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“One of the greatest discoveries a man makes, one of his great surprises, is to find he can do what he
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was afraid he couldn’t do.’
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Abstract

Breast cancer (BCa) is one of the most common and deadly diseases in women worldwide. In
2018, 2.1 million cases were diagnosed with BCa from which 626,679 women died. Therefore,
an early diagnosis is imperative for treatment and a cure success rate. Recent studies have
concluded that exosomes can be used as biomarkers, since they participate in the communication
between cells, carrying genetic information from the mother cells.

Common methods of detection of exosomes as Enzyme-Linked Immunosorbent Assays
(ELISA) are used, however, large amounts of highly concentrated sample, special preparation and
labelling processes are required. As an alternative, Raman Spectroscopy stands out as a low-cost,
simple and fast detection method that leads to a less invasive real sample collection and sample
preparation. Low sample volumes are needed due to surface enhancement signal (SERS).
However commercial SERS substrate for these measures present high cost and low shelf-life.

In this work, Ag-core-Au-shell bimetallic nanoparticles were directly synthesized on paper
substrates (Whatman and Office paper) through two-stage successive ionic layer absorption and
reaction (SILAR) techniques and tested as SERS substrates. Enhancement factors (EF) from 10*
to 10° were reached and, for both substrates the Limit of Detection (LOD) was calculated as 10
1M R6G.

Non-tumoral (MCF-10A) and tumoral (MDA-MB-231) exosomes from breast cells were
tested on the optimized substrates and Raman spectra were analysed by a statistical method called
PCA (Principal Component Analysis). The data was successfully grouped with 95% confidence
confirming its potential as a low-cost, label-free point-of-care test chip for the early diagnosis of
breast cancer diseases.

Keywords: SILAR fabrication, bimetallic Ag@AuUNPs, SERS, cellulose fibbers, PCA,
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Resumo

O cancro da mama é a doenga mais comum e mortal nas em todo o mundo, em 2018, 2.1
milhbes de casos foram diagnosticados aos quais 626,679 mulheres acabaram por morrer.
Consequentemente, é necessario que haja um diagnéstico precoce para o tratamento e sucesso na
cura. Estudos recentes concluiram que exossomas podem ser usados como biomarcadores, uma
vez que participam na comunicacdo entre células, deixando informagdo genética proveniente da
célula mée.

Métodos como Ensaios de Imunoadsorcdo Enzimatica (ELISA) sdo normalmente usados, no
entanto sdo necessarias grandes quantidades de amostra altamente concentrada, preparacfes
especiais da amostra e processos de rotulagem.

Como alternativa, a Espectroscopia de Raman destaca-se como método mais barato, simples
e de detecdo rapida que implica uma coleta de amostra menos invasiva e preparagdo da amostra
menos exigente, também um menor volume de amostra é necessario devido ao melhoramento de
sinal a superficie (SERS). No entanto, substratos SERS comerciais apresentam elevado custo.

Neste trabalho, foram sintetizada nanoparticulas bimetalicas Ag-nucleo-Au-concha
diretamente nas fibras do papel (papel Whatman e de escritdrio) através da técnica de absorcao e
reacdo sucessiva de camada ionica (SILAR) e testado como substratos SERS. Enhencement
Factors (EF) obtidos foram de 10* e 10° e para ambos os substratos, o limite de detecdo (LOD)
foi de 10 M R6G.

Exossomas saudavies (MCF-10A) e tumorais (MDA-MB-231) provenientes de células
tumorais foram testados nos substratos otimizados e os espectros Raman foram analisados através
de um método estatistico chamado de PCA (Principal Component Analysis). Onde os dados foram
agrupados com 95% de confianca, confirmando o seu potencial como técnica de diagnostico do
cancro da mana no local, com baixo custo e label free.

Palavras-chave: fabricagdo SILAR, nanoparticulas bimetalicas, Ag@AUuNPs, fibras de

celulose, PCA, exossomas
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X-ray Diffraction

Scanning Electron Microscope
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Symbols

Isers

intensity)
I Raman
Nsers
N Raman

ICr

Raman peak intensity from a certain analyte in an active substrate (SERS

Normal Raman peak intensity from a certain analyte (Raman intensity)

Number of molecules responsible for the SERS signal

Number of molecules responsible for the Raman signal

Crystallinity index
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Motivation

Breast cancer stands out as the most deadliest disease among women around the world. The
success rate depends on the early diagnosis, however the available diagnostic methods are not fast
enough to guarantee this. Exosomes have been studied as biomarkers, since they participate in the
communication between the same cell and different cells, carrying information from the mother
cell, and thus can be used as a promising detection tool in the early diagnosis, since this
microvesicle are found in almost all body fluids. Current methods of detection of exosomes such
as Enzyme-Linked Immunosorbent Assay (ELISA) are not appropriate for an actual diagnostic
test due to the need to use samples of very high concentrations and complex preparation.

Optical techniques such as Surface Enhanced Raman spectroscopy (SERS) has shown great
interest and sensitivity in this type of tests, besides the need of small sample amounts of reduced
concentration, simple preparation and non-destructive. Existing commercial substrates have a
high cost and a very short lifetime.

The main objective of this work is the development of a SERS substrate, capable of
distinguishing biological samples containing tumoral and non-tumoral exosomes, using paper
substrates, in which bimetallic silver-core-gold-shell nanoparticles are directly synthesized in the
paper fibers. Rhodamine (6G) will be used as a test molecule for substrate optimization and to
verify its SERS sensitivity.

Exosomes from tumoral cells (MDA-MB-231) and non-tumoral cells (MCF-10A) will be
isolated, purified and tested with the developed substrates through Raman Spectroscopy. The data
will then be analysed through PCA analysis, in order to group these data within 95% confidence
ellipses, demonstrating that this can be an important tool in the early diagnosis.



1 Introduction

1.1 Breast cancer exosomes analysis

Every day thousands of people die due to a long illness. In the case of women breast cancer
(BCa) it is the most common cause of death worldwide. The disease is more manifested in more
developed countries, whereas in developing countries the rates are low but with a tendency to
increase?.

According to Global Cancer Statistics (data from GLOBOCAN 2018), in 2018, almost 2.1
million cases were diagnosed with BCa from which 626,679 women died?, thus an early diagnosis
is very important. Studies had shown that cancers arises due to a series of sequential mutations
which occur as a result of genetic instability, environmental factors® and other factors like
breastfeeding, menopause, oral contraceptives, among others?.

Nowadays, there are many ways for BCa conventional diagnosis, Mammography is the most
common exam used among women around the world, the doctors refute that women over the age
of 20 should take this test every year, that consists in a X-Ray picture of the breast. Magnetic
Resonance Imaging (MRI), similar to Mammography is also used as a detection method. This
method gives a high-resolution image of the breast without the use of harmful radiation. However,
for more effective examination the most used is the breast biopsy (tissue sample obtained from
the organism for the purpose of examining it in detail?) is the most definitive exam for diagnosing
all the types of breast cancer®.

In the past, control of BCa was not possible due to poor knowledge of the molecular
mechanisms involved in the pathogenesis of this cancer. Recently, it was concluded that small
extracellular vesicles (EVs) named exosomes are involved in BCa development, and for this
reason, exosomes can be considered as biomarkers for BCa diagnosis and terapy®. Exosomes are
small membrane vesicles, (microvesicles), first documented by Pan and Johnstone in 19836, with
sizes ranging between 30 and 100 nm. These membranes are mostly derived from the fusion of
multivesicular bodies with the cell plasma membrane’, and secreted by normal and diseased cells,
during endocytic recycling®. It contains genetic information from the cell in which they were
formed, mediates cell-to-cell communication by transferring proteins, RNA, and lipids between
cells®® and also have autocrine effects on the same cell type contributing to the proliferation of
cancerous cells'® (Figure 1.1).

O

Secreting cell

Released exosomes INCRNA—,

CircRNA -0
Endocytosis
miRNA mmm Y 4

Recipient cell

Figure 1.1 - Secretion of exosomes and exosome-mediated transfer. The formation of exosomes starts with the

Direct Fusion

invagination of the plasma membrane, resulting in early endosomes that mature into multivesicular bodies

(MVBs). Upon fusion of MVBs with the plasma membrane these vesicles are secreted and release into the



extracellular environment as exosomes, and then they interact with recipient cells. (Adopted from Jin-Peng
Wang et al)1!

These small vesicles are of great interest for diagnosis and prognostics applications since they
are secreted by cells directly into their local environment and body fluids such as saliva, urine,
cerebrospinal fluid, and so on, making them easily acessible®. However, EVs from the same
mother cell may contain slightly different genetic information making it difficult to detect.*2

The different methods applied to exosomal detection can be classified into optical and non-
optical methods'®. The non-optical are the most common methods like enzyme-linked
immunosorbent assays (ELISA)8, that allows the detection of specific antibodies presents in the
sample, Western Bolt, that separate and classifies the sample proteins based on molecular weight,
and thus by type, through gel electrophoresis'* (despite providing high-resolution molecular
information of exosomal content, it requires large amounts of highly concentrated sample, special
sample preparation and labelling processes?®®) and other methods like X-ray microscope,
transmission electron microscopy, atomic force microscopy and impedance-based flow
cytometry. As an alternative, there is a need for simpler and faster methods for biological
applications, such as optical techniques including scattering flow cytometry (SFC) that relies on
the scattered light, Dynamic Light Scattering (DLS), based on measuring the light scattering
dependent of the Brownian motion of vesicles and Surface-Enhanced Raman Spectroscopy
(SERS), which enhances the electrical field by a surface treatment and analyses vibrational modes
of the sample by measuring the non-elastic scattering effect caused by a radiating laser ,among
others®13,

1.2 Surface-Enhanced Raman Spectroscopy

Nowadays, Raman Spectroscopy is known to be an important method for the evaluation of
biological samples, since it gives fingerprint information about the structure and conformation of
biomolecules such as proteins, lipids and acid nucleics'®'’. Thus this analytical technique is
capable of providing important information about the biochemical content of exosomes allowing
its detection and can be considered a simpler and faster method for biological applications®®,

Raman scattering consists in an inelastic scattering, first characterized by Raman and
Krishman in a Nature publication in 1928'°. This phenomenon, known as Raman scattering, is
based in the observed change of the wavelength of a photon by molecules rather than an
absorption. In other words, the inelastic scattering occurs when some of the energy of the incident
photon is lost or increased, in which the frequency changes and equals precisely the difference in
vibrational energy levels?®?!, This excitation energy sets the molecule into a virtual state, the
molecule moves to a new state, for a short period of time before the photon is emitted with
different energy than the initial frequency of the photon. If the initial energy state is lower than
the final state, the scattered photon will be shifted to a lower frequency, ensuring that total energy
remains the same (Stokes Shift). In other hand, if the final state is lower in energy, the scattered
photon will be shifted to a higher frequency (Anti-stokes shift) (Figure 1.2) 22,
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Every molecule has its own Raman spectrum, because each functional group have different
characteristic vibrational energies 2°. However, one of the major drawback consist on the number
of scattered photons related with the vibrational energies within the analyte, 1 in 10%-10'°, causing
the Raman signal considerably weak, which places limitations on the detection of analytes at very
low concentrations?. Other drawback is the strong fluorescence background making difficult to
extract the Raman signals® being about 14 orders of magnitude smaller than the fluorescence
emission in most cases. Therefore, Raman scattering was restricted for many years?, leading to
the need to use high laser power and major time of data collection for spectral acquisition which
may lead to degradation of the sample?®.

