








Figure 6.8 Representative SERS spectra observed for DAQ-/ and DAN-AuNPs under different redox conditions. A.
02*-; B. H202; C. ONOO-.
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Figure 6.9 Calibration curve on a log-log scale of 680°™" band peak intensity vs. 02 "concentrations. The solid line is
the linear fitting line, with the 95 % confidence interval for the calibration (gray shadow).

Stability in physiological buffer

Keeping in mind our final goal of ROS/RNS intracellular detection using the SERS-based
NS, we tested their stability in several physiological buffered solutions and cell culture media.
6AF-capped gold nanoparticles showed no sign of aggregation, even after few hours,
differently from what seen with cit-AuNPs. This result confirms the exchange of citrate with
6AF and opens the possibility of using the NS for cellular applications. Tablel report the
absorption maximum of 6AF-AuNPs recorded over prolonged periods of time in mQ water,

PBS, HBSS, DMEM and RPMI, respectively.



Table 6.1 Absorption maximum of 6AF-AuNPs over prolonged periods of time.

mQ water PBS HBSS DMEM RPMI
10 min 560 nm 588 nm 558 nm 588 nm 588 nm
Shour 560 nm 560 nm 560 nm 560 nm 560 nm
10hour 560 nm 560 nm 560 nm 560 nm 560 nm
24hour 560 nm 560 nm 560 nm 560 nm 560 nm
72 hour 560 nm 560 nm 560 nm 560 nm 560 nm
Conclusions

6AF-coated AuNPs were prepared, and consistent results of SERS analysis showed that they

exhibited selective and concentration-dependent signals after exposure to for O,”. We

concluded that the detection sensitivity of the SERS-based NS for O, had values comparable

to those obtained with commonly used spectrophotometric methods. Furthermore, 6AF-

AuNPs exhibited good stability in physiological buffered solutions and cell culture media.

These results open the possibility of using these SERS-based NSs to study the production of

ROS inside single living cells. Furthermore, a refinement of this method may allow for the

multimodal analysis of a complex array of ROS/RNS. The potential for studying the dynamic

relations between, for instance, superoxide and hydrogen peroxide, would greatly advance

knowledge of redox dynamics.
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Chapter 7. Cellular response and sensor
development

Chapter overview

In chapter 7 the SERS-based nanosensor (NS) have been further refined for SERS-mapping
technique with the ultimate goal to enable real-time intracellular observations of ROS in
living cells. Nanoparticle Tracking Analysis and TEM were performed to characterize the
dimensions and the cell distribution of the NS. The biocompatibility was assessed in different
cell lines and, finally, a method for monitoring differences in the presence of ROS/RNS in

living cells was described.



Experimental section
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Figure 7.1 Schematic diagram of the SERS-based nanosensor development workflow for ROS sensing in living
cells.

Materials
Sodium tetrachloroaurate (III) dehydrate (AuCly-Na 2H»O), sodium citrate tribasic dihydrate

(Na3Cq. H507 2H50O), Thionyl chloride (SOCly), 3-mercaptopropionic acid (3-MPA,
C3HgO2S),  6-Amino-6’-hydroxy-3H-spiro[2-benzofuran-1,9’-xanthene]-3,3°(9a’H)-dione
(6AF, C20HI13NOS5), 2,2-Azobis(2-amidinopropane) dihydrochloride (ABAP,
[=NC(CH3)2C(=NH)NH2]2-2HCI), ethanol (EtOH), and all solvents used were purchased
from Sigma-Aldrich and used without further purification. Dulbecco’s Modified Eagle’s
Medium (DMEM), Roswell Park Memorial Institute medium (RPMI) 1640, AlamarBlue®
and all cell culture reagents were obtained from Gibco, Invitrogen (Paisley, Scotland, UK).
HEPES-buffered Tyrode’s solution (HBTS) was prepared as follow: NaCl, 150 mM; glucose,
10 nM; HEPES, 10 mM; KCl, 4.0 mM; MgCly, 1.0 mM; CaCly, 1.0 mM (purchased from

Sigma-Aldrich) were dissolved in MilliQ water and pH was adjusted to 7.4 with NaOH.

