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INTRODUCTION

The thesis is divided into three chapters. The Grapter describes the importance of
research in finding techniques for detecting, nmuimgy and characterization of toxic
substances in food control and are briefly desdritbee experimental methods (FT-Raman,
SERS) and theoretical methodes (DFT), used to m@ter the investigated species in the
experimental part of this thesis.

The second chapter deals with the food additived ianfocused on the physico-
chemical characterization of the tiabenedazole (TiB@lecule. This food additive has been
investigated in solid state and in water and ethaswutions by Raman and SERS
spectroscopy. Using DFT methods it has been olataime molecular geometry optimization
and calculation of vibrational frequencies. Knovene233 in Europe, thiabendazole is widely
used as a preservative in food industry, for fraitd vegetables. It is shown that TBZ can be
quickly detected by Raman spectroscopy (at millanatoncentration) and SERS (from
micro— to picomole level using silver colloidal rmgrarticles and a compact portable, mini —
Raman spectrometer. The vibrational data were tsetbtect TBZ from treated citrus and
bananas.

The third chapter contains original results obtdibg the study of some biotoxins that
appear in areas of aquaculture and which can det fish and other marine products.
Detailed studies are focused on domoic acid mogedilis study represents a combination of
obtained experimental results by using vibratios@éctroscopic methods with results from
literature. This natural neurotoxin has been cheremed and detected by SERS method,
both in pure water and seawater. Three differehemmes for detection of domoic acid in
seawater have been described by dissolving théatlige acid in seawater, by diluting pure
water with seawater or by using functionalized mmamticles (animo-AgNPs). Specificity of
dependence of signal of the used method has bemusded in all cases. This section
demonstrated the orientation and the adjustmedbofoic acid to the metal surface and the
detection of these marine toxines in seawater, edsely in fish tissue, using SERS

technique, at lower concentrations than currerggdumethods.



CHAPTER I. The importance of research and the current state of the art in

detection, monitoring and characterization of harmful substancesin food

|.1. Food quality control and current issues in thdield

In all countries, the food industry has the respulity to fulfill the conditions on food
quality and safety regulatory requirements. Sumgtigins can be as short as the garden is
from the family table, or thousands of miles lomgth many intermediates. The systems of
conservation, the processing and packaging of dlod products can be minimal or very
sophysticated, but to ensure food quality and gafetall situations must be constant. The
industry must play its role in ensuring food quahlind safety by applying quality assurance
and food safety systems based on risk, using dursamentific knowledge. The
implementation of such controls throughout produgtihandling, processing and marketing
leads to quality improvement and food safety, iasimeg competitiveness and reducing
production costs and waste. [1]

Rapid analysis of the chemical composition is ofjanamportance. The main
techniques in use by the control and monitoringdfpooducts are: Liquid chromatography
(LC), [2-4] gas chromatography coupled with masscgpmetry (GC-MS), with the addition
of micro-biological analyzes, and clasiic physi¢emical analyzes (density, pH, color,
concentration) and organo-leptic. These technotogover broad areas of analysis, but these
techniques are expensive, require significant fionesample preparation and relatively long
analysis, being related to the laboratory.

Raman spectroscopy has taken a real momentum ngsvad@r other methods for
monitoring chemical reactions, pharmaceutical ahdnucal food analyzes and also for
various other everyday applications. Raman spextms offers detailed information on
molecular vibrations. Whereas these vibrations deépm the strength and type of chemical
bonds, Raman spectroscopy is useful not only totityebut also in the study of molecules
and intermolecular interactions. Vibrational spestopy is used to elucidate the structures
and physico-chemical properties of the compoundsstigated.

Concerns (especially in recent years) on food amalgequires the development of
rapid and accurate methods for the determinatidioad additives and toxic substances, and
one of these methods can provide vibrational spsctipy in particular through its branch

Surface-enhanced Raman Sepctroscopy (SERS).



|.2. Vibrational techniques in food quality control

I.2.1. Raman Spectroscopy

Raman spectroscopy is based on the phenomenomattérang of light in the UV-VIS
and near infrared range. Raman spectroscopy isndestructive technique that can be
applied on solid substances, liquids or gasesijthsita "weak" process, the scattering cross
section is 13%-102° cnf/molecule.

If, on the molecule falls an electromagnetic wattee molecule size is smaller
compared to the wavelength of the radiation, theafe's electric field acting on electrons of
the molecule, moving from the position of equilibm. Arises an induced dipole moment

which in a first approximation is given by the teda:
U=akE
, In which a is the polarizability tenzor, depends on the dtmec and the nature of

molecular bonds, E is the electric field intensifyhe incident wave.

u =EY a’cos2mv t+3i6(%j qucosZn(v +V )t+£cosZn(v —v )t} }
i i i 0 k 2 0 k 2 0 k
0

k=1 k

It is noted that the dipole moment varies in timvgjch results an emission of radiation
with a frequency, — difussion Rayleigh, with a frequenciesHvy) - difussion anti-Stokes

Raman and withvp-vi) — diffusion Raman Stokes. [5-12]



|.2.2. SERS Spectroscopy (Surface Enhanced Raman Spectroscopy)

The SERS Spectroscopy due to the amplification ah&n signal has become one of
the most used technics in the study of adsorbedecutds. For obtaining the SERS
phenomenon the support is nanometer rough meelmtbst used metals being silver, gold
and with less extent, copper.

