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Abstrakt

Nazev prace: Optimalizace spektroskopie povrchesileného
Ramanova rozptylu ke studiu biologicky

vyznamnych molekul a jejich interakci

Autor: Natéalia Smidova

Ustav: Fyzikalni Gstav UK

Vedouci doktorské prace: Doc. RNDr. Marek Procha#hD.
Abstrakt:

Hlavnim cilem prace byla optimalizace spektroskogievrchem zesileného
Ramanova rozptylu (SERS) pro studium vyznamnychmbiekul. K tomuto Gelu
byly vybrany povrchy na bazi zlatych koloidnich pa&fstic imobilizovanych na
silanizované sklemé podlozky. Stabilni, homogenni a reprodukovatginerchy
vhodné pro SERS spektroskopii bylyfigraveny pouzitim aminopropyl-
trimetoxysilanu a citrdtem redukovanych zlatych okdhich nan®astic tepeld
upravenych po jejich imobilizaci. Natahto povrSich byly studovany modelové
biomolekuly 5,10,15,20-tetrakis(1-metyl-4-pyridybybyrin (TMPyP) a 5,10,15,20-
tetrakis(4-sulfonatofenyl)porfyrin ~ (TSPP)  pomoci asikckého Ramanova
spektrometru v makro-médu a konfokalniho Ramanovékraspektrometru.
Podminky pro SERS &reni porfyrini byly optimalizovany s ohledem na citlivost
a reprodukovatelnost. SERS mikrospektroskopie uk&zmu vyhod oproti SERS
mefeni v makro-modu: moznost spektralnino mapovani rghay  snadgjsi
manipulace se vzorkem, kratSi akuntuiatasy a absence silného Ramanova signalu
ze sklegné podlozky. Ob techniky vykazuji detaini limit (LOD) porfyrini okolo
5x10®M a potvrzuji vybornou spektralni reprodukovatetnosvrchi jak v mm-, tak
um- Skale. SERS zesileni bylo optimalizovanéienim SERS spekter TMPyP
pomoci Sesti excitmich vinovych délek (excitai profil). Vysledky ukazuji, ze
SERS intenzita TMPyP je korelovana s extmikn spektrem systému
Au povrch/TMPyP, &oliv se pozice intenzitniho maxima proiisé vibraini mody
liSi v zavislosti na molekularni resonanci. N#$i zesileni je dosazeno pro excitaci
568.2 nm, coZ poskytuje LOD porfyrinu 2x4M1.

Kli¢ova slova: SERS, SERS mikrospektroskopie, imabréné

zlaté nanoastice, porfyriny, excitani profil
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important biomolecules and their interactions
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Abstract:

The main goal of this thesis was to optimize swfanhanced Raman scattering
(SERS) spectroscopy for study of biologically impot biomolecules. For that
purpose we focused on substrates based on gotuldalhanoparticles immobilized
to silanized glass plates. Stable, uniform and liigleproducible SERS-active
substrates have been prepared by using aminopriopgthoxysilane and citrate-
reduced gold nanoparticles thermally stabilizegratheir immobilization. Model
biomolecules 5,10,15,20-tetrakis(1-methyl-4-pyr)gglrphyrin ~ (TMPyP) and
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin PFS were studied on these
substrates by using a classical Raman spectronmeteacro-mode and a confocal
Raman microspectrometer. Conditions for SERS spswbpy of porphyrins were
optimized with respect to sensitivity and reprotility. SERS microspectroscopy
showed several advantages over SERS measurememiacnomode: possibility of
surface spectral mapping, easier manipulation satmples, shorter collection times
and absence of strong Raman signal from glass sufgmih techniques show limit
of detection (LOD) of porphyrins ~ 5xfOM and prove very good spectral
reproducibility of substrates in both mm- apoh- scale. SERS enhancement was
optimized by measuring of TMPyP SERS spectra usirgexcitation wavelengths
(excitation profile). Results show that SERS intgnef TMPYP is correlated with
the extinction spectrum of the system Au surfacePyM although the position of the
maximum of intensity differs for particular vibratial modes depending on the
molecular resonance. Maximal enhancement is olateme568.2 nm excitation that
provides LOD of TMPyP 2xIBM.

