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1. [VADAS

Biomolekulés, jskaitant makromolekules (baltymus, nukleino riigstis,
angliavandenius, lipidus) ir mazas molekules (pirminius metabolitus,
natiiralius produktus), yra gyvuose organizmuose esan¢ios medziagos, kurios
atlieka esminj vaidmenj cheminiuose, biocheminiuose ir biologiniuose
procesuose!. Gebé¢jimas kontroliuoti sgveikas tarp biomolekuliy, stebéti
procesus, vykstancius faziy riboje, yra itin aktualus bioinZinerijos, farmacijos,
aplinkos tyrimy ir kitoms mokslo sritims?. Norint suprasti faziy riboje
vykstancius procesus, reikalingos molekulinio lygmens Zzinios. Vis délto tirti
biomolekulinius vyksmus faziy riboje molekuliniame lygmenyje yra sunku
dél itin mazos tiriamyjy medziagy pavirSinés koncentracijos. Tokiems
tyrimams reikia specialiy tyrimo metody, kurie pasizyméty keliomis
esminémis savybémis: (i) specifiSkumas pavirSiui (turi netrukdyti Salutinis
signalas nuo tirpalo arba molekuliy, esan¢iy medziagos tiryje), (ii) buty
pakankamai jautris, bet nedestruktyviis, kad baty galima detektuoti itin
mazus medziagy kiekius ir (iii) galéty suteikti molekulinio lygmens
informacijag apie biomolekuliy savitvarka, sudétj, struktiira, funkcijg ir
orientacijg. Vienas tokiy tyrimy metody — pavirSiaus sustiprinta Ramano
spektroskopija (ang. Surface-Enhanced Raman Spectroscopy, SERS). SERS
populiarumg biomolekuliy tyrimuose taip pat lémé ir silpna vandens Ramano
sklaida, todél biomolekules galima tirti jy natiiralioje aplinkoje®. Tac¢iau SERS
turi keleta fundamentiniy tritkumy, apribojanciy metodo taikyma faziy riboje
esan¢iy biomolekuliy tyrimuose. Pagrindinis SERS trikumas — Ramano
signalo stiprinimui naudojami Au, Ag, arba Cu SiurkStiis pavirSiai,
nanostruktiiros ar nanodalelés. Metalai gali tiesiogiai sgveikauti su tiriamomis
biomolekulémis taip modifikuodami visg tiriama sistemg. Taip pat atlickant
tyrimus elektrocheminéje faziy riboje gali susidaryti kontaktinis potencialy
skirtumas tarp naudojamos nanodalelés ir tiriamo metalo pavirSiaus su
adsorbatu. Taigi daugiau nei pries deSimt mety buvo pasitilyta kaip alternatyva
Siurkstiems pavirSiams panaudoti Au ir Ag nanodaleles, apsaugotas plonu
SiO; sluoksniu (Au@SiO,, Ag@SiO,)*. Tokiu atveju nanodalelés branduolys
sustiprina Ramano sklaidos signalus, o iSorinis dielektrinis apvalkalas tuo pat
metu neleidzia metalui tiesiogiai sgveikauti su tiriamomis ar aplinkos
molekulémis ir apsaugo nanodaleles nuo degradacijos ar oksidacijos. Toks
patobulintas pavirSiaus sustiprintos Ramano spektroskopijos metodas,
pavadintas nanodaleliy, padengty apsauginiu sluoksniu, sustiprinta Ramano
spektroskopija (ang. Shell-lsolated  Nanoparticle-Enhanced Raman
Spectroscopy, SHINERS) atvéré naujas galimybes adsorbcijos, katalizés,



kriivio pernasos ir kity procesy tyrimuose ant lygiy, monokristaliniy pavir$iy,
taip pat ant dvidimensiniy medziagy. SHINERS tapo itin perspektyviu bet
kokiy pavirsiy tyrimo metodu. Sioje disertacijoje tirti skirtingi objektai,
kuriuos vienija molekuliniame lygmenyje charakterizuojamos biomolekulés,
esancios faziy riboje. Darbe pademonstruotos SHINERS metodo galimybés ir
iSStikiai tiriant nevienodas molekulines sistemas, atskleisti skirtingy
biomolekuliy struktiiros bei funkcijos ypatumai.

Pagrindinis disertacijos tikslas — pritaikyti SHINERS metoda faziy
riboje esanciy biomolekuliy (nuo savitvarkiy monosluoksniy iki gyvy
mikroorganizmy) molekulings struktiros ir funkcionalumo tyrimuose. Siam
tikslui pasiekti buvo suformuluoti 4 uzdaviniai:

1. Susintetinti ir charakterizuoti skirtingos prigimties dielektriniais
apvalkalais dengtas plazmonines nanodaleles, rasti optimaliausias sglygas
didesniy nei 50 nm dydzio plazmoninés Serdies ir 2 — 3 nm inertinio apvalkalo
storio nanodaleliy sintezei.

2. Charakterizuoti savitvarkj monosluoksnj, suformuotg i$ tioliy su
funkcine imidazolo Ziedo ir amido grupémis grandinéje, elektrocheminiu
SHINERS (ang. Electrochemical Shell-Isolated Nanoparticle-Enhanced
Raman Spectroscopy, EC-SHINERS) metodu.

3. Parodyti SHINERS metodo pritaikymo galimybes siekiant gauti
molekulinio lygmens informacija apie adsorbatus grafeno pavirSiuje ir
grafeno struktiirinius defektus.

4. Istirti itin sudétingg molekuling sistemg — gyvas mieliy lasteles
SHINERS metodu.

Mokslinio darbo aktualumas ir naujumas

Iskeltiems uzdaviniams pasiekti buvo pritaikyti skirtingi tyrimy ir
analizés metodai. Visus tyrimy ir analizés metodus galima suskirstyti j 3
grupes pagal taikymo sritis: nanodaleliy su iSoriniu apvalkalu sintezé ir
charakterizavimas, monosluoksniy ir kity modeliniy molekuliniy sistemy
formavimas bei biomolekuliniy sistemy tyrimas ir analizé.

Taigi, pirmiausia, aukso ir sidabro Serdies nanodalelés buvo
sintetinamos keliais skirtingais btidais modifikuojant J. F. Li ir kt. bei F. Liu
ir kt. sintezés metodus®®, iSbandyti skirtingos prigimties nanodaleles
izoliuojantys apvalkalai ir jy stabilumas skirtinguose organiniuose
tirpikliuose. Pirma kartg rastos optimalios sintezés salygos 90 + 10 nm Serdies



dydzio Ag nanodaleléms su 2,5 — 3 nm storio SiO apvalkalu naudojant
sidabro nitratg ir tik vieng redukuojantj bei stabilizuojantj agenta — natrio
citratg, o apvalkalo formavimui — (3-aminopropil)trietoksilang (APTES) ir
skysta stikla. Remiantis Au@SiO; nanodaleliy stabilumo rezultatais
skirtinguose tirpikliuose parodyta, kad iki $iol placiausiai mokslininky
naudojamas silanas apvalkalo formavimo etape - (3-
aminopropil)trimetoksilanas (APTMS) néra itin tinkamas siekiant ilgesnio
nanodaleliy stabilumo. Formuojant apvalkalg susidaro APTMS Salutinis
reakcijos produktas — metanolis, kuris laikui bégant ardo iSorinj apvalkala.
Naudojant APTES S$alutinis reakcijos produktas — etanolis, kurio jtaka
apvalkalo vientisumui nepastebima. Susintetinty nanodaleliy dydis, forma,
apvalkalo storis ir defektingumas charakterizuoti didelés skyros pralaidumo
elektroninés mikroskopijos, UV-Vis  spektroskopijos, ciklinés
voltamperometrijos ir Ramano spektroskopijos metodais.

SHINERS eksperimentai pradéti nuo savitvarkiy monosluoksniy ant
lygiy Au pavirSiy tyrimy. Doktoranttiros studijy darbui susintetintas naujas
junginys — N-(2-(1H-imidazol-4-il)etil)-6-merkaptoheksanamidas (IMHA),
turintis keturias funkcines dalis: (i) pavirSiui aktyvi tioliné grupé (SH); (ii)
angliavandeniliné grandiné (—(CHz)s—); (iii) amido grupé (—CO—-NH-); (iv)
imidazolo Ziedas. Imidazolo ziedas (Im) yra aminoriigsties histidino funkciné
grupé, galinti dalyvauti daugybéje molekuliniy sgveiky. Viena svarbiausiy
saveikos riisiy, kur dalyvauja Im Ziedas — pereinamyjy metaly jony suriSimas
aktyviuose baltymy centruose, todél imidazolas atlieka itin svarby vaidmenj
fermenty sandaroje ir veikloje’. Amido grupé, jterpta j alkiling grandine,
sudaro vandeniliniy ryS$iy tinklg tarp gretimy molekuliniy grandiniy, 0 tai
Zenkliai padidina monosluoksnio stabiluma®. Skirtingg laikg adsorbavus
IMHA ant Au pavir§iy atspindZio-sugerties infraraudonosios spektroskopijos
(ang. Reflection-Absorption Infrared Spectroscopy, RAIRS) metodu
nustatyta, kad po beveik trijy valandy (162 min) tvarkingo monosluoksnio
susidarymas jpuséja, o po 6 valandy monosluoksnis tampa tvarkingas ir
tinkamas tolimesniems tyrimams. IMHA adsorbcija ant pavirSiaus sukélé
IMHA molekulés tautomerinj pasikeitimg i§ tautomero I (N1-H, N3) i
tautomerg II (N1, N3—H). EC-SHINERS duomenys jrodé, kad tautomero II
forma yra vyraujanti visame potencialo lange ir tik nedidelé molekuliy dalis
tampa tautomero | formos elektrodo potencialui pasiekus —0,8 V (atz.
Ag/AgCl). Ramano temperatiriniai ir tankio funkcijos teorijos (ang. Density
Functional Theory, DFT) modeliavimo duomenys padéjo nustatyti imidazolo
ziedo judéjimo laisvumui ir vandenilinio rySio stipriui jautrig virpesing juosta
ties 1492 cm. Sios juostos analizé atskleidé nuo potencialo priklausomg Im



ziedo elgsena: prie —0,8 V (atz. Ag/AQCI) elektrodo poliarizacijos Im Ziedas
yra daug labiau suvarzytas ir sudares stipresnius vandenilinius rySius nei esant
—0,4 V (atz. Ag/AgCI). Taip pat pirma kartg nustatyta imidazolo ziedo IMHA
monosluoksnyje pK, verté, kuri yra 3,14 + 0,34.

Tiriant adsorbuota riboflaving ant grafeno pirmag karta palyginti
grafeno sustiprintos Ramano spektroskopijos (ang. Graphene-Enhanced
Raman Spectroscopy, GERS) ir SHINERS metody ypatumai. GERS atveju
stiprinami virpesiai tik ty atomy riboflavino Ziede, kurie dalyvauja © elektrony
sgveikoje. Tuo tarpu SHINERS spektroskopija suteikia i§samig informacijg ne
tik apie Rf ziedo virpesius, bet ir apie kai kuriuos ribitilo grandinés virpesius.
Taip pat nustatyta, kad kai kuriy virpesiniy juosty intensyvumas SHINERS
spektruose buvo net 26 kartus didesnis lyginant su GERS spektrais. Be to,
parodyta, jog SHINERS spektre aiSkiai matomos vario oksido, ant kurio
padéklo suformuotas grafeno monosluoksnis, anglies tinklo ir grafeno defekty
virpesinés juostos. Vis délto vienas jdomiausiy rezultaty SHINERS spektre —
intensyvi, plati juosta apie 1321 c¢cm™. Juostos kilme ir prigimtj padéjo
iSsiaiskinti kvantinés chemijos modeliavimo duomenys, kuomet nustatyta, jog
1321 cm™ juostos atsiradimas gali biti siejamas su riboflavino adsorbcijos
sukeltu grafeno sluoksnio islinkiu ir pakrypimu. Sis pastebéjimas isryskina
SHINERS metodo galimybes nustatant lokalias sistemos perturbacijas.

Galiausiai Au@SiO; nanodalelés pritaikytos Metschnikowia
pulcherrima mieliy lasteliy tyrimuose, kuomet pirmg kartg uzregistruoti
Metschnikowia pulcherrima SHINERS spektrai. Gauti rezultatai padéjo
identifikuoti mieliy lasteliy sienele ir joje esancius funkcinius elementus —
baltymus, lipidus ir aminortugstis. Parodyta, kad naudojant apvalkalu dengtas
nanodaleles mieliy lgsteliy spektrai atsikartoja, virpesiniy juosty dazniai
nekinta, iSorinis apvalkalas neleidZia sgveikauti metalinéms nanodaleléms su
lastelémis, todél spektruose neatsiranda papildomy virpesiniy juosty.
Aminorigsciy, C—N, amidiniai virpesiai atspindi gyvos lastelés bioaktyvuma,
vykstan¢ig baltymy sekrecija, antrinés struktaros kitima, tai parodo, kad
SHINERS metodas tinkamas in situ sekti Igstelés biocheminiy procesy eiga.

Ginamieji teiginiai
1. SHINERS spektroskopijai optimaliausias — SiO> nanodaleliy
apvalkalas. Patobulinta apvalkalais dengty nanodaleliy sintezés metodika,

pakeiciant kaitinimo buda i§ konvekcinio j mikrobangy, leidzia suformuoti
didesnes nanodaleles su maziau defektingu iSoriniu dielektriko apvalkalu.



2. Imidazolo Ziedo monosluoksnyje pKa verté yra daug mazesné nei
laisvo histidino tirpale. Taip pat elektochemingje faziy riboje, kintant

potencialui nuo —0,4 V iki -0,8 V (atz. Ag/AgCl), imidazolo Zziedo
vandenilinio ry$io sgveika stipréja.

3. Riboflavino molekulé sgveikauja su grafeno monosluoksniu per n
elektroning sistemg. Riboflavino adsorbcija iS$Saukia lokalinj grafeno
plokstumos iSsilenkima. SHINERS metodas leidzia detaliau iStirti adsorbuota
riboflaving ant grafeno, lyginant su GERS metodu.

4. SHINERS metodas leidzia gauti patikimus ir atsikartojancius
spektrus nuo mieliy lasteliy pavirsiaus, i§ kuriy gali buti nustatyti mieliy
lgsteliy sieneles sudarantys funkciniai elementai.

Sioje disertacijoje pateikiamos 6 mokslinés publikacijos, kurios
iSsprendzia kai kuriuos i$Stkius ir suteikia naujy perspektyvy tiriant bei
analizuojant biomolekules ar biologines sistemas. Pirmos 3 publikacijos
apima pirmajj disertacijos darbo uzdavinj, 4 publikacija — antrgjj, 5 — trecigjj
ir 6 — ketvirtajj. Visos publikacijy kopijos pateikiamos disertacijos pabaigoje.
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2. TYRIMU METODAI

2.1 Ramano spektroskopija

Ramano spektroskopija — virpesinés spektroskopijos rasis, leidZianti
gauti molekulinio lygmens informacija apie Sviesos sgveika su medziaga ir tos
medziagos molekuliy virpesing energija. Remiantis molekuliy virpesiais
galima nustatyti medziagos sandarg, struktiirg, sgveikas tarp molekuliniy
grupiy ar atskirti funkcines grupes, nustatyti molekuliy konformacinius
poky¢ius. Ramano spektroskopija issiskiria ir tuo, kad metodas yra neardantis,
galimi tyrimai in situ vandeninéje terpéje.

E A SuZadinta bdsena
il : : } Virtualgs
e menys
A r 3 ve ¥
2 =
> -
3 72A > ZZA 2
hv, = hv,] | = hv,| | =
= =
¥ Virpesiniai
lygmenys
Avd vy v §Av o
— Pagrindiné bisena
Ramano Reiléjaus  Ramano Stokso
anti-Stokso sklaida sklaida
sklaida ’
| ] ]
VotVee Vo VoV

1 pav. Reil¢jaus ir Ramano sklaidos spektry kilmés schema (adaptuota
pagal ?).

Sviesa, susidiirusi su medZziaga, vienaip ar kitaip sgveikauja, bet
dazniausiai yra sugeriama, atspindima arba iSsklaidoma. Vykstant sklaidai
dauguma susidiirimy — tamprieji, todél iSsklaidytyjy fotony energija nekinta
(Reilgjaus sklaida). Ramano sklaida yra Zinoma kaip neelastiné $viesos
sklaida, kurios metu pakinta | medziaga kritusios monochromatinés Sviesos
daznis®. Ramano sklaidos atveju sklindanti §viesos banga suteikia molekulei
tam tikra pertekling energijg, dél to molekulé yra suzadinama j virtualyjj
lygmenj. Bangai prasklidus molekulé per ~10-# s relaksuoja i§spinduliuvodama
fotong (1 pav.). Priklausomai nuo to, i kurj virpesinj energijos lygmenj
relaksuos molekulé (aukstesnj ar zemesnj lyginant su pradiniu), i§spinduliuoto
kvanto energija pagal tvermés désnj gali sumazéti (h(vo-vvip)) arba padidéti
(h(votwib)). ISsklaidytos Sviesos spektre matoma ilgabangé Ramano juosta
(h(vo-wib), dar vadinama Stokso juosta, trumpabangé (h(vot+wi,) — anti-Stokso
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juosta. Ramano anti-Stokso juosta kambario temperatiiroje visada yra maziau
intensyvi nei Ramano Stokso juosta, nes visi energiniai Suoliai, lemiantys anti-
Stokso juostos intensyvuma, vyksta i§ suzadinty virpesiniy lygmeny, kuriy
uzpilda mazesné esant termodinaminei pusiausvyrai'®.

Pagrindiniai sklaidos désningumai gali buti apraSyti remiantis
klasikine mechanikal®. Suoliy tarp energijos lygmeny tikimybé Ramano
Sviesos sklaidos spektre susijusi su molekulés poliarizuojamumu, todél ir
Ramano sklaidos spektras gaunamas tik tada, kai dél Suoliy pasikeiCia
molekulés poliarizuojamumas. Taigi molekulé, patekusi ] viendaznés
elektromagnetinés bangos kintantj elektrinj lauka, poliarizuojasi. Indukuotas
dipolinis momentas yra proporcingas elektrinio lauko stipriui:

L= aF, 1)
¢ia o — molekulés poliarizuojamumas. Sukurto elektrinio lauko stipris
tam
tikrame erdvés taske yra periodiné laiko funkcija:

E = Eycos(2mu,t), @
vadinasi ir indukuotas dipolinis momentas yra periodiné laiko funkcija.
Dipolis, virpantis dazniu vo, spinduliuos tokio paties daznio elektromagnetines
bangas, bet svarbu nepamirsti, kad molekulés branduoliai visada virpa tam
tikru dazniu vy, aplink pusiausvyros padétj, todél atstumo tarp branduoliy
priklausomybé nuo laiko yra periodiné funkcija:

X = xg cos[(2muypt) + o], @)
¢ia x — nuokrypis nuo pusiausvyros padéties, x, — virpesiy amplitude,
@y — pradiné faze.
Kintant atstumui tarp branduoliy, molekulés poliarizuojamumas irgi
kinta. Kai virpesiy amplitudé maza, poliarizuojamumo modulis skleidziamas
Teiloro eilute pusiausvyros tasko aplinkoje:

da 1/d?*a
= — —— 24 ... (4)
a=a +(dx>ex+2<dx2>ex + .-

Tuomet naudojantis (1) ir (3) iSraiSkomis, gauname indukuoto dipolinio
momento modulj:

d
U= [ao + (d—z)e Xg €0S(2mUypt + (p)] Eycos(2mugt). ®)

Atlikus matematinius veiksmus gaunama iSraiska, i$ kurios nesunku pastebéti,
kad molekuléje indukuotas dipolinis momentas kinta dazniais vo, Votvyib,
Vo—Vvib.
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da
U = ag Eqgcos(2muyt) + (a) XoEg - cos[2m(vy + vyip)t + ol +
e

(6)
da

+ (—) x0Eo - cos[2m(vy — vyip)t + @g]-
dx/,

Pirmas iSrai$kos narys apraSo Reiléjaus sklaida, antrasis Ramano anti-Stokso
sklaida, tre¢iasis — Ramano Stokso sklaidg®.

Deja, Ramano spektroskopija ilga laikg laikyta nejautriu molekuliy
tyrimo metodu dél itin mazo Ramano sklaidos efektyvumo, nes tik 1 i§ ~108
fotony virsta Ramano fotonu. Pozitiris pasikeité praé¢jus 50 mety nuo Ramano
sklaidos rei$kinio atradimo, kuomet 1974 metais M. Fleishmannas tirdamas
adsorbuotg piriding ant nelygaus sidabro elektrodo uzregistravo netikétg, net
10° karto padidéjusj, Ramano signalo intensyvumg!l. Toks eksperimentinis
atradimas, dabar gerai zinomas kaip pavirSiaus sustiprinta Ramano sklaida
(SERS), zenkliai paspartino Ramano spektroskopijos vystymasi.

2.2 PavirSiaus sustiprinta Ramano spektroskopija

Po M. Fleishmanno SERS atradimo pra¢jus 3 metams buvo
i$siaiSkinta, kas lémé tokj reikSminga Ramano signalo padidéjimg. Dvi
mokslininky grupés, nepriklausomai viena nuo kitos, paneigé pirming M.
Fleishmanno teorija, aiskinusig, kad signalas galimai iSaugo dél didesnio
nelygaus elektrodo ploto ir pasiiilé savo intensyvaus Ramano signalo
priezasties teorijas, kurios yra pripazjstamos iki Siol: cheminis (M. G.
Albrecht ir J. A. Creighton)!? ir elektromagnetinis (D. L. Jeanmaire ir R. P.
Van Duyne)® stiprinimo mechanizmai.

Cheminis stiprinimas

Cheminis stiprinimas, Kitaip kravio perne$os mechanizmas, galimas
tik tada, kai molekulé¢ sudaro cheminj ry$j su metalo pavirSiumi, dél to
padidéja molekulés poliarizuojamumas. Dél metalo ir molekulés komplekso
susidarymo atsiranda nauji kriivio perne§imo keliai — elektronai, esantys
metalo Fermi lygmenyje Soka | Zemiausig neuzpildyta molekulés energetinj
lygmenj — LUMO. Elektronas, patekes i LUMO orbitale, suzadina cheminio
ry$io virpesius, o grizdamas j pagrinding biiseng iSspinduliuoja fotona, kuris
inesg indélj j vieng i§ Stokso juosty!*. Cheminio stiprinimo indélis SERS
spektre yra nedidelis — vidutiniskai 10 — 100 karty, nes jprastai pasireiskus
SERS efektui Ramano signalas sustiprinamas 104 — 10° karty. Vadinasi,
pagrindiné Ramano signalo stiprinimo dedamoji — elektromagnetinis
stiprinimas.
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Elektromagnetinis stiprinimas

Elektromagnetinis stiprinimas atsiranda tik tada, kai tiriamoji
molekulé adsorbuojasi ant nelygaus metalo pavirSiaus arba yra keliy
nanometry atstumu nuo jo. Nelygumai metalo pavirSiuje leidzia susidaryti
lokalizuotiems, metalo kristalo pavirSiuje esantiems, elektrony svyravimams,
kitaip plazmony rezonansui. Toliau elektromagnetinio lauko suzadinimas ir
stiprinimas vyksta keliais etapais (2 pav.).

Molekulé

Epak=Mpak()‘R)'Esklaid

2 pav. Elektromagnetinio stiprinimo mechanizmo schema (adaptuota
pagal®®).

Pirma, elektromagnetiné spinduliuoté Eo (prie zadinan¢io bangos
ilgio o), sgveikaudama su pavirSiaus elektronais, sukelia lokalizuota
pavirSiaus plazmony rezonansg (LPPR) (2 pav. 2). Plazmony osciliacija,
vykstanti statmenai pavirSiui, sustiprina elektromagnetinj lauka aplink
tiriamaja molekule, sustiprindama jos Ramano signalus. Sio etapo metu
lokalus metalo dalelés sustiprintas laukas gali biiti apibréztas kaip pradinés
elektromagnetinés spinduliuotés Eo ir lokalaus stiprinimo faktoriaus
sandauga:

Ejox = Mo (A0) Ep. (7

Sustiprintas laukas paveikia molekulés elektroninj debesélj, priversdamas
visomis kryptimis iSspinduliuvoti Ramano sklaida, kurios bangos ilgis Ar.
Molekulés iSspinduliuotas elektromagnetinis laukas atitinka:

Egkiqia (Ar) = aEjo = aMior(9)Ey, (8)
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kur a — molekulés poliarizuojamumas (2 pav. 4).

Sukelta molekulés Ramano sklaida (Eskiaid) taip pat poliarizuoja metalo daleles
ir sukelia papildoma stiprinima, kuris apibiidinamas kaip pakartotinis
spinduliavimas (2 pav. 5):

Epak = Mpak(/lR)Esklaid = aMpak(/lR)Elok =

=AMy () Miore(A) Eo. ®)

Taigi bendras pavirSiaus sustiprintos Ramano sklaidos intensyvumas bus
proporcingas:
Isgrs = Mlzok(lo)Mgak(AR)lo = Gly, (10)
¢ia lp — molekulés Ramano sklaidos signalo intensyvumas be
stiprinimo, G — bendras elektromagnetinio stiprinimo faktorius.

Zadinangios spinduliuotés ir Ramano sklaidos bangy ilgiai skiriasi tik per
kelias deSimtis nanometry, todél jprasta sakyti, kad SERS stiprinimo faktorius
lygus:
G=M* k. (1)

Akivaizdu, kad pagrindinj vaidmen]j elektromagnetinio stiprinimo
procese vaidina lokalizuoty pavirSiaus plazmony rezonansas, kuriam vykti
biitina salyga — daznio sutapimas su zadinanc¢ios §viesos dazniu. LPPR daznis
priklauso nuo nanostruktiry dydzio bei formos!®, bet svarbiausia — nuo
elektrony koncentracijos, kuri atspindi metalo prigimt;.

Elektromagnetinés spinduliuotés sgveikg su metalu nusako
dielektrin¢ funkcija, kuri charakterizuoja elektrony saveika tarpusavyje,
elektrony saveikg su branduoliais ir elektrony atsakg j Sviesg. Dielektriné
funkcija remiantis Drudés modeliu aprasoma:

wz
c(w) = &, <1 —”) (12)

W+ iy w

Cia &, — katijony atsakas, o — elektrinio lauko daznis, yo— slopinimo
faktorius, apraSantis elektrony susidiirimus su katijonais ir defektais, mp —
laisvyjy elektrony savaiminis plazmos virpesiy daznis:

ne?

MEYEe

kur n — laisvyjy elektrony koncentracija, e — elektrono kriivis, m —
efektiné elektrono masé, go — vakuumo dielektriné skvarba.
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Metaly dielektring funkcija iSskyrus | realia ir menamajg dalis
gaunamos dvi israiskos:

wp
Re(e(w)) = €» <1 — a)z—-l-]/2>l (14)
0
€0 WP,
Im(s(a))) = a)(Zw—-f)/;;) (15)

Realioji dielektrinés funkcijos dalis apraso S$viesos sklaida, menamoji —
sugertj. Esant salygoms, kai elektrinio lauko daznis mazesnis uz laisvyjy
elektrony plazmos virpesiy daznj, metalai Sviesa atspindi, prieSingu atveju
$viesa — sugeriama.

LPPR suzadinamas metalinése nanostruktiirose, todél nagrinéjant
sfering metalo nanodalele, kurios matmenys (r) gerokai mazesni uz lazerinés

spinduliuotés bangos ilgj (AL), (AL >> 1), gauname, kad metalo daleléje sukelto
elektromagnetinio lauko priklausomybé nuo zadinancios lazerio spinduliuotés

B e(w) — g
Ed = EL (m); (16)

apraSoma:

Eq — elektromagnetinis laukas dalelés pavirSiuje, EL — lazerinés
spinduliuotés elektromagnetinis laukas, &(®w) — nuo zadinancios spinduliuotés
daznio priklausoma metalo dielektriné konstanta, €9 — terpés, supancios metalo
dalele, dielektriné konstanta.

Plazmoninis rezonansas pasiekiamas, kai vardiklis priartéja prie 0, reiskia

&(w) = —2&o0, 0 optiné sugertis — maza. I§ ¢ia seka plazmony rezonanso
salygos:
Re[e(w)] = —2¢&; 17
Im[e(w)] — mazas. (18)
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3 pav. Metaly dielektriniy funkcijy priklausomybé nuo spinduliuotés bangos
ilgio'’.

Daugumos metaly w, yra UV spektringje srityje, kas leidzia tikétis
LPPR regimojoje spektro srityje, taciau tik aukso, sidabro ir vario dielektrinés
funkcijos menamosios dalies vertés pakankamai mazos regimojoje spektro
srityje (3 pav.). Taigi Au, Ag ir Cu yra pagrindiniai SERS aktyviis metalai,
pasizymintys dideliu LPPR intensyvumu regimajame spektro ruoze.

LPPR daZznj bei intensyvuma galima moduliuoti keiciant
nanostruktiiry dydj, forma, metaly kompozicijg ar supancig aplinkg!6.18-20,
Didéjant nanostruktiry dydZziui pavir$iaus plazmony rezonanso maksimumas
slenkasi | ilgesniy bangy pus¢?i-23. Palyginus sferinés formos struktiiras su
anizotropinémis pastebima, kad pastarosios iSsiskiria net keliomis LPPR
juostomis?*. Nanolazdelés pasizymi dvejomis atskiromis plazmony sugerties
smailémis, atitinkan¢iomis vertikalig ir horizontalia dedamgsias?®. LPPR
smailés padétis taip pat gali buti skirtinga priklausomai nuo metaly
kompozicijos, pavyzdZiui nuo aukso ir sidabro santykio bendrame darinyje?.
Zinoma, periodiskumas tarp nanostruktiiry ir jy kampuotumas ypa¢ lemia
»Hkarstyjy‘© tasky susidaryma, kur lokalaus elektrinio lauko stipris gali padidéti
iki 109-10"! karty?"28,

SERS aktyvis pavirSiai

PavirSiai, stiprinantys Ramano sklaidg, skirstomi j tris pagrindines
grupes?®.

(1) Nanostruktiiriniai metaliniai pavir§iai — ypac tvarkingos metalinés
struktiiros, suformuotos ant lygiy metalo padékly, silicio ar kito pavirSiaus

22



nanolitografijos biidu. Naudojant skirtingas litografijos technikas (lazerine
abliacija, elektrony pluosto litografija ar kt.) galima gauti chemiskai stabilias,
periodiskai  iSdéstytas metalines nanostruktiiras, kurios generuoja
homogeniska SERS signalg visame pavirSiaus plote. Vis délto jprastai tokie
pavir$iai panaudojami tik vieng kartg, todél tyrimy ant tokiy pavirSiy kaina
gana didele.

(2) Elektochemiskai paSiurkstinti elektrodai. Elektrocheminés
oksidacijos — redukcijos metodu Au, Ag ar Cu elektrodo pavirSiuje
suformuojami nanodariniai. Kei¢iant oksidacijos — redukcijos procediiras ir
salygas galima gauti skirtingos formos, dydzio ir tvarkos struktiiras elektrodo
pavir$iuje. Nors elektrocheminis elektrody $iurkstinimas yra paprastas, greitas
ir pigus, susiduriama su pavirSiaus stabilumo problemomis laikui bégant bei
nedideliu spektriniu atsikartojamumu naudojant Ramano mikroskopa, kuomet
lazerio spindulys fokusuojamas vos j keliy mikrometry déme30-3L,

(3) Koloidiniai tirpalai dazniausiai gaunami vykdant cheming metaly
drusky redukcija iki neutraliy metalo atomy vandeninéje terpéje esant
stabilizuojantiems junginiams. Be drusky redukcijos yra nemazai kity budy
gauti koloidinéms nanodaleléms (sonochemija, fotochemija, auginimas
terpéje esant mazy metalo uzuomazgy). Iprastos Au, Ag ar Cu nanodalelés
néra pakankamai stabilios, turi specifinj spektra, kuris gali persikloti su
tiriamo objekto Ramano spektru. Be to vienas svarbiausiy plazmoniniy daleliy
trikumy, ypa¢ tiriant biomolekules — tiesioginé sgveika su analite (redox,
katalizés procesai ir kt.), 0 tai daznai sutrikdo visg sistema ar dramatiskai
iskreipia rezultatus®. Nepaisant greitos ir nesudétingos nanodaleliy sintezés
bei daug didesnio signalo stiprinimo nei pasiurkstinty elektrody atveju®,
minéti trikumai mokslininkus paskatino ieSkoti dar efektyvesniy Ramano
sklaidos stiprinimo alternatyvy.

2.3 Nanodaleliy, padengty apsauginiu sluoksniu, sustiprinta Ramano
spektroskopija

Siekiant praplésti SERS metodo galimybes ir iSspresti metodines
problemas, 2010 metais Z. Q. Tian su bendraautoriais pasiiilé panaudoti Au ir
Ag nanodaleles, apsaugotas plonu SiO, sluoksniu®. Naujasis metodas,
pavadintas SHINERS (ang. Shell-lsolated Nanoparticle-Enhanced Raman
Spectroscopy), i$siskiria tuo, kad plazmoninis nanodalelés branduolys stiprina
Ramano sklaidg, o itin plonas, vos keliy nanometry storio silicio dioksido
sluoksnis Zenkliai padidina daleliy stabiluma, neleidzia branduolio metalui
tiesiogiai saveikauti su tiriamuoju pavirSiumi. Taigi dielektriko sluoksnis
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padeda iSvengti cheminés sgveikos su aplinka ir neleidzia vykti kriivio
pernasai. Tyrimo metu atstumas tarp plazmoninio branduolio ir tiriamojo
pavirSiaus gali biiti lengvai kontroliuojamas keiciant SiO> sluoksnio storj.

Kontaktinis rezimas Nekontaktinis Izoliuotas rezimas
SERS rezimas SHINERS
£ TERS
(a) ‘
#TT Si0, apvalkalas
&,
rhe

. AR,
%{‘{’5_ aplinkos molekulé

;54‘ tiriamoji molekulé

ppbardEER 277
metalinis substratas e e

4 pav. Ramano sklaidos stiprinimo metody palyginimas.

SHINERS metodo privalumai tampa akivaizdis palyginus giminingas
Ramano signalo stiprinimo technikas (4 pav.). Kontaktinio rezimo atveju
plazmoninés nanodalelés, nors ir stiprina ant monokristaliniy ar lygiy pavirSiy
adsorbuoty medziagy Ramano sklaidg, taciau tuo pat metu gali tiesiogiai
sgveikauti su aplinka, pvz. elektrocheminés ar biologinés sistemos skysc¢iy
komponentais, su aplinkos dujomis (a). Dél to galima nanodaleliy
aglomeracija ar papildomy juosty atsiradimas Ramano spektre®:, Naudojant
metalinj substratg su adsorbatais gali vykti nepageidaujama kriivio pernasa ar
susidaryti kontaktinis potencialy skirtumas tarp nanodalelés ir substrato dél
skirtingy Fermi lygmeny (b). Tokie procesai gali stipriai paveikti tiriamos
sistemos elektroning strukttra, o tai ypa¢ Svarbu, pavyzdziui, katalitinése
reakcijose su pereinamaisiais metalais (platina ar paladis), kai katalizatoriaus
elektroniné struktira gali paveikti Katalizinj veikimg®*%®. Taip pat
neiSvengiama tiesioginé metalinés nanodalelés saveika su tiriamomis
molekulémis ar atskiromis jy funkcinémis grupémis perturbuoja sistemg ir
gali i8Saukti pokyc¢ius registruojamuose spektruose (c), t.y. virpesiniy juosty
poslinkj®.

Adata sustiprinta Ramano spektroskopija (ang. Tip—Enhanced Raman
Spectroscopy, TERS) apjungia atominés jégos mikroskopa ir Ramano
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spektrometra, kur adata veikia tarsi mazas stiprintuvas — zondas tuo paciu
metu. Nors §i technika ir pasiZymi ypac¢ auksta erdvine skiriamaja geba, taciau
gaunamas Ramano signalas vis vien ganétinai silpnas, nes tik viena adata
veikia kaip stiprintuvas (a). Zinoma, svarbu paminéti, kad naudojama
metaliné adata gali lengvai sgveikauti su tiriamojo objekto aplinkoje esanciais
komponentais, dél to galima medziagy adsorbcija ant adatos (b). Adsorbuotos
medziagos neretai jneSa papildomy virpesiniy juosty registruojamame
spektre, tai apsunkina duomeny analize ir iskreipia rezultatus®’. Taciau svarbu
pazymeéti, kad TERS metodas leidzia tirti bet kokio metalo monokristalinius,
lygius ar biomolekulinius pavirSius t.y. pasalina vieng i§ pagindiniy SERS
trikumy.

Apibendrinant galima teigti, kad SHINERS apjungia kontaktinj ir
nekontaktinj rezimus, nes nanodaleliy branduoliai tampa tikstanciais mazy
stiprintuvy, kurie generuoja auksSta Ramano signalo stiprinima, o plonas,
inertiSkas apvalkalas padeda iSvengti visy kontaktinio rezZimo problemy.
SHINERS metodas tinkamas tirti molekulinius vyksmus nuo bet kokiy
pavir$iy. Galima analizuoti vykstanc¢ias katalizines reakcijas ant platinos,
gelezies, paladzio, nikelio, nemaziau svarbu, jog pavirSiai gali biiti lygis ir
monokristaliniai. Taip pat naudojant daleles su inertiniu apvalkalu tampa
galimi elektrocheminiy sistemy tyrimai in-Situ esant kontroliuojamam
elektrodo potencialui vandeninéje terpéje ar net biologinéje sistemoje. Taigi
SHINERS atveria naujas galimybes tiriant itin sudétingas, bet jau seniai
mokslininkus dominancias sistemas ir gauti molekulinio lygmens informacija
apie ty sistemy maZiausiy struktiriniy elementy poky¢ius ar sgveikas®®,

SHINERS metodas universalus ir daug zadantis tiriant kompleksiskas
molekulines sistemas, taciau svarbu pabrézti, kad Sio metodo taikymas kelia
su naudojamomis nanodalelémis. Pavyzdziui, SHINERS spektry stiprinimas
priklauso nuo keliy faktoriy, bet vieni svarbiausiy — nanodaleliy atstumas nuo
tiriamojo objekto ir daleliy dydis.