Milli-Q water was used for the preparation of all solutions. CaFy microscope slides were

purchased from Crystal GmbH (Berlin, Germany).



Cit-AuNPs preparation

The synthesis was performed using the Turkevich/Frens method (Turkevich et al., 1951), with
slight modifications. Briefly, in a 250 mL round-bottom flask equipped with a condenser, 90
mL of mQ ultrapure water was brought to boil and 10 mL of 0.1% HAuCly was added under

vigorous stirring for 1 minute. Rapid addition of 4 mL of 1% sodium citrate solution to the
vigorously stirred gold chloride solution resulted in a color change from pale yellow to dark
wine red. The color change occurred over several minutes. The solution was maintained for
30 minutes at boiling temperature and then removed from the heating bath. Stirring was
continued until the solution reached room temperature. Before the reduction process all
glassware was cleaned using concentrated HNO3 and then chromic acid (2.77 g K2Cr207 in
100 mL H2SO4), and carefully rinsed with Milli-Q water.

Preparation of Au-nanoparticles coated with 6-Amino-6’-hydroxy-3H-spiro[2-
benzofuran-1,9’-xanthene]-3,3’(9a’H)-dione (6AF)

30 uM 6AF aqueous solution was prepared. Then, under vigorous stirring, 50 mL of the 6AF
solution were added to 50 mL of Cit-AuNPs previously diluted 1:10 with Milli- Q water. In
order to remove the coating agent excess, the two mixtures were centrifuged in 1.5 mL
polypropylene eppendorf tubes at 6708 x g for 20 minutes, the supernatant was removed, and
fresh Milli-Q water was added. This washing procedure was repeated 3 times. The resulting

coated-nanoparticles dispersion is stable against aggregation up to 72 h.

Before their use for SERS experiments, the stock dispersion of coated nanoparticles was
pelleted by centrifugation and removal from each eppendorf tube of 1.3 mL of the supernatant

with a micropipette, resulting in a concentrated aqueous dispersion of coated nanoparticles.

Nanoparticles characterization

Spectroscopic measurements
UV-vis absorption spectra were recorded on a SynergyTM HI1 — Hybrid Multi-Detection
Reader between 350 nm and 700 nm. Samples were prepared by diluting 10 times the

functionalized-AuNPs stock solution with different buffers in a 96-well microplate.



Nanoparticle-tracking Analysis

All samples were diluted hundredfold by mQ water immediately before starting Nanoparticles
Tracking Analysis (NTA). Measurements were performed under trigger mode with a
NanoSight LM10 Nanoparticle Analysis System (NanoSight, Amesbury UK), equipped with
a scattering cell with red laser (approx. 40 mW at lambda = 638 nm). NanoSight software
version NTA 1.5 was used for data accumulation and analysis. The samples were injected into
the sample chamber with 2.5 mL sterile syringes (SD Plastidek, Spain) until the liquid
reached the tip of the nozzle. Data was recorded using a 20x objective and 60-second video
clips, with manual shutter and gain adjustments, but the parameters were kept at the same for
all comparison samples. Three video measurements were conducted for each sample to obtain
the mean size of the nanoparticles and the associated standard deviation. All measurements

were performed at room temperature.

The Stokes—FEinstein equation was used to calculate the sphere-equivalent hydrodynamic

diameter (d, m) from the measured diffusion coefficient (D, m?2 s_l):

kT

- 3rtnD
where k is the Boltzmann constant (J K1 ), 1s the solvent viscosity (kg 51 m_l) and T is

the absolute temperature (K).

Raman Instrumentation

SERS maps were collected using an InVia Raman microscope (Renishaw plc, Wotton-under-
Edge, UK) equipped with high-power near infrared diode laser (Renishaw plc, and Toptica
Photonics AG, Germany) delivering between 90 and 120 mW of laser power at the sample.

