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Introduction

Vibrational spectroscopy methods have attracted considerable interest in various fields
of research such as medicine, pharmaceuticals, environmental sciences and even the food
industry due to their many advantages over conventional methods. Raman spectroscopy
together with the latest technological devices is one of the most useful tools for obtaining
specific information on the structure and properties of biomolecular compounds such as
carotenoids, cyanotoxins, toxins or environmental pollutants.

In this scientific context, the present PhD thesis aims to address various methods for the
synthesis of both colloidal suspensions (AgNPs) and Silver (Ag) in the form of thin films
deposited on periodically ordered surfaces. SERS applications developed with these substrates
have been used for the detection of various molecules ranging from cyanobacteria detected in
waters, to diatoms, to the detection of cyanotoxins and pesticides.

In this PhD work, we have exploited the advantages of ultrasensitive spectroscopic
methods starting from Raman techniques to surface-enhanced Raman spectroscopy (SERS)
to detect and identify cyanobacteria, cyanotoxins and pesticides using AgNPs and developed
new SERS substrates that are accessible, cheap and easy to implement in applications of interest
such as environmental protection.

In order to have an overview of the theoretical considerations of the Raman effect and
complementary techniques already known and well described, in the literature, Chapter I
presents and discusses classical and quantum Raman theory together with its evolution. SERS
is introduced and types of substrates in SERS applications are presented.

Chapter 11 presents the use of Raman spectroscopy and Fourier transform infrared
spectroscopy (FT-IR) in real-time monitoring of purified exopolysaccharide (EPS) components
from Arthrospira platensis (also known as Spirulina sp.). Preliminary spectra for EPS
compared to the dextran molecule have been reported. We comprehensively assigned the
recorded and observed Raman and IR bands for EPS extracted from A. platensis. We
corroborated the experimental results with recent studies reporting similar saccharide species
using Raman spectroscopy.

Chapter 111 presents the use of the SERS technique for the detection of inorganic salts
in spring mineral waters, which were evaluated using AgNPs and their aggregation as a function
of time in the first part. In the second part of the chapter, studies on the interface between AgNPs

and lightly silicified Cylindrotheca closterium diatoms in vivo, both in cell culture and at the



single cell level, are presented. Polyunsaturated fatty acids were detected together with SERS
markers specific to carotenoids and chlorophylls. Resonance Raman resonance (RR) and
surface-enhanced resonance Raman scattering (SERRS) spectra of fucoxanthin were
investigated in a concentration-dependent manner to prospect the capability of quantitative
carotenoid estimation techniques in the live diatom species, C. closterium.

Chapter IV presents paternated nanoplatforms for SERS detection of molecules of
interest in the environment. In the first part, 3D nanoplatforms fabricated by nanolithography
are presented, the study also aims to develop substrates with great potential as SERS detection
platforms. These were fabricated by nanoimprint lithography (NIL) in plastic and were coated
with Ag films of 10-100 nm thickness by direct current (DC) deposition. The contribution of
plasmonic nanostructures contained in the Ag films to the SERS amplification factor was
evaluated.

The second part presents the characterization of the Nodularin (NOD) molecule from a
vibrational point of view. In addition, NOD was detected by SERS at ultra-low concentrations
using AgNPs, commercial nanopatterned substrates with inverted periodic pyramids (Klarite
substrate), hydrophobic SpecTrimTM slides and nanolines fabricated in house. The detection
limit reached for NOD detection using AgNPs was 58 pM in ethanol (EtOH) solution.

The last part of this chapter presents films fabricated by the convective self-assembly
(CSA) technigque from AgNPs on solid planar substrate and their use for SERS analysis of two
types of pesticides, thiabendazole (TBZ) and a-endosulfan (a-ES). These AgNPs films are used
as such or hydrophobised using octanethiol and hexanethiol for better anchoring of ES near the
metal surface. SERS measurements of TBZ and ES are explored and analyzed in correlation
with density functional theory (DFT) calculations. The present study demonstrates the utility
of self-assembled films of colloidal nanoparticles as SERS substrates and contributes to the
development of efficient SERS sensors for the specific detection and identification of
pesticides.

The most common currently active SERS substrates can be classified into the following
three generic categories: (1) metal nanoparticles in suspension; (2) self-assembled metal
nanoparticles on solid substrates; and (3) nanostructures fabricated on solid substrates by
nanolithography.

In order to achieve maximum Raman signal amplification, the wavelength of the
incident radiation must be matched to the substrate metal. Thus, for silver the 488 and 514.5

nm excitation lines of the argon ion laser are used.



Metallic colloids are widely used as active media because of the ease with which they
are prepared. Colloids used as SERS substrates are very attractive because they can be prepared
in a reproducible way with minimal cost and commercial availability. The most commonly used
colloids are based on silver or gold nanoparticles in the 10 - 150 nm range. There are several
suggested methods for preparing silver colloids and these are based on the chemical reduction
of Ag ions to Ag®. The two most common methods suggested are Lee-Meisel ! and Leopold 2.
These produce small (25-50 nm) monodisperse colloidal particles needed to avoid self-
aggregation and further increase SERS amplification. The sizes of nanoparticles in colloidal
suspension can be determined either using a scanning electron microscopy (SEM) technique or
UV-Vis measurements. Such colloids can be dried or deposited on various substrates to
fabricate planar metal nanostructures.

Other active SERS substrates are nanoparticle deposition films, which offer high
reproducibility of results, commercial SERS surfaces such as Klarite 3, 4, Tienta SpectRIM ° or
SERSitive © or ordered, simple or functionalized nanostructured surfaces. The characteristics
of a high-performance active SERS substrate are :

- High interaction surface given by the roughness of the substrate which provides good
electromagnetic field amplification as well as reproducibility and stability.

- SERS performance controlled by fabricating periodic patterning or nanostructures
with certain optical properties, specific to the targeted application.

- Possibility to perform quantitative SERS measurements if a standard is used to monitor
any changes due to substrate changes ’.

Current major challenges in SERS spectroscopy

The major challenges and limitations of the current known SERS technique are: (1) this
method requires contact between the proposed enhancement surface and the analyte being used
(2) substrates degrade over time, leading to a decrease in signal; (3) limited selectivity of
substrates for a given analyte; (4) limited substrate reuse; and (5) issues related to homogeneity
and reproducibility of the SERS signal 8. The sometimes poor reproducibility of the SERS

signal is a major challenge that is due to a number of factors in practical applications.



Chapter 1. The use of vibrational techniques in the detection

of complex biomolecules, bacteria and their secretions

I.1 Spectroscopic study of exopolysaccharides as potential bioresources

Bacterial exopolysaccharides (EPS) are biopolymers secreted during biofilm
formation and contain a variety of sugar components, from neutral sugars (e.g. rhamnose) to
monomers such as glucose, galactose and mannose, as well as amino sugars (N-acetylamino
sugars). These biopolymers have been extensively and systematically researched for decades in
search of new industrial resources, new anticancer drugs, pharmaceuticals, immunomodulatory
or health beneficial products with minimal production costs *3. Despite all these efforts, only
a few bacterial EPS are exploited for their commercial value, such as bacterial cellulose,
alginate, dextran, xanthan gum, etc. °. The natural variability of these by-products determines
their properties defined by their chemical composition, molecular structure, average molecular
weight, glycosyl, linkages and configurations.

In this context, this subchapter aims to implement Raman and FTIR spectroscopies to
clarify some aspects on the unique properties of cyanobacterial (A. platensis) EPS. EPS have a
high potential as exploitable bioresources, after purification, in food, cosmetic and
pharmaceutical production processes. Just a few examples of their further use would be: low
calorie food additives, superior bioactive and therapeutic blood plasma substitutes compared to
dextran-based plasma, improved drug delivery control.

There are two recognised types of EPS: EPS 'released' into the growth medium and EPS
bound to the surface of the body, 'capsular polysaccharides'. The aim of this study is to identify
the major components of EPS released by A. platensis species. We used a stepwise purification
of EPS based on the findings of Xu et al. **. Their study shows how variation in the
concentration of ethanol used to purify natural EPS influences the precipitation of
polysaccharides of different molecular sizes and structures. This suggests that in the case of
natural EPS extraction by ethanol precipitation, the ethanol concentration needs to be optimized
for each type of sample.

During mature biofilm development, the matrix containing extracellular polymeric
substances forms a complex 3D architecture consisting of polysaccharides, proteins, lipids,
nucleic acids, etc. EPS production is usually associated with growth or induced stressors. Using

Raman microspectroscopy, biofilms can be investigated non-invasively even in growth medium



15 There are few studies performed to characterize spectral variations for purified EPS in a
stepwise manner. In this case, we separated EPSs released into the growth medium from
cyanobacterial biomass and purified them.

Raman investigation is usually based on associating the intensity or wavenumbers of
Raman bands with the specific molecular structure of the samples and their concentration. In
this case, we expect to find similar fingerprints attributed to monosaccharide species that are
found in different proportions as they compose heteropolysaccharides (HePS - a complex of 5
to ® monomers with similar structural elements). This is supported by the strong Raman bands
observed around 1062 cm™ in addition to bands specific to dextran, a common
homopolysaccharide (HoP). HePS are composed of repeating monosaccharide subunits such as
d-a-glucose, d-galactose, I-rhamnose or other derivatives such as N-acetylglucosamine or N-
acetylgalactosamine 3 (Figure 1.1).