Sintetinant nanodaleles su iSoriniu inertiSku apvalkalu svarbu
uztikrinti apvalkalo tolyguma ir vientisuma, nes apvalkalas tinkamai atlieka
savo funkcija tik tada, kai jo struktiiroje iSvengiama defekty — skyliy. Skylétas
apvalkalas neuztikrina ilgalaikio daleliy stabilumo, nedidelés molekulés,
esancios aplinkoje, gali prasiskverbti iki metalinio branduolio ir ten
adsorbuotis. Apvalkalo storj, o tikétina ir skyliy kiekj, galima kontroliuoti
kei¢iant apvalkalo formavimo laikg®®, tatiau norint gauti pakankamg Ramano
signalo stiprinimg biitina uZztikrinti, kad apvalkalas nebiity pernelyg storas.
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Storéjant apvalkalui didéja atstumas tarp tiriamojo objekto ir metalo
nanodalelés, tai lemia elektromagnetinio lauko stiprio sumazéjima analités
buvimo vietoje. RysSkus elektromagnetinio lauko kitimas gali bati
paaiSkinamas palaipsniui®’. Pirma, lazerinés spinduliuotés indukuotas
dipolinis momentas sferinéje metalo nanodaleléje aprasomas:
£(w) — &
P(w) = ————13E,,
(@) e(w)+2g F (19)
r — nanodalelés spindulys.

Toliau zinoma, kad elektrinio lauko stipris nanodaleléje tolygus ir silpnéja
tolstant nuo jos. Atstumu d nuo nanodalelés indukuoto dipolio elektrinio lauko
stipris Eg;p iSreiSkiamas:
.3 e(w) — g ’ 1 .

e(w)+2¢g “(r+d)3

Edip = (20)
Bendras molekule veikiantis elektrinio lauko stipris Ep yra lazerinés
spinduliuotés ir indukuoto dipolio elektrinio lauko stipriy suma:

Eb = EL + Edip' (21)

2.2 skyriuje aptartg elektromagnetinio stiprinimo faktoriy galima uZrasyti ir
kiek kitaip:
2

Ep(wsgrs) 22)

Ey,

2 |Eb (wr)

G =
| :

wsgrs — pavirsiaus sukelto elektromagnetinio lauko daznis, w; —
lazerinés spinduliuotés daznis.
Pasinaudoje 20 ir 21 iSraiSkomis perraSome 22 lygtj:

2 2
e(wy) — & e(wsgrs) — €o
e(wy) + 2g9| |e(wsgrs) + 289

ro\12

(r+ d) . (23)

Akivaizdu, kad tiesioginis molekulés kontaktas su metalo pavirSiumi néra
butina salyga SERS spektrams gauti, taCiau tolstant molekulei nuo

nanodalelés pavirSiaus, pvz., storéjant iSoriniam nanodalelés apvalkalui,
stiprinimas Zymiai mazéja. Tg pacia tendencijg iliustruoja ir eksperimentiniai
duomenys (5 pav.).
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5 pav. SHINERS spektry intensyvumo priklausomybé nuo apvalkalo storio.
(a) Adsorbuoto piridino ant lygaus Au pavirSiaus SHINERS spektrai naudojant 55 nm
Au Serdies dydzio nanodaleles su skirtingu SiO. apvalkalo storiu; (b) piridino
normalinio 1013 cm™ juostos intensyvumo priklausomybé nuo nanodalelés SiO-
apvalkalo storio®.

Taip pat eksperimentiniy skai¢iavimy duomenys parodé, kad sferiniy
Au@SiO2-2 nm ir Au@ SiO2-4 nm nanodaleliy sudaryti dimerai maksimaliai
gali pasiekti 140 ir 85 kartus iSaugusj elektrinio lauko stipri. Atitinkamai
skai¢iuojama, kad Ramano sklaidos stiprinimo faktoriai kiekvienu atveju
atskirai buty —4-108 ir 5-107. [domu tai, kad palikus tik viena Au@ SiO2-4 nm
nanodalele Ramano sklaidos faktorius sumazéja nuo 5-107 iki 9-10°. Tai
reiskia, jog Ramano sklaidos stiprinimo faktorius iSlieka pakankamai didelis
net ir vienos nanodalelés su iSoriniu apvalkalu atveju, todél atliekant
eksperimentus néra biitina padengti pavirSiaus tankiu nanodaleliy sluoksniu®.
Vis délto akivaizdu, kad maksimalus elektromagnetinis stiprinimas
prarandamas naudojant apvalkalais izoliuotas nanodaleles, todél norint
sumazinti apvalkalo jtaka stiprinimo faktoriui reikia varijuoti su plazmoninés
dalelés Serdies dydziu ir forma. Eksperimentiskai jrodyta, kad didéjant
nanodaleliy dydZziui sustiprintos Ramano sklaidos intensyvumas taip pat
did¢jal®*43  G. Kumari ir kt. pademonstravo, kad didinant sidabro
nanodalelés dydj iki 90 nm atstumas nuo tiriamos analités, kuomet dar
stebimas SERS efektas, yra 5 nm*® (6 pav.). Taciau reikia pazyméti, jog
maksimalus atstumas iki analités, dar registruojant SERS signalus, toliau
didinant plazmoninés Serdies dydj nebedidés, bet prieSingai, nuo ~ 100 nm
dydzio nanodaleliy pradés mazéti, nes didesnés nei 100 nm nanodalelés néra
efektyviausios SERS stiprinimui.
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6 pav. Atstumo nuo tiriamos analités, kuomet dar stebimas SERS efektas,
priklausomybé nuo Ag nanodaleliy dydzio®.

Zinoma, Zymiai didesnius stiprinimus elektromagnetin¢ teorija
numato deformuotiems sferoidams, kuomet stiprinimo faktorius gali pasiekti
ir 100 eile*4*5, todél eksperimentinémis sglygomis, kai analité negali/neturi
adsorbuotis ant plazmoninés nanodalelés ar tyrimo objektas nepasizymi
intensyviomis virpesinémis juostomis Ramano spektre, vertéty naudoti
kampuotos formos nanodaleles.
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3. TYRIMU KRYPTYS

3.1 Nanodalelés: galimybés ir i1§Sukiai
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Ramano
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Metalinis / lygus, Analité
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Biomolekuliy charakterizavimas SHINERS metodu nejmanomas
prie§ tai nesusintetinus ir nuodugniai neiStyrus naudojamy nanodaleliy.
Nanodaleliy pritaikymas Ramano spektroskopijoje suteikia daug galimybiy
tiriant sudétingas, kompleksines molekulines sistemas, taciau svarbu pabrézti,
kad tuo paciu metu didZiausios kylanc¢ios SHINERS metodo problemos taip
pat susijusios su nanodalelémis, jy sinteze ir grynumu.

Pagrindiniai rezultatai ir i§vados

Nanodaleles dengiant skirtingos prigimties apvalkalais galima iSgauti
nevienodomis savybémis pasizyminéias daleles. AtsiZvelgiant | tiriamos
sistemos terpés pH reikia tinkamai pasirinkti, kokiu apvalkalu padengti
nanodaleles. Silicio dioksido apvalkalas gali iStirpti Sarminéje terpéje, taciau
mangano dioksidas yra itin stabilus Sarminiuose tirpaluose, bet pasizymi
menku stabilumu riigStyse*®. Tuo tarpu titano dioksido apvalkalas yra ypac¢
stabilus auks$tose temperatiirose ir iSsiskiria auk$tu lazerinés spinduliuotés
pazeidimo slenks¢iu*’. Vis délto, ne vien teisingas iSorinio nanodalelés
apvalkalo pasirinkimas lemia eksperimentiniy duomeny patikimuma. Svarbu
atkreipti démes; | tai, kad iSorinj apvalkalg sudarancios molekulés gali turéti
tam tikrg indélj virpesiniame spektre ir taip iskreipti tiriamojo objekto spektra.
Norint jsitikinti, kuriose spektrinése vietose galima tikétis skirtingos
prigimties apvalkalo virpesiniy juosty, buvo atliktas palyginamas nanodaleliy
eksperimentas su SiOz, MnO, ir TiO. apvalkalais. SHINERS spektry
registravimui pasirinktas modelinis tiofenolio savitvarkis monosluoksnis,
suformuotas ant lygaus Au pavirSiaus. Nustatyta, kad Au@MnO; nanodalelés
turi specifinj spektrg, kuris persikloja su tiofenolio virpesinémis modomis
400-700 cm™ srityje. Analogiski rezultatai gauti ir su Au@TiO;
nanodalelémis, kuriy virpesiai su tiriamojo objekto virpesiais persiklojo
1200-1600 cm spektro srityje. Au@SiO; nanodalelés taip pat pasizymi
specifiniu virpesiniu spektru, bet virpesiniy juosty intensyvumas itin mazas
lyginant su SHINERS tiofenolio spektru ir rezultatus paveikia minimaliai.
Taigi iSoriniy nanodaleliy apvalkaly jvairoveé leidzia pasirinkti tinkamiausig
konkre¢iam eksperimentui ir taip suteikia galimybe atlikti iSsamius
kompleksiniy sistemy tyrimus.

Kita nanodaleliy su iSoriniu apvalkalu panaudojimo SHINERS
eksperimentuose problema — elektrostatinis kriivis. ISorinj nanodalelés
pavir$inj kriivj nulemia apvalkalo cheminé struktira (7 pav.) ir ja supanti
aplinka (elektrolito tirpalo sudétis bei savybés). Dalinai neigiamas apvalkalo
kriivis ne visada leidzia tirti molekulines sistemas su neigiamg kriivj
turin¢iomis funkcinémis grupémis. D¢l elektrostatinés sgveikos nanodalelés
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negali pakankamai priartéti prie tiriamo pavirSiaus ir sustiprinti Ramano
sklaidos. Siekiant pakeisti nanodalelés kroivi, iSorinis apvalkalas
modifikuojamas. Modifikavimas gali biti atliktas prijungiant molekules su
dalinai teigiamg krivj turin¢iomis grupémis, pvz. —NH,. Apvalkalas
modifikuojamas ir dél kity priezas¢iy: metaly jony suriSimui ir detekcijai
tirpale, dideliy molekuliniy struktiiry pritraukimui, reakcijy katalizavimui ar
kt.%. TSorinio apvalkalo modifikavimas neretai atlickamas organiniuose
tirpikliuose, todél studijy metu iStirtas SiO, apvalkalo stabilumas 17-oje
skirtingy tirpikliy. Gauti praktiniai rezultatai padeda i§ anksto pasirinkti
tinkamas SiO- apvalkalo modifikavimo salygas ir taip optimizuoti tolimesnius
nanodaleliy sintezés etapus.
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7 pav. Au nanodalelés su iSoriniu SiO; apvalkalu schema.

Platesnj SHINERS metodo pritaikomuma riboja ir pati nanodaleliy
sintez¢. Nors nanodaleles susintetinti néra sudétinga (sintezé vykdoma dviem
etapais: branduolio ir apvalkalo formavimas), bet uztrunka apie 2 val., 0 tai ne
visada yra patogu. Taip pat atliekant standarting sintez¢ gaunamos apie 50 nm
dydzio nanodalelés su 2 — 4 nm storio silicio dioksido apvalkalu®, jos jprastai
Ramano signalg stiprina ~107 karty3!. Deja, tiriant sudétingas molekulines
sistemas nepakanka tokio stiprinimo, todé¢l siekiant gauti didesnj Ramano
sklaidos intensyvumg reikia ieSkoti alternatyviy ir efektyvesniy nanodaleliy
sintezés budy. Vienas tokiy sintezés biidy metalinéms nanodaleléms sintetinti
pasitilytas 2000 metais, kai W. Tu ir H. Liu panaudojo mikrobangas
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homogeniniams, polimerais stabilizuotiems, Pt, Ir, Rh, Pd, Au ir Ru
koloidiniams klasteriams sintetinti*®. Véliau mikrobangy kaitinimo budas
buvo modifikuotas skirtingiems metaly koloidams su skirtingais
stabilizuojanciais agentais iSgauti*®. Mikrobangy sintezé iSsiskiria tuo, kad
veikiant mikrobangoms sumazéja reakcijos aktyvacijos energijos barjeras, tai
ir lemia gerokai sutrumpéjusj sintezés laika: nuo valandy kaitinant
konvekciniu biidu iki minuc¢iy ar sekundziy Sildant mikrobangomis. Be to,
trumpesnis reakcijos laikas sumazina nepageidaujamy Salutiniy produkty
atsiradimo tikimybe, todél gaunama didesné produkto iSeiga. Zinoma,
atlickant nanodaleliy sintez¢ uZdarame mikrobangy (MW) reaktoriuje
uztikrinamos daug geresnés Svarumo salygos, nes reakcijos miSinys
nesaveikauja su aplinka. Taip pat vienalytis MW laukas aplink reakcijos
miSinj, grieztai kontroliuojamos reakcijos salygos (kaitinimo greitis, trukmé,
maiSymas ir kt.) uztikrina auksta reakcijy atkuriamuma, tai leidzia lengvai
optimizuoti reakcijos salygas norint gauti skirtingus produktus®.

Doktorantiiros studijy metu mikrobangy sintezé buvo modifikuota
taip, kad sintetinamos nanodalelés su iSoriniu SiO; apvalkalu bty kaip
jmanoma didesnés per maksimaliai trumpg laikg nenaudojant daug skirtingy
stabilizuojanciy agenty. Buvo sickiama gauti kuo Svaresnes nanodaleles, kad
SHINERS spektre neatsirasty paSaliniy juosty nuo paciy nanodaleliy.
Mikrobangy poveikyje susintetintos nanodalelés stabilizuotos natrio citratu,
kurio perteklius po sintezés lengvai pasalinamas plaunant vandeniu. Taip pat
mikrobangy sintezés metu susiformuoja plonas, bet kokybiSkesnis iSorinis
apvalkalas lyginant su jprastos sintezés konvekciniu budu gautomis
nanodalelémis. Apvalkalo kokybés jvertinimas gali biiti atliekamas keliais
skirtingais metodais — didelés skyros pralaidumo elektroninés mikroskopijos
(ang. High Resolution Transmission Electron Microscopy, HR-TEM)?,
Ramano spektroskopijos® ir ciklinés voltamperometrijos (CV)3!. PerSvietimo
elektrony mikroskopijos nuotraukos gali suteikti informacijos apie apvalkalo
storj, tolyguma, bet apie apvalkalo defektus — skyles i§ nuotrauky spresti
sunku. Dél to dazniausiai skyliy kokybinis jvertinimas atlickamas Ramano
spektroskopijos ir ciklinés voltamperometrijos metodais. 8 pav. pateikti
eksperimentiniai  skyliy jvertinimo duomenys gautii A — Ramano
spektroskopijos, B — ciklinés voltamperometrijos metodais.
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8 pav. (A) 80 nm dydzio Ag nanodaleliy (a — mélyna kreivée), Ag@SiO; (3
nm SiO;) nanodaleliy, sintetinty kaitinant konvekciniu btdu (b — juoda kreivé) ir
Ag@SiO; nanodaleliy, sintetinty kaitinant MW poveikyje (¢ — raudona kreivé)
SHINERS spektrai ant Si su 102 M piridinu. (B) 80 nm dydzio Ag nanodaleliy (a —
meélyna kreiveé), Ag@SiO: (3 nm SiO;) nanodaleliy, sintetinty kaitinant konvekciniu
btdu (b — juoda kreivé) ir Ag@SiO, nanodaleliy, sintetinty kaitinant MW poveikyje
(¢ — raudona kreivé) ciklinés voltamperogramos ant stiklo anglies elektrodo 0,5 M
H2SO4 tirpale. Atvaizduotos 3 ciklo voltamperogramos, skleidimo greitis 50 mV/s.

Skyliy jvertinimas nanodaleliy apvalkale atliktas naudojant 80 nm dydzio Ag
nanodaleles be iSorinio apvalkalo, sintetintas MW poveikyje (8 pav. A(a)),
Ag@SiO; (apvalkalo storis 3 nm) nanodaleles, sintetintas kaitinant
konvekciniu (8 pav. A(b)) budu ir MW poveikyje (8 pav. A(c)). Ramano
eksperimentas vykdytas ant Si pavirSiaus uzlaSinus ir nudziovinus po 10 pL
kiekvieny i3 daleliy, tuomet ant sausy daleliy uzlasinta po 20 uL 103 M
piridino tirpalo ir uzdétas kvarcinis stikliukas. Taip paruoSus visus tris
bandinius registruoti Ramano spektrai. Neabejotinai intensyvios, aiSkios
virpesinés piridino juostos ties 1010 ir 1038 cm ™ registruotos Ag nanodaleliy
be apvalkalo atveju, nes piridinas gali tiesiogiai saveikauti su metalo
pavirSiumi. Ag@SiO, daleliy, sintetinty konvekciniu budu, atveju juosty
intensyvumas mazesnis, bet vis vien matomas, 0 Ag@SiO, nanodaleliy,
sintetinty MW poveikyje, piridino juosty intensyvumas Ramano spektre itin
nedidelis. Tokie eksperimentiniai rezultatai jrodo, jog nepriklausomai, kokia
sintezés strategija taikyta iSorinio SiO; apvalkalo dengimui ant Ag
nanodaleliy, iSorinis apvalkalas susidaro ir izoliuoja metalo branduolj nuo
sgveikos su piridino molekulémis. Vis délto apvalkalg formuojant MW
poveikyje jo kokybé geresné ir defekty iSoriniame dielektriniame sluoksnyje
yra maziau. Siekiant gauti papildomy jrodymy apie apvalkalo kokybe
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priklausomai nuo SiO; dengimo biido, uzregistruotos Ag nanodaleliy be
iSorinio apvalkalo (8 pav. B(a)) ir Ag@SiO, (apvalkalo storis 3 nm)
nanodaleliy, sintetinty kaitinant konvekciniu (8 pav. B(b)) budu ir MW
poveikyje (8 pav. B(c)), ciklinés voltamperogramos. Mélyna kreivé aiskiai
rodo tipiska Ag nanodaleliy elektrochemin;j atsaka, kur redukciné smailé ties
0,02 V (atz. Ag/AgCl), tuo tarpu nanodaleliy su SiO; apvalkalu
voltamperogramos maziau iSraiSkingos, tai indikuoja, kad apvalkalas riboja
metalo oksidacijos — redukcijos procesus.

Taigi itin plonais nemetaliniais apvalkalais izoliuotos nanodalelés
sintetinamos siekiant apsaugoti plazmoning Serdj ir iSvengti tiesioginio
kontakto su analitinémis molekulémis ar aplinka. Pakeitus eksperimento
metodika i§ tiesioginio kontakto (SERS) arba nekontaktinio (TERS) i
apvalkalais izoliuota rezima — SHINERS, buvo eliminuoti daugybe mety
varz¢ medziagy ir morfologijos apribojimai. SHINERS tapo tinkamu btidu
aptikti, charakterizuoti ir identifikuoti molekules ant jvairiy medziagy ir
substraty, ypa¢ ant monokristaliniy pavirSiy. Be to, jvairios galimos iSorinio
apvalkalo medziagos gali atlikti skirtingas funkcijas. Pavyzdziui, SiO; ir
grafenas pasizymi geru biologiniu suderinamumu, TiO; yra populiariausia
fotokatalitiné medziaga, o AlOs gali buti naudojamas kaip atraminis
sluoksnis Kitiems nanokatalizatoriams. Taigi atliekant jvairius fundamentinius
ir taikomuosius apvalkalais izoliuoty nanodaleliy tyrimus, galima kurti naujas,
funkcionalizuotas Serdies ir apvalkalo nanodaleles, skirtas SHINERS ar
kitoms pavirSiaus sustiprintoms spektroskopijoms?e.
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3.2 Savitvarkiy monosluoksniy, suformuoty i$ tioliy su funkcine imidazolo
ziedo ir amido grupémis grandingje, tyrimas
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Histidinas (His) vaidina ypa¢ svarby vaidmenj fermenty sandaroje ir
veikloje, nes suriSa pereinamyjy metaly jonus aktyviuose metaloproteiny
centruose’5?. Bendrai histidino universalumas susijes su daugybe skirtingy
saveiky, kuriose gali dalyvauti jo Soninés grandinés grupé — imidazolo Ziedas
(Im) (9 pav.): (i) katijonas-m saveika, (ii) m-m ar (iii) vandenilis-n sgveika (iv),
taip pat koordinacinio rySio susidarymas su metalo katijonais per azoto
nesuporuotg elektrony porg ar (v) vandenilinio rySio susidarymas’. Dél
daugybés galimy skirtingy imidazolo ziedo sgveiky Im yra ypac tinkamas
pavirsiy tyrimuose ir pritaikyme panaudojant savitvarkius monosluoksnius
(SAM)>3%8 Im Ziedu funkcionalizuoti SAM gali bati naudojami
biojutiklivose, fermenty aktyvumo moduliavimui, biologiskai svarbiy
molekuliy gryninimui, korozijos prevencijai ir kt.>58,
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9 pav. IMHA molekuliné struktiira. Kartu pavaizduotos imidazolo ziedo
saveikos rusys, jterptos amido grupés grandingje ir tiolinés dalies funkcijos. Imidazolo
ziede nurodyta atomy numeracija.

Histidino tirpale pKa vert¢é yra 5,9 (ir daugiau nei 14), todél
fiziologinémis salygomis vienas i§ azoto atomy, N1 arba N3, yra
protonuojamas ir susidaro dvi galimos tautomerinés formos (tautomeras |
(T-I) arba tautomeras Il (T—II), atitinkamai). Temperatiira ir pH gali pakeisti
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tautomering pusiausvyrag®, taciau esant neutraliam pH ir kambario
temperatiirai, T-I yra energetiskai palankesnis. PavirSiuje adsorbuoty
molekuliy tautomeriné pusiausvyra gali skirtis nuo tirpalo pusiausvyros dél
tarpmolekulinés sgveikos tarp gretimy Im ziedy ir pavirSiaus kriivio efekto.
AiSkus vyraujanCios tautomerinés formos peréjimas i§ T-I j T-IlI buvo
pastebétas, kai Im funkcionalizuoti lipoinés riigsties dariniai adsorbavosi ant
sidabro elektrodo®. Virpesiné spektroskopija, ypa¢ Ramano sklaida, yra itin
efektyvi Im tyrimuose dél metodo gebéjimo atskirti dvi neutralias
tautomerines formas ar protonuotg ziedo forma, taip pat dél galimybés istirti
sgveika su pereinamyjy metaly katijonais®-®8. Pavyzdziui, trijy gerai zinomy
Ramano juosty pory 1568/1585, 1282/1260 ir 983/1004 cm™ analizé leidZia
atskirti T—1 ir Tl formas®. Kai protonuojamas vienas Im azotas, kitas gali
biti dvivalen¢iy metaly katijony (N1-M arba N3-M) surisimo vieta. Taip pat
zinoma, kad sukoordinavus metalo jona, Zenkliai sumazéja Im ziedo C4=C5
rySio ilgis, dél to virpesinis daznis v(C4=C5) padidéja 5-20 cm* lyginant su
pradiniu: nuo 1568 iki 1573 (T-I atveju) ir nuo 1583 iki 1588 cm= (T-II
atveju)®. Svarbu tai, kad imidazolo katijonas, kurio vandeniliai pakei¢iami
deuteriais (ImD;*), pasizymi intensyvia, aiSkia spektrine juosta ties
1405 cm™?, o tai yra itin naudinga tiriant imidazolo deuterinima jprasty
Ramano eksperimenty metu’®’t. Vienas tokiy atvejy, kai panaudotas
1405 cm* spektrinis zymuo, buvo UV-rezonansinés Ramano spektroskopijos
tyrimas histidino Im Ziedo deuterinimo biisenos jvertinimui baltymuose’73,

Pavir§iaus sustiprinta Ramano spektroskopija suteikia detalia
molekulinio lygmens informacijg apie pavirsiuje adsorbuoty molekuliy rysius,
orientacijg ir struktiirag?®, tatiau SERS reikalauja naudoti §iurks¢ius metaliniu
pavirsius, dél kuriy atsiranda nemazai problemy objektyviam tyrimui atlikti.
Nelygus metalo pavir§ius gali pakeisti molekulés adsorbceijg ar perturbuoti
visg sistema, todél norint tirti molekulines sistemas nedarant jtakos
konkrec¢iam tyrimo objektui butina taikyti alternatyvia, bet tokig pat
informatyvig tyrimo metodika. Prie$ daugiau nei deSimtmet;j pasiiilyta naudoti
nanodaleliy, padengty apsauginiu sluoksniu, sustiprint3 Ramano
spektroskopija, kuri panaikina pagrindinius SERS trikumus, nes plazmoning
nanodalelés Serdj izoliuojantis SiO,, TiO. ar Kito dielektriko apvalkalas
neleidzia tiriamoms molekuléms sgveikauti su metalo Serdimi, padidina
nanodaleliy stabilumg ir veikia kaip dielektrinis barjeras tarp analités ir
branduolio, uZkertant kelig krtivio pernasai ir dvigubo sluoksnio perturbacijai.
SHINERS metodika jau parodé didelj potencialg analizuojant in situ
molekuliy adsorbcija, struktirg ar molekuliy sgveikas pavirSiuje ir
elektrocheminéje faziy riboje®3974-78,
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Siam doktorantiiros studijy darbui susintetintas naujas junginys — N-
(2-(1H-imidazol-4-il)etil)-6-merkaptoheksanamidas (IMHA) (9 pav.) turi
keturias funkcines dalis: (i) pavirSiui aktyvi tioliné grupé (SH); (ii)
angliavandeniliné grandiné (—(CHz)s—); (iii) amido grupé (—CO—NH-); (iv)
imidazolo ziedas. Amido grupé, jterpta | alkiling granding, sudaro
vandeniliniy rySiy tinklg tarp gretimy molekuliniy grandiniy, tai Zenkliai
padidina monosluoksnio stabiluma. Kiek anks¢iau jrodyta, kad tokia saveika
stipriai padidina desorbcijos temperatiirg, taigi ir monosluoksnio cheminj
stabilumg®. Taigi darbe pateikiama naujo IMHA junginio sintezé ir
monosluoksniy, adsorbuoty ant atomiSkai lygiy Au  pavirsiy,
charakterizavimas elektrochemingje faziy riboje SHINERS ir ex-situ RAIRS
metodais. Nuodugniai jvertintas elektrodo potencialo poveikis monosluoksnio
struktirai ir imidazolo Ziedo tautomerizacijai bei vandenilinio ry$io sgveikos
stipriui elektrochemingje faziy riboje.

Pagrindiniai rezultatai ir i§vados

Pirmiausia atliktas IMHA virpesiniy juosty Ramano spektre
priskyrimas. Siam tikslui susintetintas panasus j IMHA tiolinis junginys be
galinés funkcinés grupés — Im ziedo (fragmento junginys (IMHA frag.)) (10
pav.). Palyginti IMHA, IMHA frag. ir histidino milteliy bei fragmento,
istirpinto H>O IR D0 tirpaluose, Ramano spektrai. Spektry palyginimas leido
tiksliai identifikuoti Ramano juostas, susijusias su Im ziedo virpesiais, taip pat
fragmento molekulés milteliy ir tirpaly lyginamosios analizés metu
identifikuota amido ir tioliné grupés. Toliau norédami jvertinti Ramano
virpesines juostas, susijusias su molekulinémis ir tarpmolekulinémis
sgveikomis bei jautriais alkilinés grandinés tvarkai, atlikome temperattrinius
Ramano tyrimus su IMHA milteliy junginiu. IS temperatiiriniy matavimy
galima daryti kelias i§vadas. Pirma, vidutinio intensyvumo juostos 1566, 1321
ir 983 cm™ prie 22 °C aiskiai parodo tautomero I Im Ziedo forma, o pacios
juostos atitinkamai priskirtos v(C4=CS5) valentiniam, v(Im) kvépavimo +
8(C5H), ir B(CH) deformaciniams virpesiams®®. Temperatirai pasiekus 130—
135 °C pasirodo petys prie 1582 ir 1345 cm™, tai aiskiai jrodo tautomero Il
atsiradima. Toliau i$ integraliniy juosty intensyvumo santykio A1sgo/(Aisgz +
Aises) nustatytas santykinis procentinis tautomeriniy formy pasiskirstymas
prie skirtingy temperatiiry: prie 22 °C — 0 % tautomero I, kai tuo tarpu prie
130 °C atsiranda 16 %, o prie 135 °C — 32 % tautomero Il forma, likusi
procentiné dalis tenka tautomerui I. Svarbu pazyméti, kad intensyvios juostos
1321 cm ! daznis pasislenka iki 1305 cm?, kai temperatiira pasiekia 135 °C,
be to, juosta stipriai i§plinta. Tokie spektriniai poky¢iai atspindi vandenilinés
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saveikos stiprumo sumaz¢jimg N3 vietoje, nes v(N3—-C2) virpesiai priklauso
tautomero | formai®®. I$ milteliy IMHA frag. junginio Ramano temperatiriniy
spektry galima atpazinti tik nedidelio intensyvumo amido I (Am-I) juostg ties
1636 cm*. Sis spektrinis Zymuo yra susijes su C=0 valentiniais virpesiais (83
%), sujungtais su prieSingoje fazéje vykstanciais v(C—N) ir 8(C—C—N)
virpesiais, ir gali biiti panaudotas kaip diagnostikos priemoné nustatant antrine
peptidy struktiirg®. Taip pat akivaizdus 14 cm~* daznio poslinkis, pereinant i3
medziagos kietos fazés j skysta, aiskiai rodo vandenilinio ry$io susilpnéjima
amido C=0 grupéje.

o)

~
H ((I3H2)5

SH

10 pav. IMHA fragmento molekulés struktiira.

Siekiant jvertinti, kaip nuo adsorbcijos laiko kinta formuojamy
monosluoksniy  orientacija ir susipakavimas, uzregistruoti IMHA
monosluoksnio, adsorbuoto skirtingg laiko tarpa (10 s — 24 val.) ant lygaus
aukso pavirsiaus, RAIRS spektrai. Spektrinés juostos ties 1645, 1556 ir 1264
cm! priskiriamos amidinéms juostoms, atitinkamai Am—I, Am-Il ir Am-III,
o netoli esancios 1460 ir 1380 cm™ juostos — metileno grupés zirklniams ir
véduokliniams deformaciniams virpesiams J&(CHz). RAIRS pavirSiaus
atrankos taisykl¢ leidzia tiksliai nustatyti molekuliniy grupiy orientacija, nes
konkretaus spektrinio zymens intensyvumas tiesiogiai priklauso nuo
molekulinés grupés pereinamojo dipolio momento projekcijos i pavirSiaus
normale’®. Nors Am-I ir Am-Il yra orientuoti statmenai vienas kitam
amidinio rySio plokStumoje, jie taip pat turi statmeng ir lygiagrecia
pereinamojo dipolinio momento orientacija angliavandenilinés grandinés
atzvilgiu. Taigi tikimasi, kad tvarkingai supakuoto IMHA monosluoksnio
spektre dominuos Am-II juosta. I§ tiesy, palaipsniui ilgéjant inkubacijos
laikui IMHA tirpale, Am-II intensyvumas ties 1556 cm* didé¢ja, o Am-I
intensyvumas ties 1645 cm™ mazéja. Integralinis intensyvumo santykis Am-—
II/Am-1 yra kokybinis molekulés persiorientavimo matas, todél atlikus
gilesne analize nustatyta, kad adsorbcijos procesas jpuséja per 162 min. IMHA
frag. monosluoksnio, inkubuoto 24 val., RAIRS spektre Amido II spektriné
juosta yra pasislinkusi per 12 cm™ j trumpesniy bangy puse palyginus su
IMHA SAM, inkubuoto vienodg laika. Toks spektrinis skirtumas rodo, kad
IMHA frag. atveju susidaro stipresnis vandenilinis rySys N—H grupéje. Taip
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pat nustatyta, kad molekuliy adsorbcija ant pavirSiaus i$ tirpalo fazés isSauke
Am-II juostos poslinkj abiejy (IMHA ir IMHA frag.) monosluoksniy atveju:
—20 cm™* IMHA molekulei ir 13 cm=* IMHA frag. molekulei. Toks skirtingas
daznio poslinkis yra susijgs su molekuliy susipakavimo efektyvumu
medziagos tiryje ir monosluoksnyje. Im ziedas IMHA molekuléje sukuria
sterines klititis kaimyniniams amidams formuoti optimaly vandeniliniy rysiy
tinkla.

Uzregistravus ant lygaus aukso pavirSiaus adsorbuoto IMHA
monosluoksnio Ramano ir SHINERS spektrus bei juos palyginus iSryskéjo
Ag@SiO; nanodaleliy funkcionalumas: atsirado aiskios, charakteringos
virpesinés juostos, kurios suteikia iSsamig informacija apie molekulés
struktirg. Pavyzdziui, intensyvi juosta SHINERS spektre ties 702 cm™!
atitinka v(C—S)r IMHA valentinius virpesius, kurie tampa pastebimi
molekulei jgavus vertikalig orientacijg pavirSiaus atzvilgiu ties C—S rySiu. Tuo
pat metu stebima ir v(C—S)g juosta apie 622 cm™, ta¢iau juostos intensyvumas
gana nedidelis, todél tokie spektriniai duomenys tik patvirtina RAIRS
eksperimento  rezultatus, jog dominuojanti pilnai  susiformavusio
monosluoksnio konfigiiracija yra trans. Taip pat i§ uZzregistruoto spektro
akivaizdu, kad tautomeriné pusiausvyra ant aukso adsorbuoto IMHA
monosluoksnio skiriasi nuo tirpalo fazés. Virpesiné juosta v(C4=C5) + v(C4—
C6) + B(C5H), esanti 1582 cm™ yra artima T-II biidingai modai 1588-1583
cmt %, Kitos dvi juostos ties 1261 H,O ir 1257 cm™ D,O tirpaluose
atitinkamai patvirtina IMHA pavirSiaus T—II forma®.

Siekiant objektyviai interpretuoti gana kompleksiska vidurinio
diapazono spektring sritj, kur yra imidazolo ziedo, amido ir metileno grupiy
virpesiai, atliktas tirpiklio pakeitimas i§ H>O j D>O. Tokiu biidu nustatyta Am—
I juosty vieta: 1643 ir 1676 cm™2, $iy juosty daznis sumazéja 7-8 cm-* pakeitus
tirpiklj. Taip pat pastebéta, kad virpesinés juostos, esan¢ios 1300-1610 cm
srityje, irgi yra jautrios tirpiklio pakeitimui. Pavyzdziui, T—Il priklausanti
C=C valentinio virpesio juosta Im ziede v(C4=C5) aiskiai pasislenka i§ 1590
1 1571 em™ &, Kita intensyvi juosta ties 1333 cm™* isry$kéja DO tirpale, o tai
leidzia daryti iSvada, kad tai protonuoto histidino T-II Zymuo (N3D)2.

Toliau,  norint  jvertinti  monosluoksnio  funkcionalumg
elektrocheminéje faziy riboje, uzregistruoti IMHA monosluoksnio SHINERS
spektrai prie skirtingy sistemos elektrinio potencialo ver¢iy. Nustatyta, kad
Au-S ry$j atspindincios virpesinés juostos daznis padidéja nuo 257 cm iki
279 cm* keiciant potencialo verte nuo 0,8 V iki 0,2 V (atz. Ag/AgCI). Toks
pokytis rodo Au-S rySio stiprio padidéjima dél elektrodo poliarizacijos
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pasikeitimo ir Starko efekto3?82, Kalbant apie S—C rysj, trans/gos konformery
santykis lygus 1 esant —0,8 V (atz. Ag/AgCl), taciau teigiaméjant elektrodo
poliarizacijai trans konformacija tampa vyraujanéia ir trans/gos§ santykis
pasikei¢ia j 3 prie 0,2 V (atz. Ag/AgCl). Vadinasi, potencialo pokytis i$
neigiamo j teigiama sukelia C—S rysio stiprio sumaz¢jima, prieSingai nei Au—
S rysiui®. Be to, visame kei¢iamo potencialo lange imidazolo
tautomerizacijos zymenys ties 1262 ir 1597 cm™ isliecka budingi N3-H
protonuotai formai (T—11)%°. Visgi potencialui tapus —0,8 V (atz. Ag/AgCI)
atsiranda petys ties 1573 cm, kas yra siejama su T-I forma. Taigi EC-
SHINERS duomenys jrodo, kad T—II tautomeriné forma yra vyraujanti visame
potencialo lange, ir tik nedidelé molekuliy dalis tampa T—I formos esant
neigiamiausiam potencialui. Toliau nustatyta, kad keic¢iant potencialo vertg
link teigiamos Am-I juostos daznis padidéja per 11,2 cm™. Siekiant tiksliau
i$siaiskinti, kas sukelia tokj daznio poslinkj, buvo iSanalizuotas Am-I juosty
1631 ir 1680 cm™ intensyvumy santykis. 1631 cm™ juosta atspindi stiprig
vandeniling sgveika, o 1680 cm™ - susilpnéjusj vandenilinj ry§j. Intensyvumy
santykis ligs1/l16s0 tolygiai mazéja nuo 3,4 iki 2,3, potencialui keitiantis i$
neigiamo ] teigiamg. Galiausiai tampa aisku, jog tiek Am-I juostos daznio
poslinkis, tiek juosty intensyvumy santykis rodo teigiamo potencialo jtaka
vandenilinio ry$io stiprio sumazéjimui tarp gretimy grandiniy.

Ramano temperatiiriniai ir DFT modeliavimo duomenys padéjo
nustatyti imidazolo ziedo judéjimo laisvumui ir vandenilinio rySio stipriui
jautrig virpesine juostg ties 1492 cm™. Sios juostos analizé atskleidé nuo
potencialo priklausomg Im Ziedo elgsena: prie —0,8 V (atz. Ag/AgCl)
elektrodo poliarizacijos Im ziedas yra daug labiau apribotas ir sudargs
stipresnius vandenilinius rySius nei esant —0,4 V (atz. Ag/AgCl). Toliau
potencialui teigiaméjant (nuo —0,4 V iki 0,2 V(atz. Ag/AgCl)) saveika ties Im
nezymiai padidéja.