The intensity of the normal Raman scattering férea molecule, is determined by the
induced dipole moment of the transitiopnwhich is depend on the intensity of the electric
field, E and the polarizability of transition (u = aE). SERS can be determinated or by the
increasing electric field or by the increasing bé tpolarizability, and hence becomes two
different basic theories for explaining mechanidrthe amplification:

» electromagnetic theory, that involves increasirgydlectric field at the
place where the molecule is adsorbed

» the chemical theory, which involves the increasehef polarizability
due to the formation of a complex molecule-metdbjolv will present a new
absorption band compared to unadsorbed molecutkeirfrequency range of
radiation exciatate, namely it will induce a resanRaman phenomenon after
adsorption.

In the case of SERS the adsorbed molecules areupdtr the influence of the electric
field radiation as under the plasmonic field. Reman Stokes lines of the molecule are also
close to the frequency of the excitation radiatithrey will also be in resonance with the

surface plasmon. For SERS signal intensity we cdte w

lsens = NTWO|AWL AV Ofirs

where N’ - number of the adsorbed molecules,)If intensity of the excitation laser
radiation,v |, A(vL)|2 the intensity of excited plasmonic field of extita radiation, |A¢s)[*

the intensity of excited plasmonic field of Stokesliation, vs, o"sers SERS scattering

section, which is higher than the normal Ramantacag. [11-20]



1.2.3. Therole of theoretical methods in the field. Basic principles of the
DFT methods

For a proper understanding of Raman spectrumssengéal to secure the award of all
bands in the experimental spectra. For this purposethods of molecular quantum
mechanics provides complementary data to thosenaokeexperimentally. Correlation of
theoretical results with those obtained by expenit@lespectroscopic aims to determine the
exact molecular structures, molecular propertied an accurate analysis of Vibrational
spectrums. A very good correlation between normadles of experimental and calculated
vibration gives us the security of a proper assigninof vibration frequencies.

Within the DFT methods in different combinationsidtional parts and correlation are
are commonly used. Among them, the combination 38 is used most often because
proved skills in reproducing several molecular gmies, including vibrational spectra. It
was shown that the combined use of the functioB/Y® with the basis set 6-31G standard
(d) represents an excellent compromise betweerrawgand computational efficiency in the

calculation of vibrational spectrums for large amedium molecules. [21-24]



Chapter 11. Vibrational techniques applied for controlling and monitoring

fruit quality

II.1. Food additives — Why are they necessary?

Through food additive "is meant any substance, Wwhigrmally it is not consumed as a
food in itself and which normally is not used asclaaracteristic ingredient of food
consumption, whether or not have nutritive valbe, addition intentionally of it in food for a
technological purpose in the process of manufawgorpreparation, treatment, packaging,
transport or storage of such food results, orkislyi to result to have direct or indirect result
of its transformation or its by-products in a coment of such foods. " Food additives are
authorized at EU level for all fifteen Member Statas well as Norway and Iceland.

In the European Union are stabilized the maximum@ntjties of certain food additives,
which a manufacturer can use to conserve, storerdar to improve the quality of a food,
etc. EU decided, that each authorized additive si¢edbe signaled on the label or on the
package with the well known code: E number. Thesilmt was taken in the idea of having a
very precise legislation and regulation of addsgivand to facilitate informing consumers.
[25-27]

11.2. The studied case: Thiabendazole (E233)

Thiabendazole (TBZ), [2-(4-thiazolyl) benzimidazo@H7NsS, also known as E233
in Europe], is a chemical fungicide species andagiicide largely used in vegetables and
fruits treatment to prevent mold, blight, and otbeyeases resulting fromlong transportation
and deposit. For exampleit is largely applied todreas in order to ensure freshness, and it is
a common ingredient in the waxes applied to thasskf citrus fruits. TBZ is supposed only
to be. [28]

The Romanian Directive aligned to the EU regulatjmmovides the maximum level is 6
mg/kg, in the case of citrus fruits (orange, pomgtapefruit, lemon, mandarin), and 2 mg/kg
for bananas [8, 9]. It is not approved as a fodtitae in the EU [10].



I1.2.1. The Raman spectrum of thiabendazole

FT-Raman spectrum of solid polycrystalline TBZ isplayed in comparison with the
theoretical spectrum iRig.1. for the high and low wavenumber range, respegtiveFig.2.
A very good correlation between the normal modesxpierimental and calculated vibration

modes gives us the security of a correct assignofenbration frequencies.
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Fig.1. The experimental Raman (a) and theoretical (b) Fig.2. The experimental Raman (a) and theoretical (b)
spectra of TBZ. A protonated form theoreticallyotddted spectra of TBZ. A protonated form theoretically
spectrum (c) is given to support the experimerdsé af calculated spectrum (c) is given to support the
TBZ in aqueous solution in high wavenumbers range. experimental data of TBZ in agueous solution in low
Excitation (a): 106hm, 350 mW.. wavenumbers range.

Excitation (a): 106hm, 350 mW..