Several standard saccharide species other than dextran, which should be found in the
EPS samples analysed, were investigated by Raman spectroscopy and are shown as reference
spectra (Figure 1.2 and Figure 1.3). Since the Raman signal has spectral features that are
mediated from all saccharide-like components, we chose to look for significant spectral
variations in the Raman bands (intensity, position) assigned to these particular components.
Raman spectroscopy is a promising method for real-time identification and monitoring of living
cells and allows accurate high-throughput screening > (directly in Petri dishes containing
viable cultures). The reported Raman detection limit for EPS extracted from algae was 100

mg/L Y.
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Figure 1.1 Raman spectra of dextran, ApEPS50 and ApEPS80, respectively, recorded with laser lines 532 nm
(A) and 633 nm (B), respectively (Reproduced from |. Brezestean, M. Bocaneald, A. M.R Gherman, S. Porav, I.
Kacsoé, E. Rakosy-Tican, N. E. Dina, doi.org/10.1016/j.molstruc.2021.131228, J. Mol. Struct) *.



The Raman bands for saccharides are typically found in the region between 1000 - 1200
cm™ and 1300 - 1500 cm™ 9, In addition, very similar Raman fingerprints have been found for
R-D-glucose and D-(+)-dextrose (a-D-glucose), as well as their dimers and polymers. The
intense Raman band present at 1062/1067 cm- in the EPS and 1079 cm™ spectra, respectively,
but very weak for dextran, is attributed to the C - C stretching vibration in carbohydrates. Since
the Raman fingerprint of dextran does not show this band with as high intensity, we tend to
attribute the Raman band at 1062 cm™ to other constituents in saccharide species (Raman
spectral fingerprints shown in Figures 1.2 and 1.3).

The saccharides showing such strong Raman bands at this position are L(+)-ramnose,
D(+)-mannose and glucose anomers, but reported as a strong band with two divisions 2°, and in
D(+)-galactose as a very sharp band ?*. Rhamnose is the only species also showing a medium
intensity Raman band at 980 cm, as found in the EPS spectral fingerprints reported here. The
vibrational mode at 1127 cm™ is present only in the spectra of dextran, and is commonly
attributed to carbohydrates, but also to several groups of molecules such as proteins and lipids.
The absence of proteins and lipids, however, is supported by the absence of specific Raman
bands in the range 1600 - 1750 cm™™.,
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Figure 1.2 Raman spectra of some standard saccharides recorded with the line532 nm laser
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Figure 1.3 Raman spectra of some standard saccharides recorded with the 633 nm laser line (Reproduced from

L. Brezestean, M. Bocaneald, A. M.R Gherman, S. Porav, 1. Kacso, E. Rakosy-Tican, N. E. Dina,
doi.org/10.1016/j.molstruc.2021.131228, J. Mol. Struct) 1,

1.2 FT-IR Study of Exopolysaccharides

As a complementary analysis, FTIR spectra were recorded and discussed as follows.
The FTIR spectra of EPS samples, extracted with 96% ethanol (ice cold) at different
concentrations, are shown in Figures 1.4.

By comparing the IR spectra of the two samples it was observed that the broad band
with the maximum at 3455 cm™ in the spectrum of ApEPS50 sample, attributed to the stretching
vibration of -OH groups in polymeric compounds of polysaccharide nature 2224, is shifted to
3463 cm™ in the spectrum of ApEPS80 sample. The absorption bands at 2925 and 2854 cm™
were attributed to the asymmetric and symmetric C - H stretching vibration of CH2 and CH3
groups 224, The intensity of the broad vibrational band at 1689 cm™ , attributed to the presence

of C =0 or C = C groups in the analysed structures 23, is higher in the spectrum of the ApEPS80
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sample. The absence of a strong band at 1647 cm™ in the IR spectra, which would be attributed
to C = O or C = N bonds in amide | 2, indicates that there is no protein in the EPS samples,
which is consistent with the Raman determinations performed. The intense band at 1447 cm™,
attributed to C - O and CH2 2425 stretching vibrations, shifts to 1461 cm™ with lower intensity
for the ApEPS80 sample.
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Figure 1.4 (A) FTIR spectra of ApEPS samples, spectral range 1800-400 cm™. (B) FTIR spectra of
ApEPS samples, spectral range 3750-2700 cm™ (Reproduced from 7. Brezestean et al.

doi.org/10.1016/j.molstruc.2021.131228, J. Mol. Struct) &,

In the spectral range 1000 - 1200 cm™, stretching vibrations of C - OH side groups and
C - O - C glycosidic bonds, attributed to polysaccharides and polysaccharide-type structures,
are present. The faint absorption bands at 1123 and 1068 cm™ observed in the spectrum of
ApEPS50 can be attributed to the stretching vibrations of the pyranoserings, and they appear
with inverted intensity and offset at 1114 and 1062 cm™, respectively, in the spectrum of
ApEPS80. The presence of strong absorption bands in the range 600 - 950 cm™ indicates
glycosidic binding of polysaccharides 2,

Regarding the intensity ratios for the first two bands, the most intense in the Raman
spectra of the ApEPS samples, we observed a particular trend that is also seen in the FT-IR
spectra. The Raman bands at 958 cm™ (laser line - 633 nm) and 981 cm™ (laser line - 532 nm)
show a 2-fold increase in intensity (1:0.39 for 532 and 1:0.52 for 633 nm). The intensity ratio
of the 1067/1062 cm™ Raman band follows an opposite trend - it decreases in intensity from
the first purification step (ApEPS50) to the second step (ApEPS80), but the ratio is not so

10



significant (1:1.06 for 532 and 1:1.25 for 633 nm). Thus, the most intense Raman band observed
is slightly influenced by the excitation laser line during the purification process.

Consequently, the attribution of this band to a phosphonate-type by-product is better
supported by the results. Similar extracellular organic species were reported by Stuart et. al 2
when they followed isotopically labeled EPS that were reused by cyanobacterial cells. The
concentration of ethanol used for purification is also known to influence precipitated saccharide
species in the extracellular matrix, but in this case, for the major constituent of the purified
samples (ApEPS50 and ApEPS80), the concentration of ethanol does not significantly alter the
spectral response. We assume that in the purified samples we can still find in high proportion
some phosphonate species as organic salts released from the biomass. Therefore, more effort
should be made to make the purification protocol more efficient. For this, we intend to apply
dialysis membrane purification and subsequent lyophilization. Additional molecular insight
was found in the *C CP-MAS spectra. It is dominated by NMR lines at 172.4 and 167.9 ppm,
which can be best attributed to $3C found in different carbonate systems 27.

Two much smaller lines, with amplitudes less than 1% of the do minant resonances, are
identified at 73.3 and 64 ppm - marked with red arrows in the image. Their positions are
characteristic of different carbon sites in glucose, indicating the presence of a minute amount
of saccharides. The limited sensitivity for non-analytical purity samples and the specificity of
the NMR technique for species containing organic matter (with C in the composition) explain
these results. We conclude that carbonate species are mainly detected in our samples using
NMR, while saccharide species and other organic impurities were revealed by vibrational
spectra in higher contributions.

By corroborating the recorded spectral results with recent studies reporting similar
saccharide species, we were able to accurately assign the recorded Raman bands. The
complexity of deciphering information from the vibrational spectra reported in the present study
lies in the number of monosaccharides and/or their derivatives that are combined in the final
biosynthesized polymer structure. We reported the Raman and FT-IR fingerprints assigned to
the monosaccharide species found in different proportions as composing HePS, as well as other
impurities due to the fact that, in addition to the Raman bands characteristic of saccharides, we
could observe specific bands assigned to phosphates. The saccharide species tentatively
identified in our samples are rhamnose, D(+)-glucose and D(+)-galactose.

11



Chapter Il. SERS wuse of chemically reduced silver

nanoparticles

In the following we exploited Ag colloids prepared by both citrate and hydroxylamine
reduction methods to detect salts specific to natural mineral waters of interest and diatoms
specific to natural seawater, respectively.

I1.1 Detection of inorganic species and salts in natural mineral waters by Raman spectroscopy

The raw characteristic FT-Raman spectra (0 - 3600 cm™) of the four mineral spring
water samples (Lucius, Emerita, Carola and Bonifacius) are shown in Figure 2.1. The FT-
Raman spectra of the water samples show characteristic bands of bicarbonate, carbonate and
sulphate anions as well as free carbon dioxide and trace organics in aqueous solution. The
assignment of these bands is in good agreement with published data for similar species in

natural fluid inclusions (paleofluids), seawater, mineral water 8 or synthetic aqueous solutions
29,30-33
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Figure 2.1. (A) FT-Raman spectra of natural mineral waters: Lucius, Emerita, Carola and Bonifacius (0 - 3600

cm™); (B) Zoom of A. (C) Zoom of high wavenumber range in A; organic trace bands are highlighted.
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Excitation: 1064 nm, 350 mW. (D) Plot of the ratio of the surface area of the sulphate bands at 980 cm-1 to
water for the four samples. (Reproduced from S. Cinta Pinzaru, M. Ardeleanu, I. Brezestean, F. Nekvapil, M.M.
Venter,; 11: 800 - 812. DOI: 10.1039/c8ay02580k, Anal. Methods) 3.