Kita aktuali IMHA junginio tyrimy kryptis, nepublikuota mokslinéje
spaudoje, imidazolo Ziedo IMHA monosluoksnyje riigSties disociacijos
konstantos (pKa,) nustatymas. Vienos i$ pagrindiniy fizikocheminiy pavir§iaus
parametry — pK, vertés iSsiaiSkinimas leidzia suprasti monosluoksnio
funkcijg, kaip monosluoksnis reaguoja j besikei¢iancig tirpalo aplinka, taip
suteikiant galimybe valdyti norimas pavirSiaus savybes kuriant ar tobulinant
biojutiklius, Kitus biotechnologinius prietaisus. Svarbu pabrézti, jog to paties
junginio monosluoksnio (pKa verté faziy riboje) ir tirpalo pKa vertés gali
gerokai skirtis dél keliy priezaséiy. Pirma, skirtumai tarp pavirSiuje
adsorbuotos ir tiiryje esancios medziagos pKa gali biiti gaunami dél skirtingy
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eksperimentiniy sglygy, kurios medziagos tiryje ir lokaliai ant tam tikro
pavirSiaus gali bati visi§kai kitokios®*. Taip pat yra tyrimy, kuriuose galima
aiSkiai matyti, jog riigStys ir bazés adsorbuotos pavirSiuje pasiZymi
mazesnémis ruagstinémis ir bazinémis savybémis, tai gali i§Saukti pKa vertés
poky¢ius faziy riboje®®. Kita prieZastis, lemianti pavirSiaus jonizacijos
pokyc¢ius — krivio susikaupimas ir dvigubo elektrinio sluoksnio susidarymas.
Gerai zinoma, jog lokali jony koncentracija dvigubame sluoksnyje skiriasi
nuo tiirinio tirpalo, todél kruivj turinéiy pavirsiy reaktyvumas i§ esmés skiriasi
nuo tirinio tirpalo dél dvigubo sluoksnio susidarymo. Be to, protonavimo
procesui jtakos turi ir sumazéjusi dielektriné konstanta faziy riboje, pasikeites
imobilizuoty molekuliy laisvés laipsniy skai¢ius ar vandeniliniy rysiy
susidarymas tarp gretimy riigstiniy/baziniy grupiy®. Verta paminéti ir tai, jog
skirtingais metodais nustatant net to paties monosluoksnio pKa verte gali bati
gaunamos irgi Siek tiek skirtingos reik§més®4. Taip yra todél, kad metody,
leidzianciy tiksliai nustatyti tirpaly pKa vertes yra nemazai®®, taciau tiriant
medZziagy pavirSines savybes elektrocheminése faziy ribose vis dar kyla
daugybeé isstkiy®”. Siuo metu yra keletas tyrimy metody, leidzianéiy in-situ
nustatyti monosluoksniy pK; vertes, bet vienas tinkamiausiy — SHINERS.

Taigi prie§ pateikiant eksperimentinius duomenis apie imidazolo
ziedo monosluoksnyje pKa verte svarbu nurodyti konkrecias eksperimentines
salygas. Eksperimentas atliktas naudojant dviejy tipy monosluoksnius: vieng
sudaré tik IMHA molekulés, adsorbuotos parg laiko ant lygaus Au pavirsiaus,
kitga — IMHA molekulés kartu su IMHA frag. junginiu (30 % IMHA ir 70 %
IMHA frag.). Eksperimentas atliktas palaikant pastovy elektrodo potenciala
(-0,1 V (atz. Ag/AQCl)), kuris artimas atviros grandinés potencialui. Terpés
pD vertés keistos nuo 7,5 iki 2,1 naudojant deuteruotus 0,05 M buferinius
tirpalus (fosfatinis buferis (pD 7,5), citratinis buferis (pD 6,2 — 3,1) ir
chloridinis buferis (pD 2,7 — 2,1)). Kiekvienu atveju registruoti SHINERS
spektrai stebint virpesinés juostos — 1405 cm™ (Im v(N1C2N3), kuri yra
pagrindinis deuteriu pakeisto imidazolo ziedo katijono spektrinis Zymuo,
intensyvumo pokycius (11 pav. A). Apdorojant duomenis visi spektrai
sunormuoti j riig8tingumui nejautrig juostg ties 1297 cm (t(CH.)). Spektrus
aproksimavus Lorenso ir Gauso kreivémis nustatyti juostos 1405 cm
intensyvumo poky¢iai prie skirtingy terpés pD ver€iy (11 pav. B). Taskai
aproksimuoti sigmoidinémis kreivémis, o jy vidurio taskas ir atitinka
imidazolo Ziedo monosluoksnyje pK, vertes.
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11 pav. (A) IMHA monosluoksnio (auk$¢iau) ir IMHA + IMHA frag.
monosluoksnio (Zzemiau) SHINERS spektrai prie skirtingy terpés pD veréiy, palaikant
pastovy —0,1V (atz. Ag/AgCl) potencialg. (B) Juostos 1405 cmtintensyvumo kitimas
nuo terpés rigstingumo: pavaizduoti taskai atitinka trijy eksperimenty vidurkius,
aproksimuotos sigmoidinés formos kreivés, pKa vertés nurodytos su standartiniu
nuokrypiu.

Lyginant nustatytas vertes (3,14+0,34 100% IMHA monosluoksniui
ir 4,22+0,13 30% IMHA+70% IMHA frag. monosluoksniui) nustatyta, jog jos
nuo laisvo histidino tirpale vertés, kuri arti neutralaus pH (5,9), skiriasi per
2,76 ir 1,68 atitinkamai. Lyginant pKa vertes skirtingos kompozicijos
monosluoksniuose, galime daryti iSvada, jog monosluoksnyje su praskiedéju
Im Ziedas lengviau prisijungia protona, tai lemia retesnis ziedy iSsidéstymas.
Gauti rezultatai svarbiis tolimesniems tyrimams vystant bioelektronikos
prietaisus, kuomet siekiama geriau suprasti imidazolo ziedo sgveikas bei
funkcionalumg elektrocheminéje faziy riboje.
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3.3 Riboflavino, adsorbuoto ant grafeno, tyrimas
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IStyrus modeling biomolekuling sistema ant laidaus Au pavirSiaus,
pereita prie sudétingesnés sistemos: riboflavino adsorbuoto ant grafeno
pavirSiaus tyrimo SHINERS metodu.

Grafeno elektroninés savybés ir funkcija priklauso nuo pavirSiaus
strukttiros, defekty prigimties®8, legiravimo tipo bei priemaisy®-*,
molekuliy ir jony adsorbcijos ant pavir$iaus®9. Zinoma, kad adsorbuotos
molekulés gali pakeisti grafeno sluoksnio krivininky judrj®®, todél
nekontroliuojamos adsorbcijos atveju sunku sukurti elektronines sistemas su
norimomis ir nekintan¢iomis savybémis. Plétojant grafeno pagrindu kuriamas
technologijas biitina kontroliuoti adsorbcijos procesus ir suprasti, kaip
defektai ir priemaiSos keiCia $iy sistemy fizikines bei chemines savybes
molekuliniu lygmeniu. Kiek anksCiau buvo nustatyta, kad aromatinés
molekulés, adsorbuotos ant vieno sluoksnio grafeno, pakei¢ia Fermi
lygmenj®. Be to, siekiant padidinti jkraunamy li¢io jony baterijy talpuma,
jterpiami grafeno nanosluoksniai, prie§ tai modifikavus paties grafeno
strukttirg®’. Taigi grafeno pagrindu kuriamy sistemy pavirSiaus ir faziy ribos
tyrimai yra itin svarbis fizikingje chemijoje ir medziagy moksle.

Ramano spektroskopija yra neardantis ir jautrus tyrimo metodas,
galintis pateikti iSsamig struktiring informacija apie jvairias anglies
nanostrukttiras®®%, Be to, rezonansiné Ramano sklaida gali suteikti svarbios
informacijos apie medZiagos elektronine struktiirg'®. Dél plaios grafeno m-
elektrony sistemos suzadinimas matomoje spektringje srityje leidzia
registruoti rezonansiSkai sustiprintus Ramano spektrus®1%. Vis délto nors
rezonansiné Ramano spektroskopija ir suteikia informacijos apie grafeno
karkaso struktiirg®®, bet tiesioginé informacija apie molekuliniy grupiy,
kovalentiskai prijungty prie anglies matricos ar adsorbuoty junginiy, struktiirg
negaunama. Kai kuriais atvejais adsorbuotos organinés molekulés gali biiti
tiriamos naudojant grafeno sustiprintg Ramano spektroskopijg (GERS)01-107,
GERS atveju pagrindinis Ramano signalo stiprinimo mechanizmas yra
cheminis, susijes su kriivio pernasos suzadinimu!31% todél stiprinimas labai
priklauso nuo adsorbato energetinés biisenos ir molekulés struktiiros®®.
Ploksc¢ios molekulés, turin€ios Dnn simetrija, yra labiau tinkamos GERS, nes
yra geriau suderinamos su grafeno struktural®®. Taigi GERS pasiZymi
iSskirtiniu molekuliniu selektyvumu, nes visiSkai priklauso nuo cheminio
stiprinimo mechanizmo?®, Norint stebéti funkcines grafeno oksido grupes,
adsorbuotas priemaiSas ar tikslingai adsorbuotus junginius ant grafeno,
reikalinga alternatyvi spektroskopiné technika. Bitent ¢ia puikia tinkama
SHINERS spektroskopija. SHINERS jau taikyta molekulinio lygmens
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informacijai apie jvairius pavirSius gauti — nuo adsorbaty ant ploksciy
monokristaliniy iki puslaidininkiniy pavir§iy®31:11338:39.76.108-112

Riboflavinas (Rf) arba vitaminas B2 yra vandenyje tirpus vitaminas,
atliekantis itin svarby vaidmenj lasteliy biocheminiuose procesuose!“.
Mokslininky susidoméjimas riboflavino elgsena ir molekuliniy saveiky
tyrimais kyla dél svarbaus Rf vaidmens uZzkertant kelig jvairioms ligoms,
pavyzdziui, migrenai, véziniams susirgimams, hipertenzijai ar létinéms
ligoms, susijusioms su oksidaciniu stresu®®. Rf dél savo aromatinés prigimties
(12 pav.) gali buti detektuojamas elektrochemiskai, todél daznai taikomas
jvairiose elektrochemijos srityse. 2016 metais buvo iStirta riboflavino
elektropolimerizacija jvairiose terpése!'®. Riboflavino plévelés buvo
charakterizuojamos spektroskopiskai, mikroskopiskai ir elektrochemiskai,
tuomet nustatyta, kad perspektyviis jutikliai gali buti pagaminti i$ hibridiniy
Rf-grafeno dariniy. Tuo paciu parodyta, kad virpesiné spektroskopija yra
vienas tinkamiausiy tyrimo metody adsorbuoto Rf sgveiky ir struktiiros
analizéje. Visgi svarbu pabrézti, kad istirti adsorbuotg Rf ant labai orientuoto
pirolitinio grafito Ramano spektroskopijos metodu itin sunku*6, Taigi tiriant
panasias molekulines sistemas vertéty taikyti universalesnj — SHINERS
metoda.

12 pav. Riboflavino molekuliné struktiira ir izoaloksazino ziedo atomy
numeracija.

Pagrindinis Sios tyrimy krypties tikslas buvo parodyti SHINERS
metodo pritaikomumg siekiant gauti molekulinio lygio informacija apie
adsorbuotg Rf grafeno pavirSiuje. ISsamios jzvalgos apie Rf ir grafeno saveika
pateikiamos analizuojant SHINERS, GERS ir DFT metodais gautus
rezultatus.
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Pagrindiniai rezultatai ir iSvados

Pirmiausia su 532 nm lazerinés spinduliuotés Zadinimu registruoti
dviejy bandiniy rezonansiniai Ramano spektrai: grafeno ant vario padéklo ir
grafeno ant vario padéklo su adsorbuotu riboflavinu. Abejuose, kaip jprasta
rezonansiniuose Ramano spektruose, nustatytos aiskios 2D ir G juostos, bet
defektus charakterizuojancios D juostos apie 1350 cm™ — néra®117.118,

w .
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; G juosta - - ‘.‘\
o - - |
c |
8 (
£ | - - |
° 4 LY ‘
c \ |
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13 pav. Tipinis defekty turinio grafeno Ramano spektras. Centre
pavaizduoti D ir G mody virpesiai (adaptuota pagal®®).

Pasinaudojus juosty intensyvumo santykiu I(2D)/I(G) jvertintas grafeno
sluoksniy skaicius. Nustatyta, kad abiejy bandiniy atveju santykis 1(2D)/1(G)
>1 (1,8 pries riboflavino adsobcijg ir 1,9 — po Rf adsorbcijos), o tai reiskia,
jog tirti bandiniai sudaryti i§ vieno grafeno sluoksnio'’. Zemo daznio srityje
grafeno be Rf atveju uzregistruotos kelios virpesinés juostos: 151, 220 ir 640
cmL, priskirtos Cu,O nuo vario padéklo. Adsorbavus riboflaving ant grafeno
atsirado keli aiSkiis spektriniai poky¢iai auksto daznio srityje. Pirma, abi
charakteringos grafeno juostos pasislinko  trumpesniy bangy pusg ir atsirado
papildomy virpesiniy juosty srityje 1300-1650 cm™. G ir 2D juosty poslinkiai
rodo riboflavino ir grafeno saveika. Naujos juostos ties 1351, 1411 ir 1536
cm! priklauso riboflavino Ziedo charakteringiems virpesiams®6, $iy juosty
iSryskéjimas rodo Ramano sklaidos sustipréjima dél grafeno substrato, kitaip
— pasireiskia GERS efektas. Zemo daZnio srityje neaptikta jokiy papildomy
juosty dél riboflavino adsorbcijos ant grafeno. Taigi Ramano sklaidos
zadinimas 532 nm lazerine spinduliuote suteikia galimybe aptikti adsorbuotg
riboflaving pasireiSkus GERS Ramano sklaidos stiprinimo mechanizmui,
taCiau uZregistruoty adsorbato virpesiniy juosty intensyvumas visgi yra
mazas.
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Norint gauti informatyvesnius ir intensyvesnius grafeno ir adsorbuoto
Rf ant grafeno spektrus buvo panaudotas SHINERS metodas. Siam tyrimui
susintetintos 50 = 5 nm dydzio Au@SiO: nanodalelés su 3 nm storio iSoriniu
dielektriko apvalkalu. Nustatyta, kad naudojant susintetintas Au@SiO;
nanodaleles optimaliausias Ramano sklaidos zadinimo bangos ilgis 785 nm.
Taigi pirmiausia uzregistruoti grafeno ir grafeno su adsorbuotu riboflavinu
Ramano spektrai, véliau, ant analogiS$ky pavir§iy paskleidus Au@SiO;
nanodaleliy, uzregistruoti SHINERS spektrai. Grafeno ir grafeno-riboflavino
méginiy Ramano spektruose matoma tik viena plati juosta apie 609-619 cm-
1 Si juosta jrodo, kad po grafeno sluoksniu yra ant Cu,O oksido, tadiau jokios
papildomos informacijos Ramano spektruose aptikti néra galimybés. Ant
grafeno pavirSiaus uzlasinus ir nudZiovinus Au@SiO, nanodaleles gautas
SHINERS spektras su keliomis aiSkiomis virpesinémis juostomis. 1592 cm™
juosta priskirta grafeno monosluoksnio G juostai, 0 juostos, esancios 1303—
1336 cm™ srityje, siejamos su grafeno D juosta, iSrySkéjusia dél lokaliy
grafeno defekty. Kitos — Zemo intensyvumo — juostos atsiranda dél adsorbuoty
priemaiSy ant grafeno pavirSiaus ir (arba) kovalentiS$kai prisijungusiy
funkciniy grupiy grafeno ploksStumoje, taip pat galimos ir priemaiSos i§
nanodaleliy. Visiskai skirtingas SHINERS spektras uzregistruotas pries tai ant
grafeno adsorbavus riboflavina. Intensyviausia spektro juosta ties
1349 cm™ priklauso riboflavino virpesiams, siejamiems su simetriniu
valentiniu vs(C2-N3-C4) ir valentiniais I, II, III Ziedy virpesiais. Taip pat
spektre aiskiai matomos kitos riboflavino ziedo juostos ties 710, 740, 1158,
1407, 1457 ir 1525 cm™,

Sio tyrimo metu pirma karta palyginti GERS ir SHINERS metody
ypatumai tiriant adsorbuota riboflaving ant grafeno. Svarbu pabrézti, kad
GERS spektrai buvo zadinami 532 nm lazerio bangos ilgiu, o stiprinimo
mechanizmas yra susij¢s tik su kriivio pernasos suzadinimu, vadinasi,
stiprinami virpesiai tik ty atomy Rf Ziede, kurie dalyvauja 7 elektrony
sgveikoje. Tuo tarpu SHINERS spektroskopija paremta plazmoninio
stiprinimo mechanizmu ir suteikia i§samig informacija ne tik apie Rf Ziedo
virpesius, bet ir apie kai kuriuos ribitilo grandinés virpesius. Taip pat
nustatyta, kad juostos 1349 cm! santykinis intensyvumas, sunormuotas pagal
lazerio galia, SHINERS spektruose buvo net 26 kartus didesnis, lyginant su
GERS spektrais. SHINERS spektre identifikuoty ribitilo grandinés virpesiniy
juosty dazniai (1048, 981 ir 930 cm™) gerokai maZesni nei analogisky, nors ir
labai nedidelio intensyvumo, juosty dazniai riboflavino tirpalo Ramano
spektre. Toks juosty poslinkis aiskiai rodo, kad riboflavino ribitilo grandiné
sgveikauja su grafeno pavirSiumi. Vis délto, vienas jdomiausiy pastebéjimy
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SHINERS spektre — intensyvi, plati juosta apie 1321 cm™. Si juosta
neregistruota nei riboflavino tirpalo ar milteliy Ramano spektre. Taip pat
panasi juosta nepastebéta ir rezonansiniame grafeno Ramano spektre. Juostos
kilme ir prigimtj padéjo iSsiaiskinti kvantinés chemijos modeliavimo
duomenys, kuomet nustatyta, jog 1321 cm™ juostos atsiradimas gali biti
siejamas su riboflavino adsorbcijos sukeltu grafeno sluoksnio islinkiu ir
pakrypimu. Sis pastebéjimas isryskina SHINERS metodo galimybes nustatant
lokalias sistemos perturbacijas.
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3.4 Gyvy mieliy lasteliy tyrimas

Ramano
spektras

™~

SHINERS
spektras
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Igyta SHINERS metodo taikymo patirtis tiriant skirtingas
biomolekules leidzia pereiti prie itin kompleksisky, nevienaly¢iy biologiniy
molekuliniy sistemy tyrimy, tokiy kaip gyvy mieliy Igsteliy.

Mieliy lastelés yra vienos i§ labiausiai paplitusiy ir intensyviausiai
tyringjamy modeliniy eukariotiniy sistemy, sutinkamy taikomojoje
biotechnologijoje ar medicinoje. Gyvosios Iastelés ir mikroorganizmai,
jmobilizuoti ant skirtingy pavirsiy, daznai taikomi kuriant biojutiklius ar kitus
bioelektronikos prietaisus, aplinkos apsaugos srityje, maisto pramonéje*?%-124,
Saccharomyces cerevisiae mielés Simtmecius buvo naudojamas maisto ir
alkoholiniy gérimy fermentacijos procesuose'?. Vis délto, kitos mieliy rasys
— Metschnikowia pulcherrima (Candida pulcherrima) — pastaruoju metu
tampa vis aktualesnés dél savo unikaliy savybiy'?®. Tyrimo objektu
pasirinktos Metschnikowia rtsies mielés augimo terpéje esant gelezies (I1I)
drusky i$skiria netirpy raudong pigmenta — pulcheriming. Pulcheriminas yra
gelezies chelatas arba pulcherimino riigsties druska (2,5-diizobutil-3,6-
dihidroksipirazin-1,4-dioksidas), arba §io junginio tautomeriné forma'?’-1?°,
Molekuliné pigmento struktira pavaizduota 14 pav. Pulcherimino
susidarymas prasideda nuo to, kad mielés | aplinka iSskiria pulcherimino
pirmtaka — pulcherimino riigstj. Dél pulcherimino rugsties reakcijos su
gelezies (III) jonais aplink mieliy kolonijas susidaro raudonos aureolés,
kuriose yra iSsodinto pulcherimino. Jeigu terpéje didéja gelezies (III) jony
koncentracija, tuomet mazéja aureoliy dydis, tafiau intensyvéja jy spalva,
mieliy lasteliy spalva i§ baltos pasikeicia j raudong. Susidarant netirpiam
pulcheriminui, terpéje iSeikvojama laisva gelezis, todél aplinka tampa
netinkama kitiems mikroorganizmams, kuriy augimui biitina gelezis. Todél
Metschnikowia pulcherrima pasizymi veiksmingu antimikrobiniu aktyvumu
pries jvairius patogeninius mikroorganizmus3°13L. Sjos mielés aptinkamos ant
prinokusiy vynuogiy ir vynuogiy misos, todél unikali Metschnikowia riisies
mieliy savybé gali biiti pritaikoma vyno gamybos pramonéje norint

kontroliuoti nepageidaujamy mieliy riisiy kiekj fermentacijos procese!®?.

14 pav. Pigmento pulcherimino molekuliné struktiira.
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Siekiant suprasti biocheminius procesus, vykstan¢ius mieliy lastelése,
ir apie tai gauti molekulinio lygmens informacija, reikalingas neardantis, bet
itin jautrus tyrimo metodas. SERS leidzia tirti itin dideliu jautrumu
vandeninéje terpéje biologiniy junginiy molekulines strukttras, adsorbuotas
ant, ar esancias Salia plazmoniniy pavir§iy!®*-1% Plazmoniniy nanodaleliy
savybeés ir anks¢iau buvo pritaikytos biomolekuliy ir gyvy lgsteliy sudedamyjy
daliy aptikimui ir struktiirinei analizei*®1%713, Zinoma, yra nemazai tyrimy,
kuomet Ag ir Au nanodalelés buvo sékmingai panaudotos mieliy
identifikavimui SERS metodu3-148, Sie tyrimai buvo atlikti remiantis panagia
metodika, kuomet mieliy lgsteliy charakterizavimas atlieckamas pries tai jas
inkubavus su Ag ar Au nanodaleliy suspensija. Siy tyrimy metu nustatyta, kad
yra nemazai veiksniy, tokiy kaip nanodaleliy adsorbcija ant atskiry lastelés
daliy ar paciy nanodaleliy agregacija, kurie salygoja neatsikartojancius
Igsteliy SERS spektrus'®140, Verta paminéti ir tai, kad nors sidabras pasizymi
didesniu SERS signalo stiprinimo faktoriumi nei Kiti plazmoniniai metalai, Ag
nanodalelés iSskiria toksiskus sidabro jonus, kurie biologiskai nesuderinami
su gyvomis lgstelémis. Au nanodalelés yra stabilios ir netoksiskos, taciau jas
taikant Igsteliy tyrimuose nejmanoma iSvengti tiesioginés metalo saveikos su
lastelémis, tai gali pakeisti eksperimento metu stebimus biocheminius
procesus. Puiki alternatyva, galinti iSspresti anks¢iau minétas problemas, —
SHINERS metodo taikymas. SHINERS metodo galimybés tiriant
Saccharomyces cerevisiae pirmg kartg parodytos 2010 metais. Tuomet
nustatyta lastelés sienelés struktiira, iSskirtos aminoriigs§¢iy ir amido grupiy
virpesinés juostos, surasti manano-baltymy spektriniai Zymenys*.

Pagrindiniai rezultatai ir iSvados

Doktorantiiros  studijy metu pasirinkta tirti  Metschnikowia
pulcherrima mieliy lgstelés sienelés struktira SHINERS metodu. Ramano
spektroskopija ypac tinkama Igsteliy tyrimams ir dél lengvo suderinamumo su
mikroskopiniais metodais. Mikroskopo pagalba tyrimams galima pasirinkti
atskirg lastele ar net jos dalj, lazering spinduliuote fokusuoti j Igstelés sienele
ar tiirj. Taip gauti rezultatai standartizuojami, o jy analizé tampa lengvesné.
Taip pat Ramano spektroskopija leidZzia registruoti spektrus itin pladioje
virpesinio spektro srityje (nuo 100 iki 3600 cm™), todél gaunama iSsami
informacija apie visy pagrindiniy molekuliniy grupiy virpesius.

Taigi Siame darbe tirti du Metschnikowia pulcherrima mieliy
bandiniai — su didesne ir maZesne pulcherimino pigmento koncentracija
terpéje. Eksperimenty metu pastebéta, kad registruojant mieliy bandiniy
Ramano spektrus pasireiskia intensyvus fluorescencinis fonas, tadiau ant
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mieliy uzlasinus Au@SiO nanodaleliy fluorescencinis fonas sumazéja 150
(mieléms su daugiau pigmento) ir 60 (mieléms su maziau pigmento) karty.
Toks fluorescencijos gesinimo reiskinys, naudojant plazmonines dielektriko
apvalkalu dengtas daleles, pastebétas ir kity autoriy®. P.-P. Fang ir kt.
nustaté, kad Au@SiO; nanodaleliy atveju fluorescencija gesinama, kai
apvalkalo storis maZesnis nei 5 nm; tuo tarpu didesniy nei 10 nm apvalkalo
atveju  fluorescencijos intensyvumas padidés (reiSkinys zinomas kaip
pavirSiaus sustiprinta fluorescencija, SEF). Siame darbe panaudotos
nanodalelés su mazdaug 5 nm SiO, apvalkalo storiu. Toks apvalkalas
pakankamai plonas, kad biity galima veiksmingai sumazinti fluorescencijos
fong, uztektinai sustiprinti Ramano signalus. Aukso nanodalelés branduolio
dydis pasirinktas 50 nm, nes anksc¢iau i$siaiSkinta, kad toks plazmoninés
Serdies dydis geriausiai tinka biologiniy bandiniy tyrimams*?.

Toliau nustatyta, kad naudojant Au@SiO, nanodaleles SHINERS
spektry atsikartojamumas i§ skirtingy méginio viety yra daug geresnis nei
SERS spektry. SHINERS spektry atveju smailiy pozicijos nesikeicia ir
neatsiranda papildomy virpesiniy juosty. Priesinga tendencija pastebéta SERS
spektruose: registruotos papildomos, neaiskios kilmés virpesinés juostos, tiek
smailiy santykiniai intensyvumai, tiek skirtingi dazniai jvairiose bandiniy
vietose. SHINERS ir SERS spektry atkartojamumo skirtumai atsirado dél
tiesioginés mieliy lasteliy sudedamyjy daliy sgveikos su Au nanodalelémis.
Biomolekuliy sgveika su Au ar Ag nanodalelémis priklauso nuo molekuliy
prigimties (poliskumo, lankstumo) ir kity faktoriy, tai daznai ir i$Saukia

spektry neatsikartojamumag4°.,

Pries§ aptariant atskiry funkciniy grupiy virpesines juostas, svarbu
paminéti, kad dauguma virpesiniy juosty SHINERS spektruose visgi yra
persidengusios ir kompleksinés, todel virpesiniy juosty priskyrimas gana
sudétingas. Visgi aiSkiai iSreikSta juosta ties 1200 cm™  priskirta
vyraujantiems triptofano ir fenilalanino funkciniy grupiy virpesiams
baltymuose. Kita charakteringa juosta apie 1000 cm™ atspindi fenilalanino
ziedo virpesius. Intensyvi juosta 1442-1444 cm™ priskirta CH, grupés
deformaciniams zirkliniams virpesiams baltymuose ir fosfolipiduose, o Salia
esantis petys (1411 cm™) apibudina karboksilato grupés simetrinius
valentinius virpesius vs(COO). SHINERS spektruose aiskiai matoma juosta
ties 1308 cm™! identifikuota kaip CH, grupés deformaciniai virpesiai, siejami
su baltymy antrine strukttra (o ir 7 spiralés), tai parodo SHINERS metodo
jautrumg antrinei baltymy strukturai. Kiek toliau apie 920-922 cm™ esanti
intensyvi juosta atitinka C—C ir C—-O valentinius virpesius,
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charakterizuojancius aminortigs¢iy liekanas. Plati virpesiné juosta, esanti
820-823 cm™%, siejama bent su keliomis molekulinémis grupémis: metileno
grupés Svytuokliniai deformaciniai virpesiai, lipidy O-P-O grupés
asimetriniai  valentiniai virpesiai, tirozino ziedo ir polisacharidy
v(C-O—C)/V(C—C) valentiniai virpesiai. Virpesiai tarp 823 ir 480 cm™
priskiriami hidrofilinés galvutés grupés virpesiams fosfolipiduose.

Siekiant SHINERS spektre identifikuoti pigmento pulcherimino
virpesines juostas buvo suformuotas mieliy su daugiau pigmento ir mieliy su
maziau pigmento skirtuminis SHINERS spektras. Skirtuminiame spektre
iSrySkejo kelios virpesinés juostos, tafiau vienareik§miSkai iSskirti
pulcherimino virpesiy nepavyko. Dél to pasitelkti papildomi tyrimo metodai:
kvantinés chemijos skaiCiavimai, uzregistruotas i§ mieliy iSskirto pigmento
Ramano spektras naudojant 830 nm zadinantj bangos ilgj ir iSskirto pigmento
ATR-FTIR (ang. Attenuated Total Reflectance-Fourier Transform Infrared)
spektras. Remiantis gautais eksperimentiniais ir teoriniais duomeninis
nustatytos kelios charakteringos pulcherimino virpesinés juostos SHINERS
spektre. Viena jy, ties 622 cm™?, priskirta pirazino Ziedo kvépavimo virpesiui.
Kita plati juosta, apie 758 cm™ skirtuminiame SHINERS spektre, siejama su
pulcherimino izobutilo grandinés valentiniais virpesiais, taip pat pastebimais
ties 800 cm™ isskirto pigmento Ramano spektre. Kelios intensyvios juostos
1010-1070 cm™ srityje uzregistruotos ATR-FTIR pulcherimino milteliy
spektre, tadiau tik viena juosta ties 1169 cm™ skirtuminiame SHINERS
spektre koreliuoja su aiskia juosta 1173 cm™® pigmento milteliy Ramano
spektre. Taigi Si juosta priskirta izobutilo grandinés valentiniams v(C—C)
virpesiams kartu su CH3 ir CH; grupiy deformaciniais virpesiais. Vis délto
verta paminéti, kad skirtuminis SHINERS spektras visiSkai nesutampa su
pigmento Ramano spektru. Nesutapimus lemia bent kelios priezastys: (1)
skirtinga pigmento biisena mieliy lgstelése ir milteliuose; (2) pulcherimino
strukttiros ir Ramano spektro priklausomybé nuo gelezies koncentracijos ir (3)
mieliy lgsteliy sienelés komponenty struktiros poky¢iai priklausomai nuo
pigmento kiekio lastelése.

Apibendrinus gautus rezultatus, galima teigti, kad SHINERS metodas
leidzia gauti atsikartojanéius ir patikimus duomenis, spektruose gausu
virpesinés informacijos apie lastelés sienele ir jos pagrindinius funkcinius
elementus  (baltymus, manano-baltymus, lipidus, amiorigstis ir
polisacharidus).
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4. ISVADOS

1. Lyginant SiO;, MnO; ir TiO2 nanodaleliy apvalkalus SHINERS
spektroskopijai, optimaliausias — SiO., nes §io sluoksnio virpesinés juostos
maziausio intensyvumo. Taip pat dél didelio stabilumo ragstinéje ir
neutralioje terpéje SiO; apvalkalas labiau tinkamas biomolekuliy tyrimuose
nei kitos prigimties apvalkalai. Patobulinta apvalkalais dengty nanodaleliy
sintezés metodika pakeitus kaitinimo biuidg i§ konvekcinio | mikrobangy.
Mikrobangy poveikyje iSorinis nanodaleliy apvalkalas susiformuoja maziau
defektingas nei formuojamas kaitinant konvekeiniu biidu, taip pat pasiekiamas
didesnis nanodaleliy dydis (90 + 10 nm) redukuojant ir stabilizuojant sidabro
nitratg tik natrio citratu.

2. Imidazolo Ziedo IMHA monosluoksnyje pKa verté (3,14 + 0,34)
skiriasi nuo laisvo histidino tirpale (5,9%°) vertés per 2,76. Taip pat nustatyta,
kad mezéjant monosluoksnio tankiui, Im Ziedo pKa verté — didéja. Toliau,
aptiktas naujas imidazolo ziedo vandenilinio rySio stiprio Ramano zymuo —
juosta ties 1492 cm. Elektocheminéje faziy riboje potencialas kontroliuoja
Im Ziedo vandenilio rySio sgveikos stiprj. Silpniausia sgveika ties —0,4 V ir
stipréja elektrodo potencialui neigiaméjant iki —0,8 V ir teigiaméjant iki 0,2 V
(atz. Ag/AQCI).

3. Charakteringy grafeno virpesiy daznio sumazéjimas SHINERS
spektre parodé, kad riboflavino molekulé sgveikauja su grafeno
monosluoksniu per m elektroning sistemg. Skirtingai nei GERS metodas,
SHINERS metodas jgalino detaliau charakterizuoti adsorbuota Rf molekulg,
kadangi stebimi ne tik ziedo, bet ir ribitilo grupés virpesiai. Riboflavino
adsorbcija issauké lokaly grafeno plokstumos i$silenkimg ir pakrypima, todél
registruotas defekty D juostos sustipréjimas SHINERS spektre.

4. Dél zymiai sumazéjusios tiesioginés sgveikos tarp biomolekuliy ir
metalo SHINERS metodas leido gauti patikimus ir atsikartojancius spektrus
nuo mieliy Iasteliy pavirSiaus. Nustatytos mieliy lasteliy Sieneles sudarancios
funkcinés  molekulés:  manano-baltymai, lipidai, amino riigstys,
polisacharidai.
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SUMMARY

Introduction

Biomolecules, including macromolecules (proteins, nucleic acids,
carbohydrates, lipids) and small molecules (primary metabolites, natural
products), are substances present in living organisms that play an essential role
in chemical, biochemical and biological processes:. The ability to control the
interactions between biomolecules, to observe the processes occurring at
interfaces is highly relevant to bioengineering, pharmaceuticals,
environmental research and other scientific fields?. Understanding the
processes at interfaces requires knowledge at the molecular level. However,
studying biomolecular events at the interface at the molecular level is difficult
due to the low surface concentration of the substances under investigation.
Such research requires unique methods that have several essential
characteristics: (i) surface specificity (contributions from the bulk or solution
must be avoided), (ii) be sensitive but non-destructive enough to detect
extremely small amounts of substances, and (iii) be able to provide molecular-
level information on the self-assembly of biomolecules, composition,
structure, function and orientation. One such research method is Surface-
Enhanced Raman Spectroscopy (SERS). The popularity of SERS in
biomolecular studies also comes from the weak Raman scattering of water,
which allows the study of biomolecules in their natural environment?.
However, SERS has several fundamental drawbacks that limit the application
of the method in the study of biomolecules at interfaces. The main
disadvantage of SERS is the requirement to use roughened or nanostructured
Au, Ag, or Cu surfaces to amplify the Raman signal. Metals can directly
interact with biomolecules, modifying the entire system. Also, during research
in the electrochemical interface, charge transfer can possibly occur between
the metal nanoparticles and other metallic substrates because their Fermi
levels are different. In light of these limitations, new SERS resonators of Au
and Ag nanoparticles covered by a thin SiO; layer (Au@SiO;, Ag@SiO,)
were proposed more than a decade ago*. In this case, the nanoparticle's core
amplifies the Raman scattering signal. At the same time, the inert silica shell
protects the nanoparticles from agglomeration, oxidation, and also prevents
direct contact between SERS-active metal cores and probe molecules/surface.
Such a novel method, called Shell-Isolated Nanoparticle-Enhanced Raman
Spectroscopy (SHINERS), has opened up new possibilities in studying
adsorption, catalysis, charge transfer and other processes on smooth, single-
crystal surfaces, also on two-dimensional materials. In other words, SHINERS
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has become an up-and-coming method for studying any surface. This
dissertation presents the molecular-level characterization of interfacial
biomolecules by using SHINERS method. The work discusses the
possibilities and challenges of this method in studying heterogeneous
molecular systems and reveals the structural peculiarities and the function of
different biomolecules.

The main goal of the dissertation was to apply the SHINERS method
in the studies of biomolecules at the interface (from self-assembled
monolayers to living microorganisms). To achieve this goal, 4 tasks were set:

1. to synthesize and characterize plasmonic nanoparticles coated with
different dielectric shells, find the optimal conditions for the synthesis of
nanoparticles with a plasmonic core larger than 50 nm and a shell thickness of
2-3 nm.

2. to characterize the self-assembled monolayer formed from
alkanethiol with imidazole ring and intrachain amide group using the
electrochemical SHINERS (EC-SHINERS) method.

3. to demonstrate the application possibilities of the SHINERS
method in order to obtain molecular-level information about adsorbates on the
graphene and structural defects of graphene.

4. to study a complex molecular system - living yeast cells using the
SHINERS method.

The novelty of the work

Different research and analysis methods were applied to achieve the
set tasks. All research and analysis methods can be divided into 3 groups
according to application areas: synthesis and characterization of nanoparticles,
formation of monolayers and other model molecular systems, and study and
analysis of biomolecular systems.

Firstly, gold and silver core-shell nanoparticles with shells of different
materials were synthesized in several ways by modifying J.F. Li et al. and F.
Liu et al. synthesis methods®. After that, the stability of different inert shells
was tested in 17 organic solvents. For the first time, optimal synthesis
conditions were found for Ag nanoparticles with a core size of 90 + 10 nm
with a 2.5 — 3 nm thick SiO; shell using silver nitrate and only one reducing
and stabilizing agent, sodium citrate. For inert shell formation over Ag core
nanoparticles (3-aminopropyl)triethoxysilane (APTES) and sodium silicate

68



solution were used. Based on the stability of Au@SiO, nanoparticles in
organic solvents, it was shown that the more commonly used silane in the shell
formation step - (3-aminopropyl)trimethoxysilane (APTMS) — is not very
suitable for achieving longer stability of core-shell nanoparticles. APTES by-
product ethanol has a less disruptive effect on the shell’s integrity compared
to the APTMS by-product methanol. The size, shape, shell thickness and
defects of the synthesized nanoparticles were characterized by high-resolution
transmission electron microscopy, UV-Vis spectroscopy, cyclic voltammetry
and Raman spectroscopy methods.