To solve this problem, Jenmaire and Van Duyne, in 1974, proved that it’s possible to greatly
enhance the Raman scattering signal placing the scattered near a roughened noble-metal substrate,
colloidal solution or roughened electrode 4° by noticing that pyridine adsorbed on a roughened
silver electrode dramatically increases the Raman signal?.

This finding allowed the development of Surface Enhanced Raman Spectroscopy (SERS), that
greatly improves the Raman signal being strongly enhanced up to 10 times, while suppresses
fluorescence emissions at the same time?®.

SERS phenomenon is based on the fact that the local high electric fields are generated when
the localized surface plasmon resonance (LSPR) of the metal features on the surface are excited
by visible light?2.

There are two enhancement factors that contribute to SERS spectroscopy: chemical (CE) and
electromagnetic (EM) enhancement mechanisms. The CE factor is usually associated with the
transferring of charges between the adsorbed analytes and metal nanofeatures on the surface. The
EM is the dominant contribution, where there is an increase of the electromagnetic field caused
by the interaction of the light on the metal surface inducing the excitation of the plasmon.*’

1.2.1 Chemical enhancement effect

This effect consists on a transfer of charge between the metal structure and the absorbed
molecules. The charge transfer possible to occur it’s about half the energy of the intrinsic
intramolecular excitations when the energy of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the adsorbate are distributed according to the
Fermi level of the metal?®. The existence of this charge-transfer sate leads on a major probability
of Raman transition by providing a pathway for resonant excitation. This mechanism strongly
depends on the direct interaction between the substrate and the adsorbate, being limited by the
first adsorbed molecules, resulting on smaller enhancement compared to the EM?,



1.2.2 Electromagnetic enhancement effect

As described above, EM effect consists on the interaction of an electromagnetic wave with a
metal surface, typically composed of gold (Au) and/or silver (Ag)?. These metallic nanoparticles
(MNPs) have been a subject of research for decades due their associated strong plasmon
resonance frequency (delocalized conduction electrons- named plasmas oscilatiors)®® which
represents an enormous interest in areas such as nanoscale photonics and biological sensing®.
This surface plasmon resonance varies depending on the NPs properties such as metal type, size,
shape, distance between particles and also the dielectric environment of the MNPs?,

The enhancement results from the amplification of the light by the excitation of localized
surface plasmon resonances (LSPRs)?, leading to a local enhance electromagnetic fields due the
fact that particle surface plasmon resonance allows direct coupling of light to resonant collective
electron plasmon oscillation (Figure 1.3). A Coulombic attraction appears, acting as a restoring
force between negatively charged electronic cloud with a positively charged metal surface. Those
wavelengths of the incident light that equals to this resonance frequency are absorbed and can be
elastically re-emitted as scattered light from nanoparticles, acting as an antena?.

Therefore is important to obtain a rough surface because of this light concentration that occurs

preferentially in the gaps, crevices or sharp features of plasmonic materials.?
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Figure 1.3 - lllustration of LSPR phenomenon

1.2.3 SERS Enhancement Factor and hot spots

Due to an increase of local electric field on SERS substrates, an increase in the signal strength
is observed, comparatively with the Raman scattering, and the enhancement factor (EF) is a
measure of the efficiency of SERS substrates. The constant development of new SERS substrates
creates the need to compare them with each other, already known in the literature?, knowing that
the single molecular (SM) detection is one of the main objectives in the development of SERS
substrates. EF is a quantitative method to express this capacity, with values above 108-10% are, in
fact, sufficient for the detection of SM-SERS.? The average EF shall be calculated from the
following equation:

EF = ISERS x NRaman (1.1)

IRaman NSERS

Equation (1.1), describes the average Raman enhancement and the enhancement of the
incident wavelength and the resulting Stokes-shifted Raman field??, where lIsgrs and Iraman are the
scattering intensities of the SERS and normal Raman substrates, and Nsers and Nraman are related
to the number of molecules that contribute to the inelastic scattering evaluated by SERS and
normal Raman scattering measurements°.

Although it is hard to produce substrates that consistently provide enhancements for single
molecule detection. The effort to improve EF has led to a tremendous interest in the properties of
nanoparticles. Metal aggregations, nanoparticles different shapes, for example, pointed edges,
like star shapes, or conjugation of different nanoparticles such as bimetallic, creates punctual
locations called “hot-spots”, in which near-field intensities are greater than the far field intensities
when under resonance conditions and consequently the increase of the signal intensity. Studies
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are underway to ascertain the influence of sizes, shapes of nanoparticles and interparticle
distances, smaller than 2 nm induce extraordinary enhancements on SERS phenomena due to the
generation of nonlocal effects and quantum confinement 25:30:31.32,

1.3 Bimetallic nanoparticles on SERS application

For SERS are commonly used all types of metallic features in all kind of shapes and sizes, like
sphere or star-shaped nanoparticles. Metallic nanoparticles have their strong plasmon resonance
which is used for enhancement proposes in fields such as nanoscale photonics and biological
sensing®. Silver and gold nanoparticles (AgNPs and AuNPs, respectively) are the most common
metallic compounds used for SERS implementation due to their unique optical, electric, magnetic
and catalytic properties®®. Despite offering a strong surface plasmon resonance effect, AgNPs
suffers a rapid decrease in SERS efficiency due to state of early oxidation. On other hand, AuNPs
are more stable nanoparticles than AgNPs, however provides a considerably decrease in SERS
efficiency in terms of detection of a single molecule?®. In addition, the use of gold is also
advantageous for the detection of exosomes, since it’s been used on experiments with biological
compounds and shows an incredible biocompatibility®*35. Bimetallic composite nanoparticles
composed of two different metal elements structures have shown a great interest for this type of
applications than monometallic nanoparticles. The bimetallic nanostructures are defined by the
distribution and orientation of the elements. This structures can be oriented randomly alloy, alloy
with an intermetallic compound, cluster-in-cluster and core-shell structures.®® This work is based
on bimetallic nanoparticles (Ag@AUNPs) core-shell structure in order to increase the SERS EF
and overcome silver oxidation?®.

1.3.1 Solid surface matrix and Ag@AuNPs SILAR-synthesised

A SERS substrate consists in a nanofabrication of metallic features, taking into account that
the substrate used in SERS has as main and fundamental requirement to support the LSPR capable
of providing the greatest amount of “hot-spots” in order to achieve great enhancements?'-?? for
on-site applications.

Cellulose substrates have been widely used for SERS due to its flexibility, lightweight, low-
price and user friendly, requirements for a substrate to be used as sensing support for on-site
applications #. Cellulose matrices such as paper are also used to increase substrate rugosity due
to the random orientation and texture of their fibers, thus increasing the number of “hot-spots”.
Dipping and printing the paper strip for deposition of plasmonic nanoparticles are techniques that
have been studied, however they have shown a non-uniform distribution of SERS-active region.
Apart from that, these methods require complicated processes?. In this project, it was used a
recent technique of deposition of Ag-Core-Au-Shell nanoparticles (Ag@AuNPs) directly on the
paper substrate based on layer-by-layer deposition of opposite charges (positive and negative
ions), called SILAR (Successive lonic Layer Absorption and Reaction). The SILAR method was
firstly introduced by Nicolau in the 80s as a technique for thin films depositions®’. SILAR is
mainly based on the adsorption and reaction of the ions and solvated ions on the solid-liquid
interface. It is separated in 2 stages, the first stage consists in the formation of AgNPs (core) and
the second stage translates into the synthesis of AuNPs (shell) over the already synthesized
AgNPs. In both stages, metal cations (Ag* and Au®*) are adsorbed onto the paper. The next step
consists of washing the paper with deionized water (DW) in order to eliminate all the excess
unadsorbed cations. Next, the paper is immersed on the reducing solution (NaBHs,), allowing the
reaction to occur. The adsorbed cations in contact with the sodium borohydride ions (BHy4") reacts
and a solid adsorbed compound is formed on the surface. Again, the substrate is washed with
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water to expel the ions in the diffusion layer weakly bonded to the paper fibbers (Figure 1.4). It
is expected to obtain raspberry-shape nanoparticles. The need of low deposition temperatures,
easy to performed and control the size of nanoparticles through multiple repetitions of chemical
reactions are characteristics that make this technique quite appealing®.
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Figure 1.4 Scheme of the two-stage SILAR fabrication of the Ag@AuNPs core-shell on the cellulose substrate
(Adopted from Wansun Kim et al 28).



2 Materials and Methods

2.1 Production technique of the paper bimetallic features Ag@ AuNPs by

two-stage SILAR fabrication procedures on the cellulose substrate.

The synthesis performed in this work were based on the two-stage SILAR?® method where the
bimetallic nanoparticles were directly synthesized on the paper by the successive ionic layer
absorption and reaction.

Two types of paper were used as substrate: Whatman nr. 1 (Whatman Internacional Ltd.,
Florham Park, NJ) and Office paper (300%, Portucel Soporcel, Setabal, Portugal).

SILAR process

All the glass material was immersed with aqua regia for at least 5 hours, to ensure that all the
particles were eliminated. Next all the material was placed under running water and its pH value
was checked and washed again with Milli-Q water, until a pH of 7.0.

The SILAR synthesis was performed according to the schematic representation depicted in
Figure 2.1.
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Figure 2.1 - Scheme of two stage SILAR technique. Representation of stage 1 and stage 2 of the process.

e With reducing agent:

An optimization on the concentrations of reactants and number of cycles was perform along
this work. The protocol detailed below shows the optimized conditions.

Firstly, the AgNPs-core (Figure 2.1, Stage 1) was directly synthesized on the paper strip,
using 6 cycles with 20/20 mM of AgNOs/NaBHy,: the paper substrate was dipped in aqueous silver
nitrate (AgNO3>99%, from Sigma-Aldrich) and washed with Milli-Q water. Then it was dipped
in the reducing agent solution of sodium borohydride (NaBH4>96%, from MERCK) and rinsed
with Milii-Q water to remove all the residual non-reactants. Stage 2 consists on the synthesis of
the AuNPs-shell (Figure 2.1, Stage 2) using 2 cycles with 1/1 mM of HauCls/ NaBH.): the paper
with AgNPs already synthesized, was dipped in an agueous solution of gold (lIl) chloride
trihydrate (HauCl4>99%, form ACROSORGANICS) and rinsed with Milli-Q water. Then it was
treated in NaBH,4 reducing solution and rinsed once again with Milli-Q water. In the SILAR
fabrication, one cycle includes four successive steps such as the treatment of the substrate in a
metal salt solution (AgNOs or HAuUCI,) and rinsed to wash out non-reacted remains, re-treatment
of the paper in the reducing solution and again washed with water. Each step has a duration of 30
sec, making 2 min the total time of a cycle.

e  Without reducing agent on stage 1.