Fig. 3 present a series of Raman spectra of

TBZ in agueous solutions at two differen *]

concentrations, Itand 10° moll* respectively,

and different pH values. 6000 1

sity/arbit.un

The Raman spectrum of TBZ aqueo@
solution at pH7 presents the same band positi(éwém'
(in the limit of solvent effect of 2-3 ch) as the ::
solid TBZ, while the spectra at pH4 and pH 2 %]
exhibited different shape. Tus, the band at 1579

-1 - 0 — T 7T T
cm™ is decreased at pH 4 and completely 1800 1600 1400 1200 1000 800 600

disappears at pH2.Instead, a new band cent¢ Fig.3. pH dependence Raman spectra of TBZ in aqueous
solutions at two different concentrations;*(Black) and

at 1601 crt was observed, whose intensit 10%molr1 (red spectra), respectively.
! Excitation: 532 nm, 40 mW
increased with pH decreasing. We suppose tiiau

probable a protonation at N atom from ring 2 igoesible for the new observed band at

10



1601 cni. The same assumption was made for the secondn (gitng 1) since we observed
another increasing band with pH decreasing at 1882, the 5(N-H) bending mode after
protonation. The shift of the band at 1279cftom the Raman spectra of neutral.
Concluding, a rapid measurement using a portablmaRainstrument allowed to
evidence in TBZ aqueous solution at?1®ol I* two distinct species, the neutral and the
protonated one respectively. The protonation behaas revealed by the Raman spectrum is
the same at I®mol I'* concentration, although the normal Raman signaleiy weak.
However, this concentration range is unsatisfactiony sensitive detection applications.
Therefore, we employed SERS to establish the opaigarithm for trace detection of TBZ.

I1.2.2. The SERS spectra of thiabendazole adsorbed on slver colloidal

nanoparticles

SERS spectrum of TBZ is

presented in thd-ig. 4 in comparison

4000

3000

with the Raman spectrum of aqueous
solution at pH 7.
The SERS signal of the TBZ

agueous solution at 1.960-5moll-1,

2000

1000 4

Raman intensity/arbit.units

pH7 exhibits strong differences in band

-1000

1600 1000 oo positions and relative intensities, when

Wavenumbers/cm”

compared to the Raman oneatl@oll™,

Fig.4. SERS spectrum of TBZ (a) in comparison with Raman . . .
spectrum (b) in aqueous solution. SuggeStlng a Chemlsorptlon process.

Ectaton: 532 m. 40 mA: Theoretically, the TBZ species could
adsorb through lone pair electrons from N or S atomboth) resulting in a standing-up
orientation to the Ag nanopatrticles surface, ootigh thert ring electrons resulting a planar
coverage of the surface.

The broadening of the bands strongly shifted whempared to the normal Raman
ones, suggests a tilted to parallel orientatiothefmolecular skeleton with respect to the Ag

surface.
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I1.2.2.1.Concentration dependence SERS spectra of TBZ

SERS detection limit of TBZ in aqueous solutionngsthe mini-Raman spectrometer
as 10" mol I'' concentration. Kig.5). The relative intensity of the band at 1389cm
Y(representative for TBZ concentration variationjsus 484 crl, | 1389/1484 as a function
of concentration is displayed in insertion

A better SERS approach revealed the

TBZ dissolved in ethanol, as shown in the
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was still SERS active even after 24 hours from

preparation. The higher concentration (6.67

Wavenumber/icm™

1 . .

Fig.5 The concentration dependence SERS spectra of TBZ umol I ) strongly activated the aggregatlon of

from micromoleto picomole level, as shown on each spectrum.the nanopartides which results in visible
macro-aggregates at the bottom of sample and

consequently, the diminishing of the absolute SERShsIty in time Fig.6, right).
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Fig.6. . Concentration dependence SERS spectra of the TBziatsolution, as indicated on each spectrum)(l&ftte same samples exhibit

strong SERS signal even after 24 hours (r)ghajthough at higher concentration the nanoparticdggregation inthe presence of TBIS faster

and consequently, the absolute SERS intensityamatically decreased to one half, frahout 4000 to 2000 counts.
Excitation: 532 nm, 40 mW.



We employed even the 1064 nm laser line to probéSERS using a near-infrared

laser line, at 1064 nmF{g. 7). Very sharp bands were observed6#7x10° mol I
concentration.
According to the SERS selection rules [30], therational modes with the

Stokes

anti-Stokes

0.012

0.008 |

0.004 |

Raman Intensity/arb. units

0.000 "

i T e

Ag-N bond

574
1006
784

FT-SERS

=

FT-Raman “

@)
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S

- w.luﬁ\ W Y v

-236

Fig.7. FT-SERS spectrum of TBZ — ethanol solution at

6.67x1C° mol I* concentration compared to the FT-Raman

T USELSUSEA T
3000 2400 1800 1200 600

Wavenumber/cm™

spectrum.

ethanol solution.
SERS signal of TBZ-ethanol solutioRig. 8) as well as the FT-SERS experimefig(

7) confirmed the chemisorption of ethanol-dissolvEBZ through both N and S atoms,

T
0 -600

polarizability component perpendicular to the
surface are enhanced. Because of much
higher sensitivity of the FT-Raman

equipment, the low wavenumbers range
revealed a strong SERS band at 236'cm

also visible in the anti-Stokes range and
assigned to the Ag-N bond of the
chemisorbed TBZ through the N atom.
Another distinct band at 784 émwhich was

hardly observed in the SERS of TBZ aqueous
solution, strongly suggests the S atom

involved in adsorption in the case of TBZ

resulting a standing-up orientation of the TBZ skall plane with respect to the Ag

nanoparticles surface.

