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Spis skrotow i oznaczen
A — powierzchnia wanny Langmuira [cm?]
Au-NPs — nanoczastki ztota
Au-NRs@PEG — pretopodobne nanoczgstki ztota funkcjonalizowane

poli(tlenkiem etylenu)

AU-NSsS@PEG — sferyczne nanoczastki ztota funkcjonalizowane
poli(tlenkiem etylenu)

Au-NSs@DDT — sferyczne nanoczgstki ztota funkcjonalizowane

dodekanotiolem

BAM — mikroskopia kata Brewstera

Chol — cholesterol

c:?t — modut $cisliwosci [MN-m™]

CTAB — bromek cetylotrimetyloamoniowy

DDT — dodekanotiol

DLS — dynamiczne rozpraszanie $wiatta (ang. Dynamic Light

Scattering)

DPPC — 1,2-dipalmitoilo-sn-glicero-3-fosfocholina

DPPC:Chol (9:1) — 1,2-dipalmitoilo-sn-glicero-3-fosfocholina i cholesterol,
stosunek molowy 9:1

LB — metoda (lub warstwy) Langmuira-Blodgett

LC — stan ciekty skondensowany

LE — stan ciekty rozprezony

LS — metoda (lub warstwy) Langmuira-Schaefera

LSPR — zlokalizowany powierzchniowy rezonans plazmonowy

(ang. Localized Surface Plasmon Resonance)

PEG (PEG-SH) — poli(tlenek etylenu) z grupa tiolowa 0 masie
czasteczkowej 2000 (2k), 5000 (5k) lub 10000 (10Kk)

p-MBA — kwas 4-merkaptobenzoesowy

PM-IRRAS — odbiciowo-absorpcyjna spektroskopia w podczerwieni

z modulacjg polaryzacji (ang. Polarization Modulation
Infrared Reflection Absorption Spectroscopy)
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POPC — 1-palmitoilo-2-oleoilo-sn-glicero-3-fosfocholina

POPC:Chol (4:1) — 1-palmitoilo-2-oleoilo-sn-glicero-3-fosfocholina
i cholesterol, stosunek molowy 4:1

QCM — mikrowaga kwarcowa (ang. Quartz Crystal
Microbalance)

R6G —rodamina 6G

SAXRD — dyfrakcja promieni rentgenowskich pod matym katem
(ang. Small-Angle X-ray Diffraction)

SEM — skaningowa mikroskopia elektronowa
(ang. Scanning Electron Microscopy)

SERS —wzmocniona powierzchniowo spektroskopia Ramana
(ang. Surface-Enhanced Raman Spectroscopy)

TEM — transmisyjna mikroskopia elektronowa (ang.
Transmission Electron Microscopy)

UV-vis — zakres promieniowania elektromagnetycznego
w obszarze ultrafioletu i swiatta widzialnego

T — ci$nienie powierzchniowe [MN-m™]
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Streszczenie

W rozprawie doktorskiej przedstawiono wyniki badan dotyczace oddziatywan
pomiedzy funkcjonalizowanymi (za pomoca dodekanotiolu (DDT) lub poli(tlenku
etylenu) (PEG)) nanoczastkami ztota (Au-NPS) o réznych ksztattach (sferycznym (NSs),
pretopodobnym (NRs)) w warstwach wytwarzanych na granicy faz powietrze-woda
| powietrze ciato-state, jak rowniez oddziatywan Au-NPs w warstwach na podtozu statym
z wybranymi molekutami (kwasem 4-merkaptobenzoesowym, rodaming 6G)
lub na subfazie wodnej z lipidami (1,2-dipalmitoilo-sn-glicero-3-fosfocholina,
1-palmitoilo-2-oleoilo-sn-glicero-3-fosfocholing i/lub cholesterolem).
Celem przeprowadzonych badan byto okreslenie wptywu ksztattu i/lub funkcjonalizacji
Au-NPs na wilasciwosci (termodynamiczne, stabilno$¢) i organizacje (upakowanie,
agregacj¢, morfologi¢) cienkich warstw na granicy faz oraz na struktur¢ modelowych

bton biologicznych.

Do tworzenia warstw i blon biomimetycznych na granicy faz powietrze-woda
zastosowano technike Langmuira oraz metody Langmuira-Blodgett,
Langmuira-Schaefera do przenoszenia warstw Au-NPs na podtoza state. W badaniach
warstw nagranicy faz wykorzystano komplementarne metody spektroskopowe
i mikroskopowe, w tym spektroskopi¢ absorpcyjng UV-vis, odbiciowo-absorpcyjna
spektroskopi¢ w podczerwieni z modulacja polaryzacji, spektroskopi¢ Ramana,
mikroskopi¢ kata Brewstera, mikroskopi¢ konfokalng, skaningowa 1 transmisyjng
mikroskopig elektronowg. Charakterystyke hydrodynamiczng i stabilnos$¢ koloidalng NPs
wyznaczono odpowiednio, technika dynamicznego rozpraszania $wiatta i na podstawie

pomiaru potencjalu zeta.

Na podstawie przeprowadzonych badan stwierdzono, ze funkcjonalizacja i ksztalt
AU-NPs w istotny sposob determinujg wlasciwos$ci i organizacje warstw na granicy faz
powietrze-woda i powietrze-ciato state. Wykorzystujac rézne metody przenoszenia
warstw Langmuira Au-NSs@DDT i Au-NRs@PEG na podloza stale uzyskano,
w okreslonych warunkach dobre pokrycie powierzchni i struktury agregacyjne NPs, ktore
wykazujg  obszary  charakteryzujagce si¢  lokalnym  wzmocnieniem  pola
elektromagnetycznego. Wykazano, ze zastosowanie techniki Langmuira stwarza
mozliwos$¢ projektowania i uzyskania warstw ztozonych z Au-NPS, o roznym ksztalcie

i funkcjonalizacji, o kontrolowanych i pozgdanych wlasciwosciach (w tym optycznych),
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majacych potencjat aplikacyjny jako podloza do ultraczulej detekcji analitow.
Pokazano rowniez mozliwos¢ uzyskiwania warstw Au-NPs 0 roéznym stopniu
upakowania, poprzez dobor dilugosci tancucha polimeru oraz wykazano zwigzek
pomiedzy masg czasteczkowa polimeru wykorzystywanego do funkcjonalizaciji,
a stanem fizycznym, morfologig i zdolnoscig do agregacji NPs w warstwach na subfazie

oraz na podtozu stalym.

Whnioskowano, ze na struktur¢ modelowych bton biologicznych, ich elastycznos$¢
| stabilno$¢ na granicy faz woda-powietrze, ma wptyw anizotropia ksztattu Au-NPs
oraz sktad lipidow. Zaobserwowano rowniez, ze obecno$¢ cholesterolu umozliwia
tworzenie gesciej upakowanych i bardziej uporzadkowanych monowarstw z NPs
oraz zasugerowano rozne sposoby oddziatywania lipidéw z NPs, ktore moga adsorbowac
na powierzchni lub cze¢sciowo wbudowywaé si¢ w warstwe lipidows, co mozna
skorelowa¢ z ksztattem NPs i/lub wiasciwosciami fizykochemicznymi oraz sktadem

lipidow w biomimetycznej membranie.

Przedstawione w rozprawie wyniki badan dostarczaja nowej wiedzy na temat mozliwosci
kontrolowania organizacji i oddziatywan Au-NPs w warstwach tworzonych na granicy
faz. Ustalenie korelacji pomiedzy badanymi Au-NPs, warunkami procesu kompresji
I metodami wytwarzania, a parametrami koncowymi otrzymywanych warstw pozwala
naich projektowanie oraz ocen¢ ich przydatnosci jako funkcjonalnych podiozy
w diagnostyce biomedycznej wykorzystujace;j techniki spektroskopowe.
Jednoczes$nie, analiza wptyw Au-NPs na strukture biomimetycznych membran stanowi
wktad w zrozumienie ich oddzialywan z ukladami biologicznymi, co jest istotne
do rozwoju badan nad innowacyjnymi i bezpiecznymi nanomateriatami o potencjale

aplikacyjnym.
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Abstract

In the doctoral dissertation, the results of the research concerning interactions
between functionalized (using dodecanethiol (DDT) or poly(ethylene oxide) (PEG)) gold
nanoparticles (Au-NPs) of various shapes (spherical (NSs), rod-like (NRs)) in layers
produced at the air-water and air-solid interfaces, as well as interactions of Au-NPs
in layers on a solid substrate with selected molecules (4-mercaptobenzoic acid,
rhodamine 6G) or on an aqueous subphase with lipids (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and/or cholesterol)
were presented. The aim of the conducted research was to determine the influence
of the shape and/or functionalization of Au-NPs on the properties (thermodynamic,
stability) and organization (packing, aggregation, morphology) of thin layers

at the interfaces, and on the structure of model biological membranes.

The Langmuir technique was used to form layers and biomimetic membranes
at the air-water interface whereas Langmuir-Blodgett and Langmuir-Schaefer methods
were applied to transfer Au-NPs layers onto solid substrates. Complementary
spectroscopic and microscopic methods were employed in the study of layers
at interfaces, including UV-vis absorption spectroscopy, polarization modulation infrared
reflection-absorption spectroscopy, Raman spectroscopy, Brewster angle microscopy,
confocal microscopy, scanning and transmission electron microscopy. The hydrodynamic
characteristics and colloidal stability of the NPs were determined using dynamic light
scattering and zeta potential measurements, respectively.

Based on the conducted research, it was concluded that functionalization and the shape
of Au-NPs significantly determine the properties and organization of their layers
at the air-water and air-solid interfaces. By using various methods to transfer Langmuir
layers of Au-NSs@DDT and Au-NRsS@PEG onto solid substrates, under specific
conditions, quite efficient surface coverage was obtained and NPs aggregate structures
which possess areas characterized by local electromagnetic field enhancement were
observed. It was demonstrated that the use of the Langmuir technique enables the design
and production of layers composed of Au-NPs with different shapes
and functionalization, with controlled and desired properties (including optical ones),
having application potential as substrates for ultrasensitive analyte detection.

The possibility of obtaining Au-NPs layers, with varying degrees of packing, by selecting

10
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the polymer chain length, was also shown, and a relationship between the molecular
weight of the polymer used for functionalization and the physical state, morphology,
and aggregation tendency of NPs in layers on the subphase and on the solid substrate

was demonstrated.

It was inferred that the shape of Au-NPs influences the structure of model biological
membranes, their elasticity, and stability at the water-air interface, and this influence
depends on the lipid composition and the shape anisotropy of the NPs (aspect ratio).
It was also observed that the presence of cholesterol enables the formation of more
densely packed and more ordered NPs monolayers. Also, different ways of lipid
interacting with NPs were suggested — NPs can adsorb onto the surface or partially embed
into the lipid layer, which can be correlated with their shape and/or physicochemical

properties, and the lipid composition of the biomimetic membrane.

The results of the research presented in the doctoral dissertation provide new knowledge
about the possibilities of controlling the organization and interactions of Au-NPs in layers
created at interfaces. Establishing correlations between the studied Au-NPs,
the conditions of the compression process, fabrication methods and the final parameters
of the obtained layers allows for their design and assessment of their usefulness
as functional substrates in biomedical diagnostics, utilizing spectroscopic techniques.
Simultaneously, the analysis of the influence of Au-NPs on the structure of biomimetic
membranes contributes to the understanding of their interactions with biological systems,
which is important for the development of research on innovative and safe nanomaterials

with application potential.

11
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Wstep

Przyjmuje sie, ze w latach 50. XX wieku zapoczatkowane zostaly badania
w zakresie nanotechnologii. W roku 1959, na spotkaniu American Physical Society
w California Institute of Technology (Caltech), Richard Feynman [1] w wystgpieniu
zatytutowanym ,,There’s Plenty of Room at the Bottom” zaprezentowal koncepcj¢
miniaturyzacji urzadzen i1 tworzenia struktur w skali nanometrycznej. Idea ta zachgcita
naukowcoéw do poszukiwania nowych materialow o unikalnych wlasciwosciach,
uzyskiwanych poprzez precyzyjng manipulacj¢ pojedynczymi atomami i molekutami.
Rozwdj badan prowadzonych w tym zakresie doprowadzit do powstania nowej dziedziny
nauki, ktora w roku 1974 Eric Drexler nazwal ,,nanotechnologia”, co podkreslato
jej naukowy i technologiczny potencjat [2]. Obecnie nanotechnologia jest uznawana
za interdyscyplinarng dziedzing nauki i inzynierii, w ramach ktorej prowadzi si¢ badania
nad projektowaniem, wytwarzaniem i poszukiwaniem mozliwosci wykorzystywania
struktur charakteryzujacych si¢ co najmniej jednym wymiarem nieprzekraczajacym
100 nm [3]. Dynamiczny rozw6j nowych metod i technologii oraz badan prowadzonych
w zakresie nanotechnologii umozliwit wykorzystanie nanomateriatdw mig¢dzy innymi
w przemys$le farmaceutycznym, kosmetycznym, medycynie, energetyce, elektronice

czy inzynierii materiatowej [4-9].

Do nanomateriatdw, ktore wzbudzaja szczegdlne zainteresowanie w biotechnologii
naleza metaliczne nanoczastki, w tym nanoczastki ztota (Au-NPs). Ich wyjatkowe
wlasciwosci optyczne w zakresie Swiatta widzialnego wynikaja z wystgpowania zjawiska
zlokalizowanego plazmonowego rezonansu powierzchniowego (LSPR) [10]. Polega ono
na rezonansowym  wzbudzeniu swobodnych elektrondw  promieniowaniem
elektromagnetycznym o odpowiedniej dtugosci fali. Potozenie pasm(a) LSPR w widmie
ekstynkcji zalezy od ksztattu, rozmiaru, sktadu chemicznego oraz funkcjonalizacji
nanoczastek, co pozwala na precyzyjne projektowanie ich wtasciwosci poprzez kontrolg
warunkoéw syntezy [11-13]. Mozliwos¢ zmiany polozenia pasm(a) LSPR w funkcji
ksztatltu Au-NPs istotnie zwigksza ich potencjat aplikacyjny. Au-NPs moga by¢
wykorzystane np. w celu projektowania cienkich warstw stosowanych jako podtoza
do ultraczutej detekcji  $ladowych ilosci (bio)molekut za pomoca technik
spektroskopowych, w tym powierzchniowo wzmocnionej spektroskopii Ramana (SERS)

[14]. Ponadto, znalazly wiele zastosowan w medycynie, w tym diagnostyce i leczeniu,
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np. jako kontrast polepszajacy obrazowanie promieniowaniem rentgenowskim
czy nos$niki dostarczajace leki bezposrednio do patologicznie zmienionych komorek
lub w lokalnie selektywnej terapii fototermicznej [15-19]. Ze wzgledu na wysoka
aktywno$¢ katalityczng, Au-NPs sg takze wykorzystywane jako Kkatalizatory
np. w reakcjach utlenianie tlenku wegla [20].

Wytwarzanie uporzadkowanych cienkich warstw, w tym monomolekularnych,
0 kontrolowanej architekturze jest mozliwe za pomocg technik Langmuira. Rozwijanie
techniki tworzenia monowarstw na powierzchni cieczy zapoczatkowal Benjamin
Franklin [21]. Na przetomie XIX i XX wieku Agnes Pockels opracowata metodg
kompresji warstwy powierzchniowej, ktdrg udoskonalil Irving Langmuir konstruujac
poziome naczynie pomiarowe, bedace podstawg uktadu wykorzystywanego
we wspotczesnej technice formowania warstw na granicy faz powietrze-woda [22,23].
Technika Langmuira umozliwia tworzenie monowarstw na powierzchni subfazy
w kontrolowanych  warunkach, pozwalajac na okreslenie ich  wlasciwosci
termodynamicznych, sposobu organizacji oraz morfologii. Utworzone warstwy moga by¢
przenoszone na podloze stale metoda Langmuira-Blodgett (LB) lub Langmuira-
Schaefera (LS). Niezaleznie od metody, podczas osadzania warstw utrzymywana jest
stata warto$¢ cisnienia powierzchniowego, co pozwala na ,,odwzorowanie” warstwy
Langmuira na podtozu statym. Metoda LB polega na pionowym wynurzaniu
i/lub zanurzaniu podtoza w czasie osadzania monowarstwy. W przypadku metody LS,
ustawiona rownolegle do subfazy powierzchnia podloza jest zblizana i styka sig
Z monowarstwa, ktora zostaje przeniesiona, a nastepnie podtoze jest przesuwane w gore.
Do wytwarzania wielowarstw cze$ciej stosowana jest metoda LB, podczas gdy metoda
LS uzyskuje si¢ zazwyczaj pojedyncze warstwy [24]. W rozprawie doktorskiej
do wytwarzania warstw Au-NPs i kontroli ich organizacji zostata zastosowana technika

Langmuira, w tym metody LB lub LS do osadzania warstw na podtozu statym.

Technika Langmuira moze by¢ takze wykorzystywana do wytwarzania biomimetycznych
uktadow [25-28]. Blony biologiczne sa dynamicznymi strukturami, zbudowanymi
gléwnie z podwdjnej warstwy lipidow (fosfolipidow 1 steroli), biatek i polisacharydéw
[29]. Ze wzgledu na ich ztoZzono$¢, badania prowadzi si¢ czgsto dla modelowych uktadow
utworzonych z jednego Ilub wielu sktadnikow bton biologicznych [30-33].
Wykazano [34], ze w okreslonych warunkach monowarstwy lipidowe formowane

technika Langmuira w znacznym stopniu odzwierciedlaja wlasciwosci bton
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komorkowych, dlatego sa wykorzystywane do badania wplywu réznych czynnikoéw
na modelowa Struktur¢ oraz okreslania ich wzajemnych oddziatywan. Jednym z czesto
wykorzystywanych do formowania blon biomimetycznych zwigzkéw  jest
1,2-dipalmitoilo-sn-glicero-3-fosfocholina (DPPC). DPPC jest kluczowym fosfolipidem
budujacym btony komoérkowe ssakow 1 skladnikiem lipidowym surfaktantu
ptucnego [35]. Do tworzenia modelowych uktadow moga by¢ stosowane rowniez inne
fosfolipidy (np. 1-palmitoilo-2-oleoilo-sn-glicero-3-fosfocholina (POPC)) i/lub sterole
(w tym cholesterol (Chol)). POPC i DPPC reprezentujg fosfolipidy z grupy
fosfatydylocholin, jednak r6znig si¢ stopniem nasycenia tancuchéw weglowodorowych.
Molekuta DPPC sktada si¢ z dwoch nasyconych tancuchéw palmitynowych, natomiast
POPC sklada si¢ z nasyconego tancucha palmitynowego i1 nienasyconego tancucha
oleinowego zawierajacego jedno wigzanie podwojne [36]. Zastosowanie techniki
Langmuira umozliwialo nie tylko tworzenie 1 okreslenie wlasciwosci
termodynamicznych jedno- i wielosktadnikowych warstw lipidowych [37,38],
ale rowniez pozwalato na badanie wptywu Au-NPs na organizacj¢ i oddzialywania w tych
warstwach. W zalezno$ci od ksztattu 1 funkcjonalizacji oraz sktadnikéw modelowe;j
btony, NPs moga w r6zny sposob modyfikowaé wtasciwosci fizykochemiczne warstwy,

wbudowywac si¢ w nig i oddziatywac z polarnymi lub hydrofobowymi grupami lipidow.

Pomimo rosngcego zainteresowania metalicznymi NPs 1 licznych doniesien
literaturowych [39-43], istnieje luka badawcza w zakresie wiedzy dotyczacej korelacji
pomigdzy parametrami Au-NPs (takimi jak ksztatt czy funkcjonalizacja), ich organizacja
1 warunkami tworzenia uporzadkowanych cienkich warstw oraz oddzialywaniami
z organicznymi molekutami, w tym barwnikami lub sktadnikami bton biologicznych,
a pozadanymi wiasciwosciami funkcjonalnymi pozwalajagcymi na znalezienie potencjatu

aplikacyjnego dla badanych uktadow.

Mozliwos¢ ultraczulej detekcji (bio)analitow metodami spektroskopii optycznej,
wymaga wzmocnienia ich sygnalu wykorzystujac na przyktad efekt lokalnego
wzmocnienia pola elektromagnetycznego, prowadzacy do zwickszenia wydajnosci
zarowno procesow absorpcji | emisji promieniowania [44,45]. Pojawia si¢ zatem pytanie
o wplyw ksztattu i funkcjonalizacji Au-NPs na ich optymalng organizacje w warstwie,
ktoéra gwarantuje pojawienie si¢ obszaréw 0 wysokim stopniu upakowania NPs.
Wyjasnienia wymaga réwniez, Czy wlasciwosci termodynamiczne, odpowiednio dobrane

parametry sprezania i ciSnienie powierzchniowe podczas przeniesienia warstw LB/LS,
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determinujga tworzenie si¢ okre§lonych struktur NPs oddzialujacych z analitem,

znajdujacym si¢ w ich bliskim otoczeniu.

Zaprojektowanie i synteza nanomateriatow jest istotng kwestig rowniez ze wzgledow
na bezpieczenstwo stosowania NPs i ich potencjat oddziatywania na uktady biologiczne.
Poli(tlenek etylenu) (PEG-SH) jako biokompatybilny polimer jest powszechnie
stosowany do funkcjonalizacji Au-NPs [46,47]. Jednak wptyw sfunkcjonalizowanych
PEGiem NPs (o roznych ksztattach) na organizacje w warstwach oraz ich oddziatywanie
ze skladnikami modelowych bton biologicznych nie byto dotychczas badane.
Niewyjasniona pozostaje rowniez kwestia, czy istnieje okreslony zwigzek pomiedzy
masa czasteczkowa PEGuU a stanem fizycznym monowarstw Langmuira Au-NPs@PEG,
tendencja do agregacji oraz ostateczng architekturg warstw na podtozu statym. Ponadto,
interesujgcym wydaje si¢ takze ustalenie mozliwego sposobu wbudowywania si¢
w struktur¢ modelowej btony biologicznej Au-NPS@PEG, w zaleznosci od ich ksztaltu

oraz sktadu warstwy lipidowej.

Celem badan wykonanych w ramach przygotowania niniejszej rozprawy doktorskiej byto
okreslenie wptywu ksztattu (sferyczne (Au-NSs), pretopodobne (Au-NRS)),
funkcjonalizacji (dodekanotiol (DDT) lub polimer PEG-SH) i parametréw procesu
kompresji na organizacjc Au-NPs w cienkich warstwach na granicy faz
oraz ich oddziatywania ~z  wybranymi  zwigzkami  organicznymi  (kwasem

4-merkaptobenzoesowym i/lub rodaming 6G czy lipidami).

Motywacja do podjecia badan byto znalezienie warunkéw do tworzenia cienkich warstw
AuU-NPs (dla réznych funkcjonalizacji 1 ksztaltéw) w kontekscie ich potencjalnych
zastosowan w ultraczutej detekcji analitow, okreslenie wptywu dlugosci tancucha
polimeru uzytego do funkcjonalizacji powierzchni Au-NPs na ich organizacj¢ (agregacje
1 upakowanie) w warstwach oraz zrozumienie oddzialywan funkcjonalizowanych
PEGiem AuU-NPs (o réznych ksztattach) z modelowymi blonami biologicznymi

0 ustalonym sktadzie lipidow.

Do badan wykorzystano komplementarne metody pomiarowe: spektroskopi¢ absorpcyjna
UV-vis, technike SERS, mikroskopi¢ konfokalng, skaningowa (SEM) i transmisyjna
(TEM) mikroskopie elektronowg. Charakterystyke hydrodynamiczng i stabilno$é
koloidalng NPs  wyznaczono analizujagc  wyniki  uzyskane  odpowiednio,

metoda dynamicznego rozpraszania $wiatta (DLS) 1 pomiaréw potencjatu zeta.
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Wykorzystujac technikg ~ Langmuira,  wyznaczono  stabilno$¢ 1 parametry
termodynamiczne monowarstw NPs i/lub lipidowych, ktére zobrazowano za pomoca
mikroskopii kata Brewstera (BAM). Wytworzone monowarstwy przenoszono na podtoza
state metodami LB i LS. Oddzialywania na poziomie molekularnym pomiedzy
NPs a lipidami w monowarstwach okre§lono na podstawie analizy widm odbiciowo-

absorpcyjnej spektroskopii w podczerwieni z modulacjg polaryzacji (PM-IRRAS).

Uzyskane wyniki eksperymentalne umozliwity wyjasnienie 1 zrozumienie kluczowych
relacji pomie¢dzy warunkami formowania monowarstw Langmuira, a ich wlasciwosciami
termodynamicznymi, morfologia i stabilnoscig. Dla Au-NPs o réznych ksztattach,
funkcjonalizowanych DDT lub polimerem, zidentyfikowano optymalne parametry
formowania i przenoszenia odpowiednio upakowanych warstw, co pozwolito
na kontrolowane  wytwarzanie  obszarbw 0  silnym  wzmocnieniu  pola
elektromagnetycznego na podtozach stalych. Stwierdzono, ze ksztalt Au-NPs
ma znaczacy wpltyw na strukture (elastycznos¢, stabilno$¢ i organizacje) modelowych
bton biologicznych, a od sktadu lipidow zalezy czy NPs sa adsorbowane na powierzchni
czy czesciow0 wbudowujg sie¢ w monowarstwe. Sposob lokalizacji NPs w warstwach
lipidowych moze mie¢ tez istotne znaczenie dla zrozumienia mechanizmoéw

oddziatywania nanomateriatow z komorkami zdrowymi lub chorobowo zmienionymi.

Wyniki badan zostaty opublikowane w czterech oryginalnych artykutach naukowych,

w czasopismach znajdujacych si¢ na liscie Journal Citation Reports (JCR).
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| Forma rozprawy doktorskiej i wklad doktorantki

Rozprawe doktorska pt. ,,Organizacja nanoczgstek ztota na granicy faz
I ich oddziatywanie z wybranymi zwigzkami organicznymi” stanowia cztery oryginalne
artykuty opublikowane w recenzowanych czasopismach naukowych” indeksowanych
na liscie JCR:

1. [Tim, JPCC 2023] B. Tim™, M. Kotkowiak™, N. Kowalska, A.B. Nowicka,
W. Lewandowski,
Influence of gold nanoparticle assembly in Langmuir-Schaefer monolayers
on the surface-enhanced spectroscopy response of a nanoplatform,
Journal of Physical Chemistry C 127 (2023), 15978-15987. (IF 3,3; MNiSW 140)

2. [Tim, ASS 2022] B. Tim™, P. Blaszkiewicz, A.B. Nowicka, M. Kotkowiak
Optimizing SERS performance through aggregation of gold nanorods
in Langmuir-Blodgett films,

Applied Surface Science 573 (2022), 151518-1-151518-22. (IF 6,7; MNiSW 140)

3. [Kotkowiak, L 2024] M. Kotkowiak™, B. Tim, M. Kotkowiak, J. Musial,
P. Btaszkiewicz,

The role of the polyethylene glycol in the organization of gold nanorods
at the air-water and air-solid interfaces,
Langmuir 40 (2024), 14561-14569. (IF 3,9; MNiSW 100)

4. [Tim, JML 2025] B. Tim™, P. Blaszkiewicz, E. Coy, A. Dudkowiak,
Interactions between functionalized PEGylated gold nanoparticles and model
biological membranes,

Journal of Molecular Liquid 428 (2025), 127501-1-127501-12. (IF 5,2;
MNiSW 100)
“ liczba punktéw przyznanych dla danego czasopisma przez Ministerstwo Nauki
I Szkolnictwa Wyzszego (MNiSW) oraz wspotczynnik wptywu Impact Factor (IF)
sa zgodne z Systemem Informacji Naukowej Politechniki Poznanskiej (SIN PP),

“ autor korespondencyjny

" rownorzedny udzial w przygotowaniu publikacji jak autor korespondencyjny,
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Zgodnie z zalaczonymi o$wiadczeniami wspoétautorow, wklad autorki rozprawy
doktorskiej w powstanie publikacji byt nastepujacy:

1. [Tim, JPCC 2023] — wykonata przeglad aktualnej literatury dotyczace]
wytwarzania warstw na granicy faz powietrze-woda i powietrze-ciato state
sferycznych nanoczastek ztota oraz ich zastosowania we wzmocnionej
powierzchniowo spektroskopii Ramana (SERS). Przeprowadzita badania
kontrolowanej organizacji nanoczastek ztota w warstwach za pomocg techniki
Langmuira i Langmuira-Schaefera (LS) oraz mikroskopii kata Brewstera (BAM).
Uczestniczyla w analizie, interpretacji 1 dyskusji wynikow pomiarowych
oraz wspoltredagowata tekst manuskryptu.

2. [Tim, ASS 2022] - wykonata przeglad aktualnej literatury dotyczacej
wytwarzania warstw na granicy faz powietrze-woda i powietrze-cialo state
pretopodobnych nanoczastek ztota oraz ich zastosowania w technice SERS.
Wytworzyla warstwy 1 przeprowadzita badania za pomoca techniki Langmuira,
Langmuira-Blodgett (LB) i ich charakteryzacje z wykorzystaniem mikroskopii
BAM oraz spektroskopii UV-vis. Uczestniczyta w analizie i dyskusji wynikow
eksperymentalnych oraz wspotredagowata tekst manuskryptu.

3. [Kotkowiak, L 2024] — wykonata przeglad aktualnej literatury dotyczacej warstw
sfunkcjonalizowanych  nanoczastek na granicy faz  powietrze-woda
oraz powietrze-ciato state. Wytworzyla warstwy 1 przeprowadzita badania
za pomocg techniki Langmuira, LB 1 LS, mikroskopii BAM oraz spektroskopii
UV-vis. Uczestniczyta w analizie i dyskusji wynikéw pomiarowych
oraz wspotredagowata tekst manuskryptu.

4. [Tim, JML 2025] — wykonata przeglad aktualnej literatury dotyczacej
wytwarzania modelowych bton biologicznych na granicy faz powietrze-woda
sktadajacych si¢ z lipidow oraz nanoczastek zlota, opracowata koncepcje badan
i sformutowata cele naukowe oraz zaplanowata strategi¢ eksperymentalng w celu
kompleksowej analizy zmian strukturalnych i oddziatywan miedzyfazowych.
Przeprowadzita badania za pomoca techniki Langmuira, mikroskopii BAM,
techniki odbiciowo-absorpcyjnej spektroskopii w podczerwieni z modulacja
polaryzacji (PM-IRRAS). Odpowiadata takze za analiz¢ i interpretacje wynikoéw
eksperymentalnych oraz wspotredagowata tekst manuskryptu. Nadzorowata
realizacje projektu, koordynowata prace, zarzadzata planowaniem 1 realizacja

badan oraz pozyskata wsparcie finansowe dla projektu.