A similar hierarchy of springs in terms of (SO4).. content, but with a different growth
factor, emerges from the analytical data (1997) displayed at the mouths of springs for public
information purposes, with 1.570 g/L for Lucius, 1.381 g/L for Emerita, 0.211 g/L for Carola
and 0.165 g/L for Bonifacius, respectively. The calculation of 1.570/1.381 = 1.13 for the
Lucius/Emerita sulphate concentration ratio translates to a 1.26-fold increase in the Raman data.

In addition to bands assigned to vibrational modes of inorganic anions, FT-Raman
spectra of all water samples reveal several weak bands in the high wavenumber range (1455,
1472, 1545, 2847, 2927 cm-1), suggesting organic contributions to the overall Raman signal.
For example, CH bending modes can be assigned in the low wavenumber range, while
stretching modes can be assigned in the high wavenumber range for a wide variety of organic
compounds®. FT-Raman spectra of powdered salt samples (0 - 3600 cm™) and details of the
spectral range 750 - 1500 cm™ are shown in Figure 2.2A and 2.2B respectively. Reference FT-
Raman spectra of pure anhydrous and hydrated polycrystalline sodium sulfate, as well as

calcium carbonate and calcite mineral are shown in Figure 2.2C for comparison.
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hydrated polycrystalline sodium sulphate, calcium carbonate and mineral calcite (400-1800 cm?). (D)
Graphical representation of the intensity of the sulphate band at 994 cm™ relative to that of carbonate at 3.96 %
of the data. (Reproduced from S. Cinta Pinzaru, M. Ardeleanu, I. Brezestean, F. Nekvapil, M.M. Venter; 11: 800

- 812. DOI: 10.1039/c8ay02580k, Anal. Methods) 34,

I1.2 SERS analysis of mineral waters

SERS analyses of mineral waters (Lucius, Emerita, Carola and Bonifacius) are
approached comparatively to prospect the ability of the technique to detect any organic
components. During SERS sample preparation, a rapid change in nanoparticle colour was
observed when mineral water droplets were added. Their anion-rich content was expected to
ensure the aggregation of nanoparticles and therefore their optical extinction was investigated.
(Figure 2.3).The extinction spectra of the raw mineral waters (Figure 2.3A) show barely visible
absorption bands in the UV range (200 - 400 nm), which are due to organic traces. To determine
the influence of the mineral content of the waters on AgNPs, extinction spectra of mineral
water-AgNPs mixtures were recorded together with those of pure AgNPs (Figure 2.3B). Since
the physical measurements were performed in absorption mode, the optical spectra in Figure
2.3 are displayed as absorption versus wavelength. The addition of mineral water to the AgNPs
resulted in a decrease in the intensity of the absorption band, while the position at 424 nm

remains constant.
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Figure 2.3 A) UV-Vis extinction spectra of natural mineral waters: Lucius, Emerita, Carola and Bonifacius

(200-800 nm). (B) UV-Vis extinction spectra of AgNPs and mineral water-AgNPs mixtures, freshly prepared. (C)
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UV-Vis extinction spectra as a function of time of the Emerita water-AgNPs mixture. (D) Graphical
representation of the absorbance at 424 nm of the water-AgNPs mixtures as a function of time. (Reproduced
from S. Cinta Pinzaru, M. Ardeleanu, I. Brezestean, F. Nekvapil, M.M. Venter, 11: 800 - 812. DOI:
10.1039/c8ay02580k, Anal. Methods) 4.

Raman spectra of the fine powder salts obtained as solid residues after water evaporation
revealed predominantly carbonate (1085 cm™, 712 cm®), polymorphic calcite and sulphate (994
cm™) vibrational modes consistent with the presence of minerals resulting from dissolution of
the underlying rocks. Rock layers comprising dolomite, serpentinite and other metamorphic
rocks provide high mineralization.

SERS analyses of the waters were approached comparatively, revealed the ability of the
technique to assess both organic and inorganic components, and thus is suitable for
implementing sustainable management of carbonated spring waters. Mineral waters induced
aggregation of AgNPs and provided a SERS fingerprint characteristic of beta-carotene.
Extinction spectra of raw mineral waters and mineral waters and mineral water mixtures with
AgNPs proved that the time-dependent aggregation was significantly related to the mineral

content and thus water-specific.

11.3 Colloidal silver nanoparticles for the detection of aquatic microorganisms

The accumulation of mucilaginous cells and mucilaginous matter on a large scale,
sometimes covering hundreds of square kilometres, could drastically hamper aquaculture
activity, affect seawater quality, induce mortality of sedentary fauna, disrupt the plankton
community and affect tourism activity. The slightly siliceous sheaths of Cylindrotheca
fusiformis Reimann and Lewin, of diatom species has long been characterized *. Extensive
studies %78 have been devoted to various compositional determinations in relation to growth
conditions, as diatoms have shown great potential for biodiesel but also for aquaculture. In
terms of chemical composition, cultured C. closterium showed palmitoleic acid (omega-7
monounsaturated fatty acid) as the dominant fatty acid, followed by oleic acid, while the most
abundant saturated fatty acids were pentadecanoic acid and palmitic acid 3. Other studies
revealed differences in the chemical composition of C. fusiformis clones isolated and grown
under batch conditions %,

To date, available studies on diatom composition are based on extraction and separation
techniques. Extensive studies have focused on the sheath or frustule of different diatom species

36,3941 ysing techniques such as SEM or AFM which have shown that each part of the silica
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sheath is attached to organic material, while the whole body is surrounded by mucilaginous
material. In addition, a first approach in understanding the uptake of AgNPs by C. diatoms
using the AFM technique found that AgNPs enter the cell wall through the silicon valve region
as NPs embedded in the organic matrix. AgNPs caused local damage inside the cell without
destroying the cell membrane %°. In addition, secretion of extracellular polymeric material
(EPM) was found to be stimulated by the presence of NPs and as a defence mechanism. The
chemical composition of algal bodies and secreted substances usually requires separation and
extraction techniques, with the main disadvantages of multi-step multi-processing and the
required chemicals being relatively expensive and time-consuming.

In this study we investigated the interface between the living marine diatom C.
closterium and AgNPs by exploiting the SERS technique both in cell culture and at the single
cell level, in order to (i) relate both carotenoid content and mucilaginous secretion content to
normal Raman and SERS signals, respectively, (ii) evaluate the spectral behaviour of diatoms
in the presence of AgNPs in their native environment; (iii) assess the reproducibility of the
results obtained with a compact and portable Raman equipment suitable for in situ monitoring

of diatoms
11.3.1 Raman analysis of aquatic microorganism culture batch

To evaluate the Raman signal of the culture batch, we used both visible (532 nm) and
near-infrared (1064 nm) excitation using a compact and portable Raman system. The Raman
spectra of freshly collected algae from the diatom culture batch recorded with three different
instruments are shown in Figure 2.4 A. The FT-Raman instrument with NIR excitation (1064
nm) provided a weak signal of the Cylindrotheca culture batch, almost similar to that of natural
seawater collected from coastal water (southeast Adriatic coast in Dubrovnik). This is probably
due to the longer acquisition time required, which could lead to a slow sedimentation of the
cells on the bottom of the glass vial and consequently to a poor Raman scattering collected from
the solution in the geometry of the FT-Raman instrument. The sulphate band at 978 cm™ |
typical of the FT-Raman spectrum of unprocessed seawater was the only major band in the
culture solution (Figure 2.4 A, c), with the carotenoid signal barely exceeding the noise level
for NIR excitation. The ratio of the relative Raman intensity of the sulphate stretching mode to
the water stretching mode at 3214 cm™ (R % 1(978)/1(3214)) was calculated for both
Cylindrotheca in the solution batch and unprocessed seawater. The Raman bands of diatom

cells in solution observed for 532 nm excitation at 1528, 1156 and 1007 cm* respectively along
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with their linear and harmonic combinations in the range 2110 - 2700 cm™ (Figure 2.4 A,
spectrum a) are characteristic of carotenoids 284249,

The spectral information provided by the portable equipment (Figure 2.4 A, spectrum
b), although less sensitive, suggests the possibility of monitoring the status of the live cell
culture and carotenoid content. The Raman band of C. closterium at 1528 cm™ suggests that

fucoxanthin is the most dominant species 444649,
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Figure 2.4 (A). Normalized Raman spectra of C. closterium culture solution recorded with a Renishaw
instrument (a) with a compact, portable and fast DeltaNu spectrometer (b) and FT-Raman system (c),
respectively. For comparison, FT-Raman spectra of raw seawater (d) and solid red b-carotene are shown).
Excitation: 532 nm (a and b) and 1064 nm (c and d) (B). Spectral difference (a) between mean FT-Raman
spectra of Cyilndrotheca (b) and seawater (c). Although weak, the difference signal shows characteristic traces
of chlorophylls, carotenoids, fatty acids and sulfate ions, which are highlighted in rectangles (Reproduced from
S. Cinta Pinzaru, C. Miiller, S. Tomsié¢, M. M Venter, I. Brezestean, S. Ljubimir, B. Glamuzina, 42899-42910
DOI: 10.1039/C6RA4255D, RSC Advance) *°.
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11.3.2 SERS analysis of aquatic mycoorganisms in solution