Unlike the SILAR method described above, for the office paper no reducing agent was used.
The AgNPs-core were grown directly on the substrate, according to the experiments (8 cycles
with 20 mM of AgNQs3). The paper strip was sunken in aqueous silver nitrate and washed with
Milli-Q water, counting as a cycle in order to remove all the non-reactants, the time of each step
was increased to 40 sec in agreement with the newly optimized conditions. Secondly, the AuNPs-
shell were deposited directly into the AgNPs-core in accordance with Figure 2.1- stage 2, keeping
the time of each step following the already optimized conditions?.

2.2 Exosomes growth and isolation

The isolation of exosomes was performed at Champalimaud Foundation (CF), where all the
equipment and materials were made available for the cell culture of tumoral (MDA-MB-231) and
non-tumoral (MCF-10A) exosomes and its isolation.

2.2.1 Cell culture

For the growth of the tumoral cells (MDA231-TGL), it was prepared a culture medium by
adding to a 500 ml of DNEM (Lonza™ BioWhittaker™), 1% of Penicillin/Streptomycin (P/S)
antibiotic solution to prevent contamination of exosomes and 10% of Fetal Bovine Serum (FBS,
from Biomest). Both reagents were frozen and heated to 37°C to prevent thermal shock of the
cells. Then an Exo-free medium was prepared: 40 ml of FBS was ultra-centrifuge (Beckman
Coultier, Optima XPN-100 Ultracentrifuge) at 100000 xg, for 2h20min at 10°C, using a 45Ti
motor, and passed through a filter to discard all the obtained pellet, and a new culture medium
was prepared with the same reagents and the same proportions described above, with the Exo-
free PBS.

After the cells are thawed, 1 ml were added to 8 ml of culture medium (DNEM+FBS+P/S) in
order to remove the remain Dimethyl sulfoxide (DMSO), followed by centrifugation at 1200 rpm
for 5 min at 24°C (Sorvall, ST40R, centrifuge). After removing the supernatant, the cells were re-
suspended with 20 ml of culture medium then leave to incubate at 37 °C with 5% of CO, ina 175
ml culture flask. Once reached the confluence point, the number of cells were estimated using a
haemocytometer to guarantee the existence of 1 million cells per ml and then distributed by 5
culture dishes (1 ml of cells and 19 ml of Exo-free culture medium) and was left to incubate for
2 days at 37 °C with 5% of CO2 until reaching the confluence point.

The cell passages were made by sucking the culture medium, with a small vacuum system,
then the phosphate buffer saline (PBS 1X 7.4 pH, Lonza) was added in enough quantity to cover
the bottom of the flask and the same amount of trypsin to detach the cells from the bottom and
leave to incubate for 5 min. Then 10 ml of culture medium was added to neutralize the trypsin
and centrifuged at 1200 rpm, for 5 min at 24 °C.

For non-tumoral cells, the procedure was the same described above with few exceptions. The
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Sigma-Aldrich)
medium was supplemented with 5% of Horse Serum and Epidermal Growth Factor (EGF, 20
ng/ml), Hydrocortisone (0.5 mg/ml) and Cholera toxin (100 ng/ml) and due to a toxicity of this
toxin, this process was done on the biosafety unit BSL2 of the CF.

2.2.2  Exosome Isolation/purification and labeling

The process of isolation and purification was the same for both cellular lines. First, was
collected the culture medium and then centrifuged at 500 rpm for 10 min at 10 °C to remove all
dead cells and remain only the medium rich in exosomes. Then a second centrifugation was
performed after removal of the previous pellet at 3000 g for 20 min at 10°C and storage at 80°C.



The collected supernatant was then transferred to an ultracentrifuge tube and two ultra-
centrifugations were performed at 12000 xg for 2h20min at 10 °C and discarding the pellet. The
resulting supernatant was submitted to another centrifugation at 100 000 xg for 2h20min at 10 °C
and finally discarded, obtaining an aggregated pellet containing the exosomes. Then, the
purification process is followed with the sucrose cushion. To a 4 ml sucrose solution (protocol in
Appendix B, B1) was slowly added 14 ml of PBS diluted with the previously obtained pellet, to
not break the sucrose layer and proceeded to ultra-centrifugation at 100 000 xg for 1h10min at 10
°C. Then, about 5 ml of the resulting phase mixture of sucrose and exosomes was collected far
from the pellet. Finally, 16 ml of PBS was added to the collected fraction and the last ultra-
centrifugation was carried out overnight at 100 000 xg at 10 °C, and the resulting pellet was
resuspended in 100 — 200 pl of PBS.

2.3 Characterization techniques

2.3.1 Characterization of SILAR-synthesized Ag@ AuNPs

Different papers (Whatman n. 1 and Office): The papers were morphological analyzed
through Scanning Electron Microscopy (SEM, Carl Zeiss AURIGA FIB-SEM Croossbeam), to
investigate and compare the type and density of paper fibers. Energy Dispersive X-ray
spectroscopy (EDS) coupled with SEM imaging was used for chemical identification of the paper
fibers. The conductive coating (Iridium) on the paper samples was performed by sputtering
(Quorum).

X-ray Diffraction (XRD, PANalytical, X Pert Pro) was done to have a structural analysis and
subsequent calculation of the crystallinity index.

SILAR-synthesized Ag@AUNPs: The obtained composites were also morphologically
characterized by SEM and EDS, as described above, with the exception that for EDS analysis
Iridium was not used to avoid gold peak overlap with the iridium peak, instead carbon was used.

X-ray photoelectron spectroscopy (XPS, Kratos, Axis Supra) was used for superficial chemical
identification to confer the presence of metallic features of silver and gold. X-Ray Diffraction
(XRD) was used for diffractogram obtainment to check for cellulose, silver and gold diffraction
peaks.

The SILAR-synthetized papers were tested as SERS substrates using Renishaw® inVia™
Qontor® confocal Raman microscope and using both lasers (532 and 633 nm) depending on the
purpose of the measurement. The Raman Shift wavenumber scan was centred at 1200 cm™,

The baseline was subtracted from all spectra using the WiRE™ 5.0 software.

Tumoral and non-tumoral exosomes: The NanoSight®, NS300, located at Champalimaud
Foundation, was used to characterize the size distribution of isolated and purified exosomes from
both cultured cellular lines (tumoral and non-tumoral). The samples were diluted 1:3000 and
1:5000 for tumoral and non-tumoral exosomes, respectively. Results are presented in Appendix
B, B2.



3 Results and Discussion

The main purpose of this work was the development of new, efficient, cheap, flexible and
environment-friendly substrates for SERS applications. For that, it was studied two types of
cellulose substrates: Whatman no.1 and Office paper. The obtained substrates were morphologic
and chemically characterized by the techniques described in the previous chapter and finally
tested as SERS active substrates.

3.1 Characterization of cellulose base support: Whatman no.1 and Office paper

Both papers were morphologically characterized, by SEM, in order to understand and compare
the type and density of the fibers.
Y S A 4 —

P’

Figure 3.1 - SEM images of Whatman no.1 fibres (a) and Office paper fibres (b)

It is crucial for SERS that the nanoparticles concentrate on the surface to interact as much as
possible with the analyte to achieve higher signal efficiency?. In the figure above it’s possible to
observe at microscopic level the random arrangement of fibres on both papers. The Whatman (a)
paper fibres have a more cylindrical geometry, which contributes to a larger paper thickness,
unlike Office paper (b) which has flatter fibres. Whatman is a lot more porous than the Office
paper, and the latter seems to have a higher fibre density indicating that this one has a flatter
surface.

Besides that, it’s possible to observe that the Office paper is covered by calcium carbonate
(CaCO:s) crystals resulting from the bleaching process that the paper undergoes (a process that
chemically modifies the materials themselves). The presence of this salt was suspected to aid in
the formation of NPs.

The average fiber and pore diameter of the papers were calculated using ImageJ software and
the results are shown in Table 3.1.

Table 3.1 - Values of fibre diameter, porosity and pore size of Whatman and Office paper

Paper type Fiber Porosity Pore diameter
Diameter (um) (area %) (average)

Whatman 15.04+3.05 36.82 24.80+7.50

Office 13.06+4.10 17.60 11.10+4.28

The obtained results show that in terms of fiber diameter, the two papers are very similar.
However, the office paper, as is well visible in Table 3.1, has a significantly lower porosity and
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pore size, indicating that the surface area of office paper is higher than Whatman paper, although
office paper pores are mostly covered by the salt

In addition, SEM-EDS was used. It’s an important technique to perceive the differences
between substrates, since this is a semi-quantitative analysis giving information on the chemical
composition of the sample, it’s possible to confirm not only the existence of certain elements, but
also their relative quantity®. In both papers, the prominent peaks, represented in the spectrum of
Figure 3.2, correspond to Carbon, C (E = 0.28 keV), and Oxygen, O (E = 0.52 keV) since these
are the constituents of cellulose, the main component of paper. Also, the common initial peak to
all papers, corresponding to (E = 0 keV), is characteristic of the equipment and the Ir peaks at E =
1.98 keV and E = 2.08 keV are related to the paper coating (thickness of 10 nm) and not to its
composition.

Comparing to Whatman no.1 paper (98 % of cellulose), office paper is composed by more
elements*. The presence of the CaCOjs salt in office paper is confirmed by the detection of
Calcium (Ca) (E = 3.7 keV and E = 4.02 keV). Also, other elements were detected in residual
quantities such as Sodium (Na) (E = 1.04 keV), Silicon (Si) (E = 1.48 keV) and Chlorine (CI)
(2.62 keV). The Si is the main constituent of the support used in this technique and the remaining
elements are possible contaminations of the papers.
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Figure 3.2 - EDS analysis of the paper substrates. Cumulative spectra of the EDS analysis of the Whatman

no.l paper (red) and office paper (blue). The chemical symbols on the top of each peak represent the
corresponding element identified by the EDS technique and the intensity is indicative of the relative quantity of

the elements.

In addition to the cumulative spectrum, the EDS analysis also provides a distribution map of
the different types of detected elements (Appendix A, Figure Al). The distribution maps confirm
that oxygen and carbon are the main constituents of the cellulose fibers of both papers. Calcium
is only possible to observe on office paper, as expected, and is in a considerable proportion in
relation to carbon and oxygen and according to the map of distribution this element is in the form
of agglomerate between the cellulose fibers.

In complementarity the structural analysis of the papers was made through X-ray diffraction
and the diffractograms are represented in Figure 3.3, also indicating the identified crystalline
structures.

It is possible to observe that the papers show the crystalline diffraction pattern of type |
cellulose with the main peaks at 14.9° 16.6° and 22.8° in 26 values, corresponding to the
crystalline planes (11~0), (110) and (002), respectively*!. However, the office paper presents the
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two first peaks convoluted at 15.9°, indicating the presence of amorphous components in its
structure, such as hemicellulose and lignin,

. Office Paper
- Whatman Paper
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Figure 3.3 - Diffractograms of office (blue) and Whatman paper (red). The peaks corresponding to
Cellulose type | and Calcite (CaCOs) are represented.