Organizacja nanoczgstek zlota na granicy faz i ich oddzialywanie z wybranymi zwigzkami organicznymi
Beata Tim
Il Badane materialy oraz zastosowane techniki
pomiarowe

W niniejszej rozprawie doktorskiej badano sfunkcjonalizowane sferyczne (NSs)
| pretopodobne (NRs) nanoczastki ztota oraz ich warstwy z wybranymi zwigzkami
organicznymi, takimi jak kwas 4-merkaptobenzoesowym (p-MBA)) i/lub rodamina 6G
(R6G) czy lipidy. Nanoprety ztota (Au-NRs) bedace przedmiotem badan byty
funkcjonalizowane za pomoca poli(tlenku etylenu) z grupa tiolowa (PEG-SH),
0 masie czasteczkowej (Mw) odpowiednio 2000 (2k), 5000 (5k), 10000 (10Kk)
(Au-NRS@PEG(2k), Au-NRs@PEG(5k), Au-NRs@PEG(10k)). Proces syntezy
I funkcjonalizacji zostal przeprowadzony w laboratoriach Zaktadu Fizyki Molekularne;j
na Wydziale Inzynierii Materialowej 1 Fizyki Technicznej (WIMIFT) Politechniki
Poznanskiej (PP). Szczegdlowy opis przeprowadzonych reakcji wraz z parametrami
syntezy, oczyszczania 1 funkcjonalizacji materialu, znajduje si¢ w pracach:
Btaszkiewicz i in. [48,49] oraz [Kotkowiak, L 2024] i [Tim, JML 2025]. W badaniach
wykorzystano rowniez sferyczne nanoczastki ztota (Au-NSs) pokryte dodekanotiolem
(DDT), ktoére zostaty przygotowane w laboratorium prof. Wiktora Lewandowskiego
na Wydziale Chemii Uniwersytetu Warszawskiego, oraz Au-NSs zsyntetyzowane
I sfunkcjonalizowane za pomoca PEG-SH o masie czasteczkowej Mw =~ 2000 (2k),
otrzymane w laboratoriach Zakladu Fizyki Molekularnej na WIMIFT PP.
Zastosowane procedury syntezy i1 funkcjonalizacji, a takze parametry przeprowadzonych
reakcji przedstawiono w pracy [Tim, JPCC 2023]. Wykorzystanie dwoch réznych
ligandow do funkcjonalizacji Au-NSs pozwolito na sprawdzenie ich potencjatu
aplikacyjnego. DDT jako ligand zapewnial kontrole nad upakowaniem i zachowaniem
optymalnej odlegtosci miedzy NSs. Jego hydrofobowa natura pozwalala na wytworzenia
uporzadkowanych warstw NPs, co bylo istotne dla uzyskania silnego sprzezenia
plazmonowego na podtozach statych i okreslenia mozliwosci wykorzystywania tych
warstw w detekcji molekut adsorbowanych na ich powierzchni, wykorzystujgc
powierzchniowo wzmocniong spektroskopie Ramana (SERS). Natomiast hydrofilowy
PEG-SH, stosowany miedzy innymi w produktach farmaceutycznych i spozywczych,
umozliwial nie tylko wytworzenie zagregowanych warstw sfunkcjonalizowanych NRs,
ktére po pokryciu warstwg p-MBA testowano za pomocg techniki SERS, ale rowniez
scharakteryzowanie oddzialywan NPs z lipidami tworzacymi modelowe blony

biologiczne. Warto podkresli¢, ze NPs funkcjonalizowane DDT charakteryzowaly si¢
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ograniczong stabilno$cig koloidalng w $rodowisku wodnym, co sprzyjato efektywnemu
tworzeniu i kontrolowaniu ich organizacji w warstwach, natomiast NPs pokryte PEG-SH
wykazywaly  wysokg stabilno§¢ koloidalng dzigki efektowi sterycznemu
oraz hydrofilowosci tancucha polimerowego, co miato kluczowe znaczenie
dla prowadzonych badan, zwtaszcza w przypadku uktadow biomimetycznych.

Do badan nad wzmocnieniem sygnatow technika SERS wykorzystano warstwy
Langmuira-Schaefera (LS) lub Langmuira-Blodgett (LB) na podlozach statych
utworzone z sfunkcjonalizowanych Au-NPs i stosowano zwiazki organiczne zakupione
w Merck Group (p-MBA i/lub R6G), ktorych struktury przedstawiono odpowiednio
na Rys. 1i Rys. 2.

OH
HS

Rys. 1. Struktura kwasu 4-merkaptobenzoesowego (p-MBA) (na podstawie [50]).

Rys. 2. Struktura rodaminy 6G (R6G) (na podstawie [51]).

W celu okreslenia oddziatywan Au-NRs w modelowych blonach biologicznych, do badan
wybrano lipidy zakupione w Merck Group, tj. 1,2-dipalmitoilo-sn-glicero-3-fosfocholing
(DPPC), 1-palmitoilo-2-oleoilo-sn-glicero-3-fosfocholing (POPC) i cholesterol (Chol),
ktorych struktury przedstawiono odpowiednio na Rys. 3, Rys. 4 i Rys. 5.

/\\/\\/\\\/\\/\\,/\/\)&\Cj\/ 5
|

‘\""‘"—
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Rys. 3. Struktura 1,2-dipalmitoilo-sn-glicero-3-fosfocholiny (DPPC) (na podstawie [52]).
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Rys. 4. Struktura 1-palmitoilo-2-oleoilo-sn-glicero-3-fosfocholiny (POPC) (na podstawie [53]).
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Rys. 5. Struktura cholesterolu (Chol) (na podstawie [54]).

W laboratoriach Zaktadu Fizyki Molekularnej na WIMIFT PP przeprowadzono badania
z wykorzystaniem techniki Langmuira. W celu wyznaczenia parametrow
termodynamicznych monowarstw na powierzchni subfazy wodnej (ultraczysta woda,
Milli-Q, 182 MQ-cm, (71,98 + 0,01) mN-m?') nanoszono dyspersje Au-NPs
w chloroformie (Uvasol). Po odparowaniu rozpuszczalnika organicznego wytwarzano
monowarstwe poprzez zsuwanie dwoch ruchomych barier wykonanych z hydrofilowego
polimeru Derlin. Podczas kompresji warstw mozliwe bytlo wykonanie pomiaréw in-situ
za pomocg spektroskopii absorpcyjnej oraz mikroskopii kata Brewstera (BAM).
Przeprowadzono rowniez pomiary kinetyk relaksacji, ktore polegaty na rejestracji zmian
wzglednej powierzchni warstwy w  funkcji czasu, po kompresji monowarstwy
do okreslonego cisnienia powierzchniowego (7).

Wytwarzane na subfazie wodnej warstwy Langmuira, po 0siggni¢ciu zadanego ci$nienia
powierzchniowego, przenoszono na podtoze state metodami LB lub LS. Metody te r6zni
sposob osadzania warstwy, ktory polegat odpowiednio na pionowym (LB) lub poziomym

(LS) przesuwaniu podioza stalego wzgledem subfazy.

Po przeniesieniu na podtoza stale, wlasciwosci spektralne warstw analizowano
na podstawie widm otrzymanych metoda spektroskopii absorpcyjnej, obrazowano przy
uzyciu mikroskopii konfokalnej, a pokrycie powierzchni okreslano za pomocg mikrowagi
kwarcowej (QCM). Dodatkowo, warstwy Au-NRs@PEG na podtozu statym
zobrazowano za pomoca skaningowej mikroskopii elektronowej (SEM) w Zaktadzie

Metaloznawstwa 1 Inzynierii Powierzchni na WIMiFT PP. Pomiary z wykorzystaniem
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spektroskopii Ramana dotyczace oddziatywan pomiedzy zwigzkami organicznymi
awarstwami Au-NPs na podlozach staltych wykonano w Zaktadzie Spektroskopii
Optycznej WIMIFT PP. W Zaktadzie Chemii Srodowiska Uniwersytetu Jagiellonskiego,
scharakteryzowano oddzialywania i morfologi¢ warstw lipidowych z Au-NRs@PEG(2K)
lub Au-NSs@PEG(2k) stosujac odbiciowo-absorpcyjng spektroskopie¢ w podczerwieni
z modulacjg polaryzacji (PM-IRRAS) oraz mikroskopi¢ BAM. Dla Au-NSs@DDT
(lub ich warstw), na Wydziale Chemii Uniwersytetu Warszawskiego wykonano pomiary
metodami dynamicznego rozpraszania $wiatla (DLS), dyfrakcji rentgenowskiej
(SAXRD) oraz transmisyjnej mikroskopii elektronowej (TEM). Dodatkowo, w Centrum
NanoBiomedycznym  Uniwersytetu im. Adama Mickiewicza w Poznaniu,
wykonano obrazy za pomocg mikroskopii TEM oraz pomiary potencjatu zeta i DLS
dla Au-NRs@PEG i Au-NSs@PEG(2k) oraz Au-NSs@PEG(2k) z lipidami.
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1l Opis badan

Celem badan przeprowadzonych w ramach przygotowania niniejszej rozprawy
bylo poszerzenie wiedzy o wptywie ksztattu Au-NPs na oddzialywania ze sktadnikami
modelowych bton biologicznych oraz ustalenie optymalnych warunkéw otrzymywania
cienkich warstw AuU-NPs do detekcji $ladowych iloSci analitow, w kontek$cie
potencjalnych zastosowan biomedycznych. Uzyskane wyniki pozwolily na okreslenie
organizacji NPs zlota (réznigcych si¢ funkcjonalizacja powierzchni lub ksztattem)
w cienkich warstwach na granicy faz oraz ich oddzialywan z wybranymi zwigzkami

organicznymi, w tym lipidami lub kwasem 4-merkaptobenzoesowym i/lub rodaming 6G.

W pracy [Tim, JPCC 2023] przedmiotem badan byly sferyczne ztote nanoczastki,
sfunkcjonalizowane hydrofobowym dodekanotiolem (Au-NSs@DDT) i ich wzajemne
oddziatywania w warstwach Langmuira i Langmuira-Schaefera (LS). Ustalono korelacje
pomigdzy whasciwosciami termodynamicznymi warstw Au-NSs@DDT (w skali mikro-
1 nanometrycznej), a ich organizacja oraz sprawdzono mozliwo$¢ wykorzystania warstw

jako podtozy do badan technikg SERS.

Badane NSs@DDT charakteryzowatly si¢ pasmem LSPR przy dlugosci fali 515 nm
I wielkoscia (4,4 + 0,4) nm, potwierdzong wynikami pomiarow technikami SAXRD
i TEM [Tim, JPCC 2023, Fig. S2, S5]. Dla warstw Langmuira Au-NSs zarejestrowano
izotermy (n-A) i obliczono modut $cisliwosci (C51) w funkcji powierzchni wanny (A)
[Tim, JPCC 2023, Fig. 1]. Dodatkowo, in-situ zobrazowano tworzone monowarstwy
za pomocg mikroskopii BAM [Tim, JPCC 2023, Fig. 2], co pozwolito na monitorowanie
ich morfologii w czasie rzeczywistym, na granicy faz. Zbadano réwniez kinetyki
relaksacji warstwy (zalezno$ci wzglednej zmiany powierzchni warstwy w funkcji czasu)
[Tim, JPCC 2023, Fig. S4], dla wybranych wartosci ci$nienia powierzchownego
(t. t=2, 4,6, 12, 141 20 mN-m") i zarejestrowano histerez¢ spr¢zania/rozpr¢zania
monowarstw [Tim, JPCC 2023, Fig. S3]. Warstwy z subfazy przenoszono metoda LS
na ptytki kwarcowe przy wartosciach ci$nienia powierzchniowego (tj. © = 2, 4, 6, 12, 14
i 20 mN-m™), optymalizujac predko$¢ zanurzania poziomego do 0,5 mm-min!, w celu
maksymalizacji pokrycia powierzchni poditoza. Morfologi¢ 1 stopien pokrycia
powierzchni ptytek kwarcowych, w skali mikro i nanometrycznej, przeanalizowano
odpowiednio na podstawie obrazow z mikroskopow konfokalnego i TEM. Dla warstw

LS rejestrowano widma optyczne w zakresie UV-vis [Tim, JPCC 2023, Fig. 4],
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a mozliwos¢ ich stosowania jako podtozy do badan technika SERS przetestowano
wykorzystujac p-MBA [Tim, JPCC 2023, Fig. 7].

Zarejestrowane izotermy kompresji oraz ksztaltt modutu $cisliwosci Au-NSs@DDT
w warstwach Langmuira [Tim, JPCC 2023, Fig. 1] wskazujg na istnienic dwoch
obszar6w o odmiennej sprezystosci warstwy, dla ci§nienia powierzchniowego ponizej
i powyzej 10 mN-m™ (i odpowiednio, powierzchni wanny pomiedzy 60 a 220 cm?
oraz25a 50 cm?). Maksimum wartoéci Cg3!wynoszace 15 mN-m™ sugerowato,
ze warstwa Langmuira utworzona z NSs@DDT znajduje si¢ w stanie cieklym
rozprgzonym (LE). Obrazy BAM warstwy NPs na powierzchni subfazy
[Tim, JPCC 2023, Fig. 2] potwierdzity, ze wraz ze wzrostem 7, poczatkowo
heterogeniczna warstwa, sktadajaca si¢ z izolowanych domen, przeksztalcata si¢
podczas kompresji w homogeniczng warstwe o wysokim stopniu upakowania.
Ponadto, zarejestrowana histereza izoterm wskazuje, ze zarOwno proces Ssprezania,
jak i rozprezania przebiega w podobny sposob co oznacza, ze oddzialywania pomig¢dzy
hydrofobowo sfunkcjonalizowanymi  Au-NSs@DDT w warstwie nie powoduja

powstawania trwatych agregatow [Tim, JPCC 2023, Fig. S3].

Dla wybranych ci$nien powierzchniowych, przy ktérych przenoszono warstwy
na podtoze state zarejestrowano kinetyki relaksacji [Tim, JPCC 2023, Fig. S4].
Na ich podstawie  stwierdzono, ze stabilno$¢ tworzonych  warstw  maleje
wraz ze wzrostem ci$nienia powierzchniowego, tj. podczas zwigkszania upakowania
Au-NSs@DDT na granicy faz. Analiza obrazéw warstw Au-NSs@DDT na podtozu
statym, w skali mikroskopowej, uzyskanych za pomocg mikroskopii konfokalnej
[Tim, JPCC 2023, Fig. 5], wykazata liniowy wzrost pokrycia podtoza NSs w funkcji
(wybranego do depozycji warstw), co potwierdzity rowniez wyniki obliczen wykonane
na podstawie pomiarow QCM [Tim, JPCC 2023, Fig. S6]. Jednakze, analiza obrazow
TEM [Tim, JPCC 2023, Fig. 6] w skali nanometrycznej ujawnita dwa odrgbne obszary
organizacji NSs w warstwach LS. Dla m < 9 mN-m™ wzrost pokrycia podtoza
byt stosunkowo niewielki, podczas gdy dla 1 > 9 mN-m™ zaobserwowano gwattowny,
niemal dwukrotnie szybszy wzrost pokrycia wskazujacy na krytyczne zblizenie si¢ NSs
I mozliwe formowanie rozlegltych domen o wysokim stopniu upakowania. Analiza widm
absorpcji 1 potozenia pasma LSPR [Tim, JPCC 2023, Fig. 4] wydaje si¢ potwierdzaé
rézny stopien pokrycia podtoza Au-NSs@DDT dla warstw wytwarzanych przy nizszych

1 wyzszych ci$nieniach powierzchniowych.
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Pomiary dla p-MBA zdeponowanego na powierzchni warstw Au-NSs@DDT
utworzonych na podlozu stalym technikag LS [Tim, JPCC 2023, Fig. 7] wykazaly
wyrazng zalezno$¢ intensywnosci sygnalu SERS od wartosci  ci$nienia
powierzchniowego, przy ktorym przenoszono warstwy. W zakresie niskich ci$nien
przenoszenia (1 < 9 mN-m™') wzrost intensywnosci sygnalu SERS byl stosunkowo
niewielki. Dla © powyzej 9 mN-m™!, odpowiadajacych obszarowi wyzszego stopnia
upakowania NSs, wzrost ten byl 6-krotnie wickszy w poréwnaniu z intensywnoscig
sygnatu dla warstw osadzanych w zakresie nizszych cisnien. Proces formowania warstw
metoda LS, przy wartosciach m przekraczajacych 9 mN-m™, umozliwia przeniesienie
warstw Langmuira zachowujac wysoki stopnien upakowania Au-NSs@DDT na podtozu
statym. Uzyskane wyniki wskazuja, ze wzmocnienie sygnatu SERS nie jest prosta
funkcja samego pokrycia, ale wynika z jako$ciowe] zmiany w organizacji NPs.
Warstwy charakteryzuja si¢ obecnoscia domen, w ktérych odleglosci pomiedzy NSs

sa optymalne dla uzyskania silnego sprzgzenia plazmonowego.

Analiza wynikéw dla Au-NSs@DDT w cienkich warstwach wytwarzanych technika
Langmuira pozwolita na zidentyfikowanie punktu na izotermie (przy -cis$nieniu
powierzchniowym ok. 10 mN-m™), ktory rozdziela dwa obszary o rdznej organizacji
AU-NSs. Badania umozliwily takze skorelowanie wtasciwosci i parametrow warstw NSs
wytworzonych metoda LS ze wzmocnieniem sygnatu technikg SERS.
Upakowanie i wzajemne odleglosci NSs wplywaja na uzyskanie silnego sprzg¢zenia
plazmonowego, co jest kluczowe dla wzmocnienia sygnatu molekut znajdujacych
sigwich poblizu. Pokazano mozliwos¢ wykorzystania techniki Langmuira
do zaprojektowania i uzyskania warstw sferycznych Au-NPs (sfunkcjonalizowanych
hydrofobowym DDT) na podtozach statych, o kontrolowanych i pozadanych
wlasciwo$ciach (pokryciu 1 upakowaniu), ktore maja potencjal do wykorzystania

w ultraczulej detekcji molekut.

Majac na uwadze potencjalne zastosowania biomedyczne, kluczowe wydawato
si¢ zbadanie, czy analogiczng kontrole¢ nad organizacja i wlasciwosciami podiozy
dla techniki SERS mozna osiagna¢ wykorzystujac NPs funkcjonalizowane polimerem,

ligandem o wysokiej biokompatybilnosci.

W tym kontekscie, w pracy [Tim, ASS 2022] przedmiotem badan byly zlote nanoprety,
funkcjonalizowane hydrofilowym polimerem PEG-SH o masie czasteczkowej 2000 (2k)
(Au-NRs@PEG(2k)), w warstwach Langmuira i Langmuira-Blodgett (LB).

25



Organizacja nanoczqgstek zlota na granicy faz i ich oddzialtywanie z wybranymi zwigzkami organicznymi
Beata Tim

Sprawdzono takze, czy dla  Au-NRs  efektywno§¢  wymiany  bromku
cetylotrimetyloamoniowego (CTAB) na PEG-SH podczas funkcjonalizacji i ewentualna
pozostatosci surfaktantu CTAB mogg w istotny sposob zakldcaé proces formowania
| interpretacje wynikow dla monowarstw na subfazie wodnej. Dla warstw Langmuira
wyznaczono zaleznos$ci ci$nienia powierzchniowego (m) w funkcji powierzchni
wanny (A), na podstawie ktérych obliczono modut $cisliwosci  (C31),
oraz zarejestrowano histereze sprezania/rozprezania [Tim, ASS 2022, Fig. 1 i Fig. S2].
Dodatkowo w czasie rzeczywistym (in-situ), dla réznych cisnien powierzchniowych
zobrazowano morfologi¢ monowarstw za pomoca mikroskopii BAM oraz zarejestrowano
widma absorpcji [Tim, ASS 2022, Fig. 2 i Fig. 3a]. Wyznaczono réwniez kinetyki
relaksacji warstw Langmuira dla wybranych wartosci cisnienia powierzchownego (ij.
=4, 8,12, 15 i 20 mN-m™) [Tim, ASS 2022, Fig. S3]. Na podstawie analizy danych
eksperymentalnych i obliczen, mozliwe bylo okreslenie stopnia upakowania i rodzaj
stanu, w jakim znajduja si¢ na granicy faz oraz uzyskania informacji o organizacji

sfunkcjonalizowanych PEGiem Au-NRs.

Zanim uformowano warstwy, okreslono stezeniec CTAB pozostajagce w zawiesinach
AU-NRs@PEG(2Kk) po wymianie ligandéw na PEG-SH podczas procesu funkcjonalizacji
NPs. Potwierdzono, ze po zakonczeniu procesu funkcjonalizacji Au-NRs, st¢zenie CTAB
byto znikome (rzgdu 1 10°M), a analiza izoterm [Tim, ASS 2022, Fig. 1] wykazala,
iz nie ma ono wplywu na termodynamiczne wiasciwosci monowarstw. Dalsze badania

prowadzono dla Au-NRs@PEG(2k) o $redniej dhugosci 53,2 nm i szerokosci 23,6 nm.

Stwierdzono, ze sfunkcjonalizowane polimerem (2k) AU-NRs tworza stabilne
monowarstwy Langmuira na subfazie wodnej. Biorac pod uwage kryterium
wprowadzone przez Daviesa i Rideala [55] oraz maksymalng warto$¢ C3?! okre$lono,
ze stopien upakowania Au-NRS@PEG(2k) sugeruje stan ciekly rozprezony (LE)
monowarstwy. Analiza obrazow BAM wskazuje, ze kompresja monowarstwy prowadzi
do zmiany jej morfologii, ktora przy nizszych warto$ciach ci$nienia powierzchniowego
jest niejednorodna, o czym $§wiadczg liczne pasma widoczne przy m = 4 mN-m?
[Tim, ASS 2022, Fig. 2a]. Wydaje si¢, ze Au-NRS@PEG(2k) tworza domeny na granicy
faz powietrze-woda w wyniku procesu samorzutnej organizacji. Wzrost ci$nienia
powierzchniowego powoduje, ze AUu-NRS@PEG(2k) stopniowo pokrywaja dostgpna
powierzchnig, w konsekwencji na granicy faz powietrze-woda obserwowany jest bardziej

jednorodny obraz warstwy [Tim, ASS 2022, Fig. 2e]. Widma absorpcji zarejestrowane
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in-situ wykazaty, ze absorbancja przy dlugosci fali 653 nm dla Au-NRs@PEG(2k)
w warstwach Langmuira zmienia si¢ liniowo i nie obserwuje si¢ batochromowego
przesuni¢cia podluznego pasma LSPR w funkcji ci$nienia powierzchniowego
[Tim, ASS 2022, Fig. 3a,b]. Brak zmian w potozeniu pasma LSPR charakterystycznego
dla badanych NRs oraz ksztalt histerezy dla Au-NRS@PEG(2k) [Tim, ASS 2022,
Fig. S2], pozwalaja wnioskowaé, ze sfunkcjonalizowane PEGiem Au-NRs nie tworzg
trwatych struktur agregacyjnych na subfazie wodnej, przy ograniczaniu zajmowanej
przez nie powierzchni wanny (podczas kompresji). Dla cisnien powierzchniowych
n=4,8 12, 15 i 20 mN-m! wykonano rowniez pomiary Kinetyk relaksacji,
w celu zbadania zalezno$ci migdzy stopniem upakowania Au-NRs w monowarstwie
Langmuira, a jej stabilnoscig. Analiza krzywych relaksacji [Tim, ASS 2022, Fig. S3]
wykazata, ze stabilno$¢ monowarstwy maleje wraz ze wzrostem cis$nienia. Podczas gdy,
przy 4 mN-m™' obserwowano niemal stala wzgledng zmiang powierzchni warstwy
w funkcji czasu, toprzy wyzszych cisnieniach (powyzej 12 mN-m™) Krytyczne
napr¢zenia w silnie upakowanej warstwie prowadzity do nicodwracalnej zmiany stanu,

w ktérym pierwotna struktura warstwy ulega reorganizacji.

Warstwy Au-NRs@PEG(2k) osadzono na podtozach statych metoda LB, przy ustalonych
ci$nieniach powierzchniowych (m = 4, 8, 12, 15 i 20 mN-m™) i scharakteryzowano
za pomocg mikroskopii konfokalnej oraz spektroskopii absorpcyjnej w zakresie UV-vis.
Pozwolito to okresli¢ organizacje i upakowanie Au-NRs@PEG(2k) w warstwach LB,
atakze sprawdzi¢, czy oddzialywanie z podlozem wplywa na polozenie pasm

plazmonowych badanych NRs.

Niezaleznie od ci$nienia powierzchniowego, przy ktérym osadzano warstwy
Au-NRs@PEG(2k) na podtozu statym, ich widma absorpcji wykazaty wyrazne
przesuniecie maksimum pasma podtuznego LSPR (przy 653 nm) o ok. 100 nm
w kierunku dtuzszych dtugosci fali [Tim, ASS 2022, Fig. 3c], w poréwnaniu z pasmem
obserwowanym dla tych samych NRs na granicy faz powietrze-woda. Sugeruje to,
ze podczas procesu osadzania warstw LB moze zachodzi¢ proces agregacji
AU-NRS@PEG(2k). Wydaje si¢, ze proces ten zostaje zainicjowany w wyniku
,odwadniania” warstwy w trakcie pionowego wynurzania podtoza. Zmniejszenie liczby
molekul wody w warstwie przenoszonej, w konsekwencji prowadzi do zmiany
wlasciwosci 1/lub organizacji warstwy LB w odniesieniu do monowarstwy Langmuira

tworzonej na subfazie wodnej. Analiza obrazéw uzyskanych za pomoca mikroskopii
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konfokalnej potwierdzita tworzenie agregatow o strukturze dendrytycznej
[Tim, ASS 2022, Fig. 4a-e]. Powstawanie quasi-rownolegtych, dendrytycznych
agregatow moze wynikac z odparowywania wody z przestrzeni mi¢dzy NPs, co powoduje
ich zblizenie 1 samoorganizacj¢. Zmiany widoczne na obrazach wskazuja, ze struktury
tworzone przez Au-NRs@PEG(2k) zorientowane sg rownolegle do kierunku, w ktérym
podtoze kwarcowe wynurza si¢ z subfazy wodnej podczas przenoszenia warstwy
Langmuira. Okazalo si¢, ze rozmieszczenie dendrytycznych struktur NPs oraz stopien
pokrycia powierzchni mozna kontrolowa¢ przez odpowiedni dobor cis$nienia
powierzchniowego, przy ktorym osadzane sa warstwy na podlozu stalym.
Analiza zaleznosci ci$nienia powierzchniowego od stopnia pokrycia powierzchni
podtoza [Tim, ASS 2022, Fig. 4f] wykazala, ze najwigksza jego warto$¢ osiaggnicto
PO przeniesieniu warstwy przy cis$nieniu 12 mN-m™'. W wyniku tworzenia si¢ agregatow
o wysokim stopniu upakowania, dochodzi prawdopodobnie do zblizenia NPs i silnego
sprzgzenia plazmonowego migdzy nimi, co uwidacznia si¢ w widmach ekstynkcji
znacznym przesuni¢ciem maksimum pasma LSPR ku czerwieni i jego poszerzeniem.
Obecno$¢ obszaréw z blisko utozonymi Au-NRs w strukturach dendrytycznych stwarza
podobne mozliwosci, jak w przypadku Au-NSs@DDT, wykorzystania tych warstw
jako aktywnych podtozy w technice SERS.

Dalsze badania pokazaly, ze warstwy AuU-NRs@PEG(2k) maja pewien potencjal
aplikacyjny w detekcji wybranych zwigzkéw organicznych (p-MBA i R6G) technika
SERS, w szczegdlnosci warstwy osadzane przy ci$nieniu powierzchniowym 12 mN-m*
(dla ktérych wspdlczynnik wzmocnienia SERS wynosit ok. 1,9-10°) ze wzgledu
na najlepsze pokrycie powierzchni i tworzone struktury dendrytyczne z obszarami
lokalnego wzmocnienia pola elektromagnetycznego (tzw. ,,hot-spotami’’). Obecnos¢ tych
obszaréw daje szanse zastosowania techniki Langmuira do projektowania i wytwarzania
warstw  Au-NRs@PEG(2k) o kontrolowanych  wlasciwosciach  optycznych.
Warstwy te mogg by¢ dedykowane do badania zwigzkéw aktywnych biologicznie
(absorbujacych w roznym zakresie), dzieki mozliwosci syntezy nanopretow o roznej

dhugosci i modyfikowania polozenia podtuznego pasma LSPR.

Ze wzgledu na interesujgce zastosowania warstw Au-NRs@PEG(2k) na podtozu statym,
postanowiono sprawdzi¢ wptyw dhugosci tancucha PEG-SH (2k, S5k, 10k) uzytego
do funkcjonalizacji powierzchni Au-NRs na stabilno$¢, wlasciwosci termodynamiczne

I morfologie monowarstw Langmuira oraz na organizacj¢ NPs na podlozu statym
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[Kotkowiak, L 2024]. Badania wykonano, podobnie jak poprzednio [Tim, ASS 2022],
dla Au-NRs o s$redniej dlugosci 53,2 nm i szerokosci 23,6 nm, ktore zostaty
scharakteryzowane za pomocg spektroskopii UV-vis oraz mikroskopii TEM
[Kotkowiak, L 2024, Fig. S2,S3]. Pomiary DLS oraz potencjatu zeta potwierdzity
skutecznos¢ funkcjonalizacji Au-NRS@PEG [Kotkowiak, L 2024, Fig. S4, Table S1].
Dla monowarstw Langmuira wykazano, ze utworzenie stabilnej monowarstwy przez
Au-NRs sfunkcjonalizowane dtuzszymi fancuchami PEG (5k, 10k) wymagato obecnos$ci
CTAB w zawiesinic wyjsciowej w celu stabilizacji  elektrostatycznej.
Pokazano, ze CTAB zapobiega agregacji Au-NRs@PEG na powierzchni subfazy.
Analiza izoterm =m-A ujawnila wyrazny wplyw masy czasteczkowej PEG-SH
na wlasciwoséci termodynamiczne monowarstw. Izoterma dla Au-NRS@PEG(2K)
charakteryzowata si¢ stopniowym wzrostem ci$nienia od poczatku kompresji, podczas
gdy dla Au-NRS@PEG(5k) i Au-NRsS@PEG(10k) wzrost cisnienia rozpoczynak
si¢ dopiero po znacznym ograniczeniu powierzchni wanny (do okoto 195 cm?)
[Kotkowiak, L 2024, Fig. 1]. Wykorzystujac Kryterium wprowadzone przez Daviesa
i Rideala [55], podobnie jak poprzednio [Tim, JPCC 2023], [Tim, ASS 2022]
na podstawie modutu $ci$liwosci (C3') okre$lono stan fizyczny monowarstw.
Maksymalna warto$¢ C;1 dla Au-NRs@PEG(2k) wyniosta 108 mN-m™ co oznacza,
ze monowarstwa na subfazie jest w fazie skondensowanej ciektej (LC). Wartos¢ modutu
$cisliwosci rozni si¢ od tej okreslonej w pracy [Tim, ASS 2022], podobnie jak wartos¢
cisnienia powierzchniowego, przy ktorym nastgpuje tzw. ,.collapse” warstwy.
Roznice te wynikaja z wigkszej ilosci CTAB zastosowanego na etapie syntezy
dla Au-NRs@PEG(2k) badanych w pracy [Kotkowiak, L 2024]. Ponadto, na podstawie
analizy krzywych kinetyk relaksacji [Kotkowiak, L 2024, Fig. S5] stwierdzono,
ze warstwy charakteryzujg si¢ wigksza stabilno$cig niz przedstawione w pracy
[Tim, ASS 2022, Fig. S3]. Z kolei, warto$ci maksymalne Cz! dla Au-NRs@PEG(5k)
I Au-NRs@PEG(10k) wyniosty odpowiednio 49 i 40 mN-m!, wskazujac na tworzenie
si¢ znacznie bardziej elastycznych warstw, w stanie ciektym rozprezonym (LE).
Réznice te zinterpretowano biorgc pod uwage mozliwe konformacje tancuchow,
od ,,gestego pedzla” (brush), w przypadku krotkiego tancucha 2k, do ,,grzyba”
(mushroom) dla polimeru 10k oraz prawdopodobne mniejsze upakowanie dtuzszych

polimerow na powierzchni Au-NRs, co zobrazowano na Rys. 6.
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Rys. 6. Schematyczne przedstawienie zmian konformacji tancuchéw polimerowych o réznej masie
czasteczkowej (2k, 5k, 10k) na powierzchni Au-NRs.