The CaF» slide supporting the samples was mounted on a ProScan II motorized stage (Prior,

Cambridge, UK) under the microscope.

A thermoelectrically cooled charge coupled device (CCD) camera was used for detection.
Spectra of a silicon reference sample (SigmaAldrich, UK) and a neon light source (Renishaw
plc, UK) were taken to calibrate the wavenumber scale. Single spectra were obtained in the
600— 1700 cm™ region and consist of 1019 data points each. Maps were taken as previously
reported (Bonifacio et al., 2010). Briefly, a manually selected region, corresponding to a

single cell, was mapped with steps of 1 um, each spectrum of the map was obtained in 0.3 s



upon excitation with a 735 nm laser, in the 600—1800 cm™' region and consisted of 1272 data

points. The quantity of spectra for each map varied dependent on the size of cells.

Cell culture

The SH-SY5Y human neuroblastoma cell line was obtained from the American Type Culture
Collection (Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 1% (v/v)
L-glutamine, 0.05 mg/mL penicillin, and 0.05 mg/mL streptomycin and were maintained at

37 °C with 95% humidified air and 5% CO2. Cells in culture dishes were used for

experiments after reaching 80% confluence.

C2C12 mouse adherent myoblasts were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with heat-inactivated 10% fetal bovine serum (FBS), 2mM L-
glutamine, 0.05 mg/mL penicillin, and 0.05 mg/mL streptomycin, 0.5% anti-mycoplasm and

25 mM Hepes, and were maintained at 37 °C with 95% humidified air and 5% CO2.

Human endothelial-like immortalized cells (EA.hy926) were cultured in DMEM
supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS), 1% (v/v) L-glutamine,

0.05 mg/mL penicillin, and 0.05 mg/mL streptomycin. Cultures and were maintained at 37 °C

with 95% humidified air and 5% CO2.

CRL-2278 RAW 264.7 gamma NO(-) murine monocytic/macrophagic cell line was
purchased from American Type Culture Collection (ATCC, Rockville, MD). CRL-2278
RAW 264.7 gamma NO(-)cells were cultured in a 24-well plate at a density of 1 x 105
cells/mL in RPMI-1640 medium with 2 mM L-glutamine and modified to a final
concentration of 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 10 mM Hepes, | mM sodium

piruvate, and 10% (v/v) fetal bovine serum (FBS).

Toxicity Assay

The cytotoxicity of various concentrations of 6AF-AuNPs was evaluated using AlamarBlue®
(Invitrogen) assay, according to the manufacturer’s suggestions. Viable cells convert the cell
permeable nonfluorescent oxidized compound resazurin to the highly fluorescent- reduced

resorufin, which is an indicator of cellular metabolic activity.



This assay is commonly used to determine the extent of cell viability in cultures after various
treatments (Rampersad, 2012). Briefly, cells were grown in a 96-well plate in 100 pL. of
DMEM supplemented with FBS. After 24 h seeding, cells were incubated with various
concentrations (from 2 nM to 200 uM) of 6AF-modified gold probes for 44 h, and cell
viability assay was carried out. After treatments, the assay was performed by replacing the
culture media with a 10% AlamarBlue solution in DMEM. Reduction of AlamarBlue was
determined spectrofluorometrically after 3-4 h. (excitation 440 nm, emission 485 nm). The
untreated cells were used as a positive control (i.e., 100% viable), and all values from the
experiment were correlated with this set of data. The results were analyzed either by one-way

or two-way ANOVA followed by Bonferroni’s multiple comparison tests.