By this technique it is also possible to determine the index of crystallinity (lcr) of the substrates
which can be calculated using the maximum intensity of the plane (002) of the crystal structure
of type I cellulose, l200), (Peak at 22.8 °) and the intensity of the (1170) plane peak, related to the
amorphous components of the cellulose, 1(1170), using the Segal empirical method, through
Equation 3.1:

Ip, = o707 o 109 (3.1)

1(002)

As expected, office paper has a lower index of crystallinity (69 %) than Whatman paper
(74 %), confirming what was previously said.

In addition, the analysis of the office paper diffractogram identifies the crystalline form of
calcite, showing peaks around 29.4°, 35.9°, 39.4°, 43.1°, 47.5° and 48.6° that aren’t present in
Whatman paper. These peaks were related to the (104), (110), (113), (202), (018) and (116)
crystal planes, respectively. Calcite (CaCOs) represents 20% of the office paper composition and
is the main additive used in the photochromic papermaking process. It forms porous agglomerates
that impart opacity and brightness, altering the optical properties of the paper:4,

3.2 SILAR-synthesized Ag@ AuNPs

In this work, a method of successive adsorption and ion-layer reaction (SILAR) was used for
the formation of bimetallic nanostructures of gold and silver directly on the substrates (Whatman
and office paper). This is a simple and inexpensive method, done at room temperature and requires
less synthesis time compared to conventional methods such as Chemical Vapor Deposition
(CVD), Metal-Organic Chemical Vapor Deposition (MOCVD), among others, that are very
cumbersome and inefficient for the deposition of complex materials**. The synthesis is based on
treating the substrate separately with each aqueous precursor solution so that the adsorption and
reaction can occur.

The core@shell nanoparticles are constructed by two-stage SILAR fabrication procedures
including the formation of AgNPs (core) into paper and the synthesis of AuNPs (shell) on the
AgNPs. The first stage consists on AgNPs synthesis, the silver cations (Ag*) are adsorbed onto
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the paper, and then all the excess unadsorbed cations are washed away by rising the substrate with
purified water. The rinsing is followed by the reaction step where the paper is dipped into the
aqueous anion precursor solution (NaBH,) and the solvated anions (BH) react with the adsorbed
cations forming a solid Silver compound (Ag°) on the surface and once again the unadsorbed ions
are washed away with purified water. The second stage consists on AuNPs synthesis over the
AgNPs already formed. First, the paper is immersed into an aqueous solution of HAuCl; 3H,O
and the gold cations (Au®") are adsorbed onto the paper and the excess unadsorbed ions are
washed away with deionized water. Then the paper is immersed in the reducing solution where
the reaction takes place, the anions (BH.), in the diffusion layer, react with the adsorbed cations
forming a solid Gold compound (Au®) over the Silver. By repeating these deposition cycles,
nanoparticles can be formed layer by layer. The size of the nanoparticles and their growing shape
is controlled by the number of deposition cycles.
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Figure 3.4 The images Al, A2, A3 correspond to what was actually done in SILAR-synthesis, where the
papers are immersed in the solutions of each SILAR-cycle. A1-Beginning of the SILAR cycle for the formation
of AgNPs, A2-end of SILAR-synthesis cycles for the AgNPs formation, A3- end of the synthesis cycles for AUNPs
formation. B- Scheme of the two-stage SILAR fabrication procedures of Ag@AuNPs on the cellulose substrate
(Adopted from Wansun Kim et al 28). C1 and C2 correspond to the chemical equations equivalent to reactionsin

the paper fibers when the nanoparticles are synthesized.

3.2.1 Optimization of SILAR-synthesized Ag@ AuNPs on Whatman paper no 1

At first, the Ag core were synthesized directly on the paper strip, according to the previous
optimized SILAR conditions- 6 cycles of 20/20 mM of AgNOs/NaBH,%- as this is a method of
ionic adsorption and reaction, by increasing the number of SILAR cycles performed will also
increase the diameter of the formed AgNPs until they fuse and form a thin film of silver®.

The same phenomenon happens during Au shell formation, ionically deposited in the AgNPs
core. In previous studies have shown an optimized SILAR conditions and concentrations of 6
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cycles of 10/10 mM of HAuCIl4/NaBH,, which in fact increased SERS efficiency by increasing
the number of cycles (Appendix C, Figure C1). However, comparing the bimetallic
nanoparticles to the Ag monometallic ones, the latter presents a superior SERS effect, showing
that this effect was likely to be induced by only gold nanostructure rather than bimetallic
nanostructure possibly due to the AuNPs diameter could be twice as large as AgNPs, even though
the concentration of HAUCI,4 ions (10 mM) is half the concentration of AgNO; ions (20 mM)?.
So, a new SILAR concentration was chosen, 1/1 mM of HAuCls/NaBHjs, in order to minimize the
influence of gold and prevent the silver from being completely covered by gold nanofeatures
(Figure 3.5).
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Figure 3.5 - Raman spectra and (B) intensities of 1 mM R6G characterized peak at 1508 cm~ with the
number of SILAR cycles for decorating the shell AuUNPs on the core AgNPs. The number of cycles and their
intensities is plotted on the log scale because the intensity values of 4 to 5 cycles are very close to zero.

A droplet of 10 M of Rhodamine (R6G) molecule was used to evaluate the SERS activity,
since this is a widely studied dye in this area, easy to interpret and presents well defined
characteristic peaks. The characteristic peak of R6G chosen for the study was 1508 cm™ instead
of 1363 cm?, although the latter shows higher intensities, also presents a greater contribution of
the cellulose, which may inference with the measurements. The same conditions were used in all
measurements (15 secs of exposure time, 5% of laser power and 5 accumulations), in order to
guarantee a reliable comparison (Figure 3.5). Also, the 633 nm laser was used due to being closer
to the gold SPR peak, resulting in higher plasmonic activity. Although the substrate contains silver
and gold, when using the 532 nm laser, fluorescence phenomenon was verified, often resulting in
signal saturation. The Raman peak of R6G continued to increase until two SILAR cycles, then it
decreases slightly until the 3 cycles and greatly decreased for 4 and 5 cycles (Figure 3.5-B).
Which is in agreement with the findings already made, with the increase of the number of gold
SILAR-cycles, the particle size will also increase, eventually covering the entire silver core and
the Ag cease to be the major contributor to the signal. The two SILAR cycles were selected as an
optimal condition for decorating the shell AuNPs on the core AgNPs.

As an outcome, the bimetallic nanoparticles (Ag@AuNPs) produced by the SILAR process
compared to the monometallic ones (AgNPs and AuNPs) produced by the same method
demonstrate an incredible SERS effect (Figure 3.6-A). The substrates were maintained under the
same laboratory conditions (away from light and kept in the fridge) and tested 30 days after the
synthesis. The SERS activity of AgNPs paper showed a 75% degradation (assessment based on
peak area and intensity under investigation), while that of Ag@AuNPs paper showed less than
10% degradation (Figure 3.6-B), indicating that the AgNPs suffered a greater oxidation, thus
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proving the stabilizing power of the gold over the bimetallic nanoparticles, leading to a moderate
anti-oxidation effect.
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Figure 3.6 - Raman spectra of 10 M R6G with bare paper and AgNPs, AuNPs and Ag@AuNPs on paper

right after the synthesis; (B) Raman spectra of 10-6 M with Ag@AuNPs and AgNPs on paper 30 days after the

synthesis.

Once synthesis is optimized in Whatman paper, it was tested the sensitivity of the substrate
containing bimetallic nanoparticles. Small squares of the substrate were cut with 5 x 5 mm each
side, 2 ul of R6G was used and 3 points were randomly chosen for data collection. The mean
spectra is represented in the Figure 3.6. Different R6G concentrations were tested, the highest of
10%and the lowest of 1022 M, the peak intensity rapidly decrease with the lowering of the R6G
concentration, showing that the limit of detection (LOD) achieved was 10! M (Figure 3.7),
contrary to what was reported by Wansun Kim, et. al?® which his team was able to detect
concentrations of 10 M. The peaks associated with 10® M and 10° M (Left) are smaller than
expected and may be associated with the degradation of these solutions.

03

0.2

0.14

0.04

04

03

02

01

0.0

04

03

02

0.1

107°M

0 1400 1450 1500 1550 1600

Raman Shift (cm™)

A
L f“%lf \ 03 A 1072M
RY R |
4y 0.2 [
¢ Wiy, ]
; o 01 “\ [\
J \
1400 1450 1500 1550 1600 W N
Raman Shift (cm™) 'u\/\/j\\:;\\_.hm-w 0.0 : i
- - 1400 1450 1500 1550 1600
. ]
/| i WA,JV“/\/)\AJ\» !
[ =
T A L]
\f Vi = _.Mk/\//\,./\, e
I'd V o\ r A
\J VYA e L,_/*w Normndq07 oid
1400 1450 1500 1550 1600 A 11
Raman Shift (cm™) A_N\_M__.__Am./‘b/\\/w‘ AN 10'6 o 3J 107%™
M 10°M| 600 800 1000 1200 1400 1600
1‘ \ Raman Shift (cm™') 021 » [\
I (1 A
{1\ 0.1 VAR & A
WA '{f\‘ ¥ \1 WY
\ /‘ e ~ 0.0t B s
\ LN 1400 1450 1500 1550 1600

Raman Shift (em™)

Figure 3.7 - Three measurement average of rhodamine SERS spectra on the optimized SILAR-synthesised
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The enhancement factor (EF) was calculated using the equation (1.1). For this, spectra were
compared using different R6G concentrations: 102 M measured on a glass and 10 M measured
on the substrate. (Appendix C Figure C2). Nravan and Nsgrs Were substituted for the R6G
concentrations: 10 and 10 M, respectively. lravan and lsers Were replaced by the peak area
corresponding to the 1508 cm* band, measured on the glass and on the optimized substrate,
respectively. The peak area was used to obtain a more real EF value. The obtained EF was
3.5 x 10%.

As the optimized substrate found, homogeneity tests were performed with R6G 10 M.
Twenty measurements were made between the same substrate and different samples of the same
substrate at random points, also the measurement conditions were kept and the results are
presented in Figure 3.8.
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Figure 3.8 - Homogeneity tests of Whatman n.1 SERS substrate with Ag@AuNPs.

The line indicates the peak under study (1508 cm?). Although not very consistent, at almost
all points the spectrum obtained shows well-defined peaks while the intensity is not constant
indicating that the paper may not be evenly coated with nanoparticles.

3.2.2 Optimization of SILAR-synthesized Ag@ AuNPs on office paper

The same SILAR-synthesis tested inWhatman n°1 was also tested in the office paper. The EF
obtained was found to be 9.2 x 10*, higher than that obtained with whatman paper, while the
limit of detection (LOD) remained the same, 101! M. In this office substrate with Ag@AuUNPs
SILAR-synthesized, biological tests were performed between tumoral exosomes and PBS
(control) and tested with PCA, which was not effective because the of the 95% confidence ellipses
overlapped. It was concluded, that this poor result was due to the great contribution of the
cellulose that overlapped the characteristic peaks of the biological samples, leading to the need to
create a substrate, with more NPs on the surface, increasing its SERS efficiency and decrease of
cellulose contribution.