11.2.2.2. The pH dependence SERS spectra of

BZ

As expected, at basic pH range the SE
spectral shape (not shown here) is changed, prpb
because of the interaction with the citrate ioreir
Ag colloidal solution. The absolute signal intepsg

much lower than in the acid medi&id.8)

Raman intensity/arb.units

The most significant SERS bands in the a o %0 1m0 w0 e

Wavenumbers/cm”

pH range are much better resolved than in the b

Fig.8. The pH dependence SERS spectra of

TBZ in acid pH range.
13

Excitation: 532 nm, 40 mW.



conditions Fig. 8).
The relative intensity of the 1584 ¢mand 1545 cilbands are changed with pH
decreasing.

According to the SERS selection rules [30], thectpé shape suggests that the
protonated TBZ species adsorbs through the N ar $dth) from ring 1, resulting a torsion
skeletal plane along the —C-C- bond axis betwesn Xiand 2, and co-existing different tilted
orientations skeletal planes with respect to the Agface. The co-existence of both
protonated and neutral species could not be exdlude

In addition, the protonated species supposed flarRlaman spectra of aqueous solution
confirmed by the theoretical calculated spectruevealed the new N-H bands after
protonation at 1643 ctiwhich was observed in the SERS spectra as a sstomglder at pH
2, whereas at pH above 4, a slight shift in the516i6*—1698 cn range appears.

I1.2.3. SERS detection of TBZ in fruits

The fruit samples (orange, lemon, banana, grapefod bio-lemon) have been

randomly selected from market, domestic washed tagphwater and prepared by immersing
a small piece of peel in 100 ml distilled water. dGrom the resulted water solutions were
used for SERS measurements.

The SERS signal of TBZ at pH 7 was

successfully identified in the water samples

resulted after immersion of the bananas and the

-2
©
el
e

TBZ 1.96"10°M four different citrus fruit species, including the

sono. “bio” lemon acquired from a specialized “bio”

shop. Fig.9)Water samples after 15 min, 30 min,

1h and 24h of fruit immersion were also

Raman intensity/arb. units

investigated in a time dependence experiment

3000

(Fig.10). After 15 min of fruit immersion in

water, the TBZ was detectable in the solutions.

banana

Longer immersion time resulted in higher SERS

T T T T T
3000 2000 1000

Wavenumber/cm’™ signal. Taking into account the SERS
Fig.9. SERS spectra of TBZ collected from concentration dependence specificity, the typical
fruits compared ;0 SERS signal of TBZ 10 1
moll™. SERS signal of neutral TBZ at ol I* was

Excitation: 532 nm, 40nW.
identified in the samples from 24 h immersion,
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including “bio” lemon. This result is supported the relative intensity ratio r of the observed

bandsissdlsss that has values r>1 only for #ol It concentration, whereas for lower

concentrations, this ratio is r<1. The results ityeavidenced that domestic washing fruit

does not completely removed the TBZ content, simgber concentration signal detection

was achieved from sample after longer water immargime. Only in the case of TBZ

extracted from banana this ratio is r<1 which ssgg@ much lower concentration (most

likely 1.96 x10°mol I'Y). Among citrus fruits, the orange revealed thenbigj TBZ level.

6000

5500
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4500 -

4000 |

3500 —

3000

2500 —

Intensity/arb.units

2000

1500

1000

Fig.9.

T
1500

T
1000

El
Wavenumber/cm

T
500

SERS signal collected from water resulte

The SERS signal form fruit immersion
solutions revealed the same bands as in the SERS
spectrum of TBZ in neutral form, although some
other small signal contributions from the complex
sample in the 1545 cm— 1640 crifrange was
observed together with a higher Raman background
resulted from other possible “impurities” from the
fruits. However the TBZ has been unambiguously
detected within 8 seconds measurement in all the
studied cases. Taking into account the TBZ
molecular weight of 201.249 g/mol, and the amount

of 10 pl used as SERS sample volume, we could

4 easily estimate for the concentration of 1.96 x 10

5 -1 .
after fruits water immersion for 15 min, 30 min, 1 MOl |7, the total amount of TBZ extracted in 100

hour and 24 hoursas indicated from bottom to top, m| water as 0.394 mg. This amount obviously

respectively.

Excitation: 532 nm, 40 mW.

exceeds the provided maximum level of 6 mg/kg,
by the current regulations in the case of citrusdr

(orange, pomelo, grapefruit, lemon, mandarin), 2mdg/kg for bananas [29], since the total

amount of fruit used in experiment was one smacteiof peel of about 5 g, which provided

approximately 78 mg/kg.