Cellular Uptake

Cellular uptake was mainly analyzed by transmission electron microscopy (TEM). In TEM,
an image is generated from the electrons beam transmitted through the specimen after the
interactions between the electrons and specimen (Hawkes, 1985). This technique enables one
to verify fine structures as small as an atom owing to the small wavelength of electrons. For
TEM analysis cells were grown on coverslips under the same conditions as for Raman
spectroscopy. Briefly, cells were grown in a 6-well tissue culture plate at a concentration of
4.4 x 106 and were incubated overnight with 6AF-AuNPs (5.0 x 10® particles/mL) in FBS-
free media to allow uptake of the nanosensors. After a brief rinse in PBS, cells attached to a
glass surface were fixed with 2.5% glutaraldehyde in 0.1M phosphate buffer, pH 7.3, for
10min at room temperature, and then for 20min at 41C. Cells were then rinsed in 0.1 M PBS,
pH 7.3, post fixed with 1% osmium tetroxide in the same buffer for 1h at 4° C, dehydrated in
ascending alcohols, and then treated with propylene oxide. After embedding in Araldite
(Electron Microscopy Sciences, Ft. Washington, PA, USA), ultrathin sections of the cell were
cut with a Reichert OM ultramicrotome. Sections were stained with uranyl and lead citrate,
and then examined with an electron microscope Jeol 100S (JEOL, Peabody, MA, USA). The
image-analysis tool JMicroVision version 1.2.7 (www. jmicrovision.com) was used for
analysis of TEM images (Roduit N. JMicroVision: image analysis toolbox for measuring and
quantifying components of high-definition images. Version 1.2.7. 2008. Available from:

http://www.jmicrovision.com. Accessed June 16, 2014).



Intracellular SERS experiments

All SERS mapping experiments were made using living cells, according to the literature
(Palonpon et al., 2013). Briefly, 10 000 cells were seeded on a 25 x 25 x Imm CaF2 coverslip
in a cell culture dish (6 cm in diameter) containing DMEM and incubated for two days at 37°
C in a humidified 5% CO2 atmosphere. AuNPs or 6AF-AuNPs were added to FBS-free
DMEM (to a final concentration of 0.45 - 5.0 x 10® particles/mL) and incubated with cells
overnight. The next day before SERS measurements, cells were rinsed three times with HBTS
to remove excess of nanoparticles in the medium. Typical cell medium containing phenol red,
has fluorescence that hinders the Raman signals. In addition, various types of biomolecules in
the serum can be a source of possible background signal for SERS mapping. Thus, during
SERS mapping, the cell culture medium was replaced with HBTS. Two control experiments
were carried out to exclude auto fluorescence of cells and to exclude the contribution of

normal Raman signal of the dye non-conjugated to AuNPs.

Antioxidant screening

For antioxidant screening experiment, Cyanidin 3-glucoside (C3G) was always freshly
dissolved in DMSO and used immediately. The final concentration of DMSO in the culture
medium during different treatments was <0.1% (v/v). Sub-confluent cells were treated for 1 h
in serum-free medium with 25 uM of C3G, whereas all control cells were treated with 0.1%
DMSO only. After this incubation time, cells were washed three times with HBTS under
sterile conditions, to avoid the presence of C3G during SERS measurements. Cells were then
incubated for 30 minutes with 5 mM 2,2'-Azobis(2-methylpropionamidine) dihydrochloride
(ABAP) dissolved in HBTS to induce oxidative stress. ABAP is a commonly used azo
initiator that can initiate both free radical and nucleophilic oxidations (Werber et al., 2011).
At the end of the exposition, cells have been immediately processed for SERS mapping

measurements.

Data Processing
All data preprocessing and analysis was performed within the R software environment for
statistical computing and graphics (The R Core Team, 2014) and in-house written scripts. In

particular, data import and export, preprocessing and visualization were performed with the



hyperSpec package (Beleites & Sergo, 2014) for R, along with the lattice (Cheshire, 2010),
and ggplot2 package (Ginestet, 2011) for graphical display.