Other synthesis conditions were tested on this paper. Since this is a synthesis of successive
ionic layer adsorption and reaction which is a layer-by-layer deposition of oppositely charged,
positive and negative, ions of two salts: metal salt (AgNO; and HAUCL.) and reducing salt
(NaBHa,). Since the office paper has CaCOs in its fibers, it was tested the reducing power of this
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salt in the formation of silver nanoparticles, since the AgNPs provided a superior SERS efficiency
compared to gold, the focus was to modify the silver synthesis conditions on office paper to get
more nanoparticles to contribute to the SERS signal and at the same time have a greener and
environmentally friendly synthesis, due to the absence of NaBH. as reducing agent.

In the already optimized SILAR fabrication, one cycle included four steps: treatment of the
substrate in a metal salt solution (AgNOs); washed with water to remove unreacted elements; re-
treatment of the paper in the solution with the reducing agent; washed with water again. Each step
lasts 30 secs, making 2 min per cycle and a total of 6 cycles. The reducing salt NaBH. was
removed from the equation and the paper was only treated with the silver salt solution, expecting
that the reaction between AgNO; and CaCOs to occur during the cycle, reducing the time of each
cycle in 30 secs, but maintaining the number of 6 cycles. In order to evaluate the effectiveness of
the synthesis, 10° M of R6G was used and the characteristic peak of rhodamine was analysed at
1508 cm™. The laser used in these measurements remained at 633 nm which demonstrated a
smoother spectrum with less noise. The measurement conditions were 10 secs of exposure time,
1% laser power (higher showed signal saturation and lower showed more noise) and 10
accumulations. 3 random spots were chosen for the measurements and the average spectra is

represented in the Figure 3.9.
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Figure 3.9 - Three average measurements of rhodamine SERS spectra of the SILAR-synthesised AgNPs on

Office paper with reducing agent (red) and without reducing agent (blue)

Figure 3.9 shows the SERS activity spectra of the two substrates containing silver
nanoparticles whose synthesis included with (red) and without (blue) NaBH, as a reducing agent.
Analysing the peak located at 1508 cm', it’s noticeable that the substrate with AgNPs synthesized
with NaBHs reducing agent shows a peak in the said band. Also the substrate with AgNPs
fabricated without NaBH, as reducing agent shows a visible small peak at 1508 cm™, indicated
that it has some effectiveness in the SERS effect. As expected, the characteristic peak of
rhodamine corresponding to the substrate with AgNPs synthesized with NaBH., shows higher
intensity compared to the peak given by the Raman spectrum relative to the substrate with AgNPs
synthesized without NaBH,4, where the nanoparticles were supposedly synthesized by the salt
present on paper.

It was then decided to continue exploring this new synthesis, never reported before, as a more
environmentally friendly and cheaper synthesis (since one of the reagents was removed). For this,
new cycles were tested and re-evaluated in relation to their SERS efficiency with 10 M R6G.
New cycles were tested. From 1 to 9 cycles of silver nanoparticle SILAR-synthesis without
NaBH. as reducing agent were performed and the results are shown in the following figure. The
measurement conditions were kept the same.
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Figure 3.10 - A- 3 average measurements of rhodamine SERS spectra of the SILAR-synthesised AgNPs on
Office paper from 1 to 9 cycles. B- intensities of 10 M R6G characterized peak at 1508 cm-! with the number
of SILAR cycles. The number of cycles and their intensities is plotted on the log scale because the intensity values
of 1to 6 cyclesare very close to zero. C- Photo of the papers with the SILAR-synthesised AgNPs whitout reducing
agent, from left to right: 1 to 9 cycles.

Obviously the first evidence that the reaction was actually occurring was the change in color
from white (natural paper color) to brownish yellow Figure 3.10-C. This color change may be
related to the size and shape of the nanoparticles formed in the paper fibers, because AgNPs have
novel optical properties originated from coherent oscillation of the conduction electrons upon
exposure to light impinges of specific wavelength, known as the localized surface plasmon
resonance (LSPR), these optical characteristics depend on the size, shape and medium in which
the NPs are inserted. AgNPs under 30 nm exhibit a yellowish color, and the zones of browner
color that the papers present may be due to silver agglomerates?®.

The Raman peak intensity of R6G increases slightly from one to six SILAR cycles, then rises
steeply up to seven cycles and continues to increase up to eight cycles where also shows a
reduction of the substrate background noise, which ultimately drops significantly at nine cycles
and the peak also broaden (Figure 3.10-A, B). It was then concluded that 8 is the best number of
cycles to perform in this new synthesis.

To prove and visualize that nanoparticles were being formed, SEM and SEM-EDS analysis
was done to the substrate whose number of SILAR-cycles showed better SERS efficiency (8
cycles), and the size of the nanoparticles was determined through imageJ software.

Through EDS analysis (Figure 3.11-A), the peak represented at E = 3 keV is related to silver,
which confirms that AgNPs are being formed by this synthesis. It’s possible to observe that small
particles were formed on the paper fibers with the average NPs diameter size of 45.23+£5.23 nm.
The formed NPs have an oval shape and are present singularly or in small clusters.
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Figure 3.11 - A- EDS analysis of the substrate with AgNPs synthesized without NaBHa as reducing agent. B-
SEM image of AgNPs 8 cycle SILAR-synthesised without NaBH4 reducing agent. C- Distribution map of the
substrates whose where AgNPs were SILAR-synthesised without NaBH4 as reducing agent.

The distribution map of the office paper with AgNPs synthesized without NaBH, is also
represented. The C and O represented in red and blue, respectively, covers the majority of the
fibers since they are made of cellulose. The distribution map related to Ca (yellow) shows that
the salt are located between fibers and comparing to the distribution map of silver (green), it’s
remarked that the Ag concentrates in the places there is more Ca, suggesting once again that in
fact silver is reduced by CaCOs.

Such as the optimum number of cycles to be performed, the optimum time that each step,
corresponding to one cycle, must be investigated to in order to obtain the highest possible SERS
effect. Times were tested from 10 to 50 sec, adding another 10 secs to the previous time, and the
results are represented at Figure 3.12.
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Figure 3.12 - Three average measurements of rhodamine SERS spectra of the SILAR-synthesised AgNPson
Office paper varying the time of each step cycle: 10, 20, 30, 40 and 50 secs.

To each substrate 3 random points were chosen and spectra were obtained, and the mean of
the data is represented in the figure. Data were also normalized for comparison purposes.
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The number of cycles (8 cycles) was maintained the same, but the time of each step of each
cycle was varied. The tested times were 10, 20, 30, 40 and 50 secs. Between 10 and 30 secs (the
latter used as the previous synthesis time) an increase in SERS activity is confirmed, as was
already predicted and studied?®.

However, by increasing the synthesis time (i.e., time in which the paper is treated in each
solution) from 30 to 40 secs, there is an even greater increase in SERS activity. By increasing
more 10 secs, the intensity of the peak at 1508 cm™ decreases again, possibly aggravated by the
coalescence of the silver nanoparticles, since this is a SILAR-synthesis of layer by layer ionic
adsorption and reaction, causing a decrease of “hot-spots™ and consequently a decrease in SERS
efficiency. Reaching the conclusion that 40 secs would be the ideal time to be used in the synthesis
AgNPs through the two-stage SILAR technique without NaBH. as reducing agent.

Now that the AgNPs synthesis conditions are optimized: 8 SILAR cycles and duration of each
cycle step of 40 sec. It’s time to investigate the best conditions for the SILAR-synthesis of the
gold nanoparticles that will decorate the Silver core in order to increase the SERS signal and also
increase the shelf-life time of the substrate. It was also suspect that with this new synthesis of
AgNPs without NaBH. as a reducing agent, gold plays an even more important role in the stability
of silver nanoparticles. It was decided that the gold synthesis conditions would be maintained as:
1mM of HAuCl, and NaBH4, and 30 secs of each synthesis step, since the goal wasn’t to get the
silver core completely decorated with gold NPs risking losing SERS efficiency, so that the signal
obtained is not mostly of gold but of silver, since AuUNPs led to a low Raman intensity compared
to the AgNPs?8, just the enough to increase the shelf-life of the substrate. Therefore, several gold
SILAR cycles were tested and the results are shown in Figure 3.13.
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Figure 3.13 - A- Raman spectra and B- intensities of 106 M R6G characteristic peak at 1508 cm-! with the
number of SILAR cycles for decorating the shell AUNPs on the core AgNPs. C-photo of the substrate after the
Ag@AuNPs were synthesized by SILAR method.

Also for these measurements, the conditions were kept the same. The used laser was
maintained such as the exposure time and number of accumulations. The laser power was
increased to 5% which demonstrated a less noise signal. For these measurements 10° M
rhodamine was used as a reference and the characteristic peak at 1508 cm* was analysed. The
Raman intensities greatly increase from 1 to 2 cycles and slightly increase up to 3 SILAR cycles
and greatly decreased for 4 and 5 SILAR cycles perhaps due to the full coverage of the silver
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nanoparticles core by gold nanoparticles and only the gold was the biggest contributor to the
SERS signal.

Two and three SILAR cycles were chosen with relatively small variations in terms of Raman
intensities, however 3 cycles presented higher Raman intensity and was selected as an optimal
SILAR number of SILAR cycles for decorating the shell AUNPs on the core AgNPs. After the
synthesis of the bimetallic NPs, the Office paper presented a very dark colour near the black,
suggesting that possibly its surface is almost totally covered by nanoparticles. It’s possible that at
the end of the Ag synthesis cycles some AgNO3 remains trapped in the paper fibers, which can
be reduced by NaBH, used in the Au shell synthesis, thus increasing the amount of detected silver.
Hydrophobic margins made with wax were also tested (small circles with 2 mm diameter were
designed in the Adobe lllustrator software and printed with the XEROX ColorQube printer, in
order to facilitate the SERS measurements, however with the paper colour it became impossible
to distinguish the margins. Since the synthesis of the NPs is carried out directly on the paper
consisting on dipping the paper itself into solutions, it was found that the NPs were also formed
above the hydrophobic barriers and then that part was discarded.

Also the sensitivity of this new substrate was tested. Rhodamine was used at 7 different
concentrations of 10 to 102 M, 3 spectra were collected at each concentration, normalized, and
the mean of them is shown in Figure 3.14.
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Figure 3.14 - Three measurement average of rhodamine SERS spectra on the optimized SILAR-synthesised
Ag@AUNPs (AgNPs synthesis without NaBH4 as reducing agent) on Office paper support with different
concentrations. (Left) zoom of the 1508 cm-! peak range for 10° M and 10-° M. (Right) zoom of the 1508 cm!
peak range for 1011 M and 10-12 M.

