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RESUMO 

Nesse trabalho, foi reportado um conjunto completo de estratégias de caracterização 
e aplicação de nanopartículas metálicas. Primeiro, uma plataforma de decomposição 
assistida por micro-ondas foi desenvolvida para a quantificação de ouro em 
nanopartículas metálicas com matrizes complexas com alto teor de matéria orgânica. 
Para isso, um colóide de nanobastões de ouro (AuNR) com elevado teor de brometo 
de hexadeciltrimetilamônio (CTAB) foi sintetizado. A decomposição assistida por 
micro-ondas de pequeno volume de amostra (200 µL) com uma mistura ácida de água 
régia invertida (1:3 v/v, HCl:HNO3) e H2SO4 proporcionou a quantificação precisa de 
ouro no colóide por ICP OES e ICP-MS. Além disso, o procedimento de decomposição 
proposto também foi eficiente na decomposição de colóides de nanoesferas de ouro 
(AuSph) e nanobastões caroço-casca do tipo ouro-prata (Au@AgNR). O primeiro 
apresenta elevado teor de CTAB enquanto o último apresenta elevado teor de 
polivinilpirrolidona (PVP) em adição à matriz com CTAB. A plataforma de 
decomposição assistida por micro-ondas proposta demonstrou ser uma ferramenta de 
caracterização eficiente e robusta para a quantificação de ouro em nanopartículas 
metálicas, não apresentando interferência da matriz complexa com alto teor de 
matéria orgânica. A segunda parte do trabalho engloba a fabricação de um sensor a 
base de papel de baixo custo para detecção por Espectroscopia Raman intensificada 
por superfície (SERS, do inglês surface-enhanced Raman scattering spectroscopy). 
O sensor SERS a base de papel foi fabricado a partir do desenvolvimento de uma tinta 
efetiva de nanopartículas AuSph e com o emprego do método inkjet-printing. O sensor 
consiste em uma dispersão de glicerol/etanol com elevada concentração de AuSph 
impressas em papel cromatográfico hidrofóbico na forma de círculos com cerca de 1 
mm de diâmetro. O efeito da quantidade de nanopartículas na performance SERS dos 
sensores foi avaliada pelo ajuste de número de ciclos de impressão e concentração 
de nanopartículas da tinta. Os resultados mostram que a combinação da tinta AuSph 
com a concentração de ouro de 113 mmol L-1 (em termos de Au0) e 5 ciclos de 
impressão originou sensores com excelente resposta SERS em termos de 
reprodutibilidade e sensibilidade. O sensor SERS a base de papel foi testado na 
detecção da molécula sonda cristal violeta (CV) e o fungicida thiram. Para ambos os 
analitos, 10-11 mol L-1 foi a menor concentração quantificada. O substrato SERS 
impresso demonstrou ser eficiente, reprodutível e robusto, com um custo menor que 
$ 0,01 (ou R$ 0,03) por spot (considerando somente os consumíveis). 



 
 

 

ABSTRACT 

In this work, it is reported a complete set of strategies for characterization and 
application of metallic nanoparticles. First, a microwave-assisted decomposition 
platform was developed for the gold quantification metallic nanoparticles with complex 
matrices and a high content of organic matter. For this, gold nanorods (AuNR) colloid 
with a high content of hexadecyltrimethylammonium bromide (CTAB) was synthesized. 
The microwave-assisted decomposition of a low sample volume (200 µL) with an acidic 
mixture of reverse aqua regia (1:3 v/v, HCl:HNO3), and H2SO4 provided an accurate 
gold quantification in AuNR colloid by ICP OES and ICP-MS. The proposed platform 
was also efficient in the decomposition of the gold nanospheres (AuSph) and gold-
silver core-shell nanorods (Au@AgNR). The first presents a high content of CTAB 
while the latter presents a high content of polyvinylpyrrolidone (PVP) in addition to the 
matrix with CTAB. The proposed microwave-assisted decomposition platform 
demonstrated to be an efficient and robust characterization tool for the gold 
quantification in the metallic nanoparticles, presenting no interference of the complex 
matrix with high organic content. The second part of the work involves the fabrication 
of a low-cost paper-based sensor for SERS (surface-enhanced Raman scattering 
spectroscopy) detection. The paper-based SERS sensor was fabricated by developing 
an effective AuSph Ink and using the inkjet-printing method. The sensor consists of a 
highly concentrated glycerol/ethanol dispersion AuSph inkjet-printed on hydrophobic 
chromatographic paper forming circular sensing spots of ca. 1 mm in diameter. The 
effect of the amount of the nanoparticles in the SERS performance of the plasmonic 
spots was analyzed by tuning the number of printing cycles and nanoparticle 
concentration of the ink. The results show that the combination of AuSph Ink with a 
gold concentration of 113 mmol L-1 (terms of Au0) and 5 printing cycles gave rise to 
sensing platforms with great SERS response in terms of reproducibility and sensibility. 
The paper-based SERS sensor was tested towards the detection of the probe 
molecule crystal violet (CV) and the fungicide thiram. For both analytes, 10-11 mol L-1 
was the lowest quantified quantification. The inkjet-printed SERS substrate 
demonstrated to be efficient, reproducible, and robust, with a cost less than $ 0.01 (or 
R$ 0.03) per spot (considering only consumables). 
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THESIS SCOPE 

The search for analytical methods that allow the detection of analytes at low 

concentrations and present simple and convenient operation, being portable, cost-

efficient, and fast, is one of the main goals of several researchers and companies 

nowadays, particularly considering the technological and sustainable today’s world. 

Surface-enhanced Raman Spectroscopy (SERS) is a vibrational technique 

capable of detecting molecules adsorbed or near to plasmonic nanostructures at 

ultralow concentrations. As the main advantages, it allows the vibrational discernible 

fingerprint of molecules and may achieve detection limits as low as femto- and 

attomolar. The high sensitivity makes the surface-enhanced Raman spectroscopy a 

highlighted analytical tool for qualitative and quantitative purposes and a versatile 

technique for applications in several fields of interest, such as food safety, 

environmental monitoring, clinical diagnostics, and drugs detection. 

Since its first observation in 1974, the number of publications concerning 

the SERS effect has dramatically increased, achieving more than 40,000 publications 

up to September 2020*. The increasing interest in the SERS field may be associated 

with the instrumentation improvement of the Raman spectrometers as well as the 

evolution of the Nanotechnology with the improvement of nanofabrication techniques. 

Studies of the SERS effect present promising growth, encompassing several areas of 

knowledge such as Materials Science, Chemistry, Surface Science, Physics, Optics, 

and Nanotechnology, among others. 

The demand to understand the physical and chemical effects that concern 

the SERS effect drives the research of the field together with the development of high 

throughput, facile, and cost-effective fabrication methods of new SERS platforms. For 

the fabrication of SERS platforms, several challenges need to be overcome, such as 

high yield synthesis and great stability of the nanoparticle colloid, effective deposition 

method, obtainment of reproducible hot spots, and high efficient optical enhancing 

capabilities. 

 
* A Search in Web of Science as “surface enhanced Raman (topic) or SERS (topic)” in 
September 2020. 
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In this context, this thesis focuses on the search for a low-cost and robust 

SERS substrate that provides reproducible and accurate analysis of molecules of 

interest at ultralow concentrations. A complete set of strategies for the characterization 

of metallic nanoparticles and fabrication of a low-cost paper-based SERS platform is 

reported. 

The thesis is structured in a total of four chapters. Chapter 1 presents a 

general introduction concerning the plasmonic nanoparticles and their optical 

properties, Raman and SERS scattering theory, and the fabrication of SERS sensors 

and subjects related to it. The aim of Chapter 1 is to introduce the readers to the theory 

of the subjects approached in this thesis as well as address a brief overview of the 

issues related to the production and application of SERS sensors. Chapters 2 and 3 

are organized in the introduction, experimental section, results and discussion, 

conclusions, cRediT authorship contribution statement, and acknowledgments. The 

introduction of each chapter addresses specific topics related to the subject matter, 

presenting an overview of the state-of-the-art of the field. Each chapter also has an 

associated-appendix at the end of the thesis. 

Chapter 2 presents the development of a microwave-assisted 

decomposition procedure coupled with plasma-based spectrometric techniques for the 

gold quantification in gold and gold-silver core-shell nanoparticles in complex matrices 

with a high content of organic matter. The decomposition strategy is proposed as a 

characterization tool for the gold quantification in single- and multi-elemental 

nanoparticle colloids. 

Chapter 3 presents the fabrication of a high-performance gold nanosphere 

ink and its use in the manufacturing of an ultrasensitive plasmonic hydrophobic paper-

based SERS platform by the inkjet printing method. The proposed inkjet-printed SERS 

substrate together with a recently developed digital protocol allowed the quantification 

of the probe molecule crystal violet and the fungicide thiram at ultralow concentrations 

while working in the single-molecule SERS regime. The inkjet printing method in 

conjunction with the characteristics of the ink proved to be a low-cost, efficient, reliable, 

and robust fabrication method for highly sensible and reproducible paper-based SERS 

sensors. 

Chapter 4 summarizes general concluding remarks concerning the works 

reported in Chapters 2 and 3, and future perspectives of this thesis. It is expected that 
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this thesis contributes towards the development of new strategies for the 

characterization of metallic nanoparticles and fabrication of SERS substrates 

platforms. 
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1 GENERAL INTRODUCTION 
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1.1  PLASMONIC NANOPARTICLES 

The use of metallic nanoparticles (MNPs) to give rise to colored glasses is 

an ancient strategy of the glass industry. The most famous colored glass artifact 

containing metallic nanoparticles is the Lycurgus cup, a Roman vessel dated to the 4th 

century AD (Figure 1.1a). The Lycurgus cup was first reported in 1845, and it gained 

attention due to its unusual optical properties, presenting two different colors 

depending on the lighting orientation: a greenish color when illuminated from outside 

and a reddish color when illuminated from the inside (Figure 1.1a). Since the 1950s, 

studies were carried out to determine the colorant of the glass and, in the 1960s, the 

dichroic effect was attributed to the presence of silver and gold submicroscopic crystals 

or colloids of the metals.1 Nonetheless, only with the development of modern 

transmission electronic microscopy (TEM) in the 1980s, the presence of 50–100 nm 

silver-gold alloy nanoparticles was confirmed (Figure 1.1b).2 

Before the report of the Lycurgus cup, the German chemist Johann 

Kunckels make the first mention to the gold nanoparticles, which should be present in 

colloidal gold sols used in the medicine in the 16th century.3 Nonetheless, the 

investigation of the light interaction with gold nanoparticles was first reported by 

Michael Faraday in 1857.4 After testing some synthesis conditions, Faraday 

synthesized gold nanoparticles by reducing a NaAuCl4 aqueous solution with 

phosphorus in carbon disulfide. He reported the immediate color change of the colloid 

from yellow to red, which became ruby after at least six hours. 

