesinio suzadinimo energija.® Energijos mainai vyksta
keliomis pakopomis. Lazeriné spinduliuoté suzadina molekulés peréjimg j
menamga energetinj lygmen;j. Sis lygmuo yra metastabilus, todél molekulé
greitai relaksuoja iSspinduliuvodama fotong (1 pav.).” Relaksacija gali vykti
tiek | aukStesnés, tiek | Zemesnés energijos lygmenj nei pradinis, atitinkamai
i§spindulivojant mazesnés (h(w-w)) arba didesnés (h(w+wa)) energijos
fotona. Sie sklaidos biidai atitinkamai vadinami Stokso Ramano sklaida ir
antistokso Ramano sklaida.

Mazas Ramano sklaidos efektyvumas 1éme, kad §i spektroskopijos rusis
nuo jos atradimo 1928 m. vystési létai. Praktiniam Ramano spektroskopijos

A Stokso Reléjaus antistokso
E sklaida sklaida sklaida
. 0
T T T T T T T T menamieji
e e - lygmenys
3 . i
£|% Z|® £|F
v=% virpesiniai
y=
E, v=0 | lygmenys

Vo~ Vu Vo A% 0+VM

1 pav. (A) Ramano (Stokso ir antistokso) ir Rel¢jaus sklaidos diagrama ir (B)
atitinkamas virpesinis spektras. Eg ir E1 — pagrindinis ir suzadintas elektroniniai lygmenys,
Vo, V1, V2 — pagrindinis, pirmasis, antrasis virpesinis lygmuo, vo — Zadinan¢ios spinduliuotés
daznis. Adaptuota pagal .
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pritaikymui trukdé tiek fundamentiniai, tiek techniniai sunkumai. Tobuléjanti
optiné ir detekcijos jranga paspartino Ramano metodo vystymasi. Didesnis
Suolis jvyko septintojo deSimtmecio pradzioje pradéjus naudoti lazerius
vietoje iki tol naudoty gyvsidabrio gary lempy. Ypac reikSmingas buvo 1974—
1977 m. atrastas pavirSiaus sustiprintos Ramano sklaidos (SERS) reiskinys
dar labiau paspartings Ramano spektroskopijos vystymasi.

1.2. PavirSiaus sustiprinta Ramano spektroskopija

SERS efektas pasireiskia tiriamai molekulei esant adsorbuotai arba labai
arti (nanometry atstumu) prie Siurkstaus aukso, sidabro arba vario pavirsiaus.
SERS efektyvumas apibréziamas stiprinimo faktoriumi, kuris nusako kiek
karty sustipréja vienos molekulés sklaida pasireiskus SERS efektui. Tipinis
SERS stiprinimo faktorius (10*-10°) yra pakankamas uZregistruoti
mazesniam kiekiui medziagos nei vienas pavirSiuje adsorbuotas molekuliy
sluoksnis.®

Unikalios SERS metodo savybés: aukstas spektrinis jautris, galimybé tirti
adsorbuoty molekuliy konformacija, cheminj pavir§iaus-adsorbato rysj,
tarpmolekulines sgveikas. Be to, dél silpnos vandens Ramano sklaidos
matavimus galima atlikti in-situ ir kontroliuojamo potencialo salygomis.® Sios
savybés labai svarbios tiriant biologines ir biochemines sistemas.

1.2.1. SERS stiprinimo mechanizmai

Ramano sklaidos stipris proporcingas molekuléje indukuoto dipolio
momento P kvadratui, kuris priklauso nuo molekulés poliarizuojamumo « ir
zadinancio elektrinio lauko amplitudés E:

P =qaE @

Sklaidos stipris auga didéjant o ir (arba) E. Sis sarysis savyje talpina du
SERS stiprinimo mechanizmus: cheminj, susijusi Su poliarizuojamumo
pokyciais, ir elektromagnetinj, vykstantj dél metalo dalelés pavirSiaus
plazmony rezonanso.*

Elektromagnetinio (EM) stiprinimo mechanizmas yra pagrindinis
SERS mechanizmas kylantis i$ elektrinio lauko sustipréjimo prie nanometry
dydzio metalo nelygumy. Krintanti Sviesa suzadina laisvyjy pavirSiaus
elektrony, vadinamy lokalizuotu pavirSiaus plazmonu (LPP), virpéjimg
metalo-dielektriko sandiiroje. LPP turi savitg virpéjimo daznj, kuriam sutapus
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su Sviesos dazniu pasireiskia lokalizuoty pavirSiaus plazmony rezonansas
(LPPR). LPPR daznis priklauso nuo metalo prigimties, nanodariniy dydzio ir
formos. Si savybé ypaé svarbi SERS spektroskopijoje, nes pasirenkant metalg
ir nanodaleliy geometrines savybes galima suderinti LPPR ir lazerinés
spinduliuotés daznius. S. R. Emory atliktas tyrimas parodé esant tiesinei
priklausomybei tarp sidabro nanodalelése dydzio ir §viesos bangos ilgio ties
kuriuo pasireiskia LPPR (2 pav.).!!

250

200 {r'
150 {

-

IS, NM
1

1
‘
‘\
1]
%

Dalelés dyd
2
1

w
(=}
1

0 T T
450 500

T T T T T

T T
550 600 650 700
Bangos ilgis, nm

2 pav. Sidabro nanodaleliy LPPR daznio priklausomybé nuo dalelés dydzio.™*

Plazmony virpesiy daznis w,, apraSomas lygtimi:

o = ne? )

4 MEQEe’

kur n — laisvyjy elektrony koncentracija, € — elektrono kravis, m —
efektyviné elektrono masé, eo — vakuumo dielektriné skvarba. Kaip matome i
formulés, plazmony virpéjimo daznis priklauso ir nuo elektrony tankio ir
efektyviosios elektrono masés. Todél poliarizavus Siurkstintg elektroda
potencialu, kuris yra neigiamesnis nei to metalo nulinio kriivio potencialas,
metalo laidumo juostoje padaugéty laisvyjy elektrony, galindiy dalyvauti
plazmos virpéjime.°

Metalo optinj atsaka nusako dielektriné funkcija e(w), kuri pagal Drudés
modelj apraSomas lygtimi:

(1)2
8(0)) = &oo (1 - a)2+iz;oa))’ (3)
kur &, yra katijony atsakas, wp — laisvyjy elektrony plazmos virpesiy
daznis, w — elektrinio lauko daznis ir yo — slopinimo faktorius. Kai o < wy,
metalai Sviesg atspindi, nes metalo elektronai ekranuoja iSorinj elektrinj lauka,
0 kai @ > wyp, $viesa praleidziama, nes elektronai nespéja reaguoti j iSorinj

18



lauka ir ekranuoti spinduliuotés. Daugumos metaly LPPR daznis yra UV
spektringje srityje, dél to regimojoje spektro srityje Sie metalai Sviesa
atspindi.'> Metaly dielektriné funkcija dazniausiai nusakoma kompleksine
iSraiSka, kurios realioji (R{e(w)}) ir menamoji dalys (Ife(w)}) apraso
atitinkamai $viesos sklaida ir sugert;.

Nagrin¢jant nanodalele elektriniame lauke Eo, kurio bangos ilgis daug
didesnis uz dalelés skersmenj, elektrinis laukas Ei, dalelés viduje yra
proporcingas iSoriniam laukui:

Eip = elw)—em E,, (4)

T g(w)+2ey

kur &y, — aplinkos dielektriné konstanta. Rezonanso salygos pasiekiamos,
kai vardiklis priartéja prie nulio, t. y. kai e(w) = —2¢,,. Sios salygos negali
patenkinti dielektrikai, kuriy €(w) yra tarp 1 ir 10. Taéiau metaly realioji
dielektrinés funkcijos dalis visoje regimojoje spektro srityje yra neigiama ir
tenkina R{e(w)} = —2¢&,, salyga, be to optiné sugertis (I{e(w)}) maza
(3 pav.). I§ visy metaly tik aukso, sidabro ir vario I{e(w)} vertés yra
pakankamai mazos regimojoje spektro srityje todél Sie metalai pasizymi
aukStu LPPR intensyvumu ir yra laikomi pagrindiniais SERS metalais.
Apjungus realiosios ir menamosios dalies jtaka optiniam atsakui gaunamas

-
o

=3
T

Kokybeés faktorius

7/
ruq

. s P\ 0.1 MALY! " -
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Bangos ilgis / nm Bangos ilgis / nm
B P m— Ag (sidabras)
. /" © ®— Al(aliuminis)
= 10} 4% 7 E A— Au (auksas)
% ﬁ:;" 8 o = v Cu (varis)
E P = o— Li(iitis)
g _"-"' B >~ o— Pd (paladis)
" A— Pt (platina)

200 400 600 800 1000 1200
Bangos ilgis / nm

3 pav. (A) Realios ir (B) menamos dielektrinés funkcijos bei (C) metaly LPPR kokybés
faktoriaus priklausomybé nuo spinduliuotés bangos ilgio.'®
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metaly LPPR kokybés faktorius, kuris nusako, kad auksas ir varis
efektyviausiai stiprina 600-1200 nm bangos ilgiy srityje, 0 sidabras visoje
regimojoje spektro srityje (ca. 400-1000 nm) (3 pav. C).

LPPR sukeltas elektromagnetinio lauko amplitudés padidéjimas ties
nanodariniais pasiekia 10° karty.® LPPR daZnis ir stipris tampriai susijes su
nanodalelés dydziu ir forma: nanovamzdeliai sukelia didesnj stiprinimg nei
sferinés nanodalelés, o zvaigzdziy formos nanodalelés lauko stiprinimu lenkia
nanovamzdelius.® Kriivis pavirsiuje linkes telktis ties aStriais daleliy kampais,
todél didziausias EM stiprinimas pasiekiamas tose pavirSiaus vietose, kuriose
yra daugiau briauny ir vir§iniy bei maZas atstumas tarp jy. Siose pavirsiaus
vietose, vadinamose karStaisiais taskais, lokalaus elektrinio lauko stipris
zenkliai padidéja ir gali siekti 109-10* karty.*41°

Stiprinimo faktorius (SF) yra pagrindinis SERS metodo parametras. Prie
metalo nelygumy esanti molekulé yra veikiama elektrinio lauko Ewm, kuris yra
lazerinés spinduliuotés (Eo) ir metale indukuoto dipolio (Esp) elektriniy lauky
suma (Em=Eo+Esp). Elektrinio lauko sustipréjimas A(v.) nusakomas bendro
molekule veikiancio ir zadinancio lauky santykiu:

_ 3
A(VL) — Em(vi) " &(vL)-%o (L) (5)

Eo(vy)  &(vp)+2g \r+d

Molekulé isspinduliuoja Ramano fotona, kuris yra taip pat sustiprinamas
metalo dalelées LPPR. Sio, antrojo, proceso stiprinimo faktorius A(vg) yra
analogiskas apraSytam 5 formuléje (A(vo)). Taigi, bendra elektromagnetinio
stiprinimo faktoriy G.,,, (v) sudaro ir zadinancio, ir Ramano elektriniy lauky
stiprinimas. Sis stiprinimo faktorius aprasomas lygtimi:
sv)-¢o |
av)+25

avr)-%o
&(vr)+25

Gem(V) = [A(v)I21A(vR) |~

2($)12 (6)

Siems dviem (lazerinés spinduliuotés ir Ramano) laukams sutampant arba
esant arti plazmos rezonanso daznio elektrinis laukas stiprinamas ketvirtuoju

laipsniu (6 formulé). Dél tokio stiprinimo mechanizmo spektre Zemy bangos
skaiCiy ribose pasireiSkia aukstas neelastinis fonas, kuris palaipsniui krinta
bangos skaiciui didéjant (t. y. kai Ramano fotono daZnis tolsta nuo LPPR
daznio).1®

Tam, kad elektromagnetinis stiprinimo mechanizmas veikty molekule,
adsorbcija néra bitina, taciau stiprinimo efektas greitai slopsta molekulei
tolstant nuo pavirsiaus. IS 6 formulés matyti, kad SERS efektas gesta pagal
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Isers~d™*? santykj tolstant nuo metalo pavir§iaus (atsizvelgiant j tai, kad
procesas vyksta tiiryje, iSraiSka pakoreguojama — lsgrs~d0).16

Apibendrinant, tam kad pasireiksty SERS efektas biitina pasiekti rezonansa
tarp zadinancios elektromagnetinés spinduliuotés ir metalo laisvyjy elektrony
virpéjimo. LPPR priklauso nuo dalelés dydzio, formos, nuo metalo ir aplinkos
dielektriniy konstanty reik§miy.!” Optimalus SERS aktyviy daleliy dydis yra
10-100 nm.® Vidutiniskai LPPR sukeltas elektromagnetinio lauko
intensyvumo padidéjimas siekia 10° karty.®

Cheminio stiprinimo mechanizmas. Molekuléms esant adsorbuotoms
ant SERS pavirSiaus gali pasireiksti cheminis stiprinimas, dar vadinimas
pirmojo sluoksnio efektu. Mechanizmas 4
aiSkinamas  molekulés ir metalo e —

LUMO
EFermi /
\ HOMO

molekulinés orbitalés (HOMO), metalo metalas ————=
Fermi  energetinio  lygmens ir

Zemiausios  neuzpildytos  orbitalés 4 pav. Cheminis SERS stiprinimo
(LUMO). Elektroninis suzadinimas Mechanizmas.

vyksta kriiviui pereinant i§ HOMO j Fermi lygmenj ir tada j LUMO.* Siam,

energetiniy  lygmeny  persiklojimu
susidarant kriivio pernesimo
kompleksui ir wvykstant rezonansinei
Ramano sklaidai. Persiklojimas vyksta
tarp auksciausios uzpildytos

Rysio energija

pakopiniam, peréjimui reikalinga mazesné Suolio energija (4 pav.), dél to
didéja Ramano sklaidos efektyvumas. Cheminis efektas nesusijes su
elektromagnetiniu. Veikiant Siam efektui Ramano signalas papildomai
sustipréja apie 10-100 karty.

1.2.2. SERS pavirsiai

Tiek cheminio, tiek elektromagnetinio stiprinimo mechanizmai yra susij¢
su metalo pavirS§iumi, todél norint gauti kokybiSkus, atsikartojancius bei
stabilius spektrus yra svarbus tinkamy metaly pasirinkimas ir pavirSiaus
paruo§imas. SERS-aktyviis metalai yra skirstomi j tris grupes: (i) tauriyjy
metaly (Ag, Au, Cu), (ii) laisvyjy elektrony tipo (Al, Na, K), (iii) pereinamyjy
metaly (Ni, Pd, Pt).2#2° SERS matavimuose daZniausiai naudojami taurieji
metalai dél jy auksto signalo stiprinimo faktoriaus, LPPR regimojoje spektro
srityje ir pakankamo cheminio stabilumo.?

SERS pavir$iy tipai suskirstomi j tris pagrindines grupes: (i) Siurkstinti
metalo elektrodai, (i) metalo nanodaleliy tirpalai ir (iii) metalo nanostruktiiros
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ant lygiy stiklo, silicio, metalo padékly.’® Vienas placiausiai paplitusiy
Siurkstinty SERS elektrody paruosimo biidy — elektrocheminé oksidacija ir
redukcija.?*? Sis metodas gana paprastas, vykdomas elektrolity (daZniausiai
CI") tirpale. Oksidacijos metu ant elektrodo pavirSiaus susidaro metalo jonai
Me*, kurie redukcijos metu virsta neutralaus metalo Me® nanodariniais.
Susiformuoja stabilils, jvairaus dydZzio ir formos nanostruktiiromis dengti
pavirsiai, ta¢iau nepasizymintys aukstu atsikartojamumu.?*

Kitg SERS-aktyviy pavirsiy grupe sudaro nanodaleliy (koloidy) tirpalai
gaunami metalo drusky redukcijos,? lazerinés abliacijos?® metodais. Abiem
atvejais objektas tiriamas sumai$ius jj su koloidy tirpalu. Pastaruoju metu
ypatingo démesio susilaukia dielektriko sluoksniu apsaugotos nanodalelés
SHINERS  (angl.  shell-isolated  nanoparticle-enhanced  Raman
spectroscopy).?” Sios dalelés yra §varesnés nei jprastinés, jos nesaveikauja su
tiriamu objektu ir nekeiia sistemos elektrocheminio potencialo. Visgi,
SHINERS dalelés néra universalios — jos sunkiai pritaikomos sudétingiems
biologiniams objektams tirti.

Paskutinei grupei priklausantys stabildis, turintys reguliaraus dydzio ir
formos metalo nanostruktiiras pavirsiai gaunami litografijos metodu.?®

1.3. Apibendrinimas

Aukstas jautris cheminei sudéCiai ir struktirai, tarpmolekulinéms
sgveikoms, galimybé dirbti vandeninéje terpéje in-situ ir esant kontroliuojamo
potencialo salygoms — savybés, dél kuriy virpesiné spektroskopija vis dazniau
pasirenkama biomolekuliy tyrimams. Siame darbe naudotas SERS metodas
pasizymi auk$tu jautriu cheminéms ir orientacinéms pirmojo molekuliy
sluoksnio savybéms. SERS suteikia vertingos informacijos apie pavirSiuje
adsorbuotas biomolekulines sistemas: SAM (savitvarkius monosluoksnius),
tBLM (pakabinamas dvisluoksnes lipidines membranas) ir elektrodo
pavirSiuje adsorbuotus fermentus.
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Dejonizuotas
vanduo

Etilo alkoholis
H2S0O,
CHCl3

NaCl
NaH:PO4-H>0
Na;HPOs-H,0
NazSO4

NaOH

ME-Ds

DOPC

Cholesterolis
1-heptantiolis

WC14

Lakaze J6 ir
Talc

2. Medziagos ir tirpalai

Milli-Q plus, JAV, 18,2 MW-cm;

Vilniaus degtiné, Lietuva, 96 %;
Roth, Vokietija;

Sigma Aldrich, Vokietija;

Fluka, gveicarija;

Sigma Aldrich, Vokietija;

Deuteruotas 2-merkaptoetanolis (DS—C2D,-C1D,-OD)
C/D/N Isotopes, Jungtine Karalysté, grynumas 99,6 %;

1,2-dioleoilo-sn-glicerolio-3-fosfocholinas Avanti Polar
Lipids (JAV);

Avanti Polar Lipids, JAV;
Sigma Aldrich, Vokietija;

20-tetradeciloksi-3,6,9,12,15,18,22-
heptaoksaheksatrikontano-1-tiolis (5 pav.). Junginj
susintetino David J. Vanderah grupé (NIST Chemical
Science and Technology Laboratory, Gaithersburg,
Maryland, USA) pagal protokola aprasyta 2° Saltinyje;
Fermentas i$skirtas ir iSgrynintas i§ grybo Didymocrea
(Jo) ir i§ Trichaptum abietinum (TaLc). Fermentas gautas
i§ dr. Liucija Marcinkevi¢ienés, (Vilniaus universitetas,
Biochemijos institutas). Aukso nanodaleliy (AuND)
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sinteze ir lakazés J6 adsorbcija atliko Dalius Ratautas
(Vilniaus universitetas, Biochemijos institutas). Aukso
elektrodo aktyvacijg ir lakazés Tal.c adsorbcija atliko
dr. Irina Bratkovskaja (Vilniaus universitetas,
Biochemijos institutas).

HS/\/OH 2-merkaptoetanolis, ME-D 4

WC14 O/V\NW
SH\/‘\O/\/O\/\O/‘\/O\/\O/\\/O\)\/O

"OH

5 pav. Pagrindiniy darbe naudoty junginiy molekulinés struktiiros.
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3. Metodai
3.1. Izotopinis pakeitimas

Selektyvus molekulés atomy zyméjimas stabiliais izotopais leidzia
vienareikSmiskai priskirti virpesines juostas ir atskirti persiklojusias tiriamo
objekto komponenty juostas. Bangos skaicius ¥ priklauso nuo virpesyje
dalyvaujanéiy atomy ry$io konstantos K (mdyn/A) ir yra atvirks¢iai
proporcingas ty atomy redukuotai masei x (7 formulé). Zyméjimas izotopais
pakei¢ia molekulés atomy masg, taciau tik nezymiai keicia rySio konstantos
verte. Dél to spektre matomas su zymétais atomais susijusiy juosty poslinkis.

~ 1 my+m 1 K
Vv =— ’K# - ’_ @)
2mc mymy, 2mecAl U

Siekiant atskirti persiklojusias misraus monosluoksnio juostas matavimy
metu buvo naudotas deuteriais zymétas merkaptoetanolis (ME-Ds). Protonai
esantys prie N, O ir S atomy yra mobilus ir greitai apsikeicia vietomis su
aplinkoje esandiais vandeniliais arba deuteriais,* dél to vandens arba etanolio
tirpale merkaptoetanolis jgauna HS—-CD,—CD»—OH forma (ME-D.).

3.2. Pavir§iy paruoSimas

Savitvarkiy monosluoksniy tyrimai atlikti ant auksu dengty
nanotekstiiruoty safyro ploksteliy ir elektrochemiskai Siurkstinto elektrodo.
PavirSiuje adsorbuotos lakazés tyrimai atlikti ant aukso nanodalelémis
dengto elektrodo ir ant elektrochemiskai Siurkstinto aukso elektrodo.

3.2.1. Magnetroniniu biidu dengtos plokstelés

Komercinés nanotekstiiruotos safyro plokstelés (UAB Altechna, Lietuva)!
dengtos 2 nm chromo adheziniu pasluoksniu ir 200 nm aukso sluoksniu
naudojant magnetroninio garinimo sistemg PVD75 (Kurt J. Lesker Company,
JAV). Sios plokstelés naudotos tiriant vandens poveikj SAM.

3.2.2. Siurkstintas aukso elektrodas

Aukso elektrodo (99,99 %, metalo bazés), kurio aktyvaus ploto skersmuo
yra 6,35 mm, paruo$img SERS matavimams sudare keli etapai: (i) mechaninis
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elektrodo dangos atnaujinimas $vitriniu popieriumi (P2500) ir poliravimas
aliuminio oksido pasta (0,3 pm). Po Siy procediiry elektrodas veiktas
ultragarsu 1:1 etanolio ir vandens miSinyje, tam kad biity pasalintos aliuminio
oksido pastos lieckanos. (ii) Elektrocheminio valymo etapg sudaré¢ potencialo
skleidimas 0,5 M koncentracijos H,SO, tirpale. Pirmieji penki ciklai vykdyti
0,00-2,00 V srityje, 100 mV/s grei¢iu. Véliau pakartota deSimt cikly
skleidZiant potencialg tarp 0,00 ir 1,66 V. Po to elektrodas apie 10 min.
veikiamas -0,90V potencialu 0,1 M NaCl tirpale. (iii) Elektrodas
SiurkStinamas 0,1 M NaCl tirpale, kei¢iant potencialg tarp teigiamos (1,30 V)
ir neigiamos (-0,30 V) veréiy. Ties neigiama potencialo verte islaikoma
30 sek., ties teigiama 2 sek. Elektrodo aktyvacija sudaro trisdeSimt cikly, po
kuriy elektrodas praplaunamas dejonizuotu vandeniu ir etanoliu ir iSkart
talpinamas j inkubacinj SAM tirpalg.

3.2.3. Aukso nanodalelémis dengtas elektrodas

Aukso nanodalelémis dengtg elektroda paruosé dr. Dalius Ratautas pagal
aprasymg pateiktg 3 publikacijoje.

3.3. Biomolekuliy adsorbcija

3.3.1. SAM formavimas

Keturiy skirtingy kompozicijy SAM suformuoti i§ WC14 ir ME-Dy tirpaly
etanolyje, kuriuose santykinis junginiy kiekis buvo 100:0, 70:30, 30:70 ir
100:0 molinémis proporcijomis. Bendra tioliy tirpaly koncentracija buvo
0,2 mM.

Vandens poveikio SAM tyrimui nanotekstiiruotos plokstelés inkubuotos
tioliy tirpaluose kambario temperatiiroje 24 val. ParuoSta po keturias
ploksteles kiekvienam skirtingos kompozicijos SAM suformuoti. Po
inkubacijos plokstelés atsargiai nuplaunamos etanoliu ir nudziovinamos azoto
srove. Po vieng kiekvienos kompozicijos ploksteliy atidedama SERS
matavimui ore, likusios merkiamos j celes su dejonizuotu vandeniu. SAM
vandenyje spektrai registruojami iSkart (5 min.) ir po 30 min., 60 min., 24 val.,
48 val., 72 val.

Potencialo poveikio SAM tyrimui Siurk$tintas aukso elektrodas po
aktyvacijos inkubuojamas apie 4 val. tioliy tirpaluose. Po inkubacijos
elektrodas plaunamas etanoliu, merkiamas j fosfatinj buferj (pH 6,5).
Elektrocheminiai SERS matavimai atlikti nedelsiant.
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3.3.2. tBLM formavimas

tBLM (pakabinamos dvisluoksnés lipidinés membranos) formuojamos
liejant daugiasluoksnes lipidines liposomas (MLV), sudarytas i§ DOPC ir
cholesterolio (50:50 molinémis proporcijomis) ant anksc¢iau pasiruosto
misraus WC14/ME-D4 (30:70) monosluoksnio. MLV paruos$ima sudaro Sie
etapai: (i) buteliuke sumaisomi 10 mM koncentracijos DOPC ir cholesterolio
chloroformo tirpalai (po 50 pl); (ii) chloroformas iSgarinamas puciant silpna
azoto srove apie 30 min. Ant buteliuko sieneliy licka plona lipidy plévelé¢; (iii)
] buteliukg jpilamas 1 ml fosfatinio tirpalo (0,1 M Na;SO; + 0,01 M
NaH;PO4/Na;HPO4, pH 4,7), susidaro 1 mM lipidy tirpalas; (iv) tirpalas
atsargiai pipetuojamas kelias minutes, kol praranda skaidruma — jame susidaro
MLV. Toks tirpalas gali buti laitkomas apie ménesj kambario temperatiiroje
pries kiekvieng naudojima atsargiai jj papipetuojant.®®

MLV tirpalas uzpilamas ant aukso elektrodo dengto misriu SAM
(WC14/ME-Ds 30:70, molinémis proporcijomis) ir inkubuojama apie 20 min.
Véliau elektrodas gausiai plaunamas fosfatiniu tirpalu (pH 4,7)
nenudziovinant elektrodo pavirSiaus. Fosfatinis tirpalas neturi buferinés talpos
esant tokiam pH, taciau eksperimentiskai pastebéta, kad pH pokyciai neturi
didelés reik§més membranos stabilumui. Visgi membrana gaunama maziau

defektuota kai yra formuojama riig§tinémis sglygomis.

3.3.3. Fermenty adsorbcija ant pavirsiaus

Lakazé j6 i§ Didymocrea sp. adsorbuota ant aukso nanodalelémis dengto
aukso elektrodo. Fermentinj elektrodg paruo$é dr. Dalius Ratautas pagal
apraS§ymg pateikta *?> publikacijoje. Adsorbcija vykdyta palaikant
elektrocheminj potencialg ties 0,80 V azz. NHE.

Lakazé TaLc i§ Trichaptum abietinum adsorbuota uzpylus fermento
tirpalg ant SiurkStinto aukso elektrodo ir inkubuojant 30 min. esant atviros
grandinés potencialui. Fermentinj elektroda paruosé dr. Irina Bratkovskaja
pagal 3.2.2. dalyje apraSytg elektrocheminio Siurks§tinimo metoda.

3.4. SAM desorbcija

Tioliy elektrocheminés desorbcijos rezultatai suteikia informacijos apie
pavirsiaus padengima, metalo-sieros rySio stiprj ir tarpmolekulines sgveikas.
Elektrocheminé SAM desorbcija nuo Siurkstinto aukso elektrodo atlikta 0,5 M
NaOH ir 0,1 M NazSOs tirpale, kuriame potencialas skleistas 50 mV/s greiciu
nuo 0 V iki -1,50 V palyginamojo Ag/AgCl elektrodo atzvilgiu. WC14,
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ME-D; ir misraus monosluoksnio potenciodinaminés kreivés buvo lyginamos
su modeliniu junginiu 1-heptantioliu (HPT).

3.5. Spektroskopiniai matavimai

Visi darbe pateikiami spektroskopiniy matavimy rezultatai gauti trejomis
Ramano sistemomis:

LabRam HR 800 (Horiba, Pranciizija). Spektrometras kalibruotas pagal
silicio standarto juostg ties 520,7 cm™.

Dispersinis RamanFlex 400 (PerkinElmer Inc., JAV) su termoelektriskai
Saldomu (-50 °C) CCD detektoriumi, turintis 785 nm bangos ilgio diodinj
lazerj. Spinduliuote perduodama iki méginio optiniu kabeliu. Eksperimento
metu Ramano sklaidos geometrija buvo 180°. Spektrometro bangos ilgiy asis
kalibruota pagal polistireno spektra (ASTM E 1840), o santykinis Ramano
sklaidos intensyvumas Kkalibruotas pagal NIST (National Institute of
Standards and Technology) intensyvumo standarta SRM 2241.

InVia Ramano mikroskopas (Renishaw, Jungtiné Karalysté) su
termoelektriskai Saldomu CCD detektoriumi. 785 nm lazeris derinamas su
1200 réziy/mm gardele. Spektrometras kalibruotas pagal silicio standarto
juostg ties 520,7 cm™,

3.6. Poliarizaciniai Ramano matavimai

ME-D. tirpalo (0,5 M) etanolyje Ramano spektrai registruoti LabRam HR
800 spektrometru. Ramano depoliarizacijos matavimai atlikti méginj zZadinant
532 nm bangos ilgio spinduliuote generuojanéiu lazeriu (Cobolt, Svedija),
kurio galia ties pavyzdziu 22 mW. Naudotas 5x/NA 0,12 (Leica, Vokietija)
objektyvas. Kalibravimui nustatytos CCls standarto spektriniy juosty
depoliarizacijos p vertés yra 0,75 (218 cm?), 0,75 (315cm?) ir 0,007
(459 cm™).

3.7. Kontroliuojamos temperatiiros Ramano matavimai

Visi kontroliuojamos temperatiiros matavimai atlikti temperatiiringje
celéje PE9S5/T95 (LinKam), kurios paklaidy verté 0,05 °C. Meéginys
uzlasinamas ant plieninés Tienta SpectRIM plokstelés.

Temperatiiriniai WC14 junginio Ramano matavimai atlikti LabRam HR
800 spektrometru. Méginys pries kiekvieng matavimag 50 min. buvo laikomas
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nustatytoje (293 K arba 243 K) temperatiiroje. Spektrams Zadinti naudotas
785 nm bangos ilgio diodinis lazeris (Lion, Sacher Lasertechnik GmbH,
Vokietija), kurio galia ties pavyzdziu 22 mW. Naudotas 10x/NA 0,25
(MPlan N, Olympus, Japonija) objektyvas.

Temperatiriniai DOPC ir cholesterolio Ramano matavimai atlikti
RamanFlex 400. Lazerinés spinduliuotés galia ties pavyzdziu apribota iki
100 mW, spindulys sufokusuotas j 200 um skersmens déme ant pavirSiaus.
Spektrai registruoti 300-1000 sek. Méginiai matuoti esant 293 ir 173 K
temperatiirai.

3.8. SERS matavimai

Vandens poveikio SAM struktiirai tyrimas. Inkariniy monosluoksniy
savybiy tyrimas inkubacijos vandenyje metu atliktas InVia Ramano
mikroskopu. 785 nm bangos ilgio spinduliuotés galia apribota iki 5 mW ties
méginiu. Vieno spektro registravimo laikas — 100 sek. Spektrai registruoti
tolimo zidinio objektyvu 50x/NA 0,5 (Leica, Vokietija). Siekiant sumazinti
spinduliuotés sukeliamg foto ir terming méginio degradacija méginys buvo
judinamas 15-25 mm/s grei¢iu lazerio spindulio atzvilgiu.®**® Celés judinimas
lazerio spinduliuotés atzvilgiu taip pat SUmazina atsitiktiniy klaidy tikimybe,
nes tokiu budu uzregistruojamas spektras nuo didesnio elektrodo pavirSiaus
ploto.

Elektrinio potencialo poveikio SAM  struktiirai tyrimas.
Elektrocheminiai SERS tyrimai atlikti RamanFlex 400 spektrometru. 785 nm
lazerinés spindulivotés galia ties pavyzdziu apribota iki 30 mW, o lazerio
spindulys sufokusuotas j 200 um skersmens déme¢ ant méginio pavirSiaus.
Vieno spektro registravimas truko nuo 300 sek. iki 500 sek.

SERS matavimy metu potencialas palaikytas AutoLab PG101 (Methorms,
Olandija) potenciostatu. Matavimai atlikti cilindrinéje trijy elektrody celéje,
naudojant darbinj (DE) aukso elektrodg, pagalbinj platinos vielos elektroda
(PagE) ir palyginamajj Ag/AgCl/3M KCI (PE) elektrodg. SAM tirti 0,01 M
fosfatiniame ir 0,1 M Na,SOs buferyje (pH 6-7). Matavimy metu méginys
buvo nuolatos judinamas 15-25 mm/s grei¢iu lazerio spindulio atzvilgiu.

Elektrinio potencialo poveikio adsorbuotiems fermentams tyrimas.
PavirSiuje adsorbuotos lakazés tirtos RamanFlex 400 spektrometru 0,05 M
fosfatiniame tirpale (pH - 5,4). Matavimo saglygos atitinka apraSytas
ankstesnéje dalyje (Elektrinio potencialo poveikio SAM struktirai tyrimas).
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3.9. Kvantinés chemijos skai¢iavimai

Kvantinés chemijos skai¢iavimai taikomi interpretuojant eksperimentinius
duomenis, modeliuojant trumpalaikius, nestabilius tarpinius reakcijy
produktus ir pereinamgsias biisenas. SkaiCiavimais nustatoma stabili
geometriné struktiira, virpesiniai spektrai, termodinaminés charakteristikos ir
reakcijy keliai.

Teoriniam virpesiniam spektrui apskaiéiuoti dazniausiai taikomi ab-initio
ir tankio funkcionalo teorijos (DFT) metodai. Taikant Siuos metodus
naudojami ne eksperimentiskai gauti parametrai, o fundamentinés fizikinés
konstantos. Ab-initio metodais sprendziama molekuliy sistemos elektrony
banginiy funkcijy Sriodingerio lygtis. Koordinagiy skaiGius §iuose
skai¢iavimuose priklauso nuo elektrony skaiciaus ir yra lygus 3N, ¢ia N —
elektrony skaicius.®” Tuo tarpu DFT metodu, kuris remiasi Hohenberg—Kohn
teorija,® skai¢iuojamas elektrony tankio pasiskirstymas trijose erdvinése
Dekarto koordinatése. Taip sumazinus sistemos kintamyjy skaiciy
skai¢iavimas trunka trumpiau.

Siame darbe teoriniam modeliavimui ir kvantinés chemijos skai¢iavimams
naudota Gaussian programa (GO9W A.02).** Molekuliniy struktiry
optimizavimas ir virpesiniy spektry skai¢iavimas atliktas DFT metodu su
B3LYP funkcionalu ir 6-311++G(d,p) baziniy funkcijy rinkiniu C, H, S, O
atomams ir LANL2DZ funkcionalu su efektyviojo potencialo (ECP) baziniy
funkcijy rinkiniu aukso atomams. Skaifiavimuose aukso pavirSiy imitavo
10 Au atomy klasteris, kuris, kaip buvo parodyta ankstesniais darbais, yra
tinkamas aukso pavirsiui imituoti.*°

Teoriniais metodais apskaiCiuotiems virpesiniams dazniams biudingi
sisteminiai neatitikimai eksperimentinéms reik§méms.*'*®  Paprasti ir
vidutinio sudétingumo algoritmai taikant tam tikrus banginiy funkcijy
rinkinius neatsizvelgia | virpesiy anharmoniskuma ir netiksliai apskaiciuoja
elektrony koreliacijg.** Geresniam teoriniy ir eksperimentiniy duomeny
sutapimui teorinio spektro dazniai ir intensyvumai yra normuojami pagal
formulg: v’=a(v)-v, kur v’ — normuotas daznis, o a.(v) — normavimo faktorius.
Normavimo faktoriaus vertés priklauso nuo pasirinkto skai¢iavimo metodo ir
baziniy funkcijy rinkinio.*? Normavimo faktorius aprasomas formule:*

a() = 1- (1-aF) 222 | )

YF_0

Siame darbe normavimo faktorius o =0,97 pasirinktas atsizvelgus j
metodg ir baziniy funkcijy rinkinj.*? Paprastai v/ ir 1’ reik§més pasirenkamos
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pagal tai, kokiose ribose bus nagrin¢jamas spektras.*® Siame darbe buvo V" =
4000 ir v/ = 600.

Ramano spektrinis intensyvumas yra proporcingas sklaidos skerspjtviui
(0c/0Q)), todél su eksperimentiniais rezultatais tinkamiau lyginti sklaidos
skerspjiivio verte. Apskaiciuotas sklaidos aktyvumas Sj pakeic¢iamas sklaidos

skerspjuviu pritaikius formule:*4#°

doj (2%t (Vo-vo)* h
FrE ( 45 ) ( —hcvj]> (81T2CVJ-> S]v (9)

1-exp|—

kur v yra lazerinés spinduliuotés daznis, v; — virpesinis j modos daznis, K,
¢, h—universalios konstantos. Skai¢iuotame Ramano spektre juostos iSpléstos
iki 4 cm™ plocio ties virpesinés juostos pusauks¢iu (FWHM), taikant Gauso
funkcijg. Tarp apskaiCiuoty harmoniniy dazniy nebuvo menamy (turinciy
neigiama energija), o tai rodo, kad molekulé yra optimalios geometrijos ir
maziausios galimos energijos.

Teorinio modeliavimo duomenims atvaizduoti ir pirminiam spektriniy
juosty priskyrimui  naudota Chemcraft programa. Spektriniy juosty
priskyrimas §ia programa yra nesudétingas, taciau kartais yra nepakankamai
tikslus dél pervertinamos vandenilio atomy jtakos pasirinktam virpesiui. Tam,
kad kiekybiskai bity jvertintas kiekvieno virpesyje dalyvaujanéio atomo
indélis, atlikta potencinés energijos pasiskirstymo (PED) analizé VEDA 4
programiniu paketu.®

3.10. Duomeny apdorojimas

Spektrai apdoroti GRAMS/AI 8,0 (Thermo Scientific Inc., JAV)
programiniu paketu. Visy spektry intensyvumai normuoti vienai sekundei,
atimtas fonas, smailiy dazniai ir intensyvumai gauti aprasSius eksperimentines
juostas Lorenco-Gauso komponentémis. Dvidimensinés koreliacinés analizés
(2DCOS) spektrai gauti pasinaudojus misy paciy paraSyta programa
MATLAB R2013 (The MathWorks Inc.) paketu. Statistiniai duomenys
pateikiami trijy arba daugiau matavimy vidurkiu + standartine paklaida.
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Il DALIS. SAVITVARKIU MONOSLUOKSNIU IR
PAKABINAMU DVISLUOKSNIU LIPIDINIJY MEMBRANU
TYRIMAS VIRPESINE SPEKTROSKOPIJA
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4. Literatiiros apzvalga
4.1. Savitvarkiai monosluoksniai

SAM (savitvarkiais monosluoksniais) vadinamos ant pavirsiy spontaniskai
susiformuojancios molekuliy struktiiros, pasiZzymincios bendra tvarka ir
orientacija pavirsSiaus atzvilgiu. SAM svarbiis nagrinéjant fundamentinius
reiSkinius, kuriant biologinius ir elektrocheminius jutiklius,*"*® molekulinés
elektronikos jrenginius,”® tiriant modelines biomembranas ir | jas
jsiterpian¢ius baltymus,?® elektrony pernasos procesus faziy riboje,*
katalizéje.>? Technologijos moksluose SAM naudojami paviriaus drékinimo,
tepimo, trinties ir nusidévéjimo tyrimams,®® metalo pavirsiy antikorozinei
apsaugai,® kuriant antiadhezinius pavirSius, trukdan¢ius mikroorganizmy
adsorbcijai.®® SAM didina nanostruktiiry stabilumg, uZtikrinta fizinj ir
elektrostatinj barjera mazinantj nanodaleliy agregavima, sumazina pavirsiaus
atomy reaktyvumg ir veikia kaip elektriskai izoliuojanti danga.*®

SAM pritaikymas priklauso nuo jj sudaranciy molekuliy struktiros ir
orientacijos. Pagrindiniai veiksniai lemiantys monosluoksnio struktiirg yra
pavirSiaus morfologija (makroskopiné struktiura, defektai, dislokacijos,
augimo laipteliai, ir kt.) ir jo cheminé sudétis bei saveikos tarp molekuliy ir
pavirsiaus ir tarpmolekulinés jégos (clektrostating, hidrofobiné ir Van der
Valso sgveikos, vandeniliniai rysiai). Sgveiky stiprumg tarp molekuliy ir
pavirSiaus bei tarp paciy molekuliy apsprendzia jas sudarantys struktiiriniai
domenai, kurie skirstomi j prading, pagrinding ir galing grupes (6 pav.).
Kiekviena $iy grupiy atlieka atskirg funkcija:

/
/.i Pagrindiné
/ grupé

| Pavirsius |

6 pav. SAM modelis.
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Pradiné grupé dazniausiai sudaryta i§ tiolio, disulfido, amino, silano,
fosfato, karboksirtigSties ar kity grupiy, sudaro kovalentinj ry$j su
pavir§iumi.>” Per $ig grupe molekulés yra imobilizuojamos pavirSiuje.

Pagrindiné grupé uztikrina kontroliuojama monosluoksnio storj. Ja
sudaro nuo keliy iki keliolikos anglies atomy ilgio angliavandeniliné grandine,
kuri gali buti tiek alifatiné tick aromatiné. Si dalis, veikia kaip fizinis barjeras,
keicia elektros laiduma bei optines sistemos savybes.

Ilgéjant alifatinei grandinei stipréja hidrofobiné saveika tarp molekuliy. Sig
sgveikg valdo molekuliniy hidrofobiniy grupiy hidratacijos termodinamika.
Molekulés turincios grandinéje desimt ir daugiau metileno grupiy formuoja
glaudzius SAM, kurie i§lieka stabilis ore ilgesnj laikg.***° Tokie ilgagrandziy
molekuliy monosluoksniai pasizymi mazesniu defekty skai¢iumi, tolygesniu
pavirSiaus padengimu ir didesne tvarka. SAM stabilumg didina ] alifating
granding jterpiamos cheminés (pvz. amidiné) grupés, kurios sudaro
vandenilinius rysius tarp gretimy molekuliy.®

Galinés grupés saveikauja su tirpikliu faziy riboje, dalyvauja pavirSiaus
modifikacijose ir prijungiant biomolekules, sudaro galimybe vykdyti kitas
chemines reakcijas.*® Galiné karboksiriigsties grupé, -COOH, svarbi baltymy,
biomolekuliy ir Igsteliy prijungimui prie monosluoksnio pavirSiaus. Atskirg
kategorija sudaro molekulés, kuriy funkcija yra jsiterpti j lipiding membrana
taip ja pritvirtinant nedideliu atstumu nuo pavirSiaus. Jy galinés grupés yra
ilgos hidrofobinés angliavandeniliy grandinés, lengvai jsiterpiancios i
lipidinés membranos dvisluoksnj. Pladiau 8iy molekuliy taikymas
konstruojant modelines membranas nagringjamas 4.5.2 skyriuje ,,Biologinés
membranos®.

4.2. Monosluoksniy formavimasis

Iki $iol placiausiai tiriami ant aukso pavirSiaus adsorbuoti ir pradingje
grupéje sierg turintys monosluoksniai. Sj pasirinkimg pirmiausiai lemia gana
stiprus Au-S rysys (ca. 44 kcal/mol).%! Be to auksas sunkiau oksiduojasi nei
sidabras, todé¢l pries formuojant SAM nereikia paSalinti pavirSiaus oksidy,
todél paprastéja pavir$iy paruoSimas.®? Sieros ir seleno atomai pasizymi
auk$tu giminingumu ir Kitiems pereinamosios grupés metalams: sidabrui,
platinai, geleziai, variui ir kitiems.

Molekulés su tiolio grupe adsorbuojasi skylant S—H ir sudarant metalo
sieros Me—S cheminiam rysiui. Proceso metu vandenilis yra redukuojamas ir
pasSalinamas. SAM formavimasi sudaro keli etapai, kuriy skaicius ir trukmé
priklauso nuo molekuliy prigimties ir iSoriniy veiksniy.%®
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Pirmasis etapas trunka nuo keliy minu¢iy iki keliy valandy.®* Jo metu
susidaro cheminis pavirSiaus-pradinés grupés (Au—S) rySys. Etapo trukmé
priklauso nuo molekuliy koncentracijos tirpale, jy difuzijos greicio bei nuo
cheminei reakcijai reikalingos aktyvacijos energijos. IS pradziy molekulés
adsorbuojasi ant pavirSiaus atsitiktine tvarka, jy tankiui didéjant, ima reikstis
tarpmolekulinés saveikos, didéti tvarka. Uzsipildzius visoms aktyvioms
pavirsiaus vietoms prasideda kitas etapas.