The SERS spectra of the diatom solution suspended on HY-AgNPs and LM-AgNPs are shown
in Figure 2.5 A (range 300 - 1800 cm™).
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Figure 2.5 (A) SERS spectra of Cylindrotheca diatoms mixed with, Lee-Meisel (LM), reduced hydroxylamine
(HY) and HY- old AgNPs, respectively. Details in the low (B) and high (C) wavenumber range are highlighted.
Excitation: 532 nm (Reproduced from S. Cinta Pinzaru, C. Miiller, S. Tomsié, M. M Venter, 1. Brezestean, S.
Ljubimir, B. Glamuzina, 42899-42910 DOI: 10.1039/C6RA4255D, RSC Advance) 5°

Figure 2.5 B and C highlights the range in the low (120 - 330 cm™) and high (2550 -
3200 cm™) wave region respectively. Adding a small amount of 10 pl of diatom culture to the
batch of nanoparticles results in an instant colour change from dark yellow to dark blue-grey
due to rapid aggregation in the presence of diatoms and anions in the batch culture, including
seawater. Nanoparticle aggregation was confirmed by strong plasmon resonance shift of AgNPs

and broadening of the absorption band across the visible range.
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To date, this is the first SERS experiment performed on living diatoms, and little
information on their molecules or in vivo behaviour is available. Nanoparticles are rapidly
aggregated by salts in seawater and culture medium.

All three cases of SERS experiments showed an unexpected feature: the absence of the
main Raman mode of diatoms characteristic of vibration at 1528 cm™. The presence of the
SERS band at 1497 cm™ could be attributed to the carotenoid adsorbed by AgNPs; however, a
large shift of 31 cm™ is quite unusual in SERS.

Such an interaction would require an instantaneous uptake of NPs through the diatom
sheath and cell membrane, since the signal is observed within the first few seconds after SERS
sample preparation. Most likely, fucoxanthin-chlorophyll proteins would be responsible for this
SERS band, which is also dominant in aged AgNPs. This hypothesis is supported by the
observation of other characteristic chlorophyll SERS bands at 730, 805, 910,1165, 1228, 1346,
1369, 1618 and 1680 cm?, respectively.

Large differences between normal Raman and SERS signals (Figure 2.4 A and 2.5)
clearly indicate species other than carotenoids responsible for the diatom-AgNPs interaction.
This result suggests that the (pre)resonance Raman effect observed in diatoms in culture
solution is no longer dominant in SERS. Since the cell wall is a complex arrangement of
siliceous and organic substances, comprising frustulins, pleuralins, silafins and long-chain
polyamines 4% AgNPs arriving in their vicinity could bind to their N-terminus, explaining the
effect observed in SERS and due to Ag-N binding. The symmetric v(SiO) modes in the Raman
spectra typically observed in siliceous materials at 787 and 764 cm™ for silicic acid,
respectively, would be present in the SERS signal along with typical Raman bands (430, 800,
1060 and 1200 cm™, respectively) attributed to the fundamental vibrations of the hydrated
silicon glass framework. Very weak SERS signal at these positions was observed in the diatom
spectra, indicating that the silicon material in frustule ®* does not contribute substantially to the

overall SERS signal.
11.3.3 Raman and SERS single cell analysis

The optical image provided by the Raman microscope for the 100x objective (Figure
2.6 inset) shows the irradiated cells for Raman spectra acquisition. The raw Raman signal
(Figure 2.6 A, a and b) recorded at the cell surface includes a strong fluorescence background
and Raman bands of carotenoids. After background subtraction (Figure 2.6 A, ¢ and B, a-e),
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different cells showed the carotenoid-specific signal (fucoxanthin dominant). The dominant
feature of the normal micro-Raman spectra collected from individual diatom cells was the C=C
bond stretching mode of fucoxanthin at 1528 cm* whose intensity variation was observed from

cell to cell and from different points on the green body of the same cell.
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Figure 2.6 (A) Typical raw micro-Raman signal (a and b) of single C. closterium cells on a hydrophobic plate
and background signal subtracted (c). The smooth signal is highlighted in green. Optical microscopy image of
C. closterium cells coated with droplets on hydrophobic plate (100x objective) is shown in the inset. (B) Raman
spectra collected from the green body of several live cells (a-e) and the transparent terminal body (f).
Excitation: 532 nm (Reproduced from S. Cinta Pinzaru, C. Miiller, S. Tomsié, M. M Venter, |. Brezestean, S.
Ljubimir, B. Glamuzina, 42899-42910 DOI: 10.1039/C6RA4255D, RSC Advance) .

SERS spectra of individual diatoms are shown in Figure 3.7 for both LM-AgNPs
(Figure 2.7 A) and HY-AgNPs (Figure 2.7 B). The intense band at 236 cm™ in Figure 2.7 A
indicates a significant SERS chemisorption process of N-containing molecular species on the
surface of NPs, as well as a different structure of the nanoaggregate network (band at 149 cm-
1y, while the middle band at 222 cm™ present in panel B suggests that the sample contains
chemisorbed O species relative to HY-AgNPs %253,
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In both cases, carotenoids were dominant, but with different results. The fucoxanthin
band at 1528 cm* was absent in both cases. In the case of HY-AgNPs, the SERS signal collected
from the diatom body (Figure 2.7 B, spectra a-c) clearly showed a strong contribution of -
carotene adsorbed by Ag, based on the similarity between band positions and relative
intensities. When using LM-AgNPs nanoparticles, the SERS signal is dominated by
conventional carotenoids with characteristic Raman bands (1156, 1521, 1526 cm®,
respectively) and we do not have a feature of chemisorbed bands 2. The additional bands

observed at 1254, 1359, and 1690 cm, respectively, were attributed to polyunsaturated fatty
acids and chlorophylls 40515458,
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Figure 2.7 A: SERS spectra collected from Cylindrotheca diatom cells with HY-AgNPs compared to the SERS
signal of a DSP toxin (okadaic acid). B: Detailed range 700-1800 cm™* (Reproduced from S. Cintd Pinzaru, C.
Miiller, S. Tomsi¢, M. M Venter, 1. Brezestean, S. Ljubimir, B. Glamuzina, 42899-42910 DOI:
10.1039/C6RA4255D, RSC Advance) %°.

In addition, the very strong SERS band at 225 cm™ supports the hypothesis of O
adsorption via carboxylic groups of fatty acids on the colloidal surface of Ag.

EPS represents a subtle network of cross-linked polysaccharide fibrils in fibril junctions
and fibril-globular interconnections with globules connecting two or more fibrils “*4!. The
characteristic glucose units of polysaccharides exhibit Raman bands at 405 cm™ (s), 440 cm™®
(m), 542 cm™ (s), 650 cm™ (mw), 772 cm™ (mw), 841 cm™? (ms), 914 cm™ (ms), 1002 cm™?
(mw), 1022 cm™ (m), 1054 cm™ (m), 1075 cm™ (ms), 1120 cm™ (ms), 1149 cm™ (m), 1272 cm
1 (m), 1296 cm™ (ms), 1459 cm™* (m)18°,
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11.3.4 SERRS detection of fucoxanthin: quantification of the carotenoid in living cells of the

diatom C. closterium

To prospect for the detection of fucoxanthin Raman signal in native biological systems, Raman
spectra were recorded from C. closterium cultures (Figure 2.8) isolated and cultured from fresh
phytoplankton samples. Diatoms are rich in fucoxanthin 8¢ however, they also contain other
carotenoids that influence the spectral profile of the v1(C=C) band. The spectral signal of C.
closterium cells shows prominent main bands of carotenoids. The v1, v2 and v3 bands were
recorded at 1527, 1163 and 1015 cm™ positions, respectively, slightly different from those in
fucoxanthin solutions, which is characteristic for biological matrices (embedded in lipid

membranes or protein carriers).
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Figure 2.8 Resonance Raman spectra collected from five distinct live C cells. closterium, numbered 1 to
5: (a) obtained from greenish chloroplasts inside the cell body; (b) typical SERRS signals taken from living cells
exposed to AgNPs, showing distinct responses, focusing on the cell surface, from the extracellular matrix on the
cell (blue spectra) or from chloroplasts, focusing inside the cell (black spectra); (c) comparison of the position
of the main mode of carotenoids in the C. closterium for two fucoxanthin solutions of different concentrations,
asterisks indicate ethanol bands. Excitation: 532 nm. The inset shows a micrograph of a C. closterium cell
exposed to AgNPs and the corner shows a live cell observed by light microscopy in diatom culture solutione
(Reproduced from F., I. Brezestean, G. Lazar, C. Firta, S. Cinta Pinzaru, Volume 1250, Part 1, doi.
10.1016/j.molstruc.2021.131608, J. Mol. Struct.)
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The unique feature of the fucoxanthin signal is the band around 1606 cm™, which
corresponds to the out-of-plane C=C stretch present in the spectra from cells and whose
intensity is a confirmation of the dominance of fucoxanthin among other carotenoids in cells.