The measurement conditions were kept the same, showing a cleaner signal and with more
intense peaks (10 secs of exposure time, 5% of laser power, 10 accumulations), the laser used was
633 nm. Therefore, it’s noted that from concentrations starting at 10° M to 108 M R6G the
spectrum shows well-defined characteristic peaks. The same problem found in the other substrates
is also notable in this one, it does not show any peak at 1508 cm™ at concentrations of 10° M
R6G, suggesting that the solution surely degraded (Left zoom). However, for concentrations
relative to 10" and 101! M it’s possible to perfectly distinguish the peak located at 1508 cm-1
although the peaks are broad and slightly overlapping with other peaks. For higher concentrations,
the substrate does not exhibit any sensitivity. It is concluded that the limit of detection (LOD) is
retained for concentrations of 10" M R6G. Important note: the laser power was decreased to 1%
for measurements of R6G concentrations greater than 10° M. The EF was also calculated and the
result was 3.5 x 10°, the biggest result so far. The Office paper was the one that presented better
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EF values comparing with Whatman n°1 paper, indicating that the office paper is in fact the best
paper to be used in this type of synthesis.
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Figure 3.15 - Homogeneity tests of Office paper SERS substrate with Ag@AuNPs.

Homogeneity testes were done, and results are shown at Figure 3.15, this substrate comparing
to others presents a really good consistency of spectra. The 20 measurements (made from different
samples of the same substrate) show very good results. The characteristic peak of rhodamine
under study is always of the same magnitude and well-defined.

The comparison spectra of the AG@AUNPs SILAR-synthesised on Whatman and Office paper
are shown at Appendix C, Figure C3. It’s noticeable that the spectra given by the recent
optimized SERS substrate presents more defined peaks, and it’s also possible to see that the
background effect is lower compared to the substrate with Ag@AUNPs, where the AgNPs were
reduced with NaBHa.

Stability tests were also done and presented on Appendix C, Figure C4.

This substrate was considered as the most optimized and was chosen for further
characterization: XPS, XRD, SEM, SEM-EDS and biological tests.

3.2.3 SILAR-synthesized Ag@AuNPs on different papers: comparison

The bimetallic Ag@AUNPs synthesized directly on the different papers (whatman n°1 and
office Paper) were characterized through various assessments. Essentially the characterization
was done between whatman paper whose NPs were synthesized through the previously optimized
SILAR-synthesis, and the office paper whose NPs were synthesized by the recent optimized
SILAR-synthesis in which the AgNPs were synthesized without NaBH, as reducing agent

An XPS analysis based on high detection limit and precision, was performed to confirm not
only the existence of gold and silver in the substrates, but also the coordination of these two noble
metals on the surface of the cellulose fibres. The obtained spectra are represented in

Figure 3.16.

In both papers (Whatman and Office) (

Figure 3.16-A, B), the peaks centred at 285.9 eV and 531.9 eV, associated with carbon (C1s)
and oxygen (O1s) respectively, confirms the signature of the cellulose structure (the main
component of paper fibres) (CsH100s)n 2.

Also in both papers, the bands fixed at 85 and 370 eV confirm the coordination of the
monometallic structures, gold (Au 4f) and silver (Ag 3d) respectively, with the cellulose group®’.
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Figure 3.16-Al, B1 shows the detailed spectra of Au4f and Ag3d regions, on whatman n°l
and on office paper, respectively. The two new peaks at 83.9 and 86.9 eV on whatman paper,

Figure 3.16-Al and the two new peaks centred at 83.8 and 87.3 eV on office paper

Figure 3.16-B1 are related to Au4fs and Au4fs;. Also, the two new peaks at 368 and 373.9
eV on Whatman n°1 paper and the two peaks located at 367.8 and 373.8 eV referring to Office
are related to Ag3ds. and Ag3da, respectively. The differences between the 4f7, and 4fs, peaks
for gold (3 eV and 3.5 eV) as well as between the 3ds. and 3ds, peaks for silver (5.9 eV and 6
eV) on whatman and office paper, respectively, were also the same as the handbook values of
zero valence gold and silver*#’, This observation suggests that the majority of the gold and silver
atoms should exist in zero valence state (Au® and AgP) as well as highly crystalline particles in
spite of ionic reaction of SILAR technique®-*". XPS findings confirmed the grafting of cellulose,
AgNPs, and AuNPs.
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Figure 3.16 - (A) XPS spectra of the previously optimized SILAR-synthesised AuNPs, AgNPs and
Ag@AuUNPs on Whatman paper; (B) XPS spectra of the recent optimized SILAR-synthesised AuUNPs, AgNPs
and Ag@AuUNPs on office paper. (Al) and (B1) Zoomed part of the spectrum relative to gold and silver peaks.

Also, by calculating the silver and gold Auger parameter and comparing to the literature, it is
possible to conclude that the Ag and Au signal is in fact from metallic structures, therefore proving
nanoparticle formation since this parameter is particularly useful for chemical state analysis and
can be used without interference of surface charging (presented and further discussed in
Appendix D, D1).

However, another fact stand out: the intensity of the peaks corresponding to silver and gold in
the office paper are far higher than that observed in Whatman, confirming the suspicion that there
would be a higher concentration of these metals on the surface, since this is a method of
quantitative surface analysis*, that may be due, once again, the high hydrophobicity and low
porosity of this paper. But also raised the suspicion that the CaCO3 present in the paper itself was
helping during the formation of NPs. The elements quantification is presented in Table 3.2.
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Table 3.2 - XPS element quantification for the different papers.

Type of Element Mass %
paper O C Ag Au Cl N
Whatman n°l  38.46+0.2 58.11+0.2 1.43#0.21 1.00%0.2 - 1.04+0.18

Office 33.30+0.2 60.70+0.21  3.6%0.2 2.1+0.22 0.2+0.1 -

As expected, the amount of mass% of the metallic elements (silver and gold) is higher in office
paper than in Whatman paper. In office paper, due to its low porosity, it was expected that these
elements would be retained at the surface. Elements like Chlorine (CI) should be related to the
mineral Calcite (CaCO3) present only on office paper and the Nitrogen (N) must be related to the
AgNOs residues used in the synthesis of silver. All quantifications and assessments were made
through ESCAPE software.

XPS analysis was also done on the SERS substrates with Ag@AuNPs bimetallic nanoparticles
synthesized without NaBH. as silver reducing agent (Figure 3.17-A), in which one of the
substrates the time of each cycle step was 30 secs and in the other was 40 secs.

800000 Ag@AuUNPs (40 secs each Ag cycle step) B
B AQ@AUNPS (30 secs each Ag cycle step) Ag@AUNPs (40 secs each Ag cycle step) Ag@AUNPs (40 secs each Ag cycle step)
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Figure 3.17 - (A) XPS spectra of the SILAR-synthesised Ag@AuNPs on Office paper without NaBH4 as
reducing agent of silver synthesis with differences in synthesis time: 30 (blue) and 40 secs (orange) each cycle

step; (B) Zoomed part of the spectrum relative to gold (Au4f) and silver (Ag3d) peaks.

On Figure 3.17— (B) shows the detailed spectra of Au 4fand Ag 3d regions, of both substrates.
The two peaks located at 83.4 and 86.7 eV are related to Au4f7/2 and Au4f5/2. Also the two new
peaks located at 367.2 and 373.2 eV are related to Ag3d5/2 and Ag3d3/2, respectively. This
observation suggests that the majority of the gold and silver atoms should exist in zero valence
state (Au and AgP) as well as highly crystalline particles in spite of ionic reaction of SILAR
technique?®47. XPS findings also confirmed the grafting of cellulose, AgNPs, and AuNPs.

It’s clear that the peaks related to Au4f and Ag3d regions of the spectrum representing the
substrate whose each step of Ag SILAR-synthesis cycle was 40 secs (orange), have a much higher

intensity compared to the other (blue), indicating that, on the surface, the concentration of metals
is superior.

Furthermore, it was used XRD analysis in order to confirm the chemical composition of the
nanostructures deposited in the two different papers (Figure 3.18).

24



Office paper Ag@AUNPs (40 secs each Ag cycle step)
Whatman paper —— Ag@AuNPs (30 secs each Ag cycle step)

e Silver o Silver

. s Gold
Gold (11 o

o 220)
(200) (22 (311)
200 1220 (311) A . 8

Intensity (u.a.)
£
Intensity (u.a.)

.
\ 0
e - A A

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2 6 (angle) 2 6 (angle)

Figure 3.18 A- XRD diffractograms of office paper (blue) and Whatman paper (red) with SILAR-
synthesised bimetallic nanoparticles Ag@AuNPs. B- XRD diffractograms of Ag@AuNPs SILAR-synthesised on
Office paper without NaBH4 as reducing agent of silver NPs with differences in synthesis time: 30 (blue) and 40
secs(orange) each cycle step.

Besides to the cellulose peaks found in both papers substrates and the calcite peaks present in
the office paper, when comparing whatman and office paper (Figure 3.18- A) the prominent
peaks of AgNPs, almost exclusively found on office paper, were observed at 38.1° 64.5° and
77.5° in 20 values, indexed as (111), (220) and (311) diffractions, respectively®, this reflection
planes correspond to the face-centred cubic (fcc) structure of Ag and Au planes. While that, the
gold peak was found exclusively on the office paper at 44.3° and 64.7° in 26 values indexed as
(200) and (220). The 26 values of silver and gold crystals are very close to each other (Appendix
D, table D2), due to their very similar lattice constants (JCPDS No. 04-0783) and thus the peaks
of gold and silver corresponding to (220) diffractions overlapped. Only a small amount of silver
was detected in the Whatman paper, indicating that the nanoparticles formed by this type of
synthesis must penetrate deeper into Whatman paper than the Office paper where they prevail on
the surface (important feature for SERS). Also, the small peaks of gold are related to the reduced
amount used in the synthesis (1 mM of HAuUCI,). This finding is consistent with the presence of
weak gold peaks for bimetallic AQ@AuUNPs and AuNPs in XPS analysis.

Figure 3.18-B shows the XRD patterns of office paper with Ag@AuNPs synthesized by the
recent optimized SILAR-synthesis, whose Ag synthesis was synthesized with 30 secs (blue) and
with 40 secs (orange) each step of SILAR-cycle. It’s notable that the substrate, in which the
synthesis took longer, presents peaks referring to Ag and Au of greater intensity and more well-
defined, indicating, that more silver is actually being formed with increasing the synthesis time.

SEM-EDS complementary analysis was carried out on whatman and office paper substrates
(Figure 3.19). Besides the carbon and oxygen peaks related to the cellulose, the peak of gold (E
= 2.12 keV) and the peak of silver at (E = 3 keV) also stand out. It is clearly visible that in
whatman paper these peaks are barely evident compared to office paper, whose SILAR-synthesis
was recently optimized. In the Appendix D3 are shown the tables of EDS results where it’s
possible to see that this substrate actually exhibits greater relative amount of silver in weight%
and atomic concentration. The peak corresponding to Ca (E = 3.68 keV), only visible in the office
paper, related to the CaCOs present only in this, it is hardly evident, indicating that the salt is
actually being consumed and used for the reduction of AgNPs.

The distribution map of the detected elements represented in the spectra was made and is
represented in Figure 3.19-C. As was already suggested in the spectrum, Ca basically ceased to
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exist (represented in orange). The silver (green) has an intense color and is concentrated between
fibers, where remains of Ca can still be seen. The distribution maps shows that gold (yellow) and
silver are concentrated in the same areas, with silver having a more intense color than gold,
suggesting that, in fact, silver nanoparticles are not completely covered by gold, hoping this gold
guantity will be enough to increase the shelf-life of the SERS substrate.
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Figure 3.19 - EDS analysis of the Whatman com Ag@AuUNPs synthesized with the previously optimized
SILAR-synthesis (red) and the Office paper with Ag@AuNPs synthesised with the recent optimized SILAR-
synthesis (blue). C- EDS image and B- Distribution maps of the office substrate.