The original gold nanoparticles colloid synthesized by Faraday are still 

preserved in the Royal Institution in The Faraday Museum (Figure 1.1c). After the 

synthesis, Faraday evidenced the presence of the gold nanoparticles after observing 

the behavior of the light within the nanoparticle colloid: 

the particles are easily rendered evident, by gathering the rays of the 

sun (or a lamp) into a cone by a lens, and sending the part of the cone 

near the focus into the fluid; the cone becomes visible, and though the 

illuminated particles cannot be distinguished because of their 

minuteness, yet the light they reflect is golden in character, and seen 

to be abundant in proportion to the quantity of solid gold present 

(Faraday, 1857, p. 160).4 
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Figure 1.1. (a) Photographs of the Lycurgus cup when illuminated from the inside (above) and 

outside (below). © The Trustees of the British Museum. (b) TEM image of silver-gold alloy 

nanoparticle within the glass of the Lycurgus cup. Reprinted with permission from reference 2. 

Copyright 2007 John Wiley and Sons. (c) Faraday’s colloidal gold nanoparticles. Credit: Paul 

Wilkinson (https://www.rigb.org/our-history/iconic-objects/iconic-objects-list). 

 
Among Faraday’s observations, he noticed the increase of the scattering 

intensity as the concentration and size of nanoparticles increase. He also reported the 

color difference between the reflected and transmitted light when illuminating the 

colloids from the front and behind, respectively. 

Faraday’s work revolutionized the world of science, marking the birth of the 

Modern Colloid Chemistry and Nanoscience. At the time, Faraday was amazed by the 
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optical properties of the nanoparticle colloids and, probably, he knew the importance 

of his work: 

the particles in these fluids are remarkable for a set of physical 

alterations occasioned by bodies in small quantities, which do not act 

chemically on the gold, or change its intrinsic nature; for through all of 

them it seems to remain gold in a fine state of division (Faraday, 1857, 

p. 165).4 

As initially observed by Faraday, the noble MNPs present outstanding 

optical properties, which nowadays is attributed to the phenomenon known as localized 

surface plasmon resonance (LSPR). It describes the collective oscillation of free 

electrons of the conduction band on the metallic nanoparticle surface, which is 

originated from the interaction between the electron cloud and electromagnetic 

radiation.5 

When the metallic nanoparticle is much smaller than the wavelength of the 

incident electromagnetic radiation (known as quasi-static approximation, where 𝑎 ≪ 𝜆, and 𝑎 is the radius of the nanoparticle), the electric field interacts with the conduction 

electrons of the metal, being considered uniform inside the nanoparticle. The electric 

field displaces the electron cloud from their equilibrium position (i.e., away from the 

positive nuclei of the metallic network), and induces an electric dipole on the 

nanoparticle surface. The Coulombic force between the electrons and the positive 

nuclei acts as a restoring force, giving rise to the collective oscillation of the electron 

cloud in-phase with the incident electromagnetic radiation (Figure 1.2). 

The optical properties of bulk materials are characterized by its complex 

dielectric function ε, which is dependent on angular frequency (ω) and wavelength (λ) 

of the incident radiation†. For metals, the dielectric function is complex, and it is 

described as  ε(ω)= ε1(ω)+ iε2(ω)                                                                                                                        (1.1) 
where ε1(ω) and ε2(ω) are the real and imaginary components of the dielectric function, 

respectively. The complex dielectric function is related to the polarity of the materials 

and also describes the behavior of the electromagnetic radiation within the materials.6 

 
† ω is related to λ by 𝜔 = 2𝜋𝑐 𝜆⁄ , where c is the speed of light (3.0 108 m s-1). 
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Figure 1.2. Localized surface plasmon resonance (LSPR) on a metallic nanosphere after the 

interaction of the incident electric field and the electron cloud. 

 

Figure 1.3 presents the ε1 and ε2 of gold and silver as a function of 

wavelength. The high electron density of the metals leads to high negative values for ε1 in the range of visible (VIS) to near-infrared (NIR) region of the spectrum. The similar 

behavior of ε1 for both metals indicates a similar electronic density. The negative values 

of ε1 are responsible for the scattering properties of gold and silver, and it explains the 

high efficiency of both metals in reflecting electromagnetic radiation in the VIS region.7 

 

 
Figure 1.3. Experimental values of real (ε1, left) and imaginary (ε2, right) components of the 

dielectric function of gold and silver as a function of wavelength extracted from reference 8. 

 

Meanwhile, ε2 is related to absorption processes that lead to energy 

damping, presenting small positive values for both metals.6 At higher wavelengths (λ 
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> 600 nm), both metals present similar ε2 values, indicating similar optical properties 

in the NIR range. However, at lower wavelengths (λ < 600 nm), gold shows higher ε2 
values due to the interband transition band around 520 nm (2.4 eV), while the interband 

transition for silver relies on the ultraviolet (UV) region approx. 370 nm (3.9 eV). This 

explains the higher efficiency of silver in electromagnetic radiation scattering in the UV-

VIS range compared with gold.9 

The interaction of the electromagnetic radiation with MNPs was described 

by Gustav Mie in 1908.10 Mie proposed an analytical solution to Maxwell’s equations 

to describe the extinction spectra (i.e., the sum of the absorption and scattering) of 

spherical particles, with arbitrary radius 𝑎, much smaller than the wavelength of the 

incident radiation (𝑎 ≪  𝜆). Mie’s theory considers the complex dielectric function ε(ω) 

of the metal, the constant electric field around the nanoparticle (constrained by the 

condition of 𝑎 ≪  𝜆), and only dipole oscillations contribute to the extinction cross-

section (σext). In this way, σext is described as 

𝜎ext= 24π2𝑎3ε03/2ε2λ[(ε1+2ε0)2+ε22]                                                                                                                    (1.2) 
where ε0 is the dielectric constant of the surrounding medium. If the resonance 

condition of positive and small ε2 and ε1= -2ε0 is achieved, a maximum is observed in 

the extinction spectrum of the nanoparticle.6 The negative value of ε1 allows the 

resonance condition, leading to the maximum polarizability of the metallic nanoparticle. 

Subsequently, a maximum electromagnetic radiation scattering is achieved. Since ε1 
is wavelength-dependent, it will determine the LSPR frequency of the nanoparticle, 

however, the dimension of the resonance and the optical response will be constrained 

by ε2.7 
Considering the quasi-static approximation used in Mie’s theory and solving 

the LaPlace’s equation for the electrostatic potential at a given distance r, the electric 

field outside the metallic nanosphere (Eout) can be obtained by Eq.(1.3) as follows11 

Eoutሬሬሬሬሬሬሬ⃗ = หE0ሬሬሬሬ⃗ หzො − αหE0ሬሬሬሬ⃗ ห ൤ zොr3 − 3zr5 (xxො+yyො+zzො)൨                                                                                  (1.3) 
where E0 is the electric field of the incident electromagnetic radiation, α is the 

polarizability of the metallic nanoparticle, x, y, and z are the Cartesians coordinates, 
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and xො, yො, and zො are vectors units. E0 is represented together with the unit vector zො since 

it is assumed to be in the z-direction. The term αE0 is the induced dipole moment (μind) 
resulted from the electron cloud polarization. Therefore, the second term corresponds 

to the contribution of the scattered electric field arising from the LSPR to the incident 

electric field at a given distance r.12 

The strong dependency of the metallic nanoparticle’s polarizability on its 

dielectric function and the dielectric constant of the surrounding medium is described 

by Eq.(1.4).11 Considering this dependency, Eq.(1.3) is rewritten in Eq.(1.5). 

α= ቆ 𝜀(𝜔) − 𝜀଴𝜀(𝜔) + 2𝜀଴ቇ 𝑎ଷ                                                                                                                           (1.4) 

Eoutሬሬሬሬሬሬሬ⃗ = หE0ሬሬሬሬ⃗ หzො − หE0ሬሬሬሬ⃗ หa3 ቆε1(ω)+iε2(ω) − ε0ε1(ω)+iε2(ω)+2ε0ቇ ൤ xොr3 − 3xr5 (xxො+yyො+zzො)൨                                      (1.5) 

Eq.(1.5) evidences the electric field enhancement dependency on the 

properties of the MNP (ε1 and ε2) and the surrounding medium (ε0). It is noticed from 

Eq.(1.5) that a maximum enhanced electric field outside the nanoparticle arises from 

the maximum electromagnetic radiation scattering achieved by the resonance 

condition (small positive ε2 and ε1= -2ε0). The enhancement of the electric field is the 

basis for surface-enhanced spectroscopies that relies on the intensity of the 

electromagnetic radiation, such as surface-enhanced Raman spectroscopy (SERS), 

surface-enhanced infrared absorption (SEIRA), and surface-enhanced fluorescence 

(SEF). 

It is worth to remark that the resonance condition ε1= -2ε0 was defined 

considering a nanoparticle with a spherical shape (when 𝑎 ≪  𝜆). Therefore, 

nanoparticles with different shapes will satisfy other specific boundary conditions, and 

different resonance conditions are required for each shape.9 Since Maxwell’s or 

LaPlace’s equation can be analytically resolved only for spherical and spheroid 

nanoparticles, modern numerical techniques were developed to simulate the optical 

properties of MNPs with arbitrary shape and size within an arbitrary dielectric 

medium.11 

As aforementioned, the dielectric constant of the surrounding medium plays 

an essential role in the enhancement of the electric field and the optical properties of 

the MNPs. When the LSPR of the MNPs is excited, the electric field that arises from 
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the induced dipole moment induces the polarization of the dielectric medium. This 

polarization produces a charge accumulation at the interface between the dielectric 

medium and the MNP, which will partially reduce the charge accumulation on the 

nanoparticle surface. This effect gives rise to a lowering of the restoring force of the 

electron cloud oscillation, leading to an LSPR with lower frequency. Therefore, the 

higher the dielectric constant of the medium, the higher its polarization, and a more 

significant effect on the LSPR is observed, resulting in a larger shift of the LSPR 

towards lower frequencies.13 The red-shift effect of the LSPR by the increase of the 

dielectric medium is shown in Figure 1.4a. 

The plasmonic properties of the MNPs are also dependent on their size. 

Figure 1.4b shows the extinction spectra of gold nanospheres with the diameter in the 

range of 8 up to 180 nm. As the nanoparticle increases, the dipole resonance shifts to 

lower frequencies since the increase of the distance between the charge accumulation 

leads to a weaker restoring force. Then, the nanoparticle size will determine the LSPR 

frequency. This effect also increases the induced dipole moment, leading to an 

increase in the electromagnetic radiation scattering. Additional effects of increasing the 

nanoparticle size are the broadening of the dipole resonance due to radiation losses 

and the appearance of higher-order LSPR as the electrostatic approximation fails.9,13,14 

The broadening of the extinction band is also a result of the size dispersion effect. 