Obrazy warstw Langmuira Au-NRs@PEG wykonane mikroskopem BAM
[Kotkowiak, L 2024, Fig. 2] potwierdzity te wnioski, pokazujac heterogeniczna
struktur¢ monowarstwy Au-NRs@PEG(2k), jednorodng warstwe Au-NRS@PEG(5K)
oraz tendencje do formowania aglomeratow przy wyzszych ci$nieniach
powierzchniowych — w przypadku Au-NRs@PEG(10k). Ponadto, porownujac obrazy
BAM zarejestrowane dla Au-NRs@PEG(2k) z pracy [Kotkowiak, L 2024] i obrazy
uzyskane z pracy [Tim, ASS 2022] mozna stwierdzi¢, ze CTAB wplywa na organizacje¢
tworzonych warstw, czynigc je bardziej niejednorodnymi wraz ze wzrostem ci$nienia
powierzchniowego. Nastgpnie, wytworzone monowarStwy przeniesiono metodami
LS i LB na podtoze state i zarejestrowano widma UV-vis [Kotkowiak, L 2024, Fig. 3].
Na podstawie analizy przesuni¢¢ podtuznego pasm LSPR okreslono stopien agregacji
Au-NRs w warstwach. Zaobserwowano wyrazng korelacj¢ miedzy masa czasteczkowa
PEG, metoda depozycji, a typem tworzonej struktury. Dla Au-NRs@PEG(10Kk),
warstwy LS deponowane przy niskich cisnieniach (tj. 1 =4, 8, 15 mN-m™) zachowywaty
widmo charakterystyczne dla pojedynczych, niezagregowanych NRs. Jednak przy
wyzszych cisnieniach (tj. 7 = 23, 37 mN-m™!) oraz w przypadku wszystkich warstw LB
zaobserwowano silne przesuni¢cie pasma LSPR powyzej 750 nm, wskazujace
na intensywne sprzg¢zenie plazmonowe w domenach o zwigkszonej lokalnej koncentracji
NRs, tworzacych prawdopodobnie agregaty. Dla Au-NRs@PEG(5k), zaréwno
warstwy LS, jak i LB wykazywaly podobne wiasciwosci agregacyjne, niezaleznie
od wartosci cisnienia powierzchniowego wybranego do przenoszenia warstw,
0 czym swiadczylo pojawienie si¢ dodatkowego pasma w obszarze 630-650 nm
oraz przesuniecie pasma LSPR powyzej 800 nm. Natomiast, dla Au-NRsS@PEG(2k) —
cinienie powierzchniowe, przy ktorym przenoszono warstwy Langmuira na podtoze
kwarcowe, miato wplyw na tworzenie agregatow. Przy niskich ci$nieniach obserwowano

glowne pasmo LSPR przy 570 nm, ktére ulegato przesunigciu przy wyzszych ci$nieniach
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przenoszenia, co wskazywaloby nastopniowe S$ciskanie 1  reorganizacje
AU-NRs@PEG(2k) w agregatach. Dodatkowa analiz¢ przeprowadzono wykorzystujac
obrazy warstw Au-NRsS@PEG uzyskane za pomocg mikroskopii konfokalnej i SEM
[Kotkowiak, L 2024, Fig. 4, 5, 6, S6]. Warstwy Au-NRs@PEG(2Kk) i Au-NRs@PEG(5k)
tworzyly gesto upakowane aglomeraty, ktorych pokrycie powierzchni rosto wraz
Z cisnieniem depozycji warstwy. Ponadto, warstwy uzyskane za pomoca metody LS
charakteryzowaly si¢ wigkszym pokryciem powierzchni podtoza niz w przypadku
warstw LB. Dla Au-NRs@PEG(10k) zaobserwowano natomiast wspotwystepowanie
obszar6w niezagregowanych (niewidocznych w mikroskopii konfokalnej) i agregatow
o charakterze ,piany”, comozna wytlumaczy¢ mniejszym stopniem upakowania
wynikajacym z konformacji polimeru w postaci ,,grzyba”. Oznacza to, ze konformacja
tancuchéw PEG na powierzchni Au-NRs ma Kkluczowy wptyw na proces agregacji
| organizacje warstw podczas osadzania. Konformacja gestego ,,pedzla” w przypadku
AU-NRs@PEG(2k) sprzyjata S$cistemu upakowaniu, podczas gdy objgtosciowa
konformacja ,,grzyba” sugerowana dla Au-NRs@PEG(10k), przy niskich cisnieniach,
skutecznie zapobiegala zblizeniu si¢ metalicznych rdzeni, umozliwiajac tworzenie
warstw niezagregowanych. Przeprowadzone badania dowiodly, ze masa czasteczkowa
PEG stanowi precyzyjne narzgdzie do sterowania procesem samoorganizacji NPs
nakazdym etapie, tj.od stabilizacji w roztworze, przez wptyw na wlasciwosci
termodynamiczne i morfologi¢ warstw Langmuira, po ostateczng architekturg

I wlasciwos$ci optyczne warstwy na podtozu statym.

Przedstawione dotychczas badania wykazaly, ze PEG(2k) stanowi optymalny ligand,
pozwalajacy na tworzenie nanostruktur ztota 0 wysokim stopniu upakowania w cienkich
warstwach. Jednak dla zastosowan bioanalitycznych, kluczowe jest zrozumienie
oddziatywan AU-NPs@PEG z blong komoérkowa (waznym elementem ukladow
biologicznych), w wyniku ktorych moga zosta¢ zmodyfikowane jej wiasciwosci
I struktura. W zwigzku z tym, przeprowadzono badania wptyw Au-NPS@PEG(2k)
0 réznych ksztattach (sferycznym i pretopodobnym) na modelowe btony lipidowe.
Wyniki badan przedstawione w pracy [Tim, JML 2025] dotycza sfunkcjonalizowanych
polimerem PEG-SH, sferycznych (Au-NSs@PEG(2k)) oraz pretopodobnych
(Au-NRs@PEG(2k)) nanoczastek zlota oraz ich wplywu na wlhasciwosci
biomimetycznych bton ztozonych z fosfolipidow (DPPC, POPC) i/lub cholesterolu.
Wykorzystane do badan NPs byty catkowicie pokryte warstwag PEG-SH co oznacza,
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ze stezenie CTAB bylo znikome w zawiesinie i nie miato wptywu na dalsze analizy
oraz interpretacje wynikow. Potwierdzita to kompleksowa charakterystyka NPs,
przeprowadzona na podstawiec obrazéw TEM, widm UV-vis oraz wyznaczonych
potencjatow elektrokinetycznych i rozkladow wielkosci czgstek technikg DLS.
Dla Au-NSs obserwowano waskie poprzeczne pasmo LSPR zlokalizowane przy dlugosci
fali 527 nm, o szerokoéci potéwkowej 0,1228495 eV (990,856207 cm™)
[Tim, IML 2025, Fig. S1], co potwierdzito uzyskanie NSs o jednorodnej wielkosci.
W przypadku Au-NRs [Tim, JML 2025, Fig. S1], pasmo poprzeczne przy 518 nm
0 szerokoséci polowkowej 0,1228495 eV (990,856207 cm™) i odpowiednio pasmo
podtuzne przy 667 nm - 0,1300067 eV (1048,583394 cm™), potwierdzity
monodyspersyjnos¢ 1 wysoki  stopien  czystoSci  przygotowanych  NRs.
Potozenie obserwowanych dla Au-NRs dwoch pasm  jest rowniez zgodne
Z wezesniejszymi doniesieniami literaturowymi [56,57]. Na podstawie obrazow TEM
[Tim, JML 2025, Fig. 1] okreslono wielko$¢ badanych NPs przed procesem
funkcjonalizacji i dla Au-NSs, ich $rednica wynosita (15,1 £+ 2,2) nm, a $rednie wymiary
dla Au-NRs byly rowne (14,3 + 1,7) nm (szeroko$¢) i (59,8 + 2,6) nm (dtugosé).
Dodatkowo, dla Au-NSs@PEG(2k) mozna bylo wyznaczy¢ z pomiarow DLS réwniez
srednice hydrodynamiczna, ktorej warto$¢ wynosita okoto 64 nm. Zwigkszenie $rednicy
NSs, w porownaniu z wynikami otrzymanymi z obrazéw TEM, jest konsekwencja
przeprowadzonej funkcjonalizacji, w wyniku ktérej tancuchy PEG-SH zostaly
przytaczone do powierzchni Au poprzez wigzanie kowalencyjne Au-S.
Poprawnos¢ przebiegu procesu funkcjonalizacji potwierdzono réwniez na podstawie
wynikow pomiaru potencjatu zeta. Dla Au-NSs, ich warto$¢ zmienita si¢ z -0,53 mV
do -27,9 mV, odpowiednio przed i po funkcjonalizacji PEGiem. Podczas gdy,
dla Au-NRs i Au-NSs@PEG(2k) warto$¢ potencjatu zeta zmienita si¢ odpowiednio,
z12,9 mV na -20,1 mV. Zgodnie z danymi literaturowymi [58], ujemne warto$ci
potencjatu  zeta $wiadcza o poprawnosci przeprowadzonej funkcjonalizacji
oraz skutecznym pokryciu powierzchni NPs tancuchami polimeru.
Na podstawie przeprowadzonej analizy mozna stwierdzi¢, ze Au-NPs wykorzystane
dobadan oddziatywan ze sktadnikami modelowych bton  biologicznych

charakteryzowaty si¢ dobrze zdefiniowanymi wtasciwosciami fizykochemicznymi.

Wykorzystujac technike Langmuira wytworzono monowarstwy lipidowe sktadajace

si¢ z DPPC, POPC, DPPC:Chol (9:1) oraz POPC:Chol (4:1) oraz mieszane z NPs
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(Au-NSs@PEG(2k) lub Au-NRs@PEG(2k)). Dla warstw na granicy faz powietrze-woda
zarejestrowano izotermy 7-A, obliczono moduly $cisliwosci (C31) [Tim, JML 2025,
Fig.2 i Fig. S2] i wyznaczono charakterystyczne parametry termodynamiczne
[Tim, IML 2025, Table S1-S3] oraz zobrazowano ich powierzchni¢ za pomoca
mikroskopii BAM [Tim, JML 2025, Fig. 3 i Fig. S3].

Podczas analizy oddziatywan w modelowych btonach interesujacy aspektem badan
byl wptyw cholesterolu (Chol). Jego obecno$¢ prowadzita do osiggni¢cia punktu
zatamania warstwy mieszanej DPPC:Chol przy nizszym ci$nieniu powierzchniowym
nizw przypadku warstwy czystego DPPC [Tim, JML 2025, Fig. 2a, b].
Dla monowarstw sktadajacych si¢ z molekut POPC, ktore w swojej strukturze maja
nienasycone wigzanie mi¢dzy atomami (9 a 10) wegla, obecnos¢ Chol w warstwie POPC
przesuneta izoterme w kierunku wyzszych warto$ci powierzchni wanny w poréwnaniu
z krzywa czystej monowarstwy POPC [Tim, JML 2025, Fig. 2c, d], co wskazuje
na zmniejszong kondensacj¢ monowarstwy. Dodatek Chol do monowarstw
fosfolipidowych spowodowal wzrost wartoci maksymalnej wartosci  Cg31,
aw konsekwencji zmniejszenie elastycznosci warstwy na powierzchni subfazy,

co jest zgodne z doniesieniami literaturowymi [59,60].

Innym zagadnieniem rozpatrywanym w pracy [Tim, JML 2025] bylo okreslenie,
jak obecnos¢ Au-NPs o roznym ksztalcie wplywa na wiasciwosci (stabilno$é, strukture)
monowarstw lipidowych oraz w jaki sposob te nanostruktury moga wbudowywac sie
w warstwy biologiczne. Okazato si¢, ze obecno$¢ sfunkcjonalizowanych PEGiem
AuU-NSs i Au-NRs w monowarstwach fosfolipidowych znaczgco modyfikuje ich
wlasciwosci termodynamiczne [Tim, JML 2025, Fig. 2a]. W monowarstwach DPPC
dodatek NPs powoduje przesunigcie charakterystycznego przejscia fazowego w Kierunku
wyzszych ~ wartoSci  ci$nienia powierzchniowego oraz modyfikuje  wartos¢
maksymalng Cg* [Tim, JML 2025, Fig. 2a, insert]. Uzyskane wyniki wskazuja
na zwigkszong elastyczno$¢ monowarstwy, co jest prawdopodobnie skutkiem zaburzenia

upakowania molekut lipidéw przez NPs.

W przypadku monowarstw POPC, obecno$¢ Au-NSsS@PEG i Au-NRs@PEG rowniez
obniza maksymalng warto$¢ C31 [Tim, JIML 2025, Fig. 2c, insert]. Kluczowa réznica
w porownaniu z DPPC jest jednak wyrazny wzrost ci$nienia powierzchniowego,
przy ktérym dochodzi do zatamania warstwy, co $wiadczy o jej zwigkszonej stabilnos$ci.

W uktadach zawierajagcych Chol zaobserwowano dalsze modyfikacje oddziatywan,
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na przyktad w mieszaninie DPPC:Chol (9:1) obecno$¢ NPs prowadzita do zaniku
przejscia fazowego, natomiast w uktadach z POPC:Chol (4:1) Au-NRs zwigkszaly
elastycznos¢ warstwy w wigkszym stopniu niz NSs [Tim, JML 2025, Fig. 2b, d].
Sugeruje to, ze Chol odgrywa kluczowa rol¢ w upakowaniu i stabilizacji mieszanych
monowarstw z udzialem NPs, prawdopodobnie dzigki tworzeniu uporzadkowanych

struktur stabilizowanych oddziatywaniami van der Waalsa.

Przeprowadzone badania pokazaty takze zmiane warto$ci potencjalu zeta z dodatnich
(dla czystych lipidow) na ujemne w obecnosci Au-NSs@PEG(2k), co bezposrednio
potwierdza wystgpowanie oddziatywan elektrostatycznych pomiedzy NPs@PEG
a lipidami. Analiza obrazéw TEM [Tim, JML 2025, Fig. S4] ujawnita tendencje
AU-NSs@PEG(2k) do nier6wnomiernej dystrybucji i tworzenia agregatow w obrebie
warstwy lipidowej. Podczas, gdy obrazowanie technika BAM [Tim, JML 2025, Fig. 3]
potwierdzito, ze kompresja monowarstw mieszanych (NPs@PEG/lipidy) prowadzi
do powstawania struktur niejednorodnych, przy czym Chol powoduje tworzenie
si¢ mikroskopowych obszarow o wiekszym zaggszczeniu lipidow, ktéore moga

funkcjonowac jako preferencyjne miejsca adsorpcji NPs.

Zarejestrowane Kinetyki relaksacji monowarstw [Tim, JML 2025, Fig. 4] oraz widma
odbiciowo-absorpcyjnej spektroskopii w podczerwieni z modulacjg polaryzacji
(PM-IRRAS) [Tim, JML 2025, Fig. 5] dostarczyty informacji o stabilno$ci czasowej
i zmianach konformacyjnych w obszarze polarnych grup lipidow. Wprowadzenie NPs
do monowarstwy wptywalo na jej stabilnos¢, przy czym Au-NSs@PEG(2K) generalnie
powodowaly mniejsze zaburzenia stabilnos$ci niz Au-NRsS@PEG(2k). Analiza widm
PM-IRRAS wskazala na odmienny mechanizm oddziatywan NPs w lipidowych
warstwach, w zalezno$ci od ksztattu NPs oraz od typu lipidu. Ksztalt NPs wplywat
na rézny stopien hydratacji grup fosforanowych lipidow. Dla DPPC [Tim, JML 2025,
Fig. 5a] zaobserwowano zmniejszone (w stosunku do POPC) oddziatywanie NPs
z grupami polarnymi lipidu, co sugeruje, ze znaczna ich frakcja pozostaje na powierzchni
warstwy. W przypadku monowarstw POPC [Tim, JML 2025, Fig. 5¢c] odnotowano
natomiast silniejsze oddziatywanie, prowadzace do zmian konformacyjnych,

co przemawia za efektywniejszym wbudowaniem NPs w struktur¢ warstwy lipidowe;j.

Przeprowadzone badania jednoznacznie wykazaty, ze ksztatt Au-NPs oraz sktad lipidowy

monowarstwy s3 kluczowymi czynnikami determinujagcymi ich wzajemne
oddziatywania. Obecnos¢ AU-NSS@PEG(2k) i Au-NRS@PEG(2k) w rozny sposob

34



Organizacja nanoczqgstek zlota na granicy faz i ich oddzialtywanie z wybranymi zwigzkami organicznymi
Beata Tim

wptywa na elastyczno$é, stabilno$¢ i organizacje modelowych bton komoérkowych,
acholesterol dodatkowo powoduje znaczaca modyfikacje warstw wplywajac
na jej oddzialywanie z NPs. Uzyskane wyniki pozwalaja na zaproponowanie modelu,
w ktorym NPs mogg zarowno adsorbowac na powierzchni, jak i wbudowywac si¢ w glab
lipidowej monowarstwy, w zaleznosci od sktadnikéw biomimetycznej btony i anizotropii
ksztattu Au-NPs.
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IV Podsumowanie

W rozprawie doktorskiej zaprezentowano wyniki badan dotyczace oddziatywan
pomiedzy funkcjonalizowanymi (za pomocag DDT lub PEG-SH) Au-NPs o0 réznych
ksztattach (sferycznych, pretopodobnych) w warstwach wytwarzanych na granicy
faz powietrze-woda i powietrze-cialo state, jak rowniez Au-NPs w warstwach na podtozu
statym z p-MBA i/lub R6G lub z lipidami (DPPC, POPC i/lub cholesterolu) na subfazie
wodnej. Szczegolnie istotne byto okreslenie wptywu ksztattu i/lub funkcjonalizacji
AU-NPs na wlasciwosci i organizacje cienkich warstw oraz modelowych blon
biologicznych. Uzyskane wyniki pozwolity oceni¢ potencjat aplikacyjny badanych
NPs ztota jako funkcjonalnych podlozy w diagnostyce biomedycznej (w szczegdlnosci
technice SERS) oraz wptyw nieorganicznych nanostruktur na strukture biomimetycznych
membran.

Na podstawie przeprowadzonych badan:

e pokazano, ze funkcjonalizacja Au-NPs oraz ich ksztalt determinujg wlasciwosci
termodynamiczne, morfologi¢ oraz stabilno$¢ warstw Langmuira na granicy faz
powietrze-woda (Au-NSs@DDT i Au-NRs@PEG(2k) podczas kompresji
nie agregowaly w warstwach, a stabilno$¢ tworzonych warstw malata wraz
ze wzrostem  ci$nienia powierzchniowego; warstwy Au-NRsS@PEG(2K)
charakteryzowaty si¢ wigkszg jednorodnoscig niz warstwy Au-NSs@DDT
I pomimo roznic w procesie formowania warstw, znajdowaly si¢ one w stanie
ciecktym rozprezonym), poszerzajagc wiedz¢ 2z zakresu samoorganizacji
nanomateriatow na powierzchniach miedzyfazowych,

e wykazano, ze w warstwach Au-NSs@DDT przeniesionych na podioze state
(powyzej cisnienia powierzchniowego 9 mN-m™!) tworzone s3 domeny
o wysokiej lokalnej koncentracji NPs, a odlegtosci pomigdzy nimi sg optymalne
dla uzyskania silnego sprzezenia plazmonowego, co stwarza mozliwos¢
zastosowania techniki Langmuira do zaprojektowania i uzyskania warstw,
ktére moga  by¢  podtozami  wzmacniajagcymi  sygnal  rejestrowany
z wykorzystaniem spektroskopii Ramana,

e zidentyfikowano optymalng warto$¢ cisnienia powierzchniowego (12 mN-m™)
do przenoszenia warstwy Au-NRs@PEG(2k) na podtoze state, pozwalajaca

uzyskac¢ zaré6wno dobre pokrycie powierzchni 1 obecnos¢ struktur dendrytycznych
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z obszarami lokalnego wzmocnienia pola elektromagnetycznego, majacymi
potencjat aplikacyjny do ultraczulej detekcji analitow,

e znaleziono zwigzek pomi¢dzy masg czgsteczkowa polimeru (PEG-SH)
wykorzystywanego do funkcjonalizacji, a stanem fizycznym, morfologig
I zdolnoscig do agregacji NRs w warstwach na subfazie oraz na podtozu stalym,
ktory okresla mozliwos¢ uzyskiwania warstw NPS@PEG o wigkszym stopniu
upakowania, w przypadku krotszych tancuchéw polimeru (PEG(2k)),
lub niezagregowanych - dla dtuzszych tancuchow (PEG(10k)) oraz stwierdzono,
ze do utworzenia warstw Au-NRS@PEG(5K) i Au-NRs@PEG(10k) na granicy
faz powietrze-woda konieczne jest uzycie dodatkowego stabilizatora (CTAB),

e zaobserwowano, ze ksztalt Au-NPs, sfunkcjonalizowanych PEG(2k), ma wplyw
na struktur¢ modelowych bton biologicznych, przy czym Au-NRs w wigkszym
stopniu niz Au-NSs zaburzajg elastyczno$¢ i stabilno$¢ warstw lipidowych
na granicy faz woda-powietrze, co prawdopodobnie wynika z anizotropii ksztattu,

e wnioskowano, ze obecno$¢ cholesterolu sprzyja tworzeniu gesciej upakowanych
i bardziej uporzadkowanych monowarstw z NPs, a Au-NPS@PEG(2k)
oddziatujac z lipidami mogg zaréwno adsorbowa¢ na powierzchni lub czg¢sciowo
wbudowywac si¢ w warstwe lipidowa, przy czym warstwy POPC umozliwiaja
wigkszy stopien wbudowania, podczas gdy dla DPPC dominujaca wydaje si¢

adsorpcja NPs na powierzchni warstwy.

Podsumowujac, opisane w niniejszej rozprawie doktorskiej wyniki pozwolily
na scharakteryzowanie sposobu organizacji Au-NPs w warstwach Langmuira
i Langmuira-Blodgett (lub Schaefera), wskazujac na istotny wptyw ich ksztattu
i funkcjonalizacji na termodynamiczne wlasciwosci i morfologi¢  warstw
oraz upakowanie 1 agregacj¢ NPs. Ustalono réwniez warunki formowania warstw
0 okreslonych organizacji (upakowaniu) 1 wlasciwosciach agregacyjnych Au-NPs,
umozliwiajacych oddziatywanie ze zwigzkami organicznymi tj. p-MBA i/lub R6G
I wzmocnienie intensywnosci sygnalu SERS. Pokazano, ze ksztalt Au-NPs oraz sktad
monowarstw lipidowych wplywajg na oddziatywanie sfunkcjonalizowanych polimerem
Au-NPs z modelowymi btonami lipidowymi i na ich strukture.

Przeprowadzone badania dostarczyly nowych informacji o wtasciwosciach warstw
Au-NPs wytwarzanych zarowno na granicy faz powietrze-woda i powietrze-ciato state

oraz potencjalnych mozliwosci zastosowania wytworzonych podtozy do analiz
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biomedycznych. Ponadto, pokazano mozliwo$s¢ wbudowywania si¢ (lub adsorpcji)
AuU-NPs w modelowe btony biologiczne, co moze by¢ istotne przy projektowaniu
nowoczesnych fototerapii z wykorzystaniem nanostruktur. Uzyskane wyniki wskazuja
na znaczenie precyzyjnego projektowania NPs ziota oraz $wiadomego doboru
ich funkcjonalizacji, stanowigc podstawe do dalszych badan nad rozwojem

innowacyjnych bionanomaterialéw o potencjale aplikacyjnym.
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naukowych.

Taudina. Dhasahseasine.
(podpis wspdélautora)
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Centrum NanoBioMedyczne
Uniwersytet im. Adama Mickiewicza

Oswiadczenie

Oéwiadczam, ze w niniejszej publikacji:

Michal Kotkowiak, Beata Tim, Mateusz Kotkowiak, Joanna Musial, Paulina Blaszkiewicz, The
role of the polyethylene glycol in the organization of gold nanorods at the air—water and air—
solid interfaces, Langmuir 40 (2024), 14561-14569

moj udziat polegal na przeprowadzeniu syntezy i funkcjonalizacji nanoczastek ztota wraz z
opisem procedury oraz zredagowaniu ostatecznej wersji manuskryptu.

Wyrazam zgod¢ na przedlozenie ww. pracy przez mgr inz Beate Tim jako czgéé rozprawy
doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykulow
naukowych.

(podpis wspodtautora)
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Oswiadczenie

Os$wiadczam, Ze w niniejszej publikacji:

Beata Tim, Paulina Blaszkiewicz, Emerson Coy. Alina Dudkowiak, Interactions between
Sfunctionalized PEGylated gold nanoparticles and model biological membranes, Journal of
Molecular Liquids 428 (2025), 127501-1 - 127501-12

mdj udzial polegal na opracowaniu i redakcji tekstu (Writing — review & editing),
przeprowadzeniu badan (Investigation), pozyskaniu finansowania (Funding acquisition) oraz
opracowaniu i zarzgdzaniu danymi badawczymi (Data curation).

Wyrazam zgode¢ na przedtozenie ww. pracy przez mgr inz. Beate Tim jako czes$¢ rozprawy

doktorskiej w formie zbioru opublikowanych i powigzanych tematycznie artykulow
naukowych.

(podpis wspoétautora)
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dr inz. Michat Kotkowiak
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i Fizyki Technicznej
Politechnika Poznanska
Os$wiadczenie

O$wiadczam, ze w niniejszej publikacji:

Beata Tim, Michat Kotkowiak, Natalia Kowalska, Ariadna B. Nowicka, Wiktor Lewandowski,
Influence of Gold Nanoparticle Assembly in Langmuir—Schaefer Monolayers on the Surface-
Enhanced Spectroscopy Response of a Nanoplatform, Journal of Physical Chemistry C
127 (2023), 15978-15987

méj udzial polegal na opracowaniu koncepcji oraz celéw badan; wykonaniu badan
mikroskopowych, spektroskopowych i QCM warstw otrzymanych za pomocg techniki
Langmuira-Schaefera; opisaniu uzyskanych wynik6w wraz z oméwieniem i analizg wszystkich
przeprowadzonych w tej pracy badan; przygotowaniu poprawionej wersji manuskryptu wraz
z wykonaniem dodatkowych badan za pomoca techniki Langmuira-Schaefera; nadzorowaniu
projektu; zarzadzaniu planowaniem i realizacja badan; pozyskaniu wsparcia finansowego dla
projektu.

Wyrazam zgode na przediozenie ww. pracy przez mgr inz. Beat¢ Tim jako czg$¢ rozprawy
doktorskiej w formie zbioru opublikowanych i powigzanych tematycznie artykutow
naukowych.

(podpis wspotautora)
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O$wiadczam, ze w niniejszej publikacji:

Beata Tim, Paulina Blaszkiewicz, Ariadna B. Nowicka, Michat Kotkowiak, Optimizing SERS
performance through aggregation of gold nanorods in Langmuir-Blodgett films,
Applied Surface Science 573 (2022), 151518-1-151518-22

méj udzial polegal na opracowaniu koncepcji oraz celéw badan; wykonaniu badan
mikroskopowych oraz spektroskopowych (in situ) warstw otrzymanych za pomocg techniki
Langmuira i Langmuira-Blodgett (wraz z opisem procedury); doswiadezalnym wyznaczeniu
ilosci CTAB w roztworach nanopretéw zlota; opisaniu uzyskanych wynikéw (z wylaczeniem
badan -za pomocg techniki Langmuira) wraz z oméwieniem i analiza wszystkich
przeprowadzonych w tej pracy badan; wspéluczestniczeniu w napisaniu poszczego6lnych czesei
manuskryptu tj. abstract, introduction i conclusions; przygotowaniu poprawionej wersji
manuskryptu; nadzorowaniu projektu; zarzadzaniu planowaniem i realizacja badan; pozyskaniu
wsparcia finansowego dla projektu.

Wyrazam zgode na przedtozenie ww. pracy przez mgr inZz. Beat¢ Tim jako czgs¢ rozprawy
doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykulow

naukowych.

(podpis wspoétautora)
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Politechnika Poznanska
Oswiadczenie

Os$wiadczam, ze w niniejszej publikacji:

Michat Kotkowiak, Beata Tim, Mateusz Kotkowiak, Joanna Musial, Paulina Blaszkiewicz,
The role of the polyethylene glycol in the organization of gold nanorods at the air-water and
air—solid interfaces, Langmuir 40 (2024), 14561-14569

méj udziat polegal na opracowaniu koncepcji oraz celow badan; wykonaniu badan
mikroskopowych warstw Langmuira-Schaefera i Lagmuira-Blodgett (wraz z opisem
procedury), wykonaniu badan okredlajacych iloé¢é CTAB w badanych roztworach; opisaniu
uzyskanych wynikéw (z wylaczeniem badan wykonanych technika Langmuira) wraz
z oméwieniem i analiza wszystkich przeprowadzonych w tej pracy badan; napisaniu
poszczegolnych czeéci manuskryptu tj. abstract, czgsci introduction i conclusions;
przygotowaniu tzw. rebuttal letter oraz poprawionej wersji manuskryptu; redagowaniu
manuskryptu na kazdym etapie jego powstawania; nadzorowaniu projektu; zarzadzaniu
planowaniem i realizacjg badan; pozyskaniu wsparcia finansowego dla projektu.

Wyrazam zgode na przediozenie ww. pracy przez mgr inz. Beat¢ Tim jako czg$¢ rozprawy
doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykutow
naukowych.

(podpis wspodtautora)
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Oswiadczenie

Odwiadczam, ze w niniejszej publikacji:

Beata Tim, Michal Kotkowiak, Natalia Kowalska, Ariadna B. Nowicka, Wiktor Lewandowski,
Influence of Gold Nanoparticle Assembly in Langmuir-Schaefer Monolayers on the Surface-
Erhanced Spectroscopy Response of @ Nanoplatform, Journal of Physical Chemistry C 127 (2023),
15978-15987

méj udzial polegal na przeprowadzeniu pomiardw za pomoca wzmocnione] powierzchniowo
spektroskopii Ramana oraz opisaniu i analizie wynikéw z zakresu ww, techniki oraz
przeprowadzeniu badania Ramana na potrzeby poprawionej wersji manuskryptu.

Wyrazam zgodg na przedlozenie ww. pracy przez mgr inz. Beate Tim jako czed¢ rozprawy
doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykutéw naukowych.
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Oswiadezam, ze w niniejszej publikacji:

Beata Tim, Paulina Blaszkiewicz, Ariadna B. Nowicka, Michal Kotkowiak, Optimizing SERS
performance through aggregation of gold nanorods in Langmuir-Blodgett films, Applied Surface
Science 573 (2022), 151518-1-151518-22

moj udzial polegal na przeprowadzeniu pomiaréw za pomocg wzmocnionej powierzchniowo
spektroskopii Ramana, opisaniu wynikéw z zakresu ww. techniki oraz przeprowadzeniu badania
Ramana na potrzeby poprawionej wersji manuskryptu.

Wyrazam zgode na przedlozenic ww. pracy przez mgr inz. Beatg Tim jako czgéé rozprawy
doktorskiej w formie zbioru opublikowanych i powigzanych tematycznie artykulow naukowych.
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Beata Tim, Michal EKotkowiak, Natalia Kowalska, Ariadna B. Nowicka, Wiktor
Lewandowski, Influence of Gold Nanoparticle Assembly in Langmuir—Schaefer Monolayers
on the Surface-Enhanced Spectroscopy Response of a Nanoplatform, Journal of Physical
Chemistry C 127 (2023), 15978-15987

mo] udzial polegal na przeprowadzenmu syntezy nanoczastek zlota 1 ich charakteryzacyi,
wykonaniu pomiaréw XRD 1 TEM otrzymanych warstw oraz opisaniu 1 analizie wynikow
wykonanych za pomoca techniki XRD.

Wyrazam zgode na przediozenie ww. pracy przez mgr inz. Beate Tium jako czesé rozprawy
doktorskie] w formie zbiomu opublikowanych 1 powiazanych tematycznie artykulow
naukowych.
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on the Surface-Enhanced Spectroscopy Response of a Nanoplatform, Journal of Physical
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moj udzial polegal na przeprowadzamu korekty 1 zredagowaniu ostateczne] wersji
manuskryptu.
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Wiktor Elektromicznie podpsany
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md) udziat polegal na przeprowadzeniu badan warstw Langnnra-Blodgett za pomocy techniki
SEM.