SEM images were also obtained (Figure 3.20) in order to observe the presence of the
nanoparticles in the paper’s fibres to have a morphological characterization of the substrate. The
maghnifications used was 5 kx and 10 kx. It wasn’t possible to use higher acceleration voltages,
since the destruction of the cellulose fibres was observed. It’s confirmed that in both papers, the
formed nanoparticles led to a raspberry-like structure composed of a core AgNP decorated with
a lot of AuNPs. Since the SILAR technique is the layer-by-layer deposition, a gold component on
the silver surface is coated in the form of thin layer or nanoparticles. Most studies have been made
an effort to synthesize a complete core@shell nanoparticle structure?®°52, However, it wasn’t
consider a bimetallic nanostructure that the core was completely covered up with the shell,
because a compact shell layer or increasing of AuNPs resulted in the decreasing of SERS
efficiency (Appendix C1). It’s visible that the nanoparticles formed in both papers have a
raspberry shape, although it’s not possible to determine with SEM that the nanoparticles are
actually formed by the Ag core. However with TEM analysis it would be possible to have this
confirmation, although it was not possible to do it, it was already done by Wansun Kim et al?®,
with the particularity that the Ag@AuUNPs would have to be synthesized directly on the grid by
the two stage SILAR-synthesis, since the paper substrates does not transmit through electron, the
paper-deposited nanoparticles could not be directly measured by high accelerating electrons such
as TEM or focused ion beam (FIB). Their experiments showed that by this technique tiny AuNPs
were attached to AgNPs core, forming bimetallic nanostructures with a raspberry shape where
gold NPs are closely packed with only a few nanometers of separation.

Comparing the two papers, it’s observed that in whatman paper, the formed NPs are more
distant and, in less quantity, than in office paper, as was already suggested by the EDS spectrum.
In office paper, virtually all the fibers are evenly covered by the formed NPs of various sizes with
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small NPs and big clusters. Due to the low porosity of the paper, their ability to retain NPs on the
surface is greater, leaving no space for them to penetrate into the paper. Which translates into an
important feature on SERS substrates, increasing the rugosity of the substrate for the creation of
“hot-spots” (an indispensable characteristic in SERS single molecule detection).

The mean values of the nanoparticles are shown in Table 3.3.

[ Whatman n°l Paper ] [ Office Paper ]

S

Figure 3.20 - SEM images of the Ag@ AuNPs synthesized by the two-stage SILAR technique on Whatman
n°l1 paper and Office paper.

The values represented in Table 3.3 were obtained through the ImageJ software. Values were
based on the nanoparticle shape, where for each analysed nanoparticle several diameters were
measured, and their mean value was calculated and used for the final NPs sizes and standard

deviations calculations.
Table 3.3 - Mean values of bimetallic nanoparticle diameters on Whatman and Office paper

Nanoparticle Particle Size (hm)
structure Whatman n°1 Office
Clusters 223.34+54.32 85.33+22.40
Small nanoparticles 97.01+20.76 38.81+16.15

After characterizing both substrates containing bimetallic nanoparticles, office paper was
chosen as the best and most optimized, due to its high EF, higher amount of Ag and Au and greater
capability to retain NPs to the surface, demonstrating a higher sensitivity in SERS signal and for
its greener and environmentally friendly synthesis. The office paper containing Ag@AuUNPs
whose AgNPs synthesis was performed without NaBH, as the reducing agent and with 40 secs
each Ag cycle step was chosen for the following biological tests.

3.2.4 Optimized SILAR-synthesized Ag@AuNPs on Office paper: Biological tests

The biological tests were carried out on the recently optimized substrate (Office paper with
bimetallic nanoparticles). Firstly, the tests consisted on measuring the control solution (PBS),
tumoral (MDA-MB-231) and non-tumoral exosomes (MCF-10A) in order to see if it was possible
to distinguish between spectra of both samples (Figure 3.21-B). Concluding whether the substrate
is effective in detecting exosomes. The exosomes sample used in all measurements had
concentration of 10° particles/mL. For all biological tests, it was concluded that the best laser to
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be used was 532 nm, since no fluorescence problems were verified and showed an improvement
in substrate sensitivity.

To test the capability of differentiation between the SERS spectra, corresponding to PBS,
tumoral and non-tumoral exosomes, the Principal Component Analysis (PCA) was performed.
PCA was applied since this a statistical analysis tool utilized to investigate the major patterns in
datasets, where a smaller number of uncorrelated variables, called “principal components”, are
identified by analysing variances in each collected spectrum and grouping the similar ones, until
association between different groups is possible through 95% confidence ellipses surrounding
that groups. When the patterns are identified in the set, the number of analysed dimensions can
be reduced without a significant loss of information, and a thousands of Raman spectra can be
plotted into a XY axis scatter graphic. The two principal components used to the score plot were
the Principal Component 1 (PC1) and the Principal Component 2 (PC2).

Although the exosomes used in this work are from the same cell line, the obtained Raman
spectra present different fingerprints. Since they are constituted by different proteins, even when
they have the same origin. Also, the way they lie on the substrate and which part of the exosome
is hit by the laser will influence the obtained spectra, however, exosomes from the same stem
cells demonstrate common patterns in the spectra obtained, these common patterns will be further
analysed by PCA.

To each acquire spectrum was subtracted the baseline and normalized the data using the
WIiRE™ software. The smooth tool was not applied because it was possible the loss of spectrum
information. The Figure 3.21-B shows the mean Raman spectra of PBS and the exosomes, each
of which 35 spectra was collected.

By analysing the mean spectra referring to PBS , MCF-10A (non-tumoral) and MDA-MB-231
(tumoral) exosomes (Figure 3.21-B) it’s possible to observe that there are significant differences
between them (peaks with most variance between groups are highlighted in pink) and by the score
plot given by the PCA analysis was confirm that there is a clear distinction between the samples,
since the 95% confidence ellipses do not overlap.
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Figure 3.21 - PCA resultant score plot using PC1 and PC2 as the analysed principal components: PBS
(control) in black, MCF-10A (red) and MDA-MB-231 (green) exosome sample analysed. (B) Average PBS, MCF-
10A and MDA-MB-231 Raman spectrum: spectra peaks with most variance between groups highlighted in pink.

Visualizing the loading plot, present in Appendix E, Figure E1, it is possible to see which
wavenumbers contribute with the most variance to PC1, in this case all the wavenumber of the
spectra equally contributed positively to the variance PC1 analysis. The success of this test is due
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to the low contribution of cellulose, present in the substrate, which could overlap with the
contribution of biological samples, since they are constituted by proteins, lipids, DNA among
others, which in turn are composed of C, O e H bonds, corresponding to the cellulose nature.

It’s also possible to use the PCA method as a real-time diagnostic method, ie, using the 95%
confidence ellipses, if a spectrum to be analysed is located inside these ellipses it’s safe to assure
with 95% confidence that this spectrum belongs to the group that is inserted. These tests were
performed and are present in the Appendix E2.

A cost analysis was also performed based on reagent prices on Sigma-Aldrich® and papers
used. For the previously optimized SILAR synthesis in which NaBH. is used as reducing agent
of AgNPs in Whatman n°1 paper the cost of production is 2.24 € and in the Office paper it’s 1.97
€. For the new SILAR-synthesis in which NABH. is not used as reducing agent of AgNPs, a
production cost of 1.93 € was estimated for the office paper. The synthesis made in the Office
paper have a lower cost because this paper is a common material compared to Whatman n°1 paper,
also the new synthesis presents a lower monetary value because NaBH,4 of 20 mM concentration
is not used in the formation cycle of the silver nanoparticles.
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4 Conclusion and futures perspectives

This work has as main objective the development of effective SERS substrates in the detection
and distinction of biological samples of non-tumoral and tumoral exosomes from breast cancer
cells. The paper-based SERS substrate is a disposable approach and two types of paper were
investigated: Whatman no.1 paper and Office paper. The use of paper as support for SERS
substrates is an abundant, usable, cost-efficient and biodegradable alternative.

In both papers an in situ synthesis of bimetallic nanoparticles was carried out. Bimetallic
nanoparticles consisting of a synthesis of Ag core nanoparticles (AgNP) and a synthesis of Au
shell nanoparticles (AuNPs) were fabricated by the two-stage successive ionic layer absorption
and reaction (SILAR) technique. Throughout the work, different conditions of synthesis were
investigated and tests with R6G, as a label due its large effective cross-section that results in a
strong SERS signal, were carried out in order to reach the most optimized SERS substrate. One
of the concerns in the synthesis of bimetallic nanoparticles of silver and gold was to fabricate
nanoparticles whose silver core was not completely covered by the gold shell, since silver shows
a superior SERS signal compared to gold. However, the shelf-life of AgNPs-based substrates is
inferior than those containing AuNPs, thus the gold is used with the aim of increasing the period
in which the substrate remains active without losing much SERS efficiency.

The paper SERS substrates were analysed through XPS, XRD, SEM, SEM- EDS and Raman
techniques.

The concentration of silver salt was always maintained the same in all experiments (20 mM).
The first SILAR-synthesized assay, 6 SILAR cycles were performed in order to form the Ag-core
of the bimetallic nanoparticles. Then two concentrations of gold salt were tested (1 and 10 mM).
First, the highest concentration of gold was tested, whose SERS signal increased with the increase
of the number of SILAR-cycles performed. However, compared with monometallic
nanoparticles, it was concluded that gold mainly contributed to SERS effect. Then, the lower
concentration was tested in order to reduce the gold contribution, concluding that 2 is the ideal
number of SILAR-cycles for the formation of the Au-shell in Ag-core. This synthesis was
performed in both papers and the SERS substrates were assayed for SERS efficiency.

Compared to Whatman n°1, Office paper has less porosity, which increases its surface and
compact area, a characteristic that provides a higher concentration of NPs at the surface, since
they have less space to penetrate deeper the paper. The porosity of the substrates proved to be one
of the most important features in the development of SERS substrate. Another main characteristic
of the Office paper was the presence of CaCOj3 impregnated between the fibers of the paper due
to the treatment carried out in order to increase its whiteness. Another type of synthesis was
investigated. In the SILAR-synthesis of AgNPs, the NaBH. step was removed and the reducing
power of the salt present on the paper was investigated in order to make the substrate
manufacturing process more environmentally friendly as well as cheaper. In addition to the
number of cycles, also the time of SILAR-synthesis were tested, concluding that 8 cycles was the
most indicated number of SILAR-cycles for the AgNPs formation and the time of each cycle step
of 40 secs, showing the best SERS signal. By further increasing the step time, the SERS effect
decreased, perhaps due to the coalescence of the NPS since this is an ionic adsorption and reaction
technique also used in the production of films. By increasing the number of cycles, the size of the
NPs will also increase and eventually coalescing forming a film. Characterization by XPS has
shown that 0 valence metal (Ag°) have indeed been created, and the SEM-EDS distribution maps
indicate that silver nanoparticles are formed at sites where the CaCO3 concentration is higher. The
Au-shell was synthesized according to the previously tested conditions, with concentration of 1/1

30



mM HAuUCI4/NaBH; and 3 as the ideal number of SILAR-cycles to ensure that AgNPs are not
fully covered by AuNPs. The optimized two-stage SILAR fabrication procedures led to the
bimetallic nanoparticles (Ag@AuNPs) that showed a remarkable SERS effect when compared to
monometallic ones AgNPs and AuNPs that did not demonstrate significant SERS effect when
synthesized by this synthesis, however proved to increase the SERS signal when in the form of
bimetallic nanoparticles along with the increased of shelf-life of the SERS substrates.