Antrasis etapas trunka kelias valandas. Jo metu vyksta SAM reorientacija:
did¢ja tvarka tarp grandiniy, sumazéja molekuliy pasvirimo kampas
pavirSiaus normalés azvilgiu.®® Prasideda kristalizacijos procesai: kieto biivio
molekuliy salelés palaipsniui prisijungia aplink esancias pavienes molekules,
kristalo salelés auga ir pilnai padengia pavirsiy.®® Proceso sparta priklauso nuo
netvarkos (go§ defekty), sgveikos tarp grandiniy (Van der Valso, dipolio-
dipolio) ir molekuliy mobilumo.

4.3. Monosluoksniy struktiira ir stabilumas

Iprastomis sglygomis monosluoksniai yra stabiliis ir chemiskai inertiski,
taCiau galimi tam tikri jy struktiiros pokyciai dél temperatiiros, tirpikliy, pH,
elektrinio potencialo, $viesos (UV) ir deguonies poveikio.486¢

Temperatiros poveikis monosluoksnio struktiirai. Dauguma
alkantioliy molekuliy kambario temperatiroje sudaro tvarkingus
monosluoksnius,  kuriy  angliavandenilinés  grandinés  veikiamos
tarpmolekuliniy jégy jgauna pilnai istiestg konformacija. Nuzzo et al.5" % tyr¢
16, 17, 22 anglies atomus turin¢ius alkantiolius. Infraraudonosios sugerties
duomenys parodé, kad gos$ defektai pirmiausiai susidaro grandinés dalyse prie
galinés grupés, kadangi Sios dalys yra mobilesnés uz vidines.®® Mazinant
temperattirg, molekuliy Siluminis judéjimas slopsta, mazéja gos$ defekty,
molekulés pradeda formuoti j kristalus panasias struktiiras. Siuos
persitvarkymus virpesiniuose spektruose atitinka CH; valentinio asimetrinio
virpesio poslinkis j zemesniy dazniy puse¢ bei daugumos spektriniy juosty
susiauréjimas ir intensyvumo iSaugimas.®!

Monosluoksniy oksidacija. T. Willey et al.” tyrimas atskleidé, kad vienu
1§ pagrindiniy oksiduojanciy agenty yra ozonas, kuris susidaro ultravioletinei
spinduliuotei veikiant oro deguonj. Jie parod¢, kad monosluoksniai islicka
stabiliis laikomi sandariai ir tamsoje ilgesnj laikg. Kito tyrimo metu nustatyta,
kad veikiant ozonu, vyksta intensyvi alkantioliy monosluoksnio ant aukso
pavir§iaus degradacija.”t Alkantioliams oksiduojantis susidaro alkil-
sulfonatai (—SOs’), sulfinitai (-SO), sulfitai (-SOs?) ir sulfatai (-SO4?). Siy
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junginiy giminingumas pavirS$iui mazas, todél jie pazeidzia monosluoksnio
stabilumg ir tvarkg.%®

Kaip greitai oksiduosis pagrindiné grupé priklauso nuo SAM izoliaciniy
savybiy (grandinés ilgio) ir go§ defekty skaiciaus.®® Oksiduojantiems
junginiams sunkiau prasiskverbti per kompaktiskai susipakavusiy
ilgagrandziy tioliy grandines iki pradiniy grupiy esanCiy ties metalo
pavirSiumi. Monosluoksniuose ilgagrandés molekulés taip pat pasizymi
mazesniu santykiniu grandinés go§ defekty skaic¢iumi.

Ant Au(111) pavirSiaus suformuotas tvarkus, defekty neturintis alkantioliy
monosluoksnis pasizymi geromis izoliacinémis savybémis. Sieros atomai
i8sidésto mozaikos principu pagal metalo pavirSiaus atomy gardelés struktiira.
Taciau molekuliy pagrindinés grandinés skerspjivis yra mazesnis nei
atstumas tarp dviejy su pavirSiumi sgveikaujanciy sieros atomy. Dél to tarp
monosluoksnio molekuliy susidaro apie 3 A ploc¢io kanalai, kuriais nesant
iSoriniam elektriniam laukui jonai ir vandens molekulés nesugeba
prasiskverbti.”? Vandens molekulé ir kai kurie jonai turi pana$y arba maZesnj
Van der Valso skersmenj nei vandens kanaly skersmuo, ta¢iau dél vandens
molekules riSanciy vandeniliniy ry$iy ir jony hidratacijos, kanalai jiems
nejveikiami. Sukirus iSorinj elektrinj lauka, tirpale esantys jonai (pvz.: K*,
CI") praranda solvatacinj apvalkala, jveikia SAM pagrindiniy grupiy kuriama
hidrofobin;j barjera, prasiskverbia pro SAM ir pasiekia metalo pavirsiy.’

Elektrinio potencialo poveikis SAM. Potencialy ribos, Kkuriose
alkantioliai iSlieka stabiliis elektrodo pavirSiuje, yra apytiksliai tarp -1,00 ir
0,50 V arz. Ag/IAgCL™ Sios ribos atitinka daugumos per SAM sluoksnj
adsorbuoty fermentiniy elektrody veikimo ribas. Taciau potencialui iSeinant
i§ Siy riby SAM molekulés gali desorbuotis vykstant jy pradinés grupés
oksidacijai arba redukcijai. Ankstesni tyrimai parode¢, kad teigiama elektrodo
poliarizacija monosluoksnio formavimosi metu paskatina greitesn¢ molekuliy
adsorbcijg ir padidina susiformavusio SAM tvarka.’*

Desorbcijos potencialo verte lemia daugybé veiksniy, tarp kuriy:
pavirSiaus energetiné biisena, molekulés hidrofobinés dalies ilgis,
monosluoksnio tvarkingumas, tarpmolekuliniy saveiky stipris. Nustatyta, kad
ant polikristalinio pavirSiaus adsorbuoto SAM desorbcijos potencialas yra
labiau neigiamas nei monosluoksnio ant Zemo kristalinio indekso pavirSiaus,
pavyzdziui Au(111), dél stipresnio molekuliy rySio su pavirSiumi.”’
Aukso-sieros rysio energijos mazéjimas Au(110) > Au(100) > Au(111) siejasi
su $iy pavirsiy aukso atomy koordinacijos skai¢iaus didéjimu.’®

Statiniame elektriniame lauke molekuléms pasireiskia virpesinis Starko
efektas. Starko efektu vadinamas lokalaus ir statinio elektrinio lauko sukeltas
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virpesiniy juosty poslinkis.” Elektrinis laukas kei¢ia virpancio dipolio ()
energija dél rySio anharmoniSkumo (Apam), ir dél cheminio rySio jégos
konstantos poky€io (Apys).®

Starko efektas tiesiogiai priklauso nuo nagrinéjamo virpesio dipolio
momento orientacijos elektrinio lauko krypties atzvilgiu (7 pav.) pagal §j

sarysj:8
v5v0—|vﬁ|-|ff|-cos@ (10)

Kur u yra virpesio dipolio momentas, Es — iSorinis elektrinis laukas, 6 —
kampas tarp virpesio dipolio momento ir elektrinio lauko vektoriy. Virpesio
dipolio momento orientacijai sutampant su elektriniu lauku — efektas
pasireiskia stipriausiai, o kai vektoriai yra statmeni vienas kito atzvilgiu —

nepasireiskia.
A B C Lokalus elektrinis laukas ne
tik lemia baltymy
£ I @ susilankstyma, bet ir yra svarbus

@ molekuliy atpazinime ir

@ ' @ ﬁ F uztikrinant fellmentq kataliting
= @ funkcija. Starko efektu

@ pasinaudojama tiriant lokaly

elektrinj lauka vykstant baltymy
7 pav. Dipoliy (1) orientacija elektriniame saveikoms,® taip pat tiriant
lauke (E). Starko efektas A dipoliui nepasireiskia;  dvigubg elektrinj sluoksnj ties
B dipoliui pasireiskia, bet silpniau nei C. SAM-tirpalo  faziy  riba.t38
Lokaliam elektriniam laukui ir Starko efektui tirti daZniausiai pasirenkama
reportiné nitrilo (—C=N) grupé, kurios pagrindinis virpesys pasireiskia gana
laisvame spektriniame ruoze (ca. 2250 cm?) 8184
Vandens ir Kkity tirpikliy poveikis monosluoksniy strukturai.
Heksadekantiolio (HS—(CH2)1sCHs) struktiiros kitimus sidabro pavirSiuje
veikiant skirtingais tirpikliais tyré C. J. Sandroff et al.®® SERS metodu buvo
nustatyta, kad molekuliy pilnai-trans angliavandeniliniy grandiniy
konformacija mazai kinta veikiant jas vandeniu, o maziau polinis tirpiklis,
CHCIs, dél giminingumo galinéms grupéms (-CHs) monosluoksnio tvarkai
turéjo didesnés jtakos. Chloroformas padidino molekuliy judruma ir go$
defekty skaiciy prie galinés grupés, bet nepaveiké prie pavirSiaus esancios
Ag-S—C grupés.
Vanduo faziy riboje pasizymi kitokiomis struktirinémis ir fizinémis
savybémis nei laisvas vanduo tiryje. Neutrony reflektometrijos tyrimy
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duomenimis, vandens tankis hidrofobines galines grupes turincio
monosluoksnio faziy riboje yra maZesnis nei vandens tankis tiiryje.®® Vanduo
yra ypac svarbus biocheminése ir biologinése sistemose, pirmiausia dél to, kad
Jvairiis §iy sistemy procesai vyksta vandens apsuptyje. Ne iSimtis — tBLM
(pakabinamos dvisluoksnés lipidinés membranos), kurios yra funkcionalios
tik vandeninéje terpéje.

4.4. Monosluoksniy tyrimas Ramano spektroskopijos metodu

Alkantioliy monosluoksniai placiai tiriami pavirSiaus sustiprintos Ramano
(SERS) ir atspindZzio-sugerties infraraudonosios sugerties (RAIRS) metodais.
Sie metodai skiriasi atrankos taisyklémis: infraraudonojoje spektroskopijoje
aktyviausi tie virpesiai, kuriy metu kinta dipolio momentas, 0 Ramano
sklaidos metu aktyviausi tik su molekulés poliarizuojamo poky¢iais susije
virpesiai. Todél nors metodai ir giminingi, gaunami rezultatai nesidubliuoja ir
papildo vienas kita.

A CH ,X B

715
—

633 )

CH,X——CH,. HLC,

s,
s,

s, s,

"

S ~‘S

Gos | Trans

S/ eetaias /S S0 600 700 800 900

Bangos skaicius / cm-1

8 pav. (A) gos (G) ir trans (T) konformacijy palyginimas. (B) Gos ir trans konformacija
spektre tiriama S—C valentiniams virpesiams priskiriamoje srityje (600-750 cmY).

SERS spektruose unikali zemo daznio metalo-adsorbato (aukso, sidabro ir
vario tiolaty) moda pasireiskia 200-280 cm™ srityje.?” Sis metodas leidZia
nustatyti adsorbcijos pavirsSiuje sukeliamg S—H rySio disociacijg ir Me—S rysio
susidaryma, S—C bei C—C rysiy orientacija. Adsorbuoty molekuliy izomering
biiseng ties pradine grupe nusako valentinio S—-C virpesio daznis, spektre
pasireiskiantis gos ir trans konformacinémis juostomis, 600-750 cm srityje
(8 pav.). Santykinis konformery kiekis nusakomas intensyvumy santykiu
At/Ac.

Valentiniy v(C—C) alkilinés grandinés virpesiy sritis ties 1030-1150 cm™
suteikia informacijos apie konformacine pagrindinés grupés biisena.®® Vienas
pagrindiniy socios grandinés busenos zymeny — pilnai-trans juosta ties
1130 cm'™. Sios juostos atsiradimas siejamas su grandinés faziniu peréjimu j
pilnai istiestg ir go§ defekty neturin¢ig biiseng. Tokig biiseng ardo $iluminis
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judéjimas, oksidacija ir  kiti
veiksniai  didinantys  netvarkg
monosluoksnyje, todél pilnai-trans
Juosta yra kietos molekuliy blisenos - _~C O~ C ~C O €
ir klasterizacijos zymuo (9 pav.).

C\ C C © C C
C/ C/ \C/ \C/ \C/ \C/

Valentiniy v(C—H) virpesiy sritj 9 pav. Vykstant angliavandenilinés
. . . .. grandinés pinai-trans virpesiui, grandiné
sudaro daug virpesiy, priklausanciy iSsitempia i susitraukia.

simetrinéms  ir  antisimetrinéms

metilo ir metileno grupiy modoms (10 pav.), taip pat kombinacinéms ir Fermi
rezonanso juostoms. Tiriant valentinius v(C—H) virpesius nustatoma bendra
molekuliy orientacijg pavirSiaus atzvilgiu.®® Tarpmolekulinéms sgveikoms
ypa¢ jautriis v(CHsFR) ir v(CH,) virpesiai — padidéjusi netvarka didina
v(CH3FR) ir mazina v(CH,) juosty intensyvumg.*® Simetrinio bei asimetrinio
valentiniy CH, (ca. 2850 ir 2920 cm™) virpesiy daznis ir pusplotis RAIRS
spektre suteikia informacijos apie monosluoksnio kompaktiskumg. Esant
didesniam go§ defekty skaiCiui alkilingje grandinéje, ar nepakankamai
glaudziam grandiniy susipakavimui, Sios juostos linkusios slinktis j aukstesniy
dazniy puse, jy pusplotis — didéti.’+%

deformaciniai virpesiai

plokstumoje (&®)

I )
o J\/
valentiniai virpesiai \ / \
A Zirklinis svyruoklinis
. A B(CH) p(CH,)
//L\ //L\ deformaciniai virpesiai
ne plokstumoje (8°?)
simetrinis asimetrinis
v,(CH,) v,.(CH,)

— Al -
Q/Le @/Le
véduoklinis sukamasis

w(CH,) tCH,)

10 pav. Alifatiniy molekuliy CH; grupés virpesinés modos. Adaptuota pagal ’.

4.5. Biologinés membranos

Membranos yra sudétingos biologinés struktiiros sudaranc¢ios barjerg tarp
lasteliy ar organeliy vidaus turinio ir aplinkos. Pro membranoje esancius
kanalus ir nesiklius vyksta lgstelei reikalingy molekuliy pernasa, membrana
dalyvauja transformuojant energija, perduodant nervinius impulsus.
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Pagrindiniai biologiniy membrany komponentai yra lipidai ir baltymai.
Amfifilinés lipidy molekulés poliniame tirpiklyje formuoja savitvarkj
dvisluoksnj, j kurj jsiterpiantys baltymai gali atlikti transporto ir biokatalizés
funkcijas. Membranos yra dinamiskos struktiiros, jose nuolat vyksta lateraliné
ir tarpsluoksniné lipidy difuzija. Visgi, nepaisant lipidy mobilumo,
membranos yra asimetri§kos: jy vidinio ir iSorinio sluoksniy sudétis skiriasi,
daugumos biologiniy membrany vidinis sluoksnis turi neigiamg kriivj.

Gyviny Igsteliy membranose daugiausiai aptinkama fosfatidilcholino
(PC), sfingomielino, fosfatidiletanolamino, taip pat fosfatidilserino ir
fosfatidilglicerolio.®? Pagrindinés riebaly riigstis gyviiny ir augaly lgsteliy
membrany lipiduose yra 12-24 anglies atomy ilgio. I§ Siy riig§ciy oleino
rugstis (CHs(CH2);CH=CH(CH,);COOH) aptinkama dazniausiai. Molekuliné
membrany sudétis lemia membrany takuma, fazinio virsmo temperatiira,
asimetriSkumg. Cholesterolis — vienas gausiausiy eukarioty plazming
membrang sudaranc¢iy elementy. Molekulé turi mazg poling dalj — hidroksilo
grupe ir hidrofobing dalj i§ keturiy sujungty ziedy (5 pav.). Pagrindiné
cholesterolio funkcija — keisti membranos takuma ir padidinti susipakavima
tarp riebiyjy rugscéiy grandiniy, kuris uztikrina membranos vientisuma.

Tirti biologines membranas sudétinga dél jy kompleksiskos sandaros ir
vykstanciy procesy gausos, be to tokie tyrimai galimi tik in-situ. Sprendziant
Siuos sunkumus tyrimuose pradétos naudoti sintetinés modelinés membranos
chemine sudétimi primenancios gyvy lasteliy membranas. Pagrindinis $iy
membrany privalumas — nesudétingas paruos§imas ir lengvas pritaikomumas
tyrimuose. Platesnius biologiniy membrany tyrimus paskatino ir tai, jog didelé
dalis ligy yra susijusi su sutrikusiu membraniniy baltymy funkcionalumu.®®

Dirbtinés membranos privalo pasizyméti fizinémis ir cheminémis
savybémis, biidingomis gyvy lgsteliy membranoms: izoliuoti vidaus ir iSorés
tarius, buti elektriSkai nelaidziomis, tac¢iau takiomis ir uztikrinanéiomis
lateralinj molekuliy judrumg. Takumas ypa¢ svarbi savybé | membrang
jsiterpianciy baltymy funkcionalumui islaikyti.

11 paveiksle pateikiamos modelinés membranos, i$ kuriy papras¢iausios i$
vieno arba daugiau lipidy dvisluoksniy sudarytos piislelés — liposomos.
Vidinis liposomy turinys apribotas lipidine membrana, kuri pakankamai taki,
kad i ja galéty jsiterpti ir funkcionuoti membraniniai baltymai. Taciau Siomis
sistemomis sudétinga tirti pernaSos procesus, konstruoti biojutiklius.%
Dvisluoksnes liposomas islicjus i§ skystos fazés ant hidrofilinio metalo
pavirSiaus gaunamos paprastosios lipidinés membranos (angl. suspended
bilayer lipid membrane, sSBLM). sBLM nuo pavirSiaus skiria tik plonas
vandens sluoksnis, o pa¢ig membrang prie pavirSiaus palaiko silpna fizikiné
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11 pav. Membrany modeliai: dvisluoksné liposoma, paprastoji lipidiné membrana
(sBLM), hibridiné lipidiné membrana (hBLM) ir pakabinama dvisluoksné lipidiné
membrana (tBLM).
adsorbcija. sBLM pritaikomos atliekant elektrocheminius tyrimus, konstruoti
biojutiklius, taciau dél pernelyg artimo kontakto su pavirsiumi, jos netinkamos
membraniniy baltymy jsiterpimui, kadangi ekstramembraniniai §iy baltymy
domenai dél kontakto su kietu pavir§iumi denatiiruoja.’*® Be to S$ios
membranos yra nestabilios bei turi daug defekty.

Hibridinés lipidinés membranos (angl. hybrid bilayer lipid membrane,
hBLM) gaunamos vienasluoksnes liposomas adsorbuojant ant savitvarkiu
monosluoksniu funkcionalizuoto metalo pavirsiaus.® Vidinis membranos
sluoksnis jungiasi prie SAM pavirSiaus dél hidrofobinés sgveikos. hBML
fazinio virsmo temperatira yra aukstesné nei liposomy, todél hibridinés
membranos lipidy ir baltymy judrumas normaliomis salygomis gerokai
mazesnis, o pacios membranos pasizymi stabilumu ir kietumu. hBLM
modelio savybés nutolusios nuo gyvy lasteliy membranos savybiy, dél to jy
pritaikymas tiriant biologinius procesus ribotas. Nepaisant to, jos
panaudojamos tiriant j iSorinj membranos sluoksnj jsiterpiancius receptorius
ir tik su iSoriniu membranos sluoksniu sgveikaujancias molekules.

4.5.1 Pakabinamomis dvisluoksnés lipidinés membranos

Pagrindiniai aptarty modeliniy membrany trikumai — standumas ir
pernelyg mazas atstumas tarp lipidy sluoksnio ir metalo paviriaus. Sie
trikumai sprendziami atitraukiant lipidinj dvisluoksnj nuo pavir§iaus per
jvairius polimery, specialiy inkariniy junginiy sluoksnius, membrang
formuojant ant poréto pavirSiaus. Tokios architektiiros membranos yra
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vadinamos pakabinamomis dvisluoksnémis lipidinémis membranomis (angl.
tethered bilayer lipid membrane, tBLM).%":%

tBLM ruosiami keliais etapais. Ant metalo pavirSiaus suformuojamas
misrus inkarinis SAM sluoksnis, ant kurio tirpiklio pakeitimo arba liposomy
licjimo metodu imobilizuojama lipidiné membrana.?®%  Pastaruoju
metu dél paprasto paruoSimo ir atsikartojamumo pradétas naudoti
daugiasluoksniy liposomy ligjimo metodas.®® Siuo metodu ant SAM
uzpilamas  daugiasluoksniy  liposomy tirpalas ir inkubuojamas
20-30 min, po kuriy gausiai nuplaunamas fosfatiniu tirpalu neleidziant
pavirSiui nudzitti.

tBLM pritvirtinama prie pavirSiaus 15 A atstumu per inkarinj
monosluoksnj (12 pav.), uztikrinant pomembraninio jony rezervuaro
palaikymg ir sumazinant pavirSiaus SiurkStumo poveikj membranos
tolygumui.*® Panaudojant tBLM kaip matrica | membrang jsiterpianciy
baltymy tyrimams iSoriniai baltymy domenai issikiSa j pomembrane erdve,
todél tiesiogiai su pavirSiumi nesgveikauja, kaip tai nutinka sBLM tipo
membranose. tBLM yra stabilios ir tinkamos tirti membraniniy baltymy
jsiterpima, lipidy-baltymy saveikas, receptoriy bei fermenty funkcionaluma,
konstruoti biojutiklius.

Kuriant dirbtines membranas, pasirenkama lipidy sudétis artima gyvos
lastelés membranos sudéciai. Siame darbe formuojama lipiding membrana yra
sudaryta i  1,2-dioleoil-sn-glicerolio-3-fosfocholinas ~ (DOPC)  ir
cholesterolio.

Inkarinis :j

.%_\'# O m(’.\‘

S &
P v s

12 pav. Modeliné tBLM membrana pritvirtinta prie aukso pavirSiaus per inkarinj SAM.
SAM sudaro 2-merkaptoetanolis ir WC14; tBLM sudarytas i§ DPhyPC (1,2-difitanoil-sn-
glicerolio-3-fosfatidilcholinas). Dydziai pateikiami remiantis neutrony reflektometrijos
duomenimis.®
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4.5.2. Inkarinio sluoksnio poveikis tBLM funkcionalumui

Inkarinés tBLM membranos molekulés prie pavirSiaus pritvirtinamos per
kovalentinius metalo-sieros, -disulfido, -silano ir kitus cheminius rysius.1%10!
Kovalentiskai imobilizuotos membranos turi pranasumg prie§ fiziskai
adsorbuotas hBLM, kurios nors ir biidamos kietesnés, gali lengviau
desorbuotis, pavyzdziui, veikiamos elektriniu lauku.?
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13 pav. Spéjamas vandens sukeliamas inkariniy molekuliy persitvarkymas.

Disertacijos darbe naudoty inkariniy molekuliy struktira yra tokia, kad
membrana bty patikimai imobilizuota ant pavirSiaus, ta¢iau tiesiogiai su juo
nesaveikauty. Molekules sudaro auksui gimininga tiolio grupé, etilenoksido
fragmentas (EO), kurio funkcija yra atitraukti membrang nuo pavirSiaus ir
sukurti hidrofilinj pomembraninj rezervuarg ir dvi hidrofobinés alkany
grandinés, jsiterpiancios j lipidy dvisluoksnj ir jj imobilizuojanc¢ios (zr. j
5 pav.).

Specifiné inkariniy molekuliy struktiira lemia tai, kad Sios molekulés
vandens apsuptyje formuoja klasterius, dél kuriy pavirSius netolygiai jomis
padengiamas, t. y. tam tikrose pavirSiaus vietose molekuliy tankis yra gerokai
didesnis nei kitose. ISliejus liposomas ant tokio heterogenisko inkarinio
sluoksnio susidaro defektuota membrana su pakitusio lipidy tankio salelémis
bei jvairiais plySiais ir poromis, kurie lemia padidéjusj membranos elektrinj
laidj. Inkariniy molekuliy klasterizacija padidina membranos defektiskuma ir
sukelia izoliaciniy savybiy praradimg.”® Molekuliy hidrofobinés dalys
tarpusavyje suartédamos iSstumia i§ savo aplinkos vandens molekules taip
sumazindamos kontakto su vandeniu plota (13 pav.). Tokia struktira yra
termodinamiskai stabilesné. Taigi vanduo sustiprina hidrofobin; efektg tarp
nepoliniy angliavandeniliniy grandiniy, o tai sukelia molekuliy reorganizacija
bei klasteriy susidaryma, kuris yra neigimas veiksnys tBLM funkcinéms
savybéms palaikyti.

Fizinés tBLM savybés gali biiti valdomos kei¢iant miSraus SAM
inkaro/skiediklio santykj®® ir kei¢iant inkary chemine struktiira. NesoCiyjy
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grandiniy turinCios inkarinés molekulés formuoja maziau tvarkius inkarinius
monosluoksnius, kuriy netvarka iSlaikoma iki gana auks$tos inkariniy
molekuliy koncentracijos (~80 %).%

4.6. Apibendrinimas

Savitvarkiy monosluoksniy ir biologiniy membrany literatiiros apzvalgoje
aptarta SAM morfologija ir formavimosi ant pavir$iaus etapai, monosluoksniy
struktiros kitimas dél temperatiiros, oksidacijos, vandens ir elektrinio
potencialo poveikio. Aptarti modeliniy lipidiniy membrany tipai, jy
privalumai ir trikumai, tBLM formavimo etapai.

tBLM funkcionalumas kritiskai priklauso nuo SAM struktiiros ir
orientacijos metalo pavirsiuje, todél rezultaty aptarimo dalyje pirmiausiai
nagringjamas vandens ir elektrinio lauko poveikis inkariniam SAM
sluoksniui. SERS efektyvumas slopsta eksponentiskai tolstant nuo pavirsiaus,
dél to per keliolika angstremy nuo pavirSiaus nutolusios lipidinés membranos
tyrimas yra sudétingas uzdavinys. Taciau, Siame darbe parodome, kad toks
tyrimas yra jmanomas ir pateikiame pirmgjj tBLM membranos SERS spektra.
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5. Rezultatai ir jy aptarimas
5.1. Vandens poveikis inkariniam membranos sluoksniui

5.1.1. Spektrinés ME-D. monosluoksnio juostos

tBLM (pakabinamos dvisluoksnés lipidinés membranos) yra vienas
modeliniy membrany tipy, pritvirtinty prie pavirSiaus per inkarinj
monosluoksnj. Inkarinés molekulés atlicka svarbias funkcijas — atitraukia
membrang nuo pavirSiaus uztikrindamos pomembraninio tirio susidaryma,
sumazina aukso pavirSiaus nelygumy poveiki membranos homogeniskumui.
Biologinei funkcijai svarbu, kad tBLM biity taki ir plastiska, o tai uztikrinama
mazinant j lipidy dvisluoksnj jsiterpianciy inkariniy molekuliy koncentracijg.
Pavirsiné inkariniy molekuliy koncentracija valdoma keiCiant pavir§iaus
aktyvaus skiediklio koncentracija. 2-merkaptoetanolis (ME) yra vienas
placiausiai naudojamy junginiy, atliekanciy pavirsiaus skiediklio funkcija, nes
jis sudaro stipry kovalentinj ry$j su aukso ir sidabro pavirSiais, yra
trumpagrandis ir turi hidrofiling -OH grupg, formuojancig hidrofilinj pavirsiy.
Mazamolekulinis ME uzpildo aktyvias pavirSiaus vietas, hidrofilinés galinés
grupés surisa vanden; ir kuria hidrofiling pomembraning aplinka.
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A B ' y
2 ~
(- k\% CZ 8
@) W & ‘ s
{ S S
y i S N\SV o B
Ws O - Au
. e Au
[ L
ME-D, gos ME-D, trans

Au, -ME-D, gos  Au, -ME-D, trans

14 pav. Optimizuotos gos ir trans konformacijy ME-D4 ir Au-ME-Ds kompleksy
struktiiros. Skai¢iavimams naudotas DFT-B3LYP/6-311++G(d,p) teorijos lygis C, D, H, S
ir O atomams bei LANL2DZ/EPC aukso atomams.

Tam, kad nepersikloty 2-merkaptoetanolio ir WC14 junginiy spektrinés
juostos Siame darbe buvo naudotas deuteriu zymétas ME-Dy
(2-merkaptoetanolis). ME-D4 zymenys artimojoje (200-1350 cm™) bei auksto
daznio C-D srityse (2050-2640 cm™), nustatyti lyginant 0,5M vandeninio
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15 pav. ME-D4 vandeninio tirpalo (0,5 M) Ramano spektras (a) ir apskaiciuoti ME-Dj4

20§ (b) ir trans (c) konformacijy spektrai.
ME-D; tirpalo Ramano spektrus su ME-D4 aukso pavirSiuje SERS spektrais.
Ramano spektrai registruoti InVia Ramano mikroskopu (Renishaw) Zadinant
532 nm bangos ilgio lazeriu, SERS spektrai registruoti 785 nm bangos ilgio
lazeriu. PavirSiaus spektrams registruoti naudoti ,,Altechna® safyro padéklai
magnetroninio dulkinimo metodu padengti 200 nm storio aukso sluoksniu.

Ramano ir SERS duomeny interpretacijai palengvinti buvo atlikti ME-D4
ir aukso klasterio su prijungtu ME-D4 (Auio-ME-D4) teoriniai skai¢iavimai.
Skai¢iavimai atlikti taikant DFT-B3LYP/6-311++G(d,p) lygio teorija C, D,
H, S ir O atomams ir LANL2DZ/EPC aukso atomams. Minimizuotos Siy
junginiy struktiros vaizduojamos 14 paveiksle; eksperimentinis bei
apskai¢iuoti vakuume molekuliy spektrai pateikti 15 paveiksle. Virpesiniy
juosty nustatymui papildomai buvo remtasi ankstesniais panasiy junginiy
tyrimais*192-11! pej eksperimentiskai iSmatuotais depoliarizacijos santykiais.
1 lentelgje pateikiami junginiy virpesiniai dazniai, jy priskyrimai ir ME-Da4
Ramano depoliarizacijos santykiai.

Pokyciai 16A paveiksle pateiktuose spektruose rodo ME-D, prisijungima
pavir§iuje. Intensyvi ME-Ds tirpalo spektro juosta v(S-H) ties 2585 cm*
iSnyksta dél adsorbcijos skylant S—H rysiui ir susidarant merkaptoetanolio-
pavirSiaus kompleksui (Au—ME-D4). Valentiniy S—C virpesiy ruozas (550—
700 cm?) suteikia informacijos apie molekulés S—-CD; dalies trans/gos
konformacijg,3488103104107.110-113 = Ayi  jzomerinés v(S—-C) juostos tirpalo
spektre nustatytos ties 616 ir 685 cm™, taciau dél adsorbcijos aukso pavirsiuje
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1 lentelé. \Vandeninio ME-D, (SH-C2D,-C1D,-OH) tirpalo (0,5 M) Ramano, adsorbuoto aukso pavirSiuje ME-D4 SERS, apskai¢iuoty ME-D, vakuume
ir pavirSiaus kompleksy (Auio-ME-Da4, Auio-ME-D4- --H,0) juosty dazniai (cm®) ir priskyrimai, Ramano juosty depoliarizacijos santykiai (p).

Ramano (tirpale) SERS Skaiciuotas

Alio- Aujo-
05M Au-ME-D;  ME-Dy  ME-Ds4 a‘gﬁb Q‘E?b ME-Ds-  ME-Ds-
ME-D, P vandenyje  Gos Trans e * H0 H20

Gos Trans y

Gos Trans
2585 vs 0,12 na. 2612 2603 n.a n.a n.a n.a
2324 w nd. 2294 m 2273 2270 2284 2300 2270 2296
2230 s 0,55 2208 m 2238 2254 2269 2218 2262 2232
2161 vs 0,06 2134s 2188 2180 2191 2203 2185 2196
2109 s 0,07 2087s 2151 2153 2185 2139 2180 2149
1166 w 0,48 1148w 1175 1174 1150 1147 1155 1164
1108 m 0,31 1100vs 1123 1119 1106 1118 1109 1125
1066 m 0,42 1053s 1069 1083 1071 1082 1070 1082
1039 m 0,18 1012w 1044 1025 1027 999 1033 1010
974 s 0,17 970s 986 977 943 963 945 978
902 w 0,54 899hbr,s 889 902 900 885 921 882
783 br, w 0,30 783 m 777 732 780 769 792 775
762 w nd. 758 m 759 n.d. 766 n.d. 771 n.d.
736 w nd. 711m 656 n.d. 705 n.d. 698 n.d.
685 m 0,15 678s n.a 671 n.a. 674 n.a. 652
616 vs 0,13 596 607 n.a. 574/630 n.d. 595 n.a.

Priskyrimas

v(S-H)

Vas(CZDz)

Vas(ClDz)

VS(CZDz)

vs(C1Dy)

vas(C2-C1-0)

3(C1Dy) + LC-0O) + 5(OH)
8(C2Dy) + 5(C1Dy) + 3(0OH)
w(C2D,) + v(S-C) + v(C-0)
v(C-0) + t(C1Dy) + t(C2Dy)
+ w(CDy) trans

t(C1Dy) + 6(OH)

[v(C-C) + w(CDy) trans]
t(C2Dy)

t(C1Dy)

r(C2Dy)

v(S-C)r +w(C2D,) +

[3(SH) tirpalo ME-D4]
v(§-C)¢ + r(OH) + t(C1D»)
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393 m 0,21 399w 409 381 436 393 n.d. 386 5(C2-C1-0)
n.a. na. 303br,s n.a. n.a. 272 n.a. 308/343 n.a. V(Au-S)c + v(Au-O)e
n.a. na. 274sh,m n.a. n.a. n.a. 251 n.a. 282 Vv(Au-S)t

Santrumpos: v — valentinis, vs— valentinis simetrinis, v — valentinis asimetrinis, 3 — deformacinis, t — sukamasis, o — svyruoklinis, w — véduoklinis, 5—
zirklinis, vs — labai stiprus, s — stiprus, m — vidutinis, w— silpnas, sh — petys, br — platus, T —trans, G — gos, n.a. — netaikoma, n.d. — nenustatyta.
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Ramano intensyvumas

200 400 600 800 1000 1200 2200 2400 2600
Bangos skaiius / cm™ Bangos skaiius / cm™’

16 pav. (A) Vandeninio ME-Dtirpalo (0,5 M) Ramano spektras (a) ir ME-D4 ant Au
pavirSiaus (1 val. vandenyje) SERS spektras (b). (B) Skai¢iuoti go$ (a) ir trans (b)
konformacijy Auio-ME-D4 kompleksy spektrai.
jos slenkasi j zemesniy dazniy puse (596 ir 678 cmt). Poslinkis nulemiamas
molekuliy sgveikos su metalo klasterio metu sumazéjusiu S—C rySio
elektroniniu tankiu ir metalo masiy efektu.%!® Bangos skai¢iaus poslinkis
(A), pasireiSkiantis junginiui adsorbuojantis, yra gerokai didesnis go$
konformerams (A=-20 cm™) nei trans konformerams (A=-7 cm™). Teoriniai
skaiCiavimai patvirtina gana didelj go$ juostos poslinkj (A=-33 cm?)
formuojantis pavirSiaus kompleksui Auio—ME-Dj4 (1 lentelé).

Skaiciavimai taip pat rodo, kad trans konformero juosta turéty nesmarkiai
slinktis j aukStesniy dazniy puse (A=3 cm®). Toks poslinkis nustatytas dél to,
jog trans molekulei esant tirpale Sig juosta sudaro v(S-C)r moda ir
deformacinis S—H virpesys, 8(S—-H). Gos$ juosta dominuoja tiek pavirSiaus,
tiek Ramano spektre, ta¢iau trans juostos intensyvumas po adsorbcijos
pavirSiuje padidéja (po 1 val. Au-ME-D4 komplekso inkubacijos vandenyje).
Molekulei jungiantis pavirSiuje trans/go§ juosty intensyvumy santykis
Ay (c-s)p/Av(c-s), Pakinta is 0,251 0,62.

Zemy dazniy (200-400 cm™) srities Au-S bei Au-O virpesinés juostos
rodo, kad ME-D, yra prisijunges prie pavirsiaus.**18 Remiantis ankstesniais
darbais3436:88112-114 hej atliktais pavirSiaus komplekso kvantinés chemijos
skai¢iavimais, intensyvios placios juostos ties 274-303 cm? pavirSiaus
spektre priskiriamos valentiniam Au-S virpesiui. Taciau, analizuojant go$
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konformacijos adsorbuoto ME-D4 junginio teorinio modeliavimo rezultatus
paaiskéjo, kad deguonies atomas taip pat sudaro cheminj rysj su pavirSiumi
(14 pav. C). Zemo daznio juosta priskirta persiklojusioms valentinéms Au—O
ir Au-S virpesinéms modoms (1 lentelé). Remiantis aukstos raiSkos elektrony
energijos netekimo spektroskopijos (HREELS) tyrimais, etoksido
(CH3CH20) ir metoksido (CHs0O) kompleksuose su auksu susidarancio
auksas-deguonis rysio valentinio v(Au—O) virpesio daznis yra ties 270 ir
330 cm.1%® Teoriniai trans konformacijos molekulés skai¢iavimy duomenys
rodo susidarantj bidentatinj koordinacinj ry$j tarp sieros ir dviejy aukso
atomy, tuo tarpu go$§ molekulés sudaromas rySys su aukso Kklasteriu yra
monodentatinis (14 pav., Au-ME-D, gos ir Au-ME-D; trans).

2 lenteléje pateikiami go§ ir trans izomeriniy formy ME-Ds bei
Aui-ME-D4 cheminiy rysiy ilgiai pikometrais. Aukstesnis v(S—C)t daznis
palyginus su v(S—C)g susijes su trumpesniu trans ME-D4 konformero S-C
cheminio ryS$io ilgiu. Dél ME-Ds4 adsorbcijos ant aukso pavir$iaus abiejy
konformery S—C rysSiai pailgéja. Panasi tendencija pastebima ir susidarant
kovalentiniam Au-O rySiui, kuomet ilgéja C—O rySys. Taigi, go§ konformery
adsorbcijos metu susidarantys Au-S ir Au-O rysiai nulemia S—C ir C-O rysiy
pailgéjima ir kartu atitinkamy valentiniy v(S—C)g juosty poslinkj j Zemesniy
dazniy pus¢. ME-D, tirpalo spektre vidutinio intensyvumo juosta ties
1108 cm? sudaro keletas virpesiniy mody, i§ kuriy didZiausias jnaSas
priklauso valentiniam C—O virpesiui (16 pav., 1 lentel¢). Dél adsorbcijos §ios
juostos daznis sumazéja iki 1100 cm™?. Kvantinés chemijos skai¢iavimai
numato go§ konformery —OH grupés saveika su pavirdiumi. Si saveika lemia
valentinio C—O virpesio daznio sumaz¢jima, akivaizdu, kad trans molekuliy
adsorbcijos metu C—-O juostos daznio poslinkis neregistruojamas.

2 lentelé. Apskaiciuoti ME-Dj, pavirSiaus kompleksy Auio-ME-D4 bei Auio-ME-Dg-
H.0O gos ir trans konformacijy rysiy ilgiai (pm).

Ryéys M E-D4 ME-D4 Aulo- Aulo- Aulo- Aulo-
gos trans ME-Ds ME-Ds ME-Ds- ME-Ds-
gos trans H20, go§  H20, trans

S-C 184,69 183,99 185,66 185,72 185,82 186,08
c-C 152,75 152,87 152,59 152,72 152,57 153,60
Cc-O 142,19 142,75 145,32 142,16 144,55 140,95
O-H 96,71 96,53 97,58 96,62 99,52 97,66

O---HO 167,22 184,57

241,66 241,64
Au-S 234,53 245,37 234,76 245,40
Au-O 230,74 225,79
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Apibendrinant galima teigti, kad kvantinés chemijos skaiCiavimai ir
eksperimentiniai duomenys rodo tiesioging go$ konformacijos ME-D4
molekulés sgveika su aukso pavir§iumi per hidroksilo grupe. Nustatyta, kad
Au-S rySys yra trumpesnis kai molekulé yra go$ konformacijos.

5.1.2. Spektrinés WC14 monosluoksnio juostos

Siekiant nustatyti spektrinius WC14 junginio Zymenis jautrius molekuliy
glaudumui atlikti kontroliuojamos temperatiros Ramano spektroskopijos
matavimai. Matavimai atlikti LabRam HR 800 spektrometru (Horiba)
naudojant LinKam kontroliuojamos temperatiiros celg PE95/T95. Spektrai
registruoti diodiniu 785 nm bangos ilgio lazeriu, kurio galia — 30 mW,
nustatyta celés temperattra 243 K ir 293 K buvo palaikoma 50 min. prie$
kiekviena eksperimenta ir jy metu. Skystos (293 K) ir kietos (243 K) biisenos
WC14 Ramano spektrai bei adsorbuoto WC14 vandeninéje terpéje SERS
spektras pateikti 17 paveiksle. Virpesinés juostos priskirtos remiantis
ankstesniais tyrimais3488.119-123.90.112-118 4, sjame darbe atliktais WC14 junginio
fragmento kvantinés chemijos skaiCiavimais (18 pav.).

Teoriniam ilgagrandés molekulés modeliavimui pasirinktas WC14
fragmentas, kurio dvi miristoilo (C14) grandinés pakeistos dvejomis C5 ilgio

WC14

Ramano intensyvumas

600 800 1000 1200 1400 2400 2800 3200

Bangos skaiéius / cm™ Bangos skaigius / cm™

17 pav. WC14 skysto (293 K) (a) ir kieto bvio (243 K) (b) Ramano spektrai bei WC14
adsorbuoto ant aukso pavirSiaus vandeningje terpéje SERS spektras (c).
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18 pav. WC14 junginio fragmentas naudotas kvantinés chemijos skai¢iavimams.

grandinémis, taCiau EO (etilenoksido) segmentas nepakeistas. Virpesiniy
juosty dazniai ir jy priskyrimai pateikti 3 lenteléje. Lyginant skystos ir kietos
biisenos junginio Ramano spektrus nustatomos WC14 juostos, kurios yra
jautrios molekuliy grandiniy tvarkai ir glaudumui bei tarpmolekulinei
sgveikai.

Kietos biisenos molekuliy intensyvios juostos ties 1063 ir 1131 cm™
priskiriamos valentiniams v(C-C)r virpesiams, o 1295cm™ metileno
sukamajam t(CHy) virpesiui (17 pav. b). Aukstas $iy juosty intensyvumas ir
mazas pusplotis yra nulemiamas glaudaus molekuliy i$sidéstymo su pilnai-
trans konformacijos alkilinémis grandinémis.®13114120 Zemos temperatiiros
WC14 spektre ties 890 cm™ pasireiskia galinés CHsz grupés dominuojanti trans
konformaciné juosta r(CHj3)7.%8%

Temperatiiros sukelti struktiiriniai pokyciai pasireiskia ir auksto daznio
virpesiniy juosty persitvarkymu. Asimetrinés valentinés metileno vas(CH>)
juostos intensyvumas iSauga ir pasislenka | Zemesniy dazniy puse i§ 2888 |
2883 cm™ junginiui pereinant i§ skystos biisenos j kietg. Metileno valentinio
simetrinio vs(CH2) virpesio juosta taip pat slenkasi j Zemesnius daZnius, i$
2854 2848 cm. Sie spektriniai poky¢iai yra gerai Zinomi didéjancios
tarpmolekulinés tvarkos alkilinése grandinése Zymenys, 8113120

Intensyvi juosta ties 669 cm™ Ramano spektruose priskirta pradinei
SH-CH>-CH>—O- grupei, rodo jog vyraujanti tiek skysto, tiek kieto biivio
junginio WC14 konformacija yra go§ (3 lentelé). Skai¢iavimai patvirtina
minétos juostos priskyrimg valentiniam S—C go$ virpesiui — skaiciuotame
spektre v(S—C)g yra ties 663 cmt. Ramano spektrai suteikia daug informacijos
apie alkiling molekulés dalj, taciau néra tokie informatyviis nagriné¢jant EO
fragmento struktiirg. Skysto WC14 Ramano spektre neintensyvi juosta ties
1243 cm?  priskirta sukamajam deformaciniam EO grupés metileno
virpesiui.’?%12 Sjos juostos savybés nekinta junginiui pereinant j kieta baivj
(243 K). Pagrindiné juostos ties 1129 cm? moda priskirta valentiniam
alkilinés grandinés C—C virpesiui, ta¢iau tikétina, kad jtakos tam gali turéti ir
C-O-C grupés asimetrinis valentinis virpesys, vas(C—O-C).
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3 lentele. WC14 Ramano ir SERS virpesiniy juosty dazniai ir priskyrimas.