Besides the influence of the surrounding medium and size of the 

nanoparticles, the optical properties of the MNPs are tuned by their shape, presenting 

different superficial polarization patterns according to each specific morphology. The 

influence of the nanoparticle shape in the LSPR properties of silver and gold 

nanoparticles is shown in Figure 1.4c and 1.4d, respectively. Typically, anisotropic 

nanoparticles present the dipole resonance red-shifted regarding the dipole resonance 

of a sphere due to the enhanced charge separation that is induced by the sharp 

corners. More than one LSPR is also observed for some nanoparticles due to different 

polarization symmetries in the structure, besides the appearance of multipolar 

resonances.15 Therefore, the polarization of each specific nanoparticle will lead to a 

different contribution to the local electric field in the vicinity of the nanoparticle. 

Anisotropic nanoparticles with sharp corners play a special role in the surface-

enhanced spectroscopies since the higher charge accumulation on the tips leads to a 

higher electric field enhancement. 
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Figure 1.4. (a) Optical absorption spectra for gold nanoparticles with 10 nm size in a dielectric 

medium with different dielectric constant. Reprinted with permission from reference 13. 

Copyright 2011 IOP Publishing, Ltd. (b) Extinction spectra of gold nanospheres with varying 

sizes from 8 up to 180 nm. Adapted with permission from reference 16. Copyright 2011 

American Chemical Society. (c) Extinction spectra of silver nanoparticles with the shapes of a 

sphere (red), cube (green), and prism (blue). (d) Extinction spectra of gold nanoparticles with 

shapes of a sphere (red), octahedron (purple), and rod (yellow).  

 

1.2 SURFACE-ENHANCED RAMAN SPECTROSCOPY – SERS 

In 1928, Raman and Krishnan17 described “a new type of secondary 

radiation“ that arises from the fluctuations of the normal optical properties of molecules 

or atoms. By using a telescope to converge a beam of the sunlight and a pair of 

radiation filters, they observed the difference between the incident and scattered 

radiation for sixty different liquids. It was observed a “modified scattered radiation” with 
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a different wavelength from the incident radiation, in addition to the scattered radiation 

with the same wavelength as the incident radiation. Although Landsberg and 

Mandelstam18 simultaneously described the phenomenon, and Smekal19 theoretically 

predicted it, the effect was named after the Indian physicist Chandrasekhara Venkata 

Raman. Raman was awarded the Nobel Prize in Physics in 1930 for his discovery of 

the Raman effect.20,21 

After the discovery of the Raman effect, the development of the Raman 

spectroscopy was stimulated, and, until nowadays, it is widely used as a 

characterization tool for different types of systems, providing compositional and 

structural information.22–25 The Raman Spectroscopy is a vibrational spectroscopic 

technique based on the inelastic scattering of the electromagnetic radiation by the 

matter, where an energy transfer between the incident radiation and the matter leads 

to scattered radiation with a different energy. The technique is an outstanding tool for 

molecular characterization since it provides specific vibrational information that acts as 

a molecular fingerprint. Furthermore, the technique has several advantages such as 

the low (or non) consume solvents, minimal (or non) sample preparation, simple 

measurement acquisition, and non-destructive analysis. Although these several 

advantages make the Raman spectroscopy a highlighted analytical tool for qualitative 

purposes, its use as a quantitative tool for trace-level analysis is limited by its low 

sensitivity, which is resulted from the intrinsic low-intensity of the Raman scattering.12 

The Surface-enhanced Raman Spectroscopy (SERS) emerges to 

overcome the low-intensity limitation of the Raman spectroscopy. It is based on the 

enhancement of the Raman scattering of molecules adsorbed or near to rough metal 

surfaces or metal nanoparticles. The SERS technique is widely used as an analytical 

tool for qualitative and quantitative purposes. Its outstanding application relies on the 

main advantage of high sensitivity offered by the technique in addition to the 

advantages of conventional Raman spectroscopy. The high sensitivity of the technique 

allows the achievement of ultralow detection limits (LOD) in the order of 10-9 mol L-1 or 

even as low as 10-20 mol L-1.26,27 

The SERS effect was first observed in 1974 by Fleischmann et al.28 during 

the study of Raman scattering of pyridine adsorbed on a rough silver electrode. At the 

time, the enhanced Raman scattering of the molecules was attributed to a surface-

area effect. In 1977, Jeanmaire and Van Duyne29 and Albrecht and Creighton30 
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simultaneously studied the enhancement of the Rama spectra of adsorbed pyridine at 

a silver electrode. Both works suggested an enhancement of approx. 105–106 of the 

Raman spectra of the molecule. In the paper, Jeanmaire and Van Duyne explained the 

enhancement of the Raman spectra of pyridine and other molecules due to “a 

resonance Raman enhancement effect due to the coupling of the scattering process 

with an electronic transition in the adsorbed molecule” and an “electric field 

enhancement of the Raman scattering cross section”.29 Meanwhile, Albrecht and 

Creighton attributed the phenom to “a surface effect which greatly increases the 

molecular Raman scattering cross sections”.30 Albrecht and Creighton also connected 

their results to the resonant Raman effect‡ involving the coupling of the molecule 

through the surface plasmon modes as proposed by Philpott in 1975.31 Then, in 1978, 

Moskovits32 explained the SERS intensities by plasmon resonances of metal 

nanostructures at resonance and preresonance conditions. Also, Moskovits predicts 

the SERS enhancement for silver, gold, and copper nanostructures. 

The ideas concerning the Raman scattering enhancement that arose from 

an electronic transition of the absorbed molecule due to the metal surface and the 

enhancement of the electric field gave rise to the known chemical and electromagnetic 

enhancement mechanisms, respectively.33 The Raman and SERS effects will be 

discussed in the following sections. Complete overviews of the principles and 

applications of SERS and Raman effects are described in several books and 

reviews.5,7,9,12,20,34–36 

 

1.2.1 Raman Effect 

When electromagnetic radiation interacts with a molecule, it gives rise to the 

distortion of the molecule’s electron cloud (i.e., it changes its electronic density 

distribution) and induces the electron oscillation at the same frequency of the incident 

radiation. The distortion of the electron cloud causes a dipole moment on the molecule 

and its oscillation leads to the emission of electromagnetic radiation in all directions. 

This phenomenon is known as scattering. When the scattering process occurs without 

changing the photon energy (elastic scattering), it is called the Rayleigh scattering. 

 
‡ Raman resonant effect: transition between two electronic states of the molecule induced by 
an excitation wavelength with energy close to the transition energy. 
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Meanwhile, if an energy transfer between the incident radiation and the molecule 

occurs and the photon energy is changed (inelastic scattering), it is called the Raman 

scattering.7,34,36 

The energy difference between the scattered and incident photon observed 

for the Raman scattering process may be a result of molecular vibrations. Figure 1.5 

shows a simplified energy diagram that illustrates the Raman and Rayleigh scattering 

processes at molecular quantum states. For all the scattering processes, the 

vibrational transition occurs through an intermediate higher-energy level that 

corresponds to the perturbed state of the molecule (i.e., the distortion of the molecule’s 

electron cloud), known as the virtual state.7 In the Rayleigh scattering, the process 

does not change the vibrational state of the molecule since the scattered photon has 

the same energy as the incident photon (hνi)§. Meanwhile, in the Raman scattering, the 

final vibrational state of the molecule is different from its initial vibrational state. 

 

 
Figure 1.5. Representation of the Rayleigh and Raman scattering processes in a simplified 

energy diagram. Green arrows indicate the energy of the incident (hνi) and Rayleigh scattered 

(ER) photons. Red and blue arrows indicate the energy of Stokes (ERS) and anti-Stokes (ERAS) 

Raman scattered photons, respectively. hνv represents the energy of the molecular vibrational 

transition. 

 

 
§ Energy (E) and frequency (ν) of a photon are related by: E=hν, where h is the Planck’s 
constant (6.626 10-34 J.s). 
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As can be observed in Figure 1.5, the Raman scattering can result in two 

types of vibrational transitions: Stokes and anti-Stokes processes. When the molecule 

is excited from the ground state into a higher vibrational state, it is called the Stokes 

process. In this case, the scattered photon has lower energy than the incident photon. 

On the contrary, when the molecule is relaxed from an excited vibrational state to the 

ground state, it is called the anti-Stokes process. For the latter, the scattered photon 

has higher energy than the incident photon. Note that the energy difference between 

the scattered and incident radiation for both Raman scattering processes corresponds 

to the vibrational frequency of a specific molecular vibrational transition (hνv) (Figure 

1.5). This characteristic establishes the vibrational fingerprint of a specific molecule in 

a Raman scattering spectrum, where each band corresponds to a specific molecular 

vibrational transition.12 

The intensity of the scattered radiation depends on the dipole moment 

induced by the electron cloud distortion of the molecule which, in turn, is dependent on 

the electric field of the incoming radiation and the molecular polarizability, described in 

terms of Raman polarizability tensor. The Raman polarizability tensor is a response 

function that represents the volume and shape of the molecular electronic cloud, being 

associated with the facility for the electron cloud distortion.12,34 This implies that a 

fluctuation (i.e., a change) in the polarizability with vibrational motion is required for the 

Raman scattering to occur. This statement is a selection rule for Raman scattering.7 

The intensity of the Raman scattering (IRaman) averaged over all the 

molecular orientations can be described by the Raman cross-section (σRS) and the 

incident photon flux (I0) according to Eq. 1.6.34 The Raman cross-section describes the 

effective area of a homogeneous incoming beam from which the molecule will scatter 

every photon by Raman scattering processes.7 Typically, the Raman cross-section has 

low magnitude (approx. in the order of 10-29 cm2)34 that reflects the low efficiency of the 

Raman scattering and the subsequent intrinsic low-intensity of the phenomenon.  IRaman= σRSI0                                                                                                                                        (1.6) 
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1.2.2 SERS Effect 

As aforementioned, the SERS enhancement arises from the chemical (CE) 

and electromagnetic (EM) enhancement mechanisms. The CE mechanism arises from 

the modification of the Raman polarizability tensor of the molecule that is absorbed 

(adsorbate) onto the metallic nanostructure surface. The change of the Raman 

polarizability of the molecule can occur regardless of the formation of a metal-

adsorbate complex. However, the most studied description of the mechanism requires 

the formation of the metal-adsorbate complex by a new chemical bond, known as the 

charge-transfer mechanism (Figure 1.6a).7,37 

 

 
Figure 1.6. Representation of the (a) chemical (CE) and (c) electromagnetic (EM) 

enhancement mechanisms for SERS. (b) Representation of the photoinduced electronic 

transitions in the metal-adsorbate complex. In (a) and (b), ωi and ωRS are respectively the 

excitation and Raman scattering angular frequencies, and the blue square represents the 

molecule. 
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The mechanism consists of the photoinduced charge-transfer between the 

metal states close to the Fermi level (EF) and the molecular energy levels (HOMO** or 

LUMO††), as shown in Figure 1.6b. However, it may occur only if the excitation energy 

matches the energy difference between the molecular energy levels and the EF of the 

metal. Once the condition of the energy difference is achieved, the transition from the 

molecule to the metal (HOMO→ unoccupied states above EF) or from the metal to the 

molecule (occupied states slightly below EF → LUMO) can be triggered (Figure 1.6b). 