Keywords: SERS, SERS microspectroscopy, immoldlize

gold nanoparticles, porphyrins, excitation profile
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1. INTRODUCTION

Identification and structural characterization oblecules play an important role in
many biophysical and biochemical applications. €fae, vibrational spectroscopic
techniques are of particular interest because pheyide a high degree of molecular
structural information. One of them is Raman smsctopy based on inelastic
scattering (Raman scattering, RS) of light by malecAlthough RS is very weak,

a strong signal enhancement can be observed drihlyte molecule is adsorbed to
a metal surface consisting of structures of subleagth (nanometer) dimensions.
This effect known as surface-enhanced Raman sogtté8ERS) was discovered in
1974 by Fleischmann et al. [1] who observed inteRaenan spectra of pyridine

adsorbed to a roughened silver electrode. Two ieni@égnt groups of researchers
explained observed enormous RS enhancementt(1ad): Jeanmaire and Van

Duyne [2] proposed an electric field enhancementharism whereas Albrecht and
Creighton [3] suggested that interaction of the enole with the surface might be
responsible. Nowadays we know that both mechan@osunt for SERS effect.

After almost 40 years of SERS research, SERS hes Uised for detection of a large
number of molecules in low concentration and becawen suitable technique in

bioanalytical and biomedical research [4, 5].

1.1 SERS mechanisms

SERS enhancement is the product of two contribatioelectromagnetic and
chemical (molecular) enhancement mechanism. As r theames imply,
electromagnetic mechanism is related to the enma@ceof local electromagnetic
field whereas chemical (molecular) mechanism isteel to the changes in the
electronic structure of the molecule upon adsomptleor more details of theory of
both mechanisms see e.g. ref. 4 — 10.



Electromagnetic mechanism

When an electromagnetic field interacts with a metiaface, it may excite localized
surface plasmons (LSP) on the metal. LSP are utmadelsas collective charge
density oscillations which are not propagating (aaalized e.g. on the surface of
a spherical particle). Resonant excitation of L3Bcdlized surface plasmon
resonance, LSPR) results in a strong enhancemeht alectromagnetic fields near
to the surface. In the case of SERS, resonant wonds fulfilled for both the
incident and scattered field and consequently enostenhancement (above®1L6f
RS intensity can be reached.

The simplest model to understand the concept atrelmagnetic enhancement is to
consider a spherical nanoparticle in an externalirenment. Using the Mie
scattering theory for the small sphere, many feastaf electromagnetic mechanism
can be explained including (i) the need of a metaghened (5 to 200 nm scale)
surface, (ii) the observation that different metadse their LSPR in different regions
(e.g. the noble metals have the LSPR conditiorisfieat at the visible region), (iii)
not necessarily a direct contact of the moleculi Wie surface (even if the intensity
decays as’¥ with the increasing distance r of the molecutarfrthe surface), (iv)
existence of surface selection rules leading ttegiht SERS intensities of vibration
modes according to their orientation relative t® mhetal surface.

LSPR and, hence, the electromagnetic field enhaentmnlepends on the size and
shape of the metal nanostructures. SERS is geypenagldsured from assemblies of
different nanostructures (such as nanoparticleseggdes) and thus enhancement
factor (EF) is an average of EFs for huge numbenaiecules at different situations
(adsorption state, surface morphology, etc.). dalpgéxperimental values of EFs are
in the range of 10to 10 but theory predicts much stronger EFs in somescdzar
example, when two particles are brought togethesecenough (~ 1 to 2 nm), EF of
~ 10" can be obtained for molecules residing betweemérécles due to coupled
plasmon resonance at the gap. Location with subhremement is usually referred to
a “hot spot”. Only selective excitation of such thepots” leads to experimental EF
~ 10 to 10" allowing spectral detection in single molecularels (single-molecule
SERS). EF value of fGo 10 in ordinary SERS systems is obtained as an average

from a few highly enhancing “hot spots” and manyawenhancing sites.



Chemical (molecular) mechanism

Although the electromagnetic mechanism is domirfelBRS enhancement effect,
other weaker enhancement mechanism (contributindabtor 16 to 1G to total
enhancement) should be considered in some case&nibwn that this mechanism is
based on the modification of the polarizabilityaafsorbed molecule interacting with
the metal surface (even flat one) but its originsidl controversial. It involves
various explications such as perturbation of etedtr structure of adsorbate,
formation of new electronic states, indirect tréinsis, charge transfer (CT) between
metal and adsorbate due to adsorbate-metal bondtegactions, etc. The most
popular model is CT process when the exciting lighin resonance with a CT
transition of adsorbate-surface complex. Due tanteraction between molecule and
metal, SERS lines can be slightly shifted in fregpyeand changed in line width
compared to a free molecule.