Bangos skaicius (cm™) Priskyrimas
Skystas WC14  Kietas WC14 SERS
(293 K) (243 K) Au-WC14-H,0
2888 s 2883 vs 2864 m Vas(CH2)
2854 s 2848 s 2846 m vs(CHy)
2581w 2570 w n.a. v(S-H)

1460 s, sh 1460 s 1452 s d(CHy) sc
1440 vs 1440 vs 1437 s 3(CHy) sc
1367 w 1370 w 1363 w, br t(CHy); w(CHy)
1301 vs 1295 vs 1291 m, br t(CHy)

1280 w, sh 1279 w, sh 1278 m t(CH) EO grandinés
1243 w 1242 w 1212 w t(CH) EO grandinés
1129 m 1131 vs 1128 vs V(C—C)T; vas(C-O-C)
1079 m v(C-C)¢
1065 w 1063 s 1064 w v(C-C)r
1043 w 1040 w 1012 vs vs(C-0-C)

890 w 890 m 889s r(CHs)r
874 m r(CHas)e
844 m 844 w 829 m, br r(CH2) EO grandinés
756 w 756 w r(CHy)
731w 733 w, sh 726 m v(S-C)r
669 m 669 m 644 s v(S—C)c

Santrumpos: v — valentinis, vs — valentinis simetrinis, vas — valentinis asimetrinis, & —
deformacinis, t—sukamasis, r —svyruoklinis, w — véduoklinis, o— Zirklinis, vs — labai stiprus,
s— stiprus, m — vidutinis, w — silpnas, sh — petys, br — platus, T —trans, G — gos.

WC14 molekuliy adsorbcija ant aukso pavirSiaus lemia Zymius spektrinius
pakitimus (17 pav. c¢). Valentinés S—C go$ juostos, v(S—C)g, daznis po
adsorbcijos sumazéja A=-25cm? (SERS spektre 644 cm?). SumaZzéjimas
lemiamas kovalentinio Au-S rySio susidarymo, dél kurio elektronai yra
atitraukiami nuo S-C rysio ir dél metalo masés poveikio.®!® Adsorbcija
sukelia ir trans konformacijos molekuliy S—C virpesio poslinkj j Zemesnius
daznius (726 cm?). Siaura juosta SERS spektre ties 1128 cm? priskirta
pilnai-trans v(C—C)r virpesiui, rodo, kad alkilinés grandinés yra pilnai
itiestos ir defekty neturincios konformacijos. Vidutinio intensyvumo juosta
ties 889 cm* priklauso WC14 molekuliy galiniy metilo grupiy vyraujanciai
valentinio virpesio trans konformacijai.

Ramano signalo stiprinimas priklauso nuo atstumo tarp molekulés ar jos
dalies ir pavirSiaus, todél EO grupiy virpesiai stiprinami smarkiau nei
atitolusios nuo pavirsiaus alkilinés grandinés virpesiai. Intensyvi juosta ties
1012 cm* priskirta EO grupés vs(C-O-C) virpesinei modai. Si juosta yra
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Ramano intensyvumas

600 800 1000 1200 1400
Bangos skaigius / cm’™

19 pav. Kieto buvio WCI14 (243 K) (a) ir kvantinés chemijos metodais skai¢iuoto
WC14 fragmento (b) spektry palyginimas.

Zemesnio daznio nei skysto WC14 spektre (1043 cm™) dél adsorbceijos metu
vykstanciy struktiiriniy EO segmento persitvarkymy. EO grupei priskirtas ir
sukamasis deformacinis CH virpesys SERS spektre pasireiskiantis ties
1278 cmL. Juostg ties 1128 cm™ sudaro keletas virpesiniy mody, tarp kuriy
pilnai-trans v(C-C)t ir, tikétina, EQ srities vas(C-O-C) virpesys.t?1122
Skai¢iuotame modelinés struktiiros spektre juosta ties 1152 cm? priskirta
fazéje vykstan¢iam EO segmento valentiniam v(C-0O) virpesiui (19 pav.).

5.1.3. MiSraus inkarinio monosluoksnio SERS

Tolesniems tyrimams buvo suformuoti misras ME-Ds ir WC14
monosluoksniai (WC14/ME-Da, 70:30 ir 30:70) aukso pavirsiuje. S—C rysio
trans/go$ izomerizacijos santykis — viena svarbiausiy charakteristiky
apibiidinan¢iy merkaptoetanolio formuojamg monosluoksnj. Norint i§vengti
ME ir WC14 junginio virpesiniy v(S—C)1 ir v(S—C)s juosty persidengimo,
naudotas deuteriais zymétas merkaptoetanolis, ME-D4. 20 paveiksle pateikti
ant aukso plokstelés ME-Ds4 ir WC14 junginiy formuojamy monosluoksniy
spektrai valentiniy S—C virpesiy srityje.

Lyginant su WC14 junginio spektru, ME-D4 valentinés S—C gos ir trans
juostos pasislinkusios j zemesniy dazniy puse atitinkamai per 47 ir 48 cm™.
Spektrinis poslinkis leidzia atlikti abiejy junginiy nepriklausoma
izomerizacijos santykio analiz¢. Vienkomponenciy ir misriy monosluoksniy
(WC14/ME-D4, (i) 100:0, (ii) 70:30, (iii) 30:70, (iv) 0:100 molinémis
proporcijomis) spektrai aukso pavirSiuje pateikiami 21 paveiksle.
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Ramano intensyvumas
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Bangos skaigius / cm’”

20 pav. ME-Dy ir WC14 spektriniy juosty palyginimas S—C valentiniy virpesiy srityje.
SERS spektrai registruoti molekules adsorbavus ant aukso pavirSiaus, matuota padékla
panardinus i vandenj.

Vienkomponen¢io WC14 monosluoksnio plati ir intensyvi juosta ties
277 cm?®  priskiriama  v(Au-S) virpesiui (21 pav. d). Taliau
monosluoksniuose, kurie buvo formuoti su merkaptoetanoliu (21 pav. a, b, ¢),
dél dviejy metalo-ligando v(Au-S) ir v(Au—O) virpesiniy mody mai§ymosi,
§iy juosty padétis yra pasislinkusi j aukStesnius daznius (301-303 cm™).

~
3 x5.5
N

Ramano intensyvumas
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21 pav. Savitvarkiy monosluoksniy ant aukso pavirSiaus SERS spekirai.
Monosluoksniai sudaryti i§ ME-D4 (a), WC14/ME-Dy, 30:70 (b), WC14/ME-Ds, 70:30 (C)
ir WC14 (d). Méginiai inkubuoti vandenyje 1 val. Spektro zadinimui naudotas 785 nm
bangos ilgio lazeris.
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Bendras ME-D4 spektro intensyvumas yra didesnis uz WC14 spektro.
Auksto daznio srityje ME-D, valentinés C—D juostos aiSkiai atsiskiria nuo
WC14 valentiniy C—H juosty. Viena i§ ryskiausiy WC14 junginio pirsty
antspaudy srities juosty ties 1129 cm? priskirta valentiniam v(C-C)r
virpesiui. Sios juosta rodo, kad dalis alkiliniy grandiniy yra pilnai-trans
konformacijos. WC14 monosluoksnio vs(C-O-C) juostos ties 1012 cm™
intensyvumas smarkiai sumazéja, formuojant misSry monosluoksnj su ME-Da.
Tokj sumaz¢jimg greiéiausiai lemia EO segmenty orientacijos pokytis j labiau
gulscig padétj pavirSiuje koadsorbuojantis ME-Da.

Didéjant WC14 koncentracijai pavirSiuje, juosta, esanti ties 1053 cm?
vienkomponenc¢io ME-D4 spektre, slenkasi per kelis atvirkstinius centimetrus
i Zemesniy dazniy puse. Si juosta priskirta deformaciniam Zirkliniam CD;
grupés virpesiui susijusiam su O—H deformacine moda. Sj daZnio poslinkj
miSraus monosluoksnio spektre lemia tarp molekuliy susidarantis vandenilinis
ry8ys. Auksto daznio srityje vas(C1D.) ir vas(C2D2) juosty padétys slenkasi j
Zemesniy dazniy sritj i§ 2208 ir 2294 cm™ j 2201 ir 2287 cm™®,

5.1.4. Vandens sukelti miSraus inkarinio monosluoksnio pakitimai

Tiriant vandens poveikj monosluoksniy strukttirai atlikti spektroskopiniai
ant SERS aktyviy ploksteliy adsorbuoto monosluoksnio matavimai nuo
inkubacijos vandenyje laiko. 22 paveiksle pateikiami WC14/ME-D, (30:70)
monosluoksnio spektrai, ploksteléms iSbuvus vandenyje nuo 5 min. (22 pav.
a) iki 72 val. (22 pav. f).

Registruojant spektrus salygos nebuvo kei¢iamos, taciau ilgéjant méginiy
inkubacijai bendras spektry intensyvumas iSaugo. Tokius pokycius
grei¢iausiai lemia faziy ribos metalas-tirpalas struktiros pasikeitimas dél
pavirSiyje vykstan¢iy monosluoksnio molekuliy persitvarkymy. Tyrime
atsizvelgiama tik j santykinj spektriniy juosty intensyvuma, gautg spektrus
normavus pagal ME-Ds deformacing 3(C1D,) juostg ties 1100 cm™,
Valentiniy S—C virpesiy ruoze vyksta pakitimai susij¢ su konformacinémis
v(S—C)s ir v(S—C)t juostomis esanciomis ties 596 ir 679 cm?. Ilgéjant
inkubacijos laikui, santykinis trans juostos intensyvumas mazéja.
Skirtuminiame spektre §i tendencija dar rySkesné (23 pav. A).

Teigiama miSraus monosluoksnio skirtuminio spektro juosta ties 595 cm?
rodo inkubacijos metu padidéjusiag merkaptoetanolio go§ konformery dalj.
Izomerizacijos kitimo priklausomybé nuo inkubacijos laiko pateikiama
23 paveiksle, B grafike. Ilgéjant inkubacijai trans/go$ juosty intensyvumy
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22 pav. Misraus savitvarkio WC14/ME-D4 (30:70) monosluoksnio SERS spektrai.
Méginiai inkubuoti vandenyje 5 min. (a), 30 min. (b), 60 min. (c), 24 val. (d), 48 val. (e),
72val. (f). Spektrai normuoti pagal deformacinés §(C1D) juostos ties 1100 cmt
intensyvumg.

santykis Ar/Ag sumazéja nuo 0,75 iki 0,33. Go§ geometring biiseng palaiko
molekulés sgveika su pavirSiumi per galing hidroksilo grupe (14 pav. C).
ME-D4 hidroksilo grupé sudaro vandenilinj ry$j su tirpalo molekulémis,
dél to kvantinés chemijos skaiCiavimuose pavirSiaus kompleksui pridéta
papildoma vandens molekulé (Aui-ME-Ds-H20) (24 pav.). Skai¢iavimai
patvirtina, kad abiejy konformacijy pavirSiaus molekulés sudaro vandenilinj

72 val
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23 pav. (A) Savitvarkio WC14/ME-D, (30:70) monosluoksnio skirtuminis spektras
inkubacijos vandenyje laikui esant 72 val. ir 30 min. (B) ME-Dj trans ir go§ konformery
valentiniy S-C virpesiy intensyvumy santykio (At/Ag) priklausomybé nuo inkubacijos
vandenyje laiko.
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ry$i su tirpiklio molekulémis per hidroksilo grupes (H20---HO-). Skai¢iavimai
rodo netikéta efekta: dél saveikos su tirpiklio molekule Au-O rysys
sutrumpéja per A=-4,95 pm (2 lentelé). Apskaiciuotas vandenilinio rySio ilgis
gos ir trans konformacijos molekuléms yra 167,22 pm ir 184,57 pm — rySio
stiprumas didesnis gos konformerui. Vandenilinio ry$io ilgio variacijos lemia
skirtingg faziy riboje esancio vandens iSsidéstyma.

Au, -ME-D,(go3)H,0 Au, -ME-D, (trans)--H,O

24 pav. Gos (kairéje) ir trans (desingje) konformacijy pavirsiaus struktiiros modeliai su
pridéta papildoma vandens molekule Aui-ME-Dy4*H20. Struktiiros optimizacija atlikta
DFT-B3LYP/6-311++G(d,p) teorijos lygiu C, D, H, S ir O atomams bei LANL2DZ/ECP
teorijos lygiu Au atomams.

25 paveiksle vaizduojami misraus WC14/ME-D, (70:30) monosluoksnio
ilaikyto skirtingg laikg vandenyje spektrai. Spektrai sunormuoti pagal ME-Da
deformacinés §(C1D,) juostos ties 1099 cm™ intensyvuma. Inkubacijos metu
merkaptoetanolio gos juosta (596 cm™) ima vyrauti trans juostos (677 cm)
atzvilgiu, be to pastebimai iSauga WCI14 valentinés v(C—C)t juostos ties
1129 cm™ intensyvumas. Skirtuminis spektras Siuos pokyc¢ius dar labiau
iSryskina (26 pav. A). Po 72 val. inkubacijos spektre ai$kiai matoma intensyvi
teigiama juosta ties 1128 cm™ bei dvi maziau intensyvios 888 ir 843 cm™
juostos.

Pilnai-trans angliavandenilinés grandinés blisenos Zymens intensyvumas
inkubacijos metu stipréja beveik tiesiskai 1099 cm juostos atzvilgiu (26 pav.
B). Sis pokytis atspindi vidumolekulinius struktiros pakitimus, kuomet WC14
molekuliy alkilinés grandinés jgauna pilnai-trans konformacija. Idomu tai,
kad  monosluoksnyje, kuriame dominuoja pavirSiaus  skiediklis
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25 pav. Misraus savitvarkio WC14/ME-D4 (70:30) monosluoksnio SERS spektrai.
Meéginiai inkubuoti vandenyje 5 min. (a), 30 min. (b), 60 min. (c), 24 val. (d), 48 val. (), 72
val. (f). Spektrai normuoti pagal deformacinés 5(C1D5) juostos ties 1099 cmr? intensyvuma.
Spektrui matuoti naudotas 785 nm bangos ilgio lazeris.

(WC14/ME-Ds, 30:70), §i juosta registruojama visuose spektruose, ta¢iau jos
intensyvumas nuo inkubacijos laiko nepriklauso (22 pav.).

Skirtuminiame spektre pasireiskia galinés metilo grupés struktiiriniy
kitimy Zymenys. Svyruokliniam o(CHzs)t virpesiui priskiriama teigiama juosta
ties 888 cm™? (3 lentelé). Sios juostos intensyvéjimas rodo ilgagrandziy
molekuliy persitvarkyma vandenyje formuojantis paviriaus klasteriams. Sis
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26 pav. (A) Misraus savitvarkio WC14/ME-D4 (70:30) monosluoksnio skirtuminis
SERS spektras inkubacijos vandenyje laikui esant 72 val. ir 30 min. (B) Integruoty WC14
valentinio pilnai-trans C-C virpesio ir ME-Dy juostos ties 1099 cm intensyvumy santykio
(Au128/Asos) priklausomybeé nuo inkubacijos vandenyje laiko.
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procesas lemia galinés grupés persiorientavimg | palankesng trans
konformacija.

Apibendrinant, SERS duomenys rodo vandens sukeltus persitvarkymus
miSraus SAM struktiiroje: WC14 molekulés formuoja pavirsiaus klasterius su
iStemptomis alkilinémis grandinémis, kuriy spektrinis zymuo yra pilnai-trans
v(C-C)r virpesys, be to didéja santykinis go§ konformacija turinéiy ME-D4
molekuliy skai¢ius. Skai¢iavimuose j go§ konformacijos Auio-ME-Ds
kompleksa papildomai jtraukus vandens molekule, rySys su pavirSiumi per
Au-0 jungtj stabilizuojamas: jungties ilgis sumazéja per A=-4,95 pm. Taigi,
galima teigti, kad vanduo skatina go$ izomerizacijos reakcija.

5.2. Elektrinio potencialo poveikis inkariniam membranos
sluoksniui

Modeliniy membrany tyrimuose vieni i§ pladiausiai naudojamy yra
elektrocheminiai metodai. Sie metodai suteikia informacijos apie membrany
tvarkinguma, defekty tankj ir pasiskirstyma, elektring lipidinio dvisluoksnio
talpg, pomembraninio Hemholtzo sluoksnio talpg.?412

Pagrindinis Sios darbo dalies uzdavinys yra istirti, kaip kinta inkarinio
membranos sluoksnio struktiira ir orientacija veikiant jj iSoriniu elektriniu
lauku. Inkarinj sluoksnj sudaro skirtingy koncentracijy WCI14 ir ME-D4
molekuliy miSiniai (100:0, 30:70 ir 0:100, mol:mol). Kontroliuojamo
potencialo eksperimentai atlikti ant elektrochemiskai SiurksStinto aukso
elektrodo, pasirinkus potencialo ribas atsizvelgiant j monosluoksniy
desorbcijos vertes.

5.2.1. Redukciné monosluoksniy desorbcija

Analizuojant tioliy elektrocheminés desorbcijos rezultatus gaunama
informacija apie pavirSiaus padengimg molekulémis, metalo-sieros rysio stiprj
ir tarpmolekulines sgveikas.® Elektrocheminés redukcijos tyrimas buvo
atliktas 0,5 M NaOH ir 0,1 M Na2SO: tirpale skleidziant potencialg 50 mV/s
grei¢iu. Tiriamy molekuliy potenciodinaminés kreivés buvo lyginamos su
modelinio junginio 1-heptantiolio (HPT) (27 pav.). Desorbcijos potencialo
reik§mé priklauso nuo pavirSiaus ant kurio adsorbuotos molekulés. Nustatyta,
kad sudaromas Au-S cheminis rySys tarp molekuliy ir polikristalinio aukso
pavirSiaus yra stipresnis, nei tarp molekuliy ir auksto kristalinio indekso,
pavyzdziui Au(111), pavirSiaus.”” Didesné rySio energija tarp molekuliy ir
polikristalinio elektrodo lemia aukStesnj molekuliy desorbcijos potenciala.
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HTP desorbcija prasideda ties labiausiai neigiamu potencialu (-1,15 V) ir tai
rodo, kad i§ visy tirty monosluoksnis §is yra stabiliausias.

Aukso elektrodo pavirSiaus heterogeniSkumg rodo iSplitusi HTP
desorbcijos juosta, kurios FWHM reik§mé (154 mV) yra gerokai didesné uz
anksciau nustatytg oktantiolio desorbcijos nuo Au(111) pavirSiaus juostos
FWHM (52 mV).1? Toks juostos isplitimas sietinas su padidéjusiu pavirSiaus
energetiniy biiseny pasiskirstymu elektrochemiskai Siurkstinto elektrodo
pavirSiuje.

HPT monosluoksnis turi tik vieng desorbcijos juosta, o kity junginiy SAM
po dvi. Dvejy juosty buvima galima paaiskinti tuo, kad molekulés su
pavirSiumi sgveikauja keliais skirtingais buidais. ME-D4 prie pavirSiaus gali
adsorbuotis tiek per tiolio, tiek per hidroksilo grupes. Tik per sierg su
pavirSiumi yra suristos trans konformacijos molekulés (Au-S), jy desorbcijos
potencialas -0,67 V. Tuo tarpu go$ konformacijos molekulés yra papildomai
stabilizuotos sgveika per hidroksilo grupe (Au—0), todél jy desorbcijai reikia
didesnio neigiamo potencialo (-1,04 V).

skenavimo kryptis
isesbbisiadb i,
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WC14/ME-D,
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<
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] L | 1 | 1 | L
-1.25 -1.00 -0.75 -0.50

E /V atz. Ag/AgCI
27 pav. Potenciodinaminés redukcinés desorbcijos kreivés. Desorbceija atlikta nuo
elektrochemiskai Siurkstinto aukso elektrodo 0,5 M NaOH ir 0,1 M Na,SO; tirpale,
potenciala skleidziant 50 mV/s greiciu, Ag/AgCl palyginamojo elektrodo atzvilgiu.

D¢l WCI14 monosluoksnj stabilizuojanciy jégy (Van der Valso ir
hidrofobinés sgveikos tarp angliavandeniliniy grandiniy, vandeniliniy rySiy
tarp EO grupiy) molekulés desorbuojasi ties aukStesnémis neigiamomis
potencialo vertémis nei ME-Ds (4 lentel¢). Pagrinding WC14 desorbcijos
juostg ties -0,93 V lydi satelitiné juosta ties -1,17 V, kuri gali bati priskirta
WC14 pavirsiaus klasteriy desorbcijai.
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4 lentelé. MiSraus, ME-D4, WC14 ir modelinio HPT monosluoksniy desorbcijos
kriivio tankis, desorbcijos potencialy reikSmés ir apskaiCiuotas monosluoksniy
santykinio padengimo laipsnis.

SAM g]?(‘i’;o Santyki_nis Potencialas,

uC crr'rz padengimas \
WC14/ME-D4 89 0,77 -1,06  -0,75
ME-D4 120 1,04 -1,04  -0,67
WC14 64 0,56 -1,17  -0,93
HPT 115 1,00 -1,15

ME-Ds ir WC14 molekulés misriame monosluoksnyje saveikauja
tarpusavyje. Aukstesnis gryno (100 %) WC14 monosluoksnio desorbcijos
potencialas (-0,93 V) misriame monosluoksnyje dél kolektyvinés desorbcijos
kartu su mazamolekuliniu merkaptoetanoliu sumazgja iki -0,75 V.
Atitinkamai, zemesnis gryno ME-D4 monosluoksnio desorbcijos potencialas
(-0,67 V) misriame monosluoksnyje sgveikaujant su didesne molekule
padidéja. Molekulés tarpusavyje saveikauja hidrofilinémis dalimis,
sudarydamos vandenilinius rysius.

Pavirsiaus padengimas tioliy molekulémis nustatomas i$ redukciniy juosty
ploto. Redukcinés desorbcijos kriivis susijgs su pavirSiaus padengimu, taciau
yra nepriklausomas nuo alkantiolio molekulés ilgio.'?” Anglies atomy skaiius
alkantioliy grandinése lemia desorbcijos potencialo verte, nes jis apsprendzia
Van der Valso sgveiky kiekj, taciau neturi poveikio kriivio kiekiui kurio reikia
desorbcijai jvykti. Lyginant HTP ir inkariniy molekuliy desorbcijos kriivius
jvertinamas pavirSiaus padengimo laipsnis, t. y. nustatoma kiek molekuliy yra
pavirSiaus ploto vienete. Merkaptoetanolio monosluoksnio padengimas
artimas HPT monosluoksniui. Tuo tarpu WC14 molekulés skerspjtvis dél
dviejy ja sudaranéiy EO (etilenoksido) fragmenty yra didesnis, todél ir
nustatytas padengimo laipsnis beveik du kartus mazesnis (0,56). Zinoma, kad
lygaus aukso pavirS§iy padengimas alkantioliais (tarp jy ir HPT) yra
7,6 - 10° mol/cm?.2?7

5.2.2. Monosluoksniy ant elektrodo pavirsiaus SERS

Misraus WC14/ME-D, (30:70) ir WC14 ir ME-D4 monosluoksniy SERS
spektrai uzregistruoti esant atviros grandinés potencialui (ocp=0,28-0,32 V)
(28 pav.). Spektrinés juostos priskirtos remiantis ankstesniais tyrimais (1 ir 2
lentelés) ir kity autoriy duomenimis,8"102110.128
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28 pav. Misraus WC14/ME-D4 (30:70) ir gryny WC14 ir ME-D4 monosluoksniy
SERS spektrai ties atviros grandinés potencialu (ocp=0,28-0,32 V). Pateikiamos
metalo-adsorbato, artimoji ir valentiniy C—-D/C—H virpesiy sritys. Metalo-adsorbato
srities intensyvumas padalintas i§ 3, C—D/C—H virpesiy srities padalintas i$ 2.

WC14 monosluoksnyje zemo daznio srityje matoma viena aiskiai iSreiksta
juosta ties 271 cm™ kylanti i§ molekulés sgveikos su auksu per sierg, Au-S,
ta¢iau ME-Dy ir miSraus monosluoksnio spektre matoma ir antra dedamoji ties
305 cm atsirandanti i§ ME-D4 sgveikos su pavir§iumi per hidroksilo grupe
susidarant Au—O rysiui.

Tipinés go$ ir trans konformacijos WC14 molekuliy valentiniy S-C
virpesiy juostos matomos ties 639 ir 728 cm®. Izotopais Zyméto
merkaptoetanolio (ME-Ds) valentiniai S—C virpesiai pasislinke per A=-44
ir -50cm? | Zemesniy energijy puse. Juosty pasislinkimas uztikrinta
nepriklausoma trans/go$ konformacijy santykio analize abiem junginiams,
taiau misriame monosluoksnyje, dél mazesnio WC14 Ramano sklaidos
skerspjiivio ir mazesnés pavirSiaus molekuliy koncentracijos, WC14
valentinés S—C juostos nepasireiSkia. Vykstant ME-Ds adsorbcijai ant
pavirSiaus gos ir trans juostos slenkasi i§ 616 ir 685 cm™ j Zemesnius daznius
per A=-21 ir -6 cm™. Poslinkis siejamas su elektrony atitraukimu nuo S—C
jungties link Au-S ir su metalo masés efektu.’®® Misraus monosluoksnio pirsty
antspaudy srityje dominuoja merkaptoetanolio juostos, taciau tolimojoje
srityje valentiniai C-D ir C-H virpesiai aiSkiai atsiskiria, todél galima
analizuoti C—D/C—H virpesius individualiai.
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5.2.3. ME-D4 monosluoksnio elektrocheminis SERS tyrimas

Zemos energijos Au-S/Au-O juostos (29 pav.) poliarizuojant elektroda
neigiamai pasislenka j Zzemesnes energijas i§ 270 j 262 cm™ ir i§ 301 j
290 cm. Panasus poslinkis nustatytas ir kvantinés chemijos skai¢iavimais,
kuris rodo Au-S jungties bangos skai¢iaus sumazé&jima i 302 j 277 cm™ ir i§
321 j 301 cm? pakeitus bendrg Aui-ME-Ds komplekso kravj i§ +1 j -1
(5 lentelé). Elektrostatiné stiima tarp neigiamai poliarizuoto elektrodo ir sieros
atomo didina Au-S jungties ilgj. ApskaiCiuotas gos ir trans konformery Au—
S rysio pailgéjimas yra A=3,00 pm ir A=6,52 pm. Eksperimentiskai nustatytas
rySio energijos sumazéjimas dera su teoriSkai apskaiciuotu cheminio rysio
pailgéjimu.

5 lentelé. Apskaiiuoti gos ir trans konformacijos Auie-ME-D4 komplekso rysiy
ilgiai (pm) ir bangos skai¢iai (cm™). Apskai¢iuoty kompleksy kriiviai +1 arba -1.

Rysys Au0-ME-Dg, gos AU10-ME-Dyg, trans
+1 -1 +1 -1
Rysio ilgis / pm
Au-S 234,88 237,88 232,64 239,15
Au-O 248,57 (500,67)
C-S 185,01 184,57 184,93 185,00
c-C 152,45 152,31 152,20 151,57
c-0 144,59 143,53 142,38 143,98
O-H 97,07 96,36 96,34 96,25
Bangos skai¢ius / cm™
Au-S 302 277 321 301
C-S 604 678 675 686

Teoriniai duomenys taip pat rodo, kad esant teigiamam sistemos Kriviui,
molekulé palinksta ties pavirSiumi taip, kad atstumas tarp aukso klasterio ir
hidroksilo grupés sumazéja (248,57 pm) ir tampa artimas cheminiam Au-S
rySio ilgiui (234,88 pm). Poliarizuojant sistema neigiamai daliniai kriiviai
pasiskirsto taip, kad aukso klasteriui tenkantis krtivis yra apie -1, 0 ME-D4
pasidaro neutralus. Sioje konfigiracijoje hidroksilo grupé yra atitolusi nuo
pavirsiaus (30 pav.). Maziausias nustatytas atstumas tarp aukso ir deguonies
atomy dél neigiamos poliarizacijos yra 500,67 pm. Eksperimentiniai
duomenys rodo spektrinés metalo-adsorbato juostos intensyvumo iSaugima
apie tris kartus, kai potencialas yra -0,60 V. Intensyvumo sustipréjimas susijg¢s
su molekuliy reorientacija pavir§iuje Au-S ir Au-O rySiams jgaunant statesne
orientacija  pavirSiaus atzvilgiu ties labiausiai neigiama elektrodo
poliarizacija.
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29 pav. ME-D. monosluoksnio SERS spektrai esant aukso elektrodo poliarizacijai 0,40
ir -0,60 V valentiniy Au-S virpesiy srityje (kairéje) ir pirSty antspaudy srityje (desingje).

Kolektyvia ME-Ds monosluoksnio molekuliy konformacija atskleidzia ir
SERS spektry pirsty antspaudy sritis. Dél neigiamos poliarizacijos valentinio
go§ virpesio, v(S—C)s, daznis padidéja per A=5cm?, o trans, v(S—O)r,
sumazéja per A=-3 cm™ (29 pav.). Nustatytas nedidelis $iy juosty santykinio
intensyvumo (T/G) kitimas. Pradin¢ T/G vert¢ 0,34 padidéja iki 0,41
poliarizuojant elektroda -0,60 V potencialu. Neigiamas potencialas dalj
molekuliy veria persiorientuoti j statmeng blseng pavirSiaus atzvilgiu.
Galiausiai poliarizavus elektrodg 0,40 V T/G santykis v¢l sumazéja iki 0,30.

+1 -1
Gos

~
Ame-0, = 0,51 ,_@?_ < Ame-0,= 0,10
Qau,, = 049 Qau,=-1,10

Trans

¢

f Qume-p, = 0,43 /I/‘QME-Da =0,02

(" ¢

Qauy,= 0,57 auy,=-1,02

30 pav. Kvantinés chemijos metodais apskaiciuotos aukso klasterio ir merkaptoetanolio
(Aui-ME-Ds) struktiiros. Molekulés yra go$ ir trans konformacijy, bendras nustatytas
komplekso kriivis +1 arba -1. Prie aukso klasterio ir ME-Ds nurodyti apskaiCiuoti ty
daliy kraviai, g.
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Spektriné juosta ties 1012 cm™ priskiriama nefazéje vykstan¢iam valentiniam
merkaptoetanolio karkaso C—C—O virpesiui, voop(C—C—-0), 0 dupletas ties 762
ir 784 cm™ priklauso metileno sukamiesiems deformaciniams virpesiams,
tCD; (1 lentele).29110 Atsizvelgus | SERS atrankos taisykles, visy Siy juosty
sustipréjimas patvirtina ME-D4 persiorientavimg j labiau statmeng pozicija
pavirsiui ties labiausiai neigiamomis potencialo vertémis.

Trumpai apibendrinant §j poskyri galima padaryti tokias iSvadas: dél
neigiamos elektrodo poliarizacijos ME-Ds monosluoksnyje nezymiai
padauggja trans konformacijg turin¢iy molekuliy (T/G kinta i§ 0,34 § 0,41).
Tai patvirtina T/G santykio kitimas ir sustipréjusios veep(C—C-0) ir tCD;
spektrinés juostos. Teorinio modeliavimo duomenys atskleidzia Au-S
jungties pailgéjima, taip parodydami kryptinga molekuliy orientacijos kitimo
tendencija kei¢iantis potencialui. Taciau, kaip aptarta literattiros apzvalgos
dalyje, nedidelés iki deSimties anglies atomy (taip pat ir ME-D4) turinCios
molekulés nesudaro kolektyvia orientacija pasiZzymin¢iy monosluoksniy.
Gana didelé duomeny sklaida yra elektrinio potencialo, silpny
tarpmolekuliniy jégy ir Siluminio judéjimo procesy pasekme.

5.2.4. WC14 monosluoksnio elektrocheminis SERS tyrimas

WC14 molekulés yra sudarytos i$ pavirSiaus aktyvios merkapto grupés,
sesiy EO (etilenoksido) fragmenty ir dviejy miristoilo grandiniy (5 pav.).
Monosluoksnio stabilumas palaikomas Van der Valso jégy tarp gretimy
monosluoksnio alkiliniy grandiniy ir hidrofobinés saveikos monosluoksniui
esant vandenyje. Ilgesnés grandinés stabilizuoja monosluoksnj ir mazina
metalo nulinio kriivio potencialg.'?® Elektrocheminés desorbcijos matavimai
parodé, kad WC14 monosluoksnis yra stabilus platesnése potencialy ribose
nei ME-D4 ir miSrus monosluoksniai. WC14 monosluoksnis tirtas potencialy
ribose nuo 0,40 ir -0,80 V palyginamojo Ag/AgCl elektrodo atzvilgiu.

Grjztama Au-S bangos skaiciy priklausomybé nuo potencialo pateikiama
31 paveiksle. Au-S bangos skai¢ius katodinio skleidimo metu sumazéja per
A=-10 cm? (i§ 272 j 262 cm™), sekancio anodinio skleidimo metu daznis
grizta tik iki 267 cm™. Skirtumas tarp pradinés ir galinés verciy sietinas su
monosluoksnio persitvarkymu ties labiausiai neigiama potencialo verte.
Taciau, nutraukus neigimg poliarizacija molekulés monosluoksnyje ne i$ karto
grizta | prading blisena, savaiminis persitvarkymas gali trukti kelias valandas
ir ilgiau, kaip buvo aptarta 4.2. skyriuje.

Kitas aiskus pozymis, kad WC14 monosluoksnis stipriai paveikiamas
katodinio skleidimo — S—C valentiniy virpesiy Sritis. Abiejy go$ ir trans
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31 pav. (A) WC14 monosluoksnio v(Au—S) bangos skaiCiy priklausomybé nuo
elektrodo poliarizacijos, skleidziant potencialg i neigiama puse ir po to j teigiamas vertes.
(B) WC14 monosluoksnio SERS spektrai pirsty antspaudy srityje esant 0,40 ir -0,80 V
potencialui (katodinis skleidimas) ir 0,40 V (anodinis skleidimas). S-C gos ir trans juostos
apraSytos Lorenco-Gauso komponentémis.
konformacijy spektrinés juostos yra jautrios potencialo pokyciui, taciau
atsakas yra skirtingas. Go§ konformacijos v(S—C)s moda (639 cm?) ties
labiausiai neigiamu potencialu zenkliai sustipréja (3,7 karto) ir skyla j dvi
juostas: 629 ir 653 cm™. Tuo tarpu trans juosta slenkasi per A=4cm? j
aukStesniy dazniy puse ir yra randama ties 732 cm™. Auksto daznio (653 cm™?)
peties atsiradimas liudija apie dalinai desorbuoty molekuliy turiniy gos
konformacijg atsiradimg. Kaip matoma 17 paveiksle, tirpale WC14 molekuliy
(S-C)c virpesys yra gana auks$to daznio (669 cm?), kuris molekulei
adsorbuojantis pavirSiuje sumazéja per A=-30 cm™. Atitinkamai, aukStesnio
daznio petys pavirSiaus spektre (31 pav.) ties 653 cm™ rodo, kad dél neigiamo
potencialo dalis monosluoksnio molekuliy pradeda silpniau sgveikauti su
pavirSiumi ir tampa blisenos artimos laisvai, su pavirSiumi nesgveikaujanciai
molekulei. Poliarizavus elektroda pradinémis potencialo vertémis (0,40 V)
juostos grizta j artimas pradinéms vertes, aukSto daznio go$ petys iSnyksta.
Ties visomis potencialy vertémis pavir§iaus molekuliy orientacija ties S—C
grupe yra gos.

Dvi juostos ties 1063 ir 1129 cm? priskiriamos alkilinés grandinés
valentiniams C—C virpesiams, v(C-C)r. AukStesnés energijos (1129 cm?)
spektriné moda priskiriama alkilinés grandinés anglies atomy pilnai-trans
virpesiams (9 pav.). Si juosta iSlicka mazai pakitusio intensyvumo visy
matavimy metu. Go$§ defekty, v(C—C)g, juosta neuzZregistruota. WC14
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miristoilo grandinés islieka pilnai iStiestos dél stabilizuojancios Van der Valso
ir hidrofobinés sgveikos visy matavimy metu.

Detalesné persiklojusiy WC14 monosluoksnio C-H virpesiniy juosty
analizé  atlikta  apraSius  eksperimentinj  spektrg  Lorenco-Gauso
komponentémis (32 pav.). Metileno valentiniy simetriniy (2863 cm?) ir
asimetriniy (2918 cm™) virpesiy daZniai slenkasi per A=-8,49 cm? ir
A=-15,12 cm™ pakeitus potencialg i§ 0,40 j -0,80 V. Procesas grjztamas ir
skleidziant potencialg atgal | teigiama pus¢ juostos grjzta j vertes artimas
pradinéms — 2859 ir 2911 cm™. Metileno grupés molekuléje yra tieck EO
fragmente, tiek alkilinése grandinése ir tai apsunkina vienareik§me tolimos
srities virpesiy analizg. Vieno i§ fragmenty pazyméjimas vandenilio izotopais
palengvinty spektro interpretacija.

Kaip minéta, vyraujanti S-C jungties konformacija yra gos. Tai reiskia,

kad dauguma molekuliq 2920 2880
yra pasvirusios  _ - E\‘E““ 1
- . = 2015 |- — - 28757
pavirSiaus atzvilgiu ties 5 v. CH. ~ ] S
pradine molekuliy 52910 - -— \% 12870 g
- o 3 | 3
dalimi. Mqlskuleu gulint o [ ] 28652
ant  pavirSiaus, EO 3 3 S ] ®
fragmento ir alkilinés ézgoo B L‘“E\} ) é
. . . B --‘——_ <4
grandlnes metllenq §2895 | v,CH, ‘lL\E 4 2855 E§
dipolio momenty I 1
i . 2890 Lt—1 1111 g5
krypties  dedamosios 04 02 00 -02 -04 -06 -08
pavirSiaus atzvilgiu néra E/V atz. Ag/AgCI
nulinés. Kampas 6, 32 pav. Valentiniy vCHj ir vCH, metileno virpesiy

esantis tarp virpesio Ppriklausomybe nuo potencialo.

dipolio momento ir iSorinio elektrinio lauko krypties Ef, lemia Starko efekto
stiprumg pagal cosé sarysj: dipolio ir iSorinio lauko kryptims sutampant —
efektas pasireiskia stipriausiai; dipolis lygiagretus — efektas nepasireiskia (Zr.
i 10 formulg).8! Tai, kad C-H virpesiy bangos skai¢iai slenkasi dél potencialui
patvirtina, kad molekulés su pavirSiaus normale sudaro nenulinj kampg.

Apibendrinant, WC14 molekuliy orientacija kinta elektrodo atzvilgiu jas
veikiant elektriniu lauku. Neigiama elektrodo poliarizacija sumazina pradinés
grupés ir aukso pavirSiaus Au—S rySio energija. Dalies gos konformacijos
molekuliy sgveika su pavirSiumi susilpnéja, jos tampa dalinai desorbuotos nuo
pavir§iaus, tai matome i auk$to daZznio peties ties 652 cm? atsiradimo.
Virpesinis Starko efektas rodo, kad metileno grupés yra orientuotos taip, kad
juy dipolio momento kryptis turi nenuling dedamajg pavirSiaus normalés
atzvilgiu, vadinasi molekulés yra pasvirusios pavirSiaus atzvilgiu.
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5.2.5 Misraus monosluoksnio elektrocheminis SERS tyrimas

Misrus inkarinis monosluoksnis yra integrali tBLM (pakabinamoms
dvisluoksnéms lipidinéms membranoms) dalis. Toliau nagrinéjamos misraus
monosluoksnio suformuoto i§ WCI14 ir ME-Ds (30:70) savybés esant
iSoriniam elektriniam laukui. Potencialo ribos, kuriose atlikti elektrocheminiai
SERS matavimai buvo tarp 0,40 ir -0,60 V atz. Ag/AgCl.

Misrus monosluoksnis i§liko stabilus potencialo ribose tarp 0,40 ir -0,60 V.
Nezymus spektrinio intensyvumo sumazéjimas (< 2%) buvo pastebétas tarp
pirmojo spektro ir tarp spektro ties labiausiai neigiamu potencialu, o didesnis
sumaz¢jimas, siekiantis 25 %, registruojamas paskutiniame spektre, grizus
prie pradiniy potencialo reik§miy. Spektrinio intensyvumo kitimai sietini su
pavirSiaus Siurk§tumo sumazéjimu ir dél to silpnéjanciu SERS efektu bei
molekuliy reorientacija pavirSiuje.

WC14/ME-D,, (30:70)
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33 pav. Misraus monosluoksnio SERS spektras Au-S/Au-O ir 550-1200 cmt srityse,
potencialui esant 0,40, 0,00, -0,40 ir -0,60 V (katodinis skleidimas) ir 0,40 V' (anodinis
skleidimas). Metalo-adsorbato srities spektrinis intensyvumas padalintas i§ 20.

Naujy spektriniy juosty dél potencialo pokyc€io, pavyzdZziui, kaip juostos
ties 653 cm? atsiradimas WC14 monosluoksnyje rodes daling go$
konformacijos molekuliy desorbcija (31 pav. B), neatsirado. Misraus
monosluoksnio spektre dominuoja ME-D4 juostos (33 pav.). Elektrinio lauko
sukelti spektriniai pokyciai didziausi tose molekulés grupése, kurios turi
didziausig dipolio momenta: S—C ir C-O. Dél tos pacios priezasties
deformaciniai CD virpesiy energija (713, 759, 784, 1052 cm™) beveik nekinta.
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Tolesné analizé suskirstoma j spektrines sritis pagal jose dominuojanciy
cheminiy grupiy virpesines modas: (i) metalo-adsorbato virpesiy v(Au—
S)/v(Au—0) sritis; (ii) pradinés S—C grupés virpesiy sritis; (iii) alkiliniy
grandiniy v(C-C) virpesiy sritis it (iV) v(C—-D)/v(C—H) virpesiy sritis.

i. Metalo-adsorbato virpesiy v(Au—S)/v(Au-0O) sritis

Metalo-adsorbato juosta ties 268 cm™ kyla dél ME-D4 ir WC14 sgveikos
su aukso elektrodo pavir§iumi per sierg, 0 305 cm™ dél ME-D., kuris dar
sudaro Au-O ry§j. v(Au—0) juostos intensyvumas Kinta tiesiskai ir padidéja
1,33 karto (34 pav. A). Metalo-tiolato juosta, v(Au-S), 0,40—0,20 V ribose
Kinta nezymiai, taciau ties -0,60 V jos intensyvumas padidéja beveik 4 kartus.
Didesnis spektrinis intensyvumas rodo, kad rySys jgauna labiau statmeng
Orientacija pavirSiaus atzvilgiu.

AuU-S rySio energija tirty potencialy ruoze kinta netolygiai. Pirmiausia,
uzregistruotas tik nedidelis juostos poslinkis per A=-0,83 cm™? pakeitus
potencialg i$ 0,40 j -0,40 V, taciau tarp -0,40 ir -0,60 V rysio energija Zenkliai
mazéja A=-4,47 cm? (34 pav. B). Nustatytas bendras poslinkis yra
A=-5,30 cm™. Energijos maZéjimas sietinas su rysio ilgio didéjimu dél
atsirandancios elektrostatinés stimos tarp neigiamai poliarizuoto elektrodo ir
tiolato. Au—O rysio energijos pokytis artimas tiesiniam, jo verté A=-3,43 cm™,

260 |A 276 -1 . B 306
= } & E
® 160 * Au-S Sl { + 4302 °
g = Au-O » )
o 3 k%
2120 b } §2ag_£ y 1208 @
C w w
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34 pav. (A) Misraus monosluoksnio Au—S ir Au-O spektriniy juosty intensyvumo ir
(B) bangos skaiciaus priklausomybé nuo potencialo.
ii. Pradinés S—C grupés virpesiy sritis
Izotopais zymétos merkaptoetanolio molekulés charakteringy virpesiy
dupletas ties 595 ir 678 cm™, priskiriamas go$ ir trans konformacijos pradinés
S—C grupés virpesiams (35 pav. A). Misriame monosluoksnyje nepavyko
uzregistruoti WC14 pradinés grupés gos ir trans juosty, kurios gryno WC14
monosluoksnyje uzregistruotos ties 639 ir 728 cm™.
S-C go§ ir trans virpesiy bangos skaiius didéja elektrodo poliarizacijai
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35 pav. (A) Misraus monosluoksnio elektrocheminio-SERS spektrai valentiniy S—C
virpesiy srityje ties 0,40 V (@) ir -0,60 V (b) potencialu. (B) Skirtuminis spektras taip pat
pateiktas (c). Gos ir trans virpesiy bangos skaiciaus ir (C) santykinio intensyvumo (T/G)
priklausomybé nuo potencialo.
darantis labiau neigiamai (35 pav. B). Pokytis yra tiesinis tiek gos, tiek trans
konformerams ir jo dydis yra A=-5,32 ir A=-4,12 cm’%, Skirtuminiame spektre
(35 pav. Ac) teigiama juosta ties 671 cm™ rodo, didesnj merkaptoetanolio
trans konformery skaiCiy esant teigiamai elektrodo poliarizacijai (0,40 V).
Taciau nenuoseklus T/G intensyvumy santykio kitimas atskleidzia sudétinga
elektrocheminéje faziy riboje vykstanciy procesy pobudj (35 pav. C), kuriuos
bty galima interpretuoti keliais etapais.