When the exciting energy is close to the energy difference between the 

molecular energy levels, the HOMO–LUMO transition may be directly excited. It is 

known as the Raman resonance effect (Figure 1.6b). If the excitation of the HOMO–

LUMO transition occurs in resonance with the LSPR excitation, it leads to a further 

enhancement of the Raman scattering of the molecule, known as surface-enhanced 

resonance Raman scattering (SERRS).7 

Whereas the CE enhancement relies on the analyte properties, the EM 

enhancement results from the plasmonic properties of the metallic nanostructures. 

Another difference is that the EM mechanism does not require the formation of the 

metal-adsorbate complex. The coupling of the metallic nanostructure’s LSPR and the 

incident electromagnetic radiation (ωi)‡‡ enhances the electric field in its vicinity. Then, 

the molecule adsorbed or near the nanostructure surface experiences this stronger 

electric field that excites its Raman modes, giving rise to an enhanced Raman 

scattering.12 The emitted Raman scattering from the molecule (ωRS) is further enhanced 

by the same effect, providing a second contribution to the SERS enhancement (Figure 

1.6b).37 

In this way, both “exciting” and “emitting” electric field contributes to the 

SERS enhancement. Considering that the excitation wavelength frequency ωi is close 

to the Raman scattering frequency ωRS (only shifted by a vibrational quantum hνv) 

(Figure 1.5), the electric field enhancement for both emitted Raman scattering and 

exciting electromagnetic radiation are similar. Thus, the overall enhancement factor 

(EF) will be proportional to approx. |Eout(r)|4 |E0(r)|4⁄ , known as E4-approximation.9,12 

It is widely accepted that the EM mechanism is the main contribution to the SERS 

 
** HOMO means highest occupied molecular orbital. 
†† LUMO means lowest unoccupied molecular orbital. 
‡‡ ω is related to ν by: ω=2πν. 
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effect, achieving EF in the order of 104–108 in contrast to EF of 10–106 for the CE 

mechanism.37,38 

 

1.3 SERS SUBSTRATES 

As described in the previous section, the enhancement of the Raman 

scattering mainly relies on the electric field enhancement (i.e., the EM enhancement 

mechanism) being strongly dependent on the SERS enhancing capabilities of the 

substrate. Therefore, the magnitude of the enhanced electric field depends on the 

plasmonic properties of the MNPs that, in turn, are influenced by their size, 

morphology, composition, and arrangement. 

Concerning the composition, gold and silver are the most used metals for 

the fabrication of SERS substrates since they exhibit higher scattering efficiency in the 

VIS-NIR range than other metals, such as palladium and platinum, due to the lower 

non-radiative decay.7 Another advantage of gold and silver nanoparticles is that their 

LSPR is easily tunable in the VIS-NIR range by changing their size and morphology 

(Figure 1.4). These characteristics of gold and silver nanoparticles are interesting since 

the laser lines available for Raman spectrometers commonly have wavelengths in the 

VIS-NIR range.39 However, gold is often preferable for the fabrication of SERS 

substrates than silver due to its higher chemical stability. 

Among the several morphologies, nanospheres are the simplest and easiest 

to synthesize, being one of the most used in the fabrication of SERS substrates.40–43 

On the other hand, anisotropic nanoparticles such as rod,38 stars,44 cube,45 and 

octahedra46 gained attention for SERS sensing due to the high electric field 

enhancement that arises from the high charge accumulation on their tips. Regardless 

of the morphology, the synthesis of MNPs is a fundamental step to obtain SERS 

substrates with excellent performance since a heterogeneous morphology and/or size 

may lead to poor optical properties. In this sense, several studies report synthetic 

routes to obtain shape- and size-controlled plasmonic nanoparticles that can be used 

to improve the SERS properties of the substrates.14,16,47–50 

Besides the control of the shape and size of the nanoparticles, their 

arrangement in the SERS substrates must be considered since it influences the 

formation of nanoparticle aggregates and the subsequent optical properties of the 
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SERS substrate. Nanoparticles aggregates play a critical role in the SERS 

performance when they lead to the formation of hot spot regions. The hot spot is 

characterized by a subwavelength distance between the MNPs that induces the 

plasmon coupling of the neighboring nanoparticles. Then, the plasmon coupling results 

in the highest EF of the electric field in this region.51 In this way, once a molecule is 

adsorbed on a hot spot, it will result in a Raman scattering more intense than in the 

SERS condition at one nanoparticle (or outside the hot spot region), being more 

significant than in the normal Raman condition as well (Figure 1.7a). 

 

 
Figure 1.7. (a) Representation of the Raman scattering of an analyte under normal Raman, 

SERS, and hot spot conditions. (b) Maximum SERS EF (F0
E4) (solid line) at the hot spot of a 

dimer of gold nanospheres (𝑎 = 25 nm) in water for different gap distances (g), and average 

SERS EF (<F>) for g= 2 nm (dashed line). The incident wave is polarized along the dimer axis. 

Reprinted with permission from reference 7. Copyright 2009 Elsevier. 

 

The magnitude of the SERS enhancement at the hot spot is extremely 

sensitive to the gap distance (interparticle distance). Figure 1.7b shows the variation 

of the SERS EF for different gap distances between two identical gold nanospheres 

(𝑎 = 25 nm). As the gap distance of a nanoparticle dimer decreases, the plasmon 
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coupling becomes stronger, and the SERS enhancement increases.7,52 It is noticed 

that the maximum SERS EF red-shifts as the gap distance decreases. It follows the 

lowering of the LSPR energy as the strength of the plasmon coupling increases.7 

Moreover, the lower magnitude of the average SERS EF (<F>) for g= 2 nm compared 

to the maximum SERS EF (Figure 1.7b) reflects the spatial distribution of EF over the 

hot spot that will be discussed later. 

Assemblies of MNPs with more than two nanoparticles, such as three-

dimensional hot spots nanostructures53 and linear arrays54, can lead to further 

considerable SERS enhancement. However, the increase of the nanoparticle array 

length does not always result in a further increase in the SERS enhancement. A 

decrease of the SERS enhancement can be observed when arrays of larger MNPs 

increases, where radiation losses arise.52,54 The number of nanoparticles in the 

aggregates also influences their LSPR position. For instance, the rise in the 

nanoparticle number in a linear array decreases the energy of the LSPR.55 Besides, 

the LSPR position of dimers and nanoparticle arrays is also red-shifted LSPR as the 

MNP size increases as well as observed for single MNPs (Figure 1.4b).54 

Due to their remarkable enhancing properties, a high density of hot spots is 

required for obtaining substrates with high SERS performance. Several techniques are 

available for the fabrication of SERS substrates that can be divided into the main 

categories of MNPs in colloidal suspension, nanostructures fabricated directly on solid 

substrates, and MNPs immobilized on solid substrates. Aspects and examples of the 

fabrication of these three categories of SERS substrates are described in a 

comprehensive review.56 Regardless of the chosen method, all the fabrication 

procedures have parameters that should be carefully evaluated and optimized, mainly 

regarding the nanoparticle aggregation. For instance, one parameter that should be 

evaluated is the MNP colloid concentration, since it can be useful to optimize sampling 

steps during the fabrication of the SERS substrate, such as surface coverage of solid 

surfaces or even to optimize the MNP colloid concentration for SERS measurements 

in MNPs suspensions. 

Regarding the surface coverage optimization of MNPs immobilized on solid 

substrates, Solís et al.57 demonstrated computational analysis of the SERS 

enhancement dependence on both the shape of gold nanoparticles and the surface 

coverage of a substrate, as shown in Figure 1.8a. For this, random monolayers of gold 
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nanoparticles with the shapes of nanospheres, nanorods, and nanostars were 

evaluated. Moreover, excitation wavelengths at 785, 633, and 900 nm were chosen for 

the calculations to achieve optimum SERS performance of nanorods, nanospheres, 

and nanostars, respectively. 

 

 
Figure 1.8. (a) Dependence of the SERS enhancement on the surface coverage of a SERS 

substrate for monolayers of gold nanoparticles with different shapes. Solid curves are 

calculated for the excitation wavelength at 785 nm (resonant with nanorods), and dashed 

curves are calculated for excitation wavelength at 633 nm (resonant with nanosphere) and 900 

nm (resonant with nanostar) for nanospheres and nanostars, respectively. Note that the SERS 

enhancement scale is logarithmic. (b) Scheme of the surface coverage increase from low- to 

high-density of nanoparticles. Reprinted with permission from reference 57 

(https://pubs.acs.org/doi/full/10.1021/acsphotonics.6b00786). Copyright © 2016 American 

Chemical Society. Note: further permissions related to the material excerpted should be 

directed to the ACS. 

 

Firstly, the analysis of the single nanoparticles shows that the nanosphere 

presents the lowest SERS enhancement. In contrast, the nanorod shows an 

intermediate response, and the nanostar exhibits the highest enhancement due to the 

presence of sharp tips, as expected. This behavior reflects on the SERS enhancement 

of the substrates with low-density nanoparticles as observed for surface coverage of 
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approx. 10 % (Figure 1.8a), when the optical properties of the substrate arise from 

nanoparticles highly dispersed ( Figure 1.8b). 

When the density of nanoparticles increases and the hot spots arise (Figure 

1.8b), the SERS enhancement rapidly increases for nanospheres and nanorods up to 

surface coverage of approx. 60 % (Figure 1.8a). For the nanosphere, this behavior is 

observed whether or not the excitation wavelength is resonant with the optimum SERS 

performance of the nanoparticle. Meanwhile, the nanostar shows only a slight 

improvement in its performance as the density of nanoparticles increases. It occurs 

independently if the excitation wavelength is resonant with the optimum SERS 

performance of the nanoparticle or not (Figure 1.8a). This behavior can be explained 

by the conformations of nanostar aggregates, where the nanostars are often 

intertwined with valley-to-tip contacts. This type of conformation does not give rise to 

hotter hot spots or can even damp the electric field enhancement from the single 

particles.57 The latter is probably one of the causes of the decrease of SERS 

enhancement above approx. 30 % of surface coverage when using the excitation 

wavelength at 900 nm (Figure 1.8a).  