Figure 2.8 clearly shows that the position of the specific band in the fucoxanthin
solution at 1532 cm™/ 1527 cm™. The SERRS band attributed to the C=C stretching mode was
observed at 1528 cm™, but different cells showed a different band profile (or no band at all),
equivalent to the 'dead’ cells in the RR investigation. Thus, an estimate of carotenoid
concentration based on SERRS intensity and C=C mode profil could only be considered with

caution.

Chapter I11. Structured nanoplatforms for efficient SERS detection

I11.1 3D nanoplatforms fabricated by nanolithography

Nanoimprint Lithography (NIL) is a simple, reproducible and scalable method to create
plasmonic nanostructures with diverse patterns and wide applicability, for example, for the
fabrication of SERS substrates. NIL can overcome the limitations of other imprinting
techniques, such as high cost, time consumption and highly equipped nanofabrication labs, by
taking advantage of the roll-to-roll ® method. NIL enables the production of various high-
resolution periodic nanostructures on both hard and soft surfaces, such as plastics and flexible
substrates: paper, plastic and other polymer sheets 66-°,

The new 3D models have gained high interest, in particular due to their ability to
significantly increase the detection area, allowing a higher density of plasmonic nanostructures
and enabling highly reproducible, ultrasensitive and specific molecular detection ° . In this
study, a new reproducible 3D nanostructured detection platform fabricated by the NIL
technique with high sensitivity up to analyte concentrations of up to 10 pM was proposed. As
a SERS substrate, we deposited Ag thin films with thicknesses ranging from 10 nm to 100 nm
on an IPS® plastic substrate. To evaluate the SERS performance of flexible, transparent,
imprinted Ag-coated substrates of four different thicknesses, we chose CV as the analyte. CV
has well-established vibrational characteristics as a commonly used standard molecule and has
been reported as an analyte in studies that have achieved monomolecule detection using SERS
13 As a novelty, in this work, the potential for SERS enhancement was explored by
considering the synergy of three key aspects: the metalization of Ag, the effect of increasing
Ag film thickness and the contribution to SERS amplification of periodic nanotrenches

fabricated by NIL.
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In our experiments we used a 4.5 cm x 4.5 cm Si die custom fabricated by the
manufacturer using electron beam lithography (EBL). It consists of a 1 cm x 1 cm square
surface containing a periodic lattice of equal-width (400 nm) nanolayers and nanogaps with a
depth of 300 nm and a pitch of 800 nm. To prevent degradation and sticking, the matrix was
subjected to a coating treatment with perfluorodecyltrichlorosilane, also known as FDTS as an
anti-adhesive coating. Figure 3.1 illustrates a step-by-step schematic protocol for fabrication
of the patterned substrate and its subsequent use for SERS measurements.

s U v v

Imprinting (155 °C) Demolding (30 °C) Ag deposition SERS measurements

Figure 3.1 Schematic step-by-step protocol for fabrication of the printed substrate and its subsequent use for
SERS measurements (Reproduced from 4. Colnitd, D. Marconi, N. E. Dina, I. Brezestean, D. Bogdan, I. Turcu,
Volume 276, /doi.org/10.1016/j.saa.2022.121232, Spectrochimica Acta Part A ) ™.

The fabrication process involved, using thermal NIL, the same equipment and the same
substrate, was presented in another study °. Briefly, the IPS® substrate is heated to a
temperature of 155 °C to make the polymeric substrate soft. Figure 3.2 illustrates a scanning
electron microscopy (SEM) image of the nanostructured patterned die and its architecture
imprinted on an IPS® substrate. After cooling of the patterned substrate, Ag was deposited onto
the patterned plastic using a Q150R PLUS deposition equipment (Quorum Technologies Ltd.,
Lewes, UK) from a disc-type Ag target (57 mm diameter, 0.1 mm thick).
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Figure 3.2. a) SEM image of the nanotrenches periodic pattern die used in the NIL imprinting technique (via
NIL Technology ApS); b) SEM image of an imprinted IPS® substrate (Reproduced from 4. Colnita, D. Marconi,
N. E. Dina, I. Brezestean, D. Bogdan, I. Turcu, Volume 276, /doi.org/10.1016/j.saa.2022.121232,

Spectrochimica Acta Part A) ™

The morphology of the four samples of different Ag thicknesses was evaluated by SEM
measurements, and representative micrographs are shown in Figure 3.3. It is remarkable that
for all samples the Ag atoms formed uniform and granular films, with the Ag nanoclusters
evenly distributed on the nanostructured and patterned plastic substrate. In the case of the 10
nm Ag thickness sample (Figure 3.3a) an irregular film with possibly discontinuous areas is
formed. The grain size was estimated from the SEM image to be ~20 nm. The granular
appearance dominates the surface of the nanotrenches and the spaces between them. A film
thickness of 25 nm (Figure 3.3b) provides the opportunity for Ag nanoclusters to connect and
form a very thin and hard metallic substrate, with an average film size of 30 nm estimated from
SEM images, which can fairly contribute to SERS enhancement. An additional Ag thickness
increased to 50 nm (Figure 3.3c) contributes to reducing the distance between nanoclusters,
increasing the roughness and increasing the size of Ag nanoclusters up to 35 nm. The uniform
distribution on the top and bottom of tightly packed Ag granules (as further demonstrated by
AFM measurements) leads to an increase in the surface-to-volume ratio of plasmonic

nanostructures, as demonstred’®.

Figure 3.3 Representative SEM images of Ag-coated nanotrenches with films of (a) 10 nm; (b) 25 nm; (c)

50 nm and (d) 100 nm thickness, respectively. (Reproduced from A. Colnita, D. Marconi, N. E. Dina, .
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Brezegtean, D. Bogdan, 1. Turcu, Volume 276, /doi.org/10.1016/j.saa.2022.121232, Spectrochimica Acta
Part A) ™,

To demonstrate the SERS amplification potential of the Ag-coated nanoimprinted substrate,
we first determined a detection limit for CV Raman analysis. For this, we used only the plastic
substrate, with no pattern or Ag film deposited on its surface.

AFM characterization of ordered Ag-coated nanoplatforms

Figure 3.4 shows AFM images of the four samples after Ag deposition. The coating is
continuous and uniformly distributed on the nanotrenches. The pitch was evaluated from the
section profiles and is constant (800 nm) for all four samples. On the contrary, the distance
between two consecutive edges (indicated as distance a in Figure 3.4D) decreases from about
390 nm (for 10 nm Ag deposition) to about 310 nm (for 100 nm Ag deposition) due to the
increased thickness of the metal layer. The morphology of the Ag layer was evaluated on a 400
nm trench surface and indicates a continuous layer consisting of overlapping grains of tens of

nanometers in size, more precisely with a diameter of about 30 nm for 25 nm Ag thickness
(inserted in Figura 3.4B).
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Figure 3.4. 2D AFM images (scan size 10 um) of periodic trenches after deposition of 10 nm (A), 25 nm (B), 50
nm (C) and 100 nm (D) Ag, respectively, showing a continuous layer covering the substrate. The inset in B
indicates the morphology (400 nm scan size) of the surface of the transitions. The section profiles correspond to
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the red lines highlighted in the 2D images (Reproduced from A. Colnitd, D. Marconi, N. E. Dina, I. Brezestean,
D. Bogdan, I. Turcu, Volume 276, /doi.org/10.1016/j.saa.2022.121232, Spectrochimica Acta Part A) 7.
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Figure 3.5. UV-Vis spectra on plain and printed IPS® with 25 nm Ag, with inset illustrating UV-Vis spectra on
plain and printed IPS® substrate (Reproduced from A. Colnitd, D. Marconi, N. E. Dina, I. Brezestean, D.
Bogdan, I. Turcu, Volume 276, /doi.org/10.1016/j.saa.2022.121232, Spectrochimica Acta Part A) 74,

UV-Vis analysis of plain IPS® samples and those patterned with the nanotrenches array
is shown in Figure 3.5. The UV-Vis spectrum shows a minimal effect of the nanostructured
area compared to the plastic substrate coated with a 25 nm thick Ag thin film. Thus, there is a
blue shift from 311 nm to 308 nm and a broadening of the absorption band occurs. As shown
in this figure, the hypochromic effect can be identified, as suggested in ’’; taking into account
that both IPS® substrates underwent a heat treatment during the patterning process, prior to Ag
deposition, it can be concluded that the decrease in absorption is due to the presence of ordered
nanotrenches. The inset in Figure 3.5 shows the UV-Vis spectra of the plain plastic and the one
imprinted with the nanotrenches lattice. The UV-Vis spectrum of plain IPS® has 2 strong bands
at 235 nm and 280 nm. The UV-Vis spectrum of the area containing ordered nanotrenches is
quite similar to the other two UV-Vis spectra of the Ag-based samples and has 2 peaks at 318
nm and 363 nm.