SHINERS experiments started with studies of self-organized
monolayers on smooth, single-crystal Au surfaces. A new compound — N-(2-
(1H-imidazol-4-yl)ethyl)-6-mercaptohexanamide (IMHA) was synthesized
for the PhD work, which has four functional parts: (i) thiol group (SH); (ii)
hydrocarbon chain (—(CHz)s—); (iii) amide group (—CO—NH-); (iv) imidazole
ring. The imidazole ring (Im) is a side chain group of the amino acid histidine
that participates in a wide range of molecular interactions. One of the most
important types of interactions involving the Im ring is the coordination of
metal ions in active centres of enzymes, so imidazole plays a crucial role in
their structure and activity’. In addition, the introduction of amide group into
the alkyl chain significantly increases the stability of the monolayer forming
network hydrogen bonds between the adjacent molecular chains®. After
adsorbing IMHA on Au surfaces for different periods of time, the reflection-
absorption infrared spectroscopy (RAIRS) method found that after almost
three hours (162 min), the formation of an orderly monolayer is halved, and
after 6 hours, the monolayer becomes neat and suitable for further studies. The
adsorption of IMHA on the surface caused a tautomeric change of the IMHA
molecule from tautomer | (N1-H, N3) to tautomer Il (N1, N3-H). EC-
SHINERS data demonstrated that the tautomer Il predominates over the entire
potential window, and only a tiny fraction of the molecules become tautomer
I form when the electrode potential becomes —0.8 V (vs. Ag/AgCl). Raman
temperature and density functional theory (DFT) simulation data helped
determine the freedom of movement of the imidazole ring and a hydrogen-
bond strength-sensitive vibrational band at 1492 cm-. Analysis of this band
revealed a potential-dependent behaviour of the Im ring: at an electrode
polarization of —0.8 V', the Im ring is much more confined and H-bonded than
at —0.4 V (vs. Ag/AgCI). Also, the pK, value of the imidazole ring in the
IMHA monolayer was found for the first time, which is 3.14 + 0.34.
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The characteristics of graphene-enhanced Raman spectroscopy
(GERS) and SHINERS methods were compared for the first time in the study
of adsorbed riboflavin on graphene. In the case of GERS, the vibrations of
only those atoms in the riboflavin ring that participate in zt-electron interaction
are amplified. Meanwhile, SHINERS spectroscopy provides detailed
information not only on the vibrations of the Rf ring but also on some
vibrations of the ribityl chain. It was also found that the normalized to laser
power relative intensity of the 1349 cm™ band of Rf increased by a factor of
26 in SHINERS spectrum compared with GERS. In addition, it was revealed
that the vibrational bands of the carbon network and graphene defects of
copper oxide, on which the graphene monolayer is formed, are clearly visible
in the SHINERS spectrum. However, one of the most exciting results in the
SHINERS spectrum is the intense, broad band around 1321 cm. The origin
and nature of the band was helped to be clarified by quantum chemistry
modelling data, when it was established that the appearance of the 1321 cm™
band can be associated with the bending and tilting of the graphene layer
caused by riboflavin adsorption. This observation highlights the capabilities
of the SHINERS method in detecting local system perturbations.

Finally, Au@SiO; nanoparticles were applied in studies of
Metschnikowia pulcherrima yeast when SHINERS spectra of Metschnikowia
pulcherrima were recorded for the first time. The obtained results helped to
identify the yeast cell wall and its functional elements — proteins, lipids and
amino acids. It has been shown that the spectra of yeast cells are reproducible
when using coated nanoparticles, the frequencies of the vibrational bands do
not change, the inert shell does not allow the interaction of metal nanoparticles
with the cells, so no additional vibrational bands appear in the spectra, in
contrast to the use of bare nanoparticles. Amino acids, C-N, amide vibrations
indicate the bioactivity of a living cell, ongoing protein secretion, and changes
in the secondary structure. All these results show that SHINERS method is
suitable for in situ monitoring biochemical processes in living cells.

The defense statements of the work

1. SiO; nanoparticle shells are optimal for SHINERS spectroscopy
because the vibrational bands of this layer have the lowest intensity. The
improved methodology by changing the heating method from convective to
microwave for the synthesis of core-shell nanoparticles allows to form a less
defective shell. Ag core silica shell nanoparticles are larger in size when the
reduction and stabilization of silver nitrate with sodium citrate are done under
microwave irradiation.
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2. In IMHA monolayer, the pK, value of the imidazole ring is lower
than in the solution of free histidine. At the electrochemical interface, when
the potential changes from —0.4 V t0 -0.8 V (vs. Ag/AgCl), the hydrogen bond
interaction of the imidazole ring becomes stronger.

3. The riboflavin molecule interacts with the graphene monolayer
through the = electronic system. The SHINERS method allows for a more
detailed study of adsorbed riboflavin on graphene compared to the GERS
method. Riboflavin adsorption induces bending of the graphene plane.

4. The SHINERS method makes it possible to obtain reliable and
repeatable spectra from the yeast cell surface, from which the functional
elements forming the yeast cell walls can be determined.

This thesis presents 6 scientific articles that solve some challenges
and provide new perspectives in studying and analyzing biomolecules or
biological systems. The first 3 publications cover the first dissertation task,
publication 4 the second, 5 the third and 6 the fourth.
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Main results
Nanoparticles: opportunities and challenges

Due to the relatively simple preparation, biocompatibility, optical and
electronic properties, gold or silver nanoparticles (AuNPs, AgNPs) are widely
used for labelling, delivery, imaging and sensing®. The plasmonic properties
of AuNPs and AgNPs allow SERS detection of different analytes. However,
a direct interaction of research object with bare nanoparticles is an important
disadvantage. Inert shells (SiO;, MnO,, TiO,, etc.) perfectly solve this
problem because they prevent chemical and electrical contact among
plasmonic cores and probe substrates, analytes and environment.
Measurement technique — SHINERS with such particles spread over a surface
of analyzed material was firstly published in 2010. Since then, SHINERS has
been used in surface and biological sciences, semiconductor materials,
electrochemistry, food and environment safety etc.’°. In this work, the
synthesized gold nanoparticles (50 — 60 nm) were coated with thin (1.5 — 8
nm) layers of silicon, manganese and titanium dioxides. For comparison, each
type of nanoparticle's SHINERS spectra were recorded. It is noticeable that
Au@MnO; and Au@TiO2 NPs have specific spectra that overlap with the
spectrum of the probe molecule, thiophenol, in 400 — 700 cm™ and 1200 —
1600 cm* regions, respectively. Au@SiO, NPs also have a specific spectrum,
but the intensity of vibrational bands is extremely low compared to the
SHINERS spectra of thiophenol; this can affect data minimally.

T. Charkova, A. Zdaniauskiené. Synthesis and comparison of gold
nanoparticles coated with silicon, manganese, and titanium dioxides.
Chemija 31 (2020) 197-202.

The chemical structure of the shell determines the external surface
charge of a nanoparticle. A partially negative shell charge does not always
allow studying molecular systems with negatively charged functional groups.
Due to the electrostatic interaction, the nanoparticles cannot get close enough
to the probe surface and enhance the Raman scattering. In order to change the
charge of the nanoparticle, the covering shell is modified. Modification can
be done by attaching molecules with partially positively charged groups, e.g.,
NHz. The shell is also modified for other reasons: binding and detection of
metal ions in solution, attracting large molecular structures, catalyzing
reactions, etc.'°. Modification of the outer shell is often carried out in organic
solvents, so the stability of the SiO. shell in 17 different solvents was
investigated during the studies. The obtained practical results help to choose
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the suitable conditions for the modification of the SiO; shell and thus optimize
the further stages of nanoparticle synthesis.

T. Charkova, A. Zdaniauskiené, I. Ignatjev. Silica shell-isolated gold
nanospheres: synthesis, investigation of stability in organic solvents, and
application in shell-isolated nanoparticle-enhanced Raman spectroscopy.
Chemical Data Collections 29 (2020) 100497.

In the SERS community, new and simple ways of producing large
diameter (above 50 nm) noble metal nanoparticles are highly welcomed
because they shift the localized surface plasmon resonance to higher
wavelengths where spectroscopic measurements are typically taken. This
work presents a facile microwave-assisted synthesis of above-average
diameter silver-core silica-shell nanoparticles (Ag@SiO,) using a chemical
reduction method. UV/vis spectroscopy and HR-TEM imaging showed that
core-shell nanoparticles are spherical with an average diameter of 90 nm + 10
nm and are covered with a 2.5-3 nm thick silica shell. Silver salt was reduced
and stabilized with sodium citrate to produce core nanoparticles, which were
subsequently coated with silicon shells using APTES and sodium silicate.
Based on our previous results on Au@SiO; nanoparticles, we selected APTES
for silanization instead of the more commonly used APTMS because the
APTES by-product ethanol has a less disruptive effect on the shell’s integrity
compared to the APTMS by-product methanol.

E. Daublyté, A. Zdaniauskiené, M. Talaikis, A. Drabavicius, T. Charkova. A
facile microwave-assisted synthesis of Ag@SiO, nanoparticles for Raman
spectroscopy. New Journal of Chemistry 45 (2021) 10952.

EC-SHINERS of imidazole ring functionalized monolayer on smooth
gold electrode

Self-assembled monolayers (SAMs) of functional thiol molecules at
a metal surface are widely used to study various functional groups' interactions
with solution components or adjacent thiols in the monolayer*!. Imidazole ring
terminated molecules can thus interact with other aromatic residues as well as
form hydrogen bonds with polar and charged residues because they can exist
in neutral or positively charged forms within a pH range of 5.0 to 7.0. The
introduction of amide functionality in the hydrocarbon chain of adsorbing
molecules greatly increases the stability of SAM due to hydrogen bonds
forming between the adjacent molecular chains in the monolayer'?. Interfaces
between biologically active molecules and metals are an important issue in
biocatalysis, biocompatibility, and biosensors. SAMs at metal surfaces
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provide a possibility to create stable molecular structures suitable for probing
potential-driven molecular structure changes®. SERS is a powerful
spectroscopic technique to study molecular structure and interaction
mechanisms between a terminal functional group of a monolayer and solution
species at metal/electrolyte interfaces. Nonetheless, SERS is limited by SERS-
active substrates (mostly Ag, Au, and Cu), and the requirement to use
roughened or nanostructured surfaces restrict the applicability of this analysis
method. Therefore, Tian et al. suggested a novel SERS technique —
SHINERS*. To study the H-bonding interactions of imidazole ring at
electrified interfaces, first molecule with interchain amide group and terminal
imidazole functional group (IMHA) was synthesized and then studied IMHA
SAMs adsorbed on atomically-smooth Au surfaces using SHINERS and
RAIRS techniques. From RAIRS data, molecules adsorb on a surface
chaotically, but with time (transition midpoint was 162 min), their intrachain
amide groups become nearly perpendicular to the surface, which points to the
more neatly organized SAM. Adsorption on a surface induced a tautomeric
transition in IMHA molecules from Tautomer-1 (N1-H, N3) to Tautomer-II
(N1, N3-H). Temperature-Raman and DFT modeling identified the
1492 cm™ mode as sensitive to imidazole ring confinement and H-bonding
strength. Additionally, it was revealed that the imidazolium ring pK,value in
IMHA monolayer is 3.14 + 0.34. The presented data on the construction,
structure, and potential dependence of imidazole ring group functionalized
SAMs will be valuable for developing biosensors or molecular electronics.

A. Zdaniauskiene, M. Talaikis, T. Charkova, R. Sadzeviciene, L.
Labanauskas, G. Niaura. Electrochemical shell-isolated nanoparticle-
enhanced Raman spectroscopy of imidazole ring functionalized monolayer
on smooth gold electrode. Molecules 27 (2022) 6531.

SHINERS for probing riboflavin on graphene

Electronic properties and function of graphene depend on the surface
structure, origin of defects and adsorption of molecules at the surface.
Riboflavin can be employed in electrochemistry for different purposes as well
as it can be detected electrochemically due to its aromatic nature. Riboflavin
has been used as an electrode modifier in sensor construction for other
important compounds such as iodate, hydrogen peroxide, and persulphate®.
Graphene science and developing graphene-based technologies require
controlling adsorption processes and obtaining molecular-level surface
knowledge. To understand surface and interfacial chemistry, sensitive
spectroscopic technique is needed. SERS is one of the most sensitive surface
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analysis techniques and fulfils such requirements. Unfortunately, SERS is
limited by certain substrates (mostly Ag, Au, and Cu) and the requirement to
use roughened/nanostructured surface restrict the applicability of this method.
Consequently, Tian et al. approached a novel SERS technique — SHINERS.
In this study, SHINERS was used to probe the structure of adsorbed riboflavin
at graphene layers at the molecular level. This paper provided a detailed
vibrational spectroscopy study of the graphene-riboflavin surface. Several
experimental vibrational spectroscopy methods, including ordinary Raman
(riboflavin solution and powder spectra), resonance Raman (graphene
spectra), graphene-enhanced Raman, and shell-isolated nanoparticle-
enhanced Raman spectroscopies, were employed to probe the structure and
bonding of both single-layer graphene grown on copper and riboflavin
adsorbate. We found that riboflavin adsorption induces the blue-shift of the
2D and G bands by 11 and 3 cm™, respectively, indicating doping of the
graphene. In addition, well-defined signatures of under-layered Cu.O oxide
were obtained. We demonstrated that contrary to GERS approach, SHINERS
method provides more detailed information about the interfaces; not only the
riboflavin ring but also vibrational modes of ribityl chain and intense D-band
of graphene were detected. DFT modelling suggested that this D-band may be
activated because of riboflavin adsorption induced local perturbations (tilt and
distortions) in the graphene structure. Our work highlighted the ability of
SHINERS spectroscopy to probe the local structural perturbations in
graphene.

A. Zdaniauskiené, I. Ignatjev, T. Charkova, M. Talaikis, A. Luksa, A. Setkus,
G. Niaura. Shell-isolated nanoparticle-enhanced Raman spectroscopy for
probing riboflavin on graphene. Materials 15 (2022) 1636.

SHINERS for characterization of living yeast cells

SERS is one of the most sensitive vibrational spectroscopic methods
for in situ studies of surface and biological systems in aqueous solutions.
Large enhancement can be provided by roughened surfaces and nanoparticles
of Ag, Au or Cu metals. Recently, Ag and Au nanoparticles have been used
for the identification of living yeast cells by SERS approach?®. However, the
high luminescent background and direct interaction of living yeast cells with
metal colloids were the main disadvantages. Consequently, Tian et al.
suggested a novel SERS technique — SHINERS*. Yeasts Metschnikowia spp.
are capable to produce a red pigment when iron (I11) ions present in the growth
media. They are potential biocontrol agents against various pathogenic
microorganisms. SHINERS method employing synthesized spherical gold
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nanoparticles with 46 £ 6 nm core size and SiO shell of 3 nm thickness
allowed to obtain significantly enhanced SHINERS spectra of Metschnikowia
spp. compared to the Raman spectra. Based on the results, the yeast cell wall
and its functional elements (proteins, lipids, amino acids) were identified. It
has been determined that spectra, when used Au@SiO2 NPs in combination
with yeast cells, demonstrate the repeatability, vibrational bands do not change
and there are no additional bands due to chemical interactions with
nanoparticles. Amino acids, C — N , amide vibrations indicate the bioactivity
of the living cell. Consequently, SHINERS technique allow to collect
molecular level information from yeast for a better understanding of their cell
wall biochemical structures.

A. Zdaniauskiené, T. Charkova, 1. Ignatjev, V. Melvydas, R. Garjonyté, I.
Matulaitiené, M. Talaikis, G. Niaura. Shell-isolated nanoparticle-enhanced
Raman spectroscopy for characterization of living yeast cells.
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 240
(2020) 118560.

Conclusions

1. When comparing SiO,, MnO; and TiO; nanoparticle shells for
SHINERS spectroscopy, SiO- is optimal, as the vibrational bands of this layer
have the lowest intensity. Also, due to its high stability in an acidic medium,
the SiO; shell is more suitable for biomolecule research than other types of
shells. Improved methodology for the synthesis of coated nanoparticles by
changing the heating method from convective to microwave. Under the
influence of microwaves, the outer shell of nanoparticles is formed less
defective than formed by convection heating, and a larger size of nanoparticles
(90 £ 10 nm) is also achieved by reducing and stabilizing silver nitrate with
sodium citrate only.

2. The pK, value of the imidazole ring in IMHA monolayer (3.14 +
0.34) differs from that of histidine in solution (5.9 according to ref. 1¢) by 2.76.
It was also found that as the packing density of the monolayer decreases, the
pKa value of the Im ring increases. A new strong Raman marker of the
hydrogen bond of the imidazole ring was determined — the band at 1492 cm~
1. At the electrochemical interface electrode potential controls the hydrogen
bonding interaction strength at Im ring site; the weakest interaction was
observed at —0.4 V (vs. Ag/AgCl) potential and increased at more negative (—
0.8 V) and more positive (0.2 V) electrode polarizations.
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3. The decrease in the frequency of the characteristic vibrations of
graphene in the SHINERS spectrum showed that the riboflavin molecule
interacts with the graphene monolayer through the © electronic system. Unlike
the GERS method, the SHINERS method enabled a more detailed
characterization of the adsorbed molecule, as not only the ring but also ribityl
group vibrations are observed. The adsorption of riboflavin caused an
enhancement of the D band of graphene defects in the SHINERS spectrum.
The appearance of this band indicates that the graphene plane locally bends
and becomes less ordered.

4. Due to the significantly reduced direct interaction between
biomolecules and the metal, the SHINERS method allowed obtaining reliable
and reproducible spectra from the surface of yeast cells. Functional molecules
forming yeast cell walls have been identified: mannan-proteins, lipids, amino
acids, polysaccharides.
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Synthesis and comparison of gold nanoparticles coated
with silicon, manganese and titanium dioxides
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The synthesized gold nanoparticles (50-60 nm) were coated with thin

(1.5-8 nm) layers of silicon, manganese and titanium dioxides. The

Agné Zdaniauskiené

obtained three species of nanospheres were applied for the analysis of

self-assembled monolayer of thiophenol by shell-isolated nanoparticle-
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enhanced Raman spectroscopy method. Detailed synthesis and compar-
ison of the particle properties are provided in this report.

Keywords: gold core-shell nanoparticles, shell-isolated nanoparticle-

enhanced Raman spectroscopy, thiophenol

INTRODUCTION

Metal and oxide-based nanoparticles are widely
used in electronics, medicine, food, and envi-
ronment protection [1-3]. Gold and silver nano-
particles covered by a thin layer of dielectric are
the most popular for plasmonic sensing by shell-
isolated nanoparticle-enhanced Raman spectros-
copy (SHINERS) analysis method [4, 5].

Gold nanoparticles (Au NPs) are relatively easy
to prepare. The reduction by citrates is the most
used chemical method [6, 7]. The modification
by inert silica shell has been proposed to expand
the application of nanoparticles [8] because such
coating prevents the gold core from interactions
with the analysed object and environment. Conse-
quently, stable gold core-silica shell nanoparticles
became the most popular for SHINERS experi-
ments [9]. Various metal and nonmetal coatings
(graphene, polymers, SiO,, MnO,, TiO,, ALO,,
ZnO, Sn0O,, ZrO,, etc.) have been tested for suc-
cessful analysis of different bioconjugates (proteins,

* Corresponding author. Email: tatjana.charkova@ftmc.It
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DNA, bacteria, etc.) [4]. Due to their catalytic ac-
tivity, chemical stability, nontoxicity, and low-cost
gold combinations with semiconductor oxides they
are also used for catalytic applications [10], solar
energy utilization [11], radiotherapy in the treat-
ment of tumors [12], etc.

In this research, gold nanoparticles were covered
by silicon, manganese and titanium dioxides. All
synthesized core-shell nanoparticles were success-
fully employed for SHINERS measurements with
thiophenol as a model compound. In this way, it
was shown that three types of nanoparticles — gold
core-silicon dioxide shell (Au@SiO,), gold core-
manganese dioxide shell (Au@MnO,) and gold
core-titanium dioxide shell (Au@TiO,) - could
complement each other in SHINERS experiments.

EXPERIMENTAL

Materials

Gold () chloride trihydrate (HAuCl, - 3H,0,
99%), trisodium citrate dihydrate (HOC(COONa)
(CH,COONa), - 2H,0, 99%), (3-aminopropyl)tri-
methoxysilane (H,N(CH,),Si(OCH,),, APTMS, 97%),
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sodium silicate solution in water (NaOH, 10%; SiO,,
27%), potassium permanganate (KMnO,, 99%), po-
tassium hydroxide (KOH, 85%), potassium oxalate
(K,C,0, - H,0, 99%), titanium (IV) (triethanolami-
nato)isopropoxide solution in isopropanol (TTEAIP,
80%), ammonia solution in water (NH,OH, 25%),
isopropanol (99%), ethanol (99%) and thiophenol
(98%) were purchased from Merck and used with-
out additional treatment. Purified in the Millipore
system Mili-Q water (18.2 MQ-cm) was used in all
experiments. The Tienta SpectRIM steel substrate
from Merck was employed for Raman experiments.

General equipment

A Lambda 25 spectrophotometer was used for re-
cording UV/Vis spectra (300-1100 nm) of the syn-
thesized nanoparticles.

High-resolution transmission electron micros-
copy (HR-TEM) analyses of the nanoparticles were
carried out using a FEI Tecnai G2 F20 X-TWIN
microscope; specimens for the measurements were
prepared by a FEI Helios Nanolab 650 dual beam
microscope.

SHINERS spectra were taken using a Perkin-
Elmer RamanFlex 400 Echelle type spectrometer
with a 785 nm beam diode laser and a thermoelectri-
cally cooled (-50°C) CCD detector. The spectra were
recorded by the accumulation of 10 scans with an
integration time of 10 s; the laser power was 50 mW.

Synthesis of Au NPs

To boiling 100 mL of 0.01% HAuCl, solution,
0.7 mL of 0.9% sodium citrate was added. The re-
action mixture was refluxed for 30 min and self-
cooled to room temperature within 1 h.

Synthesis of Au@SiO, nanoparticles

To 30 mL of Au NPs solution, 0.4 mL of 1 mM
APTMS was added and stirred at 20°C for 15 min.
Then 3.2 mL of 0.54% sodium silicate solution was
added and stirred for another 3 min. After stirring
at 90°C for 45 min, it was cooled in an ice bath for
30 min. The Au@SiO, nanoparticles were centri-
fuged at 3000 rpm for 20 min and washed twice with
water.

Synthesis of Au@MnO, nanoparticles

All reagents were cooled to 10°C before use. 30 mL
of Au NPs solution was alkalized to pH = 9.8 by
the addition of 0.2 mL 0.1 M KOH with stirring.

&3

Then, to the cooled mixture 0.3 mL of 10 mM
KMnO, and 1.5 mL of 10 mM K,C O, were add-
ed. Next, it was kept at 20°C for 5 min and at 60°C
for 1 h without stirring. The reaction mixture was
cooled at room temperature for 15 min and in an
ice bath for 15 min. The Au@MnO, nanoparti-
cles were centrifuged at 3000 rpm for 20 min and
washed twice with water.

Synthesis of Au@TiO, nanoparticles

18 mL of Au NPs were centrifuged at 3000 rpm for
20 min. Concentrated Au NPs were diluted in 1 mL
of water and 3 mL of isopropanol was added. Next,
100 pl of 1.1 mM APTMS was added and stirred
at 20°C for 10 min; 100 pl of 2.5 mM TTEAIP was
added and stirred at 20°C for 30 min; 20 ul of 25%
NH,OH was added (mixture pH = 11.2) and stirred
at 20°C for 1 h. The Au@TiO, nanoparticles were
centrifuged at 3000 rpm for 20 min and washed
one time with isopropanol and one time with water.

Raman and SHINERS measurements
Synthesized Au@SiO,, Au@MnO, and Au@TiO,
nanoparticles were dropped onto the Tienta steel
substrate and dried at room temperature. Then
the Raman spectra of the nanoparticles were re-
corded. Next, an evaporated gold layer on a cleaned
glass substrate was incubated in 10~ M thiophenol
solution in ethanol for 1 h, washed with ethanol
and dried. Then, 3 pL of synthesized nanoparticles
were spread on the plate with the formed self-as-
sembled monolayer, dried at room temperature, and
the SHINERS spectra of thiophenol were obtained.

RESULTS AND DISCUSSION

Gold core-silica shell [13, 14], gold core-manga-
nese shell [15, 16] and gold core-titanium shell [17,
18] nanoparticles were synthesized earlier. How-
ever, the search for new more effective, low-cost and
environment-friendly methods continues. Anyway,
the synthesis of nanoparticles must ensure the main
properties of core-shell structures, which deter-
mine their further application. In our case, the core
should be 50-100 nm in diameter, which is suitable
for SHINERS measurements. Also, a chemically and
electrically inert shell should be compact and thin
enough (about 2-10 nm) avoiding decreasing sig-
nal intensity [13]. The pin holes were experimen-
tally obtained in shells with the thickness under
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2 nm of SiO, [13], 1.2 nm of MnO, [15] and 3 nm
of TiO, [18]. Besides, each coating has its specific
properties. The silica shell can dissolve in strong al-
kaline media, but manganese dioxide is stable under
such conditions [15]; titanium dioxide is thermally
stable and has a high laser damage threshold [19].
Based on these observations, it was set to create
three different types of 50-60 nm gold nanopar-
ticles with 3-5 nm SiO,, MnO, and TiO, coatings
suitable for SHINERS. The HR-TEM method was
used to identify the thickness of the shell, the form
and size of the nanoparticles. Other properties of
the synthesized nanoparticles were observed visu-
ally during synthesis, and employing spectroscopic
UV/Vis and Raman techniques (Table).

First, gold nanoparticles were synthesized by
Tians protocol, and the silica shell was coated
over the core by the modified procedure [13, 20].
The standard reagents — gold (IIT) chloride and sodi-
um citrate, were used for the synthesis of Au NPs. In
the boiling HAuCl, solution the citrate ions reduce
AuCl," to Au". Then an electrostatically stable com-
plex of citrate and Au* ions forms microdomains
and the self-catalyzed disproportionation of Au* to
AU’ occurs. Citrate oxidizes to byproducts, which
stabilize initial nuclei in agglomerates; finally, they
grow into gold nanospheres (Fig. 1). Next, the silica
shell is formed over the Au NPs, using APTMS cou-
pling agent and sodium silicate [21]. The 50 + 5 nm
Au@SiO, nanospheres with 2-3.5 nm of SiO, were
synthesized in this way (Fig. 2a).

The exchange in colour (from yellow to wine
red) during the synthesis and the data from the UV/
Vis spectrum suggest the formation of Au NPs.
The UV/Vis absorption peak of Au NPs is 538 nm,
and 539 nm that of silica covered gold nanoparti-
cles. After one month keeping at 8-10°C, we notice
the exchange in colour (from wine red to grey) and
a red-shifted broadened peak (about 750 nm) in
the UV/Vis spectrum of aggregated gold core-shell
nanoparticles (Fig. 3).

Lin’s reported synthesis was modified for
the Au@MnO, nanoparticles [15]. In neutral, weak
acid and weak alkaline media permanganate ions
are reduced by oxalates to form manganese diox-
ide. The high concentration of hydrogen ions leads
to the loss of the shell [15]. Seeing that, pH plays
an important role in the formation of MnO, de-
fects, some conditions of media (pH = 9-14) were
tested. The pH = 9.8 was observed as perfectly suit-
able for the synthesis of 55 + 5 nm Au@MnO, with
2-4.5 nm MnO, shell (Fig. 2b, Fig. 3). Consequent-
ly, the conditions were successfully optimized and
the reaction time decreased twice. The Au@MnO,
nanospheres were stable up to 3 weeks keeping
cold (8-10°C). Then the purple colour exchanges
to grey and a broadened peak above 750 nm occurs
in the UV/Vis spectrum.

The Au@TiO, nanoparticles were prepared using
TTEAIP and APTMS. Optimization of the ratio
of the reagents allowed a significant shortening of
the Hartman’s protocol (from 12 to 1 h) [18]. Also,

Na;Cit
Au* + Cit®
Redox reaction

AuC|4'

Au@X0, NPs
(X: Si, Mn, or Ti)

Complexation

Disproportionation

Nucleation
agglomeration

Au® ————% AuNPs

Growth

Coupling agent (\nnr),
Reagent of shell

Fig. 1. The formation process of gold core—shell nanoparticles (coloured online)
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50 nm
I

Fig. 2. HR-TEM images of 50 + 5 nm Au@si0, nanospheres
with 2-3.5 nm of $i0, (a), 55 £ 5 nm Au@Mn0, nano-
spheres with 2—4.5 nm Mno, (b) and 55 £ 5 nm Au@TiO.
nanospheres with 1.5-8 nmTi0, (c)

2

the centrifugation was clarified. Our modified pro-
cedure allows obtaining 55 + 5 nm Au@TiO, with
1.5-8 nm TiO, shell (Fig. 2¢, Fig. 3). Unfortunately,
the conditions for the formation ofan even TiO, shell
were not optimized. Probably of this, the Au@TiO,
nanospheres were stable only for 1-2 weeks. It was
not possible to observe the colour change visually

&5

Absorbance

500

600 700 800
Wavelength, nm

900

Fig. 3. UVNVis spectra of Au NPs (a), Au@Sio, (b),
Au@Mn0, (c), Au@Ti0, (d), and aggregated gold core—shell
nanoparticles (e) (coloured online)

because the particles were dark grey from the be-
ginning. However, the aggregation of the nanopar-
ticles was confirmed by a red-shifted broadened
peak (>750 nm) in the UV/Vis spectrum.

For SHINERS experiments a self-assembled
monolayer of thiophenol onto smooth gold was
formed. Three species of the synthesized nano-
particles amplify Raman signals of thiophenol.
All assignments of spectra were based on reported
earlier data [21]. The vibrational mode at 419 cm™!
is related to C-S out-of-plane bending vibrations.
Other vibrational modes can be attributed with
benzene ring: 693 cm™, 999 cm™ suitable with
ring out-of-plane deformation, and C-H out-of-
plane bending. The band at 1073 cm™ is assigned
to the ring in-plane deformation and C-C sym-
metric stretching. The most intensive and strong
feature near 1574 cm™ is associated with C-C
symmetric stretching vibrations. No matter which
nanoparticles (Au@SiOZ, Au@MnO2 or Au@TiOz)
were used to amplify Raman signals, the most
important modes and their relative intensities of
thiophenol coincide (Fig. 4). However, the most
intensive and clear features of thiophenol were
obtained with Au@SiO, nanoparticles.

For comparison, the spectra of each type of
the nanoparticles were recorded onto the Tienta
steel substrate. This allowed obtaining vibration-
al regions of the nanoparticles in the SHINERS
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Fig. 4. SHINERS spectra of thiophenol with Au@Si0

2

(@), Au@Mn0, (0) and Au@Ti0, (e) — black lines.
Raman spectra of Au@sio, (b), Au@Mn0, (d) and

Au@Tio, (f) -

are backg

round corrected

red (online) lines. The SHINERS spectra

spectra (Table). It is noticeable that Au@MnO,
and Au@TiO, NPs have specific spectra that over-
lap with the thiophenol spectrum in 400-700 cm™
and 1200-1600 cm™ regions, respectively. Au@SiO,
NPs also have a specific spectrum, but the intensity
of vibrational bands is extremely low compared to
the SHINERS spectra of thiophenol; this can affect
data minimally (Fig. 4).

The different properties of nanoparticles allow
choosing each type of them for specific experi-
mental conditions. However, there is no doubt that
three synthesized types of nanoparticles (Au@SiO,,
Au@MnO, or Au@Ti0,) could perform a compre-
hensive research of complex structures, comple-
menting each other in SHINERS experiments.

CONCLUSIONS

Three species of gold core-shell nanoparticles
(Au@SiO,, Au@MnO,, Au@TiO,) were success-
fully synthesized and used for the analysis of self-as-
sembled monolayer of thiophenol by the SHINERS
method. The produced gold core-silica shell nano-
particles were the smallest compared to the oth-
ers. However, the SiO, coating was the most even
and the thinnest. For this reason, the most stable
Au@SiO, nanospheres mainly amplify thiophenol
signals in the SHINERS spectrum.
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Table. Experimental data on the obtained properties of the synthesized nanoparticles

Obtained property Au@Si0, Au@Mn0, Au@Ti0,
Form Nanospheres Nanospheres Nanospheres
Diameter 50+5nm 55+5nm 55+5nm
Formation of shell 45 min 1h 1h
Thickness of shell 2-35 2-4.5 1.5-8
UV/Vis absorption peak 539 549 549
Vibrational region of nanoparticles in SHINERS spectra Low intensity 400-700 cm™! 1200-1600 cm™!
Stability keeping at 8-10°C 1 month 3 weeks 2 weeks
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Santrauka

Susintetintos aukso nanodalelés (50-60 nm) sékmingai
padengtos plonais (1,5-8 nm) silicio dioksido, manga-
no dioksido ir titano dioksido sluoksniais. Gautos tri-
ju rasiy (Au@sio,, Au@MnO,, Au@TiO,) nanosferos
pritaikytos tiofenolio monosluoksnio analizei panau-
dojant nanodaleliy, padengty apsauginiu sluoksniu,
sustiprintos Ramano spektroskopijos metoda (angl.
shell-isolated nanoparticle-enhanced Raman spectros-
copy). Straipsnyje i$samiai aprasytos sinteziy metodi-
kos ir pateiktas daleliy palyginimas.
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1. Rationale

Recent developments in nanoparticles research indicate their application in complex studies such as structure, functions,
molecular behavior, and so on [1-3]. The nature of the particles and the aims of the study determine the methods and
experimental conditions.

The surface enhanced Raman spectroscopy (SERS) technique is helpful for surface analysis of the matter. However, the
method has a limitation to use mostly Ag, Au, and Cu roughened surfaces [4,5]. The plasmonic property of Au, Ag, Au/Ag
mixed nanoparticles allows to use them for SERS - a layer of such nanoparticles distributed on the research surface gener-
ates an enhanced Raman signal. Unfortunately, a destructive interaction of the bare nanoparticles with an analyzed object
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and an environment often occurs. Ultrathin inert coating (SiO,, MnO,, TiO, etc.) increases the stability of the nanoparticles
and prevents their metal cores from contacts with substrates, analytes, and environment [6-8].

In 1996, Mulvaney [9] reported the preparation of silica shell-isolated nanoparticles; in 2010 Tian and coworkers [10,11]
modified the procedure and adapted the nanoparticles for SERS. Since, the highly sensitive technique with the nanoparticles
- shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) emerged. SHINERS is suitable for investigation of
various materials with different morphologies. Therefore, this perspective method is widely used in surface, semiconductor,
biotechnological sciences, and food, environment safety [7].

Due to the biocompatibility, optical and electronic properties gold nanoparticles (AuNPs) are one of the most used for la-
beling, delivery, and sensing of different bioconjugates [12-14]. Certainly, bare AuNPs are appropriate for SERS and relatively
easy prepared. Usually, they are synthesized by reduction of auric chloride with sodium citrate in aqueous medium [15]. Au
nanospheres less than 55 nm in diameter can be obtained in the way mentioned below. Various reducing (citrates, ascorbic
acid, NaBH, etc.) and stabilizing (ammonium salts, polymers etc.) agents are used to get larger particles of a certain shape
[7]. Such nanoparticles are more attractive for SERS, because they can generate a higher Raman signal enhancement [16-18].
The size and shape depend on the temperature and concentration of reactants. All of them are necessary for nanoparticles
preparation and prevent them from aggregation. However, a trace of unreacted reagents can affect the object of research.
Usually, many of used reactants are insoluble in water and partially removed by centrifugation. Organic solvents can resolve
the washing problem, because they dissolve organic reactants perfectly. However, the nanoparticles must remain stable in
such an environment. There are many research works with a detailed description of AuNPs stability under different stabi-
lizing agents, pH and other conditions [19-23]. Still, there is a lack of information about shell-isolated nanoparticle stability
in various solvents. As a result, the purification of the nanoparticles remains a relevant problem. Therefore, in this report,
classic silicon dioxide covered spherical gold nanoparticles (Au@SiO,) were synthesized and their stability was determined
in water and different 17 organic solvents. Moreover, our experiment was done in order to use the resulting data for any
future modification of gold core silicon shell nanoparticles and SHINERS research in a non-aqueous medium.

2. Procedure
2.1. Materials and methods

The following reagents were purchased from Merck and used as received: gold (III) chloride trihydrate
(HAuCl4.3H,0, 99%), trisodium citrate dihydrate (HOC(COONa)(CH,COONa),<2H,0, 99%), (3-aminopropyl)trimethoxysilane
(HyN(CH;)3Si(OCH3 )3, APTMS, 97%), sodium silicate solution (10% NaOH, 27% SiO,), thiophenol (98%). All organic solvents
from Merck (99%) were used without farther purification: acetone (Ac), acetonitrile (AcN), benzene, toluene, chloroform,
dichloromethane (DCM), N,N-dimethylformamide (DMF), n-octane, n-hexane, methyl alcohol (MetOH), ethyl alcohol (EtOH),
propyl alcohol (PrOH), isopropyl alcohol (iPrOH), butyl alcohol (BuOH), isobutyl alcohol (iBuOH), pentyl alcohol (PentOH),
isopentyl alcohol (iPentOH). In all procedures was used deionized Milli-Q water of 18.2 MQ-cm resistivity. A highly polished
stainless steel substrate with an ultrathin hydrophobic coating (Tienta SpectRIM, Merck) was used for Raman measurements.

UV/Vis absorption spectra were obtained by using Lambda 25 Spectrophotometer in the range 300-1100 nm; 10 pL of
silica shell-isolated gold nanospheres in 3 mL of each solvent were used as UV samples.

High-resolution transmission electron microscopy (HR-TEM) images were recorded by using FEI Tecnai G2 F20 X-TWIN
microscope with scanning TEM module, equipped with a high-angle annular dark-field detector for Z-contrast imaging and
an X-ray energy-dispersive spectroscopy detector for elemental mapping. FEI Helios Nanolab 650 dual beam microscope
with an Omniprobe manipulator was used to prepare specimens for the measurements.

Raman and SHINERS spectra were recorded using Echelle type spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped
with a thermoelectrically cooled (-50°C) CCD camera, a fiber-optic cable and the diode laser of the 785 nm beam. The 180°
scattering geometry was employed. The laser power at the sample was restricted to 30 mW and the beam was focused to
a 200 pum diameter spot on the sample. The integration time was 10 s. Each spectrum was recorded by accumulation of 10
scans, yielding total 100 s time accumulation.