Wyrazam zgode na przedlozenie ww. pracy przez mgr inz. Beate Tim jako czesé rozprawy
doktorskie; w formie zbioru opublikowanych 1 powigzanych tematycznie artykulow
naukowych.
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Wyrazam zgode na przedlozenie ww. pracy przez mgr inz. Beat¢ Tim jako czgs$¢ rozprawy
doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykulow
naukowych.
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ABSTRACT: Gold nanoparticles (Au-NPs) are among the most commonly used
materials for increasing the sensitivity of Raman spectroscopy. This is mainly due to the = :
strong and tunable surface plasmon resonances, which can be easily adjusted by um
choosing the shape and size of individual NPs. However, recent findings indicate that
controlling the density of NPs in their assemblies is an equally important parameter. An
efficient way to achieve such control is by using the Langmuir—Schaefer technique,
which yields single-layer assemblies of NPs on a solid substrate. In this study, we
correlate the density and thermodynamic properties of a monolayer of spherical Au-NPs
with their performance as Raman substrates. Hence, hydrophobic NPs were synthesized
and assembled into films using the Langmuir—Schaefer technique. The surface-
enhanced Raman spectroscopy (SERS) showed various degrees of enhancement
depending on the different ranges of transfer surface pressures employed, which almost
doubled the expected SERS signal intensity at the highest deposition surface pressure.
To gain greater insights into this phenomenon, we investigated the NP distribution in the Langmuir and Langmuir—Schaefer films
by detailed spectroscopic and electron and optical microscopic analyses. A correlation was observed between NP enhancements on
the micro- and nanoscale. The presented results demonstrated the potential of adjusting the Raman responses in ultrasensitive
detection by controlling the thermodynamic properties of NP monolayers.

[l Metrics & More | e Supporting Information

Versus §

SERS enhancement shows a distinctive increase when NPs
are compressed together to exhibit a collective enhancement of

1. INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) has gained a

lot of interest as a proper technique for the identification of
environmental pollutants,' food additives,” and explosives,’
strongly mﬂuenung the development of many areas such as
blomedxcme, agnculture, ~'%and public safety, just to name
a few.'" SERS analysis provides important information on the
chemical structure of a compound, which allows the direct
identification of various substances. However, there is a
growing demand for compound detection at lower concen-
trations; hence, current research has focused on efficient SERS
signal enhancers to decrease the detection limit even to the
level of a single molecule.'™"* One of the most promising and
widely used SERS signal enhancers is metallic nanoparticles
(NPs). In such a system, enhancement of SERS signals can be
achieved for molecules at or close to the surfaces of the
metallic NPs.'* Gold nanoparticles (Au-NPs) are employed as
enhancers in SERS due to the surface plasmon resonance,
which involves collective oscillations of surface electrons of
NPs. During the optimization of the performance of NP-based
Raman enhancers, reports have shown that the size,""""

shape,'*™*" and interparticle distance™** play a crucial role.
However, a detailed correlation between the structure of Au-
NP monolayers and their performance as SERS substrates is
still not fully understood.

2023 The Authors. Published by
American Chemical Society

-4 ACS Publications

the eledromagnem field, which means that “hot spots” are
formed.”* ** Usually, such hot spots are randomly generated
due to uncontrolled aggregation of NPs in dispersion.
Additionally, such a process promotes aggregation, which is
difficult to control and often leads to non-reproducible results,
limiting its practical applicability.”® Therefore, the creation of a
controlled, self-organization of NPs method is required. The
utilization of self-assembly for the fabrication of SERS
substrates with controlled distribution of hot spots is desirable.
In the case of thin films on solid substrates, this problem
translates to controlling the degree of surface coverage by NPs.
The coverage factor is crucial due to its correlation with the
intensity of the registered SERS signals. For example, reposts
have shown that as the surface coverage of rod-shaped Au-NPs
increases, the accumulanon of hot spots and the efficiency of
SERS increases.”™ Although there is an abundance of data
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Revised:  July 19, 2023
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related to this area of research, complete capitalization on the
area to gain precise control over the assembly of NPs into a
monolayer with varied densities remains a challenge. There are
many techniques that produce an assembled NP monolayer.
Recently, Song et al.™ proposed a universal “lift-on” thin film
technique enabled by the wetting empowered interfacial self-
assembly.

One approach used to resolve the aforementioned problem
is the use of the Langmuir technique. This technique is widely
known as the typical method for the fabrication of 2D
assemblies to study the structures and properties of substances
such as lipids, proteins, and NPs."*~* However, the known
concepts of Langmuir layer formation confirmed that layers
consisting of metallic NPs show different types of interactions
compared to those consisting of amphiphilic molecules. In the
context of NPs, it requires the dispersion of NPs at the air—
water interface, while the desired packing density, distribution,
and interactions of NPs are controlled via surface pressure (7),
which can be adjusted by pushing the Langmuir barriers
toward each other. Monolayers of NPs can be conveniently
prepared this way, as shown for nanorods”” and nanospheres.**
Spherical Au-NPs are one of the more common substances
used as enhancers in SERS’'’ because they are easily
synthesized. Au-NPs are valued nanomaterials in SERS
research due to their stability, scalable synthesis, and tunable
physicochemical properties. Furthermore, produced NP
monolayers can then be transferred to solid supports using
Langmuir—Blodgett or Langmuir—Schaefer (LS) techniques.
For example, the LS technique was used by Lafuente et al.™ to
obtain homogeneous Au-NP films that were capable of
detecting rhodamine 6G in 10™"" M aqueous solution. One
of the unexplored possibilities offered by the Langmuir method
is the control of the order of NPs, which may be dependent on
the range of 7 during monolayer transfer, which should provide
means of controlling SERS signal enhancement. One of the
first reports for superlattice construction with controllable
interparticle distances for CdS clusters and TiO, nano-
crystallites by means of Langmuir technique were reported
by Kotov et al.'""** They showed that the NP arrangement can
be controlled by varying the NP size or applying colloid
chemical techniques. Herein, we present a detailed study on
creating NP-based SERS substrates—nanoplatforms, where we
explored the correlation between the surface pressure, degree
of substrate coverage with NPs, inter-NP distance, and the
intensity of SERS signals. Hydrophobic, spherical gold
nanoparticles (Au-NPs) were utilized, assembled through the
Langmuir—Schaefer technique. The formed substrates were
used for the ultrasensitive analysis of 4-mercaptobenzoic acid
(PMBA). SERS measurements revealed completely different
Raman signal enhancements for the lower and higher 7 ranges.
Notably, through detailed micro- and nanoscale measurements,
a correlation was observed between SERS performance and
Au-NP order. We carefully investigated the thermodynamic
properties of hydrophobic Au-NP Langmuir monolayers (i.e.,
Au-NP phase state and transition points) and surface coverage
of the nanoplatform. Tt is well-known that a Langmuir
compression isotherm can be used to characterize the
thermodynamics of the first-order phase transition present in
the system. The presented research provides a good foundation
for the future research on SERS substrates.

2. MATERIALS AND METHODS

2.1. Chemicals. Tetrachloroauric acid (HAuCl, >99%),
dodecanethiol (DDT >98%), dodecylamine (>99%), cyclo-
hexane (99.5%), formaldehyde (37 wt% in H,0, 10—15%
methanol as the stabilizer), ethanol (95%), high-purity
chloroform for spectroscopy (Uvasol®) (CHCl; >99%),
isopropanol (>99.8%), acetone (>99.8%), and hexamethyldi-
silazane (HMDS >99%) were purchased from Merck
(Darmstadt, Germany). PMBA (99%) was purchased from
Sigma-Aldrich. All chemicals were used without further
purification. Sulfuric acid (H,SO, 95%) and hydrogen
peroxide (H,0, solution 30%) were purchased from Chempur
(Pickary Slaskie, Poland).

2.2, Chemical Synthesis of Spherical Gold Nano-
particles. Au-NP synthesis was carried out using the Wang
method.” 7.5 g of dodecylamine was dissolved in 250 mL of
cyclohexane, and 60 mL of 37% formaldehyde solution was
added. After 20 min of vigorous stirring at room temperature,
the mixture was centrifuged (5000 rpm over § min) in order to
separate the organic phase, which was then washed twice with
water. 100 mL of HAuCl, aqueous solution (1 g of HAuCl, in
250 mL of H,O) was added under vigorous stirring and left for
40 min. Then, the organic phase containing the formed NPs
was separated using centrifugation (3000 rpm over 5 min).
Excess DDT (S mL) was added, and the reaction was stirred
overnight. The fractionation process was carried out to obtain
fractions of Au-NPs with a slight size distribution. A small
amount of ethanol was added to the cyclohexane NP solution
until it became cloudy, which was then centrifuged (5000 rpm
over 5 min), and the precipitate was redispersed in a small
amount of cyclohexane. Another portion of ethanol was added
to the supernatant (until it turned cloudy). This procedure was
repeated, generating four fractions containing smaller and
smaller NPs. The purification process was performed as
follows: a small amount of acetone was added to each fraction
and centrifuged (S000 rpm over § min), the supernatant was
removed, the precipitate was redispersed in cyclohexane, and
the procedure was repeated. Finally, the purified NPs were
dissolved in cyclohexane. The absorption spectrum of Au-NPs
in cyclohexane is shown in Figure S1 (see the Supporting
Information). Au-NPs revealed a well-defined localized surface
plasmon resonance (LSPR) band centered at ~515 nm. In
order to study the formation of the monolayer, Au-NPs in
cyclohexane were centrifuged (6000 rpm over 30 min),
producing a supernatant and a pellet. The supernatant was
removed, and the pellet was evaporated using a heat plate to
remove residual cyclohexane. The pellets containing Au-NPs
were then dissolved in CHCI; for rapid evaporation of the
solvent on the Langmuir monolayers.

2.3. Langmuir and Langmuir—Schaefer Film Prepara-
tion. The fabrication of monolayers composed of Au-NPs was
carried out using a Langmuir—Blodgett balance (KSV Nima).
The balance was equipped with a Langmuir trough (304 X 75
mm), two hydrophilic Delrin barriers, and a Brewster angle
microscope (MicroBAM, KSV Nima). The procedure
consisted of measuring the changes in 7 using a platinum
Wilhelmy plate (instrumental accuracy 0.01 mN-m™"), which
occurred during the symmetrical movement of the barriers at a
constant speed of $ mm-min~". Before each measurement, the
trough surface was prepared according to the procedure
described by Tim et al.*"” The molecular layer was formed
after Au-NPs dispersed in CHCI, (400 yL) and spread on the
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surface of water (Milli-Q, 18.2 MQ-cm) as the subphase using
a microsyringe (Hamilton), followed by the solvent being
evaporated (approx. 15 min). Compression of the monolayer
caused by the movement of the barriers allowed for the
recording of the 7—area (A) isotherm, which was plotted as the
n change as a function of the trough surface. During
compression, Brewster angle microscopy (BAM) images were
also recorded using a constant laser power, and image
acquisition parameters remained constant. The monolayer
morphology was determined, and the emerging domains were
monitored, which highlighted structural changes."’

In the next stage of the investigation, the stability of Au-NP
monolayers was determined by recording the dependence of
change in the relative surface area (A-A,”') with time (t). For
this purpose, dispersed Au-NPs in CHCI, were first spread at
the air—water interface. Then, after the evaporation of CHCl;,
the monolayer was compressed (at a constant speed of $ mm-
min~") to 7 values of 2, 4, 6, 12, 14, and 20 mN-m~’, and
surface changes were recorded over time.

The transfer of Au-NP monolayers to a solid substrate was
performed using the Langmuir—Schaefer technique. For this
purpose, quartz plates (30 X 25 X 1 mm) were modified by
salinization with HMDS. The cleaning of the substrates was
performed according to the procedure described by Tahghighi
et al."" The cleaned plates were immersed in HMDS for 48 h
and dried at room temperature. The hydrophobicity of the
plates was determined based on contact angle measurements.
The contact angle of HMDS substrates was approx. 69 + 1°,
The deposition process was carried out at 7 values of 2, 4, 6,
12, 14, and 20 mN-m™" by horizontal dipping of the
hydrophobic substrate onto the surface film at an optimized
speed of 0.5 mm-min~', Each experiment was carried out at a
constant temperature of 21 + 1 °C and repeated three times to
ensure the reproducibility of the curves and depositions. It
should be noted that reliable and repeatable transfer ratio
(TR) values are difficult to obtain on hydrophobic surfaces due
to the formation of the meniscus between the aqueous
interface and the hydrophobic substrate. The operating
software KSV Nima provides values of the TR; however, due
to the relatively big dimensions of the substrate (30 X 25 mm),
the value of the TR could be overestimated while using the
Langmuir—Schaefer technique. Thus, during our transference,
we rather focused on the visual observation of the substrate
after deposition to ensure that the transferred material is
deposited uniformly.

2.4. Microscopic, Spectroscopic, and Structural
Measurements. The morphology and size dispersion of Au-
NPs at the nanoscale were characterized by transmission
electron microscopy (TEM). TEM measurements were
performed using a Zeiss Libra 120 microscope with a LaBé
cathode equipped with OMEGA internal columnar filters and a
CCD camera (Faculty of Chemistry University of Warsaw)
and a JEOL-1400 (JEOL Co. Japan), equipped with a high-
resolution digital camera CCD MORADA G2 (EMSIS GmbH,
Germany) available at the Nencki Institute of Experimental
Biology of Polish Academy of Sciences, Laboratory of Electron
Microscopy. Au-NP monolayers were transferred to 400 mesh
copper grids, which were previously mounted with Teflon tape
on an HMDS-modified solid substrate. The process of
deposition of the surface films on grids was conducted using
the Langmuir—Schaefer technique under the same parameters
as those for the deposition on HMDS-modified substrates (see
Section 2.3).

The morphology of the nanoplatforms obtained via Au-NP
Langmuir—Schaefer layers deposited on quartz substrates at
the microscale and at different 7 values were generated using
confocal laser scanning microscopy (LSM710, Zeiss, Ger-
many). In the material mode (reflected light), the He—Ne laser
operated at a wavelength of 543 nm. Images were collected
from different Z planes using a Z stack module for the
acquisition of Z stacks with a motorized focus drive. A
Novascan UV Ozone cleaner was used to remove traces of
organic compounds from the nanoplatforms. ImageJ process-
ing software was used to calculate the surface coverage values
and their standard deviation. Image] allowed us to fully verify
the effect of the transfer surface pressure on the Au-NP
packing. Each image was calibrated using a scale bar since a
percentage is being estimated. Au-NP areas were marked using
the intensity thresholding. Ten independent images at low
magnification of the obtained nanoplatforms were considered
in the case of the confocal microscope, typically with an area of
S0 X 50 pm. For TEM analysis of surface coverage, we
considered ten independent places at the sample, and the
averaging area was about 300 X 300 nm.

Electronic absorption spectra of Au-NP Langmuir—Schaefer
layers before and after UV ozone treatment were measured
using a Varian Cary 4000 spectrometer. The in situ electronic
absorption spectra of the Langmuir layers were recorded in the
UV—vis range using an Ocean Optics QE65000 spectrometer,
which was placed in proximity to a quartz window of the KSV
Nima trough, Small-angle X-ray diffraction (SAXRD) measure-
ments in capillary and Langmuir—Schaefer multilayers trans-
ferred at Kapton tape were performed using a Bruker Nanostar
system (Cu Ka radiation, parallel beam formed by cross-
coupled Goebel mirrors and a 3-pinhole collimation system,
VANTEC 2000 area detector, Bruker, Billerica, MA, USA).
The size of Au-NPs of 44 + 04 nm was determined by
SAXRD. TEM investigation confirmed the results obtained
from SAXRD. The data for the diameter and dispersion of NPs
based on SAXRD measurement were generated using the
Nanofit 1.2.0.1 software. SAXRD thin layer measurements
were obtained by the Langmuir Au-NPs being transferred to
the Kapton tape, which was mounted on a solid substrate. The
deposition process was carried out using the Langmuir—
Schaefer technique for a 7 of 20 mN-m~' by dipping the
substrate into the surface film five times at an optimized speed
of 0.5 mm:min~". The collected SAXRD diffractogram revealed
increased scattering around the direct beam (at low angles),
which was characteristic of the presence of NPs in the films.
Moreover, an XRD peak was detected, which was centered at
approx. 6 nm and corresponded to the center-to-center
interparticle distance, see Figure S2. Given the size of the
particles, NP surface-to-surface distance was 1.6 nm, which wag
reasonable assuming moderately interdigitating DDT ligands
from neighbor particles.”® The broadness of the peak was
probably associated with the short-range correlation lengths of
NP assembly, suggesting an isotropic arrangement of particles
within the film.

SERS measurements were carried out using the Renishaw
inVia micro-Raman system equipped with a diode laser
emitting 785 nm light, which was used as an excitation source.
0.1 mM PMBA aqueous solution (prepared from 1 mM
solutions in ethanol) was incubated on the surface nanoplat-
form overnight. The substrates were then washed with Milli-Q_
water and dried under nitrogen. The laser power was less than
50 mW. The laser beam was focused on the sample surface
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using the Leica long working distance X50 LWD objective
(numerical aperture 0.5). The experiments were performed
under ambient conditions using a backscattering geometry.
Twelve spectra were collected in the range of 600—1800 cm”),
with a spectral resolution of 2.5 cm™', from the area of 10 X 10
pum. For every sample, based on these 12 origin spectra, the
average spectrum was calculated, and further calculations were
performed.

3. RESULTS AND DISCUSSION

In this work, small spherical Au-NPs covered with DDT were
employed. These were easily dispersible in non-polar solvents,
which was crucial for the assembly of monolayers at the air—
water interface. The ligands and solvent selection were based
on previous studies. The ability of Au-NPs to form stable
surface films at the air—water interface has already been
confirmed, in which DDT or DDT/PEG-SH functionalized
Au-NPs dispersed in CHCly are often used. The selected
ligands ensured the hydrophobic properties required for the
formation of a monolayer on water, whereas CHCI, exhibited a
high spreading factor, leading to an effective spreading of the
dispersed material at the air—water interface. Au-NPs were
assembled using the Langmuir technique, in which Au-NPs
were drop casted at the air—water interface. To harness the
ability of Au-NP Langmuir monolayer formation, the surface
pressure area (7—A) isotherm was recorded during the
compression of NPs (Figure 1). We noted two regions of
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Figure 1. Surface pressure vs isotherm of the trough area of the Au-
NP Langmuir monolayer; the inset graph shows the dependence of
the surface compressional modulus C,”' on the surface pressure of
Au-NPs.

increasing for 220 to 60 and 50 to 25 cm? areas. The reddish
color visible on the surface of the subphase also confirmed the
formation of the surface film. During Au-NP compression, the
faint reddish color became more pronounced, indicating
increased packing at the air—water interface. This phenomen-
on was previously observed by our research group for
monolayers containing Au nanorods in the water subphase.”
The ability of Au-NPs to form stable surface films at the air—
water interface was confirmed by numerous reports. For
example, Tahghighi et al."* employed spherical Au-NPs to tune
SERS substrates, where Au-NPs were dispersed in CHCI; and
spread on the aqueous subphase. The recorded 7—A isotherms
confirmed that the systems formed stable monolayers at the
air—water interface. Lafuente et al.*® also reported stable
surface films consisting of Au-NPs. The systems consisted of
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octadecylthional-protected hydrthobic Au-NPs dispersed in
chloroform. The above exmaples™** showed that the use of
CHClI; as a solvent generated stable dispersions that formed
monolayers at the air—water interface.

The obtained isotherm was used to calculate the value of the

(M), which provided

information on the elasticity and physical state of the formed
film (Figure 1, inset). The maximum 15 mN-m ™ value of C,”*
fitted into the 12.5 to 50 mN-m ™' range was characteristic of
an expanded liquid phase state.”” The flexible nature of the Au-
NP monolayer stemmed from the transition of the formed film
from the gaseous to the expanded liquid state, which was
previously reported by Ishida et al.™ In their research,
hydrophobic Au-NPs were employed with polyethylene glycol
(PEG-SH). The maximum reported C,”" values were higher
than those presented in our research, suggesting that the use of
Au-NPs of larger sizes and the presence of PEG-SH affected
the compression process. Additionally, the compression
isotherm of Au-NP functionalized with PEG-SH and DDT
had higher values of C,™' because of the compression of the
brushes upon movement of the barrier.** However, the surface
film we obtained was characterized by a course of isotherm and
elasticity, which was similar to the monolayers tested in our
previous studies of Au nanorods with PEG-SH molecules.”
Importantly, the presented studies showed that the Langmuir
monolayer of the investigated Au-NPs exhibited a phase
transition at approx. 10 mN'm™' (see the C,”' course), which
was not observed for larger-sized Au-NPs. Furthermore, this
strongly impacted the obtained Langmuir—Schaefer mono-
layers, as presented below.

To confirm the formation of homogeneous surface films at
the air—water interface, BAM imaging was performed (Figure
2). BAM analysis showed that the compression of the
monolayer changed the character of the surface film from
heterogeneous to more homogeneous. The apparent change in
the homogeneity of the surface film during compression
indicated alterations in the self-organization of the particles
during the process. In the case of 7 = 2 mN-m ", clusters of
particles were visible (Figure 2a). By increasing 7 to 6 mN-m™"'
(Figure 2b,c), densely packed clusters were formed. In
contrast, further compression of the monolayer resulted in
the formation of an increasingly homogeneous surface film
(Figure 2d—f).

The compression reversibility of the Au-NP monolayer was
determined, where during compression, compression/expan-
sion hysteresis was measured in triplicate at the maximum #
value (Figure S3). The comparable curves generated for both
compression and expansion of the monolayer confirmed the
reversibility of the process. Thus, this highlights the lack of
aggregation of Au-NPs upon monolayer compression.

The determination of monolayer stability that depends on
the degree of Au-NP packing is an important element in the
fabrication of SERS nanoplatforms using Langmuir-like
techniques. A relaxation experiment was carried out for several
selected values of 7, corresponding to different regions of C,”!
on the 7 dependence curve, to obtain the optimal parameters
for further transfer of the fabricated films to a solid substrate
(Figure 1). Namely, measurements and deposition were
performed for the first maximum of ™' (z = 2 mN-m™),
in the region when C,™" decreased toward a minimum (4 and 6
mN'm™'), and finally in the range when C,”' again increased
(12, 14, and 20 mN-m™"). The depositions 7 were carefully

dr

compressibility modulus (Cs’l =-A
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Figure 2. BAM images of the Au-NP Langmuir monolayer for surface pressures equal to 2 (a), 4 (b), 6 (c), 12 (d), 14 (&), and 20 mN-m~" (f).

Image width is 4000 gm.

50 pm

5041

Figure 3. Confocal microscopy images of the Au-NP Langmuir—Schaefer monolayer deposited on quartz substrates for a surface pressure of 6 mN-

1

m~" and for upstroke (horizontal dipping) speeds of 0.5 (a}, 1.0 (b), and 1.5 mm-min~" (c).

selected based on presented thermodynamic studies. 7 > 20
mN-m~" was not examined due to the limited stability of the
monolayers for this 7 region, as well as the broad character of
C, ! on x dependence at these 7 values. The relative area over
time curves (Figure S4) showed higher stability for the lower 7
values, which was observed for less dense Au-NP packing, For
the lowest tested surface pressures, A-A,™! values remained
constant at approx. 0.97, indicating high stability of the formed
monolayers. Higher pressures resulted in a single stability loss
of 0.1-0.16 from the initial values. In the case of the highest
tested range, the monolayers stabilized over time. These results
indicated that the stability of the created layers increased with
decreasing packing.

Next, the deposition parameters of the Au-NP Langmuir—
Schaefer layer were optimized, where three dipping speeds of
the hydrophobic substrate in the surface film were examined.
Figure 3 shows examples of confocal microscopy images of Au-
NP Langmuir—Schaefer layers deposited on quartz substrates
for a = of 6 mN-m™" at different horizontal dipping speeds.
This 7 value was selected based on the data presented in
Figure 1, in which a 7 of 6 mN-m™ was comparable to the
observed phase transitions and near the maximum value of
C,”". As shown in Figure 3a—c, upon increasing the horizontal
dipping speed of the substrate (from 0.5 to 1.5 mm-min™"), the
surface coverage decreased from 44 + 5 to 33 =+ 6 and to 26 +
5%. Based on the obtained surface coverages, a speed of 0.5
mm:min~" was determined as the optimal deposition speed
value for the deposition of Au-NPs. The comparison of the
confocal microscopy images of Au-NP Langmuir—Schaefer
layers (Figure 3) with BAM images of the Au-NP Langmuir
monolayer (Figure 2) revealed that the transfer of monolayers
to a solid substrate caused the bonding of domains that were

visible on the subphase. Hence, the network formation, which
may result from the dewetting process, occurred during the
Langmuir monolayer transfer.

Additionally, the optical properties of the formed Au-NP
monolayers were investigated using in situ UV—vis spectros-
copy at several 7 values (results not shown). In all cases, the
plasmonic bands characteristic of Au-NPs were observed, with
a maximum at ~542 nm, and slightly red-shifted compared to
Au-NP dispersion. Furthermore, the intensity recorded at the
band maxima showed a linear dependence toward 7. These
features suggested that NPs exhibited plasmonic coupling, and
the magnitude of the coupling was similar in all samples. Since
the plasmonic coupling was directly related to the interparticle
distance, the obtained results indicated that the interparticle
distance between the adjacent NPs was independent to
pressure. This was determined by the hydrophobic thick
ligand shell on the surface of Au-NPs. However, it should be
noted that the bands were relatively broad, limiting the
possibility of detailed analysis of interparticle distance via UV—
vis spectroscopy. However, Au-NPs transferred to the quartz
substrate were confirmed using the Langmuir—Schaefer
technique to preserve their optical properties. Therefore,
UV—vis spectroscopy was used. Au-NPs did not tend to
aggregate upon monolayer compression, and thus, specific
dendritic structures such as that of hydrophilic Au nanorods
were not visible as shown previously by Tim et al.”” The LSPR
band of the Au-NP Langmuir—Schaefer layer deposited on
quartz before UV ozone treatment was localized at 536 nm
(Figure 4a,b), as well as a slight red shift (by 18 nm) to 554
nm. The observed phenomena were similar to that reported by
Zhong et al,*” where a quantitative study was conducted on
the chemistry of PVP degradation during UV treatment. The
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Figure 4. Absorption spectra of the Au-NP Langmuir—Schaefer layer
deposited on quartz before (a) and after (b) UV ozone treatment and
the dependence of the absorbance value of the LSPR peak vs surface
pressure (c) before and after UV ozone treatment, black and red
curves, respectively.

residual PVP underwent photochemical oxidative degradation
dominated by C—C and C—N bond cleavages within the first
hour of UV treatment. Further degradation decreased with an
increasing degree of oxidation of the carbon skeleton and/or
cross-linking reactions. Earlier studies by Zhong et al™®
confirmed that the size and morphology of Au-NPs remained
constant during UV treatment, but the intensity and position
variations of the LSPR peak should indicate alternations in the
coordination environment of Au-NPs. The absorbance of Au-
NPs transferred on the quartz substrate remained constant for

7 ranging from 2—6 mN-m™, and it had a more linear

character for 7 > 6 mN-m™'. Therefore, Au-NPs were densely
packed for 7 > 6 mN-m ™, and more hot spots were present in
the samples.

The Au-NP arrangement after transfer to the solid substrates
was examined. To record the appropriate data at the micro-
and nanoscale, confocal and TEM analyses were performed for
samples transferred to the quartz substrate and copper grid,
respectively (Figures S and 6 and Figure S5). Two maxima of

10 pm

c)

Figure 5. Confocal microscopy images of the Au-NP Langmuir—
Schaefer monolayer deposited on quartz substrates for surface
pressures of 2 (a), 4 (b), 6 (c), 12 (d), 14 (e), and 20 mN-m~" (f).

C,”" were detected at 7 equal to ~2 and ~24 mN-m™~". This
suggested that at the beginning of Au-NP compression, the
first transient assembly occurred. The structure of the assembly
is shown in Figure S, which revealed the presence of fine NP
networks. The structure quickly disassembled, as indicated by
the low width of the C,* peak (FWHM ~ 4.5 mN-m').
Above 9 mN-m ', the onset of the second peak indicated that
domains formed from the cracking of the first NP network
were compressed. At this point, the packing was lower owing
to the width of the second C,”' peak (FWHM ~ 18.0 mN:
m '), and the monolayer network was much denser. The
density, which included the surface coverage of the sponge-like
structures, scaled linearly with 7 (Figure 6, blue line). The
slope of the linear regression was 2.3 + 0.3 m'mN -4 R? = 093.

To examine the samples at the nanoscale, TEM images were
obtained. The measured surface coverage in representative 1 X
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Figure 6. Dependence of the surface coverage of the Au-NP
Langmuir—Schaefer layer vs the deposition surface pressure evaluated
on quartz using confocal microscopy (blue symbols) and copper grids
by TEM analysis for lower (green symbols) and higher (red symbols)
surface pressures.

1 pum? areas is presented in Figure 6 (green and red symbols).
As shown in Figure 6, two regions were clearly visible (green
and red symbols). In the first z deposition range (x < 9 mN-
m™"), increased domain packing was less significant (the slope
of the linear regression was 1.0 + 0.1 m-mN~!, R* = 0.99),
while for 7 > 9 mN:m™?, the distance between Au-NPs in the
closely packed domain was more pronounced, and deposition
x influenced the size of the closely packed domains, which in
turn substantially increased the surface coverage (the slope of
the linear regression was 1.6 + 0.1 m-mN "}, R? = 0.99). The
behavior of the Au-NP monolayer at the nanoscale was
different from that presented at the microscale. Of course, the
data presented in Figure 6 (blue line) could be fitted in the
lower and higher surface pressure regions; however, obtained
R’ parameters were insufficient. R* equal to 0.74 and 0.84 were
obtained (results not shown), respectively, vs R* = 0.93 for
both regions. The quartz crystal microbalance (QCM)
technique can directly provide the estimated amount of the
deposited material. It should be noted that the amount of the
deposited material obtained from the QCM can be directly
correlated with the surface coverage determined from confocal
microscopy or TEM. To estimate surface coverage of Au-NPs
at the surface of the QCM, we have performed measurements
and calculations as described in the Supporting Information.
The obtained surface coverage (Figure S$6), calculated from
QCM measurements, is a complex quantity based on few basic
physical quantities; thus, its error is relatively high. However, as
shown in Figure S6, we obtained good agreement between
values estimated from confocal microscopy and the QCM,
although the latter seems to be slightly underestimated. AFM
can provide information from relatively small areas in
comparison to regions reported here obtained from the
TEM technique. Lafuente et al.** showed comprehensive
characterization of SERS platforms using both SEM and AFM
techniques. As emphasized by authors, the AFM images
provide similar results to SEM imaging, regardless of the values
of deposition surface pressure. The authors pointed out that
the reproducibility in the protocol of nanoplatforms designing
can be successfully assessed by the SEM technique.

The correlation between the surface coverage and 7 was also
reported by Ishida et al." According to the described SEM
images, the surface coverage of Au-NPs with DDT and with or
without PEG-SH at the NP surface was determined. The

surface coverage values obtained in our studies for smaller Au-
NPs were approx. 15% higher for 7 > 9 mN-m™, while below
<9 mN'm~, the values were comparable. Based on this
comparison, we speculated that the smaller Au-NPs were
related to a greater surface coverage.

To study the influence of NP deposition on their
performance as a SERS substrate, they were examined using
a series of PMBA solutions. Figure 7a presents the average
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Figure 7. SERS performance of the fabricated monolayers. (a)
Averaged surface-enhanced Raman spectra for various transfer surface
pressures of Au-NP Langmuir—Schaefer monolayers. (b) Intensity of
the peak at 1584 cm™' for the spectra shown in (a); the data points
presented in panel (b) were fitted with two linear regressions, for the
lower (green) and higher surface pressure ranges (red symbols).