These results are quite impressive since they demonstrate that different 

strategies for the fabrication of SERS platforms can be established depending on the 

nanoparticle morphology, substrate, and excitation wavelength that will be used. The 

optimization of the surface coverage of the substrate by increasing the nanoparticle 

density is an excellent path to follow, although it does not give rise to the same result 

for all of the cases. However, it is worth to remark that the increase of the EF with the 

size of the nanoparticle assembly occurs up to a threshold. From this, a hot spot 

deactivation may take place as the electromagnetic field is delocalized over a large 

assembly of nanoparticles.41 Additionally, it was already shown that the highest 

enhancement of the electromagnetic field occurs at the nanoparticles in the border of 

a large monolayer assembly of nanoparticles.58 

Furthermore, as pointed out by the SERS performance of the nanostars in 

Figure 1.8a, nanoparticle aggregates do not always lead to enhancement of SERS 

properties as expected. Likewise, Lee et al.59 demonstrated that the SERS 

performance of assemblies of gold nanorods depends on the nanoparticle orientation. 

The study was carried out for gold nanorod assemblies in colloidal suspension. The 

results showed a decrease in the SERS intensity as the nanoparticles align according 
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to the side-by-side orientation. In contrast, the end-to-end alignment of nanorods 

induces an enhancement of the SERS performance.52 The authors attributed the poor 

SERS properties of the side-by-side assembly due to the decrease in the electric field 

that arises from the destructive interference between the plasmon modes of the 

adjacent nanoparticles. 

In summary, the SERS enhancement by hot spots may be affected by 

several factors, such as irregular architectures of aggregates (which also include 

heterogeneous nanoparticles), irregular gap distances, nanoparticle orientation, and 

the number of nanoparticles in the assembly. Up to this point, it should be noted that 

all the factors that influence the plasmonic properties of the substrate will affect the 

reproducibility of the SERS enhancement as a consequence. Needless to say, the fine 

control over the several factors concerning the nanoparticle aggregation to achieve 

reproducible SERS enhancement is still a highly difficult task to accomplish. 

The reproducibility issue of the SERS substrates is still hindered by the 

intrinsic spatial distribution of the electric field enhancement around the hot spot. 

Figure 1.9 illustrates the spatial distribution of the EF around the hot spot between two 

gold nanospheres with a gap distance of 2 nm. As it moves away from the hot spot 

center, the EF decreases rapidly by orders of magnitude just a few nanometers away 

from the hot spot. 

 

 
Figure 1.9. Calculated enhancement factor in the nanogap of 2 nm between two gold 

nanospheres (𝑎 = 30 nm) according to the E4- and electrostatic approximations, with λ= 559 

nm. Adapted with permission from reference 51. Copyright 2008 Royal Society of Chemistry. 
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The spatial distribution of EF plays a key role in the SERS properties of a 

substrate since hot spot areas with the highest EFs are smaller than the total surface 

area of a substrate (approx. only 1 % or less of a substrate area contains hot spots).51 

Along with this, it is estimated that less than 1 % of the molecules are adsorbed on 

very effective hot spots (hotter hot spots), giving rise to approx. 70 % of the overall 

SERS intensity. Meanwhile, 61 % of the molecules are adsorbed on less efficient hot 

spots (colder hot spots) that contribute to only 4 % of the overall SERS intensity. 60 It 

reflects on the smaller magnitude of the average SERS EF compared to the maximum 

SERS EF at the hot spot (Figure 1.7b). 

The low probability of the molecules to be adsorbed at hotter hot spots 

together with the spatial distribution of the EF over the hot spot region (Figure 1.9) 

results in an intrinsic SERS intensity fluctuation. This behavior is particularly important 

at the single-molecule SERS regime (SM-SERS regime), where the lower surface 

coverage of the substrate by the molecules is an additional factor that leads to a more 

pronounced SERS intensity fluctuation. These factors are the main causes of the long-

tail distribution of SERS intensity observed for the SM-SERS regime, which is 

characterized by a large number of SERS spectra with low intensity and a pronounced 

decrease to a small number of SERS spectra with high intensity.51,61 

The resulting SERS intensity fluctuation, mainly for the SM-SERS regime, 

is one of the main challenges to overcome in the field of SERS-based sensors. Besides 

the issues of the fabrication steps to obtaining a homogeneous distribution of 

reproducible hot spots over the substrate area, the sampling and data processing 

procedures also are a challenging task to accomplish. Firstly, the high SERS intensity 

fluctuation demands the performance of spatial mapping to increase the sample size, 

allowing the analysis of a greater part of the substrate or even all of its area.20,46,62,63 

Although it demands a long analysis time, the SERS mapping tool leads to more 

meaningful statistical data since the spectral information is extracted from all the 

mapped area. Secondly, the data processing of SERS measurements is still a 

developing field. Statistical tools have been used together with the SERS imaging tools 

to improve the data processing step and achieve more accurate results.64–66 

The most common method to evaluate the SERS data to determine the 

detection and quantification limits is calculating the average and standard deviation 

SERS signal for each analyte concentration. Although this method is a conventional 
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methodology for the analytical applications in general, and it is defined by the 

International Union of Pure and Applied Chemistry67 (IUPAC), it leads to a 

misinterpretation of the SERS phenomenon. Average signals equal or close to zero 

are commonly obtained due to the small number of SERS events regardless of their 

intensity. Thus, it leads to a misunderstanding of the absence of the analyte and low 

sensitivity of the sensor. Nevertheless, the rarity of the SERS events as the analyte 

concentration decreases is an intrinsic property of the stochastic characteristic of the 

SERS phenomenon at low concentrations, mainly at the SM-SERS regime. 

Therefore, to consider the randomness of the SERS phenomenon that relies 

on the probabilities of the molecules being adsorbed on an effective hot spot, Brolo 

and collaborators68 proposed a new protocol to process the SERS data called as 

Digital Protocol. The method consists of analyzing the relationship between the analyte 

solution concentration with the number of SERS events at the SM-SERS regime by 

considering that each SERS event is derived from a single molecule adsorbed on a 

hot spot. The digital protocol was successfully employed for the analysis of the 

emerging contaminant of aquatic environments enrofloxacin at the SM-SERS regime. 

A quantification limit (LOQ) of 2.8 pmol L-1 was estimated for the analyte using the 

digital protocol, while the estimation of the analyte concentration lost linearity for 

concentrations below 70 nmol L-1 using average values. 

Since it considers the intrinsic properties of the SERS phenomenon, the 

digital protocol demonstrated to be more interesting and effective than the conventional 

method for the analysis of ultralow concentrations at the SM-SERS regime. The new 

methodology opens up the way to the improvement and development of new strategies 

for the evaluation of the SERS response of SERS-based sensors at low 

concentrations, including for systems outside the SM-SERS regime. 
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2 CHARACTERIZATION OF METALLIC 
NANOPARTICLES BY MICROWAVE-
ASSISTED DECOMPOSITION PLATFORM 
AND AND PLASMA-BASED 
SPECTROMETRIC TECHNIQUES (ICP-MS 
AND ICP OES) 

 

 

 

The content of this chapter is an adaptation of the article entitled “Evaluating 

the total gold concentration in metallic nanoparticles with a high content of organic 

matter through microwave-assisted decomposition platform and plasma-based 

spectrometric techniques (ICP-MS and ICP OES)” by N.V. Godoy, R.M. Galazzi, K. 

Chacón-Madrid, M.A.Z. Arruda, I.O. Mazali, reference 69. 
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2.1 INTRODUCTION 

The unique properties of the metallic nanoparticles (MNPs), such as the 

large surface-to-volume ratio, high surface energy, and photonic properties, have been 

stimulated their study on a wide range of applications, such as biosensors, electronics, 

nanomedicine, catalysis, and surface-enhanced Raman spectroscopy (SERS). 

Besides the researches on the applications of MNPs, many studies investigate new 

synthetic routes for the obtainment of the desired type of MNPs,43,70–72 while others 

focus on obtaining new structures of MNPs, for example, core-shell 

nanostructures49,73,74 and alloy nanoparticles.47,75 

Regardless of the goal, the characterization of the MNPs is a fundamental 

step covering mainly the morphological, nanoparticle size, compositional, and 

crystalline phase characterization. In this context, several techniques with different 

advantages and limitations are available, such as UV-VIS spectroscopy, dynamic light 

scattering (DLS), transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), energy dispersive spectroscopy (EDS), atomic force microscopy 

(AFM), electron energy-loss spectroscopy (EELS), X-ray photoelectron spectroscopy 

(XPS), X-ray absorption spectroscopy (XAS) and powder X-ray diffraction (XRD). 

The characterization of the MNPS based on the metal concentration may 

be interesting for the evaluation of some features of the MNPs, for example, synthesis 

yield, separation and sampling steps, and stability over storage time. Concerning the 

synthesis yield, the characterization of the metal concentration is especially interesting 

for multi-elemental nanostructures, being possible to evaluate the relative 

concentration of different metals in the nanoparticles and investigate their structural 

evolution during the synthesis. The metal quantification of MNPs has been used with 

different kinds of purposes, such as the monitoring of MNPs in the environment,76 

food,77 biological media,78 and toxicological analysis.79 However, studies focusing on 

the metal quantification as a tool for the characterization of MNPS has not been widely 

explored. 

For the gold quantification, UV-VIS spectroscopy has been usually applied 

since it is a low-cost and simple technique in addition to its wide availability. The 

method commonly used is based on the correlation between the extinction (or 

absorbance) value in the wavelength range of 400–450 nm in the extinction UV-VIS 
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spectrum and the Au0 concentration. Below 500 nm, the interband transition region for 

bulk gold allows obtaining a linear correlation of the increase of extinction value at this 

wavelength range when increasing the nanoparticle volume (i.e., the Au0 

concentration) independently of the size and morphology of the MNPs.80–82 Scarabelli 

et al.83 demonstrated a valid correlation for the gold quantification in AuNR, where 0.5 

mmol L-1 of Au0 concentration corresponds to an extinction value of 1.2 at 400 nm. 

Although the correlation between the extinction value in the wavelength 

range of 400–450 nm and the gold concentration has been demonstrated to provide 

an accurate result for gold quantification in gold nanoparticles, this strategy presents 

some important limitations. For instance, Hendel et al.84 highlighted that the method 

should be used carefully since some deviations up to 30 % can be reached when the 

influence of some parameters such as particle size, oxidation state, or surface 

modification is not correctly considered. Besides, the gold quantification in MNPs by 

UV-VIS spectroscopy presents a high limit of detection in the order of mg L-1,84 which 

can prevent the analysis of diluted samples. Finally, the UV-VIS method is not effective 

for the gold quantification in systems where interferences are observed in the 

wavelength range of 400–450 nm, such as absorption from organic molecules or 

localized surface plasmon resonance (LSPR) modes derived from multi-elemental 

nanoparticles. 