It is necessary to emphasize that CT mechanisnreasaance effect and should be
distinguished from surface-enhanced resonance Rapatering (SERRS). SERRS
is considered as a case when the exciting ligimt issonance with LSP of metal and
simultaneously in resonance with electron transitd adsorbed molecule (which is

considered to be a free one).

1.2 SERS-active substrates

Since the discovery of SERS, a broad variety ossates have been prepared and
tested for SERS spectroscopy. Silver and goldreeldominant metals but SERS has
been reported on a few others (e.g. alkali meédinum and transition metals) as
well [11]. Although gold provides generally loweEBS enhancement than silver,
the former one is particularly attractive for bigical and biomedical applications
because of its long-term stability and biocompétibi SERS-active substrates
commonly employed are metal electrodes, islandsfiloolloidal nanoparticles (NP)
and highly ordered nanostructures (prepared byassémbling, lithography and
nanoimprint and other methods) [5, 6, 10, 12, 1d&al SERS-active substrate for
bioanalytical applications should (i) possess higaman enhancement, (i) be
uniform so that the SERS signal does not deviaterkably over the whole surface,

(i) provide good spectral stability and reprodhitity, (iv) be clean enough to study



even weak and/or unknown adsorbates. It is diffidal obtain SERS-active
substrates that simultaneously meet all these nemeints.

In this thesis, we used metal colloidal NP immaeti onto glass plates. Colloidal
NP (usually silver or gold) of the 10 to 80 nm simnge provide large SERS
enhancement. They are simply prepared by chemechiction or laser ablation and
used either in a colloidal solution or “dry” on alid support. Size and shape of
colloidal NP, and so the surface plasmon resonate@end on a variety of factors,
such as used metal, reduction agent, temperatuahilizng agents and
concentration of metal ions. We can prepare, by@appate procedure, a colloid
consisting of NP of narrow and homogeneous sizérildigion (determined by
surface plasmon extinction (SPE) or electron mimopy). The serious drawback of
all metal colloidal solutions is their instabilityecause they suffer from hardly
controlled aggregation (spontaneous or after agtdivf an adsorbate) which leads to
SERS spectral irreproducibility. Therefore colldiddP immobilized to different
surfaces started to be fabricated. They connecarddyes of metal colloids with
stability and reproducibility of solid substratdhe first mention of these substrates
appeared in [14, 15]. According to [16], a glasatelis dipped into a solution of
organosilane that binds through siloxane bondsht plate and forms a self-
assembled monolayer (SAM) on it. The silanized sabsis then able to bind metal
NP when immersed in a colloid. Preparation procesiunay differ in many factors,
e.g. in used metal colloid, in used organosilang igsiconcentration, in duration of
particular steps of preparation and in other spé@atments of substrates. By using
a colloid with narrow distribution of NP sizes wdtain a homogeneous and
reproducible SERS-substrate suitable for analytayablications and quantitative
measurements. Usually silver or gold NP immobilizedsilanized glass plates are
used (hereafter INAgNP or ImMAuNP). Although SER®&ctra on ImAuUNP and/or
IMAgNP of different molecules, including pyridylglen [14], mercaptoundecanol
[15], benzoic acid [17], aminothiophenol [18], hg&ythiophenol [19] and crystal
violet [20] have been obtained, their applicatiorbiologically important molecules

are rare.



1.3 SERS of biomolecules

Biomolecular and biomedical applications of SER8 &tRRS are summarized in
several books and reviews [e.g. 4, 5, 21, 22, 2B,Numerous biomolecules provide
sufficiently good SERS signal that can serve fairtidentification, quantification
and/or determination of their state, like conforimator complex formation. The
problem to detect weakly or non SERS-active spemadésbe resolved by labeling or
derivatized chemistry. An important advantage oRSHs its high sensitivity. SERS
spectroscopy allows even single molecular detedtiosome special cases but it
suffers from strong spectral irreproducibility, degposition of studied molecule and
simultaneous detection of surface contaminantsth@mother hand, for quantitative
chemical analysis or biosensing, highly reprodwiblibstrates formed by regular
nanostructures with lower average sensitivity stidnd used.