15



[1.3. Conclusions

A complete theoretical and experimental vibratioRaman characterization of TBZ
has been reported for the first time, allowing tody the vibrational properties in a broad
range of concentrations and pH conditions. We Istn®vn that TBZ can be rapidly detected
by means of Raman (at milimole concentration leaalj SERS spectroscopy(from micro- to
picomole level) using Ag colloidal nanoparticles eshancing substrate and a portable,
compact, mini-Raman spectrometer. Different SERisabier was found for TBZ dissolved
in ethanol compared to aqueous solution, wheredgtection limit was three orders of
magnitude lower. TBZ adsorbs on the Ag nanopasittieough the S and N atoms of the ring
1 and 2 resulting a standing up orientation whéaratl is used as solvent and in a tilted to
parallel orientation with respect to the silverfane when dissolved in water, respectively.
The protonated species supposed from the Ramatramécaqueous solution revealed the
new N-H bands at 1643 ¢fand a slight shift in the specific skeletal viboa. Vibrational
data were employed to detect TBZ from treated simnd bananas fruits samples using a
simple approach of immersing them in water andgoering SERS of the resulted solution.
The identification of TBZ in neutral form was ackhel by recording SERS spectra within 8
seconds acquisition time and comparing the signtld that of standard prepared samples.
SERS signal of TBZ revealed specific bands intgns#tio hssdlssias a function of
concentration which allowed to rapid detect the Td&®Acentration level in fruits.

A total amount of 0.394 mg TBZ was concluded in thater sample after 24 h
immersing 5 g citrus peel, which results in anmeated value of 78 mg/kg, 13 times higher
than the maximum allowed by current regulationssdgiaon the SERS signal comparison,
higher TBZ content was found in orange, whereasgtia@efruit, lemon and “bio” lemon
revealed the same value; only banana fruit revetidledSERS ratio r<1 suggesting lowest
level, within the allowed limits. These results yided a fast, cheap and highly sensitive
approach in monitoring thiabendazole in fruits. tRar studies regarding the penetration

depth of the TBZ in the fruit skin and the possipito detect it using SERS are in progress.
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[11. Vibrational characterization and monitoring of some biotoxin in

aquaculture products

[11.1. Marine biotoxins

DA acid is the toxin responsible for amnesic sisdlipoisoning (ASP). ASP is a new
malady, entered the public health lexicon in 1984] ASP symptoms include vomiting,
nausea, diarrhea and abdominal cramps within 24shotiinvestigation. In more severe
cases, neurological symptoms develop within 48 ©iaand include headache, dizziness,
confusion, disorientation, and loss of short memoanptor weakness, seizures, profuse
respiratory, secretions, cardiac arrhythmias, canmthpossibly death.

Both shellfish such as mussels, oysters, scallateans, limpet and fish can
accumulate this toxin without apparent ill effedtsshellfish toxins mainly accumulate in the

digestive glands, in fish accumulate in tissues.

DA has also resulted in the mortality of
Routes of o e hundreds of marine birds, mammals and fish
Domoic acid at several other instances and locations in

\ B different parts of the worldF{g.10)

Limpet
£ — Mussel Q . .
>0, [ e The European Union has established a
Fishes PRI c\am e f

permitted level of 20 mg DA/kg in shellfish.
\.ﬁ\:‘:“- Scallop [32]

==

Harmful algal
blooms (HABs)

= eeudomNitzschis There are a number of ways to detect

Red tide (microscopic algae)

DA in algae and in food. These methods are
Fig11. Rute of Domoic Acid very sensitive and can detect DA at levels
below those of concern in food. The low levels, ebhimust be detectable, mandate prior
separation of DA from many interfering substancesmost currently, used chemical
methods. These methods are expensive and time roamgwand require complex sample
preparation. Another possibility is the bioassapatwequire the sacrifice of animals or the
use of expensive reagents. Time is very importadetection of DA, because it can be found

in perishable foods.
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[11.2. Domoic Acid
DA, Ci5H21NOg,(molecular weight 311.3303 g/mol) is a naturallgcarring

excitatory neurotoxin amino acid produced by micopsc algae, specifically the diatom

speciePseudo-nitzschidt was first isolated from the benthic red seadv€bondria armata

(“domoi” in Japanese) and was named after it byehabto and Daigo, in the late 1950s. [33,

34]

HO

HO

Fig.12. The molecular structure of DA

Takemoto and Daigo [33, 34] elucidated the

AN " O molecular structure of DA: it is a tribasic aminocich
related structurally to glutamic acid and contagnia
proline ring. The molecular structure is shown e t
HN o Fig.12

[11.2.1. Raman and SERS spectra of seawater

In Raman spectra of Adriatic seawater were detdetedvater peaks, H-O—H bending
(1641 cm*) and O—H stretching (3000-3800 dmmodes, and one sulfate ion peak, the S—O

30000

25000

Raman intensity/arb.units

5000

20000

15000 4

10000 4

S-Ostretching .01 bendinc

5
o
3
4

T T T T T T
500 1000 1500 2000 2500 3000

Wavenumber/cm™

Fig.13. The Raman spectrum of seawater

Excitation: 532 nm; 20 spectrum, 15 sec, slit 100

stretch (981 cil). (Fig.13)

There is a good correlation between the
experimental values, obtained by measuring
the Raman spectra of seawater, and the

literature.