Inductively coupled plasma mass spectrometry (ICP-MS) is a highlighted 

technique concerning the elemental quantification of inorganic nanoparticles in 

general, including MNPs. The use of ICP-MS-based platforms for this purpose, such 

as single-particle inductively coupled plasma mass spectrometry (spICP-MS), laser 

ablation coupled to ICP-MS (LA-ICP-MS), and liquid chromatography (LC) coupled to 

ICP-MS (LC/ICP-MS) are described in a comprehensive review.85 The reasons for the 

wide use of ICP-MS-based platforms include high accuracy, selectivity, multi-elemental 

quantification, and the ultralow detection limit (LOD) in the order of ng L-1, allowing the 

analysis of diluted samples and low consumption of sample volume. 

When using conventional ICP-MS, it is common a sample preparation step, 

known as pre-digestion, to eliminate the interference of the matrix, where both 

nanoparticles and matrix are decomposed before the quantification analysis. In 

general, concentrated mineral acids such as nitric, hydrochloric, and sulfuric acid are 

used as oxidant agents for the digestion of inorganic nanoparticles. Some 
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nanoparticles demand specific mixtures, e.g., aqua regia is used for the decomposition 

of gold nanoparticles.86 However, the specific composition of the mixture depends on 

both nanoparticle and matrix composition. 

Microwave-assisted decomposition is a technique widely used for the 

digestion of metallic nanoparticles since closed systems offer a minimal loss of the 

sample and allow the decomposition to occur at higher pressures and temperatures, 

increasing the digestion efficiency.87 For instance, Fabricius et al.88 demonstrated that 

the microwave-assisted decomposition is the most reliable method for the digestion of 

silver and gold nanoparticles, among others, compared to the acidification and direct 

measurement methods. The authors also highlighted the necessity of evaluating the 

sample preparation procedure for each specific type of nanoparticle. 

For the purpose of characterizing a citrate capped-AgNP colloid, Galazzi et 

al.89 determined the silver concentration of silver nanoparticles (AgNP) and other silver 

species (derived from unreacted precursor) presented in the colloid. After the 

fractionation and purification of the AgNP colloid by using a centrifugation step, a 

microwave-assisted decomposition procedure based on a mixture of nitric acid and 

hydrogen peroxide was applied previously to the silver quantification by ICP-MS and 

ICP OES (inductively coupled plasma optical emission spectroscopy). The authors 

found out a low synthesis yield of 50 %, indicating that 50 % of the silver remains as 

free ions in the suspension. Additionally, the authors evaluated the stability of the AgNP 

colloid over three months of storage, and a decrease of 7 % in the silver concentration 

of the nanoparticles fraction was verified, indicating the oxidation of the AgNP during 

the storage. 

In this chapter, we report a microwave-assisted decomposition platform as 

a characterization tool for the accurate gold quantification in MNPs colloids with 

complex matrices and high content of organic matter. To achieve this goal, AuNR and 

AuSph with a high content of CTAB, and Au@AgNR with a high content of PVP were 

synthesized. The optimization of the microwave-assisted decomposition procedure of 

the AuNR colloid is described, where different sample volume, acidic mixture, and 

microwave program were tested. For the evaluation of the decomposition procedure, 

AuNR colloid was divided into three fractions AuNR-total, AuNR-res (AuNR-

resuspended), and AuNR-sup (AuNR-supernatant) by a centrifugation method. The 

gold quantification was performed by ICP-MS and ICP OES to evaluate the accuracy 
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of the proposed method. After the optimization of the microwave-assisted 

decomposition procedure, this technology was used for the decomposition of 

Au@AgNR and AuSph colloids, and the subsequent gold quantification. 

 

2.2 EXPERIMENTAL SECTION 

2.2.1 Reagents and Solutions 

For the synthesis of the MNPs, hydrogen tetrachloroaurate(III) trihydrate 

(HAuCl4.3H2O, ≥99.9 %), cetyltrimethylammonium bromide (CTAB, ≥99 %), sodium 

borohydride (NaBH4, ≥99.99 %), silver nitrate (AgNO3, >97 %), trisodium citrate 

dihydrate (≥98 %), ʟ-ascorbic acid (≥99 %) and polyvinylpyrrolidone (PVP, Mm ~55000 

g mol-1) were purchased from Sigma-Aldrich. Hydrogen peroxide (H2O2, 30 %) and 

sodium hydroxide (NaOH, >97 %) were purchased from Anidrol and Synth, 

respectively. The glassware was cleaned with aqua regia solution (3:1 v/v, HCl:HNO3) 

and washed with deionized water before the synthesis. For the sample decomposition, 

all reagents were purchased from Merck, and for microwave-assisted acid 

decomposition and standard/sample dilutions, sub-boiling nitric acid was employed. 

Before using, all glassware was cleaned with 10 % (v/v) HNO3 and rinsed with 

deionized water. Throughout all this work, it was used deionized water (≥18.2 MΩ cm) 

from a Milli-Q water purification system (Millipore). 

 

2.2.2 Synthesis of Metallic Nanoparticles 

2.2.2.1 Synthesis of AuNR 

AuNR synthesis was performed via a seed-mediated growth method 

following the procedure reported by Xu et al.90 First, AuSeed nanoparticles were 

synthesized. In a round-bottom flask immersed in a water bath at 28 °C, 40.5 μL 1 % 

(w/v) HAuCl4 was added to 4 mL 0.1 mol L-1 CTAB under stirring. Then, 24 μL 0.1 mol 

L-1 NaBH4 was added to this solution. The stirring was stopped after 2 min and the 

colloid was aged at least for 2 h. 

The second step consists of AuNR growth. 50 mL 0.1 mol L-1 CTAB, 20 µL 

0.1 mol L-1 AgNO3, and 1.03 mL 24.28 mmol L-1 HAuCl4 were added in a round-bottom 
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flask immersed in a water bath at 28 °C. Next, 163 μL 1 mol L-1 NaOH and 27.5 μL 30 

% H2O2 were added and the solution was stirred for 1 min 150 μL of the seed colloid 

was added and the stirring was maintained for 30 s. The stirring was stopped, and the 

solution was kept at 28 °C at least for 1.5 h. 

 

2.2.2.2 Synthesis of Au@AgNR 

AuNR_Core synthesis was performed via a seed-mediated growth method 

following the procedure reported by Xu et al.90 First, AuSeed nanoparticles were 

synthesized. In a round-bottom flask immersed in a water bath at 28 °C, 40.5 μL 1 % 

(w/v) HAuCl4 was added to 4 mL 0.1 mol L-1 CTAB under stirring. Then, 24 μL 0.1 mol 

L-1 NaBH4 was added to this solution. The stirring was stopped after 2 min and the 

colloid was aged at least for 2 h. 

The second step consists of AuNR_Core growth. 50 mL 0.1 mol L-1 CTAB, 

50 µL 0.1 mol L-1 AgNO3, and 1.03 mL 24.28 mmol L-1 HAuCl4 were added in a round-

bottom flask immersed in a water bath at 28 °C. Next, 215 μL 1 mol L-1 NaOH and 28.5 

μL 30 % H2O2 were added and the solution was stirred for 1 min 150 μL of the seed 

colloid was added and the stirring was maintained for 30 s. The stirring was stopped, 

and the solution was kept at 28 °C at least for 1.5 h. The AuNR colloid was washed by 

centrifugation (8100 g for 60 min), where the supernatant was discarded, and the 

settled colloid was resuspended in the same volume of deionized water as the 

discarded supernatant. 
The Au@AgNR synthesis was performed following the procedure reported 

by Fu et al.91 8 mL of AuNR colloid was dispersed in 40 mL of 2 % (w/v) PVP (Mm ~ 

55 000 g mol-1). Then, 3 mL of 1 mmol L-1 AgNO3 and 1 mL of 0.1 mol L-1 ʟ-ascorbic 

acid were added in this order to the AuNR colloid under slowly stirring at room 

temperature. After 2 min, 5 mL of 0.1 mol L-1 NaOH was quickly added. The reaction 

finished in a few minutes, where no further change in color was observed. 
 

2.2.2.3 Synthesis of AuSph 

Gold nanospheres (AuSph) were synthesized via a seed-mediated growth 

method. First, ca. 16 nm AuSeed nanoparticles were synthesized according to the 



60 
 

Naiara Vieira Godoy 
 

Turkevich method92 in which Au3+ ions are reduced by sodium citrate. Briefly, 250 mL 

of 0.5 mmol L-1 HAuCl4 was heated to boiling, and 12.5 mL 1 % (w/v) sodium citrate 

was added to it under vigorous stirring. The heating and stirring were stopped after 17 

min, and the colloid suspension was cooled to room temperature. 

AuSph growth was performed following the procedure described by 

Rodriguéz-Fernández et al.93 1 mL of 100 mmol L-1 L-ascorbic acid was added to 48.37 

mL of an aqueous solution containing 1 mmol L-1 HAuCl4 and 15 mmol L-1 CTAB, 

followed by the fast addition of 630 μL of 0.77 mmol L-1 AuSeed (concentration in terms 

of Au0). The reaction was allowed reacting at 35 °C for 1 h in a thermostatic bath. 

 

2.2.3 Separation Method for Obtaining the Metallic Nanoparticles Fractions 

2.2.3.1 Separation Method for AuNR Fractions 

After the synthesis of AuNR, the final colloids were separated into three 

fractions. In the protocol adapted from Galazzi et al.89, the colloid obtained at the end 

of the synthesis was named as AuNR-total. Part of AuNR-total was centrifuged in 

eppendorf at 8100 g resulting in the fractions of supernatant (AuNR-sup) and the 

settled AuNRs (pellet) resuspended in deionized water (AuNR-res) (n=3). The 

centrifugation time was optimized to achieve a baseline signal for the AuNR-sup 

fraction, which indicates the major content of AuNR was settled. The optimization of 

the centrifugation time was monitored by the VIS-NIR extinction spectrum of AuNR-

sup obtained at different times. Finally, the total content of gold of AuNR-total, AuNR-

res, and AuNR-sup samples was determined. 

 

2.2.3.2 Separation Method for AuSph Fractions 

The AuSph colloid was also separated into three fractions: AuSph-total 

(colloid after synthesis), AuSph-sup (supernatant), and AuSph-res (settled AuSph 

resuspended in deionized water) (n=3). The centrifugation was realized in eppendorf 

at 1055 g, and the centrifugation time was also optimized to achieve a baseline signal 

for the AuNR-sup fraction. The optimization of the centrifugation time was monitored 

by the VIS-NIR extinction spectrum of AuSph-sup obtained at different times. Finally, 
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the total content of gold of AuSph-total, AuSph-res, and AuSph-sup samples was 

determined. 