2.2. Synthesis procedure of Au@SiO, nanoparticles

200 mL of an aqueous HAuCl4 solution (0.01 wt %: 0.02 g in 200 mL H,0) was prepared and kept in the dark at room
temperature (20°C) for 4 days before was used. Then it was boiled in a hot oil bath (125°C) with vigorous stirring. After
solution reached boiling temperature (in 5 min) the 1.4 mL of sodium citrate (0.91 wt %: 0.0501 g in 5,5 mL H,0) was
added. The mixture was refluxed for 30 min and left without stirring for 2 h at room temperature. As a result, the wine red
colloid solution of AuNPs was obtained.

Next silicon dioxide shell over the gold nanoparticles was formed. 2.67 mL of APTMS (ImM: 7.2 pL in 40 mL H,0) was
added to 200 mL of AuNPs solution. The mixture was stirred vigorously at room temperature for 15 min. Then 21.33 mL
of sodium silicate solution (0.54 wt %/wt: 208.6 pL in 50 mL H,0) was added and the mixture was stirred for additional 3
min. Next, the flask was placed in a water bath and stirred at 90°C temperature for 50 min. To stop the reaction process, it
was placed in an ice bath (3-5°C) for 1 h. Finally, cold mixture was centrifuged at 5500 rpm for 15 min. The supernatant
was removed and Au@SiO, nanoparticles as a concentrated brown suspension were obtained.

&9



T. Charkova, A. Zdaniauskiené and 1. Ignatjev/Chemical Data Collections 29 (2020) 100497

| step

iy, B

)
&

cooling down to
20°C

0.01% - >
HAuCI, v Au NPs
125°C 125°C -

boil in 5 min reflux 30 min

-
20 ' ] 20°

Fig. 1. Synthesis of Au@SiO, nanoparticles.
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2.3. Self-assembled monolayer formation

Au film was deposited on cleaned glass substrate by magnetron sputtering using a Quorum 150T sputter and 99.99%
Au target. Then the gold substrate was rinsed with ethyl alcohol, dried and transferred into thiophenol (10~2 M) alcohol
solution for 1 hour to form self-assembled monolayer onto gold surface. After incubation, the plate with the already formed
monolayer was removed from the solution. Then it was rinsed with the alcohol abundantly to remove any possible overlay-
ers of thiophenol, and finally dried.

2.4. Raman measurements

Raman spectrum of Au@SiO, was obtained after the nanoparticles were dropped onto steel substrate and dried at room
temperature. For self-assembled monolayers investigations Raman spectra were recorded in situ in an aqueous medium from
a smooth gold surface on which the thiophenol monolayer was formed before. In order to amplify the Raman scattering sig-
nal, Au@SiO, nanoparticles were injected into the system (ratio with water 1:500). The maximum intensity of the spectrum
was obtained after 2 hours.

3. Data, value and validation
3.1. Synthesis and characterization of Au@SiO, nanoparticles

The most used synthesis protocol was modified and applied to larger quantities [24]. The spherical gold nanoparticles
with silica shell were successfully synthesized by the procedure of two steps (Fig. 1).

Firstly, bare AuNPs were prepared from auric chloride using sodium citrate as reductant and stabilizer (Fig. 2) [24,25].
Noticeably, that process of nanoparticles formation accompanied by a change of colors: yellow, colorless, gray, lilac, and
wine red.

During the synthesis, citrate oxidize to acetone dicarboxylate ions, acetone, formaldehyde and other byproducts, which
facilitate nanoparticle growth (Fig. 3) [26,27].
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Fig. 3. Summarized redox reaction of AuNPs synthesis.
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Fig. 4. Hydrolysis of APTMS.

The second step was silica shell formation over the nanoparticles using (3-aminopropyl)trimethoxysilane (APTMS) and
sodium silicate [10]. The hydrolysis of the coupling agent occurs easily in aqueous medium (Fig. 4).Then the amine groups
bind to the gold and the hydroxy groups form covalent bonds with sodium silicate [28]. At elevated temperatures, the
products are further hydrolyzed and a net containing SiOSi and SiOH groups are formed (Fig. 5).

Presence of unreacted OH groups leads to defects in silica layer [29,30]. The silica shell thickness is determined by the
heating temperature and time. Longer heating at 90°C gives thicker silica layer over the particles [31]. Nanoparticles with
thick silica layer are stable, but when the shell thickness increases, the SHINERS signal of probe molecules decreases rapidly.
It was reported, that the most appropriate dielectric layer thickness for SHINERS measurements is 2-4 nm [11]. Based on
these observations, spherical 55 nm gold nanoparticles with thin 3 nm silica shell (Fig. 6A and 6B) were prepared and tested
in 18 different solvents observing their stability.

3.2. Stability experiments

It was observed, that colloidal Au@SiO, particles could be stable in water up to 1 month kept in a dark at 8-10°C. The
wine red color of stable nanoparticles exchanged to purple after two weeks and a gray precipitate occurred after 1 month.
The exchange in color and UV/Vis spectra suggest that aggregation occurs in solution: purple color indicates the beginning,
and grey one - practically the end of process (Fig. 7). UV absorption peak of stable Au@SiO, is about 540 nm. We attribute
the broad peak around 745 nm as the absorbance of the aggregated particles. Wagers et al. [22] assign the same exchange of
color and red-shifted broadened peak (721 nm) for aggregated AuNPs too. In our case, there is a silica shell, which preserve
gold core, however HR-TEM images show its unevenness (2-3 nm). Shell defects in thin areas can initiate fragmentation of
silica layer and commence the aggregation of nanoparticles (Fig. 6C).

For stability investigation acetone, acetonitrile, benzene, toluene, chloroform, dichloromethane, N,N-dimethylformamide,
n-octane, n-hexane, and available alcohols were chosen (Table 1). 10 puL of Au@SiO, were dispersed in 3 mL of each organic

91



T. Charkova, A. Zdaniauskiené and I. Ignatjev/Chemical Data Collections 29 (2020) 100497

S HO
i \
OH il _sj~OH
HO s/ HO "o
ol
OH ;
HO /OH
/ HO
HZN/\/\SI—OH HO HoN Nai
NH 2 Si
HO/ N /\/\ > NH, -
o Si NH, H,N
> HO” N\
OH OH
/JNHZ H2N /
AuNPs HE NHz NH, \’\/Si——OH
~Si- \
| OH OH
HO
OH
/
HO—S,\OH /SI\OH
HO HO
Na,O - nSiO, / H20
"'0\ oH
_Si—o0 HO  on
HO( ] o O——-\Si\
Ho—SI o/?' \s_/ o)
1
[
HO / \ / \ /o Sie_,
o————SI\ /S\i Si OH
1
HO o \ OH /\ o} N
\/ Tsi—Qq O O | __oO O™ “on
_Si si”” O< o)
HO/ o/ \ SITTL_—Q  OH
1
o N, ~O—Si \/
/ _Si o oH P'—O
HO—s; (0] O/ /OH
VAN HoN Si< s
0—si . /\/\ NHz NH 2 g

K O
Si Si
HO \O/ \ o) ~0 HO .
S / / s.\—o
\ O\S'/O o HO OH i
_— OH ! g Au@Sio,
HO/ \ \s/ \o SI/ o S{/
i— _
AR
i
HO HO™ \\OH
OH
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Fig. 6. HR-TEM images of 55 nm Au@SiO, with 3 nm silica shell (A and B) and aggregated Au@SiO, (C).
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Fig. 7. Optical images (upper panel) and UV/Vis spectra (lower panel) of Au@SiO, in water after 1 day (A), after 2 weeks (B), and after 1 month (C).

Table 1
Au@SiO, stability in water and organic solvents.
Solvent Omin 10min 20min  30min 1h 24h 48h 96h
H,0 + + + + + + + +
Ac + + + + + + + +
AcN - - - - - - - -
Benzene Em.+ Em.+ Em.+ Em.+ Em.- Em.- Em.- Em.-
Toluene Em.+ Em.+ Em.+ Em.+ Em.-  Em.- Em.- Em.-
Chloroform  Em.+ Em.+ Em.- Em.- Em.- Em.- Em.- Em.-
DCM Em.+ Em.- Em.- Em.- Em.- Em.- Em.- Em.-
DMF + + + + + + + +
n-Octane Em.+ Em.+ Em.+ Em.+ Em.- Em.- Em.- Em.-
n-Hexane Em.+ Em.+ Em.+ Em.+ Em.- Em.- Em.- Em.-
MetOH + + - - - - - -
EtOH + + + + + + + +
PrOH - - - - - - - -
iPrOH + + + + + + + +
ButOH - - - - - - - -
iButOH - - - - - - - -
PentOH - - - - - - - -
iPentOH - - - - - - - -

+ stable nanoparticles;
- aggregated particles;
Em.+ emulsion of stable nanoparticles;
Em.- emulsion of aggregated particles.
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Fig. 8. UV/Vis spectra of Au@SiO, in acetone (A - black), N,N-dimethylformamide (B - red), ethyl alcohol (C - blue), and isopropyl alcohol (D - purple)
after 96 h.
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Fig. 9. Raman spectrum of thiophenol adsorbed on smooth Au surface without nanoparticles (A - black), and SHINERS spectrum of thiophenol with
Au@SiO, nanoparticles (B - red). Raman spectrum of aggregated Au@SiO, nanoparticles (C - blue), and Raman spectrum of stable Au@SiO, nanoparticles
(D - purple) onto Tienta substrate.

solvent. Then the dispersions were left in glass tubes and their stability was observed at room temperature during 96 h. A
purple color appearance was considered as a beginning of nanoparticle aggregation process.

Nanoparticles dispersed in acetone, N,N-dimethylformamide, ethyl and isopropyl alcohols were stable during all the time
of experiment. The broad peak (745 nm) of aggregated nanoparticles was also not observed in their UV/Vis spectra (Fig. 8).
However, aggregation occurred immediately in acetonitrile, propyl, butyl, isobutyl, pentyl and isopentyl alcohols; proceeded
after 10 min in dichloromethane, after 20 min - in chloroform, and methyl alcohol, after 1 h - in benzene, toluene, n-octane,
and n-hexane.

3.3. Raman spectra analysis

A self-assembled monolayer of thiophenol onto gold surface was formed; and Au@SiO, nanoparticles were used to am-
plify Raman signal. A clear enhanced SHINERS spectrum of thiophenol on smooth gold surface was obtained only with the
nanoparticles (Fig. 9, curves A and B). To compare stable and aggregated particles we dropped them onto steel substrate,
dried and recorded Raman spectra. Logically, that there is no Raman spectrum with aggregated particles (Fig. 9, curve C),
and contrarily - stable Au@SiO, significantly enhance every impurity of environment (Fig. 9, curve D). In this way, we
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Table 2

SHINERS data of thiophenol adsorbed on Au surface.
Assignments Av, cm!
Au-S stretching 270
C-S stretching 419
C-S out-of-plane bending 477
Ring in-plane deformation 616
Ring out-of-plane deformation 693
Ring out-of-plane deformation and C-H out-of-plane bending 999
Ring in-plane deformation and C-C symmetric stretching 1023
C-C asymmetric stretching 1073
C-H and/or S-C stretching 1109
C-H in-plane bending 1156
C-H in-plane bending 1470
C-C symmetric stretching 1574

assured, that themselves nanoparticles have a specific spectrum, but the intensity of vibrational bands was extremely low
compared to SHINERS spectrum of thiophenol.

The SHINERS spectrum (Fig. 9, curve B) represents all specific vibrational modes of thiophenol onto smooth gold surface;
all assignments (Table 2) are based on reported data [32].

4. Conclusions

Silica shell gold nanoparticles are typically prepared in water. However, their farther application or modification often
requires using other solvents. The instability problem of particles often is not reported. Only a few authors offer to use
other polar or nonpolar solvents instead of water [33,34]. However, usually many investigators cover bare nanoparticles with
different capping agents, which increase stability of dispersion [35-37]. Our stability experiment with 17 organic solvents
is unique, because we investigate gold-silica core-shell nanoparticles without any additional stabilizer. The most popular
Au@SiO, nanospheres were prepared by modified procedure of Tian’s group [11]. Stability was observed visually according
changes in color and by spectroscopic UV/Vis and Raman techniques. The nanoparticles dispersed in water, acetone, N,N-
dimethylformamide, ethyl and isopropyl alcohols were much more stable than dispersed in benzene, toluene, n-hexane, n-
octane, chloroform, dichloromethane, acetonitrile, methyl alcohol, and other tested alcohols. The obtained results will make
it easier to choose the suitable solvents for further research and modification of Au@SiO, nanoparticles.
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A facile microwave-assisted synthesis of Ag@SiO,
nanoparticles for Raman spectroscopy
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In the SERS community, new and simple ways of producing large diameter (above 50 nm) noble metal
nanoparticles are highly welcomed because they shift the localized surface plasmon resonance to
higher wavelengths where spectroscopic measurements are typically taken. In this work, we present a
facile microwave-assisted synthesis of above average diameter silver-core silica-shell nanoparticles
(Ag@SiO,) using a chemical reduction method. Ag@SiO, were synthesized in two steps of the core
synthesis and the shell capping procedure by stepped temperature ramping. UV/vis spectroscopy and
HR-TEM imaging showed that core-shell nanoparticles are spherical with an average diameter of
90 nm £ 10 nm and are covered with a 2.5-3 nm thick silica shell. Particles were tested using Raman
measurements of a 4-mercaptobenzoic acid monolayer. The proposed synthesis approach produces
stable core-shell nanoparticles that can be stored at 8-10 °C in the dark for two months with only mini-

rsc.li/njc mal indication of decay.

Introduction

The use of silver nanoparticles (Ag NPs) has become wide-
spread in the fields of medicine, biotechnology, catalysis, and
industrial applications."™ Such popularity comes from the
exceptional optical properties of silver that especially suit
surface-enhanced Raman spectroscopy (SERS) allowing the
probing of not only in the visible but also in the infrared
portion of the spectrum.’™® However, the antimicrobial proper-
ties of Ag NPs limit their use when working with living
organisms.”"* This limitation is overcome by covering nano-
particles with a protective semiconductor layer (SiO,, MnO,,
TiO,, etc.) that not only prevents undesirable interactions
between analyte and metal cores but also suppresses exposure
of the cores to the environment, resolving the issues with their
toxicity and stability. Overall, the plasmonic-dielectric core-
shell architecture is thought to be chemically inert and well
suited for SERS. Since the first publication in 2010, these
composite nanoparticles of various shapes and coatings have
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emerged as a new and valuable addition to the SERS technique
and has been titled shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS).'""*

The chemical reduction of silver cations is considered to be
a classic way for producing Ag NPs, among many other
chemical, physical, and biological methods. Generally, the
reduction reaction is carried out in citrate, borohydride, hydra-
zine, ethylene glycol, or other reducer solutions.”'® The size
and shape of nanoparticles can be controlled by selecting
stabilizing agents (ammonium derivatives, polyols, etc.). More-
over, the synthesis rate and the type of final nanoparticle
critically depend on the precursor, reducing and capping
agents, solvent, and reaction temperature.'""*'* Although the
synthesis approach that was used in the first SHINERS pub-
lication has been vastly adapted by other authors to produce
different types of shell-isolated nanoparticles,'” the majority of
these methods, to this day, are still highly time-consuming and
need plenty of stabilizers, extreme care and consistency, and
purification steps in the postproduction using different
solvents.

Microwave irradiation is an attractive, rapid, and energy-
saving technique compared to the other particle production
methods (laser ablation, electrochemical, photochemical meth-
ods, etc.). It does not require expensive equipment and yields
nanostructures with a narrower size distribution and higher
stability in a shorter reaction time.'®"” In the present work, we
demonstrated a facile, cost- and energy-efficient microwave-
assisted preparation for silicon-coated silver nanoparticles, by
using only simple precursors, a reducer and water. We were
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able to avoid additional stabilizers and solvents that would
complicate further spectral analysis. Seeking the highest
SHINERS performance, we aimed at synthesizing Ag NPs with
a diameter close to 100 nm, because such nanoparticles have
been shown to have the highest scattering cross-section.'®'® To
the best of our knowledge, it is the first attempt to produce
SERS-optimal size silver-silica core-shell nanoparticles with
the aid of microwave synthesis and without an additional
stabilization step which is typically used in order to increase
the diameter. To meet SHINERS requirements, such particles
must be larger than 50 nm in diameter and covered with a thin
dielectric shell for the optimal surface-enhancement and
reduced interaction of the analyte with the plasmonic-metal
cores."™*® In this study, we show a successful microwave-
assisted synthesis method for large (90 nm in diameter with a
~3 nm silica shell) and stable Ag@SiO, nanospheres using a
simple reduction method. The functionality of the nano-
particles was subsequently tested using 4-mercaptobenzoic
acid (4-MBA).

Experimental section

Materials

Silver nitrate (AgNO;, 99%), trisodium citrate dihydrate (Na;Cit,
HOC(COONa)(CH,COONa),-2H,0, 99%), (3-aminopropyl)trie-
thoxysilane (APTES, H,N(CH,);Si(OC,Hs);, 99%) and sodium
silicate solution (10% NaOH, 27% SiO,) were purchased from
Merck and used without any further purification. Deionized
Milli-Q water of 18.2 MQ cm resistivity was used in all proce-
dures. A highly polished stainless steel substrate (Tienta Spec-
tRIM, Merck) was used to collect the Raman spectrum of the
nanoparticles. 4-Mercaptobenzoic acid (4-MBA, 99%) was pur-
chased from Merck.

General methods and equipment

The silver nanoparticles were synthesized using a microwave
synthesizer Discover SP (CEM Corporation), equipped with the
infrared temperature control system, built-in magnetic stirring,
and cooling systems. The microwave reactor has a maximum
power of 300 W. The plasmonic properties of the Ag NPs and
Ag@SiO, were evaluated by UV/vis spectroscopy using a
Lambda 25 spectrophotometer in the range of 200-1100 nm.
To obtain high-resolution transmission electron microscopy
(HR-TEM) images, a Tecnai F20 X-TWIN (FEI) microscope with
an accelerating voltage of 200 kV equipped with an EDX (EDAX)
spectrometer, and a Gatan Orius CCD camera was employed.
The analysis was carried out using a bright-field regime. Raman
and SHINERS spectral data were collected using an Echelle type
spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped with
a 785 nm edge diode laser, thermoelectrically cooled (—50 °C)
CCD camera, and fiber-optic cable. A 180° scattering geometry
and 30 mW laser power were used. Each spectrum was recorded
by accumulating 10 scans with an integration time of 10 s (total
accumulation time 100 s).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Synthesis of Ag nanoparticles

10 mL (10 mM) of an aqueous AgNO; (prepared by dissolving
0.09 g of the salt in 50 mL H,0) was added to 10 mL (10 mM) of
trisodium citrate (prepared by dissolving 0.147 g of the salt in
50 mL H,0) solution at 20 °C. The reaction mixture was stirred
for 2 min at room temperature. Then it was transferred to the
microwave reactor and subjected to the ramped three-step
irradiation procedure. First, the temperature was ramped to
35 °C in 1 min and kept for 2 min (at the power of 50 W);
second, it was heated to 65 °C in 1 min and held for 2 min
(100 W); third, it was heated to 95 °C in 1 min followed by
holding for 5 min (100 W). After the synthesis, the mixture was
cooled to 50 °C in 3 min and left without stirring for 30 min at
room temperature. The microwave heating procedure is
depicted in Fig. 1. The result was a greenish-yellow suspension
of Ag NPs.

Synthesis of Ag@SiO, nanoparticles

15 mL of Ag NPs suspension was mixed with 0.2 mL (1 mM) of
APTES (prepared by dissolving 9.2 uL of the reagent in 40 mL
H,0) and stirred for 10 min at room temperature. Then 1.6 mL
(0.54%) of silicate solution (prepared by dissolving 208.6 uL of
the reagent in 50 mL H,0) was added and stirred for another 2
min. Next, the mixture was heated under microwave irradiation
(at the power of 100 W) to 60 °C in 1 min with a holding time of
0.5 min; and finally, it was heated to 95 °C in 1 min, followed by
holding for 5 min. The microwave reactor cooled the mixture to
50 °C in 3 min. Then, it was left without stirring for 30 min
at room temperature. The microwave heating procedure is
depicted in Fig. 2. The core-shell nanoparticles were cleaned

100 -
90
80 -
70
60
50 -
40 -
30
20 -

b

IV a

Temperature / °C

| !
| 1
| |
| |
| 1
| 1
| 1
| |
| |
| |
| 1
| |
| 1
1 !
I I
| I
I I
| I
| I
I I
I I
I I
| I
1 I
| I
I I
| I
! |

|
6 8 10 12 14
Time / min

i
4

Fig. 1 Temperature evolution in Ag NPs three-stage heating microwave
synthesis. la, lla, and llla regions correspond to a stepped temperature
increase up to 35 °C, 65 °C, and 95 °C, while Ib, Ilb, and Illb regions indicate
maintained temperature by applying a 50-100 W microwave power. The
IVa region corresponds to a temperature decrease to 50 °C.
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regions correspond to stepped temperature increases up to 60 °C and
95 °C, while the Ib and lIb regions indicate maintained temperature by
applying 100 W microwave power. The llla region corresponds to a
temperature decrease to 50 °C.

with water by centrifugation twice (20 min at 3500 rpm),
resulting in a greenish-yellow concentrated suspension of
Ag@Si0,, that was collected and stored at 8-10 °C in the dark.

Self-assembled monolayer formation

An Au film was deposited on a cleaned glass substrate by
magnetron sputtering using a Quorum 150T sputter and a
99.99% Au target. After the sputtering, the gold slide was rinsed
with ethyl alcohol and transferred to 4-MBA (5 x 107 M)
alcohol solution, and kept for 1 hour to form a self-
assembled monolayer. The slide then was removed from the
solution, rinsed with the alcohol, and dried.

Raman and SHINERS measurements

To collect the Raman spectrum of pure nanoparticles, 1 uL of
Ag@SiO, suspension was diluted four times with water and
dried on a Tienta steel substrate at room temperature. To
register the nanoparticle enhanced SHINERS spectrum, the
Ag@SiO, solution was spread on the smooth gold thin-film
adsorbed with the 4-MBA self-assembled monolayer. The nano-
particle solution was dried before measurement.

Results and discussion

Previous studies have shown successful silver nanoparticle
synthesis under microwave irradiation using various reducing
and capping agents, such as formaldehyde,*" polyvinyl-
pyrrolidone,?* ethanol,> glycerol,** ethylene glycol,** and bio-
logical extracts, enzymes, bacteria, etc.”® Typically, capping
agents are used to stabilize and produce larger or shaped
nanoparticles. Bahadur et al. reported the microwave synthesis

25
1,
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Scheme 1 Synthesis route of Ag@SiO, nanoparticles.

of small 17 nm Au@SiO, with a 2-5 nm SiO, shell.”’
Karimipour et al. presented large 50-200 nm Ag@SiO, particles
with 20-30 nm silica shells produced under microwave irradia-
tion using oleylamine as a capping agent.”® We show a method
of preparing 90 nm Ag@SiO, nanospheres using the microwave
reactor without additional stabilization. The advantages of
these nanoparticles for the SHINERS experiment are the opti-
mal size and chemically inert thin ~3 nm silica coating.

The general two-step synthesis procedure under microwave
irradiation depicted in Scheme 1 requires only the simplest
precursor (AgNO;), reducer (NasCit), and solvent (H,0). To
create nanoparticles in the proposed way, the use of an addi-
tional stabilizer to increase the diameter of nanoparticles is not
required as it is done in a more conventional approach.
According to the Faxian et al. procedure, we chose the optimal
1:1 molar ratio of silver nitrate and trisodium citrate.” Citrate
concentration has a strong impact on the nanoparticle size and
the mechanism by which they grow. While low concentrations
produce small defined-size Ag nanoparticles, at concentrations
above 1.5 mM nanoparticles they tend to grow by clustering due
to the highly destabilizing ionic strength of the solution.*® Here
we have also used a rather complex heating profile that was
based on the empirical observations. From the tested one-,
two-, and three-stage temperature increasing methods (Fig. S1,
S2, ESIt and Fig. 1 respectively) the three-stage procedure
resulted in the largest particles according to UV/vis data
(Fig. S3, ESIf). Their absorption maximum was found at
457 nm compared to 426 nm and 428 for the one- and two-
stage procedures. Such a shift is attributed to the time the
reaction solution had been subjected to low and medium-high
temperatures. For example, in the temperature-dependent
synthesis of the spherical silver nanoparticles, the 32 °C tem-
perature (out of the 15-55 °C range) was found to produce the
largest size particles with an average diameter of 48 nm.*! This
observation was rationalized by the fusion processes of pre-
formed particles in their early growth phase.

To emphasize the importance of the 35 °C temperature step
regime, which is denoted as ‘Ib’ in Fig. 1, we compare three-
and two-stage synthesis methods (Fig. S2, ESIt). Adding the
heating step at 35 °C results in larger diameter particles, which
have their plasmonic resonance rather strongly redshifted by
29 nm. Despite this shift, the optimal duration for heating at
35 °C is yet to be examined, and this might be a valuable
instrumental control for particle size and distribution. On the
other hand, we can conclude that the second 65 °C heating
stage in a three-stage regime (IIb in Fig. 1) has a limited effect
on the nanoparticle size. Comparing the absorption of nano-
particles produced in one- and two-stage regimes (Fig. S3, ESIT),
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the introduction of an additional 60 °C step redshifts the
absorption by 2 nm, increases the band intensity, and only
slightly increases the absorption bandwidth from 212 nm to
220 nm.

Temperature ramping is another important aspect while
considering a trade-off between particle size and their size
distribution. For the gold nanoparticle synthesis in citrate, a
positive correlation was found between slower ramping speeds
(°C min™") and the larger nanoparticles with a higher size
distribution.®® Faster ramping produces a multitude of small
primary nanoparticles with high uniformity. Seol found that for
given conditions, the inflection ramping rate from which any
additional increase in the rate does not affect particle size
and the distribution is ca. 42 °C min~'.** Motivated by that,
we chose fairly slow ramping speeds of 15 °C min™' and
30 °C min~" in the three-stage synthesis in order to obtain
larger particles, however, at the expense of an increased size
distribution.

To coat nanoparticles with silica shells using the microwave
synthesis method, Tian’s protocol from ref. 33 was adapted by
selecting (3-aminopropyl)triethoxysilane (APTES) and sodium
silicate. The intermediate separation of Ag NPs from the
suspension was not carried out. We chose the APTES reagent
instead of the more typical (3-aminopropyl)trimethoxysilane
(APTMS) because ethanol is a by-product of the APTES hydro-
lysis (Scheme 2). Ethanol has a low effect on nanoparticle
stability in their synthesis. For example, Pal et al. have success-
fully used ethanol in the microwave synthesis of Ag NPs.”*
Moreover, other authors often use this solvent in nanoparticle
purification procedures.***” On the contrary, the hydrolysis of
APTMS releases methanol, which may affect the formation of
silica shells in the next step of the synthesis.*® Therefore,
APTES was used as the metal surface modifier as a safer
alternative to cap silver cores with silica. The amine groups of
the reagent bind to the metal core while the hydroxy groups
bind to sodium silicate. Further hydrolysis of the intermediate
products results in silica shells containing SiOSi and SiOH
groups.*®

The silica shell was formed using the two-stage microwave
synthesis method, for which an optimal condition was found
experimentally (Fig. 2). The optimal shell thickness is in a range
between 2 nm and 4 nm, because such shells must be chemi-
cally inert, have a minimum amount of pinholes, and also be
thin enough not to quench the electromagnetic field.>**?
Nanoparticles with shell layers of 10 nm and beyond, although
pinhole-free, lose their enhancement capabilities. The heating
time has a direct correlation with shell thickness. For example,
increasing the heating time in a non-microwave shell prepara-
tion method from 20 min to 80 min increased shell thickness
from 1.3 nm to 10 nm.*® The other factors that contribute to

0C,Hs OH
Vs AN e

HN Si~oc,H; * 3H0 > HN Siop *3 CattsOH
OC,Hs OH

Scheme 2 Hydrolysis reaction of APTES.
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shell thickness are reagents and their concentration, and
synthesis time. Here we show an approach that produces
particles coated with a 2.5-3 nm layer of SiO,.

After the shell capping procedure, the excess of non-reacted
agents and by-products was removed by centrifugation and
washing with water. All reagents eluted because they dissolve,
hydrolyze or mix with water. The growth of nanoparticles was
followed by using UV/vis spectroscopy. The absorption peak
shifts from 457 nm to 460 nm when the silica shell for Ag NPs is
formed (Fig. 3A). According to HR-TEM images, synthesis
resulted in spherical Ag@SiO, nanoparticles that are about
90 nm in diameter and covered with 2.5-3 nm of silica shells
(Fig. 3B-D). Qualitative analysis indicates the diameter of
90 nm + 10 nm (Fig. 3E).

From the UV/vis data, the concentrated aqueous suspension
of Ag@SiO, nanoparticles is stable after being stored for
2 months in the dark at 8-10 °C (Fig. 3A(c)). Over three months,
the color of the suspension changes from greenish-yellow to
grey, indicating that particles have lost their stability and
underwent aggregation. This was corroborated by UV/vis spec-
trometry data (Fig. 3A(d)), which indicated that particles are
completely aggregated. It is known that the defects in thin shell
areas lead to accelerated aggregation and instability of
nanoparticles.*® However, given the considerable shelf-life with
little to no changes in the UV/vis and SHINERS spectra, the
amount of pinholes and defects in nanoparticle shells is
considered to be small.

There is a trade-off between the particle electromagnetic
enhancement factor (EF) and their isolating properties, with EF
being appreciably cut down for shell-isolated particles com-
pared to simple core nanoparticles. The minimal thickness
required for a pinhole-free SiO, shell was previously reported to
lie in the range of 2-4 nm, but again, such a layer thickness has
a negative effect on EF.”® On the other hand, the factor that
might positively contribute to EF is the plasmonic coupling
between the nanoparticle core and smooth plasmonic surface.
Smooth plasmonic Au and Ag surfaces are typically used in the
construction of organic self-assembled monolayers using thiol
chemistry. However, such coupling mildly contributes to the
total EF. For example, sphere-shaped Au nanoparticles directly
placed on a Pt surface have higher EF by one order of magni-
tude compared to the ones placed on the Si surface.** More-
over, such a contribution to EF is highly dependent on the
separation distance between the nanoparticle and surface.
Therefore, a small-scale addition to the total EF allows the
effect to be omitted from the further consideration of particle
performance.

To test the enhancement capability of Ag@SiO,, we collected
the SHINERS spectrum from the smooth gold substrate-
adsorbed 4-MBA monolayer (Fig. 4d). The enhanced Raman
spectrum of pure Ag@SiO, nanoparticles was recorded to
ensure that nanoparticles are free from unreacted reagents that
would interfere with the SHINERS spectrum. Despite that,
nanoparticles have an intrinsic Raman band that might be
associated with vibrations from the particle shell. However,
these bands are broad and of low intensity, as can be seen from
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Fig. 4, where fresh and aged Ag@SiO, spectra are multiplied by
5 to increase the clarity. Specifically, these bands do not overlap
with 4-MBA’s vibrational modes. The SHINERS spectrum of the

10956 | New J. Chem., 2021, 45,10952-10958

Au-adsorbed monolayer (Fig. 4d) shows the typical vibrational
modes of 4-MBA. The assignments are based on previously
reported data from ref. 41-43 and are presented in Table 1.
Dominant vibrational modes at 1076 cm ™" and 1584 cm ™" are
assigned to the aromatic ring breathing, coupled C-S stretching
and C-C stretching mode of the ring respectively. The ring out-
of-plane bending and breathing modes are recognized at
521 cm™ ' and 1014 cm ™. The carboxyl group (COO~ symmetric
stretching) vibration is assigned to 1369 cm™". Two peaks at
1138 em™' and 1182 cm™" are identified as C-H bending
vibrational modes.

To test Ag@SiO, stability, SHINERS measurement of the
4-MBA monolayer was completed with the aged nanoparticles
that were held at 8-10 °C in the dark for two months. A close

Table 1 Assignment of gold surface adsorbed 4-MBA spectral modes

Assignment Av, em™
Ring oop bending 521
Jo0p(CCC) 715
5(C007) 839
Ring breathing 1014
Ring breathing, 1(C-S), dsym,ip(C-H) 1076
8(C-H) 1138
5(C-H) 1182
{CO07) 1369
Ring bending 1478
Ring 1(C-C), dasip(C-H) 1584

Abbreviations: oop, out-of-plane; ip, in-plane; sym, symmetric; as,
asymmetric; d, bending; v, stretching.
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inspection of the spectra collected using fresh and aged nano-
particles shows minor differences (Fig. 4d and e). These differ-
ences may be related to the structural and orientation
irregularities of the two individually prepared 4-MBA mono-
layers, and the higher spectral contribution from impurities
coming from the aged nanoparticles. Spectral bands assigned
to the impurities appear as a broad feature in the range of
850-1000 cm ™' in the monolayer spectrum, however, of low-
intensity. Despite that, the differences are rather minimal, and
the resulting 4-MBA spectrum matches well with the one
recorded with fresh nanoparticles, allowing us to conclude
that the nanoparticles are durable and retain their surface-
enhanced properties for several months.

Conclusion

A two-step microwave-assisted synthesis of SERS-optimal size
Ag@Si0, nanoparticles is reported. Silver salt was reduced with
sodium citrate to produce core nanoparticles, which were
subsequently coated with silicon shells by using APTES and
sodium silicate. Based on our previous results on Au@SiO,
nanoparticles, we selected APTES for silanization instead of the
more commonly used APTMS, because the APTES by-product
ethanol has a less disruptive effect on the shell’s integrity
compared to the APTMS by-product methanol.*® The resulting
Ag@SiO, nanospheres are of an SERS-optimal diameter of
90 nm + 10 nm and have a thin 2.5-3 nm insulating shell.
These nanoparticles were of good stability after being stored at
8-10 °C in the dark for two months and showed only minor
differences in the SHINERS spectrum of the 4-MBA monolayer
compared to the one collected using fresh nanoparticles.
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Fig. S1 Temperature evolution in Ag NPs one-stage microwave synthesis. I a region corresponds to stepped
temperature increase up to 95 °C, while I b region indicates maintained temperature by applying 100 W

microwave power. II a region corresponds to temperature decrease to 50 °C.
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Abstract: The imidazole ring (Im) of histidine side chains plays a unique role in the function of
proteins through covalent bonding with metal ions and hydrogen bonding interactions with adjusted
biomolecules and water. At biological interfaces, these interactions are modified because of the
presence of an electric field. Self-assembled monolayers (SAMs) with the functional Im group
mimic the histidine side chain at electrified interfaces. In this study, we applied in-situ shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS) to probe the structure and hydrogen bonding
of Im-functionalized SAM on smooth Au at the electrochemical interface. The self-assembly of
molecules on the Au induced the proton shift from N1 atom (Tautomer-I), which is the dominant
form of Im in the bulk sample, to N3 atom (Tautomer-II). The impact of electrode potential on the
hydrogen bonding interaction strength of the Im ring was identified by SHINERS. Temperature-
Raman measurements and density functional theory (DFT) analysis revealed the spectral marker for
Im ring packing (mode near 1496-1480 cm™!) that allowed us to associate the confined and strongly
hydrogen bonded interfacial Im groups with electrode polarization at —0.8 V. Reflection adsorption
IR (RAIR) spectra of SAMs with and without Im revealed that the bulky ring prevented the formation
of a strongly hydrogen bonded amide group network.

Keywords: Ag@SiO,; core-shell nanoparticles; temperature-dependent Raman; hydrogen bonding
interaction; histidine; SHINERS; RAIRS

1. Introduction

Histidine plays a crucial role in the architecture and activity of enzymes, as it is often
found to ligate transition metal ions at the active sites of metalloproteins [1,2]. Such a versa-
tility comes from its side chain imidazole (Im) ring that can take part in many interactions,
for example (i) cation-myy, (ii) 7-7t stacking, (iii) hydrogenm-m, (iv) coordination with metal
cations through nitrogen lone electron pair, and (v) hydrogen bonding (H-bonding) [2].
This versatility makes Im particularly suitable for surface applications through the SAM
chemistry [3-8]. The Im-derivatives functionalized SAMs have been used in biosensing ap-
plications, modulations of enzyme activity, purification of biologically relevant molecules,
corrosion prevention, and others [5-8].

The pK, for imidazole is around 5.9. Thus, two forms of histidine side-chain functional
group, Tautomer-I (T-I; N1-H, N3) and Tautomer-II (T-II; N1, N3-H), are possible under the
physiological conditions. In neutral pH and room temperature, T-I is the more energetically
favorable [9]. However, owing to the intermolecular Im interactions and the surface
charge effect, the tautomeric equilibrium of surface-adsorbed Im derivatives might differ
from that of the solution phase. Indeed, a clear transition from T-I to T-II was observed

Molecules 2022, 27, 6531. https:/ /doi.org/10.3390/molecules27196531
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for Im functionalized lipoic acid compound as it adsorbed on the silver electrode [10].
Vibrational spectroscopy, especially Raman, is particularly useful in Im studies because
of the diagnostic technique’s ability to differentiate between two tautomeric forms, probe
ring protonation state and interactions with transition metal cations [9-18]. For example,
the analysis of the three well-established Raman band pairs at 1568 /1585, 1282/1260, and
983/1004 cm ™~ allows to discriminate between T-I and T-II [19]. The coordination with
metal ion effectively decreases the Im ring C4=C5 bond length, so that the related v(C4=C5)
increases by 5-20 cm ™! from the initial positions at 1568-1573 and 1583-1588 cm ™! for T-I
and T-II, respectively [16]. The deuterium exchanged imidazolium cation (Isz+ ) exhibits
an intensive spectral mode near 1405 cm~!, which is particularly valuable in determining
the imidazole deuteration state using regular Raman spectroscopy [20,21]. A special case
to be mentioned is the investigation of Im ring deuteration state in proteins based on
1405 cm™! spectral mode in UV-resonance Raman [22,23].