SERS signal of seawatefFi§.14) provide rich and complex information in a

simultaneous manner, the presence of inorganic ooems (phosphate, nitrate, nitrite,

ammonia, carbonates, sulfates) and organic spasgsrganisms.
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SERS measurements show well

resolved bands, narrow and precise, for
collected "wild" seawater and for aquaculture
water, without any chemical preparation of

Intensity/arb.units

water samples, using a silver colloid for

metallic substrate and a 3 seconds aqusition

time.

T T T T T T
500 1000 1500 2000 2500 3000

Wavenumber/cm™ SERS S|gnal S|mU|taneOUS|y dISp|ayS

Fig.14. The SERS spectrum of sewater information about the presence of nitrates,
Excitation: 532 nm: 10 spectrum, 3 sec. slitS0 g )Ifates, ammonium ion, carbonates and
phosphates as well as about salinity. The most
significants SERS bands were observed at: 2958 c#031 crif, 1502 cnit, 1269 cnf,
1146 cnt, 216 cnt. The presence of chlorides in SERS system is dstraiad by the
observed band at 216 &ndue to the newly formed bands (Ag- Cl) in SER8csm. In
comparison with the Raman spectra, the SERS sighdahe seawater show significant
differences in the bands positions and in the ikaaihtensity of the bands, suggesting a
strong chemisorbtion process. Theoretically, frdme teawater can adsorb on the metal

surface both organic and inorganic components.

[11.2.2. The Raman spectrum of water from aquaculture

The Fig.15 presents the Raman

20000

spectra of the aquaculture water in
] comparison with the Raman spectra of
"wild" seawater, and the Fig.6 present the

SERS spectra of the both water.

10000 4

Raman intensity/arb.units

5000

The band at 438 cthin Raman spectra

of seawater is shifted to the high

T T T T T T
500 1000 1500 2000 2500 3000

Wavenumbers/cm” wavenumber range at 453 ¢mwhile the

band at 1641 cth is shifted to lower

Fig.13. The Raman spectrum of seawater

Excitation: 532 ;20 t , 15 , slit 100 1 .
xeliation: 532 m; £ spectium, &5 sec, sl wavenumbers range at 1635 tin the Raman

spectra of aquaculture water. Appears a new
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band in the case of aquaculture water at

224000

1099 cmt, which has no counterpart in the

S

Raman spectrum of the seawater. Compared

16000

sity/arb.

to the Raman spectra of these two water

inten

samples reveal no significant differences for

Raman

8000

these analytical purposes.

There are significant diffrences in the

T T
1000 1500

SERS spectras of these two watdtig) (16). Wavenumberiem’

This SERS experiment clearly demonstrates the

. . -, Fig.16. The SERS spectrum of (a) sea water in
changes in the chemical composition of the wa comparison with the spectrum of the(b) aquaculture

water
in the aquaculture area. The most intense ba
were observed at 1363 &m1508 crit and 610 cnl. These spectra will be used as reference

spectra for a possible detection of biotoxins iemgger.

[11.2.3. The FT-Raman spectrum of domoic acid

The FT-Raman spectra of DA

" solid, presented inFig.17., shows a

0.16

0.14 -

most intense Raman band at 1649'cm
(theoretically 1650 ci) [33] is

assigned to the stretching vibration of

0.12
0.10

0.08 |

Raman Intensity/arb.units

006 §

0.04 -

the conjugated C=C double bond, which

0.02 |

is characteristic of DA.

0.00

T 7/ T T T T T T
3000 1500 1000 500 0
Wavenumber/cm’
Figura.17. The FT-Raman spectrum of DA

Excitation: 1064 nm, putere 1 W, spectral resoluiacm’, 100
scans

[11.2.4. The SERS spectra of domoic acid
The SERS signal of the DA aqueous solution at 33*mol I'* at pH 5.5 exhibits
differences in band positions and relative inteesjtwhen compared to the FT-Raman
spectrum of solid DA Kig.18), suggesting a strong chemisorption process onAthe

nanoparticles.
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The presence of the SERS band at 223" @mdicates the forming of the Ag-O [34]

bond, with no counterpart for in the normal Rampacsrum. This is an indicative of the

nearness of carbonyl group to the silver surfadenil® values are reported for the

32000 —

31000

2937

30000 —

29000

28000 —

Raman Intensity/arb.units

27000

26000 —

T T ! 4 T T T T
3200 2800 1600 1200 800 400

Wavenumber/cm”

Fig.18. The SERS spectrum of DA in aquous solution

wavenumbers assigned ta(Ag-O) SERS
mode in literature.

Comparing to the normal FT-Raman
spectrum the most prominent SERS band was
observed at 1584 ¢

The broadening of band assigned to
C=C bond is likely due to a diverse set of
molecular orientation, which is possible
because DA has a conjugated double bond in

the skeletal ring with three distinct
carboxylic groups (COOH) at the molecule’s

periphery, and has also an imino group

(NH), vying to bind to the metal surface. [35-39]

Therefore, theoretically four possibilities existy which the molecule can interact with

the metal surface. According to Falk et al. [40] BAsts in five distinct protonation states,

whose proportion is strongly dependent on pH, wiieeamino >NH or the three carboxylate

groups are sensitive in aqueous solutions. Takit@account that our stock DA solution has

pH value of 5.5, where a single charged anion —Ci®@resent, the most probable adsorbed

form would be through this functional group. Consemfly we would expect to observe a
new SERS band corresponding to the DA-Ag conjugatesbout 216-222 ch Indeed, in
Fig.18, the strong band observed at 223’aronfirmed our adsorption supposition.