 

2.2.4 Characterization of Metallic Nanoparticles 

UV-VIS-NIR spectra of the samples were recorded on a Varian Cary® 50 

and Shimadzu UV-2450 spectrophotometer. UV-VIS-NIR extinction spectra were 

recorded with path lengths of 5 or 10 mm. Transmission electron microscopy (TEM) 

images of AuNR and AuSph colloids were recorded on a Zeiss–Libra operating at 80 

kV, JEOL JEM-2100 operating at 200 kV, and JEOL JEM 1010 operating at 100 kV 

transmission electron microscopes. The Energy Dispersive X-ray Spectroscopy (EDS) 

mapping characterization of Au@AgNR was recorded by the acquisition of high-angle 

annular dark-field (HAADF-STEM) images in an FEI Titan Themis cubed 60-300 

aberration-corrected scanning transmission electron microscope operating at 300 kV. 

Compositional maps were acquired by EDS spectrum imaging using a Super-X 

detector controlled by an FEI Velox software. The samples of TEM, HAADF-STEM, 

and EDS mapping were prepared by directly drop-drying the colloid on a holey carbon-

coated Cu grid (sample holder). 

 

2.2.5 Gold Quantification in Metallic Nanoparticles 

The fractions obtained were subjected to microwave-assisted acid 

decomposition using DTG-100 microwave oven (Provecto Analitica, Jundiaí, Brazil) 

with Teflon® vessels (maximum volume of 90 mL) and a magnetron of 2450 ± 13 MHz 

with a nominal power of 1200W. For this task, the optimization of the decomposition 

method was carried out to achieve appropriate conditions for sample preparation by 

mixing a 200 μL of each fraction with distinct reactants and following different 

microwave programs divided into some steps, as shown in Table 2.1. The microwave 

programs were performed twice. Each fraction was decomposed in quadruplicate and 

separated from the other fractions. In this way, the tubes containing samples were 

equally distributed in the microwave oven together with tubes containing those 

respective blanks. The decomposed samples were diluted up to 25 mL with deionized 

water.
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Table 2.1. Microwave-assisted decomposition procedures tested in this work to decompose AuNR-total, AuNR-res, and AuNR-sup. 

Procedure 
Volume of AuNR 

fraction (mL) 
Reagents Microwave Program 

1 3 4 mL HNO3 + 0.5 mL H2O2 5’@400W, 8’@790W, 4’@320W, 3’@0W 

2 3 4 mL HNO3 + 1 mL H2O2 5’@400W, 8’@790W, 4’@320W, 3’@0W 

3 3 4 mL aqua regia (3HCl:1HNO3) 
+ 1 mL H2O2 

5’@400W, 8’@790W, 4’@320W, 3’@0W 

4 3 4 mL reverse aqua regia (1HCl:3HNO3) 
+ 2 mL H2O2 

5’@400W, 8’@790W, 4’@320W, 3’@0W 

5 2 4 mL reverse aqua regia (1HCl:3HNO3) 
+ 2 mL H2O2 

5’@400W, 8’@790W, 4’@320W, 3’@0W 

6 2 4 mL reverse aqua regia (1HCl:3HNO3) 
+ 1 mL H2SO4+ 2 mL H2O2 Without digestion 

7 2 4 mL reverse aqua regia (1HCl:3HNO3) 
+ 1 mL H2SO4 

5’@400W, 20’@790W, 4’@320W, 3’@0W 

8 2 4 mL reverse aqua regia (1HCl:3HNO3) 
+ 1 mL H2SO4 

5’@400W, 40’@790W, 4’@320W, 3’@0W 
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Table 2.1. (continued). 

Procedure 
Volume of AuNR 

fraction (mL) 
Reagents Microwave Program 

9 2 4 mL reverse aqua regia (1HCl:3HNO3) 
+ 1 mL H2SO4 

1st Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

2nd Step: 5’@400W, 20’@790W, 4’@320W, 3’@0W 

10 1 
4 mL reverse aqua regia (1HCl:3HNO3) 

+ 1 mL H2SO4 

1st Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

2nd Step: 5’@400W, 20’@790W, 4’@320W, 3’@0W 

11 1 
4 mL reverse aqua regia (1HCl:3HNO3) 

+ 1 mL H2SO4 

1st Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

2nd Step: 5’@400W, 20’@790W, 4’@320W, 3’@0W 

Separated digestion of each fraction 

12 1 
4 mL reverse aqua regia (1HCl:3HNO3) 

+ 1 mL H2SO4 

1st Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

2nd Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

Separated digestion of each fraction 

13 0.5 
4 mL reverse aqua regia (1HCl:3HNO3) 

+ 1 mL H2SO4 

1st Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

2nd Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

Separated digestion of each fraction 

14 0.2 
4 mL reverse aqua regia (1HCl:3HNO3) 

+ 1 mL H2SO4 

1st Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

2nd Step: 5’@400W, 40’@790W, 4’@320W, 3’@0W 

Separated digestion of each fraction 
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The decomposed samples were appropriately diluted (Table A.1, Appendix 

A) and the gold content in the sample was determined. The Au quantification in the 

solutions was performed on Elan DRC-e quadrupole ICP-MS (PerkinElmer, Norwalk, 

CT, USA) and iCAP 6000 Series ICP OES (Thermo Fisher Scientific, England). The 

ICP-MS is located inside a 10000 class clean room and equipped with a dynamic 

reaction/collision cell for interference remotion. The sample introduction system for 

both instruments comprises a glass Meinhard® concentric nebulizer and a cyclonic 

glass spray chamber. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Metallic Nanoparticles Characterization 

The MNPs were characterized by UV-VIS spectroscopy, TEM, HAADF-

STEM, and EDS mappings, as shown in Figure 2.1. Figure 2.1a shows a 

representative TEM image of AuNR confirming the formation of the nanoparticles with 

large size and morphology homogeneity, with an average length and diameter of 56.9 

± 10.7 and 19.3 ± 3.3 nm, respectively, and an average aspect ratio (ratio of length 

and diameter dimensions) of 3.0 ± 0.6, as determined by TEM analysis (n=250). The 

histograms of the diameter and length size of AuNR nanoparticles are shown in Figure 

A.1 (Appendix A). Moreover, Figure 2.1b presents the VIS-NIR extinction spectrum of 

AuNR with the characteristic LSPR bands of rod-shaped nanoparticles at 740 and 518 

nm associated with longitudinal (direction of the length) and transversal (direction of 

the diameter) LSPR, respectively.94 

Figure 2.1c shows a representative HAADF-STEM image and the EDS 

mapping of Au@AgNR showing the hierarchical structure of the core-shell nanorod, 

where it is observed a core of AuNR and a homogeneous shell of Ag. The Au@AgNR  

shows a thicker Ag shell across the lateral side of the AuNR and a thinner one at the 

end of the nanoparticle. AuNR_Core nanoparticles presented an average length and 

diameter of 41.4 ± 6.2 and 11.0 ± 1.1 nm (n=250), respectively, and an average aspect 

ratio of 3.8 ± 0.6. A representative TEM image and histograms of diameter and length 

size of AuNR_Core nanoparticles are shown in Figure A.2 (Appendix A). The Ag shell 
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presented a thickness between 0.2–1.4 and 0.9–2.8 nm at the end and lateral side of 

the nanoparticle, respectively, leading to an average aspect ratio of 3.0 ± 0.6 (n=8). 

 

 
Figure 2.1. (a) TEM image and (b) VIS-NIR extinction spectrum of AuNR. (c) HAADF-STEM 

image and EDS mapping of Au@AgNR, indicating the presence of silver (blue) and gold 

(yellow). (d) UV-VIS-NIR extinction spectrum of AuNR_Core and Au@AgNR (normalized at 

360 nm for comparison). (e) TEM image and (f) VIS-NIR extinction spectrum of AuSph. 
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Figure 2.1d presents a comparison between the UV-VIS-NIR extinction 

spectra of AuNR_Core and Au@AgNR. AuNR_Core shows the characteristic 

longitudinal and transversal LSPR bands at 804 and 513 nm, respectively. Au@AgNR 

shows the longitudinal and transversal LSPR bands of the AuNR_Core shifted to 714 

and 495 nm, respectively. The blueshift of the LSPR bands (Figure 2.1d) is related to 

the influence of the optical properties of Ag on the nanoparticle in conjunction with the 

decrease of the aspect ratio of the nanoparticles by the formation of a thicker Ag shell 

on the lateral side of the nanorod.95 Besides, the change in the dielectric constant of 

the surrounding medium of the AuNR_Core from water to the silver shell also 

contributes to the blueshift of the LSPR bands.96 The transversal LSPR shows a 

smaller blueshift than the longitudinal band since the first one is less sensitive to the 

aspect ratio.95 Finally, Au@AgNR shows an additional LSPR band at 392 associated 

with the longitudinal LSPR from the outer Ag shell surface.97 

Figure 2.1e shows a representative TEM image of AuSph confirming the 

formation of the nanoparticles with a relatively high size and shape homogeneity. 

According to TEM analysis, the Ausph nanoparticles present an average diameter of 

76.3 ± 3.5 nm (n=250). Figure 2.1f shows the VIS-NIR extinction spectrum of AuSph, 

which presents a dipole mode LSPR at 540 nm. 

 

2.3.2 Separation of the Metallic Nanoparticle Fractions 

After the synthesis of AuNR, the colloid was separated into three fractions 

by a centrifugation process, as presented in the Experimental section (section 2.2.3). 

The acceleration of centrifugation was set at 8100 g, and the time of centrifugation was 

optimized according to the extinction spectrum of the supernatant until it did not present 

the LSPR bands characteristics of AuNR. The optimization of centrifugation time was 

studied in the range from 10 up to 60 min, and the time of 60 min originated the best 

separation result, as shown in Figure 2.2a. The synthesis condition for the AuNR 

presented in the centrifugation optimization (Figure 2.2a) is described in Appendix A. 

Figure 2.2b presents the extinction spectra of all three fractions of AuNR 

after following the optimized separation process of 8100 g for 60 min. As can be seen, 

the extinction spectrum of AuNR-sup is overlapped with the extinction spectrum of the 

blank (water), a baseline signal, indicating that a major content of nanorods was settled 
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and the absence of nanoparticles in the AuNR-sup fraction. Additionally, it is observed 

no change in the optical properties between the fractions AuNR-total and AuNR-res, 

which indicates the size and morphology of the nanoparticles were maintained during 

the separation process. 

 

 
Figure 2.2. (a) Optimization of the centrifugation time for the separation of the AuNR fractions 

(8100 g, step of 10 min). (b) VIS-NIR extinction spectra of the fractions AuNR after the 

separation by the optimized centrifugation process of 8100 g for 60 min. (c) Optimization of the 

centrifugation time for the separation of the AuSph fractions (1055 g, step of 5 min). (d) VIS-

NIR extinction spectra of the fractions AuSph after the separation by the optimized 

centrifugation process of 1055 g for 10 min. For (a) and (c), the VIS-NIR extinction spectra 

correspond to the supernatant fractions derived from each centrifugation process. 