Surface-enhanced Raman spectroscopy (SERS) provides detailed molecular-level in-
formation on the bonding, orientation, and structure of surface-adsorbed molecules in
situ [24-29]. However, SERS is restricted by the necessity to use corrugated noble metal
surfaces. Recently developed shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) overcomes such a limitation [30,31]. The method is based on the Raman signal
amplification by the plasmonic core nanoparticles (usually Au or Ag) that are covered with
thin (2-3 nm) isolating shells from SiO,, TiO,, or other dielectric material. The inert shell
protects the probed molecules from interactions with the metal core, increases nanoparticle
stability, and acts as a barrier between the probe and the core, preventing from charge
transfer and disturbance of the double layer. The SHINERS method has already shown
great potential for the in-situ analysis of the molecule adsorption, interfacial structure,
and interactions of molecules on smooth and well-defined surfaces and at electrochemical
interfaces [32-43].

This research aims to attain molecular level insights into the structure and hydrogen
bonding of the imidazole ring at the electrified interface. We report the synthesis and vibra-
tional spectroscopy characterization of the imidazole ring terminated alkanethiol molecule
with intrachain amide group, N-(2-(1H-imidazol-4-yl)ethyl)-6-mercaptohexanamide (IMHA).
The use of in-situ electrochemical SHINERS and ex-situ reflection-absorption infrared spec-
troscopy (RAIRS) techniques allowed for probing IMHA SAM that was adsorbed on the
highly defined, atomically smooth Au surfaces. The effect of electrode potential on mono-
layer structure, tautomerism, and hydrogen bonding interaction strength of imidazole ring
at electrochemical interface was spectroscopically assessed.

2. Materials and Methods
2.1. Synthesis of N-(2-(1H-Imidazol-4-yl)ethyl)-6-mercaptohexanamide (IMHA) and
6-Mercapto-N-methylhexanamide (Fragment Molecule)

Materials were purchased from Apollo Scientific (histamine dihydrochloride), Alfa
Aesar (6-bromohexanoic acid, oxalyl chloride, NaOMe (30 wt% in methanol)), TCI (1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI Cl), methylamine (40% in
methanol), and Sigma Aldrich (thioacetic acid, K,CO3, 1,4-dithio-DL-threitol (DTT), CH,Cl,
(DCM), methanol, triethylamine, dimethylformamide (DMF), 4-dimethylaminopyridine
(DMAP)). DMSO-d6 (99.5 atom% D) and CDCl; (99.8 atom% D) for nuclear magnetic
resonance spectroscopy were obtained from Apollo Scientific. IMHA was synthesized from
histamine dihydrochloride and 6-bromohexanoic acid, as shown in Figure 1. The details of
synthesis and related analytical data of the IMHA, imidazole-truncated IMHA (6-mercapto-
N-methylhexanamide) (fragment molecule), and their intermediates are presented in the
Supplementary data file (General methods section, Scheme S1, and Figure S1).
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Figure 1. Synthesis scheme of IMHA and fragment molecule.

2.2. Synthesis of Silicon Dioxide Covered Spherical Silver Nanoparticles (Ag@SiO,)

The reagents and solvents were used without further purifications: silver nitrate
(AgNOgz, 99%), trisodium citrate dihydrate (99%), (3-aminopropyl)triethoxysilane (99%),
and sodium silicate solution (NaOH 10%, SiO; 27%) (Merck). All solutions were prepared
with ultra-pure water (resistivity of 18.2 MQ-cm) from Direct-Q 3UV (Merck, Darmstadt,
Germany). Nanoparticles (NPs) were synthesized under microwave irradiation according
to the previously published method [44]. Briefly, the bare silver-core NPs were prepared by
the AgNO; reduction with sodium citrate and capped with silica shell. Then, core-shell
NPs were purified by a repeated centrifugation, supernatant removal, and resuspension.
Figure 2 shows the Ag@SiO, NPs images obtained by high-resolution transmission electron
microscopy (HR-TEM). HR-TEM images were collected by an FEI Tecnai G2 F20 X-TWIN
TEM (FEIL Netherlands) microscope with an accelerating voltage of 200 kV. The microscope
was equipped with an EDX (EDAX) spectrometer and Gatan Orius CCD camera. The
measurements were carried out in a bright-field regime.

50 nm

Figure 2. HR-TEM images of Ag@SiO, nanoparticles. Ag core and SiO; sizes were 85 & 5 nm and
3 nm.

2.3. Preparation and Characterization of SAM

A 120-nm Au film was deposited on clean glass slides by using a Quorum 150T
magnetron-sputtering machine and a 99.99% Au target. After that, the slides were incubated
in 1073 M IMHA ethanol solution for twenty-four hours unless indicated otherwise; then

108



Molecules 2022, 27, 6531

40f16

rinsed with ethanol and dried under N,. For SHINERS experiments, the slides were
mounted into an electrochemical cell and filled with Milli-Q water. After that, 3 uL of
Ag@SiO, were carefully injected directly on the surface of Au and left to rest for 10 min for
nanoparticles to adsorb. Then, the cell was thorough rinsed with 0.01 M phosphate buffer
(pH 7) containing 0.1 M NaySOy.

Reflection absorption IR spectroscopy (RAIRS) spectra were obtained by using a
Vertex 80v FTIR spectrometer (Bruker, Germany) equipped with the LN-MCT narrow band
detector and the horizontal reflection accessory. The spectral resolution was set at 4 cm™!.
Spectra were acquired by 400 scans at a grazing angle of 80° by using p-polarized light.
The sample chamber and the spectrometer were evacuated during the measurements to
approximately 2 hPa pressure. The spectrum of deuterium substituted octadecanethiol
(ODT-d38) SAM adsorbed on Au was used as a reference. FTIR transmission spectrum was
recorded from KBr pellet-dispersed IMHA using an Alpha spectrometer (Bruker, Germany)
equipped with an RT-DTGS detector. The resolution was set to 4 cm~; 50 interferogram
scans were co-added.

SHINERS spectra were recorded using high throughput (instrument NA = 0.22)
Tornado HyperFlux spectrometer (Tornado Spectral Systems, Mississauga, ON, Canada)
equipped with fiber-optic cable for excitation and collection of the Raman spectra. The
785 nm beam of the diode laser was used as the excitation source. The laser power at the
sample was set to 38 mW, and the beam was focused on a 100 um diameter spot on the
sample. Spectra were recorded for 300 s by co-adding thirty 10-s scans. For temperature-
controlled Raman measurements, the LinKam temperature control system PE95/T95 with
the accuracy of 0.05 °C was used. IMHA powder was measured with 80 mW laser power
and 100 s integration time, at 22, 130, and 135 °C. Spectroelectrochemical measurements
were carried out in a three-electrode cell, where slides with Au film were used as a work-
ing electrode, platinum wire as a counter electrode, and KCl saturated Ag/AgCl as a
reference electrode.

Raman wavenumbers were calibrated according to the polystyrene spectrum. Band fre-
quencies were obtained by fitting experimental contours with mixed Gaussian-Lorentzian
form components by using the GRAMS/AI 8.0 (Thermo Scientific, Waltham, MA,
USA) software.

Theoretical modeling study of IMHA molecule was performed using Gaussian pack-
age version G09 D.01 [45]. Geometry optimization and frequency calculation were com-
pleted with the DFT method using the hybrid B3LYP functional and 6-311++G(2d,p) basis
set. The polarizable continuum model (IEFPCM) was used to emulate the water environ-
ment. The frequency calculation ended with no imaginary wavenumbers, indicating the
geometry at minimum energy. Frequency and intensity scaling were applied according to
the previously described procedure [46].

3. Results and Discussion
3.1. Assignments of Raman Bands

The studied IMHA molecule comprises four functional units: (i) the surface-active thiol
group (SH), (ii) the hydrocarbon chain (—(CHj;)s—), (iii) the amide group (—~CO—-NH-),
and (iv) the terminal Im ring (Figure 3). To facilitate Raman band assignments, we have
synthesized a compound similar to IMHA thiol without the terminal Im ring (fragment
compound) (Figure 3). Detailed assignments of the Raman bands are provided in the
Supplementary Data file (Figure S2 and related discussion) and Table 1.
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Figure 3. Molecular structure of Tautomer-I and Tautomer-II form of IMHA and the structure of
fragment molecule.

Table 1. Temperature-Raman, SHINERS, and DFT frequencies and assignments of IMHA.

Raman, cm—1 SHINERS, cm—1 DFT Ref. Assignment
2°C 130°C 135°C H,0, —0.8V
3142 3139 3144 sh 3158 ¥(C5-H)
3120 3118 3118 3139 ¥(C2-H)
2926 2925 2928 2021 2935 Vas(CH)
2852 2857 2859 2856 2913 vo(CH,)
2572 2574 2574 na. 2602 v(S-H)
1636 1643 1650 }ggg 1642 ¥(C=0) Amide-T
1582 T-I1 1597 T-I1 1587 T-I1
1566 T-1 1564 T-1 1564 T-I 1573 T-1 1570 T-I [9,18,19] V(C4=C5) + v(C4-Co) + B(CSH)
1530 V(C=N) + §(NH) Amide-Il
1497 1493 1480 1490 sh 149 [10,18]  v(C2-N3) + B(C2H) + v(C2-N1) + v(C5-N1)
1464 1461 1458 5(CHy) scissoring
1442 1439 1437 1434 1443 5(CHy) scissoring
1362 1360 1372 1381 w(CH,)
1345 T-11 1352 sh T-I1 .

1321 T 1318 T-I 1326 sh T-I 1335 T-I (1] 8(CHy) + v(Im) breathing + 5(C5H)
1299 1299 1305 1302 1303 {(CH)

12570 1257 T 1263 T-IT 1262 T-I1 [9,19,47] v(Im) breathing + B(C2H)
1230 1228 1230 1238 1240 [18] B(C5H) + B(C2H) + v(C5-N1)
1191 1190 1190 1192 1202 {(C6H,) + 5(NSH)

1167 1163 1130 [13] V(C2-N1) + 5(N1H)
1087 1087 1105 1089 ¥(C-C)r + 5(CSH) + 5(CCS)
1036 1037 1059 1051 1045 Y(C-C)r

1019 1018 1014 1018 ¥(C6-C7)

983 979 971 977 [9,19] B(CH) I for T-I
931 931 931 943 {(CHy) + r(CHy)
921 916 948 [13] B(CH) Im

911 906 907 5(N8CIC11)
841 842 839 835 ¥(C2H)

753 750 750 [48] Y(C5H) + r(CH)
732 730 734 730 [48] £(CH,) + v(5-C)r
711 709 710 701 712 +(5-C)r

685 682 694 (Im)

653 655 654 634 na. [49] ¥(5-C)g + 5(Im)

Abbreviations: n.a., not applicable; sh, shoulder; G, gauche; T, trans; 1, rocking; w, wagging; t, twisting; 5,
deformation; f3, in-plane deformation; vy, out-of-plane deformation; v, stretching; Im, imidazole; T-I, Tautomer-I;
T-II, Tautomer-II.

To evaluate Raman modes related to intra- and intermolecular interactions and those
sensitive to the ordering of alkyl chain, we performed a temperature-dependent Raman
study of powder IMHA compound (Figure 4). Changes in temperature provoke structural
or phase transitions and a variety of conformational alterations in a molecular system. In
general, an increase in temperature induces disordering in the molecular arrangement. Such
disordering may be reflected in changes of spectral mode bandwidths (related to vibrational
energy distribution), peak position (energy of particular vibration), and relative intensities
(distribution of two or more different forms of a molecule). Therefore, temperature-Raman

110



Molecules 2022, 27, 6531

60of 16

provides additional means for scrutinizing a given compound. The medium intensity
modes near 1566, 1321, and 983 cm ™! in the 22 °C spectrum are related to vibrations
of the Tautomer-I (N1-H, N3) form of Im ring and are assigned to v(C4=C5) stretching,
v(Im) breathing + 5(C5H), and $(CH) deformation, respectively [19]. At the elevated
temperatures (130-135 °C), the shoulders appear at 1582 and 1345 cm~! specific to the
Tautomer-II (N1, N3-H) form of Im. The relative percentage of T-II determined by the
integral intensity ratio Ajsgy/(A1s82 + A1se4) is 16% for the compound at 130 °C and 32%
for the one at 135 °C. It should be noted that the frequency of an intense band at 1321 cm ™!
downshifts to 1305 cm ™~ at 135 °C. In addition, the band notably broadens. Such spectral
changes reflect a decrease in H-bonding interaction strength primarily at N3 site, because
of a considerable contribution from v(N3—C2) vibration to this mode for Tautomer-1[19].

Raman intensity

Iy

1 1 1 1
3100 2600 1500 1100 700
Wavenumber / cm™’

Figure 4. Temperature-dependent Raman spectra of solid IMHA at 22, 130, and 135 °C (upper panel)
and DFT spectrum of IMHA (bottom panel). The intensity of the 2530-3175 cm~! region is scaled
by 0.5.

The 1497 cm ™! band assigned to v(N1-C2) + (C2H) motion is not sensitive to Im
tautomerism [19]. The band, however, shifts to higher wavenumbers with the coordination
of metal cation at the nitrogen lone electron pair. Moreover, electrode polarization also
induces shifting for imidazole-copper pair (9 + 2 em~1V~!) [18]. We found a 17 cm~!
downshift of the spectral mode to 1480 cm~! and a clear increase in full width at half-
maximum (FWHM) with the temperature raised to 135 °C. These spectral changes are
associated with the increased motional freedom of the Im ring. Therefore, the spectral
changes near 1496-1480 cm ™! may serve as a useful spectral marker for Im ring packing.

Nested within the alkane chain, the amide group acts as an intermolecular stabilizing
agent, which forms the extended H-bond network between neighboring molecular chains.
It has been already shown that such an interaction radically increases the desorption
temperature and chemical stability of the monolayer [50]. From the temperature-Raman
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spectra of the powder compound, only the medium-low intensity Amide-I (Am-I) band
at 1636 cm~! can be recognized. This spectral mode is related to C=O stretching (83%)
coupled with out-of-phase v(C—N) and (C-C—N) and can serve as a diagnostic tool in
identifying the secondary structure of peptides [47]. The 14 cm™! frequency upshift during
the solid-to-liquid transition with the temperature elevation, clearly shows the weakening
of the H-bonding at the amide’s C=O group.

3.2. RAIRS Analysis of the Monolayer Formation

Figure 5 shows RAIRS spectra of the IMHA monolayer adsorbed on a smooth gold
surface. The spectral features at 1645, 1556, and 1264 cm ! are assigned to amide bands,
Am-I, Am-II, and Am-III, respectively, whereas the ones near 1460 and 1380 eam ! to
methylene scissoring and wagging deformations, 5(CHj). The RAIRS-surface selection
rule allows interrogating the orientation of molecular groups because the intensity of
particular spectral mode directly depends on the projection of the mode’s transition dipole
moment (TDM) on the surface normal [51]. While Am-I and Am-II have TDMs oriented
perpendicular to each other in the amide bond plane, they also have perpendicular and
parallel TDM orientations with respect to carbohydrate chain [51]. Thus, for the neatly
packed IMHA monolayer, the Am-II is expected to dominate the spectrum. Indeed, at
progressively longer incubation time, the Am-II intensity at 1556 cm ! increases and the
intensity of Am-I at 1645 cm~! decreases. The integral intensity ratio Am-1I/ Am-I provides
a qualitative measure of the molecular reorientation (Figure 5B). The experimental data of
Am-II/Am-I were fitted with a sigmoidal function:

A=A+ —24 )

1+ (ti) ’

where t,, is the transition inflection point found at 162 min. At 10 s incubation time, the Am-
II/ Am-I ratio was 1.4, which is slightly above 0.9 calculated for IMHA molecules chaotically
dispersed in KBr pellet (Figure S3). The ratio doubled in 10 min and after 24 h it reached 11.2,
so most molecules had a planar amide group oriented perpendicularly to the surface. Such
an orientation is strengthened by the H-bonding interaction involving the amide group
(C=0---H) and dipole—dipole interaction between the C=0 groups [52]. The link between
Amide-I and -II wavenumbers and the H-bonding strength at C=O and N-H groups has
been clearly established [53-55]. We find marginal Am-I frequency decrease with the
development of SAM (by 3 cm™! during the 120 min incubation) revealing minor increase
of the H-bonding strength at C=0. The frequency of the Am-II band remained constant.

In the RAIRS spectrum of 24 h-incubated fragment SAM, the Amide-II spectral band
is blue-shifted by 12 cm~! compared to the IMHA SAM (after 24 h incubation), showing
the stronger H-bonding at the N-H group for fragment molecule. Interestingly, surface-
adsorption of molecules from solution phase induced spectral shift of Am-II mode by
—20 for IMHA and 13 cm™! for the fragment molecule (Table 2). Such frequency shifting
is related to different molecular packing efficiency in bulk and SAM. The Im ring in
IMHA molecule introduces sterical hindrances for the neighboring amides to engage in the
formation of an optimal H-bonding network.
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Figure 5. (A) The immersion time dependent RAIRS spectra of IMHA and the spectrum of the
fragment molecule after 24 h-incubation. (B) Dependence of integral intensity ratio Am-II/Am-I on
the immersion time fitted with the sigmoidal curve (R? = 0.9925). The transition midpoint at 162 min
marked by a dashed line. Cartoon depicts the atom motions in Amide-I and Amide-II vibrations.

Table 2. Wavenumbers and FWHM (bold) of Am-I and Am-II modes of IMHA and fragment molecule
obtained from samples in powder form and SAMs.

IMHA Fragment
SAM, 24 h Powder ) SAM, 24 h Powder J
Am-TI, cm ™! 1557, 29 1577,37 -20 1569, 28 1556, 52 13
Am-I,em™! 1642, 42 1638, 27 6 1650, 28; 1667, 16 1647, 41 3;20

Abbreviation: 5, wavenumber shift, VYSAM—Vpowder-

3.3. General Features of IMHA Monolayer SHINERS Spectrum

Figure 6A presents evidence of Ag@SiO, functionality. The Raman spectrum of
nanoparticles has virtually no vibrational modes until the nanoparticles are placed on top
of smooth surface-adsorbed IMHA monolayer. The intense mode at 702 cm ™! corresponds
to v(C-S)t stretching vibration of the molecules, which adopt a nearly vertical orientation
with the surface at the C-Sbond, whereas the corresponding gauche mode v(C-S) appears
as a weak feature at 622 cm ™. The predominant trans configuration agrees with the vertical
orientation of molecules at the amide group in mature SAM as revealed by RAIRS. Weak
Am-I bands at 1685 and 1640 cm ™! were immediately ascribed to surface molecules that are
involved in strong and weak H-bonding at amide groups, respectively. The rather complex
1500-1700 cm ! region contains no Am-1I mode because this mode is typically either very
weak or not detectable in Raman spectra [56]. Two strong bands at 1062 and 1019 cm ™!
were found to be not sensitive to H/D exchange and were assigned to stretching vibrations
of hydrocarbon chain, v(C-C)t and v(C-C), respectively (Table 1). The higher frequency
component was assigned to the in-phase vibration of (CH;)5— chain in extended all-
trans conformation based on DFT calculations (1089 cm~! band) and previously reported
temperature-dependent SERS studies of SAMs [57]. The 1019-cm ™! band was assigned to
the C—C stretching vibration of hydrocarbon chain connecting amide and Im groups based
on DFT suggestion (1018 cm™! band).
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Figure 6. (A) SHINERS and Raman spectra of IMHA SAM on a smooth Au electrode in HyO.
(B) EC-SHINERS spectra recorded at —0.8 and 0.2 V potentials in phosphate buffer solution (PBS;
pH 7.0, with 0.1 M NaySOy). Asterisk (*) at 981 cm~! marks 042~ vibrational mode from the solution.
Cartoon depicts the selected imidazole ring motions.

The tautomeric equilibrium of Au-adsorbed IMHA could certainly differ from that of
the solution phase. Indeed, v(C4=C5) + v(C4-C6) + 3(C5H) mode at 1582 cm ! fall close
to the 1588—1583 cm ™! range typical for T-IT [16]. While in the case of T-I conformer, this
mode is expected to be observed at considerably lower wavenumbers (1573-1568 cm ™).
The downshift of this mode to 1575 cm™! in D,O solution immediately confirms H/D
exchange at nitrogen sites of Im ring in the monolayer. Another couple of bands, at 1261
for H,O and 1257 cm ™! for D,O solutions, confirm the T-II surface form of IMHA [16].

3.4. Potential-Controlled SHINERS Measurements of IMHA Monolayer

Negative electrode polarization at —0.8 V potential was applied for 30 s in the be-
ginning of each potential-controlled measurement to desorb impurities of low surface
affinity, which may originate from nanoparticles. Preliminary examination showed that
pretreatment of the monolayer at negative potentials increases the reproducibility of results.
Figure 6B shows SHINERS spectra from the smooth Au electrode adsorbed IMHA at —0.8
and 0.2 V electrode polarizations.

Plenty of SERS research on metal-sulfur bond has been carried out for the roughened
metal adsorbed monolayers [57,58]. However, only with SHINERS approach the well-
defined and smooth substrate adsorbed molecules become more accessible to Raman
spectroscopy [37,59]. The Au-S stretching mode found at 257 cm~! upshifts to 279 cm !
(6 =22 cm™!) when the potential is tuned from —0.8 to 0.2 V attesting the increase in
Au-S bond strength. A similar value was found in a previous study on flat Au-adsorbed
N-(6-mercapto)hexylpyridinium [37], whose high tuning rate was ascribed to force constant
changes in Au-5 bond strength because of electrode polarization and to some extent to
the Stark effect [37,60]. As for C-S bond, the populations of gauche and trans molecular
conformers were matching at —0.8 V, but with positive electrode polarization trans became
strongly favored (Figure S4). Both conformational bands redshift with the tuning rate of
—53+0.2and —6.9 + 0.2 cm~!'V~!, respectively, indicating potential-induced decrease
in C-S bond strength, while at the same time Au-S bond became increasingly stronger at
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more positive potentials [61]. Within the tested potential window, the trans/gauche ratio
(I701/Ig33) increases from 1 to 3 with transition midpoint potential of —0.34 £ 0.02 V. Notably,
all spectral changes are reversible as the electrode potential is set to —0.8 V. Two strong
bands at 1051 and 1014 cm ™! were assigned to stretching vibrations of hydrocarbon chain,
v(C—C)1 and v(C-C), respectively (Table 1). It should be noted that the relative intensity
of v(C—C)r band increases at more positive electrode potentials together with growing
v(C—S)T mode. In the high frequency region of Figure 6B, symmetric and asymmetric
stretching vibrations of methylene groups v(CH,) near 2858 and 2921 cm ™! were found
(E = —0.8 V). These modes will be discussed in more detail later in the manuscript.

To interpret the rather complex midrange region that is occupied by the imidazole ring,
amide group vibrations, and the deformations of the methylene groups, a separate H/D
exchange experiment was performed for the IMHA monolayer. The H/D exchange process
was accomplished at the open circuit potential (0.17 V) by exchanging phosphate buffer
solution (PBS) (with 0.1 M NaySOy, pH 6.9) to pure D,O (Figure 7). Amide-I spectral mode
is found to be composed of low- and high-energy components at 1643 and 1676 cm ™, both
of which downshift by 7-8 cm ™! upon the exchange. We find that vibrational modes in
the 1300~1610 cm ! were sensitive to the solvent exchange. For example, the Tautomer-I1
related C=C stretching mode of the Im ring v(C4=C5) clearly downshifts from 1590 to
1571 cm~! [16]. The well-defined feature at 1492 cm™ assigned to v(C2-N3) coupled
with 3(C2H) downshifts to 1483 cm ™! in accordance with literature data [18]. The intense
band at 1333 cm ™! develops in D,O solutions. This band was identified as a Tautomer-II
marker band for N3D protonated histidine [62]. Interestingly, the mode at 1545 cm ™!
becomes significantly pronounced at 0.2 V potential (Figure 7A) and almost disappears
due to the H/D exchange. Its assignment remains not fully clear because the contribution
from the Am-II could be almost certainly ruled out since the deuteration of amide’s N
atom would introduce Am-II" with additional spectral intensity near 1450 cm~! [63,64].
The only possible proximal spectral modes are expected near 1535 cm ™! for deprotonated
4-methylimidazole and doubly protonated histidine, both of which in neutral pH are not
likely [13,62]. Presented SHINERS data revealed that the imidazole ring in the SAM at
relatively positive electrode potentials is in the N3H protonation state (Tautomer-II).

")
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Figure 7. (A) SHINERS spectra in 11201725 cm ™! region of IMHA monolayer at open circuit
potential in PBS solution (a), which was gradually exchanged to D,O (b)—(f). In each step, 20 vol% of
the solution was removed from the cell and then the same amount of D,O was added. (B) The spectra
of the first and the last step of the H/D exchange fitted with Gaussian-Lorentzian shape components.

Figure 8 shows the detailed SHINERS analysis of biased potential induced structural
changes in IMHA SAM. An 11.2 cm ™! upshift in the frequency of dominant Amide-I
component is detected with more positive electrode potentials (Figure 8C). To complement
that, we analyzed the relative intensities of Am-I modes of strongly (ca. 1631 cm~!) and
loosely H-bonded (ca. 1680 cm~!) molecules. The intensity ratio of these expressed as
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T1631/T1680 monotonically decreased from 3.4 to 2.3 with the negative to positive potential
excursion. Both frequency shift and relative intensity changes show that a positive bias
potential disengages molecules from the more strongly H-bounded network at the C=O
moiety of amide groups.
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Figure 8. (A) EC-SHINERS spectra in 1120-1750 cm ™" and 2750-3050 cm ™! regions at indicated po-
tentials. Spectra correspond to the ones in Figure 6. (B) EC-SHINERS difference spectrum constructed
by subtracting 0.2 V spectrum from the one registered at —0.8 V. (C) Potential dependence of the
Amide-T and (D) v(C2-N3) + 3(C2H) mode wavenumbers.

As Figures 6 and 8 show, the positions of imidazole-tautomerism marker bands near
1262, and 1597 cm~! remain consistent with N3-H protonation (Tautomer-II) within the
tested potential window [19]. However, at —0.8 V potential, a shoulder at 1573 cm !
associated with Tautomer-I protonation form of Im becomes visible. Positive polarization
diminishes mode intensity, while its T-II counterpart at 1597 cm~! becomes stronger.
Thus, SHINERS data show the T-II being the preferred tautomeric form at each tested
potential, with a minor portion of molecules adopting T-I at the most negative polarizations.
Potential induces a slight shift of the 1597 cm™! to lower wavenumbers by 3.6 cm™!
due to lengthening of the C4=C5 bond. Interestingly, the Im ring mode at 1490 cm~!
assigned to C2-N3 stretching coupled with in-plane deformation $(C2H), v(C2-N1), and
v(C5-N1) shows the nonmonotonous dependency on potential [10,18]. This mode shifts
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by —4.9 cm~! (tuning rate 13.3 em V=1 in the range from —0.8 to —0.4 V and then
upshifts by 1.8 cm ™! (Figure 8D). Besides, the spectral mode notably increases in FWHM
by ca. 10 cm ™! of the —0.4 V spectrum compared to the —0.8 V one. From temperature-
Raman measurements, decreasing mode frequency and increasing FWHM were linked with
liberated imidazole ring motion. Thus, spectral data show that Im ring confinement in the
monolayer at more positive electrode potentials is relaxed. The strong band at 1262 cm ™
(—0.8 V) due to Im ring breathing vibration coupled with C2-H in-plane deformation is
very sensitive to potential perturbation; frequency of this band upshifts to 1266 cm ™! at
electrode polarization 0.2 V. Consequently, the potential-difference spectrum clearly shows
derivative-like feature at 1279/1254 cm~! (Figure 8B). Temperature-dependent Raman
study of bulk IMHA compound revealed an upshift in the position of this mode at elevated
temperature (135 °C) (Figure 4). This might be related to decreased H-bonding interaction
strength at the Im ring site. Such spectral observations are consistent with decreased H-
bonding interaction strength at both amide (Am-I band) and Im ring sites at more positive
electrode polarization.

3.5. Raman Markers for H-Bonding Interaction

In order to better understand the way H-bonding interaction affects imidazole ring
structure and its vibrational frequencies, DFT modeling was carried out for 5-ethyl-1H-
imidazole (Im-CH,-CHj3) molecule isolated in vacuum and coordinated with one and
two explicit water molecules (Figure 9). Calculations of T-II form molecule predict that
1608-cm™ mode is mainly C4=C5 stretching motion; 1499 cm~! mode is assigned to
v(C2-N1) + v(C2-N3) + B(C2H) and associated with 1492 cm~! mode in SHINERS spectra.
The 1423 cm™! mode emerges due to B(N3H) + v(N3-C4) + v(N3-C2) vibrations; 1382 cm !
mode is tautomerism sensitive Im breathing mode. With increasing H-bonding coordina-
tion number, the 1499-cm~! mode shifts to higher frequencies by 2-6 cm~! (coordination
number 1) and by 9 em~! (coordination number 2). The same holds for a compound in T-I
form, for which an 8 cm™ shift was found when in contact with two H,Os. The predicted
wavenumber shift confirms the principal mode’s sensitivity to H-bonding interaction at
the Im group and agrees with the temperature-Raman data presented in Figure 4 where the
higher wavenumbers were associated with stronger hydrogen bonding interactions for the
sample at room temperature. We already ascribed the decrease in position of 1492 cm ™
mode with liberated Im ring based on temperature-Raman. However, DFT proves that
such a liberation is hydrogen bonding strength-related. Thus, the sharp wavenumber drop
from —0.8 to —0.4 V potentials in Figure 8D clearly indicates reduction of H-bonding at Im,
which is followed by a slight strengthening in —0.4/0.2 V range.

Interestingly, we found stronger H-bonding interactions for Im coordinated with two
H,0 molecules rather than one HyO. In this case, the length of N1---H,O and N3-H:--H,O
bonds decreased by 1.9 and 2.7 pm with an introduction of the second H,O molecule (insets
in Figure 9). A much higher, up to 30 em~}, frequency shift was found for 1423-cm ! mode.
However, this mode was difficult to identify in experimental SHINERS spectra of IMHA
SAM because of the overlapping with methylene deformation vibrations.
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Figure 9. DFT spectra and optimized structures of Tautomer-II form of model compound 4-ethyl-1-
imidazole with H-bonding coordination number from 0 to 2. The lengths of H-bonds are indicated
in pm.

4. Conclusions

Hydrogen bonding is fundamental in protein architecture, interactions, and molecular
recognition. Imidazole group of histidine amino acid is a major player in active centers
of enzymes and protein secondary structure because of its ability to accept and donate
H-bonding. To study H-bonding interactions of imidazole ring at electrified interfaces, first,
we synthesized alkanethiol molecule with interchain amide group and terminal imidazole
functional group (IMHA), then studied IMHA SAMs adsorbed on atomically smooth Au
surfaces by means of SHINERS and RAIRS techniques.

(i) From RAIRS data molecules adsorb on a surface chaotically but with time (transition
midpoint was 162 min), their intrachain amide groups become nearly perpendicular to the
surface, which points to the more neatly organized SAM. However, the formation of an
optimal H-bond network among amide groups was precluded by the steric hindrances
introduced by bulky IMHA's imidazole group, as revealed by a study of the imidazole-
truncated fragment molecule. For further endeavors, mixed IMHA /fragment molecule
SAMs are suggested.

(ii) Adsorption on a surface induced a tautomeric transition in IMHA molecules from
Tautomer-I (N1-H, N3) to Tautomer-II (N1, N3-H). The Tautomer-II was strongly favored
at electrode polarization close to open circuit potential. However, an increased portion of
Tautomer-I molecules was observed at —0.8 V.

(iii) Temperature-Raman and DFT modeling identified the 1492 cm~! mode as sensitive
to imidazole ring confinement and H-bonding strength. The analysis of this mode revealed
the potential-dependent behavior of the interfacial Im ring, such that the Im is the most
strongly confined and H-bonded at —0.8 V electrode polarization and the weakest confined
and H-bonded at —0.4 V.

The presented data on construction, structure, and potential dependence of imida-
zole ring group-functionalized SAMs will possibly be valuable for the development of
biosensors, molecular electronics, environmental, and pollution studies.

118



Molecules 2022, 27, 6531 14 of 16

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196531/s1, Scheme S1: Synthesis scheme of IMHA
compound and fragment molecule; Figure S1: 1H NMR and 13C NMR spectra of N-(2-(1H-imidazol-4-
yl)ethyl)-6-mercaptohexanamide (IMHA); Figure S2: (A) Raman spectra of powder IMHA, fragment
molecule, and histidine. (B) Raman spectra of powder fragment molecule and the 0.33 M solutions
in HyO and D,O. Figure S3: FTIR transmission spectra of IMHA and fragment molecule powders
dispersed in KBr pellets. Am-I and Am-II spectral modes were approximated using Gaussian
shape components. The full-widths at half maxima of Am-I and Am-II bands are given next to
corresponding wavenumbers; Figure S4: (A) SHINERS spectra of IMHA adsorbed on smooth Au
electrode at indicated potentials in the 600-750 cm™" spectral region. Spectra were recorded in 0.1 M
NaySO4 aqueous solution containing 0.01 M phosphate buffer (pH 7). The excitation wavelength was
785 nm. (B) Dependence of relative integrated intensity Iy /Ig33 ratio of IMHA bands on electrode
potential fitted with the sigmoidal curve (Boltzmann model, R>= 0.99658). The transition midpoint
potential value was determined at —0.34 4- 0.02 V, shown by the dashed line. The grey bar around the
midpoint line shows the error in the fitting value. (C) Dependence of v(C-S)g and v(C-S)t modes
wavenumbers of IMHA on electrode potential. Data in (B) and (C) sections were presented as an
average of three independent measurements.
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Materials and Methods

Synthesis and characterization of N-(2-(1H-imidazol-4-yl)ethyl)-6-mercaptohexanamide

(IMHA) and 6-mercapto-N-methylhexanamide (Fragment molecule)

General methods

Compounds NMR spectra were recorded on a Bruker Ascend 400 spectrometer in DMSO-d6
or CDCls. Chemical shifts are reported in ppm relative to solvent resonance signal as an
internal standard. Melting points were recorded in open capillary using Mettler Toledo FP90
Central processor equipped with Mettler Toledo FP8IHT MBC Cell and are not corrected.
Chromatography was performed using Apollo Scientific Zeoprep 60 35-70 pm silica gel for
flash chromatography and Merck TLC Silica gel 60 F2s4 plates for TLC. Starting materials were
purchased from Apollo Scientific (histamine dihydrochloride), Alfa Aesar (6-bromohexanoic
acid, oxalyl chloride, NaOMe (30% w/w in methanol)), TCI (1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI Cl), methylamine (40% in methanol, ca 9.8 mol/L)
and Sigma Aldrich (thioacetic acid, potassium carbonate, 1,4-dithio-DL-threitol (DTT),
dichloromethane, methanol, triethylamine, dimethylformamide (DMF), 4-
dimethylaminopyridine (DMAP)). DMSO-d6 (99.5 atom% D) and CDCls (99.8 atom% D) for
NMR spectroscopy were obtained from Apollo Scientific.

o) o) HN o
o 4|
HOJ\(CHz)s Cl)L(('?Hz)s \NL/\N )L(CHz)s

HO)L(CH2)5 .

Br S\([j]/ S\ﬂ/ S\ﬂ/

4 5 IMHA

Scheme S1. Synthesis scheme of IMHA compound and fragment molecule 5.
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6-(acetylthio)hexanoic acid (1)

To a solution of K2CO:s (9.2 g, 66.6 mmol) in deionized water (30 mL), thioacetic acid (4.3 mL,
61.5 mmol) was added dropwise at 10 °C under argon atmosphere. After 30 min solution of
6-bromohexanoic acid (10 g, 51.3 mmol) and K:COs (7.09 g, 51.3 mmol) in deionized water
(50 mL) was added at 10-12 °C, resulting mixture was stirred at room temperature overnight.
Reaction mixture was washed with CH2Clz (2 x 25 mL) then acidified to pH 2 with 6 M HCL
Product was extracted with CH>Cl (2 x 50 mL and 1 x 25 mL), washed with water (1 x 50 mL)
and brine (1 x 25 mL), dried with anhydrous NazSO, filtered through a short plug of silica
gel. Solvent was evaporated under reduced pressure to afford compound 1 (8.46 g, 86.7%) as

light yellow oil.

S-(6-chloro-6-oxohexyl) ethanethioate (2)

To a solution of compound 1 (5 g, 264 mmol) and DMF (0.1 mL, 1.31 mmol) in
dichloromethane (150 mL), under argon atmosphere, oxalyl chloride (3.4 mL, 39.4 mmol) was
added dropwise at 0-3 °C, then stirred at room temperature for 2 hours. Reaction mixture

was evaporated to dryness. Obtained intermediate 2 was used immediately in the next step.

S-(6-((2-(1H-imidazol-4-yl)ethyl)amino)-6-oxohexyl) ethanethioate (3)
To a suspension of histamine dihydrochloride (9.67 g, 52.6 mmol) in DMF (52 mL),
triethylamine (29.5 mL, 210 mmol) was added under argon atmosphere, than solution of
intermediate 2 (all from previous step, 26.4 mmol) in DMF (26 mL) was added dropwise at
0-5 °C, mixture was stirred at the same temperature for 1 hour, then at room temperature
overnight. Reaction mixture was diluted with deionized water (150 mL), product was
extracted with CH2Cl: (1 x 200 mL) and a mixture of CH2Cl> with MeOH (2 x 100 mL CH:Cl.
: 25 mL MeOH)). Organic layers were combined, evaporated to dryness and subjected to flash
chromatography (CH:Cl/MeOH 90:10) to afford compound 3 (5.42 g, 72.8 %) as white
crystals, m.p 114-117 °C, R¢0.7 (4:1 CH2Cl/MeOH).
"H NMR (400 MHz, DMSO-ds)  11.70 (brs, 1H) 7.83 (s, 1H), 7.52 (s, 1H), 6.78 (s, 1H), 3.23-3.28
(m, 2H), 2.82 (t, ] =7.2 Hz, 2H), 2.62 (t, ] = 7.4 Hz, 2H), 2.32 (s, 3H), 2.04 (t, ] = 7.4 Hz, 2H), 1.45-
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1.53 (m, 4H), 1.23-1.32 (m, 2H). ®C NMR (101 MHz, DMSO-ds) d 195.31, 171.80, 134.57, 38.64,
35.21, 30.57, 28.91, 28.26, 27.74, 24.75.