Data acquisition, conversion, and storage

The preprocessing consisted of four steps: i) cosmic rays identification and removal, ii)
baseline correction iii) smoothing interpolation, and iv) intensity vector-normalization. For
the baseline correction, a linear baseline was fit automatically to the whole spectral range and
was subtracted from each spectrum of the dataset using function modpolyfit from package
baseline (Hovde Liland & BjA, 2015), and peak picking was performed using detectPeaks
from package MALDIquant (Gibb & Strimmer, 2012). Each spectrum was normalized to its
mean spectral intensity across all wavenumbers in order to account for fluctuations in laser

intensity.

Statistical analysis

After preprocessing, the spectral contribution of cellular background was subtracted applying
a cutoff threshold to intensity of single peaks. All the pixels with intensity i below this cutoff
were set to zero. Next, a mean spectrum was generated by taking the arithmetic mean of the
processed spectra. In addition to univariate testing, multivariate statistical methods were
adopted for data interpretation. High dimensionality is one of the major obstacles to statistical
analysis of spectroscopic data. PCA was performed on the mean spectra derived from the four

groups of treatment.



Results and discussion
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Nanoparticle Tracking Analysis (NTA)
Distributions of the hydrodynamic diameters of the 6AF-AuNPs in the different samples were
measured by the NTA method. This technique efficiently measures the velocity of tiny
particles within the fluid streams moving at the velocity of the fluid. NTA allows
nanoparticles to be sized in suspension on a particle-by-particle basis, with higher resolution
and therefore better understanding of aggregation than other methods such as dynamic light
scattering (DLS) and differential centrifugation sedimentation (DCS) (Montes-Burgos et al.,
2009).

Table 1 shows the average diameter values and the concentration obtained by NTA for the
citrate- and 6AF- capped AuNPs samples in mQ H»O, and after centrifugation and re-
suspension in DMEM culture medium. All samples exhibit similar asymmetric distribution

curves with slow decaying tails towards large particle diameters, but with different

distribution widths (Figure 1). The pH of the DMEM culture medium at 37°C was 7.46 and.



In all instances, the pH of the culture medium decreased slightly when the particles were re-

suspended therein; however the observed decreases were not biologically significant.

The NTA data demonstrates that the integrity of the 6AF-AuNPs suspended in cell culture
medium was maintained as compared to the 6AF-NPs in water, with minimal signs of particle

aggregation present.

Table 7.1 The average diameters of the citrate-/ (Cit-AuNPs) and 6AF- (6AF-AuNPs) capped gold nanoparticles,
obtained by nanoparticle-tracking analysis (NTA) measurements of the NPs samples in mQ water and in DMEM.

Average diameter Concentration
(nm) + SD (nps/mL)
mQ water DMEM mQ water DMEM
Cit-AuNPs 43 + 23 203 £ 94 8.56E8 2.85E8
6AF-AuNPs 111 £40 112 £ 53 5.55E8 3.42E8

Stability

The stability of Au-NPs-size distribution was examined by repeating NTA measurements of
the same samples after 1, 24, and 48 hours. In all these measurements, bimodal curves were
obtained very similar to those obtained in the first measurement carried out right after the

AuNPs were generated.

Cytotoxicity and cellular uptake

To evaluate the cytotoxicity of the nanosensor, an AlamarBlue assay in Human endothelial-
like immortalized cells (EA.hy926) was performed with nanosensor concentration in the
range 2 nM - 200 uM (Figure 2). The viability of cells incubated with 6 Af-AuNPs for up to 3
days was tested and compared with cells left untreated. According to the experimental

observations, the cell viabilities were all more than 90% compared to the control experiments.
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Figure 7.3 AlamaBlue assay of human EA.hy926 cells in the presence of different
concentrations of the nanosensor (n=6).

TEM (Figure 3) confirmed that, when 6 Af-NS were taken up by the cells of all of four cell
lines in serum-free DMEM growth media. It should be noted that the 6AF-AuNPs were
predominantly in the cytoplasm and neither encapsulated in vesicles nor coated in lipids. We
could observe aggregates of nanoparticles inside cells, which appear as dark spots of the same
dimension (~100 nm) measured by NTA. Since no sign of aggregation of AuNPs have been

observed in the cell culture medium, therefore we concluded that aggregation was induced

inside the endocytotic compartments.

ix

1pm
= 100 t:m 1um

Figure 7.4 TEM images of 6AF-NPs in RAW cells.