Our findings suggest that the 25 nm silver film covering the NIL-printed nanotrenches

in plastic is the most promising of the 4 different Ag film thicknesses that were tested. The final
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AEF obtained in this case was 1.7x107, with a silver film contribution of only one order of
magnitude.

The produced SERS substrates containing a 25 nm Ag film deposited on the imprinted
nanotrenches exhibited a considerably improved and much more uniform plasmonic surface
than other, thicker films. Specifically, SERS substrates with silver aggregates enabled SERS
sensitivity for CV detection up to a limiting concentration of 10 pM. In addition, amplification
factors between 2.3x10° and 1.7x10" were estimated when 4 other SERS marker bands were
considered as reference. Our ultimate goal is to use these SERS substrates to develop optical

biosensors for the detection of high-impact bacterial-specific molecules in quorum sensing.

I11.2 Detection of cyanotoxin Nodularin

Cyanobacteria, also known as blue-green algae, although strictly speaking not algae,
account for up to 70% of all phytoplankton biomass and are believed to be the first oxygenated
photosynthetic microorganisms on Earth 87 . They populate almost all marine and freshwater
environments and use sunlight as an energy source to produce biomass from carbon dioxide
(CO2). In the absence of effective strategies to mitigate their overgrowth under eutrophic
conditions (massive cyanobacterial blooms), water quality can be impaired by inducing toxicity
in freshwater and marine environments. Furthermore, uncontrolled cyanobacterial growth can
induce the release of toxins causing liver, digestive and neurological diseases through ingestion
by living organisms 883, Cyanobacteria produce potent toxins such as hepatotoxic microcystins
(MC) and nodularins (NOD) 848, MCs and NODs are hepta- and pentapeptides with very
similar structures, which have been shown to cause hepatotoxicity by inhibiting phosphate
proteins 1A and 2A (PP1 and PP2A) that lead to the intensive use of vital cellular proteins.
After ingestion, these toxins are absorbed from the ileum into the bloodstream and processed
by the liver via multispecific transmembrane organic anion transporters &'

NODs are produced by the filamentous cyanobacterium Nodularia spumigena 8 and
the benthic species Nodularia sphaerocarpa PCC7804 89-91. Their biosynthesis is regulated
by genes and is carried out in a non-ribosomal manner, following a similar mechanism involved
in the production of MCs %. Currently, ten structural variants of NODs are known . These
types of protein-bound MCs have not been detected using well-known analytical approaches,
so the actual MC content of cyanobacterial blooms has been underestimated %*.

Nowadays, three types of analytical methods are used to detect MC: biological,

biochemical (enzyme-linked immunosorbent assay - ELISA) and chemical (high-performance
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liquid chromatography - HPLC, liquid chromatography-mass spectrometry - LC-MS, high-
performance capillary electrophoresis - HPCE and gas chromatography - GC) *°. Biological
methods have serious limitations such as: lack of sensitivity, not suitable for quantification or
routine and large-scale testing, require large numbers of guinea pigs %',

SERS-based biosensors for the detection of MCs have proven to be fast, highly
sensitive, non-destructive and easy to use. Recently, a new SERS immunosensor for the
detection and quantification of MC-LR toxin in aguatic environments * with a detection limit
of 0.014 ng/L was reported, while the same group subsequently developed a sensitive and
selective aptasensor for dual fluorescence-SERS mode detection of MC-LR toxins®.

In this study, we report the use of two highly sensitive spectroscopic techniques, DCDR
and SERS for NOD detection and full assignment of its vibrational modes, in combination with
DFT calculations. For DCDR analysis, we chose a commercial slide known as Tienta
SpectRIMTM, which provides a detection limit of up to 10* M. By using a commercial
substrate with periodic pyramidal square dimpled nanopatterns (Klarite™), a SERS limit of
detection (LOD) of 10" M was achieved. In-house fabricated periodic NIL nanotrenches, silver
(AQg) nanostructured films with thicknesses of 25 nm obtained by direct current (DC) deposition
were also tested. When a regular Ag sol was used for SERS analysis, an LOD of 58 pM was
achieved. To the best of our knowledge, this is the first SERS study on NOD as a centerpiece

reported to date.
I11.2.1. Raman analysis of cyanotoxin Nodularin by DCRD (Drop Coating Raman Deposition)

As demonstrated in previous studies'®, DCDR analysis has shown superior detection
sensitivity by the conventional Raman technique of small biological molecules such as
acetylsalicylic acid, riboflavin and contaminants 1°%192 up to a detection limit of 10% M.
Advantages of DCDR analysis include the use of dry, preconcentrated sample in a small sample
volume, lack of solvent interference and the ability to segregate any existing impurities103.
Therefore, when signal acquisition occurs from the outer edge of the dried coffee ring droplet
on a hydrophobic surface, a significantly enhanced Raman signal is detected.

Figure 3.6 shows the DCD Raman spectra obtained by using different laser lines as
excitation sources on a Tienta® substrate. The marker bands are in good agreement with the
Raman NOD profile reported in the literature 1% and show high reproducibility independent of
the laser line. The most intense Raman bands are attributed to the phenylalanine amino acid -

Phe (1003 cm™, the strongest band in the low wavenumber region, 823 cm™, 1208 cm™) or the
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Adda group, common to all microcystins (1208 cm™, 1304 cm™, 1375 cm™, 1452 cm, 1645
cm™), as shown by Halvorson et al'®.

The Raman bands observed at 1645 cm™ are characteristic of amide | and around 1003
cm are attributed to the phenyl ring in the Adda residue. Other marker bands present for the
NOD molecule and previously reported in the literature are found in the range 1200 - 1300 cm’
L and are characteristic of Amide I11. In contrast to previously reported studies100 , this paper
describes spectral features found in the range 2700 - 3200 cm™ . We could identify intense
bands in the range 2880 - 3060 cm™, being characteristic of symmetric CH vibrations. In this
case, a detection limit of only 10 M was reached, so we investigated other substrates with
higher detection performance.

Thus, Figure 3.6A reveals the NOD spectrum on the commercial hydrophobic Tienta
SpectRIMTM substrate, a hydrophobic slide. The 2 pl sample was deposited and allowed to air
dry, then irradiated for Raman signal acquisition. The Raman spectra obtained for NOD
recorded using three laser lines are almost identical to those obtained on the hydrophobic
Tienta® substrate. Figure 3.6B shows the Raman spectra of NOD at a concentration of 10 M.
By decreasing the concentration, the marker bands of NOD can still be clearly observed at 1003
cm?, 1376 cm™ and the most intense band at 1644 cm™. In addition, we have attempted to
achieve a lower detection limit by switching from commercial hydrophobic substrates to more
efficient substrates SERS.
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Figure 3.6 DCDR spectra of NOD recorded on the Tienta SpectRIMTM substrate for NOD in ethanol with a
final concentration of 10° M (A) and 10 M (B), respectively, using 785 nm, 532 nm and 633 nm laser lines.

Inset optical image using the 20 x.
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I11.2.2 SERS detection of cyanotoxin Nodularin

Figure 3.7 C shows the NOD spectra on the commercial SERS substrate Klarite at
various concentrations up to 107 M. The Klarite substrate has previously been used successfully
for label-free detection of bacteria 1%, highlighting its key aspects of SERS performance, such
as a strong SERS signal under ambient conditions and ease of sample deposition on its surface.
We used the same drop deposition on this substrate and aimed to achieve a detection limit below
10-* M. In Figure 4.7 A and B we illustrate representative optical images of sample clusters
formed after ethanol evaporation. We mainly investigated the edges of the "coffee ring"”, where
visible NOD microcrystals are accumulated; therefore, an amplified Raman signal is expected.

A medium to strong SERS band is present at all concentrations tested at 1055 cm™. This
spectral feature is particularly observed in SERS spectra recorded on the Klarite substrate. It is
possible that the inverted periodic pyramids imprinted on this substrate forced NOD molecules
to accumulate in their cavities in different geometrical configurations and thus molecular

adsorption could have been performed in several orientations with respect to the silver.

A

Klarite-Nod 10 " M C
M
M

Klarite-Nod 10
Klarite-Nod 10

5
6
7

Klarite-Nod 107" M

Raman Intensituy/ay ——

T T - T T T T 1
200 400 600 800 1000 1200 1400 1600 1800

Wavenumbers/cm’’
Figure 3.7. Optical images showing samples for Nodularin on Klarite substrate using 100 x (A) and

20 x (B) magnification. Arrows show selected spots for laser irradiation. SERS spectra recorded on Klarite

substrate for Nodularin in ethanol at different concentrations using the 532 nm laser line (C).
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Figure 3.8 shows systematic detection of NOD using AgNPs at different concentrations
up to 10-12 M. At low concentrations, SERS spectra show ethanol-specific bands: 878 cm™,
1045 cm?, 1087 cm™ and 1453 cm™ respectively. Despite this, from 102 M concentration
upwards, NOD-specific spectral features are increasingly visible. The band around 1365-1375
cmtincreases in intensity especially for the lowest LOD. The spectral range between 1500 cm-
1 and 1650 cm? is also very abundant in features, especially the marker band for NOD found

at 1645 cm™ becomes increasingly dominant in this region.
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Figure 3.8. SERS spectra of NOD/ethanol samples at different concentrations using the 532 nm laser

line and Lee-Meisel synthesized AgNPs.