Pirmiausia, 0,40—0,40 V potencialo ribose ilgéjant Au-S rysiui taip pat
didéja ir santykinis trans konformacija turinéiy molekuliy skai¢ius. Siose
ribose T/G santykis padidéja i§ 0,47 j 0,60. Véliau, pereinant i§ -0,40 j -0,60 V
trans konformery kiekis sumazéja iki 0,42 (35 pav. C). Siuos nelinijinius
procesus skatina silpnéjantis metalo-tiolato rySys ir didéjanti monosluoksnio
netvarka.”® Netiesiskumg taip pat gali paaiSkinti ir WC14 molekuliy
klasterizacijos reiskinys, kuris placiau aptariamas kitame poskyryje.

iii. Alkiliniy grandiniy tvarka, v(C-C) virpesiuy sritis

Migraus monosluoksnio pilnai-trans 1129 cm™ juosta yra tarpmolekulinio
grandiniy susipakavimo Zzymuo.®!3  Ankstesniame tyrime nustatyta
nevienareikSmé $ios juostos priklausomybé nuo inkubacijos vandenyje laiko.
(i) Monosluoksnyje, kuriame dominavo pavirSiaus skiediklis, WC14/ME-D,
(30:70), pilnai-trans pasireiské iskart, taciau ilgéjant inkubacijos laikui jos
intensyvumo kitimas nebuvo reik§mingas (22 pav.). (ii) Monosluoksnyje su
didesne ilgagrandziy molekuliy koncentracija, WCI14/ME-Ds (70:30),
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36 pav. Pilnai-trans v(C-C)r virpesio ties 1129 cm? priklausomybé nuo elektrodo
potencialo, apra$yta Boltzmano sigmoidine kreive (R=0,9964). Jterpinys kairéje vaizduoja
netvarkingg SAM matavimo pradZioje; jterpinys desSingje — agreguotos biisenos SAM po
poveikio neigiamu potencialu. Apskaiciuotas potencialas ties juostos stipréjimo pusaukséiu
yra-0,46 £0,03 V.
uzregistruotas beveik tiesinis pilnai-trans juostos augimas, kuris prasidéjo
iSkart po monosluoksnio patalpinamo j vandenj (26 pav. B).

1129 cm intensyvumo atsakas j potencialo kitimg néra tiesiskas — §i moda
nors ir silpna, bet matoma pirmuose spektruose (ties 0,4 ir -0,2 V),
pasiekus -0,4 V ji ima stipréti ir jsisotinimg pasiekia ties mazdaug -0,6 V.
Véliau sekancio anodinio skleidimo metu jos intensyvumas islieka beveik
nepakites. Neigiama elektrodo poliarizacija mazina Au-S rySio energija (34
pav. B), o tai lemia padidéjusj molekuliy judrumg pavirSiaus plokStumoje.
Molekuléms silpniau sgveikaujant su pavirS§iumi sumazéja jy persitvarkymui
reikalinga aktyvacijos energija, todél iSauga vandens poveikis hidrofobinéms
molekuliy dalims. Polinéje aplinkoje hidrofobinés alkilinés grandinés
persiorientuoja minimizuodamos sgveikos su vandeniu plotg ir formuoja kietg
struktirg primenancius dvidimensinius alkiliniy grandiniy klasterius, kuriy
spektrinis Zymuo pilnai-trans v(C—C)r virpesys ties 1129 cm™.

Klasterizacija lemia heterogeninj molekuliy tankio pasiskirstyma
pavirSiuje: vienose pavirSiaus vietose susidarant ilgagrandziy molekuliy
sankaupoms kitose jy beveik nelicka. Siose, laisvose nuo WC14, vietose
dominuoja ME-Ds molekulés. Vanduo skatina ME-Ds molekuliy go$
izomerizacija susidarant su pavirSiumi Au-O rySiui. Taigi, WC14
Klasterizacija yra veiksnys lemiantis ME-Ds go$ izomerizacijos reakcija.
Panasus efektas nustatytas ir vandens sukelto miSraus monosluoksnio
struktiros pakitimy tyrime — WCI14 molekuléms formuojant pavirSiaus
klasterius daugéja ME-D4 gos konformery.'®

iv. v(C-D)/v(C-H) virpesiy sritis

Didziausias izotopinio pakeitimo sukeltas poslinkis matomas auksto
daznio srityje, lyginant merkaptoetanolio C-D ir WC14 C-H juostas (37
pav.). Simetriniai ir asimetriniai prie sieros esan¢io metileno C1D; virpesiai
pasireiskia ties 2086 ir 2209 cm, o metileno esancio prie deguonies atomo
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C2D; ties 2136 ir 2294 cm'™. Poliarizacija j neigiamg puse pastebimai keicia
tik vs(C2D,) ir vas(C1Dy) virpesiy energija: per A=-6 ir 10 cm™.

SERS atrankos taisyklés teigia, kad kuo virpesio kryptis yra statmenesné
pavirSiaus atzvilgiu, tuo virpesys labiau stiprinamas. Nors pavirSiaus atrankos
taisyklé dél maZziau apibrézto pavirSiaus lygumo néra tokia griezta, kokia yra
atspindzio-sugerties infraraudonosios sugerties (RAIRS) spektroskopijoje, ji
galioja ir SERS. Taip yra dél to, kad dazniausiai SERS pavirsiy nelygumai yra
daug didesni uz tiriamy molekuliy dydj. Ankstesnéje publikacijoje parodyta,
jog misy laboratorijoje elektrochemiSkai Siurkstinto aukso elektrodo
pavirSiaus nanodariniy skersmuo yra 100-500 nm,**! tuo tarpu ilgagrandziy
SAM molekuliy ilgis yra apie 3 nm.*'*2 D¢l tokio masteliy skirtumo
adsorbuotas molekules nagrinéjame neatsizvelgdami j pavirSiaus nelyguma.

Skirtuminiame spektre (37 pav. Ac) uzregistruotas juosty intensyvumo
pokytis. Neigiamos 2122 ir 2221 cm? spektrinés juostos rodo, kad ties
neigiamu potencialu (i) sustipréja prie sieros atomo esan¢io metileno
simetrinio valentinio virpesio intensyvumas —vs(C2D;) virpesio kryptis tampa
labiau statmena elektrodo pavirSiui; (ii) ties deguonimi esantis metilenas,
C1D;, pasisuka per C2—C1 jungtj. C1D, grupés asimetrinio virpesio kryptis
taip pat tampa statmena pavir§iui. Simetrinio C2D; virpesio stipréjimas rodo,
kad dalis molekuliy persiorientuoja taip, kad buty palinkusios link pavirSiaus
(37 pav. B). Tai dera su anks¢iau parodytu T/G santykio kitimu, kuomet ties
labiausiai neigiamomis elektrinio potencialo vertémis nustatytas zenklus gos
konformery santykinio skai¢iaus didéjimas (35 pav. A).

Valentiniy C—H virpesiy srityje dvi persiklojusios juostos ties 2859 ir
2915 cm® priskiriamos simetriniam ir asimetriniam metileno virpesiams.
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37 pav. (A) Misraus monosluoksnio C-D ir C-H srities SERS spektrai ties 0,40 V (a)
ir -0,60 V (b). Skirtuminis (c) spektras taip pat pateikiamas. (B) ME-D, orientacija, kuriai
esant V;C2D; ir VsC2D; metileno virpesiai yra stiprinami pavirsiaus labiausiai.
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Atlikus metileno juosty apraSyma Lorenco-Gauso komponentémis aiSkios
priklausomybés nuo potencialo nepastebéta. PrieSingi rezultatai gauti
vienkomponenc¢io WC14 monosluoksnio tyrime, kur juostos slinkosi j
7emesnius daznius per A=8,49 cm ir 15,12 cm™ simetriniam ir asimetriniam
valentiniams virpesiams. Sie rezultatai leidZia daryti prielaida, bendra WC14
orientacija misriame ir vieno komponento monosluoksniuose skiriasi.

Skirtuminiame C—H srities spektre ry$kéja dvi neigiamos juostos ties 2892
ir 2956 cm, priskiriamos galinés metilo grupés simetriniams ir asimetriniams
virpesiams. Siy juosty atsiradimas ties neigiamu potencialu kyla dél alkilinés
grandinés persitvarkymy j tokia pozicija, kurioje metilo grupés jgauna labiau
statmeng orientacijg pavirsiaus atzvilgiu.

5.2.6. MiSraus monosluoksnio dvidimensiné koreliaciné analizé

Dvidimensiné koreliaciné analizé (2DCOS) yra spektry analizés metodas
padidinantis rezoliucijg ir padedantis iSsiaiskinti spektriniy kitimy eigg.!*
2DCOS yra universalus ir pritaikomas (i) jvairiems virpesinés
spektroskopijos, branduolio magnetinio rezonanso, Rentgeno spinduliy
difrakcijos, chromatografijos metodams, taip pat (ii) jvairiems tyrimo
objektams bei (iii) iSoriniams poveikiams ir vidiniams Kitimams:
temperatirai, elektriniam ir magnetiniam laukui, cheminés reakcijos laikui,
medziagy koncentracijos pokycCiams ir kitiems.

2DCOS Zemélapiams formuoti reikalingas palyginamasis spektras, kuriuo
gali bati pirmas, vidurinis, paskutinis serijos spektras arba spektras gautas
suvidurkintus visg serijg. 2DCOS Zemélapyje matoma, kiek viena ar kita
spektriné juosta pakito palyginamojo spektro atzvilgiu. Nepaisant to,
palyginamojo spektro pasirinkimas turi nedidel¢ reikSme¢ galutiniam
rezultatui, be to tam tikrais atvejais jo galima i§ viso nenaudoti. Pagal
susitarimg, dvidimensiniame Zemélapyje abscisiy aSis vadinama vl, o
ordinaciy v2. Spektriniy juosty pora sudaranti 2DCOS pikg uzrasSoma (v1,v2).

Tiriamoje misraus WCI14/ME-Ds (30:70) monosluoksnio sistemoje
iSorinis poveikis buvo elektrodo potencialas, kurio vertés nustatytos 0,20 V
intervalais tarp 0,40 ir -0,60V palyginamojo Ag/AgCl atzvilgiu.
Palyginamuoju spektru pasirinkta suvidurkinta visy SeSiy matavimy serija.
Spektrinés juostos, kuriy vertés teigiamos, pazymétos geltonai ir Zaliai,
neigiamos — mélynai (38 pav.). Tam, kad iSry$kéty dvidimensinés juostos ir
paveikslai biity aiskesni, nedideli intensyvumo kitimai ties nuline verte buvo
panaikinti (pazyméti balta spalva).
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38 pav. (A) Misraus SAM sinchroninis ir (B) asinchroninis dvidimensiniai koreliaciniai
Zemélapiai (2DCOS) 865-1170 cm? srityje. 2DCOS suformuoti i 6 spektry uzregistruoty
ties skirtingomis potencialo vertémis nuo 0,40 iki -0,60 V. ASyse pateiktas palyginamasis
spektras. Geltona ir Zalia spalvos Zymi teigiamas vertes, mélyna — neigiamas.

Sinchroniniame 2DCOS Zemélapyje (38 pav. A) ant jstrizainés esancios
smailés vadinamos auto-pikais. Sie auto-pikai bana tik teigiamy veréiy ir
nurodo vienos juostos autokoreliacijg, t. y. kaip smarkiai kinta juosta dél
iSorinio poveikio. Kuo auto-pikas intensyvesnis, tuo virpesiné juosta jautresné
iSoriniam, §iuo atveju elektrinio lauko, poveikiui. 865-1170 cm? srityje
stipriausias auto-pikas yra ties 1100 cm™; kiti, maZiau stipriis randami ties
1011, 978, 956 cm™. Tai, kad neregistruojami 1053 (§(CD,) + 8§(OH)), 934 ir
889 cm (t(CD,) + 8(OH)) auto-pikai, rodo $ios juostos nejautrios elektrinio
lauko pokyc¢iams.

Greta auto-piky sinchroniniame zemélapyje yra ir kryzminiai pikai (angl.
cross-peaks). Sie pikai randami ne ant jstrizainés ir gali biiti tiek teigiami, tiek
neigiami. Teigiami kryzminiai pikai ties (1102,978), (1102,1153) ir
(1011,956) rodo, kad Siy spektriniy juosty pory intensyvumas kinta ta pacia
kryptimi, t. y. arba abi juostos dél potencialo poveikio stipréja arba abi silpsta.
Juosta ties 1053 cm™ yra mazai jautri iSoriniam poveikiui, todél pasireiskia
kryzminiu piku tik dél stipraus 1102 cm? juostos kitimo, (1102,1053).
Neigiamy (1129,1102), (1102,956), (1102,1010), (1102,1025), (1011,978) ir
(978,956) piky pazyméty meélynai vertés yra juos sudaranciy pory
intensyvumo Kitimo j prieSingas kryptis pasekmé — vienas i§ poros piky
stipréja, kitas netenka intensyvumo.

Asinchroninis 2DCOS Zemélapis (38 pav. B) padeda atskirti persiklojusias
spektrines juostas ir nustatyti ty juosty vystymosi eiliskuma. Siame
zemélapyje pasireiskia tik kryzminiai pikai, kurie btdingi dviejy virpesiniy
juosty intensyvumui kintant ne fazéje viena kitos atzvilgiu. Teigiami
asinchroniniai pikai (v1,02) atsiranda, kai pirmiau pradeda kisti v1 juostos
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intensyvumas, o tik tada v,. Si taisyklé galioja ir atvirk§¢iai: neigiamas pikas
rodo, kad poky¢iai prasidéjo pirmiau vz nei vi. Taikant $ias taisykles, perSasi
iSvada, kad potencialo sukelti pokyciai neigiamoje asinchroninio (1129,1102)
piko poroje pirmiausiai pasireiskia v, — 1102 cm™. Atitinkamas pikas
sinchroniniame zemélapyje yra su neigiamu Zenklu, tai reiskia, viena
spektriné juosta stipréja, o kita silpsta. Kad 1129 cm™ atsiliecka matéme i3
l1120/l1100 santykio priklausomybés nuo elektrinio lauko (36 pav. B), kur
santykis ima didéti tik potencialui pasiekus -0,20 V.

Asinchroninis 2DCOS Zzemélapis atskleidzia potencialo sukeltus pokycius:
1102 cm'* juostos priskiriamos v(C—O) intensyvumo poky¢iai vyksta anks¢iau
nei 940 ir 880 cm™ juosty. Atitinkamai, 978 cm™ pralenkia 1011 cm™. Vienas
intensyviausiy asinchroniniy piky (1102,1010) rodo, kad pokyciai pirmiausia
prasideda valentiniame C-O virpesyje (1102 cm?), o tik véliau 1010 cm?
juostoje, kuri skai¢iavimais buvo priskirta w(C2D2) +v(S—C) + v(C-0O). Taip
pat i§ sinchroninio Zemélapio matome, kad Siy juosty intensyvumas kinta
skirtingomis kryptimis. Asinchroniniame Zemélapyje nebuvo uzregistruotas

(1011,956) pikas rodo, kad §iy juosty pokyciai sinchronizuoti.

5.3. Pakabinamos dvisluoksnés lipidinés membranos SERS

Ant  inkarinio WC14/ME-Ds;  (30:70)  monosluoksnio MLV
(daugiasluoksniy liposomy) liejimo metodu suformuota tBLM (pakabinama
dvisluoksné lipidiné membrana). Po membranos formavimo etapo elektrodas
gausiai  plaunamas fosfatiniu  tirpalu, norint paSalinti laisvus,
nesuagregavusius, lipidus ir lipidy vir§sluoksnius. MLV sudaré¢ DOPC ir
cholesterolio (50:50) miSinys (5 pav.). Nustatyti spektriniams tBLM
komponenty zZymenims ir jvertinti suformuotos membranos savybéms buvo
uzregistruoti DOPC ir cholesterolio Ramano spektrai kambario temperatiiroje
ir esant -100°C (tik DOPC). DOPC ir cholesterolio fazinio virsmo
temperatliros yra atitinkamai -17 °C ir 148 °C, todé¢l eksperimento buvo metu
uzregistruoti tik kietos ir skystos busenos DOPC ir kietos busenos
cholesterolio Ramano spektrai (39 pav.). Lipidy Ramano spektruose
nustatytos biidingos juostos ties 1655-1659 ir 1672 cm?, priskiriamos
valentiniam dvigubos C=C jungties virpesiui nesoc¢iosiose DOPC molekulés
grandinése ir valentiniam dvigubos C=C jungties virpesiui cholesterolio B
ziede.!2213*  DOPC molekulés karbonilo grupés virpesys v(C=0)
registruojamas ties 1738-1739 cm', o intensyvi Zemo daznio juosta ties 718—
719 cm? priskiriama valentiniam hidrofilinés molekulés dalies etanolamino
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v(N*(CHs)3) virpesiui.1?
Cholesterolio spektre taip pat aiskiai
matomos juostos ties 607 ir 701 cm-
1) i§ kuriy didesnés energijos
priskiriama Zziedo deformaciniams
virpesiams. '3

Juosta ties 1655 cm?t yra 5
angliavandenilinés grandinés ; . . : . .
bﬁsenos tieS dVIgUba C:C Jungtlml 600 800 1000 1200 1400 1600 1800
indikatorius. Temperatiirinis Bangos skaitius / cm”
Ramano eksperimentas atskleidzia, 39 pav. Kambario temperatiros (KT)
kad fazinio DOPC molekuliy virsmo ir -100 OC. DOPC Ramano_spektrai ir KT
. R o cholesterolio Ramano spektras.
1§ skysto buvio ] kieta, t. y. didéjant
tarpmolekulinei tvarkai, v(C=C)
virpesio energija padidéja per 4 cm™.
Didéjancia tvarka sociojoje
angliavandenilinés grandinés dalyje
rodo deformacinio t(CH.) virpesio
ties 1302  cm?®  energijos
sumaz¢jimas iki 1297 cm? ir Sios

Cholesterolis ¥

Ramano ilntensyvumas

960
1129
1672

g (b) SAM

Ramano intensyvumas

juostos pusplocio (FWHM)
sumaz¢jimas.t*®
SERS  spektrai registruoti : s s s s s
.. R 600 800 1000 1200 1400 1600
fosfatiniame tirpale (4,6 pH) T

elektrochemingje celéje. Pirmiausia 40 pav. tBLM (a) ir inkarinio membranos
uzregistruoti  pavirSiaus  SAM sluoksnio (SAM) ir (b) SERS spektrai
spektrai. Véliau ant §io SAM iglieta 550-1700 cm srityje. Spektrai sunormuoti
pagal 1100 cm™ juosta. Pateikiamas taip pat ir
skirtuminis spektras (c).

tBLM ir uzregistruotas spektras. 40
paveiksle pateikti susumuoti trijy
atskiry eksperimenty duomenys, kuriy bendras spektry registravimo laikas
SAM ir tBLM atitinkamai susidaré 80 ir 230 min. Miisy Ziniomis iki §iol néra
publikuoty moksliniy straipsniy skelbianciy sékmingai uzregistruotus tBLM
membranos SERS spektrus. To priezastis gali buti ypatingai silpnas
membranos signalas, dél to, kad lipidy molekulés yra nutolusios nuo
pavirsiaus gana dideliu atstumu (ca. 15 A).%

SERS efektas itin greitai silpsta didéjant molekuliy atstumui nuo
pavirSiaus, dél to didesnis pavirSiaus stiprinimo efektas teks arCiau jo
esanCioms lipidy molekuliy dalims. Jprastai apatinio tBLM membranos
sluoksnio molekulés j pavir$iy yra nukreipusios hidrofilines dalis, tuo tarpu jy
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angliavandenilinés grandinés nukreiptos tolyn. Dél to formuojantis tvarkingai
membranai biity tikimasi stipriausiy juosty priskiriamy polinés molekuliy
dalies virpesiams. Siekiant iSryskinti nedidelius pokycius tarp SAM ir tBLM
spektry, sukonstruotas skirtuminis spektras, normuotas pagal 1100 c¢m
juostos intensyvumg. (40 pav. C). Skirtuminiame pavirSiaus spektre ryskéja
kelios DOPC ir cholesteroliui biidingos juostos, rodancios, kad prie pavirSiaus
yra lipidy molekuliy dariniy. Juostos ties 717 ir 1655 cm™ priskiriamos
valentiniams DOPC polinés etanolamino grupés ir dvigubo C=C rysio
virpesiams, tuo tarpu 607 ir 960 cm™ juostos priskiriamos cholesteroliui.
Pastebétina, kad pavirSiaus spektre nepasireiskia cholesteroliui budingas
ziedo dvigubos jungties virpesys Vv(C=C), kuris Ramano spektre
uzregistruotas ties 1672 cm™. Skirtuminiame spektre taip pat pasireiskia CH
grupiy deformacinés virpesinés juostos (1269, 1301 ir 1437 cm™), kurios gali
kilti tiek i§ tBLM lipidy, tiek i§ SAM molekuliy (17 pav., 3 lentelé ir 39 pav.).

DOPC faziné biisena ties dviguba jungtimi C=C koreliuoja su Sios jungties
valentinio virpesio v(C=C) energija. Temperaturinis Ramano eksperimentas
parodé, kad fazinio virsmo j kieta btivi metu Sio virpesio energija didéja iki
1659 cm™. Lyginant pavir$iaus ir Ramano spektrus ai¥kéja, kad DOPC
molekulés tBLM membranoje yra skysto bivio ties dviguba jungtimi
angliavandenilinéje grandingje. Tai leidzia daryti prielaida, kad membranos ar
jos dariniy biisena prie pavirSiaus yra skystakristalé.

Imobilizavus tBLM taip pat nustatyti nezymis pokyciai inkarinio
sluoksnio strukttiroje. Skirtuminiame spektre iSrySkéja teigiama 1129 ¢cm™
juosta, kuri priskiriama WC14 angliavandeniliniy grandiniy pilnai-trans
virpesiams. Sios juostos suintensyvéjimas ankstesnése $io darbo dalyse buvo
priskirtas pavirSiaus molekuliniy klasteriy formavimuisi. Taciau, Siuo atveju
juostos iSaugimas gali buti siejamas su hidrofobiniy WC14 molekuliy
grandiniy jsiterpimu j lipiding membrang ir iStemptos jy formos stabilizavimu
membranos hidrofobinéje aplinkoje. Siuos duomenis papildo ir maZo
intensyvumo juostos ties 887 cm atsiradimas skirtuminiame spektre. Si
juosta yra galinés metilo grupés trans konformacijos Zymuo, r(CHs)r. Kita
WC14 molekuliy spektriné juosta ryskéjanti skirtuminiame spektre ties
846 cm? priskiriama EO (etilenoksido) fragmento r(CHz) ir v(CO)
virpesiams. Ankstesniuose darbuose $i juostos atsiradimas buvo sietas su EO
fragmento strukttiros poky¢iais fragmentui jgaunant spiralinés formg. 3613

SERS duomenimis membrang formuojant i§ MLV ant pavir§iaus susidaro
stabilais lipidy dariniai, atspartis praplovimui fosfatiniu tirpalu. Nepaisant to
spresti apie tBLM struktirg sudétinga, pirmiausia dél prastai apibrézto
elektrodo SiurkStumo.
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6. Rezultaty apibendrinimas

Pakabinty dvisluoksniy fosfolipidiniy membrany savybés priklauso nuo
jas pavirsiuje pritvirtinancio inkarinio sluoksnio. Inkariniam monosluoksniui
formuoti dazniausiai naudojamos ilgagrandés | membrang prie pavirSiaus
pritvirtinanéios tiolio molekulés ir mazos molekulinés masés pavirSiaus
skiediklis.?*% Sioje dalyje apradyti vandens ir elektrinio potencialo sukelti
inkarinio membranos sluoksnio struktiiros kitimai. Deuterio izotopais Zymétas
ME-Ds (2-merkaptoetanolis) naudotas siekiant, kad nepersikloty inkarinio
monosluoksnio molekuliy spektrinés juostos S—C ir C-H/C-D valentiniy
virpesiy srityse. SERS matavimai in-situ, izotopinio pakeitimo metodas ir
kvantinés chemijos skaifiavimai atskleidé molekuliy sudaromy cheminiy
ry$iy su pavirSiumi ypatybes bei vandens ir elektrinio potencialo sukeltus
strukttirinius molekuliy persitvarkymus.

Vandens poveikis SAM struktiirai

Vienkomponenc¢io WC14 monosluoksnio plati ir intensyvi valentinio
Au-S virpesio juosta uZregistruota ties 277 cm™. Si Zemo daZnio juosta
misriuose (WC14/ME-Ds4, 30:70 ir 70:30) ir vienkomponenc¢io ME-D,
monosluoksniuose turi antrg dedamajg ties 301-303 cm™. Teorinis
Aui-ME-D4 kompleksy modeliavimas patvirtino, kad ji priklauso tarp aukso
pavirSiaus ir merkaptoetanolio deguonies susidaromo Au—O rysio valentiniam
virpesiui. SkaiCiavimai atskleidé, reik§minga go§ konformero komplekso
Au-0O rysio ilgio sumazéjima (A=4,95 pm) pridéjus papildoma vandens
molekule (Au-ME-D4-H;0), o tai rodo, kad vanduo stabilizuoja ME-D4 ant
pavirSiaus ir i§ dalies pakreipia molekuliy izomerizacijos reakcijg i gos puse.

Adsorbuoto merkaptoetanolio santykinis valentinio v(S-C)c virpesio
intensyvumas didéja ilgéjant inkubacijos vandenyje laikui. Skaic¢iavimai rodo,
kad tokig geometrijg palaiko susidarantys papildomi merkaptoetanolio rySiai
su pavirSiumi per deguonj, Au-O. Spektriniais metodais nustatyti ir
ilgagrandzio WC14 tiolio tarpmolekulinés tvarkos pakitimai vandenyje:
didéja WC14 molekuliy alkiliniy grandiniy fragmenty turinciy pilnai-trans
konformacija skaic¢ius. SERS metodu nustatyti misraus monosluoksnio
struktiiros pakitimai: vandenyje vyksta WC14 molekuliy klasterizacija ir
santykinis go$ konformacijg turin¢iy ME-D4 molekuliy didéjimas.

Elektrinio potencialo poveikis SAM struktiirai

Monosluoksniy elektrocheminés redukcijos tyrimas atskleidé, kad ME-D4
ir misrus WC14/ME-D4 (30:70) monosluoksniai islieka stabiliis pasirinktose
potencialo ribose iki -0,60 V, 0 WC14 monosluoksnis iki -0,80 V. Poky¢iai
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vienkomponené¢io WC14 monosluoksnio SERS spektre rodo, kad jautriausia
potencialo poveikiui molekuliy dalis yra pavirsiui artima pradiné grupé, tuo
tarpu alkilinés grandinés visame potencialy ruoze islicka pilnai-trans
konformacijos. Ties -0,80 V go$ konformacijos molekuliy valentiné S—C
juosta skyla j dvi modas ties 629 ir 653 cm?, i§ kuriy aukStesnés energijos
moda priskiriama silpniau su pavirSiumi sgveikaujanc¢ioms molekuléms.

Misraus WCI14/ME-Ds (30:70) monosluoksnio spektriniai pakitimai
elektriniame lauke atskleidzia keliy pakopy procesus. Poliarizuojant elektroda
neigiamai nustatytas Au-S rySio bangos skaiCiaus sumazéjimas per
A=-5,30V, kas rodo silpnéjantj molekuliy kontakta su pavir§iumi. Rysio
susilpnéjimas padidina molekuliy mobilumg pavirSiaus plokStumoje ir
paspartina polinéje vandens aplinkoje esanciy WC14 hidrofobiniy grandiniy
klasteriy  formavimasi. Klasterizacijos zymuo — pilnai iStiesty
angliavandeniliniy grandiniy pilnai-trans v(C—C)r virpesio juosta. Sios
juostos intensyvumas ima augti ties -0,2 V ir savo didZiausig reikSmg pasiekia
ties -0,6 V. Dél WC14 molekuliy klasterizacijos didéja neuZimtas pavirSiaus
plotas, kuris paskatina ME-D4 go§ izomerizacijos reakcija. ME-D4 trans/gos
konformery santykis (T/G) pasikeicia i§ 0,60 j 0,42 pakeitus potencialg
8 -0,40 V j -0,60 V ir tai rodo gos§ konformacijag turin¢iy molekuliy skai¢iaus
did¢jima ties labiausiai neigiamomis potencialo vertémis.

Ant SiurkStinto aukso elektrodo pavirSiaus adsorbuotas inkarinis
WC14/ME-Ds (30:70) monosluoksnis pritaikytas kaip matrica tBLM
(pakabinamai  dvisluoksnei lipidinei membranai) suformuoti MLV
(daugiasluoksniy liposomy) liejimo budu. Miusy ziniomis iki §iol néra
publikuoty straipsniy, kuriuose biity pranesta apie SERS metodu uzregistruota
tBLM spektrg. Tai, kad membrana iSlicka prie pavir§iaus po praplovimo
fosfatiniu tirpalu liudija valentinis DOPC molekulés v(C=C) virpesys ties
1655 cm? ir etanolamino v(N*(CHs)s) virpesys ties 701 cm™. Nustatyta, kad
lipidai prie pavirSiaus yra skystakristalés biisenos.
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I DALIS. PAVIRSIUJE ADSORBUOTU LAKAZIU VIRPESINE
SPEKTROSKOPIJA




7. Literaturos apzvalga
7.1. Elektrony pernasa fermentinése sistemose

Elektrony pernasa (EP) yra vienas svarbiausiy procesy vykstanciy jvairiose
fizikos ir chemijos srityse, biologinése sistemose.’*® Gyvose lgstelése EP
susijusi su energijos transformacijomis, pavyzdziui oksidacinio fosforilinimo
metu NADH redukuoja deguonj iki vandens, o iSsiskyrusi energija naudojama
ATP molekuléms susidaryti i§ ADP ir Pi. Fermentai transformuojantys
chemine energija j elektrine pritaikomi biojutikliuose, kuro elementuose ir
bioelektrosintetinése sistemose.'*°

Heterogeniné EP tarp fermento redokso centro ir elektrodo pavirSiaus gali
vykti mediatoriniu (MEP) arba tiesioginiu biidu (TEP). MEP sistemose
elektronus perne$a mazamolekuliniai dariniai. Siy sistemy privalumas tas, kad
fermento aktyvus centras gali buity nutoles nuo elektrodo pavirsiaus. Vis délto
auksStas Dbiokatalitinis vir§jtampis, prastas stabilumas ir mediatoriy
toksiskumas buvo priezastys 1émusios mazéjantj MEP biojutikliy taikyma.
Minéti trikumai iSsprendziami TEP sistemose, tafiau tiesioginei pernasai
butina, kad fermento redokso centras biity nutolgs nedideliu atstumu nuo
elektrodo pavirsiaus (iki 15-20 A).14

Iki $iy dieny bioelektroniniy prietaisy su redokso fermentais kiirima
apsunkina du pagrindiniai trikumai: (i) nepakankamas tokiy prietaisy
stabilumas ir (ii) sunkiai valdomas ir neefektyvus EP procesas tarp fermento
ir elektrodo.!*? Siam trikumui spresti gali bati atliekamos cheminés fermenty
modifikacijos sustiprinan¢ios jy suri§img su elektrodu. Modifikacijos,
pavyzdziui deglikozilinimas, ne tik sumazina izoliacinio oligosacharidy
sluoksnio storj ir tokiu badu palengvina substrato patekimg prie aktyvaus
fermento centro, be ir sumazina atstuma tarp redokso centro ir elektrodo
pavir§iaus.}*

EP stiprinimui sukurtos kelios fermento elektroninio suris§imo su elektrodu
strategijos. Pirmoji, MEP pagrindu naudojant tirpius reakcijos terp¢je laisvai
judancius mediatorius. Tokia strategija taikoma pirmo ir antro tipo
biojutikliuose (41 pav. A). Antroji, per polimery matricoje tvirtai suristus
mediatorius (41 pav. B) arba laidZias polimery grandines (41 pav. C). Abu $ie
metodai naudojami antro tipo biojutikliuose. TreCio tipo biojutikliuose
fermentas atiesiogiai adsorbuojamas elektrodo pavir§iuje arba prijungiamas
per tarpinj monosluoksnj (41 pav. D). Siose, tre¢io tipo biokatalitinése
sistemose, vyksta TEP.
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41 pav. (A) MEP vyksta per tirpius mediatorius, (B) per polimery matricoje esancius
redokso centrus, (C) per laidzius polimerus; (D) TEP per SAM (kair¢je) ir tiesiogiai ant
pavirSiaus adsorbuoto baltymo (desinéje). Adaptuota pagal °.

Konstruojant TEP pagrindo biojutiklius fermentai pritvirtinami prie
chemiskai modifikuoto elektrodo pavir§iaus per SAM (savitvarkius
monosluoksnius), tBLM (pakabinamas dvisluoksnes lipidines membranas),
laidzius polimerus, grafeng ir jvairius nanodarinius, tokius kaip anglies ar
aukso nanodalelés.!®® Per tokj ,,minkstg* sluoksnj pritvirtinti fermentai
nedenattiruoja, tampa jmanoma valdyti molekuliy koncentracijg ir orientacija,
taip pat ir elektroning sgveika tarp pavirsiaus ir aktyvaus centro. Greitesnei EP
tarp fermento ir elektrodo, SAM sudaryti i§ 7 elektronines orbitales turin¢iy
aromatiniy molekuliy yra pranasesni uz alifatinius.'*

Ant nanostruktiiruoty pavir$iy adsorbuojasi didesni fermento kiekiai ir dél
to pasieckiamos aukStesnés biokatalitinés srovés. Baltymai daznai geba
iSlaikyti savo biologinj aktyvumg ant nanodaleliy pavirSiaus. 4514
Nanodalelés taip pat pasiZzymi optinémis ir elektrinémis savybémis, kurios
sukuria galimybe tirti adsorbuotus fermentus SERS metodu.

Atstumas tarp aktyvaus fermento centro ir elektrodo pavirSiaus yra vienas
i§ pagrindiniy veiksniy ribojan&iy TEP kinetikg. Dick et al.}*® tyré sidabro
pavirSiuje per SAM pritvirtinto ferro-citochromo aktyvumo priklausomybe
nuo atstumo tarp elektrodo ir aktyvaus centro, keisdamas SAM grandinés ilgj.
Fermento adsorbcija ir orientacija buvo uztikrinta SAM molekuliy galine
karboksilo grupe. Tiesiskai didéjant SAM molekuliy ilgiui EP greicio
konstanta mazéja eksponentiskai.'*® EP greitis taip pat priklauso ir nuo SAM
molekuliy cheminés sudéties, jsiterpian¢iy funkciniy grupiy ir galinés grupés.

7.2. Spektroskopiniai baltymy struktiiros ir funkcionalumo
tyrimai

Infraraudonosios sugerties spektroskopija yra pagrindinis tyrimo metodas
baltymy antrinés strukttros, konformaciniy pakitimy ir tarpmolekuliniy
saveiky nustatymui.!*® Ramano spektroskopija, nors ir maziau populiari
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baltymy tyrimuose, suteikia panaSios informacijos apie antrin¢ struktiira, be
to, ja galima selektyviai tirti skirtingus baltymo struktaros domenus.
Pagrindiniai Ramano spektroskopijos pranasumai — silpnas vandens spektras
ir galimybé registruoti rezonansing Ramano sklaidg (RRS), kuri ne tik
sustiprina silpng Ramano signalg 100—10000 karty, bet ir leidzia selektyviai
tirti atskirus baltymo strukttirinius domenus: (i) aromatines aminoraigstis, (ii)
pirming ir antring baltymo struktiira, (iii) kofaktorius ir aktyvyjj centra.’® Si
informacija leidzia daryti i§vadas apie tretine baltymo struktiirg.’® Trumpai
apie kiekviena i$ $iy daliy:

(i) Aromatiniy aminorags¢iy (AAR) fenilalanino (Phe), tirozino (Tyr),
triptofano (Trp) ir histidino (His) ziedo elektroninis m—n* suzadinimas
vyksta UV (190-300 nm) srityje, todél registruojant RRS spektrg UV srities
lazeriais, matomos tik aromatiniy aminorigi¢iy juostos. Siy juosty padétis ir
intensyvumas priklauso nuo baltymo struktiros ir AAR Soniniy grupiy
biisenos, tokios kaip: protonavimas ar deprotonavimas, erdviné konformacija,
koordinacija su metalo jonais, aplinkos poliSkumas ir hidrofobinés sgveikos,
vandeniliniai rySiai, katijony ir 7 orbitaliy sgveika.>?

AAR spektriniai zZymenys yra vandenilinio rySio, lokalios aplinkos
biisenos ir tarpmolekuliniy saveiky indikatoriai. Pavyzdziui, Trp Fermi
dupleto 1360/1340 cm™ intensyvumy santykis susijes su Trp indolo Ziedo
aplinkos hidrofobiskumu. Didesnis aplinkos hidrofobisSkumas lemia didesne
santykio verte.’™ Trp W3 juostos padétis (ca. 1550 cm™) kinta dél indolo
ziedo pasisukimo peptidinio ry$io plokstumos atzvilgiu.'®® Tyr Fermi dupleto
850/830 cm intensyvumy santykis parodo Tyr fenolio ~OH grupés sudaromo
vandenilinio ry$io stiprumg.’® Spektriniai AAR Zymenys atskleidzia dél
iSoriniy veiksniy baltymo molekuléje vykstanéius sudétingus procesus.
Zymenys gali biiti panaudoti baltymo konformaciniams pakitimams stebéti,
pavyzdziui natyvios baltymo formos susidarymui tirti kintant jo hidratacijos
lygiui.'>®

(i1) Spektrinés peptidinio rySio juostos yra svarbiausi antrine baltymo
struktiira nusakantys zymenys. Amidas-1 (Al), amidas-I1 (All) ir amidas-111
(Al yra pagrindiniai plokstumoje vykstantys peptidinés grupés virpesiai
(42 pav.). Al nesunkiai uzregistruojamas Ramano spektre, taciau selektyviai
tirti amido grupes biitina taikyti RRS su UV srities lazeriais (UVRR). UVRR
spektroskopijoje zenkliai sustipréja All juosta, kurios nerezonansinis spektras
silpnas.30:1%

Al rySys yra jautrus nedideliems baltymo molekulés geometrijos ir
vandenilinio ry$io pakitimas. Jis naudojamas analizuojant antrinés baltymo
struktiiros elementy — a-spiraliy ir B-klosciy, linkiy ir netvarkiy strukttry —
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Amidas Il Amidas |

0,52 8(NH) + 0,18 v(CC) 0,49 8(NH) + 0,33 v(CN) 0,83 v(CO) + 0,15 v(CN)
+0,14v(CN)+0,115(CO)  +0,125(CO) + 0,1 v(CC) +0,11 5(CCN)

Amidas Il Amidas I Amidas |

1 1 |
1250 1500 1750

Bangos skaicius / cm”

42 pav. (A) Amidinés jungties virpesiai.* (B) Hemoglobino UVRR spektras, A; —
197 nm. % (C) Al sritis iSskaidyta Lorenco-Gauso komponentémis.
santykinj pasiskirstymg (42 pav. C). Al juosta pasirei$kian¢ig 1600-1700 cm™?
srityje sudaro valentinis v(C=0) virpesys (83 %) kartu su valentiniu v(CN) ir
deformaciniu 3(CCN) virpesiais. Al komponenty analizé parodo antriniy
struktiiros elementy santykinj pasiskirstyma. a.-spiralés susidaro formuojantis
vandeniliniams rySiams tarp toje pacioje grandingje esan¢iy C=0 ir NH grupiy
(-C=0---HN-), 3i juosta spektre matoma ties ca. 1655 cm™. B-linkiai ir
B-klostés palaikomi vandeniliniy ry$iy tarp gretimy polipeptidiniy grandiniy,
ju Al juosta pasireiskia 1670-1680 cm™ ir 1690 cm™ ribose.*® Pagrindinés
AII ir AIII juosty dedamosios yra deformaciniai (NH) virpesiai. Siy juosty
padétys spektre yra atitinkamai ties 14801580 cm™ ir 1230-1300 cm.2%7

(iii) Aktyvusis centras atsakingas uz kataliting baltymo funkcijg. Dalies
fermenty funkcionalumui pakanka i§ aminoriig§¢iy sudaryto katalitinio
centro, kitiems bitini neorganiniai jonai arba kompleksinés organinés ir
metaloorganinés molekulés. Manoma, kad mazdaug 25-33 % visy baltymy
yra koordinuoti metalo jonais.*®® Koordinuoti metalo jonai sudaro katalitinj
centrg arba dalyvauja elektrony pernasoje. Tokiy koordinuoty metalo jony
pavyzdziai: heminiy baltymy gelezies jonai, kurie koordinuojami porfirino
grupe; varis mélynuosiuose vario fermentuose koordinuotas aminoriigsciy
lieckanomis.  Dauguma  aktyviyjy centry fermentuose pasiZymi
chromoforinémis savybémis, todél gali biiti tiriami rezonansinés Ramano
spektroskopijos (RRS) metodu.*

RRS metodas suteikia unikalios informacijos apie aktyvaus centro
struktiirg ir dinamikg. RRS yra suderinama su SERS, todél pasizymi aukstu
jautriu ir selektyvumu adsorbuoty biomolekuliy aktyviesiems centrams. Vario
mélynyjy baltymy, tarp jy ir lakaziy, intensyvi (1300-1500 M-icm?)®
elektroninés sugerties juosta ties 600 nm priklauso T1 centre esancio vario
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cisteinato  S(m)—>Cu(Il) kriivio pernesimui.’®® Nepaisant to, kad vario
mélynyjy baltymy T1 centre varis koordinuotas keliais pakaitais,
rezonansiniame spektre matomi tik tie virpesiai, kurie susij¢ su Cu—S(Cys)
ry$iu. Intensyvios juostos 250-500 cm? srityje priklauso Cu-S valentiniam
virpesiui ir deformaciniams prie vario esancio cisteino Cu—S—Cg—C,—N srities
virpesiams.!*” Valentinio v(Cu-S) virpesio daznis yra jautrus indikatorius
leidziantis + 0,05 A tikslumu nustatyti Cu—S rysio ilgj.'® Sio virpesio daznis
taip pat suteikia svarbios informacijos apie pakaity i$sidéstyma: juostai esant
405-430 cm™ srityje, geometrija yra ploksé¢ia-trigonaline, 340-360 cm™? —
tetraedrine, 300-320 cm™ pakaity i$sidéstymas tetragonalus.'® Zinoma, kad
skirtingy mélynyjy vario baltymy vidutinis v(Cu—S) virpesio daznis koreliuoja
su Cu?* standartine redukcijos proceso entalpija (AH°) bei redokso potencialu
(E°).162

7.3. Lakazés struktiira ir funkcija

Mélyniesiems vario baltymams priskiriamas fermentas lakazé (Lac,
deguonies oksidoreduktazé, EC 1.10.3.2) yra sintetinamas vabzdZziy,
aukStesniyjy augaly, gryby ir bakterijy.’®* Lakazé yra glikoproteinas, kurio
10-45 % masés sudaro angliavandeniai.®* Sis fermentas katalizuoja jvairiy
organiniy (fenoliy ir j juos panaSiy junginiy) ir neorganiniy molekuliy
oksidacija, kartu keturiais elektronais redukuoja deguonj (O2) i vandenj,
nesudarydama tarpiniy reaktyviy deguonies dariniy (11 formulé).*®® Lakazés
fermentas yra biokatody dalis ir gali biti pritaikomas fermentiniuose biokuro
elementuose  ir  implantuojamuose  medicininiuose  jrenginiuose.
Auksciausias lakaziy aktyvumas pasiekiamas silpnai ragstinése terpése
(pH 4-5), jas slopina halogenai — chlorido, fluorido jonai.®

Lac
0, + 4e™ + 4H* —— 2H,0 (11)

Nors vario centras visy lakaziy fermentuose panasus, i$ skirtingy Saltiniy
i§skirty fermenty termodinaminés ir kinetinés savybés skiriasi. Lakazés
aktyvy centrg sudaro keturi vario jonai esantys trijuose skirtinguose centruose:
T1, T2 ir T3. Vienas vario atomas sudaro T1 centrg, like trys — T2 ir T3
centrus, formuojancius T2/T3 klasterj.!®® Katalitinis fermento aktyvumas
priklauso nuo T1 vario centro redokso potencialo.’®® Priklausomai nuo
fermento Saltinio, T1 centro redokso potencialo verté yra tarp 430 mV ir
790 mV vandenilio elektrodo atzvilgiu (NHE). Pagal Sio potencialo verte
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lakazés skirstomos j Zzemo, A Ho Ho D
vidutinio  ir  auk$to.!® T2

— Cu'— — Cu'—
Auksciausia redokso

. - e +4e ~
potenciala — 780 mV, turi 3 Cu'  Cu'l — /Cu\"o H/Cu'<
lakazés iSskirtos i gryby.'’