Interesting advantages brings also SERRS. In aadit higher intensity, resonance
Raman scattering (RRS) spectroscopy allows sete@xcitation of chromophoric
molecules which are in resonance with excitingdfiflhus, SERRS allows study of
chromophors (e.g. porphyrins) in complexes witlyéabiomolecules (proteins). As
a further advantage, fluorescence, which can maR& Rpectroscopy extremely
difficult, is in SERRS quenched by nonradiative rgyetransfer from molecule to
metal. However, a disadvantage of SERS arises ftioen fact that molecular
conformation and structure can be changed uponatiserption onto the metal
surface. For instance denaturation of DNA and pmeter metalation of porphyrins
(incorporation of a metal ion into the porphyrire&) occurs.

In this theses, we used porphyrins as model biototds. Porphyrins, substituted
derivatives of porphins, heterocyclic macrocyclessisting of four pyrrole rings
joined together by four methine groups, are biorwulkes essential for life. The most
important among them are porphyrins with centraltah@tom, referred to as
metaloporphyrins (e.g. heme with central Fe atohiprophyll with Mg atom).

A porphyrin without central metal atom is calleg&drbase (see Scheme 1 for an
example of chemical structure of a free-base patphySynthetic porphyrins are
being used in various branches of molecular biolagyd medicine. Their
applications include photodynamic therapy of cane@enttiviral therapy, specific
sensing of DNA sequences, selective cleavage ofeicuacids and transport of

oligonucleotides into the cells [25].



Scheme 1: Chemical structure of 5,10,15,20-tet(akisethyl-4-pyridyl) porphyrin.

In ultraviolet-visible (UV-Vis) absorption specticpy porphyrins exhibit a strong
absorption at 400 nm (Soret band) and several waak&ima in the region from
450 to 700 nm (Q-bands). Strong fluorescence gblpains makes difficult to apply
RRS spectroscopy and furthermore, many of them eagdge under high
concentrations which do not correspond to condstiohtheir natural incidence and
applications in medicine. Hence, sensitive SERRS8ctspscopy that quenches
potential fluorescence seems to be convenienuttygiorphyrins.

However, in the case of free-base porphyrins studsually on silver colloids, the
metalation occurs and two porphyrin forms, freeebasd metalated, contribute to
SERS spectrum. Proportion of both forms is timeedelent and thus leads to
irreproducibility of SERS spectra. Although it igsible to prevent free-base
anionic porphyrins from metalation by using molecwpacers [26], it seems to be
difficult for cationic porphyrins [27]. On the othband, metalation kinetics serves as
a sensitive characteristic of the SERS-active sydi@8, 29] and this fact can be
exploited to study porphyrin aggregates, stabdityAg colloid [30] and interaction

of porphyrins with nucleic acids [31].



2. AIMS OF THESIS

The main goal of this thesis was to optimize SER8csoscopy for study of

biologically important molecules.

We focused on ImAuNP which combine advantages oftaim@&P (narrow
distribution of NP sizes) and solid substratesbistg and reproducibility of the
substrates and subsequently of SERS spectra) aratidition to that they are
attractive for biosensing applications. The aim vasoptimize the preparation
procedure to provide stable, uniform and highlyoepcible SERS-active substrates.
We studied the influence of the used metal NP, use@nosilane and “drying

treatment” of substrates.

Porphyrins have been chosen as model biomolec@esube they are suitable for
SERS study and are commonly used in medical apipica In the first part of
experiments, conducted by using classical Ramacatrgpeeter in macro-mode, we
tested cationic 5,10,15,20-tetrakis(1-methyl-4-gy¥ porphyrin (TMPyP) and
anionic 5,10,15,20-tetrakis(4-sulfonatophenyl) goymn (TSPP) on ImMAuUNP. The
aim was to characterize the systems by detectimitslias well as by time and
concentration dependences of SER(R)S spectra.