[11.2.4.1.Concentration dependence SERS spectra of DA in pure water

and seawater

In order to probe the SERS capability for loweredébn limit, several diluted DA

seawater solutions were prepared from stock

In the case of seawater solution, an order of ntadeilower was achieved (3.3*10

mol I'%).
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Two distinct bands were observed also in

the SERS spectrum of seawater at 1651 cm-1 and

1622 cm-1 at concentrations of less than 3.3 10
mol to 108 mol I}, while the bands at 1505 &m

and 1271 cnl are increased dramatically,

9000

3.3*10" mol I"

g

units

6000

b

3.310° mol I suggesting an interaction with domoic acid and

g g
=~ e

some sewater components, or a structural change

Intensity/ar

3.3*10° mol I"

of the molecule due to the different pH of

3000

seawater (7.5) .

In seawaterKig. 20), the high wavenumber

o range is completely dominated by seawater SERS
3000 1800 1500 1200 900 600 300

Wavenumber/om” signal (3600-1800 crh range not given). A

Fig.19. Concentration dependence SERS specrta of previous report on SERS on DA in aqueous

DA dizolved in pure water. solution shows that the toxin concentration was

detectable at 2.5 T0mol I* (7.8 pg/ml). With the current SERS method we destraited the
possibility to detect the DA in pure water solutiah3.3*10" mol I* (0.1 pg/ml), and in
seawater solution at 3.3*$0(0.01 pg/ml) mol t. We reached a detection limit 78 times
higher than previous SERS report, and even high&d {imes) when seawater was used as

solvent.

Intensity/arb.units

.2.4.2. SERS of DA on amino-
functionalized Ag nanoparticles

3.3*10" mol I"

In order to probe the capability of DA to bin ol

T ¥ T y T T T
1500 1200 9200 600

to specific SERS tag, we employed - Wavenumber/cm”

aminothiophenol (4-ATP) chemisorbed on Ag as<
. ) Fig.20. Concentration dependence SERS specrta of
a SERS label for detecting DA. It is well know DA dizolved in seawater.

that 4-ATP strongly interact with the Ag or Au natmicture substrates and the Ag-ATP
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conjugates exhibits very strong SERS signals [3%he chemisorbed ATP through the S
atom, confirmed by the new SERS band of adsorbel AfTabout 212 crhand assigned to
Ag-S vibration mode.

Recent reports showed that p-ATP species

could encounter photo changes in molecular
identity due to the incident laser photons [41],
. resulting new chemical species formation, like
p,p'-dimercaptoazobenzene, with totally different
SERS signal. The new “b2 modes’ at 1142,

1388 and 1432 cm® observed in the SERS

Raman Intensity/arb. units

1800 1600 1400 1200 1000 800 600 400 spectra of ATP were actually assigned to p,p'-

Wavenumber/cm™

dimercaptoazobenzene when laser power applied

Figura.21.The FT-Ramanspectrum of 4-ATP pure (a), SersWas hlgh (Ca- 10 mW)
of 4-ATP (b) SERS DA-AgNPs (c). . . .

Excitation: 1064 nm a); 532 nm ki)c). Taklng Into account SpECIfIC
environmental conditions to obtain a
reproducible SERS signal from 4-ATP on Ag, we rdeor SERS spectra in the case of DA
solution dropped into the Ag-ATP SERS conjugatechglex. Indeed, after intermediary
SERS measurement of amino-AgNPs system (meanirg égosure) and further adding
DA solution results in less availability of the AGFP conjugates to provide free amino-

group, because of the laser induced photoreac*~~

between neighbor ATP molecules generati

30000 - 4.16*10" mol I" DA

p,p'-dimercaptoazobenzene on the Ag surface

the case of chemical preparation of the SERS

Amino-NPs  Domoicacid

20000

without laser exposure and intermediary sigt

seawater

Intensity/arb.units

collection, when further adding DA solutio

10000

results in specific SERS due to the capped DA -

distilled water

the |abe| 32‘00 28‘00 16‘00 12‘00 8(‘)0 4(‘)0

The interaction of any carboxylate grot . e
with the amino-functionalized SERS labels is _ o

Fig.22. SERS specFru of DAdissolved in (a)distilled

expected to be detectable as a change in the water, (b)in sewater on AgNPs
1600-1700 cni SERS range, where the amine bending (from ATP) thedcarboxylate
groups exhibit significant bands.