Lakazés T1  centras X« " L
sujungtas su T2/T3 klasteriu - .
per aminortig§¢iy liekanas: +0, Jre210mst o 7"9‘ “H,0
T1-His—Cys-T2/T3. ’ (=003
Hidrofobingje kiSenéje B H.O H,0
esantis T1 centras prisijungia — Cu'— — Cfu"—
substratg ir jj oksiduoja. o 0
Véliau ! ! Vyk:ta >c""d T >c“\le\c“'<
vidumolekuliné EP j T2/T3
klasterj, kuriame deguonis _Qu' LU
redukuojamas j vandenj

keturiais elektronais 43 Ppav. Laka};ég katalitinio ciklo scr_1ema. (A)

. . Fermento katalitinis centras redukuotos biisenos. (B)
(11 formule).'’ 43 paveiksle Tarpiné biisena su peroksido tilteliu tarp T2 ir T3
pateikiama Klasikiné lakazés centry. (C) Tarpiné biisena. (D) Oksiduota biisena;
heterogeninés deguonies fermentas nevykdo katalizes. Adaptuota pagal '+,
redukcijos schema.6417

Heterogeninés Katalizés metu meélynyjy vario oksidaziy T1 centras
elektronus prisijungia pirmasis, todél efektyviam deguonj redukuojanciam
bioelektrodui sukurti stengiamasi suvaldyti fermento adsorbcijos geometrija
taip, kad jo T1 centras buty kuo ar¢iau laidaus pavirSiaus. Viena i§ strategijy
yra prijungti ir orientuoti fermentus pavirS$iuje pasinaudojant j fermento
substratg panaS$iais inkariniais junginiais. SAM-fermento susiriSimas vyksta
dél hidrofobinés sgveikos arba dél m-m orbitaliy sanklodos tarp galinés
inkariniy molekuliy grupés ir T1 katalitinio centro.'’* Si konstrukcija uztikrina
ne tik fermento imobilizacijg pavirSiuje bet ir tai, kad fermentas yra atsuktas |
elektroda T1 katalitiniu centru.

Visgi, vidumolekuliné EP tarp T1 ir T2/T3 klasterio yra limituojanti
katalitinio proceso stadija lakazése. Norint apeiti $ig stadija buvo pasiilyta
kita lakazés adsorbcijos strategija — fermento adsorbcija T2/T3 centrg
nukreipiant j pavir$iy. Tokiu badu T2/T3 centras tampa pirmuoju elektrony
akceptoriumi i$ pavirSiaus ir limituojanti vidumolekuliné EP apeinama.l’>1"°
Taciau tik neseniai jrodyta, kad toks fermentinis elektrodas yra funkcionalus
ir vykdo deguonies elektroredukcijg.
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_Lakazés T1 centro ﬁ -
vario atomas ekvatorinése RS
padétyse yra koordinuotas @\
cisteinu ir dviem
histidinais. Dar viena asiné
pozicija yra  kintanti,
dazniausiai ja = uZima
fenilalaninas arba leucinas.
Manoma, kad aminoriigstis
aSinéje pozicijoje nulemia
T1 katalitinj aktyvumag
(44 pav.).180 Spalva
lakazéms  suteikia T1 44 pav. Lakazés T1, T2 ir T3 vario centrai. Adaptuota
centras, kurio pagrindines Pagal*®.
elektroninés sugerties juostos maksimumo yra ties 600 nm, dél to galima
selektyvi T1 centro analizé rezonansine Ramano spektroskopija. T2 vario
centras koordinuojamas dviem histidinais ir yra bespalvis. T2 yra nedaug

nutoles nuo T3 centro. T3 sudaro du vario atomai koordinuojami SeSiais
180,181

T1 centras

T2 centras

T3 centras

histidinais, jis pasizymi silpna sugertimi ultravioletinéje (UV) srityje.
Vario mélynyjy baltymy elektrody efektyvumas pakankamai aukstas, siekia
mA/cm? ribg, jis ribojamas deguonies difuzijos grei¢iu ties elektrodu.’

7.4. Apibendrinimas

Elektrony pernasa yra pagrindiné energijos mainy reakcija vykstanti
biologinése ir dirbtinése sistemose, tokiose kaip biokuro elementai ir
biojutikliai. Efektyviai EP heterogeninése sistemose uztikrinti yra svarbus
tinkamas elektrodo ir fermento elektroninis susietumas. Literatiiros apzvalgos
dalyje apraSomos baltymy imobilizavimo pavirSiuje strategijos, nagrin¢jama,
kokia informacija gaunama apie pavirSiuje adsorbuotus baltymus virpesinés
spektroskopijos metodais. Paskutiné apZvalgos dalis skirta lakazei (deguonies
oksidoreduktaziy Seimos fermentui), kuri vykdo deguonies elektroredukcija,
kartu oksiduodama organines molekules. Sios klasés fermentai atlieka katodo
funkcijag biojutikliuose ir kuro elementuose.

Rezultaty aptarimo dalyje nagrinéjama lakazés struktiira elektrodo
pavirSiuje. Dél adsorbcijos vykstantys baltymo struktiiros pakitimai ir i$orinis
elektrinis laukas veikia fermento katalitinj aktyvumg. Lakaziy strukttros
poky¢ius ir orientacijg ant elektrodo pavirSiaus statiniame elektriniame lauke
tyréme molekuliy struktiirai jautriu SERS metodu in-situ.
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8. Rezultatai ir jy aptarimas
8.1. Lakazés adsorbcija ant elektrodo

Molekuliy struktira ir funkcija yra glaudziai susijusios, todél kuriant
fermentinius elektrinius prietaisus svarbu suprasti, kaip potencialas veikia
elektrodo pavirdiuje imobilizuotas biomolekules ir jy funkcionaluma. Siame
darbe tirtos lakaziy, i$skirty i§ Didymocrea (lakazé J6) ir Trichaptum
abietinum (lakazé Talc), struktiros fermentiniy elektrody pavirsiuje.
Ankstesniuose darbuose spektrofotometriSkai buvo nustatytos $iy fermenty
katalitinés konstantos: lakazés J6 katalitinio T1 centro redokso potencialas yra
680 mV oksiduojant ABTS ir Ka[Fe(CN)g] substratus (pH 4,0). Fermento
katalitinis aktyvumas siekia kca=23,2 s, kw verté 2,0 (x 0,2) uM. Tuo tarpu
Talc lakazés T1 redokso potencialas yra 714 (= 12) mV oksiduojant
K4[Mo(CN)g] substratg (pH 4,0). Fermento Katalitinis aktyvumas yra
kea=45 s, km verte 46 (x 10) puM. Kea ir kw vertés apskaiGiuoto pagal
deguonies suvartojimg.18?

Fermento orientacijg pavirSiuje valdo jvairis veiksniai: kriiviy
pasiskirstymas baltymo globulés pavirSiuje, tirpalo sudétis, elektrinis
laukas.}’® Lakazé sp. J6 adsorbuota ant aukso nanodalelémis dengto
elektrodo esant skirtingoms potencialo vertéms: 200, 400, 600, 800, 1000 mV,
NHE elektrodo atzvilgiu. Fermento koncentracija 2,79 ug/ml, inkubacijos
trukmé — 30 min. Nustatyta, kad adsorbuojant fermentg esant 800 mV
potencialui pavirSiuje adsorbavosi mazesnis fermento kiekis, taciau deguonies
bioelektroredukcijos Srove buvo auksciausia. Tolesniuose
spektroelektrocheminiuose tyrimuose naudotas fermentinis J6 lakazés
elektrodas ant kurio, fermentas adsorbuotas 800 mV elektrostatiniu lauku.

o Lakaze J6 - Lakazé Lacc2
(==} =]
w 0.6 - N " 8 24 Y w 2
b= £ 002 £
[0} & ) e
o 0.4 1 a a 2
>
%] 1
0'2 . nmiul) 600 700 800 0050(2 ﬁll)l) T'UU BOO
Bangos ilgis / nm Bangos ilgis / nm
004 , 041, — R
300 500 700 300 500 700

Bangos ilgis / nm Bangos ilgis / nm

45 pav. J6 ir TaLc lakaziy elektroninés sugerties UV/Vis spektrai. Jterptuose
paveiksluose priartinta 500-800 nm spektro sritis.
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Lakazé TaLc i§ Trichaptum abietinum adsorbuota ant Siurkstinto
elektrodo pavir§iaus netaikant elektrostatinio pritraukimo. 45 paveiksle
pateikiama J6 ir TaLc fermenty UV/Vis sugerties spektrai, kuriuose matomos
mélyniesiems vario baltymams btdingos sugerties juostos raudonojoje
spektro srityje. Sugerties juosty intensyvumai skiriasi dél skirtingy fermento
koncentracijy matavimo metu.

Lakaziy T1 centro elektroninés sugerties maksimumas yra ties 600 nm, dél
to registruojant Ramano spektrg 785 nm lazeriu suzadinama prerezonansiné
Ramano sklaida. Rezonansas trukdyty tinkamai jvertinti T1 centro padétj, nes
jam pasireiSkiant buty gautas T1 centro spektras nepriklausomai nuo jo
atstumo iki pavirsiaus. SERS signalo intensyvumas (1) yra priklausomas nuo
tiriamos molekulés atstumo iki pavirsiaus (r) pagal |1 ~ r°, dél to tiriamam
objektui tolstant nuo pavirSiaus atitinkamos spektrinés juostos susilpnéja ir
visai iSnyksta.

8.2. Lakazés J6 SERS spektroskopija

Tirdami elektrodo pavirSiuje adsorbuotg lakaze SERS metodu siekéme (i)
nustatyti ar lakazé J6 adsorbavosi ant nanodalelémis modifikuoto elektrodo,
(i) gauti informacijos apie specifiniy baltymo aminoriigsiy ir vario
komplekso buisenag ir (iii) istirti potencialo poveikj adsorbuoto fermento
struktiirai. Ciklinés voltamperometrijos matavimu nustatytas aukStas srovés
tankis siekiantis 900 mAcm esant pH=4,0 (46 pav.).

00 | ]
02 |
04 |
06 |

j/ mAcm™

-08

-1 ,0 L I 1 L I i
04 0,5 0,6 0,7 0,8 09 1,0
E/Vatz. NHE
46 pav. Lakazes J6 elektrostatiskai adsorbuotos ant aukso nanodalelémis dengto
elektrodo katalitinis atsakas fosfatiniame tirpale, pH 4,0.%

Elektrocheminiai SERS matavimai atlikti 0,05 M fosfatiniame tirpale (pH
5,4). SERS sklaida Zzadinta diodinio lazerio generuojama 785 nm bangos ilgio
spinduliuote, kurios galia apribota iki 30 mW. Virpesiniai spektrai registruoti
esant -0,30-0,80 V elektriniam potencialui vandenilio elektrodo (NHE)
atzvilgiu.
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Tai kad lakazé adsorbavosi ant AUND liudija juosta ties 1002-1003 cm?,
priskirta Phe Ziedo virpesiui F12, Al (amidas-) ties 1631-1662 cm™ ir Alll
(amidas-111) ties 1243-1253 cm™ juostos. Plati deformacinio Zzirklinio CH;
virpesio juosta pasireiskia ties 1439-1440 cm™*. CH,/CH3 grupiy valentinés
C-H juostos registruojamos auksto daznio srityje (47 pav., 2750-3100 cm'?).

Visy mélynyjy vario baltymy molekuliné lakaziy struktiira yra panasi.'®
Remiantis Rentgeno struktiirinés analizés metodu nustatytas lakazés iSskirtos
i§ Trametes versicolor dydis — 65x55x45 A3, T1 centras lokalizuotas netoli
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47 pav. (A) Lakazés adsorbuotos ant elektrodo padengto aukso nanodalelémis SERS
spektrai potencialo vertéms esant ties -0.30 (), 0.10 (b), 0.30 (c), 0.60 (d) ir 0.80 V (e)
standartinio vandenilio elektrodo atzvilgiu (azZ. NHE) pirSty anspaudy ir (B) C—H valentiniy
virpesiy srityse. Zadinimas 785 nm lazeriu (30 mW).

pavirSiaus (6,5 A), o T2/T3 centras pasléptas giliau nuo pavirsiaus per 12 A.18
Taciau, nepaisant gana negilios T1 centro lokalizacijos baltymo globuléje,
misy tirtos lakazés pavirSiaus spektre nepavyko uzregistruoti tipiniy T1
centro valentiniy v(Cu-S) virpesiy, paprastai randamy 388-494 cm
ribose.% Tai leidzia daryti prielaida, kad T1 centras yra nutoles nuo elektrodo
pavirSiaus. Ta patvirtina bendraautoriy atlikti elektrocheminiai tyrimai ir
matematiniai sistemos modeliavimas, parodes, kad fermentas adsorbuotas
elektrodo pavirsiuje taip, kad T2/T3 yra pirmasis elektronus priimantis centras
yra ar¢iau elektrodo pavirsiaus nei T1 centras.®?

Disulfidy tilteliai susidarantys tarp dviejy cisteino aminoriig§ciy Cys-Cys,
yra svarbis elementai palaikantys baltymo 185

treting  strukttirg.
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Spektroskopijoje disulfido juostos dingimas gali biiti baltymo natyvios formos
ir funkcijos praradimo indikatorius. Juosta ties 492 cm™ priskiriama disulfidy
tiltelio valentiniam v(S-S) virpesiui.®® Disulfido tiltelis taip pat gali turéti ir
v(C-S) virpesius, kuriy energija priklauso nuo C-C-S-S-C-C dalies
orientacijos: go$ konformery smailé randamas ties 606 cm?, o trans — ties
721 cm? (47 pav.). Disulfidy tiltelio juosta v(S-S) isliko visose tirtose
potencialy ribose, taciau didéjant teigiamoms potencialo vertéms susilpnéjo
v(C-S) trans konformery juostos intensyvumas ir pastebimai iSaugo gos. Tai
galima sieti su maz¢janciu atstumu tarp grandiniy, kurias riSa cisteinai
baltymui jgaunant iStempta forma.

Neigiamos juostos ties 1382, 1529 ir 1633 cm™ skirtuminio spektro pirsty
antspaudy srityje (48 pav. A) rodo padidéjusj Siy juosty intensyvuma esant
teigiamai elektrodo poliarizacijai. O juosty ties 997, 1277, 1551 ir 1677 cm
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48 pav. (A) Lakazés adsorbuotos ant AuND funkcionalizuoto elektrodo skirtuminis
spektras pirSty antspaudy srityje ir (B) valentiniy C—H virpesiy srityje. Spektras gautas
atémus spektra registruota ties 0,80 V i§ -0,30 V spektra. (C) Adsorbuotos aminorfigséiy
Soniniy grandiniy karboksilato grupiy simetrinio valentinio CCO" virpesio ties 1382 cm'?
intensyvumo priklausomybé nuo elektrodo potencialo ir (D) su metalu kontaktuojancios
metileno C-H ,,minkstos* modos ties 2830 cmt intensyvumo priklausomybeé nuo elektrodo
potencialo. Zadinimas 785 nm lazeriu (30 mW).

94



intensyvumas, esant labiau teigiamoms reikSméms sumazgja. Intensyviausia
juosta skirtuminiame spektre ties 1382 cm® priskirta valentiniam su metalo
pavirSiumi kontaktuojanc¢iy Soniniy grandiniy karboksilato grupés virpesiui.

Teigiaméjant potencialui spektrinés karboksilato juostos vs(COO") ties
1385 cm? intensyvumas iSauga dél stipréjancios Siy grupiy sgveikos su metalo
pavir$iumi. Intensyvumo augimas ir poslinkis | mazesniy dazniy puse (i$
1403-1413 cm? | 1383-1396 cm™?) siejamas su peptido adsorbcija ant
elektrodo pavirsiaus.'®718 Keigiant elektrinio potencialo verte matomas C—H
srities spektriniy juosty formos pokytis. Skirtuminiame SERS spektre (48 pav.
B) ties 2830 cm™ matoma plati ,,minksta“ C—H virpesio moda, atsirandanti
CH. grupei tiesiogiai saveikaujant su metalo pavir§iumi.’®® Sios modos
intensyvumas mazéja potencialo vertei tampant labiau teigiamai.

Spektriniai vs(COO") ir v(C—H) zymenys atskleidzia fermento strukttiros
poky¢ius elektriniame lauke. Esant neigiamoms potencialo vertéms baltymo
struktiira yra labiau iStempta ir plokscia, ta rodo didesnis ,,minkstos* modos
spektrinis intensyvumas CH. grupés saveikos su metalu metu. Elektriniam
potencialui jgaunant teigiamas vertes baltymo forma issitempia, jis tampa
labiau statmenas pavir$iaus atzvilgiu; sustipréja baltymo sgveika su metalu per
aminoriig§¢iy Soniniy grandiniy karboksilo grupes. Dél tokios molekulés
formos metileno grupés nutolsta nuo metalo pavirSiaus ir ,,minkstos” modos
intensyvumas sumazéja. Yra zinoma, kad fermentinis lakazés aktyvumas,
adsorbavus jg ant elektrodo per galines karboksilato grupes, islieka.'*

8.3. Lakazés TalL.c SERS spektroskopija

Lakazé TaLc iSskirta i§ Trichaptum abietinum yra priskiriama auksta
katalitinj potencialg turinéiy lakaziy grupei. Siuose tyrimuose TaLc
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49 pav. Katalitinis lakazés Talc atsakas fosfatiniame tirpale (a) ir tirpale su pridétu
20 mM NaF palyginamojo NHE elektrodo atzvilgiu.
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adsorbuota ant elektrochemiskai Siurkstinto aukso elektrodo. Po adsorbcijos
atlikta cikliné voltamperometrija 5 mV/s greiciu (i) fosfatiniame-citratiniame
buferiniame tirpale (pH=4,0) ir (ii) tame pa¢iame buferyje su pridétu slopikliu
20 mM NaF (49 pav.). Neslopinamo proceso srovés tankis — 5,6 pAcm™ ties
0,58 V, o pridéjus NaF fermentas inkatyvuojamas. Fluoro jonai jungiasi prie
lakazés T2/T3 centro ir slopina vidumolekuling EP (elektrony pernasa) is T1
j T2/T3, ir atitinkamai katalitinj fermento aktyvumag. Tai rodo, kad
fermentinéje sistemoje elektronai yra pernesami i§ elektrodo per T1 centra |
T2/T3 centra, taigi fermento orientacija ant elektrodo pavirSiaus yra tokia, kad
pirmasis elektronus priimantis centras yra T1. Si orientacija yra kitokia, nei
elektrostatiSkai adsorbuotos lakazés J6 atveju, kai fermentas j pavirSiy buvo
atsuktas per T2/T3 centrg. Bioelektrokatalitinés lakaziy J6 ir Talc srovés
zenkliai skiriasi (atitinkamai 900 ir 5,6 pAcm™) greiiausiai (i) dél skirtingo
fermenty kiekio adsorbuoto ant aukso nanodalelémis dengto elektrodo ir
elektrochemiskai Siurkstinto elektrodo, (ii) dél skirtingy fermenty aktyvumo
(Kcat) konstanty ir TEP tarp fermento ir elektrodo (ko) konstanty bei (iii) dél
specifinés J6 orientacijos, kuriai esant apeinama limituojanti vidumolekulinés
EP reakcija.

Lakazés TaLc tirpalo (274 uM) Ramano spektre (50 pav. a) Zemy energijy
srityje matomos tipinés rezonansinés T1 vario centro v(Cu—S) juostos (389,
428 ir 492 cm™), taciau $ios juostos nebuvo uzregistruotos pavirSiaus spektre
(50 pav. b). Lygindami Ramano ir SERS duomenis matome daugelio juosty
parametry pakitimus: Al juosta pasislenka i§ 1676 j 1635 cm™, susilpnéja AIII
juostos intensyvumas ir ji pasislenka per 3 cm™ j 1244 cm, padidéja Phe F12
piko pusplotis ir jis pasislenka j Zemesnes energijas per A=-3 cm™j 1001 cm*
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50 pav. (A) Lakazés Tal.c Ramano (a) ir SERS (b) spektry palyginimas Zemo daznio
ir (B) valentiniy CH virpesiy srityse. SERS spektras registruotas esant 0,70 V elektrodo
poliarizacijai NHE atzvilgiu, pH=4,0. Ramano spektras registruotas 785 nm lazeriu,
100 mW, 3000 s; SERS spektras registruotas 785 nm lazeriu, 30 mwW, 500 s.
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(lyginant su SERS spektru uzregistruotu esant 0,70 V elektrodo potencialui).
Valentinio COO" grupés virpesio juosta (1365 cm™) iSauga ir pasislenka j
aukstesnius daznius. Ryskiis energijos pokyc¢iai tolimojoje spektro dalyje (50
pav. B) — dél adsorbcijos metileno simetrinis ir asimetrinis valentiniai
virpesiai slenkasi per A=-19 ir -11 cm® j maZesniy energijy puse. Sie
spektriniai Zymenys rodo, kad dél sgveikos su elektrodo pavirSiumi baltymo
struktiira pakinta, taciau, kaip buvo parodyta elektrocheminiu atsaku ties
0,70V (49 pav.), Sie struktiiros pakitimai nesutrikdo fermento katalitinio
aktyvumo.

SERS matavimai atlikti su elektrochemiskai Siurkstintu aukso elektrodu.
51 paveiksle pateikiami Tal.c pavirSiaus spektrai ties 0,10, 0,30, 0,50, 0,70 ir
0,90 V elektrodo poliarizacija rodo negriztama fermento adsorbcija ant aukso
elektrodo pavirSiaus Siose potencialy ribose. SERS spektruose nebuvo
uzregistruotos charakteringos zemo daznio T1 vario centro virpesinés juostos.
Tai gali biiti susij¢ su specifine adsorbuoto baltymo geometrija, kuomet T1
vario centras yra nutolgs nuo metalo pavirSiaus.

SERS spektrai (51 pav.) rodo baltymo struktiiros priklausomybe nuo
elektrinio lauko prie elektrodo pavirSiaus. Keiciant potencialg j teigiama puse
silpsta ir galiausiai beveik i$nyksta cisteino trans konformacijos S—C grupés
valentinio v(S—C)r virpesio juosta ties 723 cm™, taip pat iSryskéja ir j
aukstesnius daznius pasislenka Phe F12 ir F18a juostos (1002 ir 1030 cm™?).
Didéjantis auksto daznio (3064 cmt) valentinio =C—H virpesio intensyvumas
rodo, kad Phe pereina i§ gulsCios orientacijos pavirSiaus atzvilgiu | labiau
statmeng. I3auga juosta ties 1362-1369 cm, priskiriama valentiniam COO-
grupés virpesiui.

Antrinés baltymo struktiiros pokycius sunku jvertinti, nes pagrindiné
amido Al juosta yra uzgoziama kity piky ir matoma tik kaip neisraiskingas
petys ties 1635 cm'®. Taciau, AlIl juostos rodo vyraujancia B-Kloséiy struktiirg
(1243-1245 cm™) su mazesniu a-spiraliy kiekiu (1305 cm™).%%! Tai patvirtina
kitos lakazés, iSskirtos i§ Trametes Versicolor, struktiirinés Rentgeno analizés
duomenys, rodantys, kad vyraujanti $-klosciy struktiira — joje dalyvauja 37 %
visy aminoriigi¢iy, o a-spiraliy struktiroje — 11 %.'®* Nors mélynieji vario
baltymai pasizymi labai panaSia struktiira, tikétina, kad Talc antrinés
struktiiros elementy santykis gali Siek tiek skirtis nuo T. Versicolor.

B-klos¢iy struktiiros juostos ties 1243-1245 cm™ intensyvumas kei¢iant
potencialg i§ 0,10 j 0,90 V sumazéja i§ 45,5 j 21,7. Elektrodo poliarizacija
aukStesniu teigiamu potencialu padidina atstumg tarp Siy struktiry ir
pavirsiaus.
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51 pav. (A) Lakazés Talc ant aukso elektrodo SERS spektrai Zemo daznio ir (B)
valentiniy CH virpesiy srityse. Potencialo vertés: 0,10 (a), 0,30 (b), 0,50 (c), 0,70 (d) ir 0,90 V
(€) atz. NHE.

Tolimojoje spektry srityje pastebimas simetrinio ir asimetrinio metileno
grupés virpesiy energijos padidéjimas prie labiausiai teigiamy potencialo
ver¢iy. Uzregistruotas A=8 ir 9 cm™ padidéjimas lyginant spektrus tarp 0,10 ir
0,90 V simetriniam ir asimetriniam virpesiams.

Baltymo struktiira pavirSiuje atskleidziama per valentines COO™ grupés
virpesio ir ,,minks$tos* C—H modos intensyvumy poky¢ius, kurie 52 paveikslo
A ir B dalyse nagrin¢jami detaliau. Dél teigiamos poliarizacijos potencialui
jgaunant aukstesnes nei 0,50 V vertes sustipréja COO™ grupés saveika su
pavirSiumi ir iSauga juostos intensyvumas. Tuo tarpu, ,,minkStos* modos
intensyvumas mazéja tiesiskai, o potencialui pasiekus 0,70 V, visiskai
iSnyksta. PanaSios tendencijos uzregistruotos J6 lakazei rodo bendrg Siy
fermenty atsakg j iSorinj elektrinj laukg: poliarizuojant elektroda teigiamai
baltymas tolsta nuo pavirSiaus, taciau yra palaikomas cheminio rysio tarp
pavirSiaus ir karboksilo grupiy. Baltymui i$sitempiant ir tolstant nuo elektrodo
sumaz¢ja C—H saveika su pavirSiumi. Elektroda poliarizuojant neigiamai
fermentas prisispaudzia prie pavirSiaus ir ima su juo smarkiau sgveikauti per
C—H grupes, o sgveika per COO™ sumazéja.

Phe F12 juostos daznio mazéjimas ir juostos pusplocio (FWHM)
didé¢jamas (52 pav. C ir D), potencialui artéjant prie neigiamy veréiy, yra
susijes su aromatinio Ziedo m-orbitaliy persiklojimu su elektrodu. Ziedui esant
beveik lygiagrecios orientacijos pavirSiaus atzvilgiu vyksta elektrony pernasa

98



i§ elektrodo | anti-riSancias ziedo w-orbitales, tai mazina virpesiy
energijg.®t1% Pakeitus elektrodo poliarizacijg i$ 0,90 j 0,10 V, F12 juosta
slenkasi per A=-3,4 cm™ j Zemesnés energijos puse (998 cm™), be to Zenkliai
padidéja jos pusplotj i§ 11,1 cm? j 22,5cm™. Visai kitokia tendencija
uzfiksuota J6 lakazei, kurios silpna Phe juosta liko nepakitusio daznio visoje
tirtoje potencialy srityje (47 pav.). Nagrinédami TaLc tolimgja C—H virpesiy
sritj, matome nedidelj santykinio (aromatinis v(=C—H), 3064 cm™) juostos
intensyvumo padidéjimg ties teigiamomis reikSmeémis, kuris reiskia, kad Phe
ziedas keicCia savo orientacijg i labiau statmena pavirSiui.
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52 pav. (A) Lakazés Talc karboksilo riigsties (ca. 1369 cmr?) intensyvumo, (B) CH
mink3tos modos (ca. 2815cm?), (C) Phe F12 modos padéties ir (D) pusplogio
priklausomybé nuo potencialo, NHE atzvilgiu.

IS siy duomeny matome, kad lakazé J6 adsorbuota ant nanodaleliy su jy
pavirSiumi nesgveikauja per Phe ziedo delokalizuoty m elektrony sistema.
Lakazés Talc, kuri buvo imobilizuota ant Siurkstinto aukso elektrodo, gana
zenkliis Phe F12 modos spektriniai pokyciai rodo, kad ziedas sgveikauja su
pavirSiumi ir yra jautrus elektrinio lauko poky¢iams: Ziedo orientacija kinta ir
darosi labiau statmenesné elektrodo poliarizacijai tampant vis labiau
teigiamai.’®>1%® Sie skirtumai tarp dviejy fermenty greiGiausiai lemiami
skirtingos baltymo adsorbcijos geometrijos.
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9. Rezultaty apibendrinimas

Biokatodas iki Siy dieny yra silpnoji biojutikliy ir kuro elementy dalis.
Maza biokatodo efektyvumg ir greita inaktyvacija lemia sudétingi
heterogeninés ir vidumolekulinés EP (elektrony pernasos) mechanizmai.
Siekiant pagerinti biokatalitinio prietaiso veikima, kritiSkai svarbu suvaldyti
TEP (tiesiogine elektrony pernasa), kuri pirmiausiai priklauso nuo atstumo
tarp redokso centro ir elektrodo, ir nuo fermento orientacijos.

Meélynyjy vario baltymy Seimai priklausanti lakazé (deguonies
oksidoreduktaz¢) redukuoja deguonj ir kartu vykdo organiniy molekuliy
oksidacija. Sios klasés fermentai atlieka katodo funkcija biologinio pagrindo
elektroninése sistemose. Lakaziy i8skirty i§ Didymocrea (lakazé J6) ir
Trichaptum abietinum (TaLc) struktiira ir orientacija ant elektrodo pavir§iaus
statiniame elektriniame lauke buvo tirta molekuliy strukttrai jautriu SERS
metodu in-situ.

Lakazé J6 buvo adsorbuota ant aukso nanodalelémis dengto elektrodo, o
lakazé TaLc ant elektrochemiskai $iurkstinto aukso elektrodo. SERS metodu
sickéme (i) nustatyti ar lakazés adsorbavosi elektrodo pavirSiuje, (ii) gauti
informacijos apie specifiniy baltymo aminortgs¢iy ir vario komplekso
biisena, (iii) iStirti potencialo poveikj adsorbuoto fermento struktiirai.

Nustatyta, kad lakazés fermentai isliko adsorbuoti -0,30-0,80 V (J6) ir
0,10-0,90 V (TaLc) potencialo ribose azz. NHE. T1 vario centro v(Cu-S)
virpesinés juostos nebuvo nustatytos nei viename pavirSiaus spektre, o tai
leidzia daryti prielaida, kad Sis centras nutoles nuo pavirSiaus. Phe juostos
daznio poslinkis per A=-3,4 cm™ ir juostos susiauréjimas i§ 22,5 11,1 cm?
kei¢iant potencialg i§ 0,10 j 0,90 V rodo, kad TalLc lakazés Phe tiesiogiai
saveikauja su pavirSiumi. Tiriant J6 lakaze tokiy pokyciy nepastebéta.

Valentiniy auk$to daznio metileno ,minkstos“ modos v(C-H) ir
karboksilato vs(COO") virpesio intensyvumo kitimai atskleidzia, kad ties
labiau neigiamomis potencialo vertémis baltymo struktiira yra iStempta ir
ploks¢ia, jis prisispaudes prie pavirSiaus. Esant teigiamoms potencialo
vertémis baltymo metileno grupés nutolsta nuo pavirSiaus, taciau sustipréja
karboksilato grupés virpesiné juosta. Siy persitvarkymy metu baltymo globulé
tampa labiau statmena pavirSiaus atzvilgiu.
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ISVADOS

1. SERS ir DFT skaiciavimais parodyta, kad merkaptoetanolis sgveikauja
su aukso pavirSiumi sudarydamas ne tik Au-S bet ir Au—-O cheminj rysj.

2. Adsorbuoto merkaptoetanolio trans/gos konformacijy santykis sumazéja
i§ 0,75 j 0,33 inkubuojant monosluoksnj vandenyje 72 val. Merkaptoetanolio
go§ konformacija yra palaikoma su aukso Klasteriu susidaromo cheminio
Au-O rysio. Sio rysio ilgis sutrumpéja per 4,95 pm susidarant vandeniliniam
ry$iui tarp vandens molekulés ir merkaptoetanolio hidroksilo grupés.

3. WC14 molekuliy alkilinés grandinés veikiamos vandens suformuoja
molekulinius klasterius. Nustatytas §iy molekuliy klasteriy formavimosi
spektrinis Zymuo — valentinis v(C—C)r virpesys ties 1129 cm™.

4. Elektroda poliarizuojant neigiamai mazéja Au—S rysio energija ir kartu
aktyvacijos energija reikalinga molekuliy persitvarkymui. D¢l to sustipréja
vandens poveikis hidrofobinéms inkariniy molekuliy dalims ir jos pradeda
formuoti molekulinius Klasterius ant pavirsiaus. Sis procesas turi neigiama
poveikj tBLM membranos vientisumui ir izoliacinéms savybéms, todél mes
siilome membranos inkarinio sluoksnio kokybés zymenj — 1129 cm™ juosta.
Sios juostos atsiradimas ir stipréjimas zymi tinkamumo formuoti tBLM
praradima.

5. Pirmg Kkartg uzregistruotas virpesinis tBLM spektras in-situ
vandeniniame tirpale. Nustatyti spektriniai membranos zymenys: juostos ties
717 ir 1655 cm? priskirtos DOPC molekulés v(N*(CHs)s) ir v(C=C)
virpesiams. Spektriniai Zymenys rodo, kad DOPC molekulés ties dvigubaja
jungtimi yra skystos biisenos.

6. J6 lakazé i$skirta i§ Didymocrea sp. negrjztamai adsorbuojasi ant aukso
nanodaleliy 0,30-0,80 V ribose ir TalLc lakazé isskirta i§ Trichaptum
abietinum negrjztamai adsorbuojasi ant aukso elektrodo 0,10-0,90 V ribose
(atz. NHE). Nustatyti spektriniai Zymenys rodantys fermenty sgveika su
pavir§iumi: ,,minksta® C—H moda, fenilalanino ziedo F12 modos daznis ir
pusplotis, karboksilo grupés juostos intensyvumas.
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7. SERS duomenimis neigiaméjant potencialui lakaziy fermentai yra
prispaudziami prie pavirSiaus. Stipréjant fermento kontaktui su metalu iSauga
CH; grupiy ,,minkstos* modos ties 2815-2830 cm™ intensyvumas bei silpnéja
ir i¥nyksta Soniniy aminoriigd¢iy karboksilato juosta ties 1369-1382 cm,
Elektroda poliarizuojant teigiamai fermentas atgauna prading struktiira,
mazéja jo kontaktas su pavirSiumi per C—H grupes ir stipréja saveikos per
aminoriig§¢iy karboksilato grupes.

8. Nepriklausomai nuo fermento adsorbcijos salygy ir elektrodo
poliarizacijos katalitinio T1 vario centro spektroskopinis zZymuo nebuvo
uzregistruotas. Tai liudija, kad T1 vario centras yra nutoles nuo elektrodo
pavirSiaus.
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SUMMARY
1. Introduction

Many of the vital processes that take place in living organisms occur at
interfaces or surfaces. These processes include adsorption of biomolecules
and their lateral diffusion, phase transition, catalysis, oxidation, electron
transfer, to name a few.! At the cell level, these processes occur near the
phospholipid membrane that encloses the inner parts of the cell and organelles.
The phospholipid membranes are complex structures that insulate the cell’s
inner content, incorporate transmembrane proteins, participate in selective
transport of substances, and signal transduction. The biological relevance and
various related malfunctions have propelled the research of the membranes.
However, because of high complexity and diverse composition, a more
simplistic approach was in search, which led to the development of model
membranes. Among various model membranes, tethered bilayer lipid
membranes (tBLM) emerged as the most promising architecture reliable
mimicking the real biological membranes.

To construct the tBLM, a lipid bilayer is suspended in nanometer distance
from the surface through an anchoring monolayer (SAM), ensuring the
formation of polar submembrane space. This space is needed to accommodate
the outer domains of membrane-incorporated proteins.

Anchor molecules, that comprise SAM, usually consist of (i) surface-active
moiety, (ii) hydrophilic domain, and (iii) hydrophobic acyl chains. The
structure of anchor molecules is specifically designed to support tBLM in
nanometer distance from the solid and form the submembrane reservoir.
Because of the tight association of two entities, the quality of tBLM is highly
dependent on the structure of the underlying SAM

In this study, the influence of water and electrochemical potential on the
structure of anchoring monolayer is tested. Water is a fundamental component
that maintains the biological function of lipid membranes and incorporated
proteins and provides a medium for electrochemical measurements of the
system. Electrochemical methods are routinely used to investigate the lipid
membranes and provide information on their integrity, defect population, and
distribution, the electrical capacitance of the lipid layer, and the submembrane
reservoir.

In this study, we also investigated the structure dependence of electrode
surface-adsorbed redox enzymes on electrochemical potential. The ability to
orient enzymes on a conductive surface is of great importance for the
construction of biosensors and biofuel cells. In such catalytic systems, the
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biocathode is typically formed from blue multicopper oxidases (MCO), e.g.
laccases. The limiting phase in MCO cathodes involves heterogeneous and
intermolecular electron transfer. It was shown previously, that the limiting
phase in such systems could be bypassed by adopting the specific enzyme
orientation during the adsorption process.®> The appropriate orientation of
surface adsorbed enzymes is essential to optimize their function.

To address surface-related questions, the surface-sensitive technique is
needed. Surface-enhanced Raman spectroscopy (SERS) provides detailed
information on bonding, structure, and orientation of adsorbed molecules with
the ability to probe in-situ in a controlled electrochemical potential regime. In
this work, we analyze changes in the structure of self-assembled monolayers
composed from long-chain membrane tethering thiol (WC14) and small-
molecular weight dilutor 2-mercaptoethanol (ME) as the function of (i)
immersion time in water and (ii) the change of bias electrochemical potential.
Further, we investigate the surface-orientation markers for J6 and TalLc
laccases from Didymocrea sp. and Trichaptum abietinum and provide
electrochemical-spectroscopy data on alterations in their structure, state of the
catalytic copper site, and amino acids.

The work was accomplished by using Raman and temperature-Raman,
SERS and electrochemical-SERS, isotope substitution, electrochemical
desorption, quantum chemical calculation, and two-dimensional correlation
spectroscopy techniques.

The aim of the work is to evaluate water and potential induced alterations
in the tethered bilayer lipid membrane-anchoring monolayers and to assess the
potential induced changes in electrode-surface adsorbed laccase enzymes.

The objectives of the work:

1. To form stable monolayers from WC14 and ME-D, molecules on a gold
surface and assign vibrational bands;

2. To identify spectral bands that are sensitive to the structure and
orientation of self-assembled monolayers composed from WC14 and ME-Dy;

3. To determine the alterations in the structure, orientation, and order of
the self-assembled monolayers with respect to the immersion time in water
and electrode potential;

4. To form the tethered bilayer lipid membrane (tBLM) and identify the
spectral markers of tBLM’s state by using SERS;

5. To determine the spectral markers that correspond to the adsorption of
J6 laccase from Didymocrea sp. and TaLc laccase from Trichaptum abietinum
on a gold electrode;
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6. To evaluate the effect of electrochemical potential on the structure of
electrode-adsorbed laccases, their catalytic copper sites, and amino acids
based on SERS.

The novelty of the work

Membrane anchoring SAMs formed from long-chain WC14 and
mercaptoethanol (ME-D.) remain intact during the immersion in water. Based
on SERS data along with the modeling of the surface complex by the means
of density functional theory (DFT) method, we provide evidence for the
interaction of mercaptoethanol in gauche conformation with Au surface
through both S and O atoms. Calculations show that the length of Au-O bond
shortens when an explicit water molecule is added to the model system. In the
presence of water, the alkyl chains of WC14 molecules adopt extended all-
trans conformation and form molecular surface clusters. The clustering
process is evident spectroscopically by analysis of the C—C stretching band at
1129 cm? of hydrocarbon chains in all-trans configuration.

Electrochemical-SERS data reveal reduced energy of metal-ligand bonds
(Au-S, and Au-0) and reorganization of molecules at the head-group region
at more negative electrode polarization. The head-group structural changes
coupled with the effect of water on the hydrophobic chains of long-chain
anchor molecules result in the formation of molecular clusters, evident from
the emergence of 1129 cm™ band. Therefore, we propose that the 1129 cm™*
band could serve as a new spectroscopic marker for potential-induced
formation of phase-segregation clusters of the hydrophobic membrane
anchors. The clustering phenomenon should be considered in the preparation
of tBLMs, construction of membrane-based biosensors, bioengineering
developments, and studies of biomolecular processes using model
membranes. These results have important implications for the general use of
tethered membranes in many biochemical applications.

For the first time, we show the direct spectroscopic evidence for the
formation of lipid bilayer at mixed anchoring SAM. The analysis of the
v(C=C) vibrational mode indicates that the structure of the lipid molecules
near the olefin group is fluid-like. These findings can be used in the analysis
and interpretation of the function of biosensors and biotechnological processes
based on tBLM

SERS indicates irreversible adsorption of laccase enzymes onto a gold
electrode with retained stability within a wide potential range. We found
spectroscopic markers that identify the structure of adsorbed enzymes: the
“soft” mode of C-H stretching, phenylalanine ring F12 vibration
wavenumbers, and full width at half-maximum, and the intensity of
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carboxylate vibration near 1380 cm™. Based on these spectral markers, the
extended-flat configuration of an enzyme at the surface is determined at the
more negative electrode polarization; while more vertical orientation, which
is supported predominantly by the interaction of the carboxylate groups with
metal, is found at more positive electrode polarization.

The spectroscopic results show that the characteristic modes of the T1
copper site of adsorbed laccases are not observed, pointing to the orientation
of laccases in which the T1 center is positioned further away from the
substrate surface.

The defense statements of the work

1. Mercaptoethanol molecules attach to the surface not only by forming the
Au-S bond, but also the Au—O bond. DFT calculations with added explicit
H>O molecule revealed considerable shortening of Au—O bond for surface
coordinated gauche conformer.

2. During incubation of anchor monolayer in the water, the relative amount
of mercaptoethanol in gauche conformation increases, while the alkyl chains
of WC14 molecules adopt extended all-trans conformation and form surface
clusters.

3. Alkane chains of membrane anchoring WC14 molecules form potential-
induced clusters at more negative electrode polarization in mixed monolayer.

4. SERS spectrum of tBLM is obtained for the first time. The state of tBLM
membrane is fluid-like in the vicinity of the olefin group.

5. The laccase enzymes irreversibly adsorb on a gold surface and remain
intact in the potential range of -0.3-0.8 V for J6 and 0.1-0.9 V for TaLc vs.
NHE.

6. The surface-adsorbed laccase enzymes tend to adopt a more flat
configuration during the excursion towards more negative potentials, while at
an increasingly positive potential more vertical orientation is obtained.

7. The adsorbed laccase enzymes are oriented on a surface in such a way,
that the catalytic T1 copper site is positioned further from the electrode, as
evidenced by the lack of vibrational spectroscopy markers for the T1 center.
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2. Materials and methods

2.1. Materials
Deionized water Milli-Q plus, USA, 18.2 MW-cm;
Ethanol Vilniaus degtiné, Lithuania, 96%;
Chloroform Sigma-Aldrich, Germany, 99%
H,SO, Roth, Germany;
NaOH, Sigma Aldrich, Germany;
1-heptantiol,
CHCl;
NacCl, Fluka, Switzerland;

NaH.PO4-H,0,
Na,H POA'HZO,
NaSOs,

NaCl

ME-Ds, (DC-C2D,—C1D,—OD) C/DI/N Isotopes, UK, 99.6%);

DOPC, (1,2-dioleoyl-sn-glycero- Avanti Polar Lipids, USA,
3-phosphocholine),

Cholesterol

WC14, (20-tetradecyloxy- The compound was synthesized by David
3,6,9,12,15,18,22- J. Vanderah at NIST Chemical Science
heptaoxatricontane-1-thiol) and Technology Laboratory,

Gaithersburg, Maryland, USA according
to a method detailed in %°;

Laccase J6 (from Didymocrea) The enzymes were purified and kindly

and given by dr. Liucija Marcinkeviciené
Laccase TaLc (from Trichaptum (Vilnius University Life Sciences Center,
abietinum) VU LSC). For the enzymatic electrode

preparation, the author is grateful to dr.
Dalius Ratautas and dr. Irina Bratkovskaja
(VU LSC).
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2.2. Raman measurements

2.2.1. Raman spectroscopy systems

LabRam HR 800 (Horiba, France) equipped with 532 and 785 nm lasers.
The wavenumber axis was adjusted according to silicon’s band at 520.7 cm™.

RamanFlex 400 (PerkinElmer, USA) equipped with a thermoelectrically
cooled (-50 °C) CCD detector and 785 nm diode laser. The wavenumber axis
was calibrated according to the spectrum of polystyrene (ASTM E 1840) and
spectral intensities were calibrated according to the intensity standard SRM
2241 by NIST (National Institute of Standards and Technology, USA).

InVia (Renishaw, UK) with a thermoelectrically cooled CCD detector and
785 nm lasers. The wavenumber axis was adjusted according to silicon’s band
at 520.7 cm™.

2.2.2. Temperature-controlled Raman measurements

Temperature-controlled Raman measurements were performed using
PE95/T95 (LinKam, UK) temperature control system with a temperature
accuracy of 0.05 °C. Measurement of WC14 was performed with LabRam
HR 800 spectrometer at 293 and 243 K. Measurements of DOPC and
cholesterol were performed with RamanFlex 400 spectrometer at 293 and
173 K.