Utilization of the obtained composites as SERS substrates showed good results and fulfilling
the objective of a low-cost substrate able to enhance Raman signal. All substrates demonstrated
a shelf life of more than 1 month, demonstrating the role of gold was successful in delaying the
early oxidation of silver. Both the Whatman n°1 and the Office paper showed equal LOD (10
M with R6G probe) in both synthesis, however the tests performed on Whatman paper
demonstrated a more pronounced background noise as well as autofluorescence problems.
Substrate synthesized with NaBH, as AgNPs reducing agent have a lower EF (10%) comparing to
the substrate synthesized with CaCOs as a reducing agent of AgNPs (10°). The latter was
evidentially better in discriminating peaks, reducing background noise and being overall more
versatile on the detectable analyte, since there was almost no cellulose peaks interfering with the
detection, all substrates demonstrated a better Raman signal when the analyte was measured as a
drop than allowed to dry. The SILAR-synthesis may be applied to other types of support matrixes,
as long as they carry the bimetallic nanoparticles as tetra pack and other cellulose papers or
nanocellulose substrates can be studied. Also on a substrate of nanocellulose extracted from Nata
de Coco was performed the previously optimized SILAR-synthesis, which proved to be an
efficient SERS substrate, however degraded in a short time (less than one month), visually the
substrate colour changed from orange to greyish, suggesting the aggregation of the nanoparticles,
perhaps due to their poor adhesion to the nanofibers.

Tests with exosomes using PCA as a targeting and diagnostic method were not satisfactory for
the substrates synthesized by the first synthesis, indicating that a high contribution of cellulose
was overcoming the peaks given by the analyte. However, the substrate fabricated by the latest
SILAR-synthesis showed almost no contribution of cellulose and good PCA results were
achieved. Was possible to group data from control, tumoral and non-tumoral exosomes. Due to
the fact that this substrate has shown good results, only proves that the contribution of cellulose
is a disadvantage in this type of analysis when a very high sensitivity is necessary.

Other tests could be performed, other types of cancer could be tested, such as exosomes from
different cell lines so as to possibly prove that the successful distinction of the data by PCA is not
exclusive to this type of exosomes used, but may be applied to any other type of samples, in order
to test this technique specificity using this SERS substrate.

Concluding, with this work, it was possible to optimize and fabricate a paper-based SERS
substrate, with a very low price and an environmental friendly synthesis, using a regular office
paper, that allow to distinguish non-tumoral from tumoral exosomes from breast cell lines, with
a group confidence of 95%.
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Appendix A

Ca Kol Ca Kal

Figure Al - EDS distribution map of A. Whatman and B. Office paper. The images were coloured artificially
for easy reading



Appendix B

B1. Sucrose solution preparation:

The preparation of sucrose was made mixing 30 g of protease-free sucrose, 2.4 g of Tris-base,
50 ml of heavy water (D,O, which must be opened in the flux. The pH value was adjusted to 7.4
with a few drops of HCI and the volume was adjusted to 1200 ml with D,O. Then it was filtered
with a 0.22 pm filter vacuum inside of the flux.

B2. Measurement results by NanoSight
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Figure B2.1 - NanoSight measurements results of exosomes from tumoral cells (A)- MDA-MB-231- and

from non-tumoral cells (B)- MCF-10A. In the spectrum of the left one is represented each capture (total of 5)

and in the spectrum of the right one is represented the average of the captures and the respective standard

deviation. The inset represents de concentration and the average size of the exosomes.
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Figure B2.2 - Capture of NanoSight measurements: red points indicates particles interacting with the laser

Appendix C

CL1. Different SILAR-cycles of 10/10 mM of HAuCIl+/NaBH,4
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Figure C1 - (A) An increase on the SERS efficiency of bimetallic Ag@AuNPs with increasing the number of
gold SILAR cycles and (B) low SERS efficiency of bimetallic Ag@AuNPs compared to monometallic AgNPs,

due to the selection of improper concentrations for two SILAR reagents. A rhodamine 6G (R6G) was used as

Raman probe.

By using 10 mM gold salt concentration HAuCL4 and NABH4, increasing the number of
cycles of synthesis the SERS signal is also increasing (Figure C2 (A)). However this effect was
likely to be induced by only gold nanostructure rather than bimetallic nanostructure (Figure C2
(B)). This finding was responsible that, although the concentration of gold ions (HAuCl,) was
smaller than that of silver ions (AgNOs), the size of the AuNPs was greater than the AgNPs.
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Therefore, the AuNPs mainly contributed the SERS effect, which they led to a low Raman
intensity compared to the AgNPs. New gold salt concentrations has to be found.

C2. Raman and SERS spectra of R6G 10-2and 10° M
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Figure C2 - Raman spectrum of R6G 10 M R6G measured on SERS substrate (blue) and 10-2M measured

on glass (red)

C3.Comparison of the R6G 106 M spectra of the Whatman n°1 and Office paper
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Figure C3 - Comparison of the rhodamine spectra of the Whatman n°l1 and Office paper, with Ag@AuNPs

SILAR-synthesized. Ag@AuUNPs synthesized directly on office paper, the reducing agent of silver being the salt
present in the paper and 40 secs of each cycle step (red). Ag@AuUNPs synthesized directly on whatman paper,

with NaBH4 as AgNPs reducing agent and normal conditions (blue).

C4. Stability tests of office paper

Figure C4 represent stability tests made in Office paper with Ag@AuNPs SILAR-synthesised
without NaBH, as AgNPs reducing agent, through 3 months. Measurement conditions were kept
the same for direct comparation. R6G 158 cm'* peak is observable until 2 months after substrate
fabrication, with noticeable peak intensity changes, which is seen to be a large reduction in peak

39



intensity. However, for 3 months, the substrate does not show peak at 1508 cm?, which indicates
substrate degradation.
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Figure C4 - Stability tests on Office paper with Ag@AuNPs SILAR-synthesised without NaBH4 as AgNPs
reducing agent

Appendix D

D1. Auger Parameters calculation

Auger parameters (o) were calculated from the samples in order to determine if the detected
silver and gold was part of the AgNO3 and HAuUCI4 remains or indeed Ag® and Au® nanoparticles.
The obtained values (Table D1) were compared to literature (Table D2).

Table D1. Ag 3d/52 binding energies and Ag 3d5/2 — Ag M4N45N45 Auger parameters
between different states of silver (adopted from D. Wagner et. al., 2003).

3d5/2 B.E.| St. # of Auger St. | #of
Species (eV) Dev. | Cit. |Parameter| Dev. | Cit.
Ag 368.2 0.1 22 726.1 0.1 8
Ag20 367.9 0.3 7 724.4 0.1 2
AgO 367.6 0.4 6 724.5 0.3 3
Ag2C03| 367.7 0.2 3 723.1 1
AgSO4 367.9 0.3 4 722.1 0.3 3
Ag2s 368.1 0.1 4 724.8 0.1 2
AgCl 368.1 0.0 2 123.5 1
AgF 367.8 0.1 3 722.8 1
AgF2 367.3 1
Agl 367.9 0.2 4 724.0 1
AgNO3 368.2 0.0 2 723.8 1
AgPO3 368.3 1
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Table D1.2 - Calculated Auger parameters from different SERS substrates: Whatman and Office paper with
Ag@Au bimetallic nanoparticles.

Auger Parameters

Whatman paper Office paper
Silver Gold Silver Gold
725.64 2099.08 725.10 2099.23

Auger parameter from the analysed samples was calculated using the kinetic energy of the
smaller Au and Ag MNNa peak (due to being more well-defined) and the binding energy of the
most intense Ag 3d and Au 4f peaks. By analysing the two tables it’s possible to conclude that
Ag or Ag20 could be present due to the proximity of Auger parameters. Also, we can eliminate
the suspicion that there is no silver salt remains.

By measuring the difference between the binding energy of the Au 4f photoelectron species
(83.9 eV and 83.8 eV related to Whatman and Office paper, respectively) and the kinetic energy
of the M5N67N67 transition (2015.61 eV) the experimental a was 2099.08 eV for Whatman paper
and 2099.23 eV for Office paper, which is in agreement with Au foil (2099.15 eV) indicating
that the structures were predominantly metallic®,

D2. 20 of the diffractions of silver and gold structures

Table D2 - The 20 values and corresponding diffractions of silver and gold crystals in XRD

analysis
Type of paper Ag(260) XRD analysis Au (20) XRD analysis
Whatman n°1 38.1° (111) - -
38.1° (111) 44.3° (200)
Office paper 64.5° (220) 64.7° (220)
775° (311)
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D3. SEM-EDS results of the bimetallic nanoparticles synthesized on different papers

Table D3 - SEM-EDS results of Ag@AuNPs synthesised on Whatman paper with the previously optimized
SILAR-synthesis.

Element Line type Apparent Atomic %

Concentration

C K series 3.62 66.75
) K series 2.64 32.86
Ag L series 0.11 0.20
Au M series 0.18 0.18
100

Table D3.1 - SEM-EDS results of Ag@AuNPs SILAR-synthesised on Office paper with 40 secs each cycle
step.

Element Line type Apparent Atomic %

Concentration

C K series 3.66 60.22
) K series 2.50 31.59
Ag L series 491 7.14
Au M series 1.27 1.05
100
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Appendix E

In this appendix are presented figures related to PCA measurements and analysis of the raman
spectra corresponding to the analysed samples
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Figure E1 - A- Loading plot obtained from PCA analysis of tumoral and non-tumoral exosomes on Office
paper with Ag@AuNPs SILAR-synthesized without NaBH4 as AgNPs reducing agent and 40 secs each Ag cycle
stpe; B- Average tumoral exosome spectra and each peak variance contribution to the PC1.

The loading plots helps to understand the wavenumbers that most contribute to the variance.

Observing the two plots it’s possible to observe that practically the whole equally contributes
spectrum for PC1 (Figure E1).

E2. Proof of concept analysis

As proof of concept, a sample was introduced, whose origin is known, in the obtained score plot and
the results are represented in the Figure E2 and E3.
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Figure E2 - PCA calibrated score plot with a non-tumoral sample serving as proof of concept. Control
(black), tumoral (green), non-tumoral (red) and sample (blue).
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Figure E3 - PCA calibrated score plot with a tumoral sample serving as proof of concept. Control (black),

tumoral (green), healthy (red) and sample (purple).

In this case we can affirm with 95% certainty that the samples analyzed non-tumoral (E2) and
tumoral (E3) belong to the groups surrounded by the ellipses, demonstrating that this is a viable

point of care diagnosis.
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