In the second part of experiments we turned ourentitin to SERS
microspectroscopy of TMPyP on ImAuNP. Higher spatesolution of confocal
Raman microspectrometer gave us the opportunitghracterize the system by
surface mapping. The aim was to optimize SERS speatipy from the point of
view of the optimal soaking time and concentrat@nTMPyP for further SERS
studies. This optimization was based on the meagudf soaking time and
concentration dependences of SERS spectra. Depend#nSERS intensity on
excitation wavelength is a key point for optimiziaelgctromagnetic enhancement of
particular SE(R)RS system. Thus, further studyudetl measuring of SE(R)RS and
(R)RS excitation profile of TMPyP and their corteda with SPE spectra.



3. RESULTS AND DISCUSSION

This chapter summarizes results from five papergyBlished, 1 accepted and
1 submitted) in international impacted journalsl &lthem are attached as a part of

this thesis (supplements [l — V]).

3.1 Preparation and characterization of INAuNP

First let us briefly remind the preparation of ImM®R. A clean glass substrate is
dipped into a solution of organosilane that form$SAM on it. Each silanized

substrate is then separately immersed into Au iclalosuspension that results in
binding of Au nanoparticles (AuNP) to terminal ftinoal groups of organosilane.
Some of the substrates can be left to dry in am akeing different steps of the

preparation (discussed below).

To optimize the substrates preparation we studittdeince of the used organosilane,
used metal colloid and drying treatment on the sates properties. We tested two
types of organosilanes: 3-mercaptopropyltrimethdage (MPTMS) and
3-aminopropyltrimethoxysilane (APTMS), and threpdy of metal colloids: citrate-
reduced (c.-r.), borohydride-reduced (b.-r.) andefaablated (I.-a.) ones. The
substrates were characterized by their SPE spéd¢trajic Force Microscopy (AFM)
and Scanning Electron Microscopy (SEM) images. Ressummarized in this

section are described in detail in [ll] (a SEM ireag taken from [lIl]).

For tested organosilanes we estimated that theiezitiy to bind AuNP from metal
colloid is almost 10% for APTMS whereas it is less than%Gor MPTMS. It can
be explained by a strong tendency of MPTMS to b@xdized leading to decrease
of the number of their functional —SH groups whiem bind AuNP. On the contrary,
protonated functional —NjHgroup of APTMS is stable and can electrostatichihd
AuNP covered by surface anions (in the case of a@iyrreduced colloids).
Therefore, we used APTMS for preparation of all imN® for further SERS study.
Our results show that all three types of AUNP (cbrr. and I.-a.) can be attached to

silanized substrates. While both chemically-redungtbids were very stable during



immobilization, |.-a. colloid was extremely unstablThe reason is the absence of
stabilizing anions on the l.-a. AUNP surface legdin strong aggregation of the
colloid. Therefore, l.-a. colloid was excluded froroutine preparation of Au
substrates.

Stability and reproducibility of chemically-reducedAuNP were monitored by their
SPE spectra. Although SPE spectra are nearly same& wieasured from various
spots of particular substrate, they are often iffe from substrate to substrate (Fig.
1). Au substrates prepared from b.-r. colloid eklobe SPE maximum at 520 — 530
nm and vary mostly in the extinction value (Fig.léft). On the other hand, two
types of substrates were prepared from c.-r. @al{Big. 1, right): (i) the first type
with single SPE maximum at 520 — 530 nm was ofa@dur, (ii) the second type
consisting of two overlapping bands with SPE maxiata520 — 530 nm and
600 — 650 nm were substrates of grey-violet coldhe extinction band at 520 — 530
nm corresponds to the band of the initial nonagapext) colloid and thus can be
attributed to the extinction of isolated AUNP whilee band at 600 — 650 nm results
from the interaction of AUNP forming aggregates.rdtwver, the substrates prepared
from c.-r. colloid characterized by single extioctiband convert spontaneously into
the latter ones within short periods (minutes arrbh
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Fig. 1: Typical SPE spectra of substrates prepfioed b.-r. AUNP (left) and c.-r. AUNP (right).

Au substrates prepared from both chemical colleidee characterized also by AFM
(typical images are shown in Fig. 2). In the cabsubstrates prepared from c.-r.
colloid we obtained images only for the second tgbesubstrates due to time
instability of the first type mentioned above. Suag of the whole surface and

comparing several substrates confirmed results f6&&, i.e. very good uniformity



of each substrate. AFM images show compact coveybigeth surfaces by AuNP of

varying diameter from ~ 30 to 100 nm and presericaall aggregates of hundred
nanometers sizes. In the case of c.-r. AUNP theuatnof larger nanoparticles and
aggregates is though higher. It is also obvioug tiale b.-r. AUNP are rather

isolated, c.-r. AUNP are more closely spaced leatbrstronger interaction of AUNP

and thus to formation of aggregates. As a redudt,second extinction band in SPE
spectra measured from c.-r. INAuUNP occurs.