2.2.3. Preparation of SERS substrates

Commercial SERS substrates. Commercial sapphire plates with laser-
ripped surfaces were fabricated by “Altechna” (Vilnius) and subsequently
coated with 2 nm Cr adhesion layer and 200 nm gold layer by the magnetron
sputtering using the PVD75 (Kurt J. Lesker Company, USA) system. The
ripple formation was described elsewhere.®

SERS electrode preparation. The Teflon press-fitted polycrystalline gold
rod working electrode was polished with sandpaper (P2500) and 0.3 pm Al>Os
slurry to refresh the surface and then sonicated in water-ethanol mixture
(2:1, viv). Further, five potential cycles between 0.00 and 2.00 V were
performed in 0.5 M H,SQO;, solution at 0.10 V/s speed, followed by ten cycles
between 0.00 and 1.66 V. Then, the electrode was reduced in 0.1 M NaCl
solution at -0.90 V for 10 min. Finally, the electrode was roughened in 0.1 M
NaCl solution switching between oxidation (1.30 V) and reduction (-0.30 V)
potentials and holding for 30 s at negative and 2 s at positive potentials. The
procedure was finished after thirty oxidation-reduction cycles.
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2.3. Adsorption of biomolecules

Self-assembled monolayer. SAMs were adsorbed either on commercial
SERS substrates (for incubation in water experiment) or electrochemically
roughened Au electrode (for potential-dependent SERS experiment). The
adsorption solution contained a total of 0.2 mM of thiols, which included
WC14, and/or ME-D4 with molar fractions of 100:0, 70:30, 30:70, and 0:100.

Tethered bilayer lipid membranes. To form tBLM a multilamellar
vesicle fusion (MLV) was done according to the method detailed in *
publication. Briefly, equal molar parts (50:50 mol. %) of DOPC and
cholesterol were dissolved in chloroform to form a 10 mM lipid solution. The
chloroform was evaporated under a gentle nitrogen stream and the remaining
lipid film was resuspended in phosphate solution (0.05 M + 0.1 M Na,SOs,
pH 4.7, deoxygenated by N;) to a final MLV solution containing 1 mM of
lipids. MLV solution was placed and immobilized for 20 min on a roughened
gold electrode which was pre-adsorbed with mixed WC14/ME-D4
(30/70 mol:mol) SAM. The SAM was prepared as described previously. Then
gold-SAM-tBLM electrode was rinsed with a copious amount of phosphate
solution to remove lipid overlayers without allowing the surface to dry.

Enzymes. Preparations of the enzymatic laccase J6 and TaLc electrodes
were done by dr. Dalius Ratautas and dr. Irina Bratkovskaja (Vilnius
University, Life Sciences Center). (i) Laccase J6 from Didymocrea sp. was
adsorbed under 0.80 V potential on the gold nanoparticles covered working
electrode. (ii) Electroless adsorption of the laccase TalLc from Trichaptum
abietinum was carried out on a roughened gold electrode.

2.4. Desorption of SAMs

The desorption of mixed, ME-D.s, WC14, and model compound HPT
monolayers from the roughened gold electrode were carried out in the alkaline
solution of 0.5 M NaOH + 0.1 M Na;SOs in scanning potential regime at a
sweep rate of 50 mV/s.

2.5. SERS measurement details

Water induced changes in SAMs. Water induced changes in anchor
SAMs were studied using InVia Raman microscope equipped with 785 nm
laser which power at the sample was restricted to 5 mW. The integration time
was 100 s. Raman spectra were taken using long working distance 50x/0.5
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NA (Leica, Germany) objective lens. To reduce photo- and thermal-
degradation of the sample, the probe holder was constantly moved with
respect to the laser beam at a rate of 15-25 mm/s.%>% Raman measurements
were taken at 5 min, 30 min, 60 min, 24 hr., 48 hr., and 72 hr. timestamps of
SAMs’ incubation in water.

Spectroelectrochemical measurements of SAMs and adsorbed
enzymes. Spectroelectrochemical experiments of SAMs and electrode
adsorbed enzymes were conducted in three-electrode cell, that was constantly
bubbled with ultra-pure N2 gas to remove residual oxygen traces from
solution. The Teflon press-fitted polycrystalline gold rod served as a working
electrode. The platinum wire and Ag/AgCl electrodes were used as the counter
and reference electrodes. During the measurements, the cell was constantly
moved in a direction perpendicular to the laser radiation as described
previously. Spectra were collected from the working electrode at determined
potentials. Before each measurement, the electrode was held at the selected
potential for 60 s, which was followed by the spectral acquisition of 300 s.

2.6. Theoretical modeling

Theoretical modeling was performed using Gaussian 09 distribution for
Windows. Geometry optimization and frequency calculations were completed
with the DFT method using B3LYP functional. Calculations were performed
using 6-311++G(d,p) basis set for C, S, O, and H atoms and LANL2DZ with
ECP for Au atoms. The surface was represented by the Auio gold cluster.
Calculated frequencies and intensities were scaled according to the procedure
described previously.®

2.7. Data handling

Position, intensity, and FWHM of spectral bands were acquired by fitting
the experimental spectra with a Gaussian/Lorentzian shape curves using
GRAMS/AI 8.0 (Thermo Electron. Corp.). Measurements were repeated three
times and presented as mean + standard deviation (SD).
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3. Results and discussion

3.1. Water induced changes in membrane anchoring
self-assembled monolayer

3.1.1 Assignment of ME-D, and WC14 bands

The anchoring monolayer of the tBLM typically consists of long-chain
thiols such as WC14 and small molecular weight surface backfiller
2-mercaptoethanol (ME). Here, avoiding spectral interference with WC14, a
fully deuterated ME was used. However, in the presence of water ME
interchanges its hydrogens/deuterons near the O and S with the ones from the
solvent, resulting in HS—CD»-CD,—OH (ME-D4). To clarify the assignments
of the SERS bands the quantum chemical calculations were performed for the
ME-D, and Auio-ME-D, surface clusters in gauche and trans conformations
(figure 1).
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Figure 1. Structures of ME-D, and surface model complexes Aui-ME-Dy in
gauche and trans conformations.

The adsorption of ME-D, at the gold surface is evident from a couple of
changes in vibrational spectra (figure 2A). First, the high-energy feature at
2585 cm'* disappears from the surface spectrum indicating the cleavage of the
S—H bond. Second, the intense and broad band assigned to the stretching
vibrations of a metal-ligand complex appears at 274-303 cm™. We associate
this band with the dominant Au-S stretch contribution. However, previous
studies and our theoretical modeling suggest that the oxygen atom also binds
to the surface and forms the Au-O bond for ME-D. in gauche
conformation,3436.112

The prevailing conformation for ME-D. in an S—C moiety in both solution
and surface spectra is gauche. However, the analysis of integrated intensities
revealed an increase in trans to gauche ratio, At/Ag, from 0.25 for solution
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Figure 2. (A) Comparison of Raman spectrum of ME-D4 (0.5 M aqueous solution)

(a) and SERS spectrum of Au adsorbed ME-D. after incubation in water for 1 h (b).

(B) Calculated spectra of Aui-ME-Ds complexes in gauche (a) and trans (b)
conformations.

ME-D to 0.62 for the Au-ME-D4 complex. Both gauche and trans bands of
the solution spectrum were found to downshift from 616 and 685 cm* to 596
and 678 cm* due to adsorption. This downshift was explained by the surface-
induced withdrawal of electron density from S—-C bond and metal mass
effect.88113

The intense 974 cm™ band in the solution spectrum is associated with v(C—
0) vibrational mode coupled with t(C1D,) and t(C2D,). The 1108 and 1066
cm* bands contain a contribution from the scissoring vibration of CD, and the
O8(OH). The asymmetric stretching and deformation bands of the C2-C1-O
backbone is found at 1166 and 393 cm™. Two well-defined bands in high-
frequency region at 2109 and 2161 cm* belong to vs(C1D;) and vs(C2Dy).
Table 1 compares the calculated bond lengths for gauche and trans conformers
and surface-bound complexes. Higher v(C—S)r frequency compared with
v(C—S)¢ corresponds well with the shorter C—S bond of the trans ME-D4
conformer. Bond formation between the molecule and the Au cluster increases
the length of the C—S bond for both studied conformers. Similarly, the
formation of the Au—O covalent bond increases the C—O bond length. Thus,
a redshift is expected for the corresponding stretching vibrational mode for a
gauche conformer coordinating with the surface through both S and O atoms.
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Table 1. Calculated bond lengths (pm) of gauche and trans conformers of ME-D, and
surface complexes Auig—ME-D4 and Auig—ME-Dy4+-H0.

Bond ME-Ds ME-D4 AUro- AU1o- AUio- Alio-
gauche trans ME-Ds ME-Ds ME-Ds-H,O ME-Ds-H,0
gauche  trans gauche trans
s-C 184.69 183.99 185.66 185.72 185.82 186.08
c-C 152.75 152.87 15259 152.72 152.57 153.60
Cc-0 142.19 142,75 14532 142.16 144.55 140.95
O-H 96.71  96.53  97.58 96.62 99.52 97.66
O--HO 167.22 184.57
241.66 241.64
Au-S 234.53 245,37 234.76 245,40
Au-O 230.74 225.79

For the long-chain WC14 molecule, the assignment of the spectral bands
is based on previous studies of similar compounds and our calculation of the
model compound.880113118.121122- Comparison of Raman spectra of WC14
molecules in melted and solid states allows us to identify spectral markers that
are being sensitive to the order of the chains and intermolecular interactions
(figure 3). A well-discernible increase in the intensity of 1063, 1131, and 1295
cm! bands assigned to v(C—-C)r and t(CH,) is consistent with the formation of
the extended structure of alkyl chains at 243 K 8113

WC14

Raman intensity

600 800 1000 1200 1400 2400 2800 3200
Wavenumber / cm™ Wavenumber / cm™

Figure 3. Raman spectra of melted WC14 at 293 K (a), solid state at 243 K (b)
and SERS spectrum of gold adsorbed WC14 monolayer in aqueous solution.
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The formation of ordered hydrocarbon chains is evident from the changes
in the high-frequency range. The lowering of the temperature induces
considerable frequency downshift of the spectral vas(CH.) and vs(CH,) bands
that are found at 2888-2883 cm™ and 28542848 cm™.88113 The intensification
of vs(CH) band is also observed. However, the presence of a 669 cm™ band
indicates, that gauche is the predominant conformation at both studied
temperatures. The position of v(S-C)c peak downshifts by 25 cm™ in a SERS
spectrum as a consequence of Au-S formation induced withdrawal of electron
density from S-C bond and metal mass effect.21'* A similar effect is also
observed for trans conformer band found in the surface spectrum at 726 cm™.

The narrow band near 1128 cm assigned to the v(C-C)r indicates the
dominant extended state of alkyl chains at the surface. Also, a band near
889 cm* points to the trans conformation of the terminal methyl group of alkyl
chains.

3.1.2. SERS of mixed monolayers

The v(S-C)¢ and v(S-C)+ bands reveal the isomerization state of surface
adsorbed mercaptoethanol. To discriminate against these bands originating
from ME with the ones from WC14, we have used isotopically labeled
mercaptoethanol, ME-D.. The deuteration results in the downshift of v(S-C)
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Figure 4. SERS spectra of self-assembled monolayers on Au containing
WC14/ME-D, 0:100 (a), 30:70 (b), 70:30 (c) and 100:0 (d).
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bands by as much as 47-48 cm* compared to the undeuterated counterpart.
Gauche and trans conformational band for WC14 are found at 644 and
726 cm? (figure 4d) and for ME-D,4 at 596 and 678 cm™ (figure 4a). The
1128 cm™* band appears in each composition SAM that contains long-chain
thiol, but it is most prominent in pure (100 %) WC14 monolayer. Observation
of this band points to the organization of some alkyl chains in an extended,
trans conformation. Similarly, the band found at 1012 cm™ in pure WC14
monolayer assigned to vs(C—O-C) vibration diminishes quite considerably
upon the introduction of ME-D4. This might be associated with the alignment
of ethyleneoxide segments more parallel to surface with the addition of the
backfiller and therefore reduction of surface enhancement effect on these
segments.

3.1.3. Effect of water on the structure of mixed monolayer

Figure 5A presents SERS spectra of a tethered monolayer on the Au
surface composed from WC14/ME-D, (30:70) at different immersion times.
The most prominent changes appear in the S—C stretching region. The relative
intensity of mercaptoethanol’s v(S—-C)r at 679 cm™ decreases at longer
incubation times. More quantitative analysis of the dependence of integrated
ratio Ar/Ac on incubation time revealed a significant decrease from 0.75 at
the initial time to 0.33 at 72 h (figure 5B). An increasing fraction of adsorbed

Raman intensity

600 800 1000
Wavenumber / cm™’

Figure 5. (A) SERS spectra of tethered layer on the Au surface containing
WC14/ME-D4 (30:70) incubated in water for (a) 5 min, (b) 30 min, (c) 60 min, (d) 24
h, (e) 48 h, (f) 72 h. (B) Dependence of integrated intensity ratio of trans and gauche
components of S—C stretching of ME-D4 (A1/Ag) on immersion time.
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gauche conformers favors an interaction of ME-D. with the gold substrate
through the oxygen atoms.

Quantum chemical calculations for the gold-mercaptoethanol complex
with an added water molecule, Aui-ME-Ds---H20, show surprising
shortening by 4.95 pm of the Au—O bond upon the formation of hydrogen
bonding between ME-D4’s hydroxyl group and an explicit water molecule.
Besides, hydrogen bonding between the surface molecule and an explicit
water molecule is considerably stronger for the adsorbed gauche conformer.
The bond was found to be 167.22 and 184.57 pm for gauche and trans
complexes. Thus, we conclude that water supports the gauche conformation
of adsorbed ME-Ds.

To ascertain water-induced changes of adsorbed WC14, the mixed
monolayer containing 70% WC14 and 30% ME-D, was formed (figure 6A).
An increase of relative intensity of 1129 cm™ band associated mainly with the
v(C-C)r vibrational mode of WC14 is seen with longer incubation times.
Also, a slight increase in the intensity of 843 and 889 cm™ bands, which
correspond to rocking deformations of methylene r(CH>) in EO chains and
rocking vibrational mode of CHj; groups in trans conformation, is observed.
These spectral changes point to water-induced rearrangement of interchain
order of adsorbed WC14 molecules in such a way that the portion of chains
with all-trans conformation is increased. Thus, in-situ SERS data reveal the
formation of WC14 clusters with more extended alkyl chains and an increase
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Figure 6. (A) SERS spectra of tethered layer on the Au surface containing
WC14/ME-D4 (70:30) incubated in water for (a) 5 min, (b) 30 min, (c) 60 min, (d) 24
h, (e) 48 h, (f) 72 h. (B) Dependence of integrated intensity ratio of C—C stretching of
WC14 in all-trans configuration and 1099 cm™ band of ME-D4 on immersion time.
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in the fraction of gauche conformers for adsorbed short mercaptoethanol
molecules.

3.2. Electrochemical potential induced changes in membrane
anchoring self-assembled monolayer

3.2.1. Desorption of tethered layer from gold electrode

The reductive desorption experiment was carried out to ascertain the
potential range in which studied monolayers remain intact. The desorption
curves for pure 1-heptanethiol (HPT), WC14, and ME-D, monolayers and
mixed monolayer composed of 30% WC14 and 70% ME-D, from roughened
Au electrode are shown in figure 7. Detail desorption data for each studied
monolayer are presented in table 2. The position of desorption peak correlates
with the strength of the metal-ligand bond (Au-S) and allows to indicate the

Table 2. Desorption charge densities, potentials and relative surface coverage of
mixed, ME-D4, WC14, and HPT monolayers.

Charge Relative Potential
SAM density, coverage '
2 \
pnC cm
WC14/ME-D4 89 0.77 -1.06  -0.75
ME-D, 120 1.04 -1.04  -0.67
WC14 64 0.56 -1.17  -0.93
150 i) 5 WC14/ME-D,
2 0 (30:70)

Current

125 100 -075  -0.50
Potential / V

Figure 7. Potentiodynamic curves of reductive desorption of pure HPT, WC14,
and ME-D, monolayers and a mixed monolayer composed from 30% WC14 and 70%
ME-D, adsorbed on Au electrode surface.
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most negative potential at which molecules remain adsorbed. While the model
compound HPT desorption curve contains only one peak, other monolayers
exhibit two well-discernable peaks, indicating at least two distinct states of
adsorbed molecules. We associate the first desorption peak for pure ME-D,
monolayer (-0.67 V) with the molecules in trans conformation, i.e. the ones
that interact with the surface only through Au-S. Similarly, ME-D4 molecules
in gauche conformation are additionally stabilized by the Au—O bond, thus
desorption potential increases up to -1.04 V. Two peaks for WC14 are found
at-0.93 and -1.17 V correspond to the desorption of individual molecules and
molecular clusters. In the mixed monolayer (-0.75 V) the first desorption peak
appears to be shifted with respect to the ones of pure monolayers. Such a shift
indicates the intermolecular interactions between ME-D4 and WC14.

The electrochemical desorption experiment reveals that ME-D4 and mixed
monolayers remain stable in potential up to -0.60 V, while WC14 monolayer
stays stable up to -0.80 V.

3.2.2. Electrochemical SERS study of ME-D4 and WC14 monolayers

The spectra of gold electrode adsorbed ME-Ds monolayer at 0.40
and -0.60 V are presented in figure 8. Au-S and Au-O stretching modes
redshift by A=-8 and -11 cm™ upon negative electrode polarization and their
intensity increase by a factor of 3. Such spectral changes indicate the
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Figure 8. SERS spectra of ME-D4 monolayer at 0.40 and -0.60 V.
rearrangement of adsorbed molecules and the reduction of metal-ligand bond
strength. The Au-S bond lengthening was theoretically estimated for
Aui-ME-D4 complexes when changing the total system charge from +1 to -1.
The calculated increase of the bond length of Au-S for gauche and trans
conformers is A=3.00 and 6.52 pm.

SERS data indicate an upshift of v(S-C)s wavenumbers by 5 cm?
at -0.60 V potential, on the other hand, the position of v(S-C)r decreases
by -3cm?. The insignificant intensity ratio I+/lc change favors trans
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conformation (from 0.34 to 0.41) upon negative polarization. However, quite
a reasonable intensification of 1012 cm™ mode assigned to the out of phase
stretching of C—C—0, voop(C—C-0), indicates that molecules adopt a more
vertical orientation to the surface.

Depicted in figure 9A is a reversible dependence of the v(Au-S)
wavenumbers on the potential for the pure WC14 monolayer. On the cathodic
scan the mode shifts by -10 cm™ to 262 cm™, while on a successive scan
towards positive values it returns to 267 cm™. In a fingerprint region spectral
mode for S-C bond for the gauche conformation separates into two features
at the most negative potential. The one at the higher energy (653 cm™) could
be assigned to a portion of molecules that interact with the surface more
loosely. Thus, allowing us to speculate that molecules reach pre-desorption
state. The prevailing orientation of both adsorbed ME-D, and WC14
molecules is gauche. Spectral modes at 1063 and 1129 cm™ are assigned to
the trans vibrations of the C—C bond of alkane chain, v(C-C)r. The intensity
of 1129 cm band is invariant with respect to changes in potential and no
spectral bands corresponding to gauche defects of carbohydrate chain were
observed. Thus, it allows us to speculate that alkyl chain clusters remain intact
in an electric field.
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Figure 9. (A) Dependence of v(Au-S) mode’s wavenumbers on electrode
potential. (B) SERS spectra of Au adsorbed WC14 monolayer at potentials of
0.40, -0.80 V in a forward scan and at 0.40 V in a successive scan.

3.2.3. Electrochemical SERS study of mixed monolayer

Figure 10 compares the SERS spectra of mixed monolayer composed from
30% WC14 and 70% ME-D, at different electrode polarization. In the low
energy portion of a spectra, wavenumbers of the Au-S bond decrease by
A=-5.21 cm with increasingly negative polarization. The detailed depiction
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Figure 10. SERS spectra of mixed tethered monolayer in 200-400 cm™ and 550
1200 cm'? regions.

provided in figure 11A shows a sharp drop at -0.60 V that indicates a
weakening of the Au-S bond strength. Correspondingly, theoretical modeling
of Auip-ME-Ds complex in trans and gauche conformations predicts
lengthening of Au-S bond by A=6.51 and 3.00 pm while changing the net
charge from +1 to -1. In accordance, the calculations predict the diminution
of wavenumbers by A=-20 and -25 cm™.

Both gauche and trans bands of the ME-D4 upshift by a couple of
wavenumbers upon negative polarization. The intensity ratio I+/lg increases
from 0.47 to 0.60 during the excursion to negative potentials favoring trans
conformation of adsorbed ME-D,, however as the potential is set to -0.60 V
ratio decreases to 0.42 (figure 11B).

Although most of the bands in SERS spectra belong to ME-D., the band
near 1129 cm* assigned to all-trans vibration of the carbohydrate backbone,
v(C-C)r is also visible. This feature is instrumental in defining the
conformational state of alkyl chains of the adsorbed WC14 anchors. Shown in
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Figure 11. (A) Dependence of Au-S bond wavenumbers and (B) intensity ratio of
trans and gauche conformation v(S—C) bands on electrochemical potential.
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Figure 12. Dependence of the intensity of all-trans C—C stretching band at 1129
cm® upon electrode potential in both cathodic and anodic directions fitted with
Boltzmann sigmoidal curve (R?=0.996). Left side inset shows the distorted state of
alkane chains at initial measurements, and right side inset shows aggregated state after
excursion to negative potential. The transition midpoint potential value was
determined to be —0.46 = 0.03 V
figure 12 is the nonlinear dependence of the band’s intensity on the potential.
The intensification starts at the -0.40 V and it reaches the plateau at -0.60 V.
The process is irreversible because extended polymethylene chains retained
their structure even after the return to the initial values of potential (figure 12).

Arguably, the v(C—C)r intensity change with respect to electric potential
is governed by two processes: (i) potential-induced changes in intrachain
gauche/trans isomerization and (ii) changes in orientation of alkyl chains with
respect to the electrode surface. Increased interaction between the
hydrocarbon chains results in a reduction of gauche defects and the
arrangement of extended alkyl chains into hydrophobic clusters that are
featured by the v(C—C)r band in SERS spectrum.

From the molecular point of view, the application of increasingly negative
potential leads to reduced energy of gold-thiolate bond (figure 11A), which in
turn liberates the lateral motion of surface adsorbed molecules. Increased
lateral mobility and the effect of water on the hydrophobic WC14 chains
stimulate the rearrangement of these molecules and results in the formation of
a gauche-defect-free condensed phase of the alkyl chains.

3.3. SERS of tBLM

The tBLM composed of 50% DOPC and 50% cholesterol was formed on
a gold electrode adsorbed WC14/ME-D4 (30/70 mol:mol) monolayer. The
difference spectrum in figure 13c contains spectral bands associated with the
vibrations of lipid molecules from the bilayer membrane. The presence of
lipids at the surface is evident from the stretching vibration of a double bond
in the acyl chain, v(C=C), which appears at 1655 cm™ and from ethanolamine
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Figure 13. SERS spectra of (a) tBLM and (b) tethering layer in 550-1700 cm™*
range. Difference spectrum (c) is also included.

vibration v(N*(CHs)s) at 717 cm in difference spectrum.'? The bands at 607,
960 cm'* assigned to vibrations of the cholesterol.

Spectral bands of SAM do not change significantly due to the formation of
the tBLM. The intensity of an 1129 cm* band slightly increases indicating an
increased portion of extended conformation of WC14’s alkyl chains. This may
be the result of both increased interaction between acyl chains of WC14 due
to prolonged incubation in phosphate solution and interactions arising
between acyl chains of WC14 and DOPC. Yet another feature that appears at
846 cm't is assigned to the rocking of methylene r(CH,) and v(CO) of WC14s’
ethyleneoxide fragment (EO) in a helical conformation.!3¢-13 These spectral
changes indicate conformational reorganization anchoring molecules due to
the addition of the lipid layer.

To the best of our knowledge, this is the first time the direct spectroscopic
evidence for the formation of the tBLM membrane is shown. These findings
can be used in the analysis and interpretation of the function of biosensors and
biotechnological processes based on tBLM

3.4. Spectroelectrochemical study of electrode adsorbed laccases

Enzymatic electrodes were prepared by adsorbing laccase J6 from
Didymocrea on gold-nanoparticle (AuNP) covered electrode at a static electric
field of 0.80 V and by adsorbing laccase TaLc from Trichaptum abietinum on
the surface of the electrochemically roughened gold electrode. SERS
measurements were carried out to (i) verify the presence of the enzymes on
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the electrode surface; (ii) investigate spectral markers that convey information
on the state of amino acids and catalytic copper sites; (iii) analyze the electric
field-induced changes in the structure of electrode adsorbed enzymes.

3.4.1. SERS of electrode adsorbed laccase J6

Figure 14 shows a potential-dependent SERS spectra of AuNP-laccase J6
complex. The presence of adsorbed protein in a wide potential range is evident
from typical Raman markers of phenylalanine F12 ring-breathing mode at
1002—-1003 cm!, amide-1 at 1631-1662 cm™ and amide-111 at 1243-1253 cm™.
The high-intensity band at 1439-1440 cm™ is assigned to scissoring vibration
of methylene. Stretching vibrations of CH./CHg are visible in high-frequency
region (2750-3100 cm). Notably, SERS data do not indicate low-frequency
mode from the T1 copper site. This might be associated with such an
adsorption geometry of the protein in which the T1 Cu center is positioned
relatively far from the AuNP surface.

--7 2924

Raman intensity

400 800 1200 1600 2800 3000

Wavenumber / cm’” Wavenumber / cm’”

Figure 14. SERS spectra of laccase J6 adsorbed at AuNP-modified electrode
at-0.30V (a), 0.10 V (b), 0.30 V (c), 0.60 V (d), and 0.80 V (e) (vs. NHE) potentials.

The most intense negative-facing features in the potential-difference SERS
spectrum in figure 15A at 1382 cm is assigned to vibrations of the surface
contacting COO" groups. Interaction of carboxylate groups with the surface is
increased at more positive potentials. The enhancement and downshift (from
1403-1413 to 1383-1396 cm™) of COO™ groups of peptides and amino acids
were previously assigned to direct interaction of carboxyl groups with an
electrode surface.’®"1# In the potential-difference SERS spectrum a broad
“soft” C—H stretching mode appears, which is assigned to stretching vibrations
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Figure 15. (A) Potential-difference SERS spectra of laccase J6 electrode in
fingerprint and (B) CH stretching regions. (C) Electrode polarization dependence of
the intensity of adsorbed carboxylate groups vs(CCO) at 1382-1385 cm™ (D) and
intensity of the C—H soft mode near 2830 cm™.

of methylenes which directly interact with the surface at more negative
potentials (figure 15B). These two spectral markers vs(CCO") and soft v(C-H)
mode reveal enzyme changes from the more extended and flat configuration
of protein at the more negative electrode polarizations to the more vertical
configuration at positive electrode polarization. While at a positive potential,
enzyme interacts with the surface through the carboxylate groups of the side
chains. These changes, however, do not impede the enzymatic activity of the
laccases adsorbed via the terminal carboxylate groups.**

3.4.2. SERS of electrode adsorbed laccase Tal.c

The laccase TalLc from Trichaptum abietinum was adsorbed onto the
roughened electrode surface under stationary open circuit potential conditions.
Potential-dependent SERS spectra in figure 16 demonstrate irreversible
adsorption of laccase TaLc on electrode surface in a wide potential range.

SERS data reveal changes in enzyme structure due to increasingly positive
potential. The carboxylate spectral mode at 1361-1369cm™ gains intensity
and blue-shifts, while the intensity of the soft C—H mode decreases. The soft-
mode is assigned to the stretching of methylenes that participate in direct
contact with the electrode. The weak band at 723 cm* associated with a stretch
of S—C group in trans conformation adjacent to a disulfide bond completely
diminishes. The Phe F12 band at 998 cm™* upshifts by 4.3 cm™ and becomes
significantly narrower at more positive electrode potentials, while the high-
frequency component v(=C-H) (3064 cm) emerges (figure 17C, D). Such
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Figure 16. SERS spectra of TalLc adsorbed at gold electrode at 0.10 V (a), 0.30 V
(b), 0.50 V (c), 0.70 V (d), and 0.90 V (e) (vs. NHE) potentials.

change in wavenumbers and FWHM was explained by the direct interaction
of the Phe ring with the metal.’®® These data allow us to deduce that the Phe
ring is susceptible to an external electric field and obtains more vertical
orientation with respect to the surface at positive potentials.

Similarly to laccase J6, the laccase TalLc adopts an extended and flat
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Figure 17. (A) Electrode polarization dependence of the intensity of adsorbed
carboxylate groups vs(CCO") at 13611369 cm* and (B) intensity of the C—H soft
mode near 2830 cm™. (C) Dependence of phenylalanine F12 band’s position and (D)
full width at half-maximum (FWHM) on potential.

configuration, in which the enzyme interacts with the surface trough
methylenes from amino acids, at a more negative electrode polarization. At
increasingly positive electrode polarization more vertical configuration is
gained, with the enzyme strongly interacting with the surface through
carboxyl groups.

1.0 1.0
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4. Conclusions

1. SERS and DFT modeling of mercaptoethanol-gold surface clusters
revealed that the molecule in gauche conformation attaches to the surface not
only by a metal-sulfur bond but also by an oxygen atom forming Au-O bond.

2. Water drives isomerization reaction towards gauche conformation of the
adsorbed mercaptoethanol in the anchoring monolayer, with trans/gauche
ratio changing from 0.75 at the initial time to 0.33 at 72 h of incubation in
water. The Au-O bond is found to shorten considerably (by 4.95 pm) due to
the introduction of an explicit water molecule in a model cluster.

3. Water drives the formation of the phase-segregation clusters of the
hydrophobic alkyl chains of the anchor molecule WC14 in the tethering layer
of the membrane. Cluster formation is associated with an increase in the
intensity of the v(C—C)r vibration of the alkyl chains in all-trans configuration
found at 1129 cm™.

4. Reduction of Au-S bond strength is registered for WC14/ME-D4 (30:70)
monolayer during the excursion towards negative polarization. Such an effect
coupled with the water-induced rearrangement of hydrophobic chains of the
lipid-like anchor molecules result in the formation of the molecular
surface-clusters with extended alkyl chains. The clustering of membrane
anchors impairs the tBLMs’ integrity and electric insulation, therefore we
propose the 1129 cm™ band as a conventional predictor of the functional
properties of tBLM.

5. Spectroscopic evidence for the formation of the tBLM is presented. The
SERS markers of v(C=C) at 1655 cm™ and v(N*(CHj3)s) at 701 cm™ assigned
to DOPC indicate that the tBLM remains attached to the surface after its
formation. The marker peak position of olefin group stretching vibration
suggests a fluid-like structure of tBLM.

6. Electrochemical-SERS data indicate that the J6 and TalLc laccase
enzymes remain intact at the surface in a potential range of -0.30-0.80 V and
0.10-0.90 V vs. NHE respectively. We determined spectroscopic markers that
indicate enzyme’s structure at the surface: the “soft” C—H stretching mode,
the wavenumbers and full width at half-maximum of phenylalanine’s ring
vibration F12, and the intensity of carboxylate vibration near 1380 cm™.
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7. The enzyme adopts extended-flat configuration and contacts the surface
through the C—H bonds at more negative electrode potentials. A more vertical
configuration is established and interaction with the surface through
carboxylate groups takes place at positive electrode potentials.

8. The SERS results indicate that characteristic low-frequency modes form
the T1 copper site for adsorbed laccases are not observed. This could be
associated with the orientation of the adsorbed enzyme, with the T1 center
being positioned further away from the substrate surface.
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ABSTRACT: Water is required for biological function of tethered
bilayer lipid membranes (tBLMs) consisting of a lipid bilayer
anchored by a mixed self-assembled monolayer (SAM) to a solid
support. In this work, water-induced structural changes in mixed
SAMs and bonding with gold substrate were probed in situ by the
isotope-edited SERS coupled with the first-principles calculations.
The assignment of the bands was based on experimental analysis of
deuterated 2-mercaptoethanol (ME-D,) and quantum chemical
modeling of adsorption complexes consisting of a Au cluster of 10
atoms. Evidence for interaction of the gauche conformer with the Au
surface through both S and O atoms was obtained from the analysis

of the Au—S/Au—O vibrational mode near 303 cm™" and adsorption-

induced downshift of the C—O stretching band near 1100 cm™. First-principles calculations of adsorption complexes revealed
shortening of the Au—O bond upon hydrogen bonding of explicit water molecule to the OH group of ME-D,. Intense bands in
the SERS spectrum near 679 and 597 cm ™" were assigned to C—S vibrational modes of adsorbed ME-D, in trans and gauche
conformation, respectively. Analysis of relative intensities revealed a decrease in relative amount of trans conformers after 72 h
incubation of the SAM in water. At the same time an increase in the population of a long carbon chain molecular anchor (WC14)
in the all-trans hydrocarbon chain conformation was detected by SERS. Observed structural changes suggest water-induced
clustering of long-chain anchors and conformational transition for short-chain thiols.

1. INTRODUCTION

Tethered bilayer lipid membranes (tBLMs) are useful models
of biological membranes as well as a matrix for construction of
biosensors and development of biomedical-related diagnostic
tools.' ~ Self-assembled monolayers (SAMs) are widely used to
tether bilayer lipid membranes to the surface of the metal
substrate. The function of these molecular anchors is to 2-fold.
First of all, the lipidic motif of anchor molecules intercalates
into the bilayer of phospholipids and ligates the membrane to
the planar support. The second function of anchors is to keep
the bilayer of phospholipids at a certain distance from the metal
surface and provide an exchangeable water reservoir between
the membrane and solid substrate. The thin water layer is an
essential structural element of tBLMs ensuring functional
reconstitution of transmembrane pro’teins.6

The anchor molecule typically contains bonding to a surface
group (usually thiol or disulfide in the case of gold substrate), a
hydrophilic oligoethylene oxide segment, and hydrophobic
alkane or alkene chains. These long-chain anchor molecules
must be diluted at the surface by low molecular weight thiols or
disulfides (backfiller) to provide required space for an internal
water reservoir and biologically relevant fluidity of the proximal
layer of the tethered membrane. Properties of the submem-
brane are critically important in understanding the electrical
response of the tethered bilayer.” Surprisingly, regardless of

< ACS Publications — © 2016 American Chemical Society

their importance, there is very little detailed information on
submembrane arrangement as well as the role of water in
shaping molecular architecture of the tethered bilayer.
Molecular simulations have revealed that clustering of the
tether molecules may lead to detachment of the bilayer and
formation of pore-like membrane structure.® The importance of
covalent bond formation between the tether molecule and
substrate for preparation of membranes with hydrated
underlayer was demonstrated by neutron and X-ray reflec-
tometry.” It was shown that the tether molecules containing a
double bond in the alkyl segments form membranes with
increased fluidity required for the incorporation of integral
membrane proteins.” Recent studies by reflection absorption
infrared spectroscopy (RAIRS) and atomic force microscopy
(AFM) have revealed the formation of packed clusters of long-
chain tether molecules containing saturated alkyl groups upon
prolonged time exposure of monolayer to water.~ However,
water-induced structural changes in the underlayer SAM cannot
be fully understood without the detailed analysis of structural
conformations taking place in backfillers, short anchoring
monolayer dilution thiols.
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In this work, in situ surface-enhanced Raman spectroscopy
(SERS) was applied to determine water-induced conforma-
tional changes in the membrane-anchoring mixed monolayer
composed from short-chain hydrophilic 2-mercaptoethanol
(ME) molecules and long-chain compound 20-tetradecyloxy-
3,6,9,12,15,18,22-heptaoxatricontane-1-thiol (hereinafter de-
noted as WC14) (Figure 1) adsorbed on a nanostructured

INANANANANNNN
o
HS g O g O O AL O A~~~
wCl14
Hs\/\OH ME
Figure 1. Structures of WC14 [20-tetradecyloxy-3,6,9,12,15,18,22-

heptaoxahexatricontane-1-thiol, C14 (myristoyl)] and ME (2-
mercaptoethanol).

gold substrate. WC14 is quite frequently used as a molecular
anchor to form tethered bilayers.*~® SERS is one of the most
sensitive spectroscopic tools for probing the adsorbate—surface
interactions and structure of adsorbed molecules at certain
nanostructured metals."' ¢ To separate conformation-sensitive
C—S stretching bands of ME from that of the long-chain tether
molecules (WC14), we have used deuterated 2-mercaptoetha-
nol (ME-D,, SH-CD,—CD,—OH). Theoretical modeling of
the surface complex was used to ensure the accurate
assignments of SERS spectra and to access bonding with
surface details.

2. EXPERIMENTAL SECTION

Materials. Deuterium-labeled 2-mercaptoethanol-ds was
purchased from C/D/N isotopes. Isotopic enrichment of the
compound was 99.6 atom % D. Because of rapid D/H exchange
at SD and OD groups this compound rapidly transforms to
HS—-CD,—CD,—OH in water or methanolic solutions. 20-
tetradecyloxy-3,6,9,12,15,18,22-heptaoxatricontane-1-thiol
(WC14) was synthesized in house according to the protocol
described elsewhere." Millipore-purified water (18 MQ cm)
was used for preparation of solutions. Chemicals were of ACS
reagent grade.

SERS Measurements. All SERS spectra provided in this
work were recorded by an inVia Raman microscope
(Renishaw) equipped with the thermoelectrically cooled
CCD detector and 1200 grooves/mm grating. The near-
infrared diode laser provided an excitation beam at 785 nm.
The laser power was restricted to 5 mW. The integration time
was 100 s. Raman spectra were taken using a long working
distance 50X/0.7S NA (Leica) objective lens. In order to
reduce laser-irradiation-induced photo- and/or thermal effects
the probe holder was constantly moved with respect to the laser
beam at a rate of 15—25 mm/s, similarly to that described
previously.'”'® The Raman frequencies were calibrated using
the silicon standard according to the line at 520.7 cm™.
Frequencies and intensities of the Raman bands were
determined by fitting the experimental contour with the
Gaussian—Lorentzian form components by using GRAMS/AIL
8.0 (Thermo Scientific, USA) software. SERS substrates were
fabricated by “Altechna” (Laser related products company,
Vilnius) and subsequently coated with 2 nm Cr adhesion layer
and 200 nm gold layer by the magnetron sputtering using the
PVD7S (Kurt J. Lesker Company, USA) system. The substrates
were sapphire plates with laser-ripped surfaces which upon

coating with the gold exhibited excellent enhancement of
surface Raman spectra. The ripple formation was described
elsewhere.'”*® Ethanol solutions containing different propor-
tions of long-chain hydrophobic thiols, 20-tetradecyloxy-
3,6,9,12,15,18,22-heptaoxahexatricontane-1-thiol (hereinafter
referred as to WC-14) and short-chain hydrophilic deuterated
thiol, S-mercaptoethanol (ME-D,) with total thiol concen-
tration 0.2 mM, were used to prepare mixed SAMs (Figure 1).
The proportions of thiols (ME-D,/WC14) were as follows:
100/0, 70/30, 30/70, and 0/100. Gold-coated SERS substrates
were incubated in SAM formation solutions for 24 h at room
temperature, rinsed with ethanol, and blown dried with a
nitrogen stream.

Raman Measurements. Raman measurements of depola-
rization ratios (p) of ME-D, were performed using a 532 nm
(22 mW) excitation wavelength with $x/0.12 NA objective
lens (Leica) by using an inVia Raman microscope (Renishaw).
Frequencies were calibrated by the Si line at 520.7 cm™". The p
values for standard CCl, solution were found to be 0.75 (218
em™), 0.75 (315 cm™), and 0.007 (459 cm™). Temperature-
controlled Raman measurements of the WC14 compound were
performed with a LabRam HR 800 spectrometer (Horiba) by
using a LinKam temperature control system PE95/T9S with
temperature accuracy of 0.05 °C using 785 nm excitation
wavelength (30 mW) from the diode laser. Experiments were
performed after 50 min equilibration times at each temperature.

Theoretical Modeling. Modeling was performed using
Gaussian for Windows package version G09.”! Geometry
optimization and frequency calculations were accomplished
with the DFT method using the B3LYP functional.
Calculations were done using the 6-311++G(d,p) basis set
for C, H, S, and O atoms and LANL2DZ with ECP for Au
atoms. The cluster model used to represent the metal surface
was built from 10 Au atoms (Au,). The usefulness of the Au,,
cluster for modeling the adsorption of folic acid on the gold
surface was recently demonstrated.”* It should be noted that
similar results were obtained by using the smaller metal cluster
composed of 8 metal atoms. However, to ensure reliable
adsorption modeling the Au,, cluster was employed throughout
all calculations in this work. Calculated frequencies were scaled
by the relation v’ = a(v)-v, where v’ and a(v) are the scaled
frequency and scaling factor, respectively. The scaling factor
was defined by the following equation™’

0
v—v

V-0 1)

using the parameters: af =097, UF = 4000, and 1° = 600.
Calculated Raman scattering activities (S/) were scaled by
converting them to the Raman cross sections do/dQ which are
proportional to the Raman intensities and can be compared
with the experimental data. The Raman scattering cross
sections were calculated by using the following equation™*>®

6(:] ( 2t ] (Vo ’//)4 h
0Q 45 [”‘”r] 87y, i
1— 7
expl J @

where v, is the laser excitation frequency; v; is the vibrational
frequency of the jth normal mode; and h, ¢, and k are the
universal constants. Predicted vibrational spectra were
generated by using the Lorentzian function for broadening of
Raman lines with 4 cm™ full width at half-maximum (fwhm)

aw)=1-(1-a")
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Figure 2. (A) Comparison of Raman spectrum of ME-D,, (0.5 M aqueous solution) (a) and SERS spectrum of ME-D,, adsorbed on a Au electrode
after 1 h holding time in water (b). (B) Calculated spectra of Au;;—ME-D, complexes in gauche (a) and trans (b) conformations. Excitation

wavelength is 785 nm.

values. The calculated spectra have been free from imaginary
wavenumbers confirming that optimized structures of surface
complexes are at the minimum of the potential energy
surface.”

3. RESULTS AND DISCUSSION

SERS of Deuterated 2-Mercaptoethanol (ME-D,). 2-
Mercaptoethanol (Figure 1) is widely employed as a backfiller
for construction of tBLM because of strong covalent bonding
with the Au or Ag substrate through the thiol group, short alkyl
chain, and hydrophilic terminal grv:)up.“'5 In this work to avoid
spectral interference with the second monolayer component
(WC14), we have used deuterated 2-mercaptoethanol (SH—
CD,-CD,—OH, ME-D,). Figure 2A compares aqueous
solution (0.5 M) and SERS spectra of ME-D, in the fingerprint
and high frequency spectral regions. To clarify assignments of
the SERS bands we have conducted the first-principles
quantum chemical calculations of the structure and vibrational
spectrum of free ME-D, and surface complexes. The calculated
spectra of ME-D, in both gauche and trans conformations are
shown in Figure S1 (Supporting Information).

Figure 3 shows structures of studied compounds optimized
at the DFT-B3LYP/6-311++G(d,p) level for C, D, H, S, and O
atoms and LANL2DZ with EPC for Au atoms. The calculated
spectra of the surface complex from ME-D, in gauche and trans
conformations and 10 gold atoms (Au,;,—ME-D,) are displayed
in Figure 2B. Assignments of the bands based on previous
studies of similar compounds*’™*’ and our own DET
calculations as well as experimental depolarization ratios of
ME-D, are listed in Table 1. The most intense band in the
solution spectrum near 616 cm™ corresponds to C—S$
stretching vibration, v(C—S)g, of the gauche conformer,
while the corresponding trans conformer band, v(C—S)ry, is

o
6 C1
c2
® o c2 cig
s ®
4 LN
@
ME-D, gauche ME-D, trans

Auqo-ME-D4 gauche  Auy-ME-Dy trans

Figure 3. Structures of ME-D, in gauche and trans conformation and
surface model complexes Au,(—ME-D, in gauche and trans
conformation optimized at the DFT-B3LYP/6-311++G(d,p) level
for C, D, H, S, and O atoms and LANL2DZ with EPC for Au atoms.

visible near 685 cm™". The integrated intensity ratio Ayc—syr/
Ay(c=s)c was found to be 0.25. Thus, in the solution phase the
dominant —CD,—CD,—SH moiety conformation is gauche.
The intense 974 cm™ band in the fingerprint spectral region is
associated with the v(C—O) vibrational mode coupled with
twist(C1D,) and twist(C2D,) vibrations. Two middle intensity
bands at 1108 and 1066 cm™ contain contribution from
deformation (scissoring) vibration of CD, groups and the
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Table 2. Calculated Bond Lengths (pm) of Gauche and Trans Conformers of ME-D, and Surface Complexes Au;,—ME-D, and

Au,,—ME-D,—H,0

bond ME-D, gauche =~ ME-D, trans Au;p—ME-D, gauche Au—ME-D, trans Au;—ME-D,—H,0 gauche Auy—ME-D,—H,0 Trans
C-S 184.69 183.99 185.66 185.72 185.82 186.08
c-C 152.75 152.87 152.59 152.72 152.57 153.60
Cc-0 142.19 142.75 145.32 142.16 144.55 140.95
O-H 96.71 96.53 97.58 96.62 99.52 97.66
0.-HO 167.22 184.57
Au—§ 234.53 241.66/245.37 234.76 241.64/245.40
Au—-0O 230.74 225.79
Q <
wC14 o = 3 x15 28
© o® - ISR
o5 D
- 9 I
= o - g
I I 8 5
(a)
3
@©
o~
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Figure 4. Raman spectrum of (a) melted WC14 at 293 K, (b) solid-state WC14 at 243 K, and (c) SERS spectrum of WC14 self-assembled
monolayer on the gold electrode in aqueous solution. Excitation wavelength is 785 nm.