N-(2-(1H-imidazol-4-yl)ethyl)-6-mercaptohexanamide (IMHA)

To a solution of compound 3 (3.5 g, 12.4 mmol) in MeOH (40 mL), under argon atmosphere,
NaOMe (9.1 mL, 49.4 mmol, 30% w/w in MeOH) was added dropwise at room temperature,
and was allowed to stir overnight. Reaction mixture was cooled in an ice bath, neutralized
(~7 pH) with 2 M HCl and brine (10 mL) was added. Product was extracted with CH2Cl2 (1 x
100 mL) and a mixture of CH2Cl> with MeOH (50 mL CH:Clz : 10 mL MeOH). Organic layers
were combined and evaporated to dryness. Remaining mixture was dissolved in a mixture
of CHxCl: with MeOH (20 mL CH:CL : 5 mL MeOH), DTIT (3.8 g, 24.7 mmol) then
triethylamine (3.44 mL, 24.7 mmol) was added, and allowed to stir under argon atmosphere
overnight. Solvents were evaporated to dryness and subjected to flash chromatography
(CH:CL:/MeOH 85:15) to give IMHA (1.47 g, 49%) as white crystals, m.p 130-131 °C, Ry 0.65
(4:1 CH2Cl/MeOH).

'H NMR (400 MHz, DMSO-de) 0 7.85 (t, | =5.7 Hz, 1H), 7.52 (d, | =1.1 Hz, 1H), 6.77 (d, = 1.1
Hz, 1H), 3.24 (td, ] = 7.5, 5.5 Hz, 2H), 2.60 (t, | = 7.4 Hz, 2H), 2.45 (q, ] = 7.3 Hz, 2H), 2.21 (t, ] =
7.7 Hz, 1H), 2.03 (t, | = 7.3 Hz, 2H), 1.43-1.55 (m, 4H), 1.25-1.33 (m, 2H). *C NMR (101 MHz,
DMSO-ds) 0 171.88, 134.57, 134.32, 116.89, 38.64, 35.31, 33.12, 27.36, 27.00, 24.74, 23.65.

S-(6-(methylamino)-6-oxohexyl) ethanethioate (4)

To a solution of compound 1 (4.755 g, 25 mmol) in dichloromethane (125 mL), DMAP (0.305
g, 2.5 mmol) and EDCI CI (6.47 g, 33.75 mmol) was added at 0-5 °C under argon atmosphere.
Then methylamine (40% solution in MeOH, 3.82 mL, 37.5 mmol) was added dropwise
followed by addition of triethylamine (5.23 mL, 37.5 mmol) at 0-5 °C and left to stir at room
temperature for 24 hours. Reaction mixture was washed with water (1 x 20 mL), 1 M HCI (2
x 25 mL), saturated NaHCO:s with brine (1 x 50 mL, 1:1) and dried with anhydrous Na2SO..
Solvent was evaporated to dryness and subjected to flash chromatography (CH:Cl/MeOH
96:4) to give product 4 (3.86 g, 76% yield, containing 5% of compound 5) as white crystals, Ry

0.35.
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'H NMR (400 MHz, CDCL3) 8 5.83 (s, 1H), 2.83 (t, ] = 7.3 Hz, 2H), 2.78 (d, ] = 3.8 Hz, 3H), 2.30
(s, 3H), 2.17 (t, ] =7.6 Hz, 2H), 1.67-1.53 (m, 4H), 1.41-1.35 (m, 2H). *C NMR (101 MHz, CDCL)
5196.14, 173.74, 36.34, 30.74, 29.34, 28.94, 28.41, 26.42, 25.27.

6-mercapto-N-methylhexanamide (5) (Fragment molecule)

To a solution of compound 4 (3 g, 14.78 mmol) in MeOH (40 mL), under argon atmosphere,
NaOMe (2.8 mL, 14.78 mmol, 30% w/w in MeOH) was added dropwise at room temperature,
and was allowed to stir for 2 hours. Solvent was evaporated and remaining mixture was
dissolved in water (20 mL) and acidified with 3 M HCI (5 mL). Product was extracted with
CH:ClL2 (3 x 30 mL), washed with brine (1 x 10 mL), dried with anhydrous Na2SOs. Solvent
was evaporated to dryness under reduced pressure. Remaining mixture was dissolved in
CH:Cl2 (20 mL), DTT (1.13 g, 7.38 mmol) then triethylamine (1.03 mL, 7.38 mmol) was added,
and allowed to stir under argon atmosphere overnight. Reaction mixture was washed with
0.5 M HCI (1 x 10 mL), 0.25 M HCI (2 x 20 mL), water (1 x 20 mL), dried with anhydrous
Naz2SOs. Solvent was evaporated to dryness and subjected to flash chromatography
(CH:CL:/MeOH 97:3) to give product 5 (1.88 g, 79%) as white crystals, m.p 30-31 °C, Rr 0.36
(96:4 CH2Cl/MeOH).

'H NMR (400 MHz, DMSO-ds) 0 7.68 (s, 1H), 2.54 (d, ] = 4.6 Hz, 3H), 2.45 (q, ] =7.3 Hz, 2H),
2.20 (t, J]=7.6 Hz, 1H), 2.03 (t, ] = 7.4 Hz, 2H), 1.55-1.43 (m, 3H), 1.33-1.26 (m, 2H). *C NMR
(101 MHz, DMSO-de) 0 172.41, 35.21, 33.10, 27.42, 25.38, 24.71, 23.63.
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Figure S1. 'H NMR and "C NMR spectra of N-(2-(1H-imidazol-4-yl)ethyl)-6-

mercaptohexanamide (IMHA).
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Results
Assignments of Raman Bands

Figure S2 compares Raman spectra of powder IMHA, fragment molecule, and
histidine and the spectra of fragment molecule dissolved in H-O and D:O. Figure S2A
compares spectra of Im-molecules (His and IMHA) with a spectrum of fragment molecule,
which allows to identify Raman bands related with Im ring vibrations. Spectra in Figure S2B
of powder fragment molecule and dissolved in H20 and D:0 allow to ascertain the amide
and thiol groups related modes. Table 1 presents the spectral band assignment of IMHA
based on DFT calculations, temperature-Raman, H.O/D>0O exchange Raman measurements,
and the literature data of similar compounds [1-6].

S-H stretching vibration appears as an intense mode at 2572 cm, while corresponding
S-D band visible at 1876 cm™ in D20 solution Raman spectrum of fragment molecule (Figure
S2B). Alkanethiol-universal C-S stretching duplet of -CH2-CH>-5- moiety in gauche/trans
conformations, which is typically found in 600-750 cm™ region, is less straightforward to
identify, because the same spectral region is occupied by rocking vibrations of five-
methylene-segment and Im deformations. The rocking motion is highly sensitive to the
packing of carbohydrate chains [7], thus the initially sharp and separated bands become
broadened with the melting of the IMHA. The 653 cm™ mode appears as medium intensity
feature in IMHA and L-histidine spectra and as a very weak mode in fragment molecule
spectrum in Figure S2A. We tentatively assigned it to Im ring motion with some character
expected from the stretching of S-C in gauche conformation. This band becomes greatly
intensified with the fragment compound dissolution in H-O (Figure S2B) suggesting that C—
S bond undergoes isomerization reaction from gauche to trans. Notably, in D20 solvent this
band is less intense and upshifted by 5 cm™ due to the decoupling of vibrational modes. Such
a frequency upshift induced by D20/H20 exchange was observed previously for the v(C-S)c
mode of cysteamine cation (SH-CH:-CH>-NHs*) [8]. Similarly, in temperature-Raman
measurements the mode at 654 cm™' intensify when IMHA is heated to a melting point. Thus,
we conclude the 653 cm™ band’s assignment to the Im motion + v(C-S)c. Based on H.O/D-O
exchange and temperature-Raman measurements, modes at 732 and 753 cm™! are assigned to
methylene rocking, while 711 cm™ mode to v(C-S)r. DET modeling predicts v(C-S)r at 712
cm (potential energy distribution, PED = 50%).
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Figure S2. (A) Raman spectra of powder IMHA, fragment molecule, and histidine. (B)
Raman spectra of powder fragment molecule and the 0.33 M solutions in H2O and D:O.
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Figure S3. FTIR transmission spectra of IMHA and fragment molecule powders dispersed
in KBr pellets. Am-I and Am-II spectral modes were approximated using Gaussian shape
components. The full-widths at half maxima of Am-I and Am-II bands are given next to
corresponding wavenumbers.
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Figure S4. (A) SHINERS spectra of IMHA adsorbed on smooth Au electrode at indicated
potentials in the 600-750 cm™! spectral region. Spectra were recorded in 0.1 M Na:50s aqueous
solution containing 0.01 M phosphate buffer (pH 7). The excitation wavelength was 785 nm.
(B) Dependence of relative integrated intensity Iri/lsss ratio of IMHA bands on electrode
potential fitted with the sigmoidal curve (Boltzmann model, R>= 0.99658). The transition
midpoint potential value was determined at -0.34 = 0.02 V, shown by the dashed line. The
grey bar around the midpoint line shows the error in the fitting value. (C) Dependence of
Vv(C-S)c and v(C-S)r modes wavenumbers of IMHA on electrode potential. Data in (B) and

(C) sections were presented as an average of three independent measurements.
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Abstract: Graphene research and technology development requires to reveal adsorption processes
and understand how the defects change the physicochemical properties of the graphene-based
systems. In this study, shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) and
graphene-enhanced Raman spectroscopy (GERS) coupled with density functional theory (DFT)
modeling were applied for probing the structure of riboflavin adsorbed on single-layer graphene
substrate grown on copper. Intense and detailed vibrational signatures of the adsorbed riboflavin
were revealed by SHINERS method. Based on DFT modeling and detected downshift of prominent
riboflavin band at 1349 cm~! comparing with the solution Raman spectrum, mt-stacking interaction
between the adsorbate and graphene was confirmed. Different spectral patterns from graphene-
riboflavin surface were revealed by SHINERS and GERS techniques. Contrary to GERS method,
SHINERS spectra revealed not only ring stretching bands but also vibrational features associated
with ribityl group of riboflavin and D-band of graphene. Based on DFT modeling it was suggested
that activation of D-band took place due to riboflavin induced tilt and distortion of graphene plane.
The ability to explore local perturbations by the SHINERS method was highlighted. We demonstrated
that SHINERS spectroscopy has a great potential to probe adsorbed molecules at graphene.

Keywords: SHINERS; GERS; DFT; riboflavin; ribityl; graphene; Raman

1. Introduction

Electronic properties and function of graphene depend on the surface structure, origin
of the defects [1,2], doping type and nature of dopants [3-6], and adsorption of molecules
and ions at the surface [7,8]. Adsorbed molecules may modify the carrier mobility of
underlying graphene layer [8]. In the case of uncontrolled adsorption it is difficult to
construct electronic systems with predictable and reliable properties. Graphene science
and development of graphene-based technologies require to control adsorption processes
and understanding how the defects and impurities modify physico-chemical properties
of these systems at molecular level [9]. It was revealed that adsorbed aromatic molecules
on single layer graphene modulate Fermi energy [10]. Furthermore, in order to increase
the lithium storage capacity of graphene nanosheets in rechargeable lithium-ion batteries,
it is necessary to modify the structure of the graphene [11]. Therefore, understanding the
surface and interface chemistry of graphene-based systems is an important topic in physical
chemistry and material science.

Raman spectroscopy is a non-destructive, sensitive, and powerful technique able to
provide detailed structural information about various carbon nanostructures [12,13]. In
addition, resonance Raman investigations can afford important information about the
electronic structure of the material [14]. Because of extended 7-electron system of graphene
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and graphene oxide, excitation in the visible spectral region affords resonantly enhanced
Raman spectra [12,14]. Nevertheless, resonance Raman spectroscopy provides information
on the structure of graphene skeleton [12]; usually, no direct information on the structure of
molecular groups covalently attached to the carbon matrix or adsorbed compounds can be
acquired. In some cases, adsorbed organic molecules can be probed by graphene-enhanced
Raman spectroscopy (GERS) [15-21]. In GERS the dominant Raman signal enhancement
mechanism is chemical enhancement due to charge transfer excitation [17,21]. Thus, the
enhancement strongly depends on (i) appropriate energy levels of adsorbate and (ii) the
structure of the molecule [17]. Flat molecules possessing Dy}, symmetry are favorable
because of better compatibility with graphene structure [17]. Being dependent on chemical
enhancement mechanism, GERS demonstrate distinctive molecular selectivity [16].

To observe functional groups of graphene oxide, adsorbed impurities or purposely-
adsorbed compounds on graphene, the alternative spectroscopic technique is required.
Recently, Tian et al. approached a novel surface-enhanced Raman spectroscopy (SERS)
technique and called it “shell-isolated nanoparticle-enhanced Raman spectroscopy” (SHIN-
ERS) [22]. The method is based on the enhancement of Raman signal by strong electromag-
netic field provided by metallic core nanoparticles surrounded by a few nanometer thick
dielectric shell [22-28]. Dielectric shell-covered nanoparticles have significant advantages
over bare nanoparticles. The inert shell prevents the interaction between the metal core and
the system. Moreover, the shell protects the core from aggregation, oxidation, and also from
contaminating the system under study. SHINERS has been used to obtain molecular-level
knowledge of a diverse set of surfaces, from adsorbates on flat meta-single-crystals to semi-
conductors and from food samples to spectroscopic analysis of living cells and detection of
circulating tumor cells in blood [23-35].

Riboflavin (Rf) or vitamin B, is a water-soluble vitamin that plays an essential role in
cellular biochemistry [36]. Renewed interest in its monitoring and investigation of molecu-
lar interactions stems from the important role of Rf in the prevention of health diseases like
migraine, cancer, hypertension, and chronic diseases associated with oxidative stress [37].
Rf can be employed in electrochemistry for different purposes as well as it can be detected
electrochemically due to its aromatic nature (Figure 1). Previously, we investigated elec-
tropolymerisation of riboflavin in diverse media [38]. Riboflavin films were characterized
spectroscopically, microscopically, and electrochemically. Promising sensors may be con-
structed from hybrid Rf-graphene conjugates. For a molecular-level understanding of the
bonding and structure of adsorbed Rf, vibration spectroscopy seems to be very promising.
However, it was hard to research adsorbed Rf onto highly oriented pyrolytic graphite by
Raman spectroscopy [38]. Thus, surface-enhanced Raman spectroscopy methods should
be applied.

Figure 1. Riboflavin molecular structure and numbering of isoalloxazine ring atoms.
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The main aim of our work was to demonstrate the applicability of the SHINERS
technique to acquire molecular-level information for adsorbed Rf on the graphene surfaces.
The detailed insights into the interaction of Rf and graphene are provided from the analysis
of coupled SHINERS, GERS, and DFT modeling approaches.

2. Materials and Methods
2.1. Materials

All used reagents and solvents (Merck, Darmstadt, Germany) were used without
further purifications: gold (III) chloride trihydrate (HAuCly - 3H>O, 99%), trisodium citrate
dihydrate (HOC(COONa)(CH,COONa); - 2H,0, 99%), (3-aminopropyl)trimethoxysilane
(HaN(CH,)3Si(OCH3)3, APTMS, 97%), sodium silicate solution (10% NaOH, 27% SiO5).
Graphene substrate was received from Graphenea (Donostia-San Sebastian, Spain), and
riboflavin was obtained from Alfa Aesar (Ward Hill, MA, USA). All solutions were prepared
with ultrapure water (resistivity of 18.2 MQ) cm) from Direct-Q 3UV (Merck, Darmstadt,
Germany) water purification system.

2.2. Synthesis of Silicon Dioxide Covered Spherical Gold Nanoparticles

Initially, 50 mL of an aqueous HAuCly solution (0.01 wt%) was brought into a round-
bottom flask and boiled in an oil bath (150 °C) with vigorous stirring. The solution reached
boiling temperature in 3 min. Then 0.35 mL of sodium citrate (1 wt%) were quickly added
into the boiling solution and the mixture was refluxed for 30 min. Next, the solution was
left to attain room temperature (about 2 h); so the red colloid of gold nanoparticles (Au NPs)
was obtained. For the growth of an ultrathin layer of silicon dioxide over nanoparticles,
0.6 mL APTMS (1 mM) was added to 45 mL of Au NPs. The mixture was vigorously
stirred for 15 min; then 4.8 mL of sodium silicate solution (0.54% wt/wt) was added and
the mixture was stirred again for 3 min at room temperature. The flask was placed in an
85-90 °C water bath and stirred for 45 min. Then, to stop the reaction process, the flask
was placed in the ice bath (3 °C) for 30 min. The cold mixture was transferred into several
1.5 mL test tubes and centrifugated at 5500 rpm for 15 min. After that, the supernatant
was removed, the 1.5 mL of water was added, and nanoparticles were dispersed again.
Next, tubes were centrifuged for another 15 min and supernatant was removed again to
obtain Au@SiO, nanoparticles as a concentrated colloidal suspension. Therefore, cleaned
Au@SiO, nanoparticles were kept in the dark at low temperature (5 °C) until were used in
SHINERS experiments.

2.3. High-Resolution Transmission Electron Microscopy (HR-TEM)

High-resolution transmission electron microscopy (HR-TEM) image was recorded
by Tecnai G2 F20 X-TWIN microscope (FEI, Eindhoven, The Netherlands) equipped
with scanning TEM module and high-angle annular dark-field detector for Z-contrast
imaging. FEI Helios Nanolab 650 dual beam microscope with an Omniprobe manipu-
lator (FEI, Eindhoven, The Netherlands) was employed to prepare specimens for the
measurement.

2.4. Riboflavin Adsorption

Commercially available graphene substrate grown onto Cu foil was washed with
water. Chemisorbed riboflavin layer onto graphene substrate was formed in 1 mM
riboflavin water solution for 14 h. Later it was washed with ultrapure water and dried
at room temperature in a fume hood for about 30 min. For SHINERS experiments, 5 uL
of concentrated Au@SiO, solution were dropped onto pure graphene and adsorbed
riboflavin onto graphene substrate surfaces and dried in a fume hood for about 30 min.

134



Materials 2022, 15, 1636

40of 14

2.5. Raman Measurements

The GERS and SHINERS spectra were recorded by inVia Raman (Renishaw,
Wotton-under Edge, UK) spectrometer equipped with thermoelectrically cooled to —70 °C
CCD camera and a confocal Leica microscope. Two different wavelengths, 785 and 532 nm
laser beams were used as the excitation source. The 180 °C scattering geometry was em-
ployed in Raman spectroscopy studies. The 50 x /0.75 NA objective lens and 1200 lines/mm
(for 785 nm) and 1800 lines/mm (for 532 nm) gratings were exploited to record the Raman
spectra. Laser power at the sample surface was restricted to 0.9 and 0.6 mW for 785 and
532 nm excitations, respectively. Raman scattering wavenumber axis was calibrated by us-
ing the silicon peak at 520.7 cm ™! or by recording the polystyrene standard (ASTM E 1840)
Raman spectrum. Raman spectra were corrected by polynomial function background
subtraction. The GERS spectra were recorded by using 532 nm excitation wavelength,
while 785 nm wavelength was applied for acquisition the SHINERS spectra. Integration
time was 10 s and each spectrum was recorded by accumulation of 10 scans yielding total
100 s collection time. Both SHINERS and GERS spectra were normalized to 1 s intensity.
No smoothing procedures were applied to the experimental data.

Raman spectra of riboflavin powder and riboflavin solution were recorded by using
HyperFlux PRO Plus (Tornado Spectral Systems, Mississauga, ON, Canada) spectrometer
at 785 nm excitation. Laser powers were 15 mW for Rf powder and 495 mW for Rf-water
solution of approximately 0.3 mM. The overall accumulation time was 37.5 and 1375 s for
Rf powder and Rf-water solution spectra, respectively. For excitation and collection of
the Raman spectra, the fiber-optic cable was employed. The laser beam was focused to a
100 pum diameter spot. The calibration of the wavenumber axis was confirmed with the
polystyrene standard (ASTM E 1840) spectrum.

Parameters of the vibrational bands were determined by fitting the experimental spec-
tra with Gaussian-Lorentzian shape components using GRAMS/A1 8.0 software (Thermo
Scientific, Waltham, MA, USA).

2.6. Theoretical Modeling

Molecular interactions of hydrogen-terminated graphene nanosheet Cs4H;g and ri-
boflavin in the gas phase were modeled using Orca 5.0.1 software [39]. We used B3LYP
functional with split-valence Pople and all-electron Karlsruhe basis sets. It is known that
DFT theory inaccurately describes weak interactions, therefore the Becke-Johnson damping
method (D3BJ) was included in computations to correct for missing dispersion forces.
Molecular optimization was done and energies were calculated using Pople’s 6-311G(d,p)
basis set; to complement the results separate molecular optimization was carried out at def2-
SVP basis set level followed by the estimation of electronic properties using the def2-TZVP.
The adsorption energy E,gq was calculated according to the relation:

Ewg = EG—Rrf — (EG + ERf) — OBsSE 1)

where Eggy, Eg, and Egy are energies for graphene-riboflavin complex, graphene, and
riboflavin. The basis set superposition error (BSSE) was corrected by a counterpoise
method that introduces dgsgg to Equation (1) [40]. Vibrational spectra were obtained at
B3LYP/6-31G(d) after the geometry optimization at the same level. Theoretical spectra
include (1) Rf in gas phase, (2) Rf in water simulated by conductor-like polarizable con-
tinuum model (CPCM), and (3) Rf in complex with graphene (G). The (3) was achieved
by full optimization of G-Rf complex followed by freezing the G and numerical calcu-
lation of Rf frequencies. All the vibrational spectra were completed with no imaginary
frequencies. The intensities and frequencies were scaled [41]. Total density of states (TDOS)
and partial density of states (PDOS) [42] were calculated using Multiwfn 3.8 software
(2021, Beijing Kein Research Center for Natural Sciences, Beijing, China) by means of
the SCPA method [43]. Visualizations were made using ChemCraft 1.8 software (2021,
Grigoriy A. Andrienko, Ivanovo, Russia) [44].
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3. Results and Discussion
3.1. GERS Spectra of Riboflavin on Graphene

Figure 2 compares 532-nm excited resonance Raman spectra of graphene on a copper
substrate before treatment with riboflavin solution and after the riboflavin adsorption. In
the spectral region from 1200 to 3000 cm ™! (Figure 2a) the dominant feature at 2664 cm ™!
visible in the spectrum of the substrate before treatment with riboflavin solution is associ-
ated with prominent 2D-band of graphene structure [12,45,46]; while the G-band appears
at 1587 cm~ . Both 2D and G-bands are always allowed in the resonance Raman spectra.
No D-band associated with presence of defects is visible in the vicinity of 1350 cm~.
The intensity ratio I(2D)/I(G) can be used for the evaluation of the number of graphene
layers [45]. In the case of the monolayer, the I(2D)/I(G) > 1 and the 2D band must be
fitted by using one Lorentzian form component [14]. For our studied sample, we found
1(2D)/1(G) = 1.8 and Lorentzian form shape of 2D band. Thus, resonance Raman spectro-
scopic analysis of substrate sample before riboflavin adsorption revealed presence of high
quality (without manifestation of defects) single-layer graphene. Low-frequency Raman
spectrum (Figure 2B) exhibits several well-defined bands at 151, 220, and 640 cm~! which
are characteristic to CuyO compound [47].

A) 3 =532 nm 2D

2664

2675

Graphene

Raman intensity
o
8
(7]

Graphene + Rf

1200 1600 2000 2400 2800
Wavenumber / cm™
Q
B & k=532 NM J5cps

640

151

Graphene

219

Graphene + Rf

Raman intensity

200 400 600 800

Wavenumber / cm™’
Figure 2. (a) Resonance Raman spectra of graphene and graphene with adsorbed riboflavin excited

at 532 nm wavelength in the spectral region of 1200-2800 cm~!, and (b) in the low frequency spectral
region of 100-900 cm .
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Adsorption of riboflavin induced several clear changes in the high-frequency spec-
trum (Figure 2a); both characteristic graphene bands were found to be blue shifted and
new low-intensity bands became visible in the spectral region 1300-1650 cm~!. Shift
of G and 2D bands indicates riboflavin-induced doping of graphene layer. It should be
noted that the relative intensity of graphene bands remained similar as before adsorption
(I(2D)/I(G) = 1.92). The new bands located at 1351, 1411, and 1536 cm ™" are characteris-
tic for riboflavin ring [38] and indicate the Raman scattering enhancement by graphene
substrate (GERS). Low frequency spectral region reveals no riboflavin-induced changes in
CuyO Raman spectrum (Figure 2b). Thus, excitation at 532 nm provides the possibility to
detect adsorbed riboflavin through the GERS mechanism, but the intensity of the adsorbate
bands was found to be very low. More detailed analysis of riboflavin interaction with
graphene substrate will be given later on in this manuscript.

3.2. SHINERS Spectra of Riboflavin on Graphene

To enhance vibrational spectrum of adsorbates on graphene, we have employed SHIN-
ERS approach. For this technique, we have prepared highly effective and stable plasmonic
nanoparticles with gold core and silica shell, Au@SiO,. The high-resolution transmission
electron microscopy image of Au@SiO, nanoparticles is shown in Figure 3a. Image ex-
hibits a dark gold core surrounded by a brighter SiO, shell. In SHINERS spectroscopy
the parameters of gold core determine the efficiency of plasmonic surface enhancement,
while the dielectric shell must prevent from direct interaction of metal with adsorbates and
protect from degradation [22-24]. Thus, the shell must be sufficiently thick to eliminate
pinholes and sufficiently thin to maintain the high surface enhancement provided by the
plasmonic core. Figure 3a shows that the thickness of SiO; shell was about 3 nm. The size of
nanoparticles was found to be 50 & 5 nm. These nanoparticles previously were used for the
analysis of self-assembled monolayers on a smooth gold substrate at the electrochemical
interface [30] and for spectroscopic characterization of living yeast cells [29].

Because gold nanoparticles support the plasmonic enhancement of electric field in
the red and NIR spectral region, we employed 785 nm laser line radiation for excitation
of SHINERS spectra. One can see that the bare Au@SiO, nanoparticles exhibit low inten-
sity spectral features (Figure 3b). Observed bands may be associated with the adsorbed
compounds from the preparation of nanoparticles.

Figure 4A compares SHINERS spectra from the graphene with adsorbed riboflavin
(G-Rf) and the graphene substrate before the adsorption (G) with the corresponding Raman
spectra observed without the use of the Au@SiO, nanoparticles. Only broad band centered
near 609-619 cm~! was visible in the Raman spectra of the graphene and the graphene-
riboflavin samples. This band evinces the presence of Cu,O oxide under the graphene
layer. Spreading of the Au@SiO, nanoparticles over the graphene substrate results in
SHINERS spectrum with several clearly-defined bands (Figure 4(a2)). The 1592-cm !
feature was assigned to G-band of graphene monolayer, while the bands in the vicinity of
1303-1336 cm ! might be related with graphene D-band activated by the presence of defects
in the vicinity of Au@SiO, nanoparticles. Other low intensity bands most likely originate
from adsorbed impurities on graphene surface and/or covalently bonded functional groups
at graphene plane and impurities from Au@SiO, nanoparticles itself. The 1446-cm™! feature
falls in the characteristic spectral region of scissoring deformation vibration of CH; groups.
Different SHINERS spectrum was observed after spreading the Au@SiO, nanoparticles
on the graphene surface with adsorbed riboflavin (Figure 4(al)). The most intense band
in the spectrum centered at 1349 cm ™! can be immediately assigned to riboflavin-related
mode by comparing with the Raman spectrum of riboflavin powder (Figure 4B). This
band is associated mainly with symmetric stretching v5(C2-N3-C4) + stretching of rings
L, II, Il vibrational mode [38,48-50]. Other riboflavin ring bands are clearly visible at 710,
740, 1158, 1407, 1457, and 1525 cm L. The band at 1525 cm ™! corresponds to stretching
vibration of rings I, II, and III, and the 1457 cm ! band to CH; deformation vibration
coupled stretching vibrations of rings I and II and ribityl bending mode. The 740 cm ™! and
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710 cm~! modes are ring I in-plane bending and rings I, II, and III in-plane deformation
vibrations, respectively. The low-intensity band 1592 cm~! is associated with graphene
G-band vibrational mode. The origin of intense bands at 930, 981, and 1048 cm s not
completely clear; these bands might be related with stretching vibration of ribityl chain.
More detailed analysis of spectroscopy of adsorbed riboflavin and effects of interaction
with graphene substrate is provided below.

(a) (b)
2 Au@SiO,
|72}
b3 1cps
5|
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€
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o
800 1200 1600

20 nm Wavenumber / cm™
oL

Figure 3. (a) High-resolution transmission electron microscopy (HR-TEM) image of Au@SiO,
(50 £ 5 nm) nanoparticles employed in SHINERS experiments; (b) SHINERS spectrum of bare
Au@SiO, nanoparticles dispersed on a steel substrate.
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Figure 4. (A) SHINERS spectra of (a1) riboflavin adsorbed onto graphene with Au@SiO, nanoparti-
cles, and (a2) pure graphene substrate with Au@SiO, nanoparticles, and Raman spectra of (a3) ri-
boflavin adsorbed onto graphene without nanoparticles, and (a4) pure graphene substrate without
nanoparticles. The luminescence background in spectra (a3) and (a4) was subtracted by using polyno-
mial function fit. Spectra are shifted vertically for clarity. (B) Raman spectrum of riboflavin powder.
Excitation wavelength is 785 nm.
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3.3. DFT Modelling Predicts Graphene-Riboflavin Interactions

The energy minimization moves riboflavin into the orientation parallel to the graphene
nanosheet, with an average 3.3 A distance between the polycyclic Flavin moiety and the
graphene (Table 1). The distance is similar to the ones predicted for similar compounds
adsorbed to the graphene [51,52]. The parallel stacked configuration enables the 7 electron
contact of graphene and riboflavin molecules and in such a way facilitates charge transfer
(CT), which is considered the main mechanism for GERS [16,21]. The ribityl part of the Rf
molecule during the energy minimization also comes into closer contact with the graphene
plane, while the graphene slightly tilts and distorts from its initial flat shape (Figure 5).

£,
b._"l‘ ) 3
D‘* .\5‘“ &’;\'-.

Figure 5. 1st, 15th, and 73rd (converged) geometry optimization steps at B3LYP/6-311G(d,p) theory
level. Differences in molecular design are merely for convenience to the eye.

Here, we studied interactions in the gas phase. Calculations predict sufficiently
negative adsorption energy E,4 of —22.39 for B3LYP/6-311G(d,p) and —33.35 kcal/mol
for B3LYP/def2-TZVP basis sets. Generally, adsorption energy can be broken down into
physically meaningful stabilizing components: electrostatic, dispersion, polarization, and
charge transfer energies, and the stabilization components: Pauli repulsion and preparation
energies [51]. The dispersion energy may be attributed to the overlap between the 7 orbitals
of G and Rf. Furthermore, electron charge transfer (CT) is another important factor that
facilitates adsorption. Hirshfeld population analysis provides a more robust and basis set-
independent CT measure compared with Mulliken population analysis [51,53]. Hirshfeld
analysis indicated the formation of donor-acceptor pair through the 7-7t overlay with a
transfer of 0.12e from G to Rf that also adds to the net attractive interaction between the
two molecules. These findings are in line with the chemical mechanism of GERS, where
electronic coupling between the graphene and adsorbent through the mixing of molecular
orbitals and charge transfer is required for enhancement to occur [16,54,55]. For a molecule
to undergo GERS-enhancement molecular structure and energy levels have to comply with
selection rules [16]. First, graphene’s Fermi level must lie within adsorbate’s HOMO-LOMO
gap, and second, the symmetries of two molecules have to agree.

Table 1. Summary of calculations at B3LYP theory level for the G-Rf complex.

Parameters 6-311G(d,p) def2-TZVP
d,A 3.36 3.35
Eag, keal/mol —22.39 —33.35
Hirshfeld charge, e 0.12 (G) ! 0.11(G)?
—0.12 (Rf) ! —0.11 (Rf) !
Efund, €V 2.39 (G-Rf) ! 231 (G-Rf) !
2.77 (Rf) 2 3.43 (Rf) 2

1 Optimized in G-Rf complex. 2 Optimized in a gas phase. Abbreviations: E,q, adsorption energy; d, the
average distance between planes of graphene and the Flavin ring moiety; Egng, fundamental energy gap
(ELumo —Enomo)-
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To investigate the electronic complex structure, density of states (DOS) plots were
constructed. DOS shows the distribution of energy levels that electrons can occupy at a
given molecule. DOS could be plotted as total DOS (TDOS) for the full complex and as
a partial DOS (PDOS) for individual components of the complex. Figure 6 shows TDOS
for the G-Rf complex and PDOS for the G and Rf fragments. From PDOS, the degenerate
m-orbital of HOMO and HOMO-1 states are localized at graphene near —5.13 eV, while the
LUMO occupy riboflavin Flavin group at —2.73 eV. LUMO+1 and LUMO+2 are graphene’s
degenerate orbitals near —2.34 eV. The energy of the frontier orbitals provides a measure for
ionization potentials (related to Ejopmo) and electron affinity (related to Eyymo). The energy
difference between HOMO and LUMO is regarded as the fundamental energy gap Efynd,
which quantitatively determines chemical potential (i), molecular hardness/softness, and
electrophilicity [56]. The smaller Eg,,q signifies the higher molecular reactivity and lower
kinetic stability. The predicted Ef,ng for the molecular complexes is 2.39 eV at 6-311G(d,p)
and 2.31 eV at def2-TZVP basis sets calculations. These values are smaller compared to
those of Rf optimized in the gas phase.

o ¢« . (272) Lumo+1

— — éﬁviavenepg%oss 3 —2.34 eV
= — Graphene ! . .

5 hae o 25N
— LUMO+1, LUMO+2 5
P

-

y (271) LUMO

| HOMO-1, HOMO %-2 o

. > { . =2.73eV

3

L 4 -
Vb

Orbital energy / eV

% «, (270)HomO

T ATTRRTTONI T T T (T

Density of states

Figure 6. Total and partial density states (TDOS and PDOS) of the graphene-riboflavin complex (left panel).
Thin horizontal lines indicate molecular orbitals (MOs), while thicker lines—degenerate MOs. HOMO,
LUMO, and LUMO+1 are molecular orbitals with their energies indicated (right panel). Calculated
at B3LYP/6-311G(d,p) theory level.

TD-DFT at B3LYP/6-311G(d,p) was used to calculate the optical gap energies Eqpt
of the G-Rf complex (Table 2). Usually, the Eqpt is considerably smaller compared to the
Efung [57]. TD-DFT predicts several vertical excitations in a visible region for Rf in a gas
phase. A very weak transition at 608 nm (f = 0.0003) and stronger at 457 nm (f = 0.1900)
ascribed to HOMO—LUMO and HOMO-1—LUMO excitations. For the G-Rf complex, the
first transition occurs at 651 nm (f = 0.0015), followed by transition at 639, 433, and 428 nm.
These transitions start at different orbitals in the 267270 range that are mainly located at
graphene nanosheet and are targeted to the 271st molecular orbital located at Flavin group.
Compared to the sole Rf, the introduction of graphene perturbs its electronic structure that
shits absorption to the red and increases the transition probability.
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Table 2. Electronic transition wavelengths (A), energies (E), oscillator strengths (f), and corre-
sponding orbitals of G-Rf complex and Rf in gas phase-optimized form calculated at TD-DFT
B3LYP/6-311G(d,p).

G-Rf Complex Rf (Optimized in a Gas Phase)
A, nm (Orbitals) E, eV f A, nm (Orbitals) E, eV f
651 (270 P+32712) 1 1.904 0.0015 608 (994+100) 1 2.037 0.0003
639 (269 P >2712) 1.940 0.0022 457 (984+100) 2.707 0.1900
433 (268 P 5271 2) 2.860 0.0007 402 (97++100) 3.078 0.0495
428 (267 25271 9) 2.893 0.0143 394 ((93,94)+100) 3.145 0.0043

! Corresponds to HOMO-LUMO orbitals. @ Located at Rf. ® Located at G. <+ denotes the electronic transition.

Figure 7 compares experimental and calculated Raman spectra of Rf in different
environments. The dominant vibration at 1345-1353 cm ™! is assigned to the vs(C2-N3-C4)
+ stretching motion of rings I, II, and III (atom numeration in Figure 1) [38,48-50,58]. In
fact, DFT predicts several vibrational modes that are related to the ring stretching in a
1365-1380 cm ! spectral region. However, there is a difference between the intensity
patterns of experimental and theoretical spectra, which might be assigned to a relatively
inexpensive basis set (6-31G(d)) used for modeling. A clear 4 cm~! redshift, which is also
supported by DFT, is observed for the Rf transfer from aqueous solution to graphene surface.
Such a frequency downshift of the vibrational modes of atoms involved in delocalized 7
orbitals has been previously linked to 7-stacking [58,59], therefore, it is clear experimental
evidence for direct Rf and G interaction. The 7t-stacking is supposed for crystal structure
bearing Rf as well. The band in the Rf-crystal spectrum is downshifted by 8 cm~! compared
to the one in the solution spectrum. Comparing experimental spectra obtained from Rf
in different environments, the bands in the experimental G-Rf spectrum at 1158, 808, and
740 cm ! are assigned to Rf. However, DFT modeling does not predict strong bands in the
900-1000 cm ! spectral region.