150.0 nm 150.0 nm
75.0 nm

75.0 nm

0.0 nM 0.0 nm

0.8
X 0.200 pw/di X 0.200 pm/div

Lo Z 150.000 nw/div ln"" Z 150.000 nu/div
1.0 .

ms0.140 ms0.133

Fig. 2: Typical AFM images of substrates preparedifb.-r. AUNP (left) and c.-r. AUNP (right).

Results obtained from AFM for substrates preparenhfc.-r. AUNP were confirmed

also by SEM. Typical SEM image (again of the secsuoistrate type, Fig. 3) shows
very good uniformity and compact coverage of thesgate by c.-r. AUNP of ~ 30 to
100 nm size and by small aggregates.

Fig. 3: Typical SEM image of a substrate preparethfc.-r. AUNP.
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Due to the bad reproducibility of substrates pregdrom c.-r. colloid (two types of
substrates and instability of the first type) wiedrto improve their preparation in
order to increase their stability and reprodudiiliWe studied the influence of
drying treatment on the substrates properties esigd four preparation procedures:
(a) without any drying, (b) drying after immobilizan of AuNP, (c) drying after
silanization and (d) both drying steps (b and @.mentioned above, two substrates
types can be fabricated by procedure (a). Proce@)reauses broadening of the
extinction band at 520 — 530 nm and finally, praged (b) and (d) always lead to
appearance of the second extinction band at 6080-néh and to good stability of
substrates during their aging. We found out that tihost important step is thus
drying after immobilization of AuNP. Very probablyigh temperature increases
mobility of —NH, groups of the silane that allows movement of AulRd
simultaneously reduces hydration of the citrateoasi adsorbed on the AuNP
surface. It results in closer interaction of neigiibg AUNP leading to stabilization
of the structure. However, exact positions, widdm intensities of the longer-
wavelength bands as well as the overall extinctan differ from preparation to

preparation like it is known for colloids themsedve

The preparation procedure of c.-r. INAuNP has begtmized to produce stable
SERS-active surfaces with uniform distribution afdP. The main advantage of this
method is that AUNP are not strongly aggregated thng provide reproducible
SERS signal (discussed below). Immobilization of éalloidal nanoparticlevia

aminosilane to glass support is an easy and chegptavfabricate SERS-active

substrates on a large scale.

3.2 Optimization of experimental conditions, sesitivity and reproducibility of
IMAUNP studied by using macro-Raman spectrometer

Prior to SERS study of porphyrins, all three kimddmAuNP (c.-r., b.-r. and |.-a.)
were tested as SERS-active substrates [ll]. Far prpose, cationic TMPyP was
chosen due to its known easy adsorption on bothmidadly-reduced colloids.
Following experiments were done by using classiRalman spectrometer with

common 514.5 nm excitation wavelength; resultssanamarized from [I, II, III].

11



The 514.5 nm laser line falls into the Q-band of HW? at ~ 518 nm and therefore
we obtained its SERRS spectra.

Good SERRS spectra of TMPyP were obtained fronthaéte types of ImAuNP
showing the same positions and relative intensdfeRaman bands. SERRS nature
of the spectra was demonstrated by an experimentioh no Raman signal was
obtained from a drop of TMPyP on a pure glass shitbout AUNP keeping the
same SERS experimental conditions. From the speotigbiting typical Raman
bands corresponding to vibrations of the free-ba@ehyrin macrocycle at 965,
1000, 1332, 1362 and 1556 ¢nis evident that gold does not metalate free-base
TMPyP.

Even though SERRS spectra obtained from I.-a. AaNPof a good quality, the I.-a.
colloid is extremely unstable and therefore theskstates were excluded from
further SERS study. Concerning IMAUNP prepared fobramically-reduced AuNP,
we decided to use the c.-r. ones due to their b&ERS enhancement resulting
probably from higher surface coverage and due iwadmr region of suitable

excitation wavelengths. Thus, all further SERS gtwds done on the c.-r. INAuUNP.