In SERS spectrum of 4-ATP absorbed on Ag surfaeegral very strong and medium

bands were observed at 1079 %nill176 cnt, 1597 cni significantly depend on the
23



experimental conditions (high laser power genegaphotoproducts versus low laser power).
The spectral range between 1600-1700" @srfree of bandsHig.21). To achieve molar ratios
of 1:1 for ATP : DA we prepared an ATP SERS sanfigesn 100ul colloidal Ag and 10 pl 4-
ATP ( 4.5* 10°mol "), and finally we added 50 pl DA aqueous solutiseagvater solution
respectively), at 16 mol I concentration. The SERS finally molar ratio wasa/C..
atp=0.99. We recorded FT-Raman spectrum of pure 4-Adrel compared to the
corresponding SERS signal on Ag nanoparticleshézk the identity of the absorbed 4-ATP
species (SERS label). Upon adding DA, SERS specfrom the label revealed strong
differences in the 1580 -'1700 ¢rwavenumber range The band at 1579'ésrbroadening
and around 1648 cfra prominent shoulder is observed

The observed detailed differences suggested tletatithored DA on the 4-ATP
functional groups were supposed to interact withRlaman label.

In seawater caseFig.22), the large differences were observed. Appearariceew
bands at 1645 cthand 1617 citas well as in the low wavenumber range at 219 amd
149 cm', demonstrated the possibility to identify the togpecies using the SERS specificity
of the label. The specificity is raised not onlgrfr the margins of the spectral range, which is
usually not well suited for portable equipmentst &lso in the fingerprint range, commonly

used for Raman monitoring purpose.

[11.2.4.3. SERS detection of domoic acid in fish tissue
Samples for SERS measurements were prepared lynigeg piece of at -20 ° C, and
then placed in liquid nitrogen few minutes. For Ranmicroscopy mapping, the frozen
samples were cut immediately to

40 um thin sections with a

microtome (Cryostat Frigocu
2800, at -25 ° C, and the
deposited on a blade of CaF

900

600 -

Raman Microscopy (to avoid th

Intensity/arb.units

fluorescence) and measure

300

immediately

>2935

The Raman spectrum of th

fish sample is shown in Fig. 22 3000 1500 1000 500
Wavenumbers/cm’

For the interpretation of Rama..
Fig.23. SERS spectrum of fish tissue
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spectra, we used the comparison with a referenkéagem spectrum, is abundant protein in
all tissues of animal (and human).

It is noted that the specific protein bands, antiflé658cm’) and amide Il (1267ci
and group-specific vibration GH-CHs, of the 1447 cm , 2987 crit and 2935 cni as
protein and lipid are unambiguously observed. Aeapttharacteristic band is observed at
1001cm* and generally attributed in literature with theefthing vibration of Phenyl ring
from phenylalanine. The band at 317tim due to the Cafsubstrate. Complex bands in the
region 1300-1400cm are assigned controversial atributed in litergtimg some authors
nucleic acids, as other authors hemice protein hgnmgps.

To fish tissue has added a few drops of domoic disisblved in pure water, and after a
few minutes was measured in different depths. Ayealaspectrum is shown kig.24

The SERS spectrum of the tissue represents

differences in the Raman signal, suggesting a gtron

600 —

incubation of the nanoparticles in the tissue, and
respect a chemisorption process for some molecules
in the structure of the tissue.

400 —

SERS spectrum of tissue DA shows a distinct

Intensity/arb.units

spectral fingerprint.

Unambiguously observed SERS bands are

200 -

characteristic of domoic acid (Fig. 24), which

1685

allows us to conclude that the SERS technique is

T T T
1500 1000 500

Wavenumber/cm” able to detect and differentiate this biotoxin ighf

Fig.24. The SERS spectrumalof fish tissue () with ~ tiSsue. These results open new perspectives in the
DA dissolved in pure water (b), SERS spectrum of ) )
DA dizolved in pure water (c), development of technology for current applications,
the course will require database -specific SERSIthneatissues. Therefore the ideas

developed in this thesis opens up new directiongfplied research of current interest.
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Conclusions

We obtained and characterized for the first tirhe, 8ERS signal of domoic acid both
in pure water and seawater and have reached tlteofimetection at a concentration of 0.33
nmol I-1 (0.33 ppb) in distilled water , respectiv®.033 nmol I-1 (0.033 ppb) in seawater,
concentrations much lower than the accepted curesnilations. Three different detection
schemes of domoic acid DA) in seawater are desdyiby dissolving the high crystalline
sample by diluting the solution with pure waterawater, or through the use of SERS -type
markers Animo - AgNPs ( as summarized in figureohel

Dependence of signal specificity of the method Usesibeen discussed in all cases. To
test the SERS technique and get high quality sigralused both pure nanoparticles and
amino - functionalized. The concentration depend8BRS spectra revealed significant
differences in adsorbed domoic acid signalm stpdgbendent on environmental conditions
DA has been detected at a concentration of 4.16*rol I'* in the case of functionalized
nanoparticles, a detection limit wasof 5 ordersn@gnitude lower than that of pure Ag
nanoparticle .

Using SERS to detect biotoxins demonstrate thetwahbd provide alternative ways to
replace current methods costly and time-consunmmadyaes of ongoing monitoring purposes
It was demonstated the orientation and the bindindomoic acid on the metal surface, and
the detection of the toxins of marine seawatem@<$$ERS at lower concentrations than
currently used methods .

DA detection specificity amino - AgNPs is signifitaand unambiguous, not only to
the spectral edge, but also within the so- calfggtsal " fingerprint * , which usually is very
suitable for any portable Raman equipment. Theeefdhe results provide valuable
information for implementing a method implementedaaslight variation in situ, fast and

cheap marine monitoring programs using portablecatididal Ag nanopatrticles .
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