A surprisingly intense and visible SERS band is observed compared to the dry drop
measurement on solid substrates at 1507 cm™. Moreover, in Raman analysis this band is not
significantly present. This could be explained by the tilted position of the molecule relative to
the metal surface of the AgNPs.

This study focuses on the detection and characterization of cyanotoxin NOD using
improved surface approaches based on Raman microspectroscopy. By DCDR was evaluated
for NOD and was detected with a LOD of 10 M. SERS analysis was performed for NOD
detection even at a level of 102 M using AgNPs. We correlated the SERS marker bands in
terms of intensity and position with the NOD-specific DCDR signal obtained at higher

concentrations. Using different laser lines as excitation sources, we were able to detect NOD
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with slightly shifted marker bands but with significant changes in intensity. Our experiments
show that for label-free detection, physisorption alone, even if facilitated by sample
preconcentration or by using high-performance solid SERS substrates, is not sufficient. By
NOD adsorption on the silver surface and chemical interaction via key N groups, the SERS
regime is fully achieved and an additional amplification of at least one order of magnitude is

obtained.
111.3 Self-assembled colloidal silver nanoparticles on solid substrates

Pesticides are among the most dangerous chemicals that harm the environment and
require strict monitoring %, Solid SERS substrates fabricated by advanced nanolithography
methods, such as EBL, are excellent in terms of control over nanostructure morphology and
versatility of optical properties required for SERS amplification. AUNPs and AgNPs, which
generally have diameters between 10 and 200 nm, are easy to synthesize and can be used for
the detection of pesticide residues and biotoxins 16107,

Thiabendazole (TBZ), a benzimidazole derivative, is one of the widely used pesticides
that is also used as a fungicide to prevent mould, rot and fruit scorch. Although TBZ has low
toxicity compared to other pesticides, it is associated with adverse effects including
nephrotoxicity, hepatotoxicity, carcinogenicity and teratogenicity 1. To measure TBZ residues
in food samples 1%, a SERS method combined with a homogeneous and reusable gold nanorod
array (GNR) substrate 1% has been proposed. SERS has also been applied as an analytical
technique to detect thiabendazole (TBZ) at low concentrations using Ag colloid 10110,

Endosulfan - (ES) is a broad-spectrum organochlorine pesticide that has been used on
cereals, fruits, vegetables and cotton since the 1950s 1112 and is also one of the most stable
substances detected in the environment worldwide. It belongs to the category of persistent
organic pollutants (POPs) '* because of its bioaccumulation, its resistance to long-range
transport and its negative effects on human health, ecosystems and aquatic systems 4115 |n
addition, the organochlorine pesticide ES was detected for the first time using SERS at low
concentrations 116, Detection of organochlorine pesticides is still a major challenge due to their
low affinity for metal surfaces.

In the following we report the fabrication of Ag films by convective self-assembly
(CSA) of AgNPs synthesized by the Lee and Meisel method 7. After a morphological
characterization by SEM, the films are evaluated as SERS substrate with para-aminothiophenol
molecule (pATP) using three excitation laser lines. Subsequently, the possibility of using the

fabricated AgNP films as substrates for SERS characterization of two types of pesticides,
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thiabendazole (TBZ) and a-endosulfan (a-ES), is explored. AgNP films were optimized for
surface functionalization and for better anchoring of the pesticides to the metal surface.
Specifically, two types of thiol molecules, hexanethiol (HT) and octanethiol (OT), were
used in an attempt to improve the interaction between a-ES and the metal surface. In addition,
we observed that the SERS signals of HT and OT recorded on AgNPs films provide clear
spectral differences useful for their differentiation, despite the similarity of these two molecules.
TEM images of the prepared colloidal AgNPs are shown in Figure 4. 9(a). In addition to the
spherical-shaped particles, many of them possessed an asymmetric rod-like shape. The size
histogram showed a bimodal size distribution, with the majority of the particles having sizes
around 40 nm, with an additional population having sizes around 60 nm. The UV/VIS extinction
spectrum showed the characteristic band attributed to localized surface plasmon resonance,

with a maximum at 424 nm.
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Figure 3.9 (a) TEM images of Ag nanoparticles. (b) Extinction spectrum of the colloidal suspension of

synthesized Ag nanoparticles.
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Figure 3.10 SERS spectra of p-ATP adsorbed on AgNP films and Raman spectra of p-ATP powder obtained at
different laser excitations: (a) 532 nm, (b) 633 nm, (c) 785 nm.

Figure 3.10 shows typical SERS spectra of the p-ATP molecule on AgNP films
recorded at three different commonly used laser lines, together with the corresponding Raman

spectra of p-ATP.
I11.3.1 SERS detection of thiabendazole fungicide

AgNPs films were subsequently used for the identification and SERS characterization
of TBZ pesticide. Spectra were acquired from different points on the sample surface and are
shown in Figure 3.11. The spectral features observed were very similar in all spectra,
highlighting the good reproducibility provided by the substrate developed. The main bands
identified are located at 782, 884, 929, 1009, 1280, 1375, 1432, 1545 and 1579 cm™. We
calculated the average SERS spectra characteristic of the TBZ-immersed AgNP film and the
AgNPs film, respectively, and calculated their differential spectra (Figure 3.11b) to clearly
identify the spectral characteristics of TBZ. In addition, the differential spectrum is compared
with the Raman spectrum obtained from the powder and the TBZ spectrum calculated by DFT.

For example, following subtraction, the 1000 cm™ band characteristic of the polystyrene
substrate was properly removed and the fingerprint bands of TBZ located around 992 and 1009
cm?® were highlighted. Vibrational spectral analysis was further performed based on
experimental data and DFT calculations. The calculated vibrational wavenumbers and Raman
activities were used to explicitly identify vibrational modes. Accordingly, the main
characteristic TBZ bands can be detected in SERS spectra and assigned to specific vibrations.
The main bands identified here are located at 782, 1009, 1280, 1545 and 1579 cm™. Other
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intense Raman bands such as those at 987 and 1491 cm™ appeared diminished in the SERS

spectra. The 987 cm™ was visible as a shoulder, mainly in the calculated differential spectra,

while the 1491 cm, corresponding to the C - N stretching vibrations in the thiazole ring, shifted

blue to 1432 cm™ and its relative intensity was substantially reduced. Analyzing the SERS main

intensity bands, we can assume that TBZ molecules are adsorbed on the silver surface via the

7 electrons of the benzene ring, similar to other previous investigations*!®,
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Figure 3.11 (a) SERS spectra of TBZ on AgNPs film collected from different locations on the substrate.

Excitation 785 nm. (b) Raman spectra of TBZ powder and Raman spectra calculated by DFT compared with

Raman spectra of AgNPs film, SERS spectra of TBZ on films and their calculated differential spectra.

60000 4 ///VJ\
L
M

40000 "]

80000 1 —— Ag NPs film
—— TBZ on Ag NPs film
>
< I
2 A
[0} L
E ,._,./—-—-—"‘“'/\"
c
© ]
E et
4 i
20000 Wk
TN
--"/WFA_
W
O T T T
600 800

1000 1200 1400 1600

Wavenumber/ cm™

Figure 3.12 SERS spectra of TBZ recorded on AgNP film and AgNP film using a portable Raman spectrometer
(532 nm)

36



The aim of this experiment was to determine whether AgNPs films could be used for
future field experiments. In such applications, compact and portable Raman systems, which are
not as powerful as Raman spectrometers, should be used. Figure 3.12 shows several spectra
obtained from TBZ adsorbed on AgNP film. The laser line used for excitation was 532 nm and
even though the AgNP films showed the lowest amplification factor for this excitation
wavelength, TBZ could be detected. The TBZ marker band at 776 cm™ was observed in all
spectra collected from different locations of the AgNP film. In addition, a good reproducibility
of the SERS spectra can be observed. Other characteristic TBZ bands identified in the spectra
are located at 1271, 1449 and 1572 cm™. In addition, two faint bands are detected at 985 and
1003 cm?, attributed to the thiazole ring that respires, respectively, the C - C stretch of the
benzene ring. However, their unambiguous identification is hampered due to overlaps caused
by the 995 and 1024 cm* bands also observed on the film. As seen from measurements at 785
nm, these bands are characteristic of the polystyrene support substrate. Therefore, a better
identification of the two TBZ bands located in this spectral region is obtained by subtracting
the AgNP film from the spectrum of the film immersed in the TBZ solution. The good
reproducibility of SERS spectra characteristic of TBZ adsorbed on AgNPs films obtained in
this study suggests that these films can be used for its detection even under 532 nm laser line
excitation conditions, despite the lower amplification exhibited by the substrates under these
conditions. Furthermore, it is suggested that AgNP films could be used to detect TBZ pesticide

in the field at possible contaminated sites.
111.3.2 SERS detection of endosulfan insecticide