5(OH) mode. The low intensity highest frequency band in the
fingerprint spectral range (1166 cm™") belongs to the v,,(C2—
C1-0) mode (Table 1). Deformation vibration §,,(C2—C1—
0) is visible near 393 cm™". In the high frequency region the
stretching S—H vibrational mode, v(S—H), appears at 2585
cm™. Two well-defined bands near 2109 and 2161 cm™
belong to symmetric stretching vibrations »,(C1D,) and
v,(C2D,), respectively.

Adsorption of ME-D, at the gold electrode surface results in
considerable changes of the vibrational spectrum (Figure 2Ab).
The well-defined v(S—H) band at 2585 cm™ of the thiol group
disappears in the surface spectrum indicating the cleavage of the
S—H bond upon adsorption of ME-D,, at the Au surface. The
frequency region of the C—S stretching mode (550—700 cm™")
provides information on §auche/tra.ns isomerization of the
—CD,—-CD,—S— moiety.3 —3438=41 Both gauche and trans
bands of the ME-D,, solution spectrum visible at 616 and 685
ecm™! downshift upon adsorption to 596 and 678 cm™,
respectively. Such a wavenumber downshift of the v(C—S)
mode for adsorbed thiols was explained by interaction with
surface-induced withdrawal of electron density from the C—S
bond and metal mass effect.’”*' However, the adsorption-
induced wavenumber shift (A) is considerably higher for the
gauche conformer (A = 20 cm™) compared with the trans (A
=7 cm™") one. Theoretical analysis of adsorption complexes
Au;,—ME-D, and ME-D, confirms a considerable v(C—S)g
frequency shift (A = 33 cm™) for the gauche conformer upon

22493

the formation of the surface complex (Table 1). In contrast, a
slight v(C—S)y frequency upshift (A= —3 cm™) was predicted
for the trans conformer. This is due to the coupling of the
v(C—S)r mode with S—H deformation vibration, §(SH), for
the ME-D, trans conformer in the solution phase. In the surface
spectrum the relative intensity of the (C—S) band due to the
trans conformer is higher compared with the solution spectrum
(Figure 2A). Analysis of integrated intensities revealed an
increase in A, (c_syr/A,(c—s)g ratio from 0.25 of solution Me-D,
to 0.62 for adsorbed thiol. Direct evidence for bonding of ME-
D, with the surface and formation of Au—S/Au—O bonds
comes from the analysis of the low frequency metal—adsorbate
stretching spectral region (200—400 em™1).*7* The intense
and broad band emerges in the surface spectrum near 303—274
cm™'. Based on previous studies'®*”* and our DFT
calculations of surface complexes we assign this band to the
dominant Au—S stretch contribution. However, in the case of
adsorbed Me-D, in the gauche conformation, theoretical
modeling suggests that the oxygen atom also participates in
surface bonding (Figure 3), and this band arises from mixed
Au—S and Au—O stretching vibrational modes (Table 1). High-
resolution electron energy loss spectroscopic studies have
revealed v(Au—O) frequencies at 270 and 330 cm™ for
adsorbed ethoxide (CH;CH,0) and methoxide (CH,O),
respectively.”” Theoretical modeling suggests bidentate coordi-
nation of the S atom with a gold cluster for the trans conformer,
while monodentate coordination is expected for the gauche

DOI: 10.1021/acs.jpcc.6b07686
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structure. Table 2 compares the calculated bond lengths for
different conformers and surface-bound complexes. Higher
v(C—S)y frequency compared with £(C—S) corresponds well
with the shorter C—S bond of the trans ME-D, conformer.
Bonding with the Au cluster increases the length of the C—S
bond for both studied conformers. Similarly, formation of the
Au—O covalent bond increases the C—O bond length. Thus, a
red shift is expected for the corresponding stretching vibrational
mode for a gauche conformer coordinating with the surface
through both S and O atoms. The middle intensity band in the
solution ME-D, spectrum at 1108 cm™ contains a high
contribution from the C—O stretching vibration (Figure 24,
Table 1). The frequency of this band decreases down to 1100
cm™" upon adsorption at the Au surface. Calculations predict
such a frequency downshift of this mode for the gauche
conformer because of the involvement of the OH group in the
interaction with the surface; no downshift is expected for the
adsorbed trans conformer. Thus, SERS data coupled with first-
principles calculations suggest direct bonding of the hydroxyl
group of ME-D, with the Au surface in the case of gauche
adsorption geometry. It should be noted that the Au—S bond is
shorter for the surface-bound gauche conformer.

SERS of Anchor Molecule WC14. Figure 4 compares
Raman spectra of WC14 in the melted and solid state as well as
the SERS spectrum of a WC14 self-assembled monolayer on
Au in aqueous solution. Assignments of the bands based on
previous studies of similar compounds®*™>* and our own
calculation of model structure (Figure S2, Supporting
Information) are listed in Table 3. Comparison of Raman
spectra in melted and solid states allows us to distinguish the
specific bands sensitive to ordering of the chains and
intermolecular interaction between the molecules. A dramatic

Table 3. Raman and SERS Peak Wavenumbers and
Vibrational Assignments for WC14“

wavenumber (cm™)

melted solid state

WC14 WC14 SERS Au/

(293 K) (243 K) ‘WC14/water assignment
2888 s 2883 vs 2864 m v,(CH,)
2854 s 2848 s 2846 m v,(CH,)
2581 w 2570 w na. v(S—H)
1460 s, sh 1460 s 1452 s 8(CH,) scissoring
1440 vs 1440 vs 1437 s 8(CH,) scissoring
1367 w 1370 w 1363 w, br t(CH,); wag(CH,)
1301 vs 1295 vs 1291 m, br t(CH,)
1280 w, sh 1279 w, sh 1278 m t(CH,) EO chain

1243 w 1242 w 1212 w t(CH,) EO chain
1129 m 1131 vs 1128 vs v(C—=C)q; 1,(C—0-C)
1079 m v(C-C)g

1065 w 1063 s 1064 w v(C=C)¢

1043 w 1040 w 1012 vs v,(C-0-C)

890 w 890 m 889 s t(CHy)y

874 m r(CHy)g

844 m 844 w 829 m, br r(CH,) EO chain
756 w 756 w r(CH,)

731w 733 w, sh 726 m v(C=S)y

669 m 669 m 644 s v(C-8)¢

“Abbreviations: n.a, not applicable; s, strong; vs, very strong; m,
middle; w, weak; sh, shoulder; v, stretching; v, asymmetric stretching;
v,, symmetric stretching; J, deformation; t, twist; wag, waging; r, rock;
T, trans; G, gauche.

increase in intensity of three well-defined bands at 1063, 1131,
and 1295 cm™ due to (C—C) and t(CH,) vibrational modes
is consistent with the formation of the extended all-trans
conformation structure of hydrocarbon chains at 243 K
temperature.””"**® The dominant trans conformation of
terminal CH; groups at low temperature is visible from the
sha.r}l)mtigns conformational marker band r(CH;)r at 890
cm” LY

In the high frequency region, lowering the temperature-
induced shift of the v,,(CH,) band near 2888—2883 cm™ and
considerable increase of its intensity, the v,(CH,) band
downshifts to 2848 cm™". These spectral changes are consistent
with the formation of ordered hydrocarbon chains.*>*"*
However, the presence of the v(C—S); band at 669 cm™
indicates that the terminal SH—CH,—CH,—O— group remains
in gauche conformation at both studied temperatures (Table
3). Calculations of the model structure (Figure S2, Supporting
Information) support assignment of the 669 cm™ band to the
gauche conformer of WC14; in the calculated Raman spectrum
the ©(C—S)g band was found at 663 cm™ (Figure S3,
Supporting Information). While the Raman spectra provide a
comprehensive description of alkyl chains of WCI14, less
information can be acquired about the structure of the ethylene
oxide (—CH,—CH,—O—, EO) segment. The low intensity
band at 1243 cm™' of melted WC14 was assigned to twisting
vibration of EO methylene groups.””*' Lowering of temper-
ature does not induce significant changes in parameters of this
band. Some contribution from the asymmetric stretching
vibration of the C—O—C group might be expected for the
1129 cm™ band (Table 3). Formation of a self-assembled
monolayer of WC14 molecules on the Au electrode surface at
293 K results in noticeable changes in parameters of vibrational
bands (Figure 4c). The peak position of the v(C—S)¢ band
downshifts by 25 cm™ in the SERS spectrum (644 cm™) due
to the formation of a covalent Au—S bond induced withdrawal
of electron density from the C—S bond and metal mass
influence.*”*" The corresponding trans conformer band v(C—
S)r also appears at lower wavenumebers (726 cm™') compared
with the solid state WC14 spectrum. The narrow band near
1128 cm™" corresponds to the #(C—C)y vibrational mode and
indicates the dominant trans conformation of alkyl chains of
WC14 in the adsorbed state. Similarly, the well-defined band
near 889 cm™' points to the trans conformation of terminal
methyl groups of alkyl chains. Some enhancement of bands
associated with the EO group is expected in the SERS spectrum
because of closer proximity to the surface of the EO segment
compared with alkyl chains. The intense 1012 cm™ band is
assigned to the v (C—O—C) vibrational mode of the EO
segment. The frequency downshift compared with the liquid-
state WC14 spectrum (1043 cm™') indicates structural
transformation of the EO moiety in the adsorbed state. The
other EO band, t(CH,), is located near 1278 cm™" in the SERS
spectrum. It should be noted that an intense 1128 cm™ band
may contain some contribution from 1,(C—O—C) of EO as
well***! The strong band visible in the calculated spectrum of
the model structure near 1152 cm™" belongs to in-phase v(C—
O) stretching vibration of the EO chain (Figure S3, Supporting
Information).

SERS of Mixed Monolayers. One of the most important
features of a mercaptoethanol self-assembled monolayer is the
gauche/trans isomerization in the adsorbed state. To separate
v(C=S)r and v(C—S)g bands from similar bands of adsorbed
WC14, we have used isotopically edited SERS by replacing

1
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mercaptoethanol with a deuterated analogue (ME-D,). Figure S
compares SERS spectra in the C—S stretching frequency region
of self-assembled monolayers formed from ME-D, and WC14
compounds.
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Figure 5. SERS spectra in the C—S stretching band spectral region of

pure ME-D; and WC14 self-assembled monolayers on gold electrode
in aqueous solution. Excitation wavelength is 785 nm.

The v(C—S)g and v(C—S) bands of ME-D,, downshift from
undeuterated compound by as much as 47 and 48 cm™,
respectively, enabling independent analysis of the isomerization
ratio for both studied compounds in the mixed monolayer.
Figure 6 shows SERS spectra of pure ME-D, and WC14 as well
as mixed ME-D,/WC14 self-assembled monolayers on Au. The
broad and intense low frequency band near 277 cm™ for pure
WC14 monolayer corresponds to the v(Au—S) stretching
vibrational mode. In the mixed SAMs and pure ME-D,
monolayer the peak position of the metal—ligand band upshifts
to 301-303 cm™' because of mixing v(Au—S)/v(Au—O)

vibrations. The relative intensity of ME-D, bands is
considerably higher compared with WC14. In the high
frequency region the C—D stretching vibrations of ME-D,
are well separated from C—H vibrations of WCI14. In the
fingerprint spectral region the WC14 contribution can be most
clearly recognized from the sharp 1129 cm™ band. Observation
of this band in the mixed monolayer points to the organization
of some alkyl chains in trans conformation. However, the
intensity of the r(C—O-C) mode of WC14 drops
considerably in the presence of ME-D,. This might be
associated with alignment of EO segments more parallel to
surface configuration and thus decreasing the surface enhance-
ment for this vibrational mode. The 1053 cm™ band of ME-D,
downshifts by several cm™ upon mixing the ME-D, with
WCI14. Because this band is associated with scissoring
deformation vibration of CD, groups coupled with OH
deformation mode, frequency shift might be associated with
changes in hydrogen bonding interaction in the mixed
monolayer. In the high frequency range the peak positions of
V,(C1D,) and v,(C2D,) downshift in the mixed monolayer
from 2208 and 2294 cm™ to 2201 and 2287 cm™, respectively.

Effect of Water on the Structure of Mixed Mono-
layers. Figure 7 shows evolution of SERS spectra obtained
from the mixed monolayer Au/ME-D,/WC14 (70%/30%)
with increasing time of exposure to water. The incubation time
in water was varied from 5 min to 72 h. All the presented SERS
spectra were collected at the same acquisition and laser power
conditions; however we found that the intensity of SERS
spectra increases at higher incubation times. This might be
associated with structural rearrangement of the monolayer and
modification of the metal/solution interface. Therefore, in this
work only relative intensities were considered, which were
normalized according to the intensity of the 1100 cm™ band
associated with the §(C1D,) vibrational mode of ME-D,. The
most obvious changes are associated with £(C—S)¢ and v(C—
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Figure 6. SERS spectra of monolayers self-assembled on Au from ethanolic solution containing (a) 100% ME-D,, (b) 70% ME-D,/30% WC14, (c)
30% ME-D,/70% WC14, and (d) 100% WC14. Samples were incubated in water for 1 h. Excitation wavelength is 785 nm.
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Figure 7. SERS spectra of the tether layer self-assembled on the Au
surface from ethanolic solution containing ME-D, (70%) and WC14
(30%) incubated in water for (a) 5 min, (b) 30 min, (c) 60 min, (d)
24 h, (e) 48 h, and (f) 72 h. Spectra are normalized according to the
intensity of the ME-D, band 5(C1D,) at 1100 cm™. Excitation
wavelength is 785 nm.

S)r bands in the vicinity of 596 and 679 cm™, respectively; the
relative intensity of the v(C—S); band decreases at longer
incubation times. Such a tendency is clearly visible from the
incubation time-difference spectrum presented in Figure 8A.

The positive going peak in the difference spectrum at 595
cm™ indicates an increase in relative intensity of gauche
conformers in the mixed monolayer at 72 h incubation time
compared with a 30 min one. More quantitative analysis of the
dependence of integrated intensity ratio Ar/A; on monolayer
incubation time in water is depicted in Figure 8B; 72 h
exposure to water decreases ratio Ap/Ag from 0.75 to 0.33
indicating an increase in fraction of adsorbed gauche con-
formers. Such an adsorption geometry favors an interaction
with the gold substrate through both sulfur and oxygen atoms
(Figure 3). Because the OH group of ME-D, is able to
participate in strong H-bonding with solvent molecules we have
considered the surface complexes with an added explicit water
molecule (Figure 9). Calculation of model structures with
explicit water molecule Au,,—ME-D,—H,0 shows hydrogen
bonding interaction with adsorbed ME-D, through the
hydrogen atom of the OH group for both gauche and trans
conformers. Surprisingly, interaction with the solvent molecule
results in considerable shortening of the Au—O bond for
surface-coordinated gauche conformer (Table 2). The hydro-
gen-bonding (O-HO) strength between the explicit water
molecule and surface complex is considerably stronger for the
adsorbed gauche conformer; the bond length was found to be
16722 and 184.57 pm for gauche and trans complexes,
respectively (Table 2). Adsorption geometry in the gauche
conformation should induce changes in water arrangement at
the interface because of stronger hydrogen bonding interaction
with the OH group of adsorbed ME-D,.
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Figure 8. (A) Difference SERS spectrum of the tether layer self-
assembled on the Au surface from ethanolic solution containing ME-
D, (70%) and WC14 (30%) obtained by incubation in water for 72 h
and 30 min. (B) Dependence of integrated intensity ratio of trans and
gauche components of C—$ stretching band of ME-D, (A1/Ag) on
immersion time.
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Figure 9. Structures of surface model complexes with explicit water
molecule Au,;—ME-D,—H,0 in gauche and trans conformation
optimized at the DFT-B3LYP/6-311++G(d,p) level for C, D, H, S,
and O atoms and LANL2DZ with EPC for Au atoms.

To ascertain water-induced structural changes of adsorbed
‘WC14, we have formed the mixed monolayer from the solution
containing 70% WC14 and 30% ME-D, (Figure 10). Again,
intensities of SERS spectra were higher at longer incubation
times. Therefore, spectra were normalized according to the
intensity of the ME-D, band §(C1D,) at 1099 cm™. An
increase in relative intensity of the gauche band of ME-D, near
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Figure 10. SERS spectra of the tether layer self-assembled on the Au
surface from ethanolic solution containing ME-D, (30%) and WC14
(70%) incubated in water for (a) S min, (b) 30 min, (c) 60 min, (d)
24 h, (e) 48 h, and (f) 72 h. Spectra are normalized according to the
intensity of the ME-D, band 8(C1D,) at 1099 cm™'. Excitation
wavelength is 785 nm.

596 cm™' compared to the trans component at 677 cm™ is

visible at longer incubation times. In addition, the increase in
relative intensity of the sharp band near 1129 cm™ associated
mainly with the ¥(C—C); vibrational mode of WC14 is clearly
seen. Water-induced spectral changes are clearly visible in the
incubation time-difference spectrum (Figure 11A). The intense
positive-going feature appears near 1128 cm™ together with
less intense bands at 888 and 843 cm™. As can be seen from
Figure 11B, the integrated intensity ratio A;};9/A o9y increases
nearly linearly with increasing incubation time in water.
Because this band is associated with C—C stretching vibration
of the hydrocarbon chain in all-trans conformation, observed
augmentation of the SERS band indicates water-induced
changes in intrachain order of adsorbed WCI14; the portion
of chains with all-trans conformation increases. In addition, the
difference spectrum demonstrates that structural changes take
place in the vicinity of terminal methylene groups of alkyl
chains. The positive-going feature at 888 cm™" belongs to the
rocking vibrational mode of CHj groups in trans conformation
(Table 3). An increase of this band intensity at longer
incubation times points to water-induced reorganization of
terminal methylene groups toward the preferred trans
conformation. Thus, presented in situ SERS data reveal the
water-induced rearrangement of the mixed monolayer toward
formation of WCI14 clusters with more extended all-trans
conformation of alkyl chains and increase in fraction of gauche
conformers for adsorbed short mercaptoethanol molecules.

4. CONCLUSIONS

The function of tethered bilayer lipid membranes critically
depends on the structure of the anchor monolayer.'® The
anchor monolayer usually consists of short low molecular
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Figure 11. (A) Difference SERS spectrum of the tether layer self-
assembled on a Au surface from ethanolic solution containing ME-D,,
(30%) and WC14 (70%) obtained by incubation in water for 72 h and
S min. (B) Dependence of integrated intensity ratio of C—C stretching
vibration of WC14 in all-trans hydrocarbon chain conformation and
1099 cm™ band of ME-D, (A;159/A;99) On immersion time.

weight thiols (backfillers) and long-chain anchor molecules self-
assembled at the metal surface.” > The present study provides a
detailed insight into the water-induced structural changes in
mixed monolayers employed to anchor phospholipid bilayers to
surfaces. To distinguish 2-mercaptoethanol C—S stretching
bands from that of WC14 in the mixed monolayer, we have
employed isotope-edited SERS spectroscopy by using thiol
labeled by four deuterium atoms (SH—CD,—CD,—OH, ME-
D,). In situ isotope-edited surface-enhanced Raman spectros-
copy coupled with theoretical modeling of surface complexes
revealed bonding with surface details and water-induced
rearrangement of both monolayer constituents. The Au—S
stretching vibrational mode was identified to a broad and
intense band near 277 cm™ for the pure WC14 monolayer. In
the mixed SAMs and pure ME-D, monolayer, the metal—
adsorbate band was found at higher frequency (301-303
cm™). Theoretical modeling of gauche and trans Au;;—ME-D,
complexes revealed that this upshift is associated with mixing of
v(Au—S) and v(Au—O) vibrational modes, thus confirming
interaction of the oxygen atom with a gold substrate for the
gauche conformer of ME-D,. DFT calculations with added
explicit water molecule (Au;;—ME-D,—~H,0) revealed consid-
erable shortening of the Au—O bond (§ = 4.95 pm) for the
surface-coordinated gauche conformer. Analysis of the C—S
stretching band has demonstrated that the fraction of —CD,—
CD,—S— moiety gauche conformers for adsorbed mercaptoe-
thanol increases with increasing immersion time in water.
Theoretical modeling suggests that such adsorption geometry
favors the interaction of thiol with the gold substrate through
both sulfur and oxygen atoms. In the case of long-chain
monolayer constituent WCI14, we observed changes in
intramolecular ordering of the thiol. Particularly, we found
that the fraction of alkyl chains in all-trans conformation
increases with increasing time of sample exposure to water.
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Spectroscopically observed changes in the structure of mixed
anchor monolayer are consistent with water-induced formation
of clusters of long-chain WC14 thiols'" with simultaneous
increase in fraction of adsorbed gauche conformers of short
backfiller thiol.
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Specific wiring of biocatalysts par excellence, viz. redox enzymes, to an
electrode can be exploited in the fabrication of high-performance
bioelectronic devices. Here we report oxygen electroreduction cata-
lysed by Didymocrea sp. J6 laccase wired to gold nanoparticles via
the trinuclear copper cluster. Bypassing the intramolecular electron
transfer, which under certain conditions is the rate-limiting step of
oxygen bioelectroreduction, has resulted in the fabrication of a high
current density biocathode based on high-redox-potential laccase,
which is able to operate in electrolytes with a broad pH range in the
presence of high fluoride concentrations.

Blue multicopper oxidases (MCOs), in general, and laccase (LAC,
benzenediol: O, oxidoreductase, EC 1.10.3.2)," in particular, are
used as biocatalysts in a variety of applications,”™* including the
development of cathodes for biofuel cells.*” Despite certain
advantages, such as high redox potentials (up to 790 mvV vs.
NHE)® and high turnover numbers (up to 500 s~*),” wild-type
fungal (ie. high potential) LACs are catalytically active only in
acidic electrolytes in the absence of halogens, such as fluoride and
chloride ions,* which hinders possible application of LAC in
cathodes, in bio-solar cells, bio-batteries and biofuel cells including
potentially implantable biodevices.

All MCOs, including LAC, catalyse the oxidation of numerous
organic and inorganic substrates by O,, which is reduced directly
to H,0."° However, LAC is also the first enzyme for which
direct electron transfer (DET) based bioelectrocatalysis has been
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Broader context

Oxygen reduction directly to water is a reaction of utmost importance in
aerobes as well as in artificial systems like fuel cells. Among different
catalysts, redox enzymes are promising objects utilized to achieve effi-
cient, selective, and rapid oxygen electroreduction. However, enzymatic
cathodes currently suffer from low performance and rapid inhibition.
One of the main reasons is a complex electron transfer mechanism
during the biodevice operation, which involves heterogeneous and intra-
molecular electron transfer reactions. The latter is the rate-limiting step
in oxygen bioelectroreduction under physiological conditions. Here we
present a unique high-redox-potential enzymatic cathode able to operate
in electrolytes with a broad pH range and in the presence of high
concentrations of halogen ions. The efficiency of adsorbed enzymes is
higher than that in homogeneous catalysis, because of the change of the
reaction rate-limiting step achieved by specific orientation of a
nanometer-size biocatalyst on a nanostructured surface.

discovered as early as 1978."' DET reactions imply that no
mediators are needed to design LAC based cathodes.’ To
fabricate high-performance DET-based biodevices, electrodes
with a high surface area and high enzyme loading are necessary,
which can be accomplished by e.g. electrode modification with
gold nanoparticles (AuNPs).

AuNPs have received significant attention lately due to unique
physical and chemical properties emerging at their nanoscale
surfaces.’> One of the examples of successful application of
AuNPs in bioelectrocatalysis is the electrochemistry of MCOs
on Au surfaces. Direct adsorption of LAC on bare Au surfaces
results in well-pronounced faradaic signals, which are attributed
to Cu ions of redox enzymes; however, no bioelectrocatalysis is
observed."*** Meanwhile, bilirubin oxidase (BOX), another member
of the MCO family, is bioelectrocatalytically active when adsorbed
on bare Au surfaces, but just for a short time.'*'® A conformational
change has been suggested as a cause of the fast inactivation of
these enzymes on smooth electrodes.'® However, the immobiliza-
tion of both enzymes on Au covered with AuNPs results in highly
active and relatively stable biocathodes."”**
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Fig. 1 (A) Generally accepted and (B) proposed schemes of Didymocrea sp. J6 LAC catalytic activity on an AUNP modified surface. Parameters ki, k_y, ki,
and k" ; represent forward and backward heterogeneous ET constants for native and F~-inhibited systems, respectively; k,, k_5, KE, and kF, represent
forward and backward intramolecular ET constants for native and F~-inhibited systems, respectively; k& and ki are F~ association and dissociation rate
constants, respectively, for the T2/T3 Cu site; and ko, and kf, are bimolecular O, reduction rate constants of the native and inhibited T2/T3 Cu sites,

respectively.

MCOs, including LAC and BOX, contain four Cu ions at sites
denoted as T1, T2 and T3.'° One T2 and two T3 Cu ions form
a trinuclear cluster responsible for O, reduction directly to
water.' It is widely accepted that the T1 Cu site of MCOs
including LAC is always the first electron acceptor during
homogeneous'® or heterogeneous'®*® biocatalytic reduction of
O, (Fig. 1A). Therefore, in order to design high-performance
enzymatic electrodes for O, bioelectroreduction, various strategies
are being developed to orient LAC on the electrode such that
the T1 site is specifically localized in close proximity to the
surface.” >* There are, however, experimentally based indications
of DET between the T2/T3 Cu cluster of MCOs and electrode
surfaces.'**?#2¢ But despite the suggestion of a direct T2/T3 Cu
cluster wiring, no biocatalytic currents of O, electroreduction have
been registered at high redox potentials, probably due to enzyme
inactivation. Understanding of the mechanism of electron transfer
(ET) during bioelectrocatalysis is both fundamentally and practi-
cally relevant. Even though the reduction of O, by the T2/T3 Cu
cluster of MCOs is a fast process (with apparent bimolecular O,
reduction constants exceeding 10° M~' s7'),'*?”?% bioelectro-
catalytic signals can be limited by intramolecular ET (IET).**?*2°
Thus, the successful wiring of MCOs to the electrode via the T2/T3
copper cluster could be exploited in the fabrication of high-
performance biocathodes. Because IET is bypassed, such bio-
cathodes could operate at a maximal rate that exceeds the
enzyme turnover in nature. To our best knowledge, this has
never been achieved so far.

To create a new bioelectrocatalytic system with a DET
contact between the T2/T3 Cu cluster and the electrode surface,
the Didymocrea sp. J6 LAC, a small enzyme (49 kDa), the
carbohydrate content of which does not exceed a few percent
of the total mass (c¢f: ESIT), has been used therein. The negative
effect of glycosylation on heterogeneous ET rates between the
active centres of redox enzymes and electrode surfaces is well
reported.*3* LAC was immobilized on charged, AuNP-covered
electrodes that were polarized at different potentials (0.20-1.00 V
vs. NHE). Protein adsorption on charged surfaces is well
studied,*** but to our best knowledge no successful attempt
to obtain a highly efficient DET-based bioelectrocatalytic system

This journal is © The Royal Society of Chemistry 2017

by adsorbing oxidoreductases to charged surfaces has been
reported so far. Typical relationships between working electrode
potential, amount of adsorbed LAC and maximum current out-
puts of the systems are presented in the ESI, Table S1. It appears
that the amount of the enzyme adsorbed on the electrode was
lower at high potentials, but DET-based O, bioelectroreduction
current densities were higher in this case. The most efficient
system was developed by using a potential of 0.80 V. A further
increase of the potential up to 1.00 V drastically reduced enzyme
adsorption and the turnover number of LAC, possibly due to LAC
inactivation. In further experiments, the enzyme was adsorbed
on AuNP-modified electrodes (referred to below as AuNP/LAC
electrodes) by setting the immobilization potential to 0.80 V.
As presented in the ESI,§ Table S1, the one-electron enzyme
turnover number in this bioelectrocatalytic system can reach
values as high as 23.2 s™* (¢f. ESI}).

Cyclic voltammograms (CVs) of LAC-AuNP modified electrodes
in working buffer solution (WBS) (50 mM disodium phosphate,
100 mM sodium sulphate, pH adjusted by the addition of citric
acid) with different O, concentrations were conducted in order to
estimate the apparent Michaelis constant (Ky) of LAC towards O,
(ESL} Fig. S1A). Assuming that O, concentrations in air and
0,-saturated WBS were 0.23 and 1.23 mM, respectively,®® Ky values
would be 2.0 &+ 0.2, 1.6 & 0.2, and 1.1 £ 0.2 mM at potentials of
0.50, 0.60 and 0.70 V vs. NHE, respectively (ESLT Fig. S1A). These
values are significantly higher compared to previously reported
values of Ky of MCOs (0.1-0.4 mM) measured in homogeneous
biocatalytic®*® and heterogeneous'>***° bioelectrocatalytic systems.
This also indicates that Ky of Didymocrea sp. J6 LAC towards O, in
heterogeneous bioelectrocatalytic system is higher than the O,
concentration in air-saturated solutions. To prove that there was
no limitation in O, mass transfer, the influence of the electrode
rotation rate on CVs was analysed (ESL Fig. S1B). The data showed
the absence of serious diffusion limitations, at least when measure-
ments were performed at 1000 rpm.

AuNP/LAC electrodes were further studied electrochemically
in WBS with varying NaF concentrations under different pH
values, adjusted after the addition of F~ (Fig. 2, left panel; ESI, ¥
Table S1). On the one hand, the results are in good agreement
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Fig. 2 Left panel: CVs of AuNP/LAC electrodes recorded in WBS with
various pH values and NaF concentrations, shown in the insets of the
graphs. Conditions: cathodic-anodic scan rate — 10 mV s~%, 1000 rpm,
23 °C. Right panel: Surface plots (current density vs. electrode potential vs.
NaF concentration) generated from the results of mathematical modeling
(cf. ESI,T Table S3) of background-current-removed cathodic scan portions of
CVs presented in the left panel.

with the literature data concerning bioelectrochemical reduction
of O, by different MCOs including LACs.® On the other hand, F~,
a well-known LAC inhibitor,** diminished both bioelectrocatalytic
current densities and half-wave potentials of O, bioelectroreduc-
tion, and these effects were much more pronounced at acidic pH
values (¢f Fig. 2, left panel). These findings differ from previously
published data concerning the electrochemical behaviour of
MCOs, including LACs. Usually, F~ ions do not affect the
half-wave potentials of O, electroreduction catalysed by
LACs,*”*® and bioelectrocatalytic currents from AuNP/LAC elec-
trodes are completely diminished even when lower concentra-
tions of the inhibitor (1-30 mM) are present.'®* Taking into
account that both F~ and OH™ bind to the T2/T3 Cu cluster and
hinder the IET from the T1 site to the Cu cluster without any
decrease in the cluster’s ability to bind 0,,%° we speculate that
in the designed bioelectrocatalytic system this IET process is
absent, or in other words, the orientation of the T2/T3 cluster
towards the electrode surface is favourable for DET. To test this
hypothesis, additional studies were performed.
Surface-enhanced Raman spectroscopy (SERS) investigations of
AuNP/LAC electrodes were carried out in order to (i) verify the
presence of the enzyme on the electrode surface, (ii) investigate
possible spectral features of specific amino acids and/or Cu sites of
LAC, and (iii) provide insight into the effect of electrode potential
during adsorption on the structure of the adsorbed enzyme.
Potential-dependent spectra of adsorbed LAC at an AuNP-
modified electrode are presented in Fig. 3. The presence of
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Fig. 3 Typical SERS spectra of LAC immobilized on AuNP-modified

electrodes polarized at —0.30 V (a), 0.10 V (b), 0.30 V (c), 0.60 V (d), and

0.80 V (e) (vs. NHE) potentials in the fingerprint (left) and C—H stretching

(right) frequency regions. Excitation wavelength was 785 nm (30 mW).

adsorbed proteins can be deduced from the sharp Phe ring
vibration near 1000-1003 cm™ " and the amide-I (Am-I) and
amide-IIT (Am-III) vibrational bands in the vicinity of 1631-1662
and 1243-1253 cm™ ', respectively. The broad band located at
1439-1440 cm™ " belongs to the scissoring vibration of CH,
groups. The C-H stretching bands of the CH,/CH; groups are
visible in the high frequency spectral region (Fig. 3, right). The
shift of deposition potential to more positive values resulted in
several clear changes. The intense band due to surface-bound
COO™ groups appeared near 1385 cm™ ' and changes in the
shape of the broad C-H stretching spectral contour took place.
The potential-difference SERS spectra (ESLT Fig. S5) show
the presence of a broad “soft” C-H stretching mode from
CH,, groups directly interacting with the metal surface at more
negative potentials (cf. description in the ESIt). Thus, SERS
spectra revealed potential-induced structural changes from a
more extended, flat configuration at more negative electrode
potentials, where CH, groups directly contact the metal, to a
more vertical configuration at positive potentials, where inter-
action with the surface takes place through the carboxylate
groups of protein side chains. Retained enzymatic activity
for laccase immobilized on conducting surfaces through the
terminal carboxylate groups was recently confirmed.*® The
presence of SERS spectra from the adsorbed LAC in a wide
potential range indicates an irreversible adsorption of the
protein on AuNPs. The SERS results indicate that characteristic
low-frequency modes from the T1 Cu site are not observed. This
might be associated with the geometry of the adsorbed protein,
in this case the T1 Cu centre would be positioned relatively far
away and the T2/T3 Cu cluster close to the AuNP surface.

To investigate the possible role of the T1 Cu site in the
heterogeneous DET mechanism, its redox potential was mea-
sured at pH 4.0 and 7.4, as well as in the presence and absence
of F~ (¢f description in the ESI;} Fig. 4). The potentials of the
T1 Cu site were determined to be 683, 716, and 720 mV at
PH 4.0, pH 4.0 with 20 mM NaF, and pH 7.4 without NaF,
respectively. The potential of the T1 Cu site was almost inde-
pendent of the solution pH, as well as on the presence and
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Fig. 4 Spectroelectrochemical measurements of the redox potentials of
the LAC T1 Cu site. Left: Oxidative scan in WBS, pH 4.0 without NaF. Right:
Dependence of relative absorbance at 600 nm on the electrode potential
under different conditions: pH 4.0, pH 4.0 with 20 mM NaF, and pH 7.4.
Absorbance values from reductive and oxidative scans are averaged; the
curves were modeled according to eqn (S35) and (S36) (cf. ESIT).

absence of F~. A slight increase in the potential could be
attributed to the incomplete removal of O, from WBS in the
case of pH 7.4 and pH 4.0 with enzyme inhibitor NaF. These
results differ to a great extent from the previous data concern-
ing redox potentials of the T1 site of MCOs in homogeneous
and heterogeneous systems. In all previous studies, the redox
potential increases slightly when pH is decreased, i.e. changes
by about 0.02 V per pH-unit in another direction.”*** Moreover,
F~ ions have no influence on the redox potential of the T1 site
of MCOs, but significantly decrease the redox potential of the
T2/T3 Cu cluster.>"* Our data concerning the T1 site redox
potential of Didymocrea sp. J6 LAC have again pointed to the
fact that the T2/T3 Cu cluster is the first electron acceptor in the
LAC-AuNP bioelectrocatalytic system, since the half-wave
potentials of O, bioelectroreduction were significantly affected
by both solution pH and F~ (ESL, Table S2).

To strongly support the main claim that LAC is oriented via
the T2/T3 cluster, when immobilized on bare AuNPs, other
electrodes, where LAC is oriented with the T1 Cu site facing the
Au surface (Fig. 1A), have also been fabricated and tested. For
this purpose, LAC was immobilized on AuNP electrodes modified
with a self-assembled monolayer (SAM) using 4-mercaptobenzoic
acid (MBA) as a modifier (further referred to as AuNP/MBA/LAC
electrodes, ESIT). It has been previously demonstrated that appro-
priate modification of the Au surface helps to orient LAC via the
T1 Cu site.**** Despite a sigmoidal shape of CVs, suggesting the
absence of serious limitations in heterogeneous ET, maximal
bioelectrocatalytic currents from AuNP/MBA/LAC electrodes
were much smaller compared to AuNP/LAC electrodes (ESL ¥
Fig. S2). Moreover, the addition of even low concentrations
of F~ significantly decreased bioelectrocatalytic currents, e.g.
already at 10 mM NaF in the electrolyte just a negligible
bioelectrocatalytic current was observed in the case of AuNP/
MBA/LAC, whereas the AuNP/LAC electrodes showed more than
60% of the maximum current output under the same conditions
(¢f Fig. S2A and B in the ESIt). Furthermore, the half-wave
potential of CVs in the case of the AuNP/MBA/LAC electrode was
only slightly decreased when F~ was added to the electrolyte
(ESL ¥ Fig. S3). All the above-mentioned results point to the fact
that LAC in AuNP/MBA/LAC is oriented with the T1 Cu site
interacting closely with the thiol-modified electrode surface,

This journal is © The Royal Society of Chemistry 2017
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demonstrating “usual” electrochemical behaviour of the AuNP/
MBA/LAC-based cathodes.

Last but not least, to obtain the final proof for the initially
proposed hypothesis concerning the T2/T3-oriented enzyme,
detailed kinetic studies of AuNP/LAC in WBS at pH 4.0, 5.5, and
7.4 were performed. The experimental results were modelled
according to two kinetic schemes presented in Fig. 1, as
summarized in the ESIf (Tables S2-S4 and eqn (S1)-(S22)).
Dependences of current density on potential vs. NaF concen-
tration, showing a close relationship of modelled parameters to
experimental results, are presented in the right panel of Fig. 2.
Briefly, the calculated values of E9,r; coincided well with the
measured half-wave potentials of O, electroreduction for all
PH values, only when the kinetic scheme from Fig. 1B was used.
Also, calculated apparent bimolecular O, reduction constants
kox in the heterogeneous system are comparable to the ones in
the homogeneous system at respective pH only for the scheme
in Fig. 1B (ESI, T Tables S2 and S4). Moreover, similar modelling
was also performed for AuUNP/MBA/LAC electrodes, according to
the reaction scheme presented in Fig. 1A (eqn (S23)-(S34),
ESIf). The results are summarized in the ESIf (Table S5,
eqn (S23)—(S29) and Fig. S3). Contrary to AuNP/LAC, in the case
of AUNP/MBA/LAC the dependence of the half-wave potential
on the F~ concentration could be mathematically described
using the kinetic scheme presented in Fig. 1A.

A comparison of the developed bioelectrocatalytic system
to state-of-the-art laccase-modified Au electrodes clearly shows
that Didymocrea sp. AuNP/LAC outperforms most of the
previously described LAC-based cathodes, when it comes to
current densities and onset potentials of O, electroreduction,
especially taking into account the redox potential of the T1 site
of Didymocrea sp. LAC vs. Cerrena unicolor and Trametes hirsuta
enzymes (ESI,{ Table S6). Moreover, Didymocrea sp. AuUNP/LAC
operates well in neutral and basic electrolytes, whereas other
wild-type high-redox-potential laccases are inactive under such
conditions. The quite low operational stability of Didymocrea
sp. AuUNP/LAC compared to other LAC-based cathodes is, in
all likelihood, attributable to enzyme desorption from the
surface of the electrode rotating at high rpm, whereas in all
other studies covalently-bound enzymes were exploited (Table
S6, ESIT). Nevertheless, direct comparison of biocathodes based
on Didymocrea sp. LAC showed similar or much better opera-
tional stabilities of AuUNP/LAC compared to AuNP/MBA/LAC
(ESL Fig. S4).

In summary, a unique MCO-based bioelectrocatalytic system
with the T2/T3 Cu cluster facing the electrode surface was
developed. Fundamentally, we have shown the existence of
bioelectrocatalytically relevant intermediates of the T2/T3 Cu
cluster with redox potentials lower than the potential of the
T1 site. This implies a theoretical possibility for an uphill IET
during the biocatalytic cycle of LAC under certain conditions,
viz. high activity of anions in solutions, as was also suggested
for another MCO, BOX.** One can speculate about the possible
role of the slow uphill IET as an important factor in regulating
the activity of high redox potential MCOs. For practical applications,
our findings have potential utility in the design of high-performance
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biocathodes operating at room temperature in electrolytes with a
broad pH range with an enzyme efficiency higher than that in
homogeneous catalysis because of the change of the reaction rate-
limiting step.
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ABSTRACT: Mixed self-assembled monolayers (SAMs) are widely used to anchor
tethered lipid bilayer membranes (tBLMs) that mimic biological membranes and are
useful platforms for fundamental studies and construction of biosensors. Electrode
potential is an important variable in the construction of biosensors based on tBLMs and
fundamental studies. In this work, potential-induced structural changes in mixed SAMs
composed of lipid-like long-chain WC14 molecules and short surface backfiller 2-
mercaptoethanol (ME-D,) was probed in situ by isotope-edited electrochemical surface-
enhanced Raman spectroscopy (EC-SERS) coupled with first-principles calculations,
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04 02
Potential / V

Int. of v(C-C);

reductive desorption voltammetry, and generalized two-dimensional correlation

spectroscopy (2DCOS). We show that negative electrode polarization leads to the lengthening of Au—S and Au—O bonds and
reorganization of molecules in the headgroup region. Calculations predicted the preferential formation of Au—O bonds of ME-D, at
more positive electrode potentials. Alkane chains of WC14 form potential-induced clusters at more negative electrode polarization in
mixed monolayers, a phenomenon that is witnessed from all-trans vibrations of the C—C group at 1129 cm™". The evidence of the
formation of tBLM on mixed WC14/ME-D, SAMs is documented by SERS. Specifically, the peak position of olefin group stretching
vibration suggests a fluid-like structure of tBLM. This work provides vibrational spectroscopy evidence for the potential-induced
formation of phase-segregation clusters of the hydrophobic thiols in mixed monolayers, a phenomenon that should be considered in
preparation of tBLMs, construction of membrane-based biosensors, bioengineering developments, and studies of biomolecular

processes using model membranes.

B INTRODUCTION

Solid-supported lipid bilayers are a versatile platform that
mimics processes at biological membranes and are also used in
biosensing and biomedical screening applications." One of the
possible architectures of the supported lipid bilayer is the
tethered lipid bilayer membrane (tBLM), which is attached to
the surface through a self-assembled monolayer (SAM).>™*
Anchor molecules, which comprise SAM, usually consist of (i)
a surface-active moiety, (ii) a hydrophilic domain, and (iii)
hydrophobic acyl chains. The structure of anchor molecules is
specifically designed to support tBLM in close proximity to the
solid surface and form the submembrane reservoir. Due to a
close association of these two properties, the quality of tBLM is
highly dependent on the structure of the underlying SAM.
Electrochemical methods are routinely used to investigate
tBLMs as they provide key information on the membrane
integrity, defect population and distribution,® the electrical
capacitance of phospholipid bilayer, and the electrical
capacitance of submembrane (Helmholtz) reservoir.”® Despite
that, the effect of potential on the anchoring SAM and,
subsequently, the impact on the phospholipid bilayer are not
well understood. Several studies have reported that positive
potential facilitates the development of SAM and increases the
integrity of the final film.””” On the other hand, higher

© 2020 American Chemical Society
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potential (starting with 0.60 V vs SHE)® causes oxidation of
headgroup’s sulfur of the gold—thiolate complex and therefore
impels its detachment from the substrate. Furthermore,
potential-assisted deposition results in a rigid and well-
organized SAM,” the property that is detrimental for the
functional properties of tBLM.

Previous studies have shown that mixed-component SAM’s
molecules in the presence of water tend to aggregate and form
surface clusters."”'" This effect diminishes the insulating
properties of the tBLMs as aggregation in some surface
domains leads to a reduced amount of anchor molecules in
other domains. Such heterogeneity is thought to produce
bilayer waviness and fluctuation of a lipid density and result in
direct contact between tBLM and solid surface."’ In short, the
homogeneous distribution of anchor molecules in monolayers
is crucial for tethered bilayer systems. Such homogeneity can
be achieved by the usage of unsaturated anchor molecules that
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tend less to associate with each other in SAM and
consequently results in less defective bilayer membranes.'>
This work aims to evaluate the structure and order of SAM
in relation to the polarization of the electrode. We focus on a
mixed-component SAM consisting of membrane-anchoring
long-chain thiol WC14 and backfiller deuterated 2-mercaptoe-
thanol (ME-D,, SH—C2D,—C1D,—OH), adsorbed on a gold
electrode, probed by using in situ electrochemical surface-
enhanced Raman spectroscopy (EC-SERS) technique.'>™"°
Usage of isotopically labeled short backfiller molecules allowed
us to discriminate between spectroscopic features of ME-D,
and WC14 and provided the opportunity to track structural
alterations induced by the change in bias potential.

B EXPERIMENTAL SECTION

Materials. Deuterium-labeled 2-mercaptoethanol-1,1,2,2-d,
(ME-D,) was purchased from Sigma-Aldrich. Isotopic enrich-
ment of the compound was 98 atom % D. Long-chain thiol 20-
tetradecyloxy-3,6,9,12,15,18,22-heptaoxahexatricontane-1-thiol
(WC14) was synthesized in house according to the previously
reported protocol.* Figure 1 shows the molecular structures of
the studied compounds. Throughout the measurements,
ultrapure water (18.2 MQ cm) and ethanol (99.5%) were used.