Further, two kinds of porphyrins were studied: aait TMPyP and anionic TSPP.
Both porphyrins showed very good adsorption on IMNRu We again were
interested in time stability and reproducibilitytbe SERRS signal and in estimation
of detection limits. We also measured dependentcégespectra on the soaking time
and soaking concentration of the porphyrins fromcWwhwe could estimate their
optimal adsorption time and covering concentratiionit. Following results are

summarized from [I] and [ll1].

Excellent spectra of high intensity and good sigoatoise ratio were obtained for
both TMPyP and TSPP (Fig. 4, spectra a) in widecentration range although
strong Raman signal of glass should be subtracted fow-wavenumber part of
spectra. Comparison of our SERRS spectra with tekkkmown free-base (~ 330,
960 + 1000, 1330 + 1360, 1550 ¢rand metalated form (~ 395, 1010, 1340, 1540
cm®) markers, as well as with the RRS spectra (Figpéctra b) clearly proves that
we obtained spectra from the free-base forms dfi potphyrins. It means that Au
substrates do not change their structure and are $uitable for their SERS

spectroscopy. Tens of measurements revealed age@flent uniformity and time
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stability of the Au substrates as well as very goeproducibility of the SERRS
spectra for both porphyrins.

1556
1550

Relative intensity
— 332
— 381

£ T

Relative intensity

T T T T T T T T T T
400 800 1000 1200 1400 1600 800 1000 1200 1400 1600

Wavenumber [cm™] Wavenumber [cm™]

Fig. 4: (Left) SERRS spectrum ofitd TMPyP (a) and RRS spectrum of 1 mM TMPyP (b).
(Right) The same for TSPP. The baseline was cedeshd the Raman signal of glass subtracted.

Dependences of the SERRS signal on the soaking were measured forum
soaking concentration of both porphyrins from B@minutes. Dependences on the
soaking concentration were measured for 20 minstexking time in %10 to
1x10* M range for both porphyrins. Intensity was deteredi as the first coefficient
of factor analysis (FA) of the spectral set. Restribm FA (Fig. 5, the soaking time
dependences on the left, the concentration ondbenight) show that the SERRS
signal increases up to value of 15 to 20 minutedinme dependences, resp. of
~ 1x10° M concentration in concentration dependences éh Iporphyrins. These
values should correspond to an optimal soaking &me to a covering limit of the
porphyrin molecules on the Au substrate, althoughexpect lower real porphyrin
concentration at the surface. However, while TMPsliows typical saturation
behaviour of both dependences, the SERRS signdE8P substantially decreases
for longer soaking times and higher concentratithes the optimal values. This
decrease can be interpreted as a depolarizati@ctedf TSPP molecules or as
a result of adsorption-desorption equilibrium oe #hu substrate. Absence of this
effect for TMPyP may indicate different adsorptioehaviour very probably due to

the different charge.
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Fig. 5: (Left) SERRS intensity of TMPyP and TSPsus soaking time ({tM porphyrin
concentration). (Right) SERRS intensity of TMPyR &i5PP versus soaking concentration
(20 min soaking time).

SERS sensitivity of Au substrates can be preciclelyracterized by limit of detection
(LOD). LOD was estimated by extrapolation to corcaion when intensity of the
strongest porphyrin band at ~ 1550 texceeds triple of the blank signal standard
deviation. In our case, the LODs arel8® M and %10® M soaking concentration
for TMPyP and TSPP, respectively.

Comparing of SERRS spectra obtained from tens @fsorements showed their very
good reproducibility, uniformity over the surfadga (hnm-scale) and stability in time.
Relative standard deviation (RSD) of signal fromstef experiments is 4.2%. Time
stability was proved by measurement of SERS spdotra fresh samples and
3 days-old samples, RSD of signal is 6.9%. Both RE¥Pmonstrate that the Au
substrates are very uniform and can be storedad#sorbed TMPYP for several days

without losing the SERRS signal.