Endosulfan (ES) is an organochlorine pesticide that has poor affinity for metal surfaces.
Therefore, various approaches to capture ES near metal surfaces by chemical functionalization
of SERS !'° substrates have been explored. Self-assembled monolayer systems with thiol
alkanes offer a versatile method of modifying metal surfaces to create molecular "pockets"
between alkyl chains and the plasmonic surface 12°. Therefore, ES pesticide molecules could be
trapped near the plasmonic substrate surface by their hydrophobic interaction with alkane thiols,
which would allow their detection by SERS %L, The sensitivity of SERS is generally influenced
by the chain length of alkanethiols *?2. Thus, alkane thiols with different chain lengths, such as
hexane thiols (C6, HT) and octane thiols (C8, OT) were used in this work. The functionalization
of AgNP substrate with HT and OT was confirmed by SERS spectra Figure 3.13, and the
corresponding Raman spectra. 12212 were used for comparison in this work*?*. Upon adsorption

of HT and OT on the AgNP film surface, evidence of their chemisorption is based on the lack
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of S - H stretching vibration (v) at about 2575 cm™ *2°, Evidence for thiolate-Ag bonding is
evidenced by the vibrational behavior in the v(C-S) spectral region, along with v(C-C) and v(C-
H). The two v(C-S) bands for both HT and OT upon adsorption on the Ag surface were observed
in the 600-750 cm™ frequency region, being shifted to much lower frequencies than those in
pure alkane thiols 1%, These vibrations are attributed to "gauche" (G) and "trans" (T)
conformations around the two carbon atoms adjacent to the S atom (thiol group facing the Ag
surface). The band at 635 cm™ corresponds to G v(C-S) conformers and that at 700 cm™to T
v(C-S) conformers for both HT and OT, the low frequency band being well defined only in the

case of small chain alkane thiolates such as HT 123,
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Figure 3.13. Average SERS spectra of HT- and OT-functionalized AgNP films, plotted together with their

positive standard deviations, obtained under excitation at 633 nm.

The methylene wagging and deformation vibrations occurred in the wavenumber
spectral region above 1300 cm-!. The C-H vibrations show a quadratic correlation with the
number of carbon atoms in the 1?2 backbone. For example, in the case of the OT-functionalized
film, the CH3 swing vibrations exhibited a lower relative band intensity ratio of 888 cm-! versus
857 cm™ compared to the HT case, in direct correlation with the influence of the longer alkyl
chain length and hydrophobic interactions between the chains. Pesticide ES is an asymmetric
molecule containing a rigid norbornene unit connected via an HC5-C6H bridge to a seven-
membered flexible aliphatic ring unit (Figure 4.14), in which only the two methylene groups

(CH?>) and the sulfite group (SOs) can induce changes in its conformation 26,
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Figure 3.14 Average Raman spectra plotted for (a) ES-OT, respectively OT on AgNPs film and (b) ES-
HT, respectively HT on AgNPs film . Loadings of the first three PCs and calculated difference spectra
corresponding to ligands (c) OT, respectively (d) HT. 3D representation of the two groups of spectra for (e) OT,
respectively (f) HT case.

The SERS spectrum of ES cannot be observed on AgNP, most likely due to the low
affinity of ES for the rough Ag surface. Thus, the a-isomer of ES was analyzed in its pure form
in solid form and then deposited by immersion of the monoalkanethiol-functionalized AgNP
film, namely HT and OT. AgNP films functionalized with endosulfan-octan-thiol (ES-OT) or

endosulfan-hexan-thiol (ES-HT) were analyzed and the results are shown in Figure 4.14.
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The SERS spectra shown on films functionalized with ES-OT, ES-HT respectively
appeared similar to those shown on films functionalized only with the respective thiol
molecules. On closer inspection, however, slight differences can be identified. SERS spectral
data for ES-coated films showed weakening of some bands associated with Ag-linked
monothiols, as well as the appearance of several bands that may be associated with ES.
Assignment of ES vibrations both in the solid state and on thin films of HT/OT functionalized
AgNPs was performed based on general published data 12116127 a5 well as theoretical
calculations performed in this study.

Background interference from HT- and OT-functionalized AgNPs films, respectively,
was subtracted from the ES-immersed AgNPs spectra, leading to the appearance of negative
bands in certain regions of the spectra.

Analyzing the SERS spectra acquired from the ES-HT AgNPs film in comparison to the
HT-AgNPs film, several attenuations of band intensity could be observed.

PCA was applied on the data set consisting of Raman spectra obtained from ES-OT and
OT functionalized AgNPs films. The first three PCs accounted for a variance of 72.8%, and the
loadings are shown in Figure 4.23 c. The PCs were used to differentiate the two films, and the
3D plot showing the separation and clustering of the spectra is shown in Figure 4.23 e.
Separation was achieved using mainly PC1, but PC2 also showed good separation ability.
Loading PC1, which accounted for 46.8% variation in the data set, showed similar
characteristics to the difference spectrum calculated by subtracting the average Raman
spectrum of the OT-functionalized AgNP film from the average Raman spectrum characteristic
of the ES-OT-functionalized AgNP film? The main features included the following Raman
bands: 630, 690, 857, 1070, 1147, 1147, 1183, 1219, 1259, 1275, 1367, 1444, 1512, 1585 and
1602 cm™.

Our results indicate that the longer alkane chains of OT allowed more efficient capture
of ES molecules compared to the shorter HT chains, leading to a better SERS response. Due to
the weak interaction between the alkane chains in the thiol monolayers, their assembly is rather
compact, reducing the possibility of a direct interaction of the pesticide with the metal surface.
However, adsorbed HT should exhibit a more disordered structure compared to OT, which has
a longer chain and favours an increase in aliphatic chain order 12°, More ordered OT films could

lead to better anchoring of ES molecules near the SERS substrate.
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Final conclusions

v

This work aimed to implement Raman and SERS spectroscopy in the specific and
quantisation detection of biomolecules of interest in environmental monitoring applications.
The following main conclusions were drawn from the studies performed:

We reported Raman and FT-IR fingerprints assigned to monosaccharide species found in
different proportions as composing HePS purified from A. platensis cultures, identified as
rhamnose, D(+)-glucose and D(+)-galactose. For conventional analyses, each compound
must be extracted, purified and quantified separately. Thus, Raman microscopy offers a
substantial reduction in time and labour while preserving information on the relative ratios
of biochemical compounds at the level of individual cells. The final aim of this study was
achieved by identifying exploitable bioresources that could be further exploited as an
industrial quality building block.

SERS analyses of natural mineral waters have revealed the technique's ability to assess
both organic and inorganic components, making it suitable for implementing sustainable
carbonated spring water management. Mineral waters induced aggregation of AgNPs and
provided a SERS fingerprint characteristic of beta-carotene.

SERS sensing of individual cells and diatoms (C. closterium) with adsorbed AgNPs
allowed for the detection of extracellular polymeric signals. Typical bands were assigned
to polyunsaturated fats, together with a specific SERS contribution from carotenoids and
chlorophylls. The three types of AgNPs used showed distinct interaction with diatom cells.
Compact and portable Raman equipment provided good reproducibility for assessing
carotenoid content in diatoms in batch cultures by normal Raman scattering.

The rapid and cost-effective quantification of fucoxanthin in solutions is well supported
in either Resonant Raman spectroscopy or SERRS, depending on the fucoxanthin
concentration range to be detected.

The rapid increase in concentration or accumulation of certain microscopic algal species
leads to drastic physico-chemical and biological changes in real aquatic ecosystems, and
these changes are expected to be measurable by the SERS technique. Therefore, the
contribution of individual species to the overall SERS signal is essential.

In this section, 3D SERS-active substrates were developed by depositing Ag films on
nanopatterned plastic substrates fabricated by NIL. The contribution of both Ag film and
nanopatterned structures in the final AEF obtained was determined. The effect of Ag

nanoclusters induced by deposition in DC, only gives an enhancement of at most 102. When
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Ag films are deposited on the nanopatterned substrate, the synergistic enhancement effect
is 7 orders of magnitude. Our findings suggest that the 25 nm silver film covering NIL-
printed nanotrenches in plastic is the most promising of the 4 different Ag film thicknesses
that were tested. The final AEF obtained in this case was 1.7x107, with a silver film
contribution of only one order of magnitude.

The second part of the chapter focuses on the detection and characterization of cyanotoxin
NOD using Raman microspectroscopy and SERS. By DCDR NOD was detected with an
LOD of 10* M. SERS analysis was performed for the detection of NOD even at a level of
10-12 M using AgNPs.

SERS substrates fabricated by CSA of AgNPs on solid planar substrates were evaluated on
their SERS activity for pATP molecule using several excitation laser lines (532 nm, 633
nm, 785 nm). The films show the best SERS amplification factors for 785 nm, reaching
values higher than 10°. The usefulness of these AgNP films for SERS detection of two types
of pesticides, the fungicide thiabendazole and the insecticide a-endosulfan, was then
demonstrated. These results are a step towards the development of SERS-based sensors for

pesticide detection, identification and monitoring.
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