SERS spectra of PMBA adsorbed on Au-NP Langmuir—
Schaefer monolayers prepared at different transfer x values.
Technical details on PMBA deposition are provided in Section
2.4. For each sample, based on these 12 origin spectra, the
average spectrum was calculated, and then, further calculation
was performed. The relative uncertainty (standard deviation)
of the obtained results resulting from the SERS measurements
for PMBA determined from the average peak intensity at 1584
cm™! was about 19% for different transfer surface pressures of
Au-NP Langmuir—Schaefer monolayers. The spectra shown in
Figure 7a represent averaged spectra with their standard
deviation. However, in Figure S7, we present for example the
average spectra for PMBA 107 M on Au-NP Langmuir—
Schaefer monolayers deposited on quartz substrates for a
surface transfer pressure of 6 mN-m™',

https:f/doiorg/10.1021 /acs jpec3cD1853
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Moreover, we plotted the intensity of the peak at 1584 cm™

for the spectra shown in Figure 7a versus the surface coverage
of the Au-NP Langmuir—Schaefer layer, as presented in Figure
S8. Both values present almost linear dependence when the
intersection point (0,0) is included. The characteristic bands at
PMBA at 1077 cm ™" in-plane ring breathing + stretching (C—
) and 1587 cm™ [symmetric stretching (CC)]" were
observed. The detection limit of the investigated substrate
for PMBA is about S X 107* M, results not shown. In the
dependence shown in Figure 6, two regions of Au-NP domain
organization were observed with either less and more
significant packing. The slope ratio of the linear regression of
both deposition ranges was 1.6. In general, the SERS signal was
proportional to the surface coverage, but due to different
processes, this dependence varied.”*" An even more
pronounced dependence is shown in Figure 7b. In the first z
deposition range (z < 9 mN-m™"), the slope of the linear
regression was 300 £ 50 m-mN~!, while for 7> 9 mN-m~, the
slope of the linear regression was 1836 34 m-mN'; thus, the
slope ratio of the linear regression for both deposition ranges
was 6.12, whereas that in Figure 6 was 1.6 (L6 mN-m~"-1.0
mN~"m). The dependence shown in Figure 7b could be also
interpolated using exponential function, as presented in Figure
$9. Both presented scenarios are possible and mathematically
correct. However, due to specific shape of the compression
isotherm, a localization of phase transition point at 10 mN-m*
for SERS measurements should be interpreted taking into
account the thermodynamic properties of the Au-NP
Langmuir monolayer. Notably, a band related to the
dependence of SERS peak intensities vs 7 of the Langmuir—
Blodgett transfer curve was not found, which would suggest
limited stability of monolayers and formation of multilayer
structures.”’ Thus, when using the presented parameters for
the formation of Au-NP monolayers (C,”' relaxation studies
and optical measurements), multilayer aggregates were not
formed. Therefore, it was speculated that using a higher
pressure (above 10 mN-m~', the region above the Phase
transition point for which the gradual increase of C,=' was
observed), Au-NPs tended to form well-packed structures at
the micro- and nanoscale, which promoted the enhancement of
Raman intensities. The obtained results indicated the
importance of considering all sets of Langmuir monolayer
parameters to understand the behaviors of the SERS
nanoplatform.

4, CONCLUSIONS

The formation of Langmuir—Schaefer monolayers consisting
of hydrophobic Au-NPs was investigated, which were used to
optimize SERS performance for the ultrasensitive detection of
PMBA. Au-NPs dispersed in CHCI; formed insoluble
Langmuir monolayers on the ultrapure water subphase. With
increasing surface pressure, the monolayers exhibited a more
homogencous nature. The compression of Au-NPs was a
reversible process, and upon Langmuir monolayer compres-
sion, no aggregation of Au-NPs occurred. Relaxation studies
showed that the stability of the surface film increased with
decreasing surface pressure. During nanoplatform design, we
optimized the horizontal dipping speed of the quartz substrate
as well as the TEM copper grid to maximize the surface
coverage value. For the optimized dipping speed, the
dependence between the surface coverage of the substrate
and the deposition pressure was linear on the microscale.
However, on the nanoscale, different arrangements were

observed according to the lower and higher values of the
deposition surface pressure. For the first time, we correlated
the thermodynamic properties of Au-NP monolayers (i.e., Au-
NP phase state and transition points) with their SERS
performance. The intensity of the SERS signal increased
significantly after the first phase transition in the Langmuir
monolayer for surface pressures greater than 12 mN-m". The
results highlighted the potential of tailoring the SERS response
with the thermodynamic properties of the Langmuir
monolayer.
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Fig. S1. Absorption spectrum of Au-NPs in cyclohexane.
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Fig. S2. SAXRD pattern of Langmuir-Schaefer multilayers of Au-NPs deposited on Kapton
tape, see experimental part for details.
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Fig. S3. The surface pressure versus trough area hysteresis of the Au-NPs Langmuir monolayer.
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Fig. S4. Relative area changes versus time for a various surface pressure of the Au-NPs
Langmuir monolayer.

[ 77




Organizacja nanoczgstek zlota na granicy faz i ich oddzialywanie z wybranymi zwigzkami organicznymi
Beata Tim

Fig. S5. Exemplary TEM images of the Au-NPs transferred at surface pressures equal to 12 (a),
14 (b) and 20 mN'm*! (¢).

S1. QCM surface coverage measurements

Frequency changes (Af) upon Au-NPs deposition were measured using openQCM Q!
measuring system equipped with QCM sensor purchased from openQCM (10 MHz and 11.5
mm diameter). The known volume of Au-NPs (3.0-4.0 puL) was spread at the QCM sensors and
Af was measured as shown in Table S1. The mean Am of the spread drop of Au-NPs was
Am=2.23-10 g, as calculated from Sauerbrey equation. In order to calculate the mass of single
Au-NPs we estimated the concentration of Au-NPs solution. For the known Au(0)
concentration (3.63-10* M) we determined amount of gold atoms per particle from TEM
measurement of particle dimensions. Dividing these numbers gave as particle concentration
equal to 1.38-10”7 M from which it was possible to determine the number of Au-NPs in a single

drop. Dividing the total mass of the Au-NPs deposited on the surface of QCM by the number
of Au-NPs in a single drop we obtained the mass of single Au-NPs m=7.91-10"'% g/Au-NPs.

Table S1. Drop volume of Au-NPs and frequency changes (Af) of QCM.

No. Drop volume Af

(L] [Hz]
1 35 490
2 35 577
3 35 563
4 4.0 630
S 3.0 355
6 30 300
7 3.0 325
8 3.5 515
9 35 547
10 35 556

Mean 3.4+0.1 486+37

In two-dimensional space the highest-density lattice arrangement of circles is the hexagonal
packing arrangement in which the centers of the circles are arranged in a hexagonal lattice and
each circle is surrounded by 6 other circles. The density of this arrangement is 90.7%. Dividing

S3
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the value of QCM area by the area of Au-NPs (with DDT chain size) gave us the number of

Au-NPs at the surface of QCM for 100% surface coverage (Na,xp=2.45-10'2). By multiplying
N aunps ™, and based on Sauerbrey equation, we obtain the frequency changes for 100% surface
coverage Afypp0;=4216 Hz. In the next step the Au-NPs Langmuir-Schaefer monolayer, obtained
at the defined transfer surface pressure, was deposited on QCM sensor to perform Afig
measurements. Finally, we calculated the surface coverage (Table S2) from proportion taking

into account Afjoe;, value.

Table S2. Measured Afjg values of Au-NPs Langmuir-Schaefer monolayer for different

transfer surface pressure.

Surface pressure Afi s
[mN-m] [Hz]
2 450
4 578
6 1345
12 1592
14 1853
20 2367
80
£ wf
[
g
o
2
8 o
£
@ 204
P
0 b e :
2 4 12 14 20

Surface pressure [mMN-m™]

Fig. S6. Dependence of the surface coverage of Au-NPs Langmuir-Schaefer layer vs. the
deposition surface pressure evaluated on quartz using confocal microscopy (the same

dependence was presented in the manuscript) (blue symbols) and QCM (green symbols).
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Fig. S7. SERS spectra recorded from the area (10%10 pum) for PMBA (10 M) on Au-NPs
Langmuir-Schaefer monolayers for surface transfer pressures 6 mN-m''. The blue line
represents the average spectrum.
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Fig. S8. Intensity of the peak at 1584 cm! for the spectra shown in Fig. 7a versus the surface
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ARTICLE INTFO ABSTRACT

Keyworeds:

Nanoparticles with a high degree of anisotropy are characterized by large electromagnetic field enhancements at
the single-particle level; however, their arrang into aggregated structures does not lead to significantly
better perdformance. Surprisingly, for nanorods & superior accumulation of hot spots is present at surface cov-
crages above 60%, which ensures a higher efficiency for surface-cnhanced Raman spectroscopy (SERS). In this
study, we produced pegylated gold nanorods in Ldngmmr-mud},tll layers in order 1o optimize SERS performance
for the ultrasensitive detection of molecules, by tuning p coupling and particle surface o . To
understand the arrangement of the nanorods in Langmuir and umgn\ulr Blodgerr layers, we perfornrwd spee-
troscopic and microscopic analysis of the obtained films. Based on the compression isotherms of the nanorods, we
proposed the best conditions for nanoplatform design. The Raman enhancement factor was around 2:10° with a
deposition surface pressure equal to 12 mN-m ', Due to the polymer’s presence at the surface of the nanorods
and the dewetting process, specific dendritic-like aggregates were observed on the solid substrate, The results
obtained indicate the significance of further studies on the ar ent of metallic particles in monolayers,
taking into account the size and shape of the nanoparticles, as well as the type of stabilizing ligands at their

2D assembly

Air-water interface
Nanoparticles

Noble metal

Surface plasmon resonance

surface.

1. Introduction

Delocalized electrons in nanoparticles (NPs) can readily oscillate
when exposed to the appropriate light frequency, and surface charge-
density oscillations cause electric field enhancement near the surface
of the NPs. Gold NPs deserve special attention due to the presence of
surface plasmon resonance, which is responsible for their optical prop-
erties [1-3|. For metallic NPs, the resonant excitation of free electrons
by electromagnetic radiation of a particular wavelength leads to strong
bands characteristic of the surface plasmon in the extinction spectrum
(LSPR band).

An efficient and scalable bottom-up strategy for the development of
nanostructured materials can be based on the self-assembly of NPs ob-
tained by wet chemistry methods [4,5]. A particularly versatile
approach is the use of nanorods (NRs), nanotriangles, or nanostars
[6-8]. Methods for the synthesis of monodisperse NPs are well-
established [9]. Although the approaches proposed in literature result
in stable NPs, the large size of the NPs and the types of ligands that
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stabilize such large structures lead to difficulty in the functionalization
of the resulting NPs for specific applications [10]. Therefore, despite a
significant literature on the synthesis of NPs, there is a strong need to
develop a robust protocol for a more efficient method of NP
functionalization.

The Langmuir technique involves the self-assembly of molecules or
other hydrophobic materials into an ordered monolayer at an air-water
interface and the subsequent transfer (via vertical or horizontal depo-
sition) of the self-assembled monolayer onto a solid substrate. The
Langmuir technique is an excellent method for depositing self-
assembled systems onto surfaces. It offers homogeneity over relatively
large areas, and unlike traditional self-assembled monolayers (SAMs),
films of multiple layers can be obtained by successive dipping [11].

When a molecule is in close proximity to the surface of NPs, it can
absorb or radiate more light than normal, since both absorption and
emission occur with certain probabilities that are modified by NPs [12].
This phenomenon is widely used for the development of functional
nanoplatforms for biosensing applications, since plasmon resonance
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enhances the scattered signals of adsorbed biomolecules [13,14]. Raman
and SERS spectroscopies are commonly used methods for molecule
identification [15,16]. Plasmonic effects increase by a few orders of
magnitude the efficiency of an otherwise very inefficient process. The
key factor related to the efficiency of SERS substrates is the presence of
hot spots, the sites at which the light is trapped by plasmonic effects
[15,17]. The easiest way to prepare SERS substrates is based on the
formation of SAMs composed of NPs in contact with chemically modi-
fied substrates [10,12]. The main limitation of this technique is the
surface coverage, which can reach up to approx. 50%, mainly due to
steric hindrance. This low surface coverage reduces the hot spot density
and hence the SERS response [5,16,17]. This response can be controlled
by increasing and tuning a substrate’s hot spot density. Besides simple
strategies, more advanced protocols have recently been introduced. For
example, the spacing between NPs can be tuned by NPs embedded in a
thermosensitive film [19]. Alternatively, SERS substrates can be man-
ufactured using lithographic techniques and the Langmuir-Blodgett
method for mask production [20]. There are some major advantages
of Langmuir monolayer formation over other methods of obtaining
SAMs. After the NPs are spread at the air-water interface, their desired
packing density, i.e., surface pressure, can be adjusted by moving the
barriers toward each other, hence controlling the packing, arrangement,
and interaction of the NPs. The swiface density of hot spots can be
optimized by controlling the lateral distance between NPs.

Currently, there is limited knowledge on the correlation of the
packing of NPs with their experimental SERS. However, a great deal of
information could be obtained from numerical simulations of SERS
phenomenon. So far these simulations have been limited to relatively
simple geometries or at most a few particles, but ensemble effects can be
critical in the performance of actual large-scale SERS samples. A recent
example for NPs with a high degree of anisotropy gave a large
enhancement, even within the single-particle limit, while aggregation
into dense arrays did not lead to significantly better performance. In
contrast, nanospheres and NRs start out with relatively poor SERS effi-
ciencies in dilute layers, but undergo a large boost in the accumulation
of hot spots and ensuing SERS efficiency at surface coverages above
~50%. More precisely, NRs exceed the SERS enhancement of nanostars
at coverages beyond ~60% [16,21,22]. Therefore, in this study we
aimed at a detailed analysis of a set of aggregated pegylated gold
nanorods (Au-NRs) in Langmuir-Blodgett layers in order to optimize
SERS performance for ultrasensitive analysis, by tuning plasmonic
coupling and nanoparticle surface coverage. The optimum conditions
for nanoplatform composition were proposed, based on the compression
isotherm of the Au-NRs. The thermodynamic properties of the Au-NR
Langmuir monolayer were discussed and correlated with its optical
properties and SERS performance.

2. Materials and methods
2.1. Chemicals

Tetrachloroauric acid (HAuCL;-H»0) (99.99%) was obtained from
Alfa Aesar. Cetyltrimethylammonium bromide (CTAB) (99.00%), so-
dium borohydride (NaBH.) (98.00%), silver nitrate (AgNO3) (99.99%),
ascorbic acid (99.00%), O-(2-mercaptoethyl)-O'-methylpolyethylene
glycol (PEG-SH M,=2000) (99.99%), bromophenol blue sodium salt
suitable for molecular biology (BPB), p-MBA (4-Mercaptobenzoic acid)
(99.00%), and rhodamine 6G (99.00%) were purchased from Sigma
Aldrich and were used without further pwification. The chemical
structure of the polymer used for the functionalization of Au-NRs is
shown in Fig. 51, see supplementary material (SM). We chose the PEG-
SH with My~2000 to ensure thick layer formation on the surface of the
Au-NRs. Spectrophotometric grade methanol was purchased from POCH
S.A. (Poland). High purity chloroform for spectroscopy (CHCl3) (>99%),
(Uvasol®), isopropanol (>99.8%), and acetone (>99.8%) were pur-
chased from Merck.
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2.2. Chemical synthesis of polymer-coated gold nanorods

Au-NRs were prepared following the procedure of Nikoobakth et al.
[23] with the medifications previously described by Blaszkiewicz et al.
[24,25]. The PEG-SH coating was prepared using the modified method
described previously | 26-261, the PEG-SH being covalently grafted onto
the surface of the Au-NRs. An aqueous solution of PEG-SH of the desired
molecular weight was sonicated for 30 min and added to a solution of
Au-NRs with vigorous stirring. The resulting solution was stirred for 24 h
at room temperature to allow for complete ligand exchange with PEG-
SH. Excess PEG-SH was eliminated through twice centrifuging at
6000 rpm for around 30 min. The supernatant was decanted, leaving a
pellet, and refilling was carried out with ultrapure water (Milli-Q, 18.2
MQ-cm, (71.98 = 0.01) mN-m™'). The washing process was repeated
again to remove unbound PEG-SH or other reactants, and the pellet was
then transferred to methanol. Thiol groups exhibit a high affinity for
gold, which results in the covalent attachment of the PEG-SH to the
surface of the Au-NRs. The minimum amount of PEG-SH required to
stabilize the surface of the Au-NRs was calculated based on Manson et al.
[25]. To produce a PEG-SH coating on the surface of the Au-NRs, 9 pg of
PEG-SH per mL of synthesized NPs was added.

2.3. Langmuir and Langmuir-Blodgett thin film preparation

Milli-Q water was used for all aqueous solutions and as the Langmuir
subphase, while chloroform was used to prepare the Au-NRs dispersion,
mixtures of Au-NRs with chloroform being prepared in such a way that
the ratio of methanol to chloroform was 1:4 (v:v). In order to optimize
dispersion in an organic solvent, thus facilitating the spread at the
air-water interface, the synthetic methods proposed by Serrano-Montes
et al. could be applied [20]. Experiments were carried out using a
Langmuir-Blodgett (KSV Nima) balance equipped with a Langmuir
trough (304 » 75 mm), two hydrophilic barriers made of Delrin poly-
mer, and a Brewster angle microscope (MicroBAM, KSV Nima). The laser
power and image acquisition parameters were kept the same during all
the BAM measurements. In order to measure the surface pressure, a
platinum Wilhelmy plate (instrumental accuracy 0.01 mN-m ') was
used. Au-NRs are characterized by high values of extinction coefficient,
and thus it is easy to notice their presence at particular areas on the
Langmuir trough because of their adsorption. During our experiments,
the barriers and the Wilhelmy plate were not covered by the gold
nanoparticles, as we did not observe the specific color on their surface.
Before each measurement, the trough surface was cleaned with iso-
propanol, acetone, and ultrapure water to obtain a surface pressure
value for the pure subphase (ultrapure water) below 0.2 mN.m ' at the
maximum compression.

Dispersions of Au-NRs in chloroform (4 mL) were spread onto the
surface of the subphase using a microsyringe (Hamilton). After the
evaporation of solvent (approx. 25 min) from the dispersion of the Au-
NRs, a molecular layer was formed by the symmetrical movement of
the barriers at a constant speed of 5 mm-min L During the compression,
the dependence of the surface pressure on the surface of the trough was
recorded. Additionally, BAM images were recorded during the
compression, which allowed the monitoring of structural changes in the
surface film due to the presence of Au-NRs.

Relaxation experiments were performed to determine the stability of
the monolayers, dispersions of Au-NRs in chloroform (4 mL) being
spread onto the surface of the subphase. After evaporation of the solvent
(approx. 15 min), the monolayer was compressed (at a constant speed of
5 mm-min ) to surface pressures of 4, 8, 12, 15, and 20 mN-m ! and
the change in the relative surface area (A-Ag") with time (1) was
recorded.

Quartz plates (25 x 25 x 1 mm) were used as substrates for surface
film deposition using the Langmuir-Blodgett technique. Prior to the
Langmuir monolayer deposition, the substrates were subjected to ul-
trasound for 20 min at 70 °C in a mixture of ultrapure water, 4%
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ammonia, and 5% hydrogen peroxide, in order to remove organic resi-
dues and to make the surface strongly hydrophilic. After several rinses
with ultrapure water, the hydrophilic substrates were ready for the LB
film deposition. The deposition process was carried out at surface
pressures of 4, 8, 12, 15, and 20 mN-m . The speed was 3 mm-min ' for
the upstroke. The transfer ratio for all the studied surface pressures was
around 1. Each experiment was carried out at a constant temperature of
(22 = 1) "C and repeated three times to ensure the reproducibility of the
curves.

2.4. Microscopic and spectroscopic measurements

The morphology and size dispersion of Au-NRs were characterized
by high-resolution transmission electron microscopy (HR-TEM). Exam-
ples of HR-TEM images of Au-NRs can be found in our previous papers
[24,25]. For ow investigation, Au-NRs having an aspect ratio of 2.25 =
0.23 [length (53.2 + 1.8) nm and width (23.6 + 1.3) nm] were chosen.
The morphology of the obtained nanoplatforms, Au-NR Langmuir-
Blodgett layers deposited on quartz substrates at different surface
pressures, were obtained using confocal laser scanning microscopy
(LSM710, Zeiss, Germany). In material mode (retlected light), the He-Ne
laser operated at a wavelength of 543 nm. Images were collected from
different Z planes using a Z Stack Module for the acquisition of Z-stacks
with the aid of a motorized focus drive. ImageJ processing software was
used to calculate the values of the surface coverage and their standard
deviation. For this purpose, ten independent images of the obtained
nanoplatforms were taken into consideration. Electronic absorption
spectra of the Au-NR Langmuir-Blodgett layers were measured using a
Varian Cary 4000 spectrometer. The in-situ electronic absorption spectra
of the Langmuir layers were recorded in the UV-vis range with an Ocean
Optics QE65000 spectrometer, which was placed in proximity to a
quartz window of the KSV Nima trough. In order to measure the Raman
spectra of the p-MBA and the model dye rhodamine 6G, Novascan UV
Ozone cleaner was used to remove traces of organic compounds,
including PEG-SH and CTAB molecules. We did not observe any changes
in the absorption spectra of Langmuir-Blodgett layers or in their
confocal microscope images after removing traces of organic com-
pounds. Finally, 0.1 mM p-MBA aqueous solution (prepared from 1 mM
solutions in ethanol) and 10 ® M rhodamine 6G aqueous solution were
incubated on the surface of the Au-NR Langmuir-Blodgett layers over-
night. The substrates were then washed with Milli-Q water and dried
under nitrogen. SERS spectra were obtained using a Renishaw inVia
micro-Raman system with instrument control software (Renishaw WiRE
3.1). All spectra were recorded with a 785 nm excitation wavelength
using a diode laser with a power of less than 10 mW. The laser beam was
focused on the sample surface by a Leica long working distance (LWD)
50x objective (numerical aperture 0.5). The spectra were recorded at
room temperature in a range from 600 cm 1 t0 1800 cm ! for p-MBA
and from 400 cm™ to 1600 ecm™! for rhodamine 6G with a spectral
resolution of 2.5 cm ', Due to the heterogencous character of the sub-
strates, the integration area of the SERS measurements was randomly
selected. Typically, fifteen spectra from different places within the
sample were acquired for each surface pressure. To be more precise, we
randomly collected five spectra and then moved to different areas within
the sample; we then collected another ten spectra from an area of 50 um
x 50 um. For every sample, based on these fifteen original spectra, an
average spectrum was calculated and further calculations carried out.

3. Results and discussion

CTAB plays an important role in the synthesis of Au-NRs, as CTAB
molecules are responsible for the formation of a bilayer around the Au-
NRs, which ensures their stability in aqueous solutions. It is particularly
important to select the correct concentration of CTAB, because too low a
concentration may cause aggregation of NRs [2]. CTAB is added in a
significant amount during the production of Au-NRs, which may
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influence the shape of the Langmuir isotherm, due to the amphiphilic
character of the CTAB molecule. We therefore decided to determine the
concentration of CTAR that remained on the surface of the Au-NRs (or in
the Au-NR solutions) after centrifugation and exchange with PEG-SH.
According to the procedure presented by Adwra et al. [31], a calibra-
tion curve for CTAB solutions was plotted, which allowed the concen-
tration of CTAB in the synthesized Au-NRs to be determined. For this
purpose, a series of solutions of CTAB in ultrapure water with concen-
trations of 2107 M to 1-10* M were prepared. In the next step, samples
consisting of 5 mL of chloroform, 1 mL of CTAB, and 1 mL of 1.107 M
BPB were mixed for 30 min. After 10 min from the completion of mixing,
the organic phase was extracted and the visible light absorbance read
with a spectrophotometer at 606 nm. The dependence of the absorbance
of the organic phase versus CTAB concentration had a linear character as
follows: A—=(8535.C)-0.319, where: A — absorbance of organic phase at
606 nm, C - CTAB concentration in [M]. As a result of the 2-fold
centrifugation of the Au-NRs and their exchange with PEG-SH, the
amount of CTAB was reduced to a concentration of 1.107 M. On the
other hand, after 3-fold centrifugation, which caused aggregation of the
Au-NRs, the CTAB concentration in solution was 1-10° M. Moreover,
incorporation of PEG-SH into solution for ligand exchange is necessary
to increase the stability of the Au-NRs in non-aqueous solutions [32]. To
determine the efficiency of the exchange between CTAB and PEG-SH, we
decided to record the FT-IR spectrum of the supernatant (3-fold centri-
fugation of Au-NRs) (results not shown). As a result, it was found that a
significant amount of PEG-SH was attached to the surfaces of the Au-NRs
because we did not observe peaks specific for PEG-SH in the supernatant
of the centrifuged Au-NRs. This small amount of PEG-SH was not able to
form a Langmuir monolayer, even after spreading onto the mixture of
polar and nonpolar solvents. To confirm the slight influence of the re-
sidual CTAB on the Au-NR Langmuir monolayers, isotherms were
calculated for CTAB in chloroform. For this purpose, a CTAB solution
was prepared with a concentration corresponding to that of CTAB in the
supernatant after 3-fold centrifugation. As shown in Fig. |, in the case of
the CTAB monolayer, the course of the isotherm differed from that of the
Au-NR monolayer. The CTAB isotherm was characterized by zero sur-
face pressure over a large range of the trough surface, but the surface
pressure increased rapidly at approx. 50 cm®. This trend confirmed that
the amount of CTAB remaining in the Au-NR solution after the exchange
with PEG-SH was insignificant. Moreover, the shape and course of the
CTAB isotherm was consistent with the studies by Dey et al. | 33|. On the
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Fig. 1. 'The surface pressure versus trough area isotherm of the Au-NR Langmuir
monolayer (black line) and CTAB (red line); the inset graph presents the
dependence of surface compressional modulus €, on surface pressure of
Au-NRs.
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Fig. 2. Brewster angle microscope images of Au-NR Langmuir monolayer for surface pressures equal to 1 (a), 8 (b), 12 (c), 15 (d), and 20 mN-m ' (e).

other hand, in the case of the Au-NR isotherm, the surface pressure value
increased from the start of the compression. In the area from about 220
em? to about 60 em?, the increase in surface pressure was gradual, while
for smaller values of the trough surface it was rapid. During the
compression of the monolayer, a color corresponding to that of the Au-
NRs was visible on the surface. On compression, this color became
increasingly intense, which indicated the formation of a surface film. At
the moment of starting the compression the Au-NRs monolayer was in
the gaseous state (surface pressure was equal to 0 mN-m ') and prob-
ably due to this fact we did not observe Au-NRs collapse. We used a
medium-size Langmuir trough thus we cannot spread more Au-NRs. This
could be done using a high compression trough where additional phases
and collapse point of Au-NRs could be observed during compression.
There are several reports showing that gold NPs are capable of forming
stable monolayers. Ishida et al. [34] used gold NPs with added PEG-SH
in their research, in which Langmuir isotherms showed that the presence
of PEG-SH influenced the achievement of higher values of surface
pressure and thus supported the formation of ordered structures. Addi-
tionally, research conducted by Lafuente et al. [35] showed that
octadecylthiolate-protected gold NPs dispersed in chloroform produced
systems capable of forming Langmuir monolayers. The authors showed
that the long alkyl chains in the coatings of NPs tended to elongate in
nonpolar solvents such as hexane, which caused aggregation between
NPs. In contrast, in more polar solvents such as chloroform, the elon-
gation of the alkyl chains was less pronounced, resulting in weaker in-
teractions between NPs and thus allowing for the formation of more
stable systems. Additionally, Fillop et al. [36] observed a similar effect
for silica-shell Au-NRs. Covering the surface of the NPs with a layer of
silica prevented strong van der Waals interactions between the NPs
during monolayer formation and allowed them to maintain the appro-
priate optical properties. In subsequent studies |37 |, the authors showed
that the thickness of the silica coating is important, affecting the optical
properties of the system, although the physicochemical behavior of the
system did not change.

Addirionally, during the compression of the monolayer, changes
were noted to the value of the compression modulus, which is defined as
follows [35]:

(e
—

The analysis of the compressibility coefficient value provides

information about the elasticity of the monolayer and its physical state.
It is assumed that if the value of C, ! is less than 12,5 mN-m !, then the
monolayer is in the gaseous state (G). On the other hand, the expanded
liquid state (LE) is observed when the value of the compression modulus
ranges from 12.5 mN-m™" to 50 mN.m~'. The range of C! values be-
tween 50 mN-m ' and 250 mN-m ' corresponds to the condensed liquid
phase (LC), and values above 250 mN.m L correspond to the solid phase
(S). The ;! values obtained for the Au-NRs presented in Fig. 1 indicated
that this monolayer, formed at the air-water interface, was in the
gaseous state until the surface pressure was approx. 5 mN-m . How-
ever, the change in compressibility occuring around 6 mN-m ! corre-
sponded to the conformational changes in the PEG-SH, as confirmed by
the change in the slope of the isotherm. However, for higher values of
surface pressures, the monolayer was in the expanded liquid state. One
of the reasons for the observed phenomenon may be the presence of a
PEG-SH layer on the surface of the Au-NRs. Ishida et al. [ 34| showed that
during the compression of a monolayer of gold NPs covered with a PEG-
SH layer, it changed from a gaseous state to an expanded liquid state. As
a result, the surface films containing PEG-SH were characterized by
greater flexibility and stability.

In order to determine the reversibility of the compression process,
the compression/expansion hysteresis of the Au-NR Langmuir mono-
layer was measured for the maximum value of the surface pressure and
for a surface pressure equal to 15 mN-m ' (the result for this value of
surface pressure was omitted for clarity). The experiment also provided
information on the aggregation of Au-NRs. The course of the curves
(Fig. 52, see SM) showed that the compression process of the Au-NRs
was reversible. Moreover, the isotherms recorded for both compres-
sion and expansion were characterized by an almost identical course,
which proved the lack of aggregation of Au-NRs upon monolayer
compression. We did not observe abnormal desorption of Au-NRs from
the air-water interface to the water subphase within the time necessary
to perform the Langmuir monolayer compression and deposition. A
relaxation experiment was performed to determine the effect of the
packing of the Au-NRs on monolayer stability. The film was deposited
onto a solid substrate at several selected surface pressures, The criterion
for selecting the surface pressures was their location on the graph
showing the dependence of the surface compressional modulus C; ! on
surface pressure (Fig. 1). Two values of surface pressure (4 and 12
mN-m ') were selected, corresponding to half the maximum value of
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C, !. Relaxation measurements and depositions were also carried out for
the maximum of (‘.\1 (15 mN-m ). Moreover, 8 mN-m ! (located after
the maximum of C_ ', near the phase transition) and 20 mN-m* (located
Jjust after maximum packing of the Au-NRs) were chosen. On the basis of
the relaxation curve analysis (Fig. 53, see SM), it was found that with
increasing surface pressure, for which changes in the relative area over
time were recorded, the stability of the monolayer decreased. In other
words, the system was more compressed the more the Au-NR particles
were packed on the surface of the film. In the relaxation process carried
outat 4 mN-m", the A'Ao" values remained constant at about 0.95. The
observed stability of the surface film may have resulted from strong
interactions of Au-NRs with each other. On the other hand, increasing
the surface pressure to 8 mN-m ' caused the relative surface value of
A-Ag ! to drop. In this case, we also noted stabilization, but only after the
initial degradation of the monolayer, i.e., after approx. 75 min, when the
A-Ag 1 value was at a level of approx. 0.82. A steep decrease in the A-Ag 1
value for the curve corresponding to 12 mN-m™" suggested that the
monolayer tended to stabilize, but this could only be achieved after a
much longer time than that shown in Fig. 53, see SM. In turn, for surface
pressures above 12 mN-m l, we observed film degradation, which cor-
responded to a decrease in the A-Ag? value during the entire duration of
the process.

The BAM images of the Langmuir monolayer (¥ig. 2), which showed
changes in its structure during compression, confirmed the formation of
the Au-NR surface film. The monolayer at the start of the compression
was heterogeneous. For a surface pressure of 4 mN.m™' (Fig. 2a),
numerous bright bands were visible. They testified to the coexistence of
gas and expanded liquid phases. Compression of the Au-NR Langmuir
monolayer (7ig. 2b-e) gradually covered the surface, and consequently it
formed a more homogeneous continuous film at the air-water interface.