3.3 Optimization of experimental conditions, sesitivity and reproducibility of

IMAUNP studied by using micro-Raman spectrometer

In previous section we discussed sensitivity apdagucibility of INAuNP tested by
TMPyP and TSPP and detected by using macro-Rantap. e this part we turned
our attention to SERS study of TMPyP by using a feced Raman
microspectrometer and two excitations (514.5 an2l&3m) [IV, V]. Since 632.8
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nm excitation falls out of the electronic absavptof TMPyYP, we used the SE(R)RS
nomenclature to name both SERRS spectra measuted544.5 nm and SERS

spectra measured with 632.8 nm excitation wavelengt

Optimal experimental conditions have been deterchinging 514.5 nm excitation
like in the case of macro-Raman measurements. &@akine dependences of
SERRS signal were monitored for four fixed TMPyFhaentrations (1, 5, 10, 30
puM), each from 1 to 60 minutes soaking time (Figle®). Dependences of SERRS
intensity on soaking concentration were measuredoiar fixed soaking times (15,
20, 25, 30 min), each in range from1D’ M to 3x10° M TMPyP concentration
(Fig. 6, right). SERRS intensity was determined dy integral intensity of the
strongest Raman band at ~ 1550 ‘cnfFrom the dependences we managed to
determine an optimal soaking time of 25 to 30 nmesuand a covering limit of
~ 1x10° M soaking concentration of TMPyP molecules onghdace. The value of
the covering limit is roughly the same like we a#tel in previous macro-Raman
measurements mentioned above, only the optimairsgpdikne is slightly longer than

the previous one.
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Fig. 6: Optimization of SE(R)RS measurements: ddproes of TMPyP SE(R)RS intensity on
soaking time (left) and TMPyP soaking concentrafioght).

Thus, under changed experimental conditions, thenap values for further SERS
study of TMPyP on our Au substrates are 30 min isggalime and ¥10° M soaking

concentration.
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We determined the LOD of TMPyP from SE(R)RS spentemsured in range from
~ 6x10% M to 1x10° M concentration of TMPyP soaking solution by tlems
method mentioned above. The LODs arex6® M and 4«10° M TMPyP soaking
concentration for 514.5 nm and 632.8 nm, respdgtiVdey are comparable to each
other and also to the LOD of TMPyP obtained fromcragRaman measurements

mentioned in the previous section.

Good uniformity and spectral reproducibility wasvealed in mm-scale by
measurements of TMPyP spectra from various rand@arep of the Au substrate
(Fig. 7). RSD of signal is 15.3 %.
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Fig. 7: Eight SERS spectra of TMPyP measured franpus random places
of the particular Au substrate, 5X1M TMPyP, 632.8 nm excitation.

The study inum-scale was done by spectral mapping of the AwasarWith 2 and 20
um steps between mapping points. After treatmerfAySE(R)RS spectral maps of
TMPyP (Fig. 8, 2um steps) were obtained for 514.5 nm (left) and &3&n (right)
excitations. Excellent spectral reproducibility waetected for 514.5 nm excitation
when only slight intensity variation is observedweéver, by using the 632.8 nm
excitation, the AuNP aggregates very probably domtg hot spots are excited

because the intensity jumps 5 to 10 times in adeints.
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Fig. 8: Spectral maps of TMPyPU¥ soaking concentration) on Au substrat@in? steps between
mapping points: excitation 514.5 nm (left) and &32m (right). Numbers on the axes represent the
mapping points; the scale represents the relatiemsity.

Comparable LODs of TMPyP and spectral reprodutybilif Au substrates were
found out by both macro- and micro-Raman measurtsné&tthough macroscopic
approach allows better quantitative analysis duéntd@ation of the effects of hot
spots, micro-Raman technique has some advantageselsincluding shorter
collection times and the absence of strong Ramarisaf the glass support.
Practical implementations of SE(R)RS detection expected to rely on substrate
architectures which are uniform over at least sguarillimeter-sized areas.
Uniformity of SERS substrates given by RSD ~ 15%ufficient for this purpose
and thus ImAuUNP can be considered as suitable (RIS (bio)analytical

applications.

3.4 Excitation profile of free-base TMPyP on ImMAINP

Our further study included measuring of SE(R)RS @RIRS excitation profile

(dependence of the spectral intensity on excitati@velength) of TMPyP using
a confocal Raman microspectrometer with six exoitatvavelengths (457.9, 488,
514.5, 530.9, 568.2 and 647.1 nm) [V]. Optimal sogkime and porphyrin soaking
concentration are very important for SERS excitafioofile measurement from the
point of view of the maximal SERS signal of adsorbgorphyrin on the Au

substrate. Thus, we prepared TMPyP on ImMAUNP uddtrcted 