While the exact mechanism of uptake remains a matter of investigation, these findings are in
agreement with previous studies of nanoparticle uptake which found that nanoparticles can
enter cells through a variety of pathways resulting in accumulation in the cytoplasm and may
be linked to physical factors such as electrostatics or van der Waals forces (Geiser et al.,

2005; Rosi et al., 2006; Rothen-Rutishauser et al., 2007; Schaeublin et al., 2011).

Intracellular Surface-Enhanced Raman Spectroscopy with 6AF-AuNPs

The NSs used in this study were designed to be excited with lasers in the near-infrared region
(see previous chapter for details), which has excellent transmittance through tissue. To
investigate the potential chemical information gathered from the molecular vibrations of
biomolecules, we performed SERS mapping for SH-SYS5Y cells incubated with 6 AF-AuNPs.
The control groups were the cell cultures incubated in label-free medium and medium
containing 6AF. For both groups, no Raman signal was recorded (data not shown). According
to previously reported results, the use of 735-nm laser excitation and short integration time
(0.3 s) does not provide intracellular chemical information without SERS support. SERS
cellular mapping measurements provided a spectrum for every pixel interrogated within a

single cell (Sathuluri et al., 2011).

The intensity of single peaks or peak regions assigned to a particular molecular vibration(s)
within a field of interest were used to generate pseudo-color images showing the spatial
distribution of chemical species within the cell (Figure 4). Similar to what has been reported
by Salvati (Salvati et al., 2011) and Jaworska (Jaworska et al., 2015), after the uptake of
nanoparticles containing high concentrations of a labile dye, the dye molecules are randomly
spread across the intracellular space, whereas the dye conjugated to nanoparticles is spatially

localized.
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Figure 7.5 SERS mean spectra extracted from cluster maps of SH-SYSY cells incubated with 6AF-AuNPs (A);
stressed with ABAP (D); in the presence (B) or not (C) of pre-treament with C3G, along with a microphotography of
a cell and a total intensity maps before pre-processing.

Intracellular measurements are affected by the length of time required for cellular NS uptake
before SERS mapping. The SERS bands of 6AF were observed in the spectra recorded for
incubation times up to 48 h. Their cellular distributions in the cluster maps implicate a
decrease in the concentration of 6AF-AuNP particles after a long incubation time (48 h).
However, because the SERS spectra for each incubation time also show the presence of bands
attributed to various biomolecules, we hypothesized that a detachment of the 6AF molecules
from the enhancing surface of the gold occurred in favor of other biomolecules in close

vicinity to hot spots.

In preliminary studies probing 6AF-AuNP response in Eahy926 cells, we observed the SERS
signal of the dye after only 3 h of incubation, whereas SERS bands originating from various
biomolecules were observed up to 16 h. This result indicates that the conjugation of 6AF to

nanoparticles is stable in the cellular environment up to a few hours.



Assays of oxidative stress

SERS mapping generates large and complex datasets, thus creating the need for adequate data
reduction and analysis. PCA is a suitable tool for these data manipulations, and it also
facilitates sample group discrimination in SERS mapping (Llabjani et al., 2011; Martin et al.,
2010). The authors suggested that the number of spectra should be several times greater than
the number of variables/features in the dataset. Because the number of spectra (n = 4112) for

each map was almost five times the number of variables (865 data points), we applied PCA.

PCA generates loadings and score plots from the derived PCs of the initial or preprocessed
data. The obtained PC loadings are correlation coefficients between the original data and PC
scores. PC loadings identify the importance of each variable (i.e., peak in a SERS spectrum).
The correlation of a variable to a PC reflects its contribution to the variation in the dataset.
Therefore, plots of PC loadings reveal vibrational modes (wavenumbers) corresponding to the
variation, which allows for distinction between groups. Thus, we applied PCA to our
hyperspectral data to fulfill two aims: data reduction to fewer dimensions and objective
distinction between cell groups (control cells [ctrl], stressed with ABAP with [test] or without

[stress] protective C3G pre-treatment [c3g]).