To understand the arrangement of the Au-NRs in Langmuir and
Langmuir-Blodgett layers, we performed spectroscopic and microscopic
analysis of the obtained films, see Figs. 3-4. The easiest way to produce a
Langmuir monolayer from highly hydrophilic material is to mix polar
and nonpolar solvents. We obtained the best spreading conditions for
PEG-SH functionalized Au-NRs dissolved in a methanol and chloroform
mixture (1:4 (viv)), see experimental section for details. Compared with
the chemical graft method for the NPs’ functionalization, the physical/
chemical method can give rise to an amphiphilic character of the par-
ticles at the air-water interface, which aids the spreading of the particles
on the water surface. However, NPs with an amphiphilic character
cannot closely pack due to their relatively weak particle-particle
interaction [39], Weak particle packing influences the performance of
the SERS nanoplatform. The use of alkanethiols as stabilizers provides a
simple pathway for the transfer of spherical NPs to organic solvent
[35,40); however, it is not an easy task for Au-NRs due to the presence of
a CTAB bilayer at the Au-NR surface. Using PEG-SH as a ligand and
stabilizing agent could promote the polymer-grafted self-assembly of
NPs into arrays [ 7,]. The extension of the alkyl chains into a more polar
solvent than hexane, such as chloroform, is less pronounced, resulting in
weaker van der Waals interactions among neighboring Au-NRs and thus
resulting in more stable dispersions.

To obtain information about the dispersion of the Au-NRs in the
Langmuir monolayer, the in-situ absorption spectra were recorded at
several surface pressures, see Fig. 3 panel (a) and (b). The obtained
spectra were slightly redshifted compared to the spectra of the Au-NR
solution (results not shown). A similar trend was recently reported for
hydrophobic spherical NPs [35]. Furthermore, the position of the lon-
gitudinal LSPR peak was linearly dependent on the surface pressure, see
panel (b) in Fig. 3, which confirmed the uniform character of the Au-NR
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Fig. 3. Insitn absorption spectra of Au-NR Langmuir monolayers (a), depen-
dence of absorbance value of longitudinal LSPR peak versus surface pressure (b)
obtained from (a), and the absorption spectra of the An-NR Langmuir-Blodgett
layer deposited on quartz (c).
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monolayer. Moreover, BAM images of the Au-NR monolayer showed the
progressive increase in surface density upon layer compression, see
Fig 3. This phenomenon could be attributed to the domain formation of
the Au-NRs at the air-water interface as a result of self-organization. The
unchanged LSPR band position in the Au-NR Langmuir monolayer
indicated that the plasmon modes could not hybridize in the range of the
studied surface pressures, probably due to the presence of a relatively
thick PEG-SH layer at the surface of the Au-NRs [41,42], Upon Langmuir
monolayer compression, the domains becoming closer to each other
resulted in the formation of a rigid Au-NR monolayer. The same ten-
dency was observed in previous studies by Ishida et al. [34] for hydro-
phobic spherical NPs. The situation was different for the Au-NR
Langmuir monolayers transferred to the quartz substrates, see 3
panel (c) and Fig. 4. Due to the dewetting process during Langmuir-
Blodgett depositions, the Au-NRs tended to aggregate into dendritic-
like structures, as shown in Fig. 4. When the quartz substrate was
pulled, the Au-NRs at the contact line were taken off the surface film and
dried onto the substrate. During this step, the continuous line of nano-
particles at the water—solid interface line tended to segregate into
aggregated dendritic structures. The amount of dendritic structures and
the surface coverage of the Au-NRs could be tailored by controlling the
deposition surface pressure, as shown in Fig. 4a-f. The obtained den-
dritic structures were oriented quasi-parallel to the removal direction of
the quartz substrate from the aqueous subphase. Upon increasing the
surface pressure, as shown in Iig. 4 panel (a) to (e), the surface coverage
increased. The positive effect of the increase in the surface coverage of
Au-NRs on the performance of the SERS nanoplatform was recently
demonstrated by Solis et al. [21]. In the absorption spectra of the Au-
NRs, a gradual increase in the absorbance was observed with an in-
crease in the deposition surface pressure as well as with an increase in
the numbers of dendritic structures, see Fig. 3c. Unfortunately, due to
the lack of a spectrophotometer with a longer wavelength range, we
were unable to record spectra above 900 nm. However, in a study by
Serrano-Montes et al. [30], covering a homogeneous arrangement of Au-
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NRs, a gradually decrease in the absorbance was observed for wave-
lengths above 900 nm. The aggregation of the particles was the reason
for the increasing magnitude of extinction. Moreover, in the absorption
spectra of the Au-NRs on the quartz substrate (compare Fig. 3a with
Fig. 3c¢), a strong redshift of the bands was observed due to the aggre-
gation of the Au-NRs and their formation of dendritic structures. For
monolayers of tightly packed Au-NRs, broad maxima resulted from a
dense spectral distribution of resonances associated with the varied gap
morphologies of randomly occurring gaps. Each band in the spectra was
wide, and their deconvolution would be difficult to perform. Aggrega-
tion of the particles in dimers and monolayers generally produced
additional redshifts of the spectral features caused by interparticle gaps,
as well as an increase in the magnitude of the extinction coefficient [21].
In other words, small interparticle distances led to plasmon coupling,
which was reflected in a significant redshift and the broadening of LSPR
bands [30]. Plasmon coupling has been demonstrated to enhance the
plasmonic features in 2D SERS active platforms. A similar behavior of
the extinction spectra was observed for cube-shaped, nanoprisms NPs in
polymer-grafted self-assembled layers [7,41] and for nanostars and Au-
NRs [30].

To study the influence of the transfer surface pressure on the prop-
erties of the SERS nanoplatform, we analyzed standard solutions of p-
MBA and rhodamine 6G. Fig. 5 presents the average SERS spectra of p-
MBA (¥ig. 5a) and rhodamine 6G (Fig. 5¢) adsorbed on Au-NR Langmuir
monolayers prepared at different transfer surface pressures. We chose
several deposition surface pressures, as described above, in order to
study the influence of plasmonic coupling and the surface coverage of
the Au-NRs on the SERS performance. The two model molecules
mentioned above were chosen as the target analytes. p-MBA is a mole-
cule that chemisorbs onto the gold surface, while rhodamine 6G is a
model dye which is commonly used for SERS studies [16]. Fig. 5a shows
the characteristic bands for p-MBA at 1074 em ™ and 1586 em ™!, which
can be assigned as in-plane ring breathing + stretching (C — S) and
totally symmetric stretching (CC), respectively [43]. For rhodamine 6G

Surface pressure [mN-m"}

Fig. 4. Examples of confocal microscopy images of Au-NR Langmuir-Blodgett layers deposited on quartz substrates for surface pressures of 4 (a), 8 (b), 12 (c), 15 (d),
and 20 mN-m ' (e). The dependence of the surface coverage of Au-NRs versis deposition surface pressure (£). The longitudinal sides of the panels (a) to (e) represent

the direction of removal of the quartz substrate from the aqueous subphase.
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s of Au-NR 1

ers. The

respectively, for various transfer surface pr

we observed the characteristic bands at 610 em ™' (C-C-C ring in-plane
bending), 770 em ! (C-H out-of-plane bending), 1180 em ! (C-H in-
plane bending), 1309 ecm ! (hybrid mode xanthene/phenyl rings and
NHC3Hsg group), and 1508 em™! (GC stretching in the xanthene ring)
[44]. For further analysis characteristic bands were selected: 1586 cm ™!
for p-MBA and 1508 cm ! for rhodamine 6G. For both p-MBA and
rhodamine 6G, the height of the characteristic peaks at 1586 cm 1
(Fig. 5b) and 1508 cm ™! (Fig. 5d), respectively, increased with the in-
crease in the surface pressure until it reached its maximum value at 12
mN-m . Typically, in most of the cases, only one analyte was chosen, i.
€., p-MBA, which anchors to the surface of the gold. We decided to
expand our studies to rhodamine 6G, which was not chemically attached
to the surface of the nanorods. In both cases, the maximum SERS in-
tensity was observed at 12 mN-m ! and thus we showed that the per-
formance of the nanoplatforms was not dependent on the type of
analyte. Additionally, we estimated the SERS enhancement factor (EF),
based on the SERS and normal Raman spectrum of p-MBA gathered for
standard solutions and crystals of p-MBA, using the following equation
[45]:

_ Tsers Npawn

EF (2)

 Nagrs Deoman
where: Iggps and Ipaman correspond to the intensity of the charac-
teristic peak of the solution of p-MBA for the SERS and the Raman signal
for the crystal; Nggps and Ny are the numbers of p-MBA molecules
effectively excited by the laser beam to obtain the corresponding SERS
and normal Raman spectra, respectively. For 12 mN-m ', the EF factor
was estimated as 1.9-10% In both cases (p-MBA and rhodamine 6G),
maximum SERS intensities were observed for Au-NRs transferred at 12

d deviation is marked on all the plots,

mN-m . Further compression of the Langmuir monolayer as well as
increasing the C_ ' value did not improve the SERS performance. Similar
behavior was reported recently by Tahghighi et al. for hydrophobic
spherical NPs [22] and for nanostars [46 . The authors postulated that
the maximum value of the peak intensity corresponded to the limit of
monolayer stability, and further compression resulted in a decrease in
the hot spot density due to the formation of multilayer aggregates at
both the air-water and air-sold interfaces. The Au-NRs studied herein
tended not to form aggregated forms in the Langmuir monolayer, as
discussed previously (Figs. | 3a). A different situation was observed for
Langmuir-Blodgett layers. We were unable to produce a nanoplatform
with higher surface coverages of Au-NRs than is shown in Fig. 4f. The
maximum value of surface coverage was obrained for 12 mN-m~". The
drop in the SERS intensities could therefore be attributed to the multi-
layer aggregates and the progressive decrease in hot spot density for
surface pressures above 12 mN-m ' for the solid substrates. As shown by
Nowak et al. [47] a SERS Ag-Cu substrate with a particular micro-
architecture possessed a fern-like structures which enhanced the
rhodamine 6G signal and could be used as a potential support for
medical diagnostics. The transfer ratio for all the studied surface pres-
sures was around 1, meaning that whole films were transferred from the
water subphase, and aggregation at the solid substrate may have
induced additional hot spots due to plasmon coupling. We are aware
that high SERS enhancement values from aggregated nanostructures
mean that these structures are likely to generate poorly controllable and
heterogeneous SERS signals to a larger degree than the cases with lower
enhancement. Even though our substrates were heterogeneous due to
the aggregation of Au-NRs, the randomly collected SERS spectra were
characterized by a relatively low experimental error and high
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repeatability. The standard mode laser spot size in the Raman system
was around a few microns, so that if the Raman system was coupled with
a microscope, it was possible to excite analyzed molecules in the vicinity
of the dendritic structure. In order to reduce the numbers of dendritic
structures of Au-NRs at the solid substrate, other variants of the sub-
strate extraction could be used. For instance, the submerged substrate
could be lifted parallel to the air-water interface, the so-called Lang-
muir-Schaefer layer.

4. Conclusions

The aim of the study was the formation of Langmuir-Blodgett layers
consisting of pegylated Au-NRs, which were then used to optimize the
SERS performance for ultrasensitive detection of model molecules (p-
MBA and rhodamine 6G). The obtained results indicated that disper-
sions of pegylated Au-NRs in chloroform formed insoluble Langmuir
monolayers on the ultrapure water subphase. In addition, relaxation
studies showed that the stability of the surface film decreased with
increasing surface pressure. It has been proved that the compression of
the Au-NRs was a reversible process, and upon monolayer compression
there was no aggregation of Au-NRs. A different situation was noted for
Au-NRs transferred onto solid substrates. The dewetting process induced
strong Au-NR aggregation, giving aggregates with dendritic structures.
Upon increasing the transfer surface pressure, the aggregates became
closely packed, while their orientation was quasi-parallel to the direc-
tion of removal of the quartz substrate from the aqueous subphase.
Moreover, we have demonstrated that, for the arrangement of Au-NRs in
dendritic structures, the enhanced SERS detection of model molecules
could be tuned by taking into account plasmonic coupling and surface
coverage. The optimum transfer surface pressure for SERS nanoplatform
formation was 12 mN-m ', The results suggest the potential of hydro-
philic, pegylated Au-NR thin layers for ultrasensitive detection of mo-
lecular species. The best nanoplatform described within this study could
be used for single-molecule studies in the detection of photosynthetic
pigments in which the laser spot of the Raman system would be precisely
localized at the hot spot of the dendritic aggregates.
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Fig. S1. Chemical structure of polymer used for gold nanorods functionalization.
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ABSTRACT: The organization of metallic nanoparticles into
assembled films is a complex process. The type of nanoparticle
stabilizing ligand and the method for creating an organized layer
can profoundly affect the optical properties of the resulting
nanoparticle assembly. Investigations of the ligand structure and
nanoparticle interactions can provide a greater understanding of
the design of the assembly process and the quality of the resulting
materials. One of the functionalization methods in the preparation
of specific gold nanorods is the utilization of thiol-terminated
poly(ethylene glycol). This generates gold nanorods capable of
forming stable monolayers at the air—water interface upon
dispersion in a suitable organic solvent. Herein, we show that
depending on the molecular weight of the poly(ethylene glycol),
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the structures obtained at the air—water and air—solid interfaces differ in the arrangement. The studied structures were characterized
by using spectroscopic and microscopic techniques, and the structural type was correlated with the polymer type. Insoluble and
stable Langmuir monolayers composed of higher-molecular-weight gold nanorods with poly(ethylene glycol) were formed only in
the presence of an additional stabilizer that prevented the formation of gold nanorods in aqueous solutions. At the air—solid
interface, conformational changes in poly(ethylene glycol) induced the aggregation of gold nanorods, which became closely packed
under the influence of surface pressure, The presented results suggested that the arrangement of two-dimensional layers of gold
nanorods could be tailored using poly(ethylene glycol) of various molecular weights.

B INTRODUCTION

Gold nanoparticles (Au-NPs) exhibit excellent physical,
chemical, and biological properties; therefore, they have
potential applications in many areas of technology.'™" The
most crucial feature of NPs that benefits their applications is
localized surface plasmon resonance (LSPR). Illumination of
NPs induces charge oscillation and produces local electric field
enhancement, which enhances photothermal conversion.”
Depending on the preparation conditions, NPs with different
shapes exhibiting LSPR in various spectral regions can be
obtained.”

Spectroscopic studies of gold nanorods (Au-NRs) have two
LSPRs in the transverse and longitudinal directions. The
longitudinal LSPR is tunable in the spectral range from visible
to near-infrared.” Au-NRs change their shape on the spherical
surface under intense laser exposure. However, this depends on
the particle’s surfaces. Hence, appropriate functionalization
should prevent shape deformation upon exposure to light.
Additionally, control of the surface functionalization of Au-
NRs is necessary for NPs to find many applications in various
fields. However, difficulties arise in the exchange of the
standard surface ligands, and the typical stabilizer of Au-NRs,
cetyltrimethylammonium bromide (CTAB), is added, making
it more challenging to promote the exchange in spherical NPs

© 2024 The Authors. Published by
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compared to sodium citrate.” In contrast to sodium citrate,
CTAB forms a densely packed bilayer at the Au-NRs surface,
and to reach the necessary stability, unbound CTAB in Au-
NRs colloidal dispersion is required. Considering the toxicity
of CTAB, the CTAB bilayer of Au-NRs was liganded with
thiolated poly(ethylene glycol) (PEG). To reduce the
cytotoxicity, Au-NRs were washed by centrifugation. However,
the CTAB bilayer tends to remain on the surface of the Au-
NRs, and CTAB bilayers are not covalently adsorbed on the
surface. This suggests that further removal of CTAB leads to
aggregation of the Au-NRs." PEG was used as a linker for Au-
NRs to facilitate the attachment of other functional groups to
the surface of the Au-NRs via Au—S bonding. Due to its high
affinity for gold, its biocompatibility, and its key role in
improving the colloidal stability and dispersibility of Au-NRs in
aqueous media, PEG is most commonly used in ligand
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exchange reactions with Au-NRs.” The basic method of Au-
NRs PEGylation involves one-step ligand exchange. Potassium
carbonate and PEG are added directly to the Au-NRs solution.
Other PEGylation protocols consider the influence of pH; e.g,
potassium carbonate was added under alkaline conditions.
However, the use of an acidic environment at approximately
pH of 3 has been reported as well.'” PEGylation is widely
applied as a surface modification method for NPs in
biomedical applications to improve their biological properties,
including biocompatibility and immunogenicity, The function-
alization of Au-NRs with thiol-terminated PEGs yields
PEGylated Au-NRs with enhanced stability and biocompati-
bility. The retention time of such Au-NRs in an aqueous
medium is prolonged. Furthermore, PEGylated Au-NRs
disperse in aqueous and several organic polar mediums, such
as acetone, alcohols, acetonitrile, dimethyl sulfoxide, dime-
thylformamide, and phosphate-buffered saline solutions.""
Therefore, PEGylated Au-NRs dispersed in a suitable organic
solvent, e.g., chloroform, form stable monolayers at the air—
water interface."”

The Langmuir technique is used to study nanoparticles and
more complex systems, including proteins or lipids."*
Monolayers containing NPs can be the basis for producing
so-called nanoplatforms that can enhance Raman intensity. For
this purpose, the monolayers produced by the Langmuir
technique can be transferred to a solid substrate using the
Langmuir—Blodgett (LB) or Langmuir—Schaefer (LS) techni-
ques."™"* In our recent publication,"” we described dendritic,
branched structures of Au-NRs upon LB extraction and their
application in the amplified detection of molecules. PEG-2k
was selected to ensure a thick layer formation on the surface of
Au-NRs. It was found that the thinner the layer, the more hot
spots that could be induced. PEG coating is also a crucial
factor in improving the biophysical pro?_erties of NPs, which is
important for drug delivery systems."*"”

Herein, the physicochemical problem of the Au-NRs pattern
formation was explored in greater detail. The PEG type in the
organization of Au-NRs at the air—water and air—solid
interfaces was examined. The type of formed structures was
carefully characterized by using spectroscopic and microscopic
techniques. Additionally, this was related to the PEG chain
conformation type.

B MATERIALS AND METHODS

Chemicals. Tetrachloroauric acid (HAuClH,0) (99.99%) was
obtained from Alfa Aesar. Cetyltrimethylammonium bromide
(CTAB) (99.00%), sodium borohydride (NaBH,) (98.00%), silver
nitrate (AgNO;) (99.99%), ascorbic acid (99.00%), O-(2-mercap-
toethyl)-O’-methylpoly(ethylene glycol) (M, = 2000; PEG-2k)
(99.99%), O-[2-(3-mercaptopropionylamino )ethyl]-O'-methylpoly-
(ethylene glycol) (M, =~ S5000; PEG-Sk) {99.99%), and O-(2-
mercaptoethyl)-O’-methylpoly(ethylene glycol) (M, & 10,000; PEG-
10k) (99.99%) were purchased from Sigma-Aldrich. Spectrophoto-
metric grade methanol was purchased from POCH S.A. (Poland).
High-purity chloroform for spectroscopy (CHCL) (>99% Uvasol),
isopropanol (>99.8%), and acetone (>99.8%) were purchased from
Merck.

Chemical Synthesis of Rod-Shaped Gold Nanoparticles and
Functionalization by Polymer Coating. Aqua regia (HCl: HNO,
3:1 (v/v)) was used to treat the glass before the synthesis of NPs. The
process utilized ultrapure water (Milli-Q, 18.2 MQ-cm, 71.98 + 0.01
mN-m™"). Au-NRs were prepared following the procedure described
by Nikoobakht et al.'” with the modifications previously described by
Blaszkiewicz et al."” The Au-NRs were functionalized with PEG using
a modified method.'”*” Au-NRs with a maximum absarption

wavelength in the longitudinal band around 680 nm were used for
the functionalization process. Their size is length ($3.2 + 1.8) nm and
width (23.6 + 1.3) nm."” To experimentally determine the
concentration of PEGylated Au-NRs, we used inductively coupled
plasma optical emission spectroscopy (ICP-OES). For this purpose,
we determined the gold concentration and the gold volume per
particle from the TEM measurement of particle dimensions, assuming
their cylindrical shape. Dividing these numbers gave us the particle
concentration, The concentrations of gold were as follows: 65 + 4, 66
+ 4and 61 + 4 mg-L‘L for Au-NRs PEG-2k, Sk and 10k, respectively.
The Au-NRs concentration was 7.2 X 10719, 74 x 107, and 6.7 X
107" M for Au-NRs PEG-2k, 5k, and 10k, respectively. Au-NRs were
centrifuged twice for 30 min to remove excess CTAB. Then, 10 mL of
1 mM PEG (2k, 5k, and 10k) solution was prepared and sonicated for
30 min. The centrifuged Au-NRs were redispersed in PEG solution
and left stirring for 24 h at room temperature. Subsequently, the
unbound PEG molecules were removed by centrifugation (twice for
30 min). The supernatant was discarded, and the Au-NRs pellet was
dispersed in methanol. The functionalization reaction scheme is
shown in Figure S1 (refer to the Supporting Information).

Surface Film Preparation. To obtain monolayers at the air—
water interface, chloroform Au-NRs dispersions were used, according
to the method described by Tim et al."” In the prepared mixtures of
Au-NRs with chloroform, the ratio of methanol to chloroform was 1:4
(v/v). The surface films produced by the Langmuir technique were
then transferred to the solid substrates (quartz plates) in two ways:
using the LB and LS techniques. At the beginning of each experiment,
the Langmuir trongh (KSV Nima) (304 mm X 75 mm) was filled
with ultrapure water, which was the subphase. Then, Au-NR
dispersions were spread on the surface of the subphase and the
solvent was evaporated (20 min). The layer was compressed by
symmetrical movement of two Delrin polymer barriers at a constant
speed of S mmmin~'. Changes in the surface pressure (x) values
during film formation were measured using a platinum Wilhelmy plate
combined with a computer-controlled Langmuir balance (KSV Nima,
instrument precision of 0.01 mN-m™'). The Langmuir balance was
equipped with a Brewster angle microscope (MicroBAM, KSV Nima),
and the structural changes occurring during monolayer compression
were recorded. The stability of the monolayer was measured using the
Langmuir technique by performing relaxation experiments. For this
purpose, the monolayer from Au-NRs dispersion with PEG-2k
brushes was compressed (with a constant speed of § mm'min™') to
7 equal to 4, § 15, 23, and 37 mN-m~', and then the change of the
relative surface area (A-A,~') over time (t) was recorded. In the next
stage, the specific & for which relaxation experiments were performed,
the monolayers were transferred to solid substrates by using LB and
LS techniques. For this purpose, Au-NRs with different PEGs (2k, Sk,
and 10k) were employed. Before the experiment, quartz plates (30
mm X 25 mm X 1 mm) were cleaned using an ultrasound bath for 20
min at a temperature of 70 °C in a mixture of ultrapure water, 4%
ammonia, and 5% hydrogen peroxide and then rinsed in ultrapure
water. In the case of the LB technique, the speed was 3 mmmin~ for
the upstroke. However, for the LS technique, it was 0.5 mm-min~".
During Langmuir monolayer deposition, the transfer ratio (TR) was
monitored. For LB, the TR was around 1 in all of the analyzed cases.
It should be noted that reliable and repeatable TR values are difficult
to obtain for LS deposition. The operating software KSV Nima
provided TR values. However, due to the relatively large dimensions
of the substrate, the TR value could be overestimated using the LS
technique. Thus, visnal observation was prioritized during the
transference to ensure that the transferred material was deposited
uniformly. Each experiment was carried out in triplicate to ensure the
repeatability of the curves at a constant temperature of 21 + 1 °C.

Microscopic and Spectroscopic Measurements. The mor-
phology of Au-NRs layers deposited on quartz substrates at different &
values was determined using confocal laser scanning microscopy
(LSM710, Zeiss, Germany). In the material mode (reflected light),
the He—Ne laser was operated at a wavelength of 543 nm. Images
were collected from Z planes using a Z Stack Module to acquire Z-
stacks with a motorized focus drive. Image] processing software was
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used to calculate the surface coverage and standard deviation. For this
purpose, 10 independent images of the obtained layers were
considered. Images were analyzed by using the main thresholding
command in Image]. Electronic absorption spectra of the Au-NRs
layers were measured by using a Varian Cary 4000 spectrometer. The
Tescan Mira 3 scanning electron microscope (SEM) was used to
investigate the Langmuir—Blodgett Au-NRs layers. Because of the
thin Au layer, the acceleration voltage was equal to 12 kV. This
investigation used secondary electron contrast to improve the image
collection.

Dynamic Laser Scattering Measurements. The hydrodynamic
diameters (HD) and the zeta potential of the PEG-coated Au-NRs
were determined at 25 °C using a Malvern Zetasizer Nano ZS$
equipped with a laser of 632.8 nm wavelength in backward scattering
mode (1737).

B RESULTS AND DISCUSSION

The absorption spectra of Au-NRs solutions, TEM images, and
DLS measurement analysis are shown in Figures S2—-54 and
Table S1. The LSPR band positions of PEGylated nanorods
were almost the same as those of unmodified Au-NRs. No
apparent shifts were observed for the LSPR peaks (see Table
S1), and a very small red shift was detected for the peaks after
PEGylation. Both the red shift and blue shift of the LSPR peak
have been reported after PEGylation of Au-NRs."”

The size of the CTAB-protected and PEGylated Au-NRs
was determined using TEM and DLS. TEM micrographs
showed the nanorod shape and the nanoscale size of the
CTAB-protected materials (Figure S3). The longitudinal
dimensions of the nanorods were from 20 to 60 nm. HD
and zeta potential measurements were carried out using a
dynamic laser scattering technique. Size distribution report by
intensity showed two peaks (Figure $4). The peak localized at
the lower size range, a few nanometers, is sometimes mistaken
as the presence of small particle impurities. However, it was
recently shown that it can correspond to the rotational
diffusion of the nonspherical Au-NRs and should not be
considered an actual particle size distribution peak.*' This peak
signifies that the rotational diffusion coefficient of the Au-NRs
is equivalent to the translational diffusion coefficient of a
spherical particle. The other peak, located at the higher size
range, corresponds to the actual size of the solvated PEG-
functionalized Au-NRs. The mean HD of PEG-2k, PEG-5k,
and PEG-10k-functionalized Au-NRs was equal to 68 + 2, 84
+ 3, and 72 £ 2 nm, respectively (Table S1). These values are
in agreement with the size of CTAB-protected Au-NRs
particles determined using TEM. It is important to note that
DLS determines the nanoparticle size by assessing the particle’s
diffusion coefficient. The measurement result is HD represent-
ing the size of a solvated particle, including its electrical double
layer. In addition, the diffusion coefficient is not solely
influenced by the particle’s mass; factors such as shape and
surface chemistry also play a role.

The zeta potential of the CTAB-protected Au-NRs was
equal to 34 mV, which confirms their good stability in an
aqueous environment (Table S1). The positive charge stems
from the cationic nature of CTAB, which, as a surfactant, forms
a bilayer surrounding the nanorod. The PEGylation consisted
of replacing the CTAB bilayer with PEG chains attached to the
Au-NRs surface via the thiol moiety, The replacement of
CTAB by thiol-PEG can be confirmed using Raman spectros-
copy by registering the appearance of the Au—S band and the
disappearance of the Au—Br band, which was carried out in
our earlier work,'®'* The zeta potential measured for 2, 5, and

10,000 PEG-functionalized Au-NRs was equal to 15.0, 114,
and —10.6 mV, respectively (Table S1). These values represent
the charge shielding ability of different PEG chain lengths and
can be explained as follows. Upon the replacement of the
positively charged CTAB bilayer by 2k or Sk PEG layer, the
negative charge of the bare Au-NR is screened by neutral—and
relatively short, compared to 10k PEG—loose polymer chains.
However, some positively charged ions can still be attracted by
the negatively charged Au-NRs and tend to form positively
charged Stern and diffusion layers around the particle. In the
case of 10k PEG, the polymer chains can provide a more
compact shield of the Au-NRs, and the positively charged ions
no longer tend to approach the particle surface. PEG molecules
have a neutral to slightly negative surface charge, which may be
the reason for the negative zeta potential values of the 10k
PEG-functionalized Au-NRs. These results are in accordance
with the literature.”'’ Noteworthy, in addition to the
attachment of the PEG chain to the Au-NR surface via the
—SH moiety and electrostatic repulsion between the particles,
PEG also provides steric stabilization of the materials.
Sufficient PEG coating thickness prevents the aggregation of
the materials caused by the van der Waals interactions and
ensures good dispersion of the particles in the system.

CTAB plays many roles in Au-NRs synthesis,” including the
organization of Au-NRs and the air—water and air—solid
interfaces. The amount of CTAB in a spreading solution
influences the shape of the Langmuir monolayer isotherm and
its stability over time, which was previously discussed'” and
described in this work. A stable dispersion was obtained by
developing a spreading solvent mixture (see the Experimental
Section for details)'* to adjust the hydrophilic character of the
Au-NRs, However, for higher mass PEGs, the Langmuir
monolayers should be obtained in the presence of excess
CTAB, which stabilizes Au-NRs functionalized with PEG-Sk
and PEG-10k (results not shown). To quantify the amount of
CTAB spread at the air—water interface, the procedure
reported by Adura et al*’ provided sufficient and reliable
results."**" Three-time centrifugation caused the aggregation
of Au-NRs when CTAB concentration in solution was (3.3 +
0.4) X 107 M. The CTAB concentration that remained in the
spreadin$ solution was three times higher than that of PEG-2k
Au-NRs."” Higher concentrations of CTAB have a positive
influence on the Langmuir monolayers of Au-NRs. The
increased CTAB content promoted stability in the Langmuir
monolayer over the entire 7 range for PEG-2k (Figure §5), and
the same effect was observed in the rest of the PEGs (results
not shown). In our recent work on diketopyrrolopyrroles
(DPPs) /4-octyl-4'-cyanobiphenyl (8CB) mixtures, the stability
was significantly improved over time. The confocal microscopy
investigation revealed almost comglete removal of agglomerate
structures in the DPP with 8CB.™

Compared to previous reports, the obtained Langmuir
monolayers were more stable, as shown in Figure $5." The
deposition process could be more precisely and easily
controlled. In this work, a higher value of CTAB was carefully
selected according to the centrifugation procedure. The
confirmation when using a higher amount of CTAB was also
recorded for the 7—A isotherm for the PEG-2k monolayer
(Figure 1). Tn this case, higher values of 7 were obtained for
the maximum value of surface film compression compared to
published studies.'*

Measurements of 7—A isotherms carried out during the
compression of the monolayers consisting of Au-NRs with
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Figure 1. Surface pressure vs trough area isotherm of Langmuir
monolayer for gold nanorods for different PEG: PEG-2k (black line),
PEG-5k (red line), and PEG-10k (blue line); the inset graph shows
the dependence of the surface compressional modulus C;' on the

surface pressure of Au-NRs.

different amounts of PEG allowed us to determine the effect of
PEG chain length on the thermodynamic properties of the
surface films. An increase in the molecular weight of PEG
resulted in a shift of the 7—A isotherm toward lower values of
the trough area. Additionally, the PEG footprint increased
while PEG grafting density decreased.” Thus, excess PEG
molecules used during Au-NRs functionalization promoted the
attachment of more PEG of lower molecular weight to the Au-
NRs surface. Therefore, an alkyl chain of higher molecular
weight was used to be more bent than the shorter one. In the
case of PEG-2k, the increase in 7 occurred immediately after
compression was started. However, for PEG-Sk and PEG-10k,
it occurred at the surface of the trough of 195 cm’. Depending
on the molecular weight of PEG, slight differences were
observed during the course of the isotherms. For the PEG-2k,
PEG-5k, and PEG-10k isotherms, the value of x increased
gradually to 14, 11, and 18 mN-m ', respectively. Above these
values, the compression of the monolayers showed a more
rapid increase in the 7 value.