2=785 nm

Raman ]

SHINERS
GRf §

740

(a2)

Raman intensity

Raman
Rf/ powder

(a3)

Raman intensity

Rf/ gas phase

600 800 1000 1200 1400 1600
1

Wavenumer / cm~

Figure 7. (al) Raman spectra of Rf solution, (a2) G-Rf GERS-SHINERS spectrum and (a3) Rf powder
measured with 785 nm excitation. (b1) DFT calculated spectra at 6-31G(d) level of Rf optimized in
implicit water modeled using CPCM, (b2) G-Rf complex in a gas phase, and (b3) Rf in a gas phase.
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3.4. Comparison of SHINERS and GERS

SHINERS and GERS spectroscopies exhibit very different spectral patterns from
graphen-riboflavin surface. The main observed vibrational features and their assignments
are listed in Table 3. GERS spectra were excited with 532 nm wavelength and the enhance-
ment mechanism is associated with the CT excitations. Therefore, only Rf ring vibrational
modes of atoms involved in 7-electron interaction are enhanced. In contrast, SHINERS
spectroscopy based on plasmon-enhancement mechanism provides detailed information
not only on the Rf ring vibrational modes but also some vibrations of ribityl chain became
visible. In addition, the normalized to laser power relative intensity of the prominent
1349 cm~! band of Rf was found to increase by a factor of 26 in SHINERS spectrum com-
paring with GERS. In the fingerprint spectral region SHINERS spectrum exhibited three
well-defined bands (1048, 981, and 930 cmfl), which were tentatively assigned to vibra-
tional modes having a high contribution from vibration of atoms in ribityl chain (Table 3).
Infrared spectrum of riboflavin shows intense bands in the frequency region from 1100
to 1000 cm ™! due to vibration of ribityl group [58]. In solution, Raman spectrum inten-
sity of these bands was found to be very low; only the high frequency band was visible
near 1066 cm~!. High downshift in frequency suggests the involvement of ribityl chain of
riboflavin in interaction with graphene surface. An intriguing observation in SHINERS
spectrum is the intense and broad feature near 1321 cm~!. Such band was not observed
nor in solution or powder spectra of Rf (Figure 7). We tentatively assign this band to
D-mode of graphene substrate. Such band was not visible in the 532 nm-excited resonance
Raman spectrum of graphene; however, activation of this band in SHINERS spectrum
may be related with riboflavin adsorption induced tilt and distortion of graphene plane in
the vicinity of Rf adsorption as predicted by DFT modeling (Figure 5). This observation
highlights the ability to probe local perturbations by the SHINERS method.

Table 3. Assignments of vibrational bands observed in SHINERS and GERS study of graphene-
riboflavin surface.

Peak Position (cm~1) Raman Spectroscopy Method Assignment !
2675 vs RRS 2D band; graphene
1590 m /1592 vw RRS/SHINERS G band; graphene
1626 w GERS Ring I and II stretch; Rf
1536 br, w/1525 br,w GERS/SHINERS Ring I, IT, and III stretch; Rf
CHj3 deformation + Ring I, II stretch +
1457 s SHINERS Ribityl bend; Rf
1411 w/1407 w GERS/SHINERS CHj bend; Rf
1351 w/1349 vs GERS/SHINERS C2-N3-C4 symmetric stretch + Ring I, II, I
stretch; Rf
1321s SHINERS D band; graphene
1206 w SHINERS Ring I breathing + Ring I, III stretch; Rf
1158 w SHINERS Ring I, IL, 11T stretch + C2-N3-C4 symmetric
stretch; Rf
1048 s SHINERS Ring I, II, III stretch; Rf
981s SHINERS C-C + C-O stretch '+ 'COEI deformation; Rf
ribityl
930 m SHINERS C-C + C-N stretch + CH2 rock; Rf ribityl 2
808 w SHINERS N-C=0 arlltl-symmetrlc beng + Ring I, II, ITT
in-plane deformation; Rf
740 s SHINERS Ring I in-plane bending; Rf
710 w SHINERS Ring I, II, III in-plane deformation; Rf
640 w/626 w GERS-RRS/SHINERS Cu,O
559 w SHINERS N-C=0 §ymmetr1c stretch + Ring I, IT, ITT
in-plane deformation; Rf
413 vw GERS-RRS Cu,O
219 m GERS-RRS CuO
151w GERS-RRS CuO

1 Based on reference [58]. 2 Based on DFT calculations of G-Rf complex. Abbreviations: GERS, graphene-enhanced
Raman scattering; SHINERS, shell-isolated nanoparticle-enhanced Raman scattering; RRS, resonance Raman
scattering; Rf, riboflavin; vs, very strong; s, strong; m, middle; w, weak; vw, very weak; br, broad.

142



Materials 2022, 15, 1636 12 0f 14

4. Conclusions

In this paper, we provided detailed vibrational spectroscopy study of graphene-
riboflavin surface. Several experimental vibrational spectroscopy methods, including
ordinary Raman (riboflavin solution and powder spectra), resonance Raman (graphene
spectra), graphene-enhanced Raman, and shell-isolated nanoparticle-enhanced Raman
spectroscopies were employed to probe the structure and bonding of both single-layer
graphene grown on copper and riboflavin adsorbate. We found that riboflavin adsorption
induces the blue-shift of the 2D and G bands by 11 and 3 cm ™! respectively, indicating
doping of the graphene. In addition, well-defined signatures of under-layered Cu,O oxide
were obtained. We demonstrated that contrary to GERS approach, SHINERS method
provides more detailed information about the interfaces; not only the riboflavin ring but
also vibrational modes of ribityl chain and intense D-band of graphene were detected. DFT
modeling suggested that this D-band may be activated because of riboflavin adsorption
induced local perturbations (tilt and distortions) in the graphene structure. Our work
highlighted the ability of SHINERS spectroscopy to probe the local structural perturbations
in graphene.
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Studying the biochemistry of yeast cells has enabled scientists to understand many essential cellular processes in
human cells. Further development of biotechnological and medical progress requires revealing surface chemistry
in living cells by using a non-destructive and molecular structure sensitive technique. In this study shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS) was applied for probing the molecular structure of
Metschnikowia pulcherrima yeast cells. Important function of studied cells is the ability to eliminate iron from
growth media by precipitating the insoluble pigment pulcherrimin. Comparative SERS and SHINERS analysis of
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Metschnikowia pulcherrima yeast the yeast cells in combination with bare Au and shell-isolated Au@SiO, nanoparticles were performed. It was ob-
Au@Sio, served that additional bands, such as adenine ring-related vibrational modes appear due to interaction with bare
SHINERS Au nanoparticles; the registered spectra do not coincide with the spectra where Au@SiO, nanoparticles were

SERS used. SHINERS spectra of M. pulcherrima were significantly enhanced comparing to the Raman spectra. Based
Pulcherrimin on first-principles calculations and 830-nm excited Raman analysis of pulcherrimin, the SHINERS signatures of
iron pigment in yeast cells were revealed. Being protected from direct interaction of metal with adsorbate,

Au@Si0, nanoparticles yield reproducible and reliable vibrational signatures of yeast cell wall constituents.

1. Introduction

The yeast cells are one of the most extensive model eukaryotic sys-
tems for basic and applied biotechnology and medicine. Living cells
and microorganisms immobilized on different substrates are often ap-
plied in the design of bioelectronic devices, which are suitable for appli-
cation in various fields such as bioanalysis, biosensing, environment
safety, human food (wine, beer, bread etc.), and animal feed industrial
processes [1-5]. In particular, yeast Saccharomyces cerevisiae have
been used to process food and alcoholic beverages for centuries [6].
Other yeast species such as Metschnikowia pulcherrima (Candida
pulcherrima) have recently become increasingly important [7]. When
grown on media containing iron (III) salts, this yeast is able to form an
insoluble red pigment pulcherrimin. Pulcherrimin is a ferric chelate or
a salt of pulcherriminic acid (2,5-diisobutyl-3,6-dihydroxypyrazine-
1,4-dioxide) or a tautomeric form of this compound [8-10]. Molecular
structure of pigment is depicted in Fig. S1. Pulcherriminic acid, a precur-
sor of pulcherrimin, is secreted by yeast cells into the environment. Due

* Corresponding author.
E-mail address: gediminas.niaura@ftme.It (G. Niaura).

https://doi.org/10.1016/j.saa.2020.118560
1386-1425/© 2020 Elsevier B.V. All rights reserved.

© 2020 Elsevier B.V. All rights reserved.

to reaction of pulcherriminic acid with iron (III) ions coupled to diffu-
sion, red halos containing precipitated pulcherrimin are formed around
yeast colonies. The size of halos decrease, their color become more in-
tensive and the color of yeast cells turns from white to red with increas-
ing concentration of iron (IIT) ions. Formation of insoluble pulcherrimin
depletes iron in the medium, thus making the environment not suitable
for other microorganisms that need iron for growth. Therefore
M. pulcherrima has been considered as an effective antimicrobial agent
against various bacteria, fungi and yeasts [11,12]. This yeast is often
found on ripe grapes and in grape must, therefore, it may play an impor-
tant role in wine quality [13].

To understand surface and interfacial chemistry in a single living
yeast cell, a non-destructive and sensitive spectroscopic technique is re-
quired. Surface enhanced Raman spectroscopy (SERS) provides possi-
bility to probe molecular structure of compounds adsorbed or nearby
the metal (usually Au, Ag or Cu) nanostructures with high sensitivity,
molecular specificity, and excellent spectral resolution [14-18]. Large
enhancement can be provided by using roughened metal surfaces,
nanoparticles of particular shape and dimensions, or regular nanostruc-
tures created on flat substrates [16-18]. A plasmonic property of the
metal nanoparticles allows using them for detection and structural
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analysis at molecular level of biomolecules and constituents of living
cells [18-20]. The current status and progress expected in the SERS
field was recently highlighted in excellent review article [18].

Recently, Ag and Au nanoparticles have been used for identification
of yeasts by SERS approach [21-31]. These studies were focused on
characterization of yeasts with colloidal suspension of Ag or Au nano-
particles incubated with the cells. It was revealed that there are many
factors such as an adsorption of nanoparticles on the cells constituents
or aggregation of nanoparticles that can make it difficult to obtain repro-
ducible SERS spectra from yeast cells [21,22]. Despite the fact that Ag
has a higher SERS enhancement factor than other metals, Ag nanoparti-
cles emit toxic silver ions and it can make these nanoparticles bio-
incompatible. Au nanoparticles are stable, non-toxic, but still can di-
rectly interact with the cells.

An alternative approach to solve these problems is the use of shell-
isolated nanoparticles [18,32-35]. Inert shells (SiO,, MnO,, Al,0s, poly-
mer, etc.) surround plasmonic Au or Ag cores, protecting them from
degradation, aggregation and thus increase stability of the nanoparti-
cles. The shells also prevent chemical and electrical contacts among
plasmonic cores and probe substrates, analytes or environment. Mea-
surement technique with such particles spread over a surface of ana-
lyzed material is named Shell-Isolated Nanoparticle-Enhanced Raman
Spectroscopy (SHINERS) [32]. The method was invented and main ad-
vantages were demonstrated by Tian group in 2010 [33]. Application
of SHINERS method to living Saccharomyces cerevisiae cells demon-
strated power of the technique to probe the structure of cell wall.
Among other bands attributed to vibrations of amino acids and amide
group, the spectral signatures on the presence of mannoprotein were
provided [33]. In this work, SHINERS technique was applied to probe
molecular structure of living M. pulcherrima yeasts cell wall
constituents.

2. Experimental
2.1. Materials

All reagents and solvents (Merck) were used without further purifi-
cations: hydrogen tetrachloro aurate (HAuCl33H,0, 99%), trisodium cit-
rate dihydrate (HOC(COONa)(CH,COONa),-2H,0, 99%), (3-
aminopropyl)trimethoxysilane (H,N(CH;)Si(OCH3)3, APTMS, 97%),
sodium silicate solution (10% NaOH, 27% SiO,). Milli-Q water with a re-
sistivity of 18.2 M- cm was used in all procedures. Gold nanoparticles
were purified using 3.5 kDa molecular weight cutoff dialysis membrane
(Fisher Scientific). A highly polished stainless steel substrate with an ul-
trathin hydrophobic coating Tienta (Tienta SpectRIM, Merck) was used
for Raman measurements.

2.2. Synthesis of silicon dioxide covered spherical gold nanoparticles

In the first step, 50 mL of an aqueous HAuCl4 solution (0.01 wt%) was
brought into a round-bottom flask and boiled in a hot oil bath (150 °C)
with vigorous stirring. The solution reached boiling temperature in 3
min. Then 0.35 mL of sodium citrate (1 wt%) was quickly added into
the boiling solution and the mixture was refluxed for 30 min. Next, it
was left to attain the room temperature (about 2 h). Results of this
step allowed getting the red colloid solution of gold nanoparticles (Au
NPs). For the growth of ultrathin layer of silicon dioxide over the nano-
particles 0.6 mLAPTMS (1 mM) was added to 45 mL of Au NPs. The mix-
ture was vigorously stirred for 15 min. Then 4.8 mL of sodium silicate
solution (0.54% wt/wt) was added and the mixture was stirred for an-
other 3 min at room temperature. The flask was placed in an 85-90 °C
water bath and stirred for 45 min. Next, the flask was placed in an ice
bath (3-5 °C) for 30 min to stop the reaction process. The cold mixture
was transferred into several 1.5 mL test tubes and centrifuged at 5500
rpm for 15 min. The supernatant was removed, a 1.5 mL of water was
added, and nanoparticles were dispersed again. Next, tubes were
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centrifuged for another 15 min and supernatant was removed again to
obtain Au@SiO, nanoparticles as a concentrated colloid. The concen-
trate was suspended in 3 mL of water. Then it was placed in a 3.5 kDa
dialysis membrane and dialyzed in water for 1 h to remove the traces
of unreacted reagents. The suspension was transferred into the test
tubes and centrifuged at 5500 rpm for 15 min. The water was removed
and Au@SiO, nanoparticles were kept in the dark at low temperature
(3-5°C).

2.3. Cultivation of yeasts

M. pulcherrima was from the collection of Nature Research Centre
(Vilnius, Lithuania). When cultivated on solid YEPD growth medium
containing 1% yeast extract (Liofilchem), 2% peptone (Liofilchem), 2%
glucose (Fluka) and 2.5% agar (Liofilchem), yeasts contained low
amount of pulcherrimin (white cells). To obtain yeasts with relatively
high amount of pulcherrimin (red cells), YEPD medium was addition-
ally supplemented with FeCls-6H,0 (30 mg per liter). Yeasts were
grown at 25 °C for three days and thereafter stored in the fridge.

24. Isolation of pulcherrimin from growth medium

To obtain pulcherrimin from the growth medium, M. pulcherrima
was inoculated as separate streaks on solid YEPD medium additionally
supplemented with FeCls-6H,0 (5 mg per liter) and allowed to grow
at 25 °C for 20 days. During this time, red halos were formed around
the yeast streaks. Thereafter, the yeast biomass was carefully washed
out from the agar surface to remove the impurities of biological origin.
Red pulcherrimin halos formed around yeast streaks were cut out
from the agar medium and soaked in water acidified to pH 1 (37%
HCl:water, 1:10) to liquefy the agar. The mixture was boiled for 5 min.
Thereafter, the solution was cooled and the reddish precipitates were
decanted. Boiling and decanting was repeated five times. After final
washing with water and decanting, dark red pulcherrimin deposits
were dried at 60 °C.

2.5. Transition electron microscopy measurements of gold nanoparticles

The high resolution transmission electron microscopy (HR-TEM)
measurements of Au@SiO, nanoparticles were conducted by transmis-
sion electron microscope FEI Tecnai G2 F20 X-TWIN (TEM) with STEM
module. It is equipped with a high-angle annular dark-field (HAADF)
detector for Z-contrast imaging and an X-ray energy-dispersive spec-
troscopy (EDS) detector for elemental mapping. The specimens for
TEM measurements were prepared by FEI Helios Nanolab 650 dual
beam microscope with an Omniprobe manipulator.

2.6. Raman measurements

The Raman and SHINERS spectra of yeast were recorded by inVia
Raman (Renishaw) spectrometer equipped with a thermoelectrically
cooled (—70 °C) CCD camera and a confocal Leica microscope. The
785 nm beam of the diode laser was used as the excitation source. The
180° scattering geometry was employed. The long working distance
50x/0.50 NA objective lens and 1200 lines/mm grating were used to re-
cord the Raman spectra. Laser power at the sample surface was about
0.9 mW. The accumulation time was 100 s. Raman scattering wavenum-
ber axis was calibrated by the silicon peak at 520.7 cm ™", Parameters of
the vibrational modes were determined by fitting the experimental
spectra with Gaussian-Lorentzian shape components using GRAMS/A1
8.0 (Thermo Scientific) software. Raman spectra were corrected by
polynomial function background subtraction. No smoothing procedures
were applied to experimental data. Exact band frequencies were ob-
tained by dividing the experimental spectra into several spectral regions
and fitting the contours with the mixed Gaussian-Lorentzian form
components.
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Fig. 1. High resolution transmission electron microscopy (HR-TEM) image of Au@SiO, (40
=+ 5 nm) nanoparticles.

Raman spectrum of pulcherrimin powder was collected using 830
nm laser excitation and 830 lines/mm grating. The laser light was fo-
cused using 50x/0.50 NA objective lens and the power at the sample
was set to 8.0 mW. In order to reduce fluorescent background sample
was photobleached (using 830 nm laser with 8.0 mW of power for 30
min) prior the measurement. Four spectra of recorded pulcherrimin
powder were co-added, which resulted in 25 min of the total time of
acquisition.

2.7. Theoretical modeling

First principles calculations were conducted by Gaussian 09 software
for Windows [36]. Geometry optimization and frequency calculations
were completed with the DFT method using B3LYP functional. Calcula-
tions were done using 6-311+4G(2d,p) basis set for C, H, N, and O

atoms and LANDL2DZ with ECP for Fe atoms. Calculated frequencies
and intensities were scaled according to procedure described elsewhere
[38,39].

3. Results and discussion
3.1. Morphology characterization

We synthesized silica coated gold nanoparticles (Au@SiO,) using a
modified version of the earlier reported procedure [34]. The preparation
of spherical Au@SiO, nanoparticles with 40 + 5 nm core size and SiO,
shell of 5 nm thickness (Fig. 1) was undertaken in three steps. First,
gold colloid was prepared by reduction of auric chloride by sodium cit-
rate; then a silica shell was grown on the colloids; and last, Au@SiO,
were purified using dialysis membrane. In this case, the last procedure
is especially important, because a trace of unreacted reagents can have
a negative effect on the yeasts and distort a result of the measurements.

The advantage of Au@SiO, nanoparticles against aggregation com-
paring with naked Au nanoparticles was immediately recognized by
analysis of optical images of nanostructures spread over Tienta sub-
strate. Microscope images clearly show that bare Au NPs aggregate
and form black spots (Fig. 2). In contrast, Au@SiO, nanoparticles spread
over the surface form homogeneous, light color bulk. Such visual evi-
dence confirms that inert shell does not allow nanoparticles to aggre-
gate, even when water is removed from medium.

We chose two kinds of M. pulcherrima that differ in the amounts of
produced red pigment (Fig. 3). The samples for Raman measurements
were prepared in two steps. Firstly, living yeast cells (0.004 g) were dis-
persed in a Milli-Q water (2 mL). An aliquot of the solution (7 pL) was

Fig. 2. Confocal Raman microscope images of Au@SiO, (left) and Au (right) nanoparticles onto Tienta slide surface.

Fig. 3. Optical images of Metschnikowia pulcherrima strains producing larger (A) and lower (B) amount of red pigment pulcherrimin.
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dropped on a Tienta slide surface and allowed to dry at room tempera-
ture. The sequence of it was formed 4-5 mm in diameter spots of
yeast cells and Raman spectra were recorded. Secondly, the concen-
trated suspension (3 pL) of Au@SiO, nanoparticles were spread on the
yeasts and dried. After that the SHINERS spectra were recorded.

3.2. Comparison of Raman, SERS and SHINERS spectra

Raman and SHINERS spectra of Metschnikowia spp. yeast cells with
lower and larger amount of red pigment were recorded by optical focus-
ing of laser radiation into the center of the cell. The ordinary Raman
spectra of yeast cells are shown in Fig. 4a, where only fluorescence back-
ground is visible. Presence of Au@SiO, nanoparticles reduces fluores-
cence background intensity by a factor of 150 and 60 for yeast cells
with large and low amount of red pigment, respectively. Fig. S2 shows
raw SHINERS spectra with considerably suppressed fluorescence. No
fluorescence background was detected in the SERS spectra of yeast
cells (Fig. S3). It was demonstrated that fluorescence quenching in
SHINERS method critically depends on the shell thickness [40]. In the
case of Au@SiO, nanoparticles, the fluorescence would be quenched
for shell thickness less than 5 nm; while for shells large than 10 nm, en-
hancement in fluorescence signal is expected to be observed (phenom-
enon known as surface enhanced fluorescence, SEF) [40]. The
approximately 5 nm shell thickness of Au@SiO, nanoparticles used in
this work was sufficiently small for effective reduction of the fluores-
cence signal. Thus, after background correction clear vibrational spec-
trum from of yeast cells was observed by SHINERS approach (Fig. 4b).
Furthermore, before Au@SiO, nanoparticles were used to enhance
Raman signal from yeast cells, SHINERS spectra of bare nanoparticles
were recorded (Fig. 4c). One can observe that nanoparticles have
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Fig. 4. (a) Raman and (b) SHINERS spectra of Metschnikowia pulcherrima yeast cells.
(c) SHINERS spectra of bare Au@SiO, nanoparticles. (A) Yeast cells with larger amount
of red pigment, (B) yeast cells with low amount of red pigment. SHINERS spectra are
background corrected by using polynomial function fit. Excitation wavelength is 785 nm.
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specific vibrational spectrum, but the intensity of vibrational bands is
extremely low compared to SHINERS spectra of yeasts. Fig. S4 shows
SHINERS spectrum of Au@SiO, nanoparticles spread at Tienta substrate
at higher sensitivity scale. Broad band near 1600 cm~! and better re-
solved feature at 810 cm ™! (Fig. S4a) might be associated with adsorbed
species during the production of nanoparticles and vibrations of
Si—O0—Si groups of the shell [41]. It should be noted that small molec-
ular mass compounds are able to penetrate through the thin SiO, shell
[42]. Some spectral features are also visible in the spectrum of naked
Au nanoparticles (Fig. S4b). These bands might be related with
adsorbed citrate anions used for reduction of gold ions and stabilization
of nanoparticles.

The important issue in spectroscopic analysis of yeast cells by
surface-enhanced vibrational spectroscopy is repeatability of the re-
sults. Fig. 5A shows SHINERS spectra of living yeast cells with large
amount of red pigment recorded at four different sample positions.
One can reveal that the main spectral features are well reproducible;
peak positions do not change and there are no additional bands. In
order to ensure the effect of silica shell on the Raman spectra, Au nano-
particles without the SiO, shell were used to enhance Raman spectra as
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Fig. 5. Repeatability of SHINERS and SERS spectra of living yeast cells Metschnikowia
pulcherrima with large amount of pigment. Spectra are collected at different positions.
(A) SHINERS and (B) SERS spectra. Spectra are background corrected and shifted
vertically for clarity.
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well (Fig. 5B). In contrast to SHINERS, SERS spectra exhibited certain ir-
reproducibility; in some cases new bands were visible. For example, the
band near 1150 cm " clearly visible only in one spectrum, while the
shape of strong feature near 1600 cm ™! differs going from one spectrum
to another. The bands at 733 and 1318 cm ™ are visible in all the spectra
although with different relative intensity. Similar behavior was detected
by analysis of living yeast cells with lower amount of red pigment
(Fig. S5). Observed difference in SHINERS and SERS spectra might be as-
sociated with the direct interaction of constituents of yeast cells with Au
when naked nanoparticles were employed to enhance the Raman spec-
tra. Such interaction of biomolecules with the surface of gold or silver
nanoparticles depends on polarity, flexibility, nature of molecular
group, and other factors and often leads to the irreproducibility of the
SERS spectra from yeast cells [22]. It should be noted, that we have
not detected any fluctuations in the SHINERS signals indicating absence
of single molecule detection mechanism [43]. The averaged intensity of
the well-defined bands in SHINERS spectra was found to be lower by ap-
proximately 6 times comparing with the similar bands in the SERS
spectra.

3.3. SHINERS characterization of yeast cells with larger and lower amount
of red pigment

To gain insight into the differences between the samples, we com-
pared the mean spectra (averaged five spectra at the same place) of
yeast samples with larger and lower amount of pigment (Fig. 6). In gen-
eral, it can be noted that the spectrum of yeast with larger amount of
pigment (Fig. 6a) is less intensive and more bands are visible in the
low frequency region. Table 1 summarizes the tentative assignments
of vibrational bands based on previous studies [24-35,43-68]. It should
be noted that the SHINERS bands from various functional groups are
overlapped. The well-defined feature near 1200-1201 cm™"' belongs
predominantly to vibrations of Tyr and Phe functional groups of
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Fig. 6. SHINERS spectra of different yeast cells. (a) Metschnikowia pulcherrima with large
amount of red pigment, (b) Metschnikowia pulcherrima with low amount of pigment,
and (c) difference spectrum. Intensities are normalized according to the intensity of the
band near 1200 cm ™. Spectra are background corrected. Excitation wavelength is 785
nm.

Table 1
Peak positions of SHINERS spectra and corresponding tentative band assignments for dif-
ferent molecular groups of the Metschnikowia pulcherrima yeast cells.

Assignments™” Peak position (cm ™)

Yeast cells ~ Yeast cells
with with
larger lower
amount of  amount of
pigment pigment
v(ring), aromatic amino acids, proteins; 5(NH,), 1623 -
proteins
v(ring), aromatic amino acids, proteins; mannoprotein 1592 1594
(Pigment) 1550 -
V,5(CO0™), proteins - 1530
6(CH,) scissoring, lipids, proteins 1442 1444
v5(CO0 ™), proteins; mannoprotein 1411 1412
85(CHs), Ala, lipids; W7, Trp, proteins; v(ring) 1364 1369
T(CHy), w(CH,), lipids, proteins; v(ring), Trp, Tyr, Phe, 1308 1310
proteins; mannoprotein
Amide III, proteins 1238 1232
v(C—N), Y7a, Tyr, proteins; amide III, proteins; 1201 1200
mannoprotein
V(C—N), proteins, lipids 1124 1122
v(P=0), ¥(C—C), lipids, pigment 1102 -
v(C—N), proteins - 1089
v(C—N), ¥(C—C), proteins, lipids - 1055
v(C—N), v(C—C), proteins, lipids 1048 1045
F12, Phe, proteins 1000 1001
v(C—C), v(C—0), skeletal, proteins 955 955
v(C—C), v(C—-0), proteins 920 922
1(C—0—C), v(C—C), polysaccharides; vi(C—C—N), 874 874
Lipids;
V,5(0—P—0), lipids; Y1, Tyr, Proteins; r(CH,), lipids, 823 820
proteins
v5(0—P—0), lipids 804 800
§(C0), v(C—N), r(CHs), lipids, head group, phosphate 718 718
group
v(C=S), proteins; pigment 667 -
v(C—S)g, proteins 658 654
(Pigment) 619 -

@ Based on refs. [24-35, 43-68].
b Abbreviations: v, stretching; 6, deformation; T, twisting; w, wagging; r, rocking; s,
symmetric; as, asymmetric.

proteins [60,61]. Similar band was previously assigned to mannoprotein
at cell wall [33]. The characteristic vibrational mode of Phe ring (F12) is
visible near 1000-1001 cm™"' [68]. The intense band at 1442-1444
cm~" can be assigned to scissoring bending vibration of CH, groups of
proteins and phospholipids [59-61], while the shoulder near
1411-1412 cm™' might be associated with symmetric stretching

Fig. 7. Molecular structure of red pigment pulcherrimin optimized at B3LYP functional
with 6-311++G(2d,p) basis set for C, H, N, and O atoms and LANDL2DZ with ECP for Fe
atoms. Numbering of pyrazine ring (pz) atoms is also shown.
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vibration of carboxylate group v5(C0OO). SERS band near 1421 cm ™! was
observed in SERS spectra of mannoprotein and assigned to deformation
vibrational mode 6(CH) [29] or symmetric stretching vibration of car-
boxylate group [28]. The band near 1308 cm ™! is associated mainly
with deformation vibrations (wagging and twisting) of CH, groups
with some contribution from Amide IIl mode of proteins in predomi-
nant a-helix and Py-helix secondary structure [59,63,64]. The intense
feature in the vicinity of 920-922 cm ™! contains high contribution
from coupled C—C and C—O stretching vibrations of amino acid resi-
dues. The broad feature at 820-823 cm™! is associated with rocking vi-
bration of methylene groups, asymmetric stretching vibration of
0—P—O group of lipids, ring breathing vibrational mode of Tyr residues
(Y1), and stretching vibration ¥(C—0—C)/v(C—C) in polysaccharides
[65,66]. The signals between 823 and 480cm " originate from the phos-
pholipids hydrophilic head group domain. In other words, the spectra
contain vibrational information about the main component of the cell
wall. In the spectral region close to vibrational bands of phospholipids,
there is a non-intense band at 800 cm™" which was attributed as a glu-
cose ring in the carbohydrate structure [65].

While the reproducibility of SERS spectra is poor comparing with
SHINERS, some insights into the difference between the two methods
might be obtained from more detailed analysis of spectral features
(Fig. 5B). Thus, pair of bands located at 733 and 1318 cm ™! is associated
with vibrations of adenine ring [69]. The origin of adenine source is not
completely clear; it might be related with presence of denaturated DNA
and other adenine-containing biomolecules such as FAD, NAD, AMP,
and purine-like structure containing hypoxanthine [69]. It should be
noted that adenine ring characteristic bands at 733 and 1318 cm™!
were not detected in the SHINERS spectra (Fig. 5A). Observed spectral
differences are related with interactions between yeast molecules and
naked metal nanoparticles [31]; such interactions are limited in the
case of SHINERS method.

34. Identification of pigment pulcherrimin vibrational bands

Difference SHINERS spectra of yeast cells with larger and lower
amount of red pigment (Fig. 6¢) were formed in order to identify pig-
ment pulcherrimin vibrational bands. To clarify assignments of
SHINERS bands we have conducted the first-principles quantum chem-
ical calculations of structure and vibrational spectrum of pigment. Opti-
mized molecular structure of pulcherrimin is displayed in Fig. 7. We
have recorded the Raman spectrum of pulcherrimin powder using the
830 nm excitation wavelength (Fig. 8a). At this excitation conditions
no resonance Raman enhancement is predicted to be observed; thus
not only vibrations from the pyrazine ring (pz) and coupled 0—Fe—0

Raman Intensity

500 700 900 1100 1300 1500 1700
Wavenumber / cm™!

Fig. 8. Comparison of Raman spectrum of pulcherrimin powder recorded with 830 nm
excitation wavelength (a) and calculated Raman spectrum (b). Calculations were
accomplished using DFT method and B3LYP functional with 6-311++4G(2d,p) basis set
for C, H, N, and O atoms and LANL2DZ with ECP for Fe atoms.

group but also vibrational bands from the side chains (CHs, and CH,)
are expected to be observed. Calculated Raman spectrum provides as-
signments of the vibrational modes (Fig. 8b) which are listed in
Table 2. Intense experimentally observed band at 1621 cm™! corre-
sponds well to calculated stretching vibration v(C2=C3) + v(C6=C5)
of pyrazine ring (pz) at 1595 cm ™. The asymmetric stretching vibration
.5(CNC) of pz corresponds to intense band at 1411 cm™~'; another close
positioned band near 1437 cm ™! belongs to scissoring vibration of CH,
groups coupled with deformation motion of CHs. Isobutyl chain and
CH,/CH3 groups possess strong band at 1173 cm ™. The characteristic
pz breathing mode is visible in Raman spectrum at 625 cm™". Finally,
two low frequency bands at 573 and 516 cm ™~ are associated with in-
plane deformation of pz coupled with vibration of FeO, group.
Comparing SHINERS difference spectrum of yeast cells (Fig. 6¢) with
Raman spectrum of pulcherrimin powder (Fig. 8a), several vibrational
bands can been identified in the differential spectrum which can be as-
sociated with vibrations of red pigment. One can recognize the charac-
teristic pz breathing band near 622 cm™'. The broad positive-going
feature near 758 cm ™! in the difference spectrum might be related
with pulcherrimin isobutyl chain v(C—C) stretching vibration visible
at 800 cm ™! in the spectrum of pigment powder. The broad feature
near 985 cm™ ' in the SHINERS difference spectrum can be related
with relatively broad Raman band near 1030 cm ™' associated with
stretching vibration v(N—O) coupled with pz stretching motion. In ad-
dition, several strong bands were detected in the ATR-FTIR spectrum of
pulcherrimin powder in the vicinity of 1010-1070 cm ™" (Fig. S6). The
positive-going feature near 1169 cm™~" is close to the well-defined
band of bulk pigment recorded in the Raman spectrum at 1173 cm ™.
This band was assigned to the isobutyl chain stretching vibration
1(C—C) coupled with deformation motions of CH3 and CH, groups
(Table 2). However, other bands are obscure, probably because of in-
tense features of yeast cells in the vicinity of 1440 and 1600 cm ™",
Thus, two positive-going bands visible in the vicinity of 1493 and
1546 cm ™! in the SHINERS spectrum might be tentatively associated
with Raman bands recorded at 1503 and 1621 cm™!, respectively
(Fig. 8). The calculated spectrum shows low intensity Raman band
near 1523 cm ™', while strong band due to predominant stretching vi-
brations of C2=(3 and C5=C6 bonds coupled with deformation motion
of CH, and CH; groups was predicted in infrared spectrum (Fig. S6). The
higher frequency band (1621 cm™") is associated with v(C2=C3) +
v(C5=C6) mode; however, calculations predict lower peak position
wavenumber for this band (1595 cm™"). The blue-shift of this band in
powder spectrum might be related with conformational changes of
studied compound. In addition, changes in the Raman spectrum of
pulcherrimin were demonstrated depend strongly on the Fe

Table 2
Experimental Raman and calculated peak wavenumbers and vibrational assignments for
red pigment pulcherrimin.

Raman Calculated  Assignments®

(em™) (em™)

1621s 1595 v(C2=C3), (C5=C6)

1503 m 1523 v(C2=C3), v(C5=C6), T(CH,), 5(CH3)

1437 vs 1455 8(CH,) scissoring, 6(CH;)

1411 vs 1433 V,5(CNC) stretching of pz in-plane, 5(CH,) scissoring
1239 m 1253 T(CHy)

1173 vs 1179 v(C—C) isobutyl chain, r(CHs), t(CH,)

1030 br,m 1071 v(N—O0) in-phase, v(pz)

917 br,m 923 v(Fe—0), r(CHs), v(C—CHs), v(C—C) isobutyl chain
806 br, m 815 v(C—C) isobutyl chain

711w 703 vy(pz) out-of-plane deformation

625 vs 634 v(pz) breathing, vs(Fe0,), 6(CCC) isobutyl chain
573 m 557 8(pz) in-plane, v,4(FeO,), r(CHz)

516 m 533 6(pz) in-plane, 5(Fe0,), r(CH,)

¢ Abbreviations: v, stretching; 6, deformation; 7, twisting; w, wagging; r, rocking; as,
asymmetric; s, symmetric; pz, pyrazine ring; m, middle; w, weak; s, strong; vs, very
strong; br, broad.
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concentration [70]. It should be noted, that the difference spectrum pre-
sented in Fig. 6¢ and spectrum of bulk pigment pulcherrimin at Fig. 8
does not coincide completely. This might be related with three major
reasons: (i) different state of pigment in yeast cells comparing with
bulk sample, (ii) dependence of pulcherrimin structure and Raman
spectrum on concentration of iron [70], and (iii) changes in the struc-
ture of yeast cell wall constituents for cells containing high and low
amount of pigment.

4. Conclusions

For the first time shell-isolated nanoparticle-enhanced Raman spec-
troscopy (SHINERS) was employed to investigate the Metschnikowia
pulcherrima yeast cells. Use of Au@SiO, nanoparticles with 40 4+ 5 nm
core diameter and 5 nm shell thickness allowed us to obtain signifi-
cantly enhanced spectra of the living cells. The fluorescence background
was quenched by 60-150 times in SHINERS experiments comparing
with Raman spectrum. The yeast cell wall and its functional elements
(proteins, mannoprotein, lipids, amino acids, and polysaccharides)
were identified. Contrary to SERS analysis which was performed by
using naked Au nanoparticles, no bands associated with adenine ring-
related vibrations near 730 and 1318 cm™! [69] were observed in
SHINERS spectra. Based on density functional theory calculations and
830-nm excited Raman spectra of pigment several bands in SHINERS
difference were associated with pulcherrimin vibrations.

This work provides insights into the difference of SERS and SHINERS
methods to probe living cells. The SHINERS spectra of yeast cells demon-
strated repeatability; vibrational bands did not change and no addi-
tional bands due to chemical interactions with the nanoparticles were
observed. Absence of direct interaction with plasmonic metal and re-
producibility of the spectra are the main advantages of shell-isolated
nanoparticles Au@SiO, comparing with popular and often use bare Au
nanostructures. Consequently, it was shown that SHINERS is a perspec-
tive non-destructive technique allowing the collection of molecular
level information from living yeast cells for a better understanding of
their cell wall biochemical structures.
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Supplementary data

Shell-isolated nanoparticle-enhanced Raman spectroscopy
for characterization of living yeast cells

Agné Zdaniauskiené?, Tatjana Charkova?, Ilja Ignatjev?, Vytautas Melvydas®, Rasa
Garjonyté?, Ieva Matulaitiené?, Martynas Talaikis®, Gediminas Niaura®"

“Department of Organic Chemistry, Center for Physical Sciences and Technology (FTMC),
Saulétekio Ave. 3, LT-10257 Vilnius, Lithuania
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Fig. S1. Molecular structure of red pigment pulcherrimin with numbering of pyrazine ring

atoms.
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Fig. S2. Raw SHINERS spectra of Metschnikowia pulcherrima yeast cells. (a) Yeast cells with
large amount of red pigment, and (b) yeast cells with low amount of red pigment. Excitation

wavelength is 785 nm.
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Fig. S3. Raw SERS spectra of Metschnikowia pulcherrima yeast cells. (a) Yeast cells with
large amount of red pigment, and (b) yeast cells with low amount of red pigment. Excitation

wavelength is 785 nm.
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Fig. S4. Raman spectra of Au@SiO> (a) and bare Au (b) nanoparticles. Excitation

wavelength is 785 nm.

156




Raman intensity

| |
600 800 1000 1200 1400 1600
Wavenumber / cm™

729
1003
1236

Raman intensity

| | | |
600 800 1000 1200 1400 1600
Wavenumber / cm’™

Fig. SS. Repeatability of SHINERS and SERS spectra of living yeast cells M. pulcherrima with
low amount of pigment. Spectra are collected at different positions. (A) SHINERS spectra
obtained with Au@SiO; nanoparticles, and (B) SERS spectra obtained with Au nanoparticles.

Spectra are background corrected and shifted vertically for clarity.
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Fig. S6. ATR-FTIR spectrum of pulcherrimin powder (a) compared with the calculated
infrared spectrum at B3LYP functional with 6-311++G(2d,p) basis set for C, H, N, and O
atoms and LANDL2DZ with ECP for Fe atoms (b).
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