WC14 O N N NN
SHV\Of\,O\/\of\/O\/\O/\/O\/K/OV\/\/\/\M/r

DD ME-D,

Figure 1. Structures of WC14 [20-tetradecyloxy-3,6,9,12,15,18,22-
heptaoxatricontane-1-thiol, C,, (myristoyl)] and ME-D, (deuterium-
labeled 2-mercaptoethanol-1,1,2,2-d,).

Reductive Desorption. Measurements of the electrode
surface coverage and desorption potentials were obtained from
the potentiodynamic reductive desorption curves of heptane-
thiol (HPT), WC14 and ME-D, thiols, and mixed WC14/ME-
D, (30%:70%) monolayers. The desorption was performed
from the roughened Au electrode in 0.5 M NaOH + 0.1 M
Na,SO, solution at a sweep rate of 50 mV s™". To calculate the
desorption charge density, the real surface area of an electrode
was calculated from the analysis of gold oxide reduction peak
in the CV curve recorded in 0.5 M H,SO, solution, as
previously described.'”'® The oxide reduction theoretical
charge density was assumed to be 390 4C cm™2"” The real
surface was found to be 1.37 cm? vyielding the surface
roughness factor for the SERS-active Au electrode of 4.89.

SERS Measurements. Electrochemical SERS measure-
ments of monolayers at the Au electrode were carried out
using an Echelle-type spectrometer RamanFlex 400 (Perkin
Elmer, Inc.) equipped with a thermoelectrically cooled (—50
°C) CCD camera. The 785 nm excitation beam was
transmitted and the Raman signal was collected using a fiber
optic cable, employing 180° scattering geometry. The laser
power at the sample was set to 30 mW and the beam was
focused to 200 ym-diameter spot on the surface. Spectroelec-
trochemical experiments were conducted in a three-electrode
cell, which was constantly bubbled with ultrapure N, gas to
remove residual oxygen from the working solution. Teflon
press-fitted polycrystalline Au rod served as a working
electrode. The Pt wire and Ag/AgCl (3 M KCI) electrodes

were used as the counter and reference electrodes, respectively.
To decrease laser-induced degradation of the sample, the
spectroelectrochemical cell was constantly moved in a
direction perpendicular to the laser radiation."””” The working
buffer solution contained 0.1 M Na,SO, and 0.01 M Na,HPO,
(pH 7). The most negative potential value (—0.80 V) was
applied for the WC14 monolayer only. In each measurement
sequence, the potential was changed from positive values to
negative (cathodic scan) and, subsequently, from negative to
positive (anodic scan). Prior to each measurement, the
electrode was kept at the selected potential for at least 60 s,
which was followed by the spectral acquisition of 300 s. Raman
frequencies were calibrated using the polystyrene standard
(ASTM E 1840) spectrum and intensities were calibrated by
the NIST intensity standard (SRM 2241).*'

Before the measurements, Au electrode was polished with
sandpaper (P2500) and 0.3 ym ALO; slurry and then
sonicated in water-ethanol mixture (1:1, v/v) to refresh the
surface. Further, five potential cycles between 0.00 and 2.00 V
in 0.5 M H,SO, solution were performed at 100 mV/s speed
and then 10 cycles repeated between 0.00 and 1.66 V. Then,
the electrode was kept in 0.1 M NaCl solution at —0.90 V for
10 min. The electrode was roughened in 0.1 M NaCl solution
by switching the electrode potential between positive (1.30 V)
and negative (—0.30 V) values and holding for 30 s at the
negative potential extreme and 2 s at the positive potential
extreme. The procedure was finished after 30 oxidation—
reduction cycles. This Au roughening procedure is similar to
that previously reported by Gao et al** Immediately after
activation, the electrode was rinsed with water and ethanol and
placed in the incubation solution, consisting of either ME-D,,
WC14, or WC14/ME-D, mixture (30:70, mol/mol) in ethanol
for 2 h at room temperature. The total concentration of thiols
in each preparation was 0.2 mM. After that, the electrode was
rinsed with ethanol and blow-dried with a nitrogen stream.

Precise position, intensity, and full width at half maximum
(FWHM) values of SERS bands were acquired by fitting the
experimental spectra with Gaussian—Lorentzian shape curves
by using GRAMS/AI 8.0 (Thermo Electron Corp.) software.
Measurements were repeated three times to obtain statistical
means, which are presented as mean + SD.

Theoretical Modeling. Theoretical modeling was per-
formed with Gaussian 09 distribution for Windows.>®
Geometry optimization and frequency calculations were
completed with the DFT method using the B3LYP functional.
Calculations were done using the 6-311++G(2d,p) basis set for
C, S, O, and H atoms and LANL2DZ with ECP for Au
atoms.”* The surface was represented by the Auy, gold cluster.
The net charge and multiplicity of the Au,g—ME-D, model
complex were set to —1/+1 and 1, respectively. During the
geometry optimization, the Au,, coordinates were constrained
for the cluster calculation. Calculated frequencies and
intensities were scaled according to the procedure described
elsewhere.' >

Formation of the tBLM Layer. The tBLM was formed
according to the previously described formulation by fusion of
multilamellar vesicles (MLV) on a gold film.** Briefly, equal
molar parts (S0 mol % and S0 mol %) of DOPC and
cholesterol from Avanti Polar Lipids Inc., USA, were dissolved
in chloroform (99%, Sigma-Aldrich) to form a 10 mM lipid
solution. The chloroform was evaporated under a gentle
nitrogen stream and the remaining lipid film was resuspended
in phosphate buffer (0.05 M PBS, 0.1 M Na,SO,, pH 4.7,

https://dx.doi.org/10.1021/acs.jpcc.0c04636
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deoxygenated by N,) to a final MLV solution containing 1 mM
of lipids. MLV solution was placed and immobilized for 20 min
on a roughened Au, which was preadsorbed with mixed
WC14/ME-D, (30/70, mol:mol) SAM. The SAM was
prepared as described previously. Then, the Au-SAM-tBLM
electrode was rinsed with a copious amount of phosphate
buffer solution to remove lipid overlayers and without allowing
the surface to become dry. The SERS spectra were collected
immediately. The low spectral intensity of tBLM necessitated
to increase the measurement time and repeat the experiment
several times, which added up to a total of 230 min of
acquisition.

B RESULTS AND DISCUSSION

Reductive Desorption of Membrane-Anchoring
Monolayers. Important information on surface coverage of
SAM, the strength of metal—adsorbate bonding, and
intermolecular interactions might be extracted from the
electrochemical analysis of reductive desorption curves.”®”’
However, it should be noted that this method yields too high
surface coverages (overestimated by 15—20%) and unreason-
ably low areas per molecule because of double-layer current
interference.”® Recently, an elegant new method was
developed to determine packing densities (area per molecule)
and charge numbers per adsorbed molecule in SAMs.” The
application of this method for analysis of SAMs formed from
thiolipid®” and octadecanethiol®® molecules yielded physically
reasonable areas per molecule. In this work, we intended to
compare desorption potentials and surface coverages of mixed
and one-component monolayers. Therefore, we conducted
electrochemical reductive desorption experiments.

The desorption of mixed, ME-D,, WC14, and reference
compound heptanethiol (HPT) monolayers from the
roughened SERS-active Au electrode was carried out in 0.5
M NaOH solution containing 0.1 M Na,SO, at a sweep rate of
50 mV/s (Figure 2). The parameters of the reductive
desorption peaks as well as the relative surface coverages
calculated with respect to the monolayer of reference
compound HPT are listed in Table 1. The estimated charge
density is higher compared with the theoretically reculuired
charge for completely packed monolayer (70 #C cm2).* This
might be related to non-Faradaic current contribution”**’ and
errors in determining the real surface area of SERS electrode.
Previously, it was demonstrated that the polycrystalline metal
surface contributes to the formation of stronger gold—thiolate
bonding compared with the smooth gold layer deposited on a
mica substrate.”’ The metal—adsorbate bond strength (Au—S)
correlates with the voltage required to desorb surface-bound
molecules. Thus, the desorption potential of HPT, which is the
most negative among all the studied monolayers (—1.15),
indicates highly stable metal—ligand bonding (Figure 2). The
full width at half maximum (FWHM) of HPT desorption peak
from roughened Au electrode (152 mV) is significantly higher
compared with the previously reported FWHM value (52 mV)
for octanethiol desorption from Au(111).** Such broadening
corresponds to increased distribution of energetically different
surface sites of the roughened electrode.

In contrast to HPT, the other composition monolayers
contain two well-defined desorption peaks, each of which
originates from the molecules bound to the surface differently.
It was demonstrated previously that ME-D, molecules could
be bound to the surface through both thiolate and hydroxyl
groups,'” thus resulting in two energetically different states of

19035
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Figure 2. Potentiodynamic reductive desorption curves of heptane-
thiol (HPT), WC14, and ME-D, thiols as well as a monolayer
prepared from mixed WC14/ME-D, (30 mol %:70 mol %)
composition from the roughened Au electrode in 0.5 M NaOH +
0.1 M Na,SO, aqueous solution at a sweep rate of S0 mV/s.

Table 1. Reductive Desorption Charge Densities, Potentials
of Desorption Peaks, and Relative Surface Coverages of
Mixed, ME-D,, WC14, and HPT Monolayers

charge density relative potential-I  potential-IT
SAM (uC ecm™?) coverage V) V)
ME-D, 120 1.04 —1.04 —0.67
WC14 64 0.56 -117 —0.93
WC14/ME- 89 0.77 —1.06 —0.75
D,
HPT 115 1.00 —LI1S

gold—ligand complexes. The ME-D, molecules that are bound
to the surface solely through a thiolate group desorb at —0.67
V, while the molecules that are additionally stabilized by gold—
hydroxyl bonding desorb at —1.04 V (Table 1). Only in gauche
conformation can ME-D, possess bidentate coordination.
Thus, observed two desorption peaks could be assigned to
molecules in trans and gauche conformations, respectively. The
first peak of the WC14 monolayer appears at a significantly
more negative value compared with that of ME-D,; in addition,
the low-intensity satellite is visible at —1.17 V. The satellite
might be related to surface sites of increased intermolecular
interactions, such as domains of surface clusters of WC14
molecules. This issue will be discussed in more detail,
considering the spectroscopic results.

The reductive peaks of mixed monolayer are shifted
compared with single-component WC14 and ME-D, mono-
layers (cf. the first desorption peak at —0.75 V for mixed
monolayer and —0.67 and —0.93 V for ME-D, and WC14,
respectively). The observed shift indicates that molecules of a

https://dx.doi.org/10.1021/acs.jpcc.0c04636
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different kind interact with each other within the monolayer.
Such finding is not surprising since both molecules share a
hydrophilic segment (Figure 1) that can participate in
hydrogen bonding. The integrated desorption peak area
provides a value of desorption charge density, which is an
approximate measure of surface thiol coverage (Table 1).
Previously, it was shown that for a complete monolayer of n-
alkanethiols (n = 3—10, 12, 16, 18) self-assembled on the Au/
mica substrate, the surface coverage is independent of the
length of the thiol and corresponds to 7.6 X 10™° mol/cm?>°
For a monolayer self-assembled from one-component short
thiol molecules (ME-D,), the surface coverage is close to the
complete monolayer of the reference compound HPT (Table
1). However, in the case of a bulky WC14 compound, almost
twofold lower surface concentration was obtained (4.2 X 107'°
mol/cm?); this might be related to the double size of WC14
molecule’s cross section. In the case of a mixed monolayer
composed of both WC14 and ME-D, thiols, the surface
concentration was found to be in between the values of the
single-component monolayers (5.8 X 107'° mol/cm?).

Overview of the SERS Spectra of Membrane-
Anchoring Monolayers. We report on the molecular
structure, conformations, and interactions of a single-
component (WC14 and ME-D,) and mixed (WC14 with
ME-D,) monolayers at the electrochemical interface. Proper-
ties of these monolayers were elucidated using SERS, a
technique that provides comprehensive molecular-level in-
formation on species adsorbed or in close proximity to a metal
surface at submonolayer coverages.”> *” Owing to the intrinsic
SERS selection rule, it is possible to reveal molecular
orientation on the surface; however, some precautions have
to be made.”> An important issue in SERS studies is the
structure of the SERS-active substrate.>>** In this work, we
have used electrochemically prepared Au by a procedure
similar to that reported by Gao et al.”> Such pretreatment
yields unusually stable, intense, and reproducible SERS
spectra.”> Comparison with a formerly used laser-fabricated
ripple substrate®' revealed a similar SERS spectrum from
adsorbed mercaptoethanol.'” The previous report by our
group demonstrated that the surface of electrochemically
activated Au electrode is composed of amorphous formulations
with a diameter in the 100—500 nm range.42 Since the WC14
molecules can stretch up to 3 nm, we can safely assume that
the surface is somewhat flat from the perspective of SAM.
Considering the approximation of surface flatness, we can infer
on the collective orientation of SAM molecules on the metal
surface.

The mixed monolayer is constructed in a sense that the
long-chain WC14 molecule acts as a surface anchor for tBLM,
while the small molecular mass backfiller ME-D, occupies
active metal surface sites. The standard SAM composition in
the formation of functional tBLMs is 30/70 (mol %/mol %)
for WC14/ME-D,, respectively.'"'> This composition was
used in the present study for mixed monolayers; in addition,
monomolecular layers containing either WC14 or ME-D, were
considered as well. Isotopically labeled backfiller 2-mercaptoe-
thanol (HS—C2D,—C1D,—OH, ME-D,) was used to ensure
clear spectral separation between the vibrational modes of two
components of the studied SAM.

The assignments of the vibrational bands were based on data
provided in previous studies.'”**™*" The two-dimensional
correlation spectroscopy (2DCOS) analysis method enabled

19036

us to access temporal changes in the spectral feature order and
distinguish between the overlapped spectral modes.**

Figure 3 compares the SERS spectra of mixed WC14/ME-
D, and single-component WC14 and ME-D, monolayers at
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S 8
8 =
@ o
0 3_3 (22
z 2 Re33 8% RE; [T
@ (@) SRR ! - 1!
g IS
= wc14
c > 2_%¢
g 2 o 88c 28 2
kS (b) Q 28 N\& | (b)
ME-D, S
0 0 e 3N o oy ©
52 2 eaoe 8 222lz | [BIng
A o f582 R NSANZ | R8¢
L | L | L | L |
200 600 800 1000 1200 2200 2600 3000

Wavenumber / cm™ Wavenumber / cm’™

Figure 3. SERS spectra of (a) mixed WC14/ME-D,, (b) WC14, and
(c¢) ME-D, monolayers in 200—400 and 550—1200 cm™" (left panel)
and 2000—3000 cm™' (right panel) regions at an open-circuit
potential.

the open-circuit potential (E(,CP = 0.28—0.32 V) in different
spectral ranges. Chemical adsorption of the molecules is
evident due to metal—ligand stretching motion bands at low
frequencies. For the ME-D, and mixed monolayers, the Au—S
and Au—O bands are visible at ca. 267—268 and 305 cm™’,
respectively.'””* The Au—S$ stretching band originates from
both WC14 and ME-D, interactions with the surface through a
sulfur headgroup, whereas Au—O is due to ME-D, interaction
with the metal through an OH group. Yet, the WC14 spectrum
exhibits only one v(Au—S) band at 271 cm™.

The characteristic bands of stretching C—S motion for
adsorbed WC14 molecules in gauche and trans conformations
are found at 643 and 728 cm ™, respectively. However, due to
the deuteration of two methylene groups (CD,) in the ME-D,,
compound, the same gauche and trans vibrational bands are
downshifted by 48 and 50 cm™, respectively. This shift allows
us to assess individually spectral features of each compound in
the mixed monolayer. Unfortunately, the majority of WC14
bands in the mixed monolayer are obscured by the more
intense ME-D, bands. Such a difference might be accounted
for the lower surface concentration of WC14. Previously, the
positions of gauche and trans bands for ME-D, aqueous
solution were found at 616 and 685 cm™, respectively, and at
669 and 756 cm™! for the powder WC14 compound.'® A
corresponding downshift by 21 and 6 cm™" for gauche and
trans conformations of ME-D, as the molecule adsorbs on the
Au surface is related to the withdrawal of electron density from
S—C bond to Au—S$ and metal mass effect.*’

A clear separation for two types of molecules is visible in the
1(C-D)/v(C—H) stretching vibration region. Less than 3
cm™! shift is observed for all stretching C—D vibrations,
comparing ME-D, and mixed monolayers; however, in the case
of the WC14 compound, the symmetric stretching vibrational
mode of methylene groups, v,(CH,), downshifts by 6 cm™,
comparing pure WC14 and mixed monolayers. In addition, the
relative intensity of v(CH,) mode increases in the mixed

https://dx.doi.org/10.1021/acs.jpcc.0c04636
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monolayer. These data indicate that the interaction of WC14
methylene groups with ME-D, results in environmental and
orientation changes of hydrocarbon chains of WC14.
Potential-Dependent Changes in the SERS Spectra of
ME-D, Monolayer. The potential-dependent SERS spectra of
ME-D, are shown in Figure 4. The chemisorption of ME-D, is
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Figure 4. SERS spectra of the ME-D, monolayer in 200—400 and
550—1200 cm™' spectral regions at 0.40 and —0.60 V electrode
potentials.

evident from the low-frequency bands associated with the
stretching motion of Au—S and Au—O bonds. The latter
indicates the interaction of hydroxyl’s oxygen atom with the Au
surface. The Au—S and Au—O bands are observed to redshift
from 270 to 262 and from 301 to 290 cm ™, respectively, with
an increasingly negative electrode potential. To complement
experimental data, we modeled a 10-atom gold cluster with
ME-D, molecule adsorbed atop. From a previous DFT study,
the carboxylate preferentially adsorbs to low-coordination
atoms at vertices of the pyramidal gold cluster. Recently, it was
demonstrated that modeling of the gold surface by a cluster of
10 atoms provides a suitable structure for the analysis of folic
acid adsorption.”! However, an uneven electron density
distribution within the gold cluster’> may affect charge
distribution within the adsorbed molecule. In such a way,
the connection between the ligand-adsorption site and the
alterations of the vibrational spectrum could be suspected. The
Au—S wavenumbers in theoretical surface complex spectra
predict a shift from 302 to 277 cm™" for gauche conformation
and from 321 to 301 cm™" for trans conformation, respectively.
The calculated Au—S frequencies are higher compared with

experimental values, probably because the Au,, cluster
coordinates were constrained (Table 2). However, a predicted
decrease in frequency at a more negative electrode potential is
preserved in the experimental spectra. Similarly, an increase in
bond lengths (I) is expected as a consequence of the negative
polarization of the gold cluster. Calculations predict length-
ening of the Au—S bond (A =1(,;) — [_,)) by A = 3.00 pm for
the gauche surface complex and A = 6.51 pm for the trans
surface complex (Table 3). The theoretical modeling also

Table 3. Calculated Bond Lengths (pm) for Gauche and
Trans Conformers of Au,;—ME-D, Surface Complexes with
Charge Set to —1 and +1

trans gauche

bond +1 -1 +1 -1
Au—-§ 232.64 239.15 234.88 237.88
Au—0 248.57 (500.67)
Cc-S 184.93 185.00 185.01 184.57
c-C 152.20 151.57 152.45 152.31
C-0 142.38 143.98 144.59 143.53
O-H 96.34 96.25 97.07 96.36

shows that at positive polarization, the ME-D, molecule in
gauche conformation forms a chemical bond between the
hydroxyl group and gold atom (Au—O), while at negative
electrode charge, hydroxyl is drawn away from the Au cluster
(Figure S). Threefold intensity gain for the Au—S/Au—O
bands in the surface spectrum is observed, pointing to the
reorientation of molecules at the headgroup segment.
Increased intensity indicates that the Au—S and Au—O bond
direction coincides or is close to the direction of surface
normal. >

The fingerprint region of ME-D, spectrum conveys
information on a potential-induced reorientation of adsorbed
molecule. The wavenumber of characteristic S—C bond
stretching vibration increases toward negative potentials by 5
cm™" for gauche conformation and slightly decreases in the
case of trans S—C structure. An increase in v(S—C) is
consistent with a decrease in Au—S bonding strength visible
from the lowering of the corresponding band frequency
(Figure 4). In addition, trans-to-gauche band intensity ratio
(T/G) changes from 0.34 (at 0.40 V) to 0.41 (at —0.60 V).
Thus, negative polarization induces conformational change,
favoring more vertically oriented molecules (trans config-
uration of the S—C—C moiety). The out-of-phase stretching

Table 2. Assignments of Vibrational Bands and Comparison of SERS and Calculated Wavenumbers (cm™) of Adsorbed ME-

D, at 0.4 and —0.6 V*

SERS calculated
assignment 04V —0.6V T (+1) T (-1) G (+1) G (-1)

v,,(C2D,) [+ v,(C1D,) for G] 2294 2295 2273 2260 2263 2251
v,,(C1D,) [+ 1,(C2D,) for G] 2209 2219 2209 2204 2251 2233
1(C2D,) [+ v,(C1D,) for G (+1)] 2136 2130 2184 2176 2177 2161
1(C1D,) [+ v,(C2D,) for G (+1)] 2086 2087 2134 2131 2172 2148
Voop(C—C=0) + 5(C2D,) + t(CID,) 1012 1015 1079 1077 1074 1077
t(C2D,) 784 783 747 745 782 766
v(C-8)r 678 675 675 686

v(C=8)¢ 594 599 604 678
v(Au-8) 270 262 321 301 302 277

“Abbreviations: G, gauche; T, trans; v, stretching; 6, deformation; t, twisting.
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Figure S. Structures of Au;,—ME-D, model complexes in gauche and
trans conformations. The net charge is set to +1 and —1. The
calculated Mulliken charges (q) for the Au cluster and ME-D,
molecule are indicated next to the corresponding structure.

vibration of C—C—0 bonds, ,,,(C—C—0), found at 1012
cm™" and a couple of methylene twisting vibrations, t(CD,), at
762 and 784 cm™' might be used as the sensitive orientation
marker bands.”* The intensification of these bands points to
potential-induced adoption of the more vertical orientation of
C—C—0 moiety with respect to the electrode surface.
Potential-Dependent Changes in the SERS Spectra of
WC14 Monolayer. WC14 molecule is composed of a surface-
active thiol group, an ethoxide moiety (EO)s, and a couple of
myristoyl chains (Figure 1). One can expect an increase in
monolayer stability due to van der Waals interactions between
the neighboring carbohydrate chains. The reductive desorption
studies of n-alkanethiol monolayers from polycrystalline Au
electrodes have revealed a shift of the reduction potential to
progressively more negative values with an increasing number
of methylene groups in the thiol molecules.”® The increasing
length of carbohydrate chain has been also shown to decrease
the potential of zero charge (pzc) of the metal substrate.”
Accordingly, we changed experiment conditions so that the
most negative potential set for the WC14 monolayer was
—0.80 V vs Ag/AgCl (3 M KCl), while the potential set for
ME-D, and mixed SAMs was —0.60 V. Although applied
potentials were more positive to the expected reductive
desorption potential of studied thiols, an early stage of
detachment was observed. Figure 6A shows a reversible
dependence of low-frequency v(Au—S) wavenumber on the
electrode potential. The peak downshifts from 272 to 262
cm™' upon negative electrode polarization, indicating the
weakening of Au—S bond, and it changes the direction back to
high wavenumbers, 267 cm™, on the following anodic scan.
Theoretical modeling of adsorption complexes confirms such
tendency; the Au—S bond length increases and corresponding
stretching frequency decreases at negative polarization (Tables
2 and 3). The hysteresis of the peak position of SERS spectra
could be explained by disruption of the intact monolayer and
partial desorption of the molecules at the most negative
potential. The effect of negative potential on monolayer is,
however, not overcome in the consecutive anodic scan.
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Figure 6. SERS analysis of the WC14 monolayer at the Au electrode.
(A) Dependence of v(Au—S) mode wavenumber on the potential at
cathodic and anodic scans. (B) Spectra of the monolayer in the
fingerprint region at potentials of 0.40 and —0.80 V (forward potential
scan) and 0.40 V in a successive scan. The gauche S—C stretching
band is fitted with Gaussian—Lorentzian form components. (C)
Dependence of methylene symmetric (red curve) and asymmetric
(black curve) stretching wavenumbers on the electrode potential.

Monolayer disruption becomes even more evident then,
considering the spectroscopic features of surface vicinal —S—
C— group (Figure 6B). Both conformations of this group are
affected, although the response is rather contrasting. The
gauche band at 639 cm™ splits into two bands, which at the
most negative potential, appear at 629 and 653 cm™, while the
trans band shifts to higher energy (Table S1). The 3.7-fold
intensification of gauche peak intensity also signals on
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structural rearrangements occurring on the surface. The
Raman spectrum of solid-state WC14 molecules at 243 K
observed in the previous study exhibited a significantly higher
energy for S—C gauche stretching vibration v(S—C)g, which
appeared near 669 cm™.'® Free molecules that are not
attached to the surface usually have higher energy v(S—
C).2#°>%¢ Therefore, we ascribe the 653 cm™' shoulder in the
surface spectrum to WC14 that is detached or very weakly
bonded to gold. Such thiol molecules weakly interact with the
surface and, in a way, is similar to those in a bulk solution. As
the potential is set back to a positive value, the S—C bands
tend to return close to their initial wavenumbers. The trans-to-
gauche intensity ratio (T/G) points to prevailing gauche
conformation at every electrode polarization.

Spectral modes at 1063 and 1129 cm™" are assigned to trans
vibrations of the C—C bond of alkane chain, 2(C—C)y (Table
$1).'%°57%7 The band at 1129 cm™" indicates the presence of
extended polymethylene chains in all-trans configuration and is
present with almost invariant intensity at every studied
potential. This suggests that alkane chains are insensitive to
potential, supposedly due to water-induced hydrophobic pull
between the chains and the van der Waals interaction effect. At
this point, the precise orientation of molecules remains a
question for debate as the molecules can adopt both somewhat
vertical and parallel orientations to the surface. However, each
orientation is compatible with the condensed state of the
alkane chains.

The high-energy region provides information on intermo-
lecular interaction and coupling of alkyl chains;**~* however,
due to the spread spectral feature of WC14, we performed
fitting of the experimental spectra with the Gaussian—
Lorentzian shape components (Figure 3). The negative
potential induces a shift of the symmetric (2863 cm™') and
asymmetric (2918 cm™') stretching vibrations of the
methylene group by 8.49 + 2.85 and 15.12 + 3.80 cm™),
respectively (Figure 6C). The process is reversible and the
bands upshift to 2859 and 2911 cm™ on a consecutive anodic
scan (data not shown). Methylene spectral bands originate
from both ethoxide fragments and alkane chains; however, the
number of CH, groups in alkane chains is about two times
higher. The Raman spectra of bulk WC14 in the melted and
solid states exhibited strong bands at 2854 and 2848 cm™,
respectively, due to the alkyl chain methylene symmetric
stretching vibration (Table S1);'° frequency downshift is an
indicator for the presence of a closely packed and ordered
structure. Vibrational analysis of extended oligo(ethylene
glycol) chains predicts the most intense band in the infrared
spectra of SAMs near 2890 cm™"' (CH, asymmetric stretching
mode).*** Such a band was not resolved in the Raman or
SERS spectra of WC14. Observed SERS bands at 2862 and
2916 cm™" are typical for adsorbed molecules containing alkyl
chains and terminal functional groups different from CH;.***®
Meanwhile, thiol monolayers with a terminal methyl group
exhibit several additional bands in the C—H spectral region,
resulting in a different spectral patternASS’Sﬁ'M' Thus, our SERS
spectrum of WC14 shows the typical pattern of adsorbed thiols
with long CH, chain without any evidence of the bands from
terminal CHj groups. Several reasons might be responsible for
downshifting of v,(CH,) and v,((CH,) bands as the electrode
potential becomes progressively negative (Figure 6C) includ-
ing the following: (i) potential-induced changes in the
interaction between the alkyl chains of adsorbed molecules,
(ii) vibrational Stark effect, and (iii) potential-induced changes

in the interaction between the alkyl chains and electrode
surface. Direct interaction of CH, groups with the metal
surface can be recognized from the appearance of C—H
stretching soft mode at lower wavenumbers (2815—2830
cm™") compared with the Raman spectra of bulk compounds
containing alkyl chains.®® Such soft mode was not observed in
the potential-dependent SERS spectra of WC14. It should be
noted that peak positions of methylene stretching bands shift
to lower wavenumbers for well-packed monolayers.'”**” The
vibrational Stark effect critically depends on dipole moment
orientation;*® therefore, the appearance of significant wave-
number shift indicates that methylene stretching vibration
motion is oriented somewhat along the surface normal. It
should be noted that the transition dipole moment direction
for 1,(CH,) mode lies in the CCC plane and perpendicular to
the hydrocarbon axis.”” Thus, we speculate that a majority of
‘WC14 molecules adopt horizontal orientation with respect to
the surface. In fact, the previously discussed predominant
gauche orientation of headgroup (S—C—C) complements such
a picture.

Potential-Dependent Changes in SERS Spectra of
Mixed Monolayer. Figure 7 compares the SERS spectra of
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Figure 7. SERS spectra of the mixed self-assembled monolayer in
200—400 and 550—1200 cm™" spectral regions at 0.40, 0.00, —0.40,

and —0.60 V in cathodic stepwise scan and successive anodic scan
from —0.60 to 0.40 V.

SAM prepared from mixed WC14/ME-D,, (30 mol %:70 mol
%) composition. Potentiodynamic reductive desorption curves
reveal that a mixed SAM appears to be stable in the 0.40/—
0.60 V potentials and does not show signs of desorption
(Figure 2). Indeed, only negligible intensity decrease (<2%) is
observed, comparing the area under the curve of baseline-
subtracted SERS spectra at 0.40 and —0.60 V potentials, while
a slightly higher drop of about 25% is found between the first
spectrum at 0.40 V and the last one at 0.40 V recorded after an
excursion to the negative potential zone (Figure 7). Such an
intensity decrease might be associated with the reduction of
SERS substrate roughness and reorientation of surface species.
No new spectral bands emerged, opposed to the WC14
monolayer, where the shoulder at 653 cm™ appeared at —0.80
V. The ME-D, bands dominate the mixed SAM. The groups of
higher dipole moment, i.e,, Au—S, S—C, and C—O, are more
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sensitive to the electric field; therefore, the most obvious
changes in band position and intensity are mainly associated
with these vibrations. In addition, potential-induced changes in
bonding with metal strength are reflected in ¥(Au—S) and
v(S—C) bands. Accordingly, spectral bands that stay invariant
are mostly related to deformation vibrations of CD, groups
(713, 759, 784, and 1052 cm™).

The following analysis is presented in portions of the
spectra. Each portion is related to the particular chemical
segment of SAM-forming molecules: (i) v(Au—S)/v(Au—0),
(ii) v(S—=C), (iii) ¥(C—C), and (iv) v(C—D)/v(C—H).

Vibrations of Gold—Ligand Modes v(Au—S)/v(Au—0).
ME-D, and WC14 are bound to the surface through the
Au—S bond, which appears as the broad mode near 268 cm™
in the surface spectrum; however, ME-D, is also bound
through a hydroxyl group, forming the Au—O bond, which is
visible near 305 cm™' (Figure 7). Data show almost 4-fold
intensification of v(Au—S) band at negative electrode
potentials (Figure 8A), while the intensity of v(Au—O) does
not change significantly. Intensification is related to the change
in bond orientation, and this is only a case for Au—thiolate

linkage.
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Figure 8. SERS analysis of mixed monolayer WC14/ME-D, in Au—S$
and C—S stretching frequency regions. (A) Dependence of v(Au—0)
and v(Au—S) mode intensity and (B) peak position on the electrode
potential. The potential was changed from 0.40 to —0.60 V. (C)
Spectra in the C—S bond stretching vibration region at (a) 0.40 V and
(b) —0.60 V and (c) the potential-difference spectrum. (D)
Dependence of gauche (G) and trans (T) conformation C—S bond
wavenumbers on potential. (E) Trans-to-gauche intensity ratio (Ir/
I;) dependence on electrode polarization.

While the wavenumbers of 2(Au—0) mode in response to
the potential act as expected, a decrease at more negative
electrode potentials, rather surprising behavior of v(Au—S)
wavenumber, is observed (Figure 8B). Only slight downshift in
wavenumbers in the 0.40/—0.40 V potential window is
observed followed by a sharp dip at —0.60 V. Similarly, the
Au—S bond lengthening and diminishing of vibrational energy
were observed for the theoretical Au;;,—ME-D, complex model
while changing the net charge from +1 to —1 (Table 3).

Therefore, the spectral data suggest a loosening of a gold—
thiolate bond at —0.60 V.

Gauche/Trans Isomerization of the S—C Bond. The
characteristic S—C bond stretching doublet assigned to gauche
and trans conformations provides valuable information on the
headgroup orientation of surface-bound molecules. The
positions of C—S bond stretching vibrations of gauche and
trans conformers were found at 595 and 679 cm™},
respectively, for deuterated ME-D, in the mixed monolayer
at the open-circuit potential (Figure 3). Although gauche/trans
isomerization bands for WC14 molecules were expected to be
around 639 and 728 cm™!, intensities of these bands were
found to be too low for further detailed analysis. The
downshift of #(C—S) peak positions of the gauche conformer
by 22 cm™ is due to the chemisorption of a molecule on the
electrode surface, similar to the previously discussed ME-D,
monolayer. The potential-dependent SERS spectra in the C—S
bond stretching vibration region are shown in Figure 8C. The
position of (C—S) mode shifts to higher wavenumbers by A
=532+ 021 cm™' and A = 3.59 + 1.09 cm™" for gauche and
trans conformations, respectively, as the electrode potential
changes from 0.40 to —0.60 V (Figure 8D). Theoretical
calculations confirmed a blue shift of gauche and trans
isomerization bands of Au,,—ME-D, complexes, switching
the net charge from +1 to —1 (Table 2), although no
significant difference in corresponding bond lengths was
identified (Table 3). The potential-difference spectrum in
Figure 8C shows a positive-going feature near 671 cm™}, which
indicates a higher trans conformer contribution to the
spectrum at positive potentials (comparing 0.40 and —0.60
V). In addition, a red-shifted position of this feature indicates
the presence of stronger bonding with the surface through the
sulfur atom of trans conformers at more positive electrode
potentials. Going from positive potentials to negative ones (ca.
—0.40 V), electrostatic pull reorients ME-D, molecules into
the more vertical orientation so that the T/G intensity ratio
changes from 047 + 0.04 to 0.60 + 0.07 (Figure 8E).
However, at —0.60 V, the ratio changes the direction and
decreases to 0.42 + 0.06. These processes could be accounted
for increased monolayer disorder due to the negative potential
and perhaps initial stages of the detachment of the molecules
from the metal surface.’®’® Reorientation toward gauche
conformation is also supported by spectral changes in the C—
D stretching region, where the dips at 2122 and 2221 cm™! in
the difference spectrum appear. This indicates that a portion of
mercaptoethanol molecules at the most negative electrode
polarization adopt a flat orientation with respect to the surface,
which is characterized by the increasing gauche conformation
of the C—S bond (Figure S2A).

Collective Motion of Alkane Chain Mode, v(C—C);. The
feature at 1129 cm™' is instrumental in defining the
conformational state of alkyl chains for adsorbed WC14 thiols
as it is assigned to the all-trans vibration of the carbohydrate
backbone, £(C—C)y.'”*>* This feature alongside the lower
energy one at 1060 cm™", which is also assigned to v(C—C)y
mode, is obvious in the pure WC14 monolayer SERS spectrum
(Figure 3b). In our previous publication, the 1130 cm™" band
was observed to emerge immediately after submerging WC14/
ME-D, (30:70, mol/mol) SAM in water.'® At the initial times,
the peak gained intensity exponentially and starting from 60
min, the intensification became linear with incubation time.'’
In this study, a sigmoidal shape response of the 1129 cm™
band intensity upon potential change was observed (Figure 9).

1
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It is worth noting that despite its low intensity, the 1129 cm™

mode is present at initial times at the open-circuit potential.
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Figure 9. Dependence of intensity of all-trans C—C stretching band at
1129 cm™ on electrode potential in both cathodic and anodic
directions fitted with the Boltzmann sigmoidal curve (R* = 0.9964).
The left side inset shows the distorted state of alkane chains at initial
measurements, and the right side inset shows an aggregated state after
an excursion to a negative potential. The transition midpoint potential
value was determined to be —0.46 + 0.03 V.

Complementing the spectral results, 2DCOS analysis
provides insights into the subtle potential-induced perturba-
tions in vibrational bands due to the amplification of slight
changes in SERS intensities."® Thus, the 2DCOS study
indicates a strong correlation between the 1102 and 1129
cm™ bands (Figure S3). The negative asynchronous peak at
(1129, 1102 cm™') proves that potential-induced structural
rearrangements in polymethylene chains (represented by 1129
cm™") occur after some structural changes have happened in
the ethyleneoxide segment (represented by 1102 cm™')
(Figure S3B). In contrast, the 100% WC14 monolayer exhibits
a well-defined 1129 cm™ mode in each spectrum, indicating
that alkyl chains of WC14 molecules stay closely packed and it
is independent of electrode potential (Figure 6B). Arguably,
the response of ¥(C—C)y intensity to variation of electrode
potential is governed by two processes: (i) potential-induced
changes in intrachain gauche/trans isomerization and (ii)
changes in orientation of alkyl chains with respect to the
electrode surface. Increased interaction between the hydro-
carbon chains may result in a reduction of gauche defects and
an increase in the intensity of the v(C—C); band. Figure 9
shows that I}, starts increasing once the potential decreases
below ca. —0.40 V. Application of increasingly negative
potential leads to reduced energy of gold—thiolate bond
(Figure 8B), which in turn liberates the lateral motion of
surface-adsorbed molecules. The lateral motion is highly
facilitated at —0.60 V. Increased lateral mobility and hydro-
phobic effect stimulate the rearrangement of adsorbed
molecular anchors, resulting in the decreased number of
gauche defects, increasing the intensity of the vibrational band
at 1129 cm™. As expected, the process was irreversible; thus,
extended polymethylene chains retained their structure even
after the potential was set to an initial value of 0.40 V.

Spectroscopic Evidence for Tethered Bilayer Lipid
Membrane (tBLM) Formation. The mixed WC14/ME-D,,
(30 mol %:70 mol % adsorption solution) SAM was used to
immobilize tBLM. First, the SERS spectrum (Figure 10A) was
collected from SAM submerged in phosphate buffer solution
(0.0 M PBS, 0.1 M Na,SO,, pH 4.7, deoxygenated by N,).
The tBLM was formed by adding a DOPC/cholesterol (50/50
mol:mol) MLV solution to a SAM-covered electrode. The
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Figure 10. (A) SERS spectra of (a) tBLM and (b) underlying
membrane-anchoring SAM. (c) The difference spectrum is also
shown. The tBLM and SAM spectra are acquired by combining data
from three independent experiments with a total time of acquisition
for tBLM and SAM of 230 and 80 min, respectively. The (a) and (b)
spectra are normalized according to the intensity of the 1100 cm™
band. (B) Raman spectra of DOPC at (a) room temperature (RT)
and (b) —100 °C and cholesterol at (c) RT.

SERS measurements of SAM and tBLM were repeated several
times and the data were co-added. Overall, 80 and 230 min of
total acquisition time for SAM and tBLM were required,
respectively, to record the SERS spectra.

According to neutron reflectivity data, the tBLM is
suspended with respect to the electrode surface at a distance
of 1-2 nm.* In fact, lipid molecules in the inner leaflet of
tBLM on unsaturated anchor SAMs are usually positioned at
~1-1.2 nm to the surface, while the double bond C=C
Raman reporter group of DOPC acyl chains is even further;'”
therefore, the SERS spectrum of the tBLM is expected to be
extremely weak. Figure 10A(a) shows the SERS spectrum of
tBLM. One can see that the most intense bands correspond to
the spectrum of anchor monolayer. However, upon the
subtraction of the spectrum of anchor SAM (Figure 10A(b)),
spectral features assigned to the vibrations of DOPC and
cholesterol become visible in the difference spectrum (Figure
10A(c) and Table S2). The presence of DOPC tBLM is
evident from the stretching vibration of the double bond in
acyl chain, »(C=C) at 1655 cm™, and from the headgroup
N*(CH,); stretching band at 717 cm™ in the difference
spectrum.”’ Furthermore, the band at 607 cm™ is assigned to
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the vibration of cholesterol, while the positive-going features at
1269, 1301, and 1437 cm™ in the difference spectrum might
originate from both SAM and tBLM layers (Table S2).

The spectral bands of underlying SAM undergo subtle
changes during the formation of tBLM. The intensity of the all-
trans C—C stretching band increases by a factor of 1.64 + 0.93,
indicating the formation of acyl chain clusters. The positive-
going feature near 846 cm™' is associated with rocking
vibration r(CH,) coupled with ©(C—O) stretching of the
ethyleneoxide (EO) fragment of WC14 in a helical
conformation.”'~"* Such bands indicate the reorganization of
EO fragment in the presence of the lipid membrane.

To determine the state of a tBLM, we recorded the Raman
spectra of DOPC and cholesterol (structures of molecules are
depicted in Figure S1, Supporting Information) at room
temperature (RT) and —100 °C (Figure 10B). These
temperatures cover melted and solid states of DOPC and
the solid state of cholesterol. The position of C=C stretching
band is indicative of intermolecular interactions at the double
bond site in the oleic acid chain. The temperature-dependent
Raman study revealed the upshift frequency of the #(C=C)
band from 1655 to 1659 cm™" as the DOPC solidifies and the
molecular ordering at the double bond site increases (Table
S2). Comparing the temperature-dependent Raman study and
SERS measurements, it becomes obvious that the state of
tBLM on the electrode surface is fluid-like since the SERS
position of v(C=C) band was found to be at 1655 cm™". This
value coincides well with the Raman spectrum of bulk DOPC
at RT. The cholesterol signal band of double bond stretching
vibration (C=C) is expected at 1672 cm™' (Figure 10B);
this mode was not observed in the SERS spectrum.

Bl CONCLUSIONS

The structural properties and function of tethered bilayer lipid
membranes (tBLMs) critically depend on the molecular
structure of SAM utilized to anchor the lipid bilayer.""”*
Electrode potential is an important variable in the construction
of biosensors based on tBLMs and fundamental studies of the
interaction of biomolecules and pharmaceuticals with lipid
membranes.® In this work, electrochemical surface-enhanced
Raman spectroscopy (EC-SERS) combined with DFT
calculations, reductive desorption voltammetry, and general-
ized 2D correlation spectroscopy (2DCOS) has been used to
determine in situ the potential-induced changes in the
molecular structure of mixed self-assembled monolayers
employed for the construction of tBLMs. Mixed SAMs were
assembled from the long-chain lipid-like thiols (WC14) and
short backfiller 2-mercaptoethanol molecules. To discriminate
spectroscopically vibrational modes in the mixed monolayer,
the deuterated backfiller thiols were employed (SH—C2D,—
C1D,—OH, ME-D,). Combining EC-SERS and first-principles
calculations, two low-frequency metal—adsorbate vibrational
modes of ME-D, near 268—270 and 301—305 cm™' were
identified to v(Au—S) and v(Au—O) vibrations, respectively,
at 0.40 V. In agreement with theoretical modeling, both bands
were observed to redshift with increasing negative electrode
potential, indicating an increase in corresponding bond length.
Calculations predicted the preferential formation of Au—O
bonding at more positive electrode potentials. The electrode
potential-induced accelerated increase in the intensity of 1(C—
C)r vibrational mode due to C—C stretching vibration of alkyl
chains in all-trans configuration at 1129 cm™ was observed
with a transition inflection potential of —0.46 + 0.03 V,

indicating the potential-controlled formation of clusters of
long-chain thiol molecules in the mixed monolayer. Such a
phase-segregation process in mixed thiol-based monolayers
was suggested earlier by Basit et al.”* based on quartz crystal
microbalance and atomic force microscopy data.

Our data suggest that the negative potential facilitates the
mobility of anchor molecules on the surface by decreasing the
strength of metal—adsorbate bonding. At the same time, the
interaction between water and hydrophobic polymethylene
chains drives the clustering of hydrophobic molecules to
minimize the energy of the system. As previously shown,
clustering of molecular anchors has a detrimental effect on the
integrity of tBLMs and their electric insulation."" Therefore,
the all-trans spectral band near 1129 cm™ of the WC14
molecules could conventionally serve as a predictor of the
functional properties of tBLM. Observed conformational
changes in the vicinity of Au—O bonding of ME-D, might
be related to the activation of favorable conditions for the
clustering of WC14.

To the best of our knowledge, we discovered the direct
spectroscopic evidence for the formation of lipid bilayer at
mixed anchoring SAM. Based on the analysis of v(C=C)
mode of lipids, we conclude that the structure of lipid layer in
the vicinity of olefin group is fluid-like. These findings can be
used in the analysis and interpretation of the function of
biosensors and biotechnological processes based on tBLM.
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