Based on 7—A isotherms, the compression modulus values

(C, 1) were calculated, which was defined as (C:' = —Afg )
The C,! parameter, introduced by Davies and Rideal, allowed
us to determine the physical state, elasticity, and/or packin)%
changes in a monolayer.”® The obtained ranges of the C,”
modulus corresponded to the physical states of the monolayer.
The studied monolayer was considered to be in the gaseous
state (G) if the C,' values were below 12.5 mN-m~™.
However, the state in the liquid (LE) and condensed in the
liquid (LC) had C,™ values in the ranges between 12.5—50
and 50-250 mN-m!, respectively. Above 250 mN-m™, the
monolayer was assumed to be in the solid phase (S).”* Analysis
of the dependence of the compressibility modulus C,* as a
function of x, shown in Figure 1, proved that the molecular
weight of PEG also affected the elasticity of the monolayers.
For PEG-2k, the maximum value of C,”' was 108 mN-m~',
which corresponded to the LC phase and was characterized by
reduced flexibility compared with monolayers consisting of Au-
NRs coated with PEG with higher molecular weights. In the
case of PEG-5k and PEG-10k, the formed films were
determined as the LE phase because the maximum values of
the compressibility modulus C,~' were 49 and 40 mN-m™',
respectively.

In the presence of PEG with a higher molecular weight, the
ligand density decreased due to the larger PEG molecules that
consumed more space and surface area around the anchoring
thiol group. This, in turn, reduced the number of PEG
molecules needed to saturate the surface and achieve a stable
dispersion. Thus, when using PEG of decreasing length, a high
amount of PEG was required to achieve stable PEGylated NPs
and a critical stability ratio.””

The Langmuir monolayers were also examined by using the
BAM technique (Figure 2). The obtained images provided

Figure 2. BAM images of gold nanorods for different PEGs and
different surface pressures. The image width is 4000 gm.

data for the morphological analysis of the changes that
occurred on the surface of the monolayer due to differences in
PEG molecular weight. BAM images confirmed that each
monolayer (PEG-2k, PEG-5k, and PEG-10k) formed a layer of
Au-NRs while reducing the trough area. However, depending
on the PEG used, the monolayers differed in structure. In the
case of PEG-2k, the surface film exhibited the most
heterogeneous structure throughout the compression period,
owing to the numerous bands visible over the whole range of
surface pressures. This may stem from the higher amount of
CTAB present in the aqueous subphase because, according to
our previous studies, the Au-NRs monolayer became more
homogeneous with increasing surface pressure.”” The effect of
obtaining a homogeneous monolayer was visible on the surface
film containing PEG-3k. At both low and high surface
pressures, similar effects were observed, indicating the presence
of nonaggregated Au-NRs on the surface of the subphase. For
the monolayer containing PEG-10k, agglomerates were visible
with increasing surface pressure, indicating a reduced
homogeneity of the surface film. Upon monolayer compres-
sion, changes were not observed in Au-NRs Langmuir
monolayer color, highlighting the nonaggregated character of
Au-NRs. Moreover, for all PEGs, we recorded in sifu
absorption spectra of Langmuir monolayers (results not
shown). We observed the nonaggregated character of Au-
NRs spectra, and the position of the longitudinal LSPR peak
was linearly dependent on the surface pressure, which
confirmed the uniform character of the Au-NR monolayer.
To study the Au-NRs aggregation mechanism at the
interfaces induced by the PEG brush, we performed absorption

https/dol.org/10.1021 facs Jangmuir4c)1427
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Figure 3. Absorption spectra of the Langmuir—Schaefer gold nanorods (a—c) and Langmuir—Blodgett (d—f) layers deposited on quartz for

different PEG: PEG-2k (a, d), PEG-5k (b, e), and PEG-10k (c, f).

spectra measurements, confocal microscopy analysis, and
surface coverage studies (Figures 3—6). NPs were used to
aggregate over different processes, either spontaneous or
forced.”*" The aggregation influenced the optical properties
of individual NPs, i.e., changes in the extinction spectra
observed by peak shifting or broadening. The absorption
spectra of LS and LB layers shown in Figure 3 display various
degrees of Au-NRs aggregation in the monolayers. Serrano-
Montes et al.*” described the homogeneous arrangement of
Au-NRs, where a gradual decrease in absorbance was observed
at wavelengths above 900 nm. Thus, the spectra (Figure 3)

14565

were recorded in a similar spectral region, i.e., 400—800 nm.
Moreover, only the UV—vis range of electromagnetic radiation
was considered in the case of film application in surface-
enhanced spectroscopies.

PEG with the longest alkyl chain (PEG-10k) and the lowest
# ensured nonaggregation of Au-NRs in LS monolayers
(Figure 3¢). The shape of the Au-NRs spectrum was similar to
that observed in the Au-NRs solution. For higher 7, the main
peak was red-shifted. This behavior was also observed for PEG-
2k and PEG-Sk. The absorption peaks were broad and red-
shifted upon increasing 7. In both cases, two peaks were

https/dol.org/10.1021 facs Jangmuir4c01427
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detected at 530 and 650 nm. For PEG-Sk, the third peak
appeared above 800 nm. All PEGs and LS layers showed a
peak at 630 nm, which suggested a red shift upon increased 7.
Furthermore, a different behavior was observed for LB layers
(Figure 3d—f). LB deposition ensured the monomer character
of Au-NRs for PEG-10k and three out of five 7 values (4, 8,
and 15 mN-m™'),

The position longitudinal LSPR for nonaggregated Au-NRs
was the same as for LS and LB. The highest 7 of 23 and 37
mN-m™" displayed a peak due to the aggregation of Au-NRs
above 750 nm. A similar effect was observed for LS layers and
PEG-10k. Additionally, the thickest PEGs (PEG-Sk and PEG-
10k) did not promote the formation of nonaggregated Au-NRs
layers. PEG-5k Au-NRs formed the same type of aggregate
over the whole 7 range, with only a small increase in
absorbance observed (Figure 3e). This was also the case for
PEG-2k and at 7 < 15 mN-m~', while a further increase in 7
modified the aggregate type due to the main peak at 570 nm
for lower 7 being red-shifted. Similar behavnor was reported by
Solis et al.*' and by Serrano-Montes et al.* Solis et al.*' used
state-of-the-art electromagnetic computation techniques to
produce predictive simulations for a wide range of nano-
particle-based SERS substrates, including realistic configura-
tions consisting of random arrangements of hundreds of
nanoparticles. The authors stated that the aggregation of the
particles in dimers and monolayers produced additional red
shifts of the spectral features and broadening of LSPR bands
caused by interparticle gaps as well as an increase in the
magnitude of extinction. However, due to the complex
character of the spectra, the authors did not perform any
deconvolution to distinguish the basic plasmon modes.
Moreover, Serrano-Montes et al.”’ showed a significant red
shift and broadening of LSPR bands due to small interparticle
distances that led to plasmon coupling. The detected
characteristics of the extinction spectra also occurred in
cube-shaped nanogmms NPs in polymer-grafted self-
assembled layers. ™

The aggregation behavior of Au-NRs at the interfaces was
also examined by microscopic slide studies using confocal
microscopy (Figures 4—5). The arrangement of Au-NRs in a
micrometric size scale was investigated due to the aggregation
behavior of Au-NRs. Moreover, the surface coverage was
calculated from the obtained data with a standard deviation for
both the LS and LB layers (Figure 6). For monomer Au-NRs,
satisfactory images were not recorded and are indicated in
Figures 4—5 as black images. According to the spectra, PEG
and LS depommn layers became more aggregated. Hence, the
surface coverage and density of the aggregates were higher
(Figure 6). Upon increasing 7 to 37 mN-m " longitudinal
aggregates were formed for PEG-Sk and LS layers, which was
in contrast to the other layers studied. However, they did
display small micrometric aggregates at 7 > 15 mN- m™,
Larger but less dense structures were observed for PEG-2k and
7<8mN-m ' A new type of aggregation of PEG-2k LB layers
for 7 > 15 mN-m ™" was clearly shown in the confocal images.
Similar images were obtained for PEG-5k, while for PEG-10k
and 7 > 23 mN-m~}, a structural change of Au-NRs was
detected as the film had a more foam-like character than that of
PEG-2k. We performed SEM studies for selected Au-NR
monolayers deposited at air—solid interfaces to obtain
additional information about the studied systems. Results for
the LB layers are shown in Figure S6, and the obtained
aggregates can be seen. The aggregate formation process can

2k 5k 10k

4 mNm™’

8 mN.m™

15 mN-m"!

23 mN-m™’

37 mN-m™

Figure 4. Examples of confocal microscopy images of Langmuir—
Schaefer layers of gold nanorods functionalized with either 2, §, or
10k PEG deposited on quartz substrates at different surface pressures.
The longitudinal sides of the panels represent the longer side of the
Langmuir trough.

be explained using two mechanisms. According to our previous
studies for gold nanorods, the formation of aggregates at the
microscale is influenced by the dewetting process that takes
place during substrates pulling from the air—water interface,'*
while at the nanoscale, Au-NRs tend to form two main
aggregate structures. Similar results for spherical shape NPs
showed dlfferent arrangements of NDPs at the micro- and
nanoscale.” One is end-to-end, and the second is side-to-side.”
The two types of structures dominate the shape of the spectra
shown in Figure 3 and thus produce strong plasmon coupling.
It was recently shown through large-scale realistic simulation
for NP-arranged systems™' that plasmon coupling leads to
strongly confined resonances in Au-NRs aggregates.

The surface coverage of Au-NRs vs deposition surface
pressure for the LS and LB layers is shown in Figure 6. The
highest surface coverages were obtained for LS layers. Not all
presented data points could be fitted to a linear plot. However,
the dependence of PEG-2k and LB was linear for all 7, whereas
PEG-5k LS showed two regions for 7 < 8 mN-m™' and 7 > 8
mN-m~". These results were consistent with the absorption
spectra (Figure 3b) and confocal images of the PEG-Sk LS
layers. For 7 > 8 mN'm ™', a new type of aggregate was formed
due to the presence of a third peak in the spectrum, which red-
shifted toward above 750 nm. PEG-2k and PEG-5k LB layer’s
surface coverage was the same in all 7 ranges within the
experimental error. However, in PEG-10k, reduced surface

https//dol.org/10.1021 /acs Jangmuir4c01427
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2k 5k 10k

4mNm’

8 mN-m™?

15 mN-m”"

23 mN-m™!

37 mNem™!

Figure 5. Examples of confocal microscopy images of Langmuir—
Blodgett layers of gold nanorods functionalized with either 2, 5, or
10k PEG deposited on quartz substrates at different surface pressures.
The longitudinal sides of the panels represent the longer side of the
Langmuir trough.

coverage was observed, compared to PEG-2k and PEG-Sk—
probably due to the coexistence of aggregated (visible in
confocal microscope images) and nonaggregated (invisible in
confocal microscope images) structures in LB layers. The same
molecular mechanism of coexistence of two phases most likely
occurred for PEG-10k and LS layers. Tim et al.'* showed that
the surface coverage did not remain as high after adding CTAB
to obtain more stable Langmuir layers for all PEGs tested.
The mechanism of aggregated Au-NRs structure formation
at the air—solid interfaces is a complex process. The density
and optical properties of the films are influenced by many
factors, mainly connected to Au-NRs synthesis and function-
alization. The length of the PEG chain and its conformation at
the Au-NRs surface dictated the type of aggregation. Previous
studies by Rahme et al.” for PEG in spherical NPs showed
different behaviors of NPs as a function of PEG chain length.
The number of PEG molecules grafted per NP showed that the
grafting density decreased in a nonlinear trend as a function of
increasing PEG length due to the increased conformational
entropy and the diffusion rate of free HS-PEG, which decayed
exponentially with the increase of PEG M, PEG-function-
alized Au-NRs are amphiphilic; hence, only PEG-2k Au-NRs
could form stable and insoluble Langmuir monolayers in the
aqueous subphase without an additional stabilizer.'* The
coverage degree of PEG molecules on the Au-NPs surface can
be estimated using thermogravimetric analysis.” We tried to

Surface coverage [%]

Surface pressure [mN-m™]

Surface coverage [%]

T T T T

15 23 37
Surface pressure [mN-m™"]

|

Figure 6. Dependence of the surface coverage of gold nanorods vs.
deposition surface pressure for the Langmuir—Schaefer (a) and
Langmuir—Blodgett (b) layers and different PEG: PEG-2k is a black
line, PEG-3Kk is a red line, and PEG-10k is a blue line.

perform such an analysis; however, in the case of Au-NRs,
where the concentration of the final product is lower than the
one for Au-NPs, estimating the PEG amount at the Au surface
would be practically impossible. In this case, the presented
results can be explained as follows. In the case of PEG-5k and
PEG-10k Au-NRs, the Langmuir monolayers were stabilized
using CTAB. The additional, constant amount of CTAB (as
described at the beginning of this section) was present in all
Au-NRs PEGs spreading solutions because it was not
completely removed upon Au-NRs centrifugation. Different
conformations of PEG chains were obtained, depending on the
molecular weight and PEG grafting density at the NP surface.
Starting at low values of both mentioned above, the
conformation from mushroom brush to brush was changed
to a more dense brush.'® Based on the results presented in
Figure 1, PEG-10k had a mushroom-brush configuration and
transformed into a brush for PEG-2k due to the shifting of
isotherms toward a smaller trough area. When the solid
substrate was extracted from the water (in the LS or LB
technique), PEG conformation controlled the aggregation
process of Au-NRs at the air—solid interface. Probably,
mushroom brush ensured Au-NRs in a monomer formation
at low 7 with a tendency for stronger aggregation upon LS
deposition. A denser brush with PEG chains perpendicular to
the Au-NR surface ensured aggregate formation with higher
packing of LS layers. On the one hand, CTAB addition allowed
the generation of more stable Langmuir monolayers. On the
other hand, it reduced the ability of the PEG Au-NRs to

https/dol.org/10.1021 facs fangmuir4c01427
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aggregate into a more complex structure. As we reported
previously, stability was improved over time in Langmuir-like
layers upon a small addition of surfactant.”® Furthermore, the
dewetting process after Au-NRs deposition in such a way that
the Langmuir monolayer is more stable did not affect the Au-
NRs arrangement but the PEG chain conformation.

B CONCLUSIONS

The presented study investigated the formation of Langmuir—
Schaefer and Langmuir—Blodgett layers consisting of
PEGylated Au-NRs with different poly(ethylene glycol) alkyl
chain lengths. An interesting physicochemical problem was
examined by focusing on poly(ethylene glycol)’s role in
forming patterns on a solid substrate. The results indicated that
insoluble and stable Langmuir monolayers on the ultrapure
water subphase of Au-NRs with longer poly(ethylene glycol)
formed only in the presence of an additional stabilizer. This
amphiphilic stabilizer was used to prevent the aggregation of
Au-NRs in aqueous solutions. It has been proven that the
poly(ethylene glycol) conformation influenced the shape of the
compression isotherm, Hence, specific shifts during the
Langmuir monolayer compression were observed. Moreover,
the conformational changes in poly(ethylene glycol) induced
the aggregation of Au-NRs, resulting in aggregates with specific
structures. Aggregated and nonaggregated structures could be
designed without requiring two or more Au-NRs functionaliza-
tion steps. When the transfer surface pressure increased, the
aggregates became closely packed. Their orientation was
random or quasiparallel to the direction of removal of the
quartz substrate from the aqueous subphase. Moreover, we
demonstrated that the degree and the type of Au-NRs
aggregation could be tailored depending on the molecular
weight of poly(ethylene glycol) and the addition of a stabilizer.
The results suggest the potential of producing patterns of
hydrophilic, PEGylated Au-NRs thin layers for photonics
applications, with a particular focus on optical sensing, In this
application area, plasmonic substrates with the desired optical
properties are beneficial for the enhanced detection of different
analytes.
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Fig. S2. Normalized absorption spectra of the gold nanorods before (dashed black line) and
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Fig. S3. Transmission electron microscopy image of the bare gold nanorods.
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Fig. S4. Hydrodynamic diameter distribution of gold nanorods functionalized with different
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Table S1. Parameters of synthesized gold nanorods functionalized with PEG

Hydrodynamic | Zeta potential/ LSPR localization
diameter pH values Transverse/longitudinal
[nm]|* [nm]
[mV]™/[-]

CTAB protected = 34.0+0.8/7.0*** 519/680
Au-NRs

Au-NRs PEG-2k 6812 15.040.4/4.8 514/688
Au-NRs PEG-5k 84+3 11.4+0.4/4.3 517/686
Au-NRs PEG-10k 722 -10.6=1.4/4.6 514/689

* — in methanol
** _ in water/methanol mixture (9:1 v:v)
¥ — In water
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Fig. S5. Relative area changes versus time for a various surface pressure values of gold
nanorods Langmuir monolayer functionalized with PEG-2k.
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A better understanding of the interaction mechanism between functionalized gold ticles and cell
membrane components helps study the impaet of particulate matter on bi ic systems. The paper reports
how gold nanoparticles with different geometries (spherical and rod-shaped) were synthesized with slight
modifications and functionalized with polyethylene glycol. Efficient pegylation process and addition of HCL (o

Nanorods A o one s s . . . .
N:‘r‘l:;phem the growth solution results in highly monodisperse nanoparticles. The obtained functionalized nanoparticles
Phospholipids were characterized by UV-V is spectroscopy, transmission electron microscopy and dynamic light scattering.

This article facuses on the effect of gold nanoparticles on the surface properties of madel biological membranes
consisting of phospholipids (1,2-dipalmitoylsn-glyeero-3-phosphocholine (DPPC) and 1-palmitoyl-2-oleoyl-glye-
ero-3-phosphocholine (POPC)) in the presence of cholesterol, which is an organic chemical compound, a lipid
from the steroid group. The effect of the nanoparticles with different shapes on the behavior of monolayers was
described nsing surface pressure isotherms, surface compressibility modulus, Brewster angle microscopy and
polarization modulation infrared reflection absorption spectroscopy. It was shown that for all lipid systems
considered, the type of nanoparticles affects the degree of condensation and the morphology of the monolayer.
The studies showed that the monolayers of lipid systems containing spherical gold nanoparticles are charae-
terized by greater stability than the monol c ining gold ds. Based on the research, it can also be
assumed that some of the gold nanoparticles are incorporated into lipid monolayers, while others remain on the
lipid monolayer surface. The results presented may be nseful to better understand the interaction between
nanoparticles and the lipid components of biomembranes,

Surface pressure isothenms

interactions that occur between gold NPs (Au-NPs) and the cell mem-
brane is of great importance for their potential therapeutic applications.

1. Introduction

Nanotechnology is a field of science with very high development
potential, affecting biotechnology, transport, energy, agriculture, and
industry [1]. Nanomaterials have been found to have applications in
medicine for imaging and as contrast agents or drug delivery systems
[2.3]. One type of such nanomaterials are metallic nanoparticles (NPs),
which are widely used in medicine for diagnosis and therapy, and have
been used as carriers for drugs and vaccines [4]. The use of biomimetic
systems to study the influence of (bio)active agents, including NPs, on
cellular organization has gained popularity in recent years.

The membrane is the first barrier that a substance must overcome to
enter the cell, so it is important to determine the changes occurring at
this stage of the substance introduction process [5]. Understanding the

The use of Au-NPs in phototherapy or diagnostics has shown promising
results, significantly increasing the effectiveness of treatment (or im-
aging) while reducing side effects [6,7]. Au-NPs have a unique ability to
absorb and scatter near-infrared light due to the surface plasmon reso-
nances. For this reason, Au-NPs have become the materials of choice in
nanomedicine, particularly for cancer imaging and therapy, as well as
for photonic sensing of biological agents and toxic compounds, e.g. in
biomedical diagnostics, forensic analysis and environmental monitoring
[6]. Cell membrane biomimetic technology has recently been used to
give phototherapeutic pharmaceuticals with novel biological function-
alities such as immune evasion, longer in vivo circulation duration,
greater biocompatibility, and increased anti-tumor activity.
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Furthermore, phototherapy mediated by cancer and non-cancer cell
membrane modified phototherapeutic drugs can boost overall anti-
fumor immunity [9].

Biological membranes are complex dynamic structures consisting of
a bilayer of lipids (e.g. phospholipids and sterols) with the presence of
proteins and polysaccharides; therefore, interaction with each of their
components can play an important role in the research conducted to
explain the mechanism of action of metallic NPs on cells in the body. The
possibility that only selected compounds are capable of entering the
membrane is mainly due to the hydrophobic nature of the bilayer [10].
The lipid bilayer is the fundamental structure of membranes in living
organisms. It divides the inner and exterior, defining a cell. Due to the
complex structuwral and dynamic nature of biological membranes,
research on the influence of various factors on their properties is studied
in biomimetic systems using various types of membrane models, single-
or multicomponent membranes [11]. One of the biomimetic systems
used are phospholipid monolayers.

The Langmuir monolayers are a convenient model for monitoring
and studying the changes in membrane properties caused by the pres-
ence of Au-NPs of various shapes and coating parameters [ 12-15]. The
shapes and functionalization of Au-NPs can influence their localization,
packing, arrangement, and penetration of membranes and their in-
teractions with healthy and neoplastic cellular membrane components.
That allows for a comparison of the effect of Au-NPs on monolayers
composed of different lipids. The main aim is to investigate the incor-
poration of various Au-NPs into biomimetic systems. The obtained re-
sults will allow us to understand whether the presence of Au-NPs causes
differences (and of what kind) in the organization of cellular membranes
and if it can disturb their integration, and support the transport of me-
dicinal substances, in cellular membranes.

The simplest model of a bioclogical membrane is a layer of phos-
pholipids, one molecule thick formed on the surface of a liquid. It has
been shown that lipid monolayers under certain conditions largely
reflect the properties of lipid bilayers found in cells. This makes them a
good model for studying the effects of substances on biological mem-
branes [16]. One of the main phospholipids building mammalian
membranes are phosphatidylcholines (PC), which are a large group of
compounds differing in the degree of chain saturation. A popular PC
used to produce model biclogical membranes is 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), a derivative of palmitic acid, a basic
fatty acid. DPPC consists of two palmitic acid residues [17,15]. DPPC is
found, for example, in the erythrocyte membrane and is the major lipid
component of the pulmonary surfactant. In addition, other phospho-
lipids (such as 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC))
and sterols (such as cholesterol (Chol)) are also added to form multi-
component systems. POPC is also a phospholipid from the PC group,
but is characterized by a different degree of chain saturation than DPPC.

In turn, cholesterol, which belongs to sterols, is one of the main lipids
that build mammalian membranes. Chol is responsible for among other
things, altering the membrane stiffness. In the case of erythrocyte
membranes, it can constitute up to 50 % of all structural lipids [19-24].
In a layer, Chol molecules are arranged so that their hydroxyl groups are
near the heads of the phospholipids, and the hydrophobic rings and a
side chain are located in the fatty acid chains of the interior of the
membrane [19 22].

The technique of producing multicomponent model membranes al-
lows for determining the effects of substances on cells characterized by
different lipid contents. An example of this is the study of the effect of
Au-NPs on the membranes of different chemical compositions. Although
Au-NPs have good biocompatibility and unique optical properties, there
is still a lack of data on the interaction of Au-NPs with model biological
membranes [25].

In this article, the monolayers will consist of DPPC and Chol (mixed
in a ratio of 9:1) (DPPC:Chol) and POPC and Chol (mixed in a ratio of
4:1) (POPC:Chol), which also allow us to determine the influence of the
phospholipid structure on the interactions with Au-NPs. However,
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attention should be paid to the fact that interactions in Au-NPs-lipid
systems are influenced not only by the type of lipid but also by the
properties of Au-NPs, such as size, shape, and hydrophobicity. This was
confirmed in their studies by Lin et al. [26], who investigated the in-
fluence of the shape of Au-NPs on the properties of monolayers. The
change in the hydrophobicity of Au-NPs can be introduced by their
appropriate functionalization by ligands [27]. Recently, a rapid pro-
cedure, based on the combination of commercially available poly-
ethylene glycol (PEG-SH) and 1-dodecanethiol, has been proposed as a
general method to transfer a wide variety of gold and silver NPs of
different sizes and shapes (e.g. spherical or rods NPs, respectively, Au-
NSs, Au-NRs) from an aqueous dispersion into CHCl; [23]. Moreover,
the NPs functionalization step is also intended to ensure the formation of
stable and highly dispersed NPs in organic solvents and to prevent
agglomeration. Functionalization is also important in terms of its effect
on the human body [28]. Functionalization and stabilization of nano-
structures and inhibition of the shape change of NPs can be achieved by
covering their surface with an in- or organic layer [29]. For example,
functionalization with PEG-SH imparts the Au-NPs higher stability and
better biocompatibility than pure NPs. Such NPs circulate in the blood
for a long time, preventing too rapid inactivation of these systems (by
the endoplasmic reticulum) and promoting their accumulation in tissues
[30,31].

So far, we have conducted research on the interaction of pegylated
Au-NRs@PEG with a model cell membrane composed of DPPC at the
air-water interface |32 . Studies have shown that the presence of Au-
NRs@PEG changes the organization of DPPC in the Langmuir mono-
layer by increasing the mutual distances between DPPC molecules. The
results obtained for the Au-NRs@PEG/DPPC systems became the moti-
vation to continue this type of research to determine the effect of shape
on the properties of lipid components of biological membranes.

The results obtained by introducing Au nanoparticles into multi-
component lipid systems will reflect the changes that may occur as a
result of the interaction of a given substance with cell membranes,
depending on their type. In this article, we want to answer the question
of what type of Au-NPs will be a more suitable material for further
research on the use of Au-NPs in fields such as medicine or pharmacy.
However, there is still a lack of knowledge of the role of the Au-NPs
modification and functionalization by PEG interactions with phospho-
lipids. For this reason, the presented work considers the influence of
shape Au-NPs on Langmuir monolayers and is devoted to Au-NPs in-
teractions into membrane models. The influence of Au-NSs and Au-NRs
on the behavior of monolayers consisting of DPPC, DPPC:Chol (9:1),
POPC, POPC:Chol (4:1) was described on the basis of properties of
biomimetic systems (e.g. surface pressure isotherms (x) — surface area
(A) and surface compressibility modulus (C3 ) — surface pressure (1)
dependencies), Brewster angle microscopy (BAM) images and High-
Resolution Transmission Electron Microscopy (HR-TEM). In addition,
relaxation experiments were also carried out to determine the effect of
the Au-NPs on the stability of model cell membranes and measurements
of the infrared reflectance absorption with polarization modulated
infrared reflection absorption spectroscopy (PM-IRRAS).

2. Materials and methods
2.1. Chemicals

Tetrachloroauric acid (HAuCl;-H,0) (99.99 %) from Alfa Aesar
(USA), cetyluimethylammonium bromide (CTAB) (99.00 %), sodium
borohydride (NaBH4) (98.00 %), silver nitrate (AgNO;) (99.99 %),
ascorbic acid (99.00 %), O-(2-mercaptoethyl)-O’-methylpolyethylene
glycol (PEG-SH My, =~ 2000 (2k) from Merck (Poland), spectrophoto-
metric grade methanol and ethanol (EtOH) 99.80 % H,0-free purchased
from POCH S.A. (Poland) were used for the synthesis and functionali-
zation of gold nanoparticles.

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (>99.00 %), 1-
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palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) (>99.00 %) and
cholesterol (Chol) (>99.00 %) from Avanti Polar Lipids (USA), high-
purity chloroform for spectroscopy (CHCls) (Uvasol®), isopropanol
(>99.80 %) and acetone (>99.80 %) purchased from Merck (Poland)
were used for the formation of biomimetic systems.

2.2. Chemical synthesis and functionalization of gold particles

All chemical reagents were dissolved in Milli-Q ultrapure water
(18.2 MQ-cm, 71.98 + 0.01 mN-m ') in glass flasks that had been
treated with aqua regia (HCEHNOg 3:1 v/v) prior to use. Gold nano-
particles with different shapes (spherical (NSs) and rods (NRs)) were
synthesized by a seed-mediated growth method [32,34] and used by us
previously [32,35,36]. The Au-NRs were prepared in accordance with
our previous procedures for further research, which are presented in this
paper [37]. In this case, slight modifications were introduced. HCl was
added with assisted AgNO; as a factor stimulating the growth of nano-
particles. The synthesis of the Au-NSs with PEG-SH was carried out ac-
cording to the previously described procedure [35,38]. The Au-NSs were
prepared by a one-step bottom-up method using a standard citrate
reduction process [34]. The functionalization process of Au-NRs and Au-
NSs was prepared by a modified version of a method described in a
previous paper [37,391. An aqueous solution of PEG-SH 2k was soni-
cated for 30 min at 40°C and added dropwise to the vigorously stirred
solution of Au-NRs and Au-NSs. The mixture was left overnight with
gentle stirring. The PEG-SH ligand was chosen as a capping agent to
functionalize the surface of nanoparticles to ensure their stability and
avoid aggregation. Even in the absence of uncapped free ligands in so-
lution and stabilizing CTAB surfactant, the affinity of thiol groups to the
gold surface ensures high stability of functionalized NPs. This allows
removal of excess ligands without nanoparticle aggregation. The ligand
exchange reactions were carried out using of 1 mM PEG-SH with a chain
length of 2000 mers. After the functionalization process, the reaction
product was properly fractionated and purified by centrifugation twice
(7500 rpm for 20 min), and supernatant was removed. The precipitate
was then dispersed in methanol.

2.3. Physicochemical characterization of the gold nanoparticles

The characterization of Au-NPs was performed by UV-Vis spectros-
copy (Varian Cary 4000). The electrokinetic potentials and size distri-
butions of the Au-NPs were measured using a Malvern Zetasizer Nano-2S$
Dynamic Light Scattering Analyzer (Malvern Instruments Ltd.,). The
morphology and size dispersion of Au-NPs were characterized by
transmission electron microscopy (TEM) using a JEOL 1400 (120 kV}.
The TEM measurements were performed by depositing a colloidal
dispersion of NPs by drop casting onto a copper grid covered with a thin
carbon layer and placed on a vacuum desiccator overnight. Images were
collected in a JEOL 1400 microscope working at 120 kV.

2.4. Isotherm m-A experiments

Solutions of phospholipids (DPPC, POPC} at a concentration of 0.1
mg-ml~" and Chol at a concentration of 0.053 mg-ml~' were prepared
by dissolving the solids in CHCl;. To obtain the DPPC:Chol (9:1)
mixture, DPPC and Chol solutions were mixed in a molar ratio of 9:1.
Similarly, a POPC:Chol (4:1) mixture was prepared. For the preparation
of Langmuir monolayers, a Langmuir troughs (KSV-NIMA) with a rotal
area of 273 cm? and 700 em? were used. Before each experiment the
Teflon trough was wiped with a tissue soaked in CHCly, followed by a
tissue soaked in isopropanol. Then the trough was rinsed with plenty of
MilliQ water (18.2 MS-cm, 71.98 + 0,01 mN-m 1). After cleaning the
trough was filled with MilliQ water which was used in the studies as the
subphase. In the first stage of the research, monolayers consisting only of
lipids or Au-NPs@PEG were created. For this purpose, 200 pl of lipid
solutions (DPPC, POPC, DPPC:Chol (9:1}, POPC:Chol (4:1)) or gold

Journal of Molecular Liquids 428 (2025) 127501

NPs@PEG (Au-NSs or Au-NRs) were applied to the surface of the sub-
phase using a Hamilton microsyringe. To prepare layers consisting of
lipids and gold NPs@PEG, 750 pl of a mixture consisting of gold
NPs@PEG (Au-NSs or Au-NRs) and lipids (DPPC or POPC) or a mixture
of lipids (DPPC:Chol (9:1) or POPC:Chol (4:1}), which were mixed so
that the ratio of methanol to CHCl; was 1:4 (v:v). The mixtures were
prepared in a similar manner to that described in our previous work
[32]. 10 min after application of the solution to the subphase surface,
the monolayer was compressed by the symmetrical movement of two
hydrophilic barriers made of Delrin at a constant speed of 10 mm-min .
Surface pressure was measured with a Wilhelmy-type electrobalance
(KSV-NIMA). This allowed for recording changes in surface pressure (1)
as a function of trough surface area (A). Each experiment was repeated
three times to ensure the repeatability of the 7-A curvesto = 1 A%mol™",
Measurements were performed at a constant temperature of (21.0 +
0.1)°C, which was controlled by a Julabo F12 circulator.