PCA was performed on a data matrix containing 173 mean SERS spectra, which were
collected from the four treatment groups (ctrl = 38; stress = 59; c3g = 38; test = 38). To allow
for group classification, we applied PCA to mean-centered, vector-normalized individual
datasets, and the first and second PC scores were plotted with data point coloration according
to cell groups (Figure 5). To obtain the PC scores plot, we analyzed SERS spectra belonging
to all cells without providing information about treatment type. Thus, any observed clustering
of the spectra was considered unbiased and indicative of a common underlying biochemical

signature for the particular treatment.
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Figure 7.6 PCA scores plot of mean spectra showing the interclass variance. To obtain this scores plot, each cell in
the dataset is treated as a class without specifying the four classes (i.e., control, pretreated with C3G, stressed with
ABAP in presence or absence of C3G treatment). After PCA, individual cells’ spectra were given a matching color in
accordance with their original group types.

Conclusions

SERS-based imaging techniques applied to small molecules complement the growing
research field of single-cell metabolomics and can be used to interpret many key biological
processes in cells. The results of this study suggest that our approach using 6AF-AuNPs and
SERS mapping could contribute greatly to the future characterization of antioxidant activity
in biomedical and food research. We showed that 6AF-AuNPs can be internalized by cells
and have little or no cytotoxicity even at high probe concentrations (above micromolar
levels). These versatile and simple ROS/RNS detection probes and assay platforms can be

used to relate ROS/RNS detection with oxidative stress status in living cells.

Translating this proof of principle to clinical utility requires further studies, however. The
next step must be the characterization of the cellular fingerprint for a biochemical
interpretation of each SERS spectrum. Furthermore, combining multiple statistical analysis
techniques with SERS mapping into an integrated platform would be a large step forward in

the simultaneous measurement of intracellular ROS-generating events.
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Section IV - Conclusions & future
directions



Targeting natural antioxidant compounds to the brain

Metabolic
fingerprinting

PK analysis

Metabolite
target analysis

SERS
imaging

Metabolic profiling '
Metabolomics

There is currently spare evidence in literature describing the mechanistic relationship between
dietary flavonoids, such as cyanidin 3-glucoside, and improved cognitive function. With this
thesis, we have successfully conducted a multilevel integrated study that set the
pharmacokinetic conditions to succeed in observing neuroprotective and cognitive
enhancement activities in future in vitro and in vivo experiments. Furthermore, these
conditions are important when designing and interpreting intervention trials in animals and
humans, aimed at establishing the link between intake of anthocyanin-rich food/nutraceuticals

and protection against age-related cognitive dysfunctions.

The data presented here could also be useful for awarding the rationale for using the
flavonoid-rich diet and/or the pure dietary flavonoids as nutraceuticals to enhance
neuroprotective pathways in healthy population. This preventive approach could be further
incorporated into the interventions strategies to prevent oxidative stress-induced diseases.
Ultimately, experiments will have an impact on society by contributing new knowledge in

designing the recommended dietary guidelines for healthy brain aging.



Future Direction
Given the heterogeneity of almost all biological systems, and the limitations of big untargeted
experiments, it is evident here that there’s a need for improved methods for measuring

metabolomics in single cells, preferably noninvasively and in vivo.

Findings from SERS mapping will be implemented in the creation of an experimental model
that simulates astrocyte metabolic dysfunction, mimicking the pathological mechanisms
occurring in neurodegenerative disorders, in particular Parkinson’s and Alzheimer’s disease.
Such model should find applications in basic studies but could also be exported to applied

research, for example, when considering the cellular responses to New Chemical Entities.
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