2.5. Brewster angle microscopy (BAM)

BAM images were recorded during monolayer compression, which
allowed visualization and monitoring changes in model membranes’
morphology. BAM images were recorded for the same monolayers for
which the isotherm measurements were performed. For this purpose, a
Langmuir trough (KSV-NIMA) equipped with an UltraBAM from Accu-
rion GmbH using a 50 mW laser emitting p-polarized light at a wave-
length of 658 nm, a 10x magnifying lens, a polarizer, an analyzer and a
CCD camera were used. The spatial resolution of the BAM was 2 pm.

2.6. Relaxation experiments

Monolayers were prepared in the same way as for the isotherm
measurement — by compressing mixtures of gold NPs@PEG (Au-NSs or
Au-NRs) and lipids (DPPC or POPC) or a mixture of lipids (DPPC:Chol
(9:1) or POPC:Chol (4:1)) to a surface pressure of 30 mN.-m 1. The
pressure was kept constant on this level by the Langmuir trough soft-
ware, and the relative change in surface area (A-Aj"), i.e. the ratio of the
surface area per particle (A) to its initial value (Ag), was recorded over
time (t).

2.7. Polarization modulation infrared reflection absorption spectroscopy

Polarization modulated infrared reflection absorption spectroscopy
(PM-IRRAS) spectra were recorded using a KSV-NIMA PM-IRRAS spec-
trometer (PMI 550), equipped with a polarization modulation module
(ZnSe PEM-100 modulator, Hinds Instruments) and an MCT detector.
The spectrometer with the Langmuir trough was mounted on an optical
table equipped with an active vibration isolation system (VarioBasic 40
anti-vibration system, Halcyonics) to ensure measurement stability. The
PM-TRRAS measurement is based on the constant modulation of infrared
light between p and s polarization. The difference between these two
signals gives the surface information, and the sum provides the reference
spectrum. The spectra were collected in the wavenumber range of
700-4000 cm ", and the 850-1800 cm ! range, corresponding to the
head region of polar phospholipids, was analyzed. The photoelastic
modulator (PEM) was set at 1500 em ! to ensure its maximum effec-
tiveness in the polar headgroup region. The incidence angle was set on
80°. The resolution of the spectra was 8 cm ™', The method used to
prepare the monolayers was the same as for the relaxarion measure-
ments. After reaching 30 mN-m ', PM-IRRAS spectra were collected.

3. Results and discussion
3.1. Characterization of the synthesized gold-nanoparticles

The potential applications of NPs depend largely on their properties
and architecture, therefore the incorporation of different types of NPs
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Fig. 1. Transmission electron microscopy of Au-NSs (a) and Au-NRs (b).

may differentially affect the properties of model membranes. Pegylated
gold NPs (Au-NPs@PEG) of various shapes (and sizes) were used to
study this issue.

To estimate the quality of the modified synthesis of Au-NPs@PEG,
the extinction spectra were measured. The UV-Vis spectra of Au-NSs
and Au-NRs are shown in Fig. 51 (SM). The bands of surface plasmon
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resonance (SPR) visible in the spectra originate from the collective
oscillation of electrons in response to optical excitation. The transverse
SPR band (at around 500 nm) is characteristic of Au-NSs and Au-NRs for
the resonance along the short axis (perpendicular to the long axis) of the
rods. The resonance parallel to the long axis of Au-NRs leads to a lon-
gitudinal SPR band, which is observed in the visible to near-infrared
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Fig. 2. m-A isotherms of the Langmuir monolayer and the surface compressibility modulus (C. ) vs. surface pressure (x) (the inset graph) for DPPC (a), DPPC:Chol
(9:1) (b), POPC: () and POPC:Chol (4:1) (d) monolayers containing Au-NSs@PLEG (red line) or Au-NRs@PEG (bhie line), whereas for pure phospholipids monolayers:
black line - DPPC or POPC; green line — DPPC:Chol (9:1) or POPC:Chol (4:1). (For interpretation of the references Lo colour in this figure legend, the reader is referred
to the web version of this article.)
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region of the electromagnetic spectrum. The relative intensity of both
extinction bands is the yield indicator of the photochemical synthesis of
Au-NRs formation [40]. The narrow peaks for the nanostructures
confirm their monodispersity and the relative absence of impuuities.
Spectroscopic measurements showed a narrow absorption band at Ay ay
= 527 nm, confirming the formation of small and homogenous Au-NSs.
The spectrum of Au-NRs is characterized by two bands located at Ay, =
518 nm and A,y = 667 nm. Besides, the full width at half maximum
(FWHM) is a measure of the gold NPs size dispersion [41]. At the
beginning of the synthesis, the majority of the NPs are nanospheres and
just a tiny portion are high aspect ratio NRs; hence, a substantial FWHM
value is observed in the initial few minutes of the photochemical syn-
thesis. However, as the Au-NSs grow anisotropically to form Au-NRs, the
size dispersion becomes smaller. The aspect ratio of Au-NRs determines
the longitudinal band wavelength, which in turn determines the quick
anisotropic growth of the nuclei produced. Subsequently, the concen-
tration of accessible gold atoms diminishes, allowing the nuclei to
develop at a more controlled rate over time and create nanorods with the
appropriate aspect ratio. Thus, as the photochemical synthesis proceeds,
the ratio of the high aspect ratio to low aspect ratio nanorods rises,
leading to a suitable longitudinal band wavelength. In our case, FWHM
for Au-NSs was 0.123 eV (990.85 cm '1), and for Au-NRs was 0.123 eV
(990.85 cm™') and 0.130 eV (1048.58 cm™") for transverse and longi-
tudinal bands, respectively. The values were adjusted using the Fityk
program. Single and nartow peaks indicate high monodispersity and
absence of impurities. The location and intensity of the band depends on
the size, surface morphology and aspect ratio of the nanostructures,
which is attributed to the surface plasmon resonance resulting from the
collective oscillation of free conduction electrons induced by the inter-
acting electromagnetic field. The shape and location of the spectra for
Au-NSs and Au-NRs is in accordance with previous literature reports
[37,42]).

The size and distribution of the gold NPs were determined by means
of TEM analysis (Fig. 1), which confirmed the successful synthesis of Au-
NSs of the diameter of (15.1 + 2.2) nm and Au-NRs of the average di-
mensions (14.3 + 1.7) nm (width} and (59.8 -+ 2.6) nm (length). The
particle’s diffusion coefficient is measured using DLS in order to obtain
the Au-NSs size information. This explains the term “hydrodynamic
dimension” applied to the particle size determined by DLS analysis. A
particle’s mass alone is not enough to determine its diffusion coefficient;
other factors that influence the particle-solvent interactions and,
consequently, the Brownian motion of the particles, include the parti-
cle’s shape and surface chemistry. The mass of the NPs has less of an
impact on its translational diffusion coefficient than its form and surface
chemistry [43]. For prepared Au-NSs@PEG, the hydrodynamic diameter
of about 64 nm was determined. The increase in diameter of the Au-NSs
was due to the functionalisation process carried out, in which PEG
chains were attached to the Au surface by covalent Au-S bonding.
Considering the diameter obtained by TEM and comparing it with that
obtained by DLS, it can be concluded that the polymeric (PEG) coating
produced was more than 20 nm thick. This is an approximate value. It
must also be taken into account that the PEG chains may be unevenly
distributed and clumped on the surface of the nanoparticles and may
form aggregates. The zeta potentials of Au-NSs changed from —0,53 mV
to —27,.9 mV after PEG functionalization. Au-NRs stabilized in CTAB
solution exhibited cationic surfaces (12,9 mV). This resulted from the
adsorbed CTAB, which possesses a hydrophilic head consisting of a
quaternary amine. On the other hand, PEG-modified Au-NRs displayed a
negative surface. In particular, the zeta-potential was reduced to a
negative level (- 20,1 mV) upon PEG modification, suggesting that PEG
chains adhered to the Au-NRs and entirely covered their swface, even in
the event that some CTAB remained on it. This modification was carried
out without any particle fusion or aggregation. A successful coating is
often proven by negative zeta potential [25].

Journal of Molecular Liquids 428 (2025) 127501
3.2. Interactions of gold-nanoparticles with lipid monolayers

To determine the effect of Au-NPs@PEG on the lipid monolayers
(DPPC, POPC, DPPC:Chol (9:1), POPC:Chol (4:1)), m-A isotherms were
measured. Measurements of ®-A isotherms were performed during
compression of lipid or NPs@PEG monolayers, and during compression
of lipid monolayers in the presence of Au-NRs@PEG and Au-NSs@PEG.
Based on the m-A isotherm, it is possible to determine the surface

compressibility modulus, which is defined as follows: C;! = -A- (%‘{)
T

[44]. The maximum value of the surface compressibility modulus de-
termines the degree of particle packing in the monolayer. The criterion
introduced by Davies and Rideal [45] makes it possible to determine the
degree of elasticity of the surface film and, indirectly, its physical state.
Their proposed classification distingunishes several physical states of the
monolayer such as an expanded liquid state (LE), a liquid condensed
state (LC), and a solid (S) state [46]. The isotherms and surface
compressibility modulus of investigated systems are shown in Figs. 2
and 52 (SM), whereas the values of the x-A isotherm parameters are
given in Table 51, Table 52 and Table 53 (SM).

The first element worth paying attention to when characterizing
monolayers is the addition of cholesterol to the phospholipid mono-
layers. The presence of Chol caused the surface film to collapse faster —
this occurred at 46 mN.m ™! (Fig. 2b, Table 52, SM). This value for pure
DPPC was 55 mN-m ! (Fig. 2a, Table 52, SM). For monolayers consisting
of POPC, which in its structure has an unsaturated bond between the C
atom and therefore has different properties than DPPC, which is a
saturated phospholipid, the presence of Chol in POPC layer shifted the
isotherm (Fig. 2d) towards higher values of the trough area compared to
the pure POPC monolayer curve (Fig 2c). The addition of Chol to
phospholipid monolayers resulted in an increase in the max C;' value
(Table 52, 53, SM), and consequently, the elasticity of the surface film
decreased. This is in agreement with literature reports, where the au-
thors investigated the effect of the addition of Chol on the DPPC
monolayer [17,48]. In the presence of DPPC, the Chol molecule orients
itself via its hydroxyl group close to the phospholipid oxygen. As a result
of van der Waals interactions, interactions occur that lead to the paraliel
positioning of Chol molecules to the alkyl chains of the phospholipid
molecules. This contributes to changes in the stability and structural
order of the monolayers created by DPPC and Chol. It is well known that
Chol has a condensing effect [49]. The primary effect occurring as a
result of this action is the ordering of the hydrocarbon chains of adjacent
DPPC molecules by the Chol ring system. In addition, there is an increase
in the packing density of the monolayer consisting of DPPC and Chol
[48]. This is due to the perturbation of the monolayer compression
caused by the trapping of lipid particles at the phase boundary.

Another element worth paying attention to when characterizing
monolayers is the addition of gold NPs@PEG (Au-NSs or Au-NRs) to
lipid monolayers. For each of the tested systems the isotherm is different
from the isotherms of pure Au-NSs@PEG and Au-NRs@PEG, which are
presented in Fig. 52a (SM). A similar situation occurs in the case of the
module, where higher values were observed for NPs systems with lipids
than for pure NPs (Fig. S2b, Table S1 SM). Such results may be a
confirmation of the fact that the tested nanoparticles interact with lipids
to form monolayers. The presence of Au-NSs@PEG as well as Au-
NRs@PEG into the DPPC monolayer significantly affects the shape of
the x-A isotherm (V'ig. 2a). One of the main differences is the shift of the
phase transition characteristic of DPPC towards higher surface pressure
values. For Au-NSs@PEG/DPPC it is seen at 18 mN-m ', while for Au-
NRs@PEG at 10 mN-m 1. The surface pressure value (47 mN-m 1) at
which the Au-NSs@PEG/DPPC monolayer collapses is also lower
compare to the Au-NRs@PEG/DPPC system (54 mN-m~'). Based on the
data presented in Fig. 2a and in Table 52 (SM), the max c; ! value is
lower for each type of nanoparticles presented in lipid monolayers than
for a pure DPPC monolayer. This means that adding nanoparticles
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Fig. 3. Brewster angle microscopy images of DPPC, DPPC:Chol (9:1), POPC and POPC:Chol (4:1) containing Au-NSs@PEG or Au-NRs@PEG taken at different
surface pressures,
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reduces the surface film's stiffness. The max C; ' values indicate that
both the Au-NSs@PEG/DPPC and Au-NRs@PEG/DPPC monolayer were
in the LE state while the DPPC monolayer was in the LC state. The reason
for the observed decrease in film stiffness may be the appearance of a
spatial obstacle due to the presence of nanoparticles in the lipid
monolayer |50 1. However, due to the size of nanoparticles, some of them
may remain on the surface of the lipid monolayer without penetrating
through it. Moreover, both the surface pressure value at which the
monolayer collapses and the max Cy ' are different from those obtained
in previous studies [32] in which we investigated DPPC monolayers with
the addition of Au-NRs@PEG. However, in the studies described in this
article, we used a different type of Au-NRs@PEG synthesis. Based on the
data presented there, it can be concluded that depending on the method
of Au-NRs@PEG synthesis, it is possible to obtain monolayers charac-
terized by other parameters, such as collapse pressure, maximum value
of the surface compressibility modulus. By comparing the values ob-
tained for the lipid systems with Au-NSs@PEG and Au-NRs@PEG, it can
be also concluded that the nanoparticles' shape affects the DPPC
monolayer’s properties. As seen in Fig. 2c, d and Table 53 (SM), the
addition of NPs also affects the properties of the POPC monolayers.
Similarly to Au-NSs@PEG/DPPC, also for Au-NSs@PEG/POPC based on
theC; 'x graph, one can conclude that a phase transition is visible at 12
mN-m~". However, in contrast to the DPPC systems, the presence of Au-
NSs@PEG in the POPC monolayer increases the collapse pressure. The
Au-NRs@PEG/POPC monolayer also exhibits a higher surface pressure
at which the monolayer collapses compared to the POPC monolayers.
The addition of both Au-NSs@PEG and Au-NRs@PEG to the DPPC:Chol
(9:1) system resulted in the disappearance of the phase transition
(Fig. 2b). For the Au-NSs@PEG/DPPC:Chol (9:1) and Au-NRs@PEG/
DPPC:Chol (9:1) systems, the collapse pressure of the layer was about
43-45 mN-m . Similarly, to the POPC systems, the Au-NSs@PEG/
POPC and the Au-NSs@PEG/POPC:Chol (4:1)} monolayers also ach-
ieved a higher surface pressure value at which the surface film collapsed
(Fig. 2d, Table 53, SM). The observed increase in the monolayer collapse
value for each system containing nanoparticles and POPC compared to
lipid monolayers may result from interactions that may occur between
POPC molecules and PEG-coated NPs. For monolayers consisting of
POPC, which in its structure has an unsaturated bond between the C
atom and therefore has different properties than DPPC, which is a
saturated phospholipid, max C ! value (included in Table 53, SM) in-
dicates the LE state both for the POPC and Au-NSs@PEG/POPC mono-
layer. In turn, the Au-NRs@PEG/POPC monolayer is in the LC state. In
this case, there was an increase in the value of max C; ', and, conse-
quently, a decrease in the elasticity of the surface film. In the case of the
POPC:Chol (4:1) monolayer, both the addition of Au-NSs@PEG and Au-
NRs@PEG caused a decrease in the max C;' value (Table 53, SM).
However, the addition of Au-NRs@PEG caused an increase in the elas-
ticity of the layer to a greater extent than Au-NSs@PEG. The change in
the elasticity of the surface film may be due to the presence of a hy-
drophobic sterol ring, which tends to limit contact with the aqueous
subphase. Therefore, Chol molecules are usually present between
phospholipid molecules. Thanks to this arrangement of molecules, the
condensation of monolayers containing both Chol and Au-NPs can result
from the formation of an ordered structure that is stabilized by van der
Waals interactions between the sterol rings of Chol molecules and the
alkyl chains of phospholipids [51]. The study by Hossain et al. [52] also
showed that Chol molecules and the hydrophobic tails of amphiphilic
phospholipids interact with Au-NPs. Also in our studies such an effect is
possible. The interactions between Chol and the nanoparticle surface are
more dominant than the phospholipid tails, which may indicate that
cholesterol interacts with the PEG-coated nanoparticles. This may
indicate the incorporation of more nanoparticles into the monolayer
and, consequently, the presence of less nanoparticles on the lipid
monolayer than in the case of DPPC systems, where lower monolayer
collapse values were observed compared to pure lipid monolayers.

To investigate how the spherical nanoparticles interact with lipids, a
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TEM analysis (Fig. 54) was performed, which confirmed that the
nanoparticles form large, unevenly distributed clusters, with an occa-
sional tendency to form aggregates. To confirm the charge generated on
the surface of the lipids and lipid-nanoparticle mixtures, the zeta po-
tential of spherical nanoparticle systems was measured by DLS and the
following values were obtained: for DPPC 2.57 mV, POPC 6.21 mV, and
for the mixtures Au-NSs@PEG/DPPC —8.96 mV, Au-NSs@PEG/DPPC:
Chol (9:1) —14.7 mV, Au-NSs@PEG/POPC —2.16 mV, Au-NSs@PEG/
POPC:Chol (4:1) -17.1 mV. Analyzing these parameters, we can
conclude that the shift to a negative potential indicates the dominant
influence of the nanoparticles in the mixtures and also suggests that the
nanoparticles may interact with the lipids. Au-NPs can be adsorbed onto
the surface of the Langmuir monolayer by integrating with the polar
head groups of the phospholipids, as well as by van der Waals in-
teractions with the hydrophobie lipid tails. Au-NPs with a rod-like shape
can induce the formation of more complex 3D structures, especially at
high nanoparticle concentrations. In the case of Langmuir monolayers,
gold particles can act as aggregation centers, causing DPPC and
cholesterol molecules to arrange into three-dimensional clusters. This
can lead to rearrangement of the lipid molecules and facilitate the for-
mation of new structures, including aggregates. Such distribution of Au-
NPs in the lipid layer affects its elasticity, as indicated by the parameters
max C;! included in Table S3, SM. Incorporation of Au-NPs can affect
the packing density of the lipid molecsules, altering the overall me-
chanical properties, such as the surface pressure-area isotherms, which
can be studied to evaluate how the nanoparticles influence the lipid
layer’s behavior. The penetration of such nanoparticles would only be
possible with the use of additional factors, such as pressure and further
encapsulation, which would enable their penetration. In our case, Au-
NPs@PEG exhibit hydrophilic properties with an amphiphilic char-
acter, similar to cholesterol, which enhances the membrane stiffening
effect. In addition, cholesterol also affects the electrostatic properties of
the membrane, which in twrn determines how negatively charged
functionalized Au-NPs interact with the lipid membrane, altering the
adsorption behavior of negatively charged nanoparticles.

During monolayer compression, BAM microscopy studies were also
performed. The BAM technique was used to image, the morphology of
monolayers formed at the air-water interface BAM images of bare lipid,
bare Au-NSs@PEG and bare Au-NRs@PEG monelayers and are shown in
Fig 53 (SM). The surface pressure values were chosen to determine the
changes from the moment of the onset of compression up to a surface
pressure of 30 mN mN-m "}, which corresponds to the pressure found in
the native cell membrane [53]. In the case of DPPC layers, characteristic
domains were observed which grew during compression until the entire
monolayer was covered with lipid in the LC phase, which is consistent
with the data reported in the literature [54].

Such changes were not observed in the case of the other lipid
monolayers, which was also described in the literature [5,55]. In the
case of bare Au-NSs@PEG and bare Au-NRs@PEG monolayers, with the
increase in surface pressure, the formation of structures was observed,
which at 30 mN-m ! covered most of the surface of the monolayer.

Based on previous studies and BAM images obtained for mixtures
consisting of lipids and nanoparticles (Fig. 3) and for monolayers con-
sisting only of lipids or nanoparticles (Fig. 53, SM), it can be concluded
that mixed layers are formed, the morphology of which changes with
increasing surface pressure. In each monolayer, compression resulted in
the formation of an increasingly heterogeneous structure that increas-
ingly covered the surface of the layer, The presence of increasingly or-
dered and densely packed structures, visible in BAM images at
increasing surface pressure, may indicate the presence of nanoparticles
on the surface of the lipid monolayer. Cholesterol can also influence the
formation of microscale regions of higher density or aggregates, which
are visible in BAM microscopy images, especially at a pressure of 30 mN
mN-m !, These areas serve as preferential sites for the deposition of
certain nanoparticles, which can modify their interactions with cell
surfaces or other components of biological systems. It also alters the
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Fig. 4. Relative area vs, time curves for DPPC (a), DPPC:Chol (9:1) (b), POPC (c) and POPC:Chol (4:1) (d) monolayers containing Au-NSs@PLG (red line) or Au-

NRs@PEG (blue line), wh for pure ph

P

holipids monolayers: black line = DPPC or POPC; green line — DPPC:Chol (9:1) or POPC:Chol (4:1). (For interpreta-

tion of the references to colour in this figure legend, the reader is referred to the web version of this article.)

dynamics of the interactions through direct interactions with the
nanoparticles, as well as indirectly by influencing the properties of cell
membranes or other lipid structures. These microdomains can act as
‘islands’ of higher order than the surrounding membrane, which can
change the way nanoparticles interact with the membrane. Nano-
particles may preferentially accumulate or bind to these cholesterol-rich
areas, altering their distribution within the membrane.

The relaxation measurements were carried out to determine the in-
fluence of the shape of Au-NPs@PEG on the stability of the monolayers
(Fig. 4). For this purpose, all types of monolayers were compressed to 30
mN-m ' and then the change in the relative surface area A-Ag' was
recorded as a function of time. The incorporation of NPs resulted in a
change in the A-Ag ! value for each lipid monolayer. In the case of the
DPPC monolayer, the addition of NPs caused an increase in the A-Ay 1
value, which may be due to strong NPs-NPs intermolecular interactions
resulting in uneven distribution of NPs on the layer surface. In the case
of the remaining lipids, the addition of NPs caused a decrease in the
A-Ag? value. One of the reasons for the decrease in the value of the
relative surface area may be the desorption of molecules from the phase
boundary [56]. However, in the case of all Au-NPs@PEG investigated,
the changes in values are small and remain above 0.9, which may
indicate a small contribution of this phenomenon in monolayers. [t can

be seen that Au-NSs@PEG caused less destabilization of the lipid layers
than Au-NRs@PEG (except for POPC lipids). The interactions between
Au-NSs@PEG and lipids with or without Chol form a more stable mixed
structure, probably due to their shape, uneven distribution on the
monolayer surface, or incorporation into the lipid monolayer. In turn,
the lower stability of Au-NRs@PEG systems may be due to the fact that
Au-NRs are larger, and some amounts of them can be incorporated into
the lipid monolayer, tilted to their surface, or remain on the lipid
monolayer surface. Moreover, throughout the measurement period, the
lowest influence of NPs shape on the relative surface area values was
observed for the POPC monolayers (Fig. 4d). However, the remaining
layers show that more stable layers are formed with the spherical than
rods NPs. Moreover, independently of NPs shape the lowest stability in
time shows the POPC:Chol monolayers. Tt may also indicate the incor-
poration of a larger number of nanoparticles into the lipid monolayer
and, consequently, the presence of a smaller number of nanoparticles on
the lipid monolayer surface. When interacting with nanoparticles,
cholesterol can modulate the behavior of lipid systems by altering their
physical properties such as elasticity and permeability. We can conclude
that cholesterol stabilizes the systems, as can be seen from the increase
or stability of the values of A-Aj’. This behavior suggests that choles-
terol acts on the system, favouring its stabilization.
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Fig. 5. PM-IRRAS spectra of DPPC (4), DPPC:Chol (9 1) (I)), POP(‘ (c) .md POPC:Chol (4:1) (d) monolayers containing Au-NRs@PEG (blue line) or Au-NSs@PTG (red
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interpretation of the references to colour in this figure I(‘m“nd the reader is referred to the web version of this article.)

In the next step, infrared reflectance measurements (IRRAS) were [57-59]. In the case of monolayers consisting of DPPC and DPPC:Chol
performed, which provided information on lipids’ orientational and (9:1) (Fig. 5a, b), both the presence of Au-NSs and Au-NRs caused a

conformational properties (Fig. 5, Table 1).

decrease in the band intensity compared to the lipid monolayers. This

For each of the systems investigated, bands corresponding to the may indicate a reduced interaction of NPs with the region of the polar
asymmetric stretching of the single COO bond of the ester-phosphate head of DPPC molecules, which moves away from the surface of the

group v.(C-O[P]) were observed. It is located at —1050 cm !

monolayer as a result of the ongoing conformational changes, which
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Table 1
PM-IRRAS band position (in em ") for monolayers compressed o 30 mN-m ™.
BAND Dy (C-O 0 (POz) 0, (C-0-C) 1y, (PO;)  n(C=0)
LB}
DPPC 1048 1096 1219 1261 1735
DPPC:Chol (9:1) 1056 1103 1212 1264 1728
poPC 1049 1103 1224 1268 1736
POPC:Chol (4:1) 1035 1103 1212 1262 1728
Au-NSs@PEG/ 1064 1088 1213 1283 1719
DPPC
Au-NRs@PEG/ 1056 1110 1226 1271 1732
DPPC
AuNSs@PEG/ 1039 1088 1214 1264 1735
DPPC:Chol
[%1)
Au-NRs@PEG/ 1033 1103 1211 1262 1728
DPPC:Chol
(1)
AuNSs@PEG/ 1041 1080 1210 1256 1734
POPC
Au-NRs@PEG/ 1011 1095 1227 1258 1730
PoPC
Au NSs@PEG/ 10491 1090 1233 1243 1730
POPC:Chol
{4:1)
Au-NRs@PEG/ 1050 1095 1226 1250 1718
POPC:Chol
4:1)

may indicate a greater number of molecules on the surface of the lipid
monolayer. The opposite phenomenon was observed in the case of
monolayers consisting of POPC or POPC:Chol (4:1) (Fig. 5¢, d). [n these
systems, the presence of NPs resulted in greater interaction with POPC
molecules, causing conformational changes in the area of the polar head
of POPC molecules, resulting in an increase in band intensity. These
changes may also indicate the incorporation of more nanoparticles into
the monolayer containing POPC than DPPC, which may consequently
lead to a smaller number of nanoparticles on the surface of the lipid
monolayer. The next vibrations observed for our systems are the sym-
metric vibrations vy(PO3 ) located at ~1090 em !, Both the localization
of these vibrations and those visible ~1260 cm !, which correspond to
the asymmetric vibrations of v,(PO3), may indicate hydration of the
phosphate group in the monolayers. This type of relationship was
demonstrated by Zaborowska et al. [60], who studied monolayers con-
sisting of DMPE and satins. In the case of monolayers containing Au-
NSs@PEG, there was a shift in the band position towards lower wave-
number values, which was not observed in the case of monolayers
containing Au-NRs@PEG. This may indicate that Au-NSs@PEG slightly
induce increased hydration of phosphate groups. No significant band
shifts were observed for the 1,(PO3) band. However, changes in band
intensity are visible. The presence of Au-NSs@PEG and Au-NRs@PEG to
the DPPC, POPC and POPC:Chol (4:1) systems increased band intensity.
The exception is the Au-NRs@PEG/DPPC:Chol (9:1) monolayer, where
there was a slight decrease in intensity. The increase in intensity may
indicate that the phosphate group is approaching the plane of the
monolayer. In the range from 1210 cm ™! to 1230 em ., stretching bands
v,5(C~O-C) are observed in the investigated systems [61]. No clear
wavenumber shifts were observed in the monolayers studied. In
monolayers containing DPPC or DPPC and Chol, a decrease in band
intensity is observed in the presence of Au-NRs@PEG and Au-NSs@PEG,
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which may indicate that the phosphate group is moving away from the
plane of the monolayer. A spectral region is also associated with the
ester carbonyl group v(C=0), located at ~1700 ecm™'. The location of
the lipid monolayer bands (Table 1) indicates the presence of ester
groups that are not hydrogen-bonded. A similar conclusion can be
drawn for monolayers with the addition of NPs, except for Au-
NSs@PEG/DPPC and Au-NRs@PEG/POPC:Chol (4:1), where the band
is shifted towards lower wavenumber values. For these monolayers, the
hydration of the ester group in the presence of NPs occurred [62].

4. Conclusions

In our study, Au-NPs of two different shapes were incorporated into
lipid monolayers. The schematic arrangement of the components in the
investigated layers is shown in Fig. 6.

Studies have shown that monolayers containing Au-NSs@PEG are
more stable than monolayers containing Au-NRs@PEG. Moreover, the
conducted studies allow us to conclude that the shape of nanoparticles
influences the stability of monolayers containing DPPC to a greater
extent than POPC. The presence of Chol in the model lipid membrane
promotes the formation of a more densely packed monolayer than in the
case of a monolayer formed solely by phospholipid molecules alone.
Based on the research, it can also be assumed that some of the Au-NPs
are incorporated into lipid monolayers, while others remain on the
lipid monolayer surface. For POPC-containing monolayers, it is possible
for a larger number of nanoparticles to be incorporated into the lipid
monolayer and, consequently, for fewer nanoparticles to be present on
the lipid monolayer surface than for DPPC-containing monolayers.
Nanoparticles can disrupt the organisation of the monolayer, possibly
leading to rupture or the formation of microscale pores in the mem-
brane. Larger nanoparticles may disrupt the integrity of the lipid layer or
cause aggregation or the formation of unevenly distributed clusters,
while smaller nanoparticles may integrate more easily into the layer. In
such cases, nanoparticles may 'slip’ inside, but not in the same way as
smaller molecules, as their size prevents easy penetration. Although a
single nanoparticle of about 15 nm is significantly larger than a DPPC
lipid molecule (2-4 nm), it is possible that it will interact with the lipid
membrane primarily on the surface, but will have difficulty penetrating
directly into the interior of the monolayer.
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Fig. S1. Normalized extinction spectra of Au-NSs@PEG (red line) and Au-NRs@PEG

(green line). Transmission electron microscope images of these nanoparticles are given in
Figure 1.
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Fig. S2. n-A isotherms (a) and the compressibility modulus (Cs ') vs. surface pressure (n) (b)
of the Langmuir monolayer for Au-NSs@PEG (red line) and Au-NRs@PEG (blue line).

Table S1. Characteristic parameters of the n-A isotherms for monolayers of Au-NSs@PEG,

Au-NRS@PEG: Teoliapse — collapse pressure; max Cs ' — maximum value of the compressibility
modulus

Teollapse  max C31
[mN'm”| [mN-m"]

Au-NSs@PEG 54 36

Au-NRs@PEG 59 33

Table S2. Characteristic parameters of the n-A isotherms for monolayers of DPPC and
DPPC:Chol (9:1), mixture of DPPC or DPPC:Chol (9:1) with gold NPs and Au-NSs@PEG,

Au-NRS@PEG: Teollapse — collapse pressure; max Cs ' — maximum value of the compressibility
modulus

Ticollapse max Cg 1

[mN'm?| [mN-m]

DPPC 55 248
Au-NSs@PEG/DPPC 47 102
54 129

Au-NRs@PEG/DPPC
57+ 177*
DPPC:Chol (9:1) 46 262
Au-NSs@PEG/DPPC:Chol (9:1) 45 119
Au-NRs@PEG/DPPC:Chol (9:1) 43 150

* data from literature [1].
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Table S3. Characteristic parameters of the n-A isotherms for monolayers of POPC and
POPC:Chol (4:1, mixture of POPC or POPC:Chol (4:1) with gold NPs: meoitapse — collapse
pressure; max Cs ' — maximum value of the compressibility modulus

Teollapse  max C31

[mN-m]  [mN-m]
POPC 41 83
Au-NSs@PEG/POPC 44 84
Au-NRs@PEG/POPC 42 102
POPC:Chol (4:1) 40 110
Au-NSs@PEG/POPC:Chol (4:1) 45 81
Au-NRs@PEG/POPC:Chol (4:1) 44 65
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POPC:Chol (4:1)

Au-NSs@PEG

Au-NRs@PEG

Fig. $3. BAM images for monolayers of DPPC, DPPC:Chol (9:1), POPC, POPC:Chol (4:1),
Au-NSs@PEG and Au-NRs@PEG.

Fig. S4. Formation of unevenly distributed clusters and aggregates for Au-NSs@PEG/DPPC.
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