 

The centrifugation process for the separation of AuSph fractions was also 

optimized. For this, the acceleration of centrifugation was set at 1055 g, and the time 

of centrifugation was optimized. Figure 2.2c shows the VIS-NIR extinction spectra of 

AuSph-sup derived from the centrifugation process applied for 5 and 10 min, where 
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the latter was chosen as the optimized condition. The extinction spectra of all three 

fractions of AuSph after following the optimized separation process (1055 g for 10 min) 

are shown in Figure 2.2d. As previously observed for AuNR, the overlap of the 

extinction spectra of the blank (water) and AuSph-sup suggests the efficiency of the 

separation process to settle the major content of AuSph, giving rise to a nanoparticle-

free supernatant. Moreover, no change in the size and morphology of the nanoparticles 

after the separation process is displayed by the similar optical properties observed for 

AuSph-total and AuSph-res. 

 

2.3.3 Microwave-assisted Decomposition Platform 

After the separation and characterization of the samples, distinct 

microwave-assisted decomposition procedures were considered to quantify the gold 

content in each fraction of AuNR. Table 2.1 presents all the procedures tested in this 

work for the AuNR fractions, with the details of sample volume and acidic mixtures, as 

well as the microwave programs. 

The first decomposition method used was the one established by Galazzi et 

al.89 for the decomposition of silver nanoparticles stabilized by sodium citrate. The 

method (procedure 1 in Table 2.1) is based on the acidic mixture of 4 mL nitric acid, 

0.5 mL hydrogen peroxide, and 3 mL of the colloid fraction. The microwave program 

applied consists of four steps: 5 min at 400 W, 8 min at 790 W, 4 min at 320 W, and 3 

min at 0 W. Since this method was unsuccessful for decomposing the AuNR fractions, 

other strategies were tested. In summary, different acidic mixtures of reverse aqua 

regia (1:3 v/v, HCl:HNO3), sulfuric acid, and hydrogen peroxide were tested as well as 

various sample volumes (from 3.0–0.2 mL). The microwave program was also 

adjusted, where it was studied the increase of the program runtime, the application of 

two consecutive microwave program cycles, and the decomposition of each AuNR 

fraction separately. 

As observed in Table 2.1, several strategies were needed in our study, since 

those total and supernatant fractions of AuNR contain a significant amount of organic 

matter by the presence of CTAB in the AuNR synthesis. Then, the high content of 

CTAB became a challenge to decompose such samples. For almost all evaluated 
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procedures, it was possible to visualize the presence of residue after the acidic 

decomposition, which may affect the accuracy of elemental determination results. 

Figure 2.3 exhibits some photographs of AuNR-total samples diluted in 

deionized water after some microwave-assisted decomposition procedures. As 

previously mentioned, the organic matter of the fractions is constituted by CTAB, a 

cationic surfactant widely used in the AuNR synthesis as a shape-directing agent and 

stabilizer.50,83,98 Distinct reports in the literature have demonstrated that CTAB 

stabilizes the AuNR by forming a bilayer structure possibly by an interdigitation of the 

alkyl chain (Figure 2.4), presenting a bilayer thickness of 3.2 ± 0.2 nm.99–101 

 

 
Figure 2.3. Photographs of AuNR-total samples diluted in deionized water after the 

corresponding microwave-assisted decomposition procedure. The numbers in each 

photograph correspond to the evaluated procedures shown in Table 2.1. 

 

Therefore, the residue observed by the incomplete decomposition of CTAB 

probably involves the non-decomposed gold nanoparticles, preventing the release of 

the Au3+ ions to the solution. Although the presence of residue was not noticeable in 

some samples, poorly reproducibility of Au determination between replicates indicated 

the incomplete decomposition of the samples. It is possible to observe the efficiency 

evolution of the tested decomposition procedures by the photographs presented in 

Figure 2.3. There is a decrease in the amount of residue from P7 (in this case, an 

opaque solution is also observed) up to P12, and P14 presented a clear solution, which 
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indicates a complete matrix decomposition with subsequent Au3+ ions release after the 

microwave-assisted procedure. 

 

 
Figure 2.4. (a) Chemical structure of cetyltrimethylammonium bromide (CTAB). (b) 

Representation of the stabilization of the AuNR by a bilayer structure of the CTAB molecules 

by an interdigitation of the alkyl chains. 

 

After the optimization of the microwave-assisted decomposition procedure, 

procedure 14 (Table 2.1) was applied for the determination of gold content in the AuNR 

fractions. The procedure 14 consist of the decomposition of 200 μL of AuNR fraction 

with 4 mL of reverse aqua regia (1:3 v/v, HCl:HNO3) and 1 mL of sulfuric acid, and two 

cycles of the microwave program with the steps of 5 min at 400 W, 40 min at 790 W, 4 

min at 320 W, and 3 min at 0 W. Additionally, the AuNR fractions were decomposed 

separately. 

After the microwave-assisted decomposition of the AuNR fractions, the 

determination of gold content in the samples was performed by both ICP OES and 

ICP-MS to check the accuracy of the results. Table 2.2 presents the figures of merit of 

both techniques, and Table 2.3 shows the results for the gold quantification. Additional 

instrumental and measurement parameters of the techniques are shown in Table A.2 

(Appendix A), and the calibration curves for both methods are shown in Figure A.3 

(Appendix A). According to the experimental procedure for the AuNR synthesis, a gold 
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concentration of ca. 96 mg L-1 is expected for AuNR-total, regardless if gold is resultant 

from nanoparticles (Au0) or ionic form derived from unreacted precursors (in this case 

Au+, since during the growth of AuNR, the ion Au3+ is reduced to Au+, and then Au+ is 

reduced to Au0).83,90 

 

Table 2.2. Figures of merit obtained for the gold quantification by ICP OES and ICP-MS. 

 ICP OES ICP-MS 

Linear range (μg L-1) 50–250 1–10 

LODa 3.8 μg L-1 4.3 ng L-1 

LOQb 12.8 μg L-1 14.4 ng L-1 
a LOD: detection limit. Defined as 3 times the standard deviation of 20 measurements of the 
blank divided by the slope of the calibration curve. 
b LOQ: quantification limit. Defined as 10 times the standard deviation of 20 measurements 
of the blank divided by the slope of the calibration curve. 

 

Table 2.3. Gold quantification in AuNR-total, AuNR-res, and AuNR-sup by ICP OES and ICP-

MS. 

Technique Fraction Gold concentration (mg L-1)a % Au in 
solution 

ICP OES AuNR-total 102.5 ± 4.6 100 

 AuNR-res 103.4 ± 1.7 101 

 AuNR-sup < LOQ - 

    

ICP-MS AuNR-total 93.9 ± 7.4 100 

 AuNR-res 98.3 ± 3.8 105 

 AuNR-sup 0.49 ± 0.06 1 
< LOQ: below the quantification limit. 
a Results expressed as average value ± standard deviation of triplicates of each fraction (n=3). 

 

Our results are in agreement with the expected Au concentration since the 

gold concentration determined in AuNR-total was found as 102.5 ± 4.6 and 93.9 ± 7.4 

mg L-1 by ICP OES and ICP-MS, respectively (Table 2.3). This fact suggests that the 

optimized microwave-assisted decomposition procedure led to the complete 

decomposition of the matrix with subsequent Au3+ ions release, providing accurate 
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results for the determination of gold concentration in AuNR. Besides, the gold content 

of AuNR-sup was found below LOQ for ICP OES and detected as 0.49 ± 0.06 mg L-1 

in the sample by ICP-MS, considering the proper dilutions (see Table A.1). The low 

gold concentration found in AuNR-sup possibly derives from unreacted precursor (Au+ 

ions) and/or small gold nanospheres that were not separated from supernatant during 

the centrifugation process with the bigger nanoparticles. 

Additionally, comparing the results of AuNR-total and AuNR-res, and 

considering the low Au concentrations observed in AuNR-sup, the synthesis of AuNR 

exhibits high yield in the AuNR growth, presenting ca. 100 % of the gold content in the 

AuNR-res. Test-t and Test-F were applied to check the statistical inference between 

the results of each fraction from both techniques, and the results showed no statistical 

difference between the determined values. 

Once the efficiency and reliability of the microwave-assisted decomposition 

procedure were proven, the procedure was applied for the gold quantification in 

Au@AgNR colloid. The gold quantification in the Au@AgNR becomes a new challenge 

to be overcome since the Au@AgNR colloid contains the polymer PVP (Mm ~ 55000 

g mol-1) as a stabilizer in addition to the complex matrix with CTAB. Therefore, the 

application of the developed microwave-assisted decomposition procedure is of utmost 

importance for the gold quantification in this sample. To confirm the reliability of the 

microwave-assisted decomposition procedure for the gold quantification in Au@AgNR, 

the gold concentration determined in Au@AgNR was compared to the gold 

concentration verified in AuNR_Core, since the same value is expected for both cases. 

Table 2.4 presents the results for the gold concentration by ICP-MS for both 

samples (the respective calibration curve is shown in Figure A.2c, Appendix A). The 

results show accordance between the values of the gold concentration for AuNR_Core 

(104.0 ± 7.9 mg L-1) and Au@AgNR (105.3 ± 14.5 mg L-1). The gold concentration 

recovery of ca. 100 % confirms the complete decomposition of the nanoparticles and 

the organic matter, releasing the Au3+ ions to the solution. Additionally, the gold 

concentration determined for both samples agrees with the expected gold 

concentration regarding the results for the sample AuNR shown in Table 2.3. 

Table 2.4 also shows the results for the gold quantification of the AuSph 

fractions by ICP-MS (the respective calibration curve is shown in Figure A.2c, Appendix 

A). A gold concentration of ca. 199 mg L-1 is expected for AuSph-total according to the 
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experimental procedure for the AuSph synthesis, regardless if gold is resultant from 

nanoparticles (Au0) or ionic form (Au+) derived from unreacted precursors (since during 

the growth step, Au3+ is first reduced to Au+, and then Au+ is reduced to Au0, as occurs 

in the AuNR synthesis). 

 

Table 2.4. Gold quantification in AuNR_Core, Au@AgNR, AuSph-total, AuSph-res, and 

AuSph-sup by ICP-MS. 

Sample Gold concentration (mg L-1)a % Au in solution 

AuNR_Core 104.0 ± 7.9 100 

Au@AgNR 105.3 ± 14.5 101 

   

AuSph-total 195.9 ± 24.0 100 

AuSph-res 223.8 ± 25.8 114 

AuSph-sup 1.2 ± 0.1 1 
a Results expressed as average value ± standard deviation of replicates of each fraction (n=2 and 3 
respectively for AuSph fractions and the samples AuNR and Au@AgNR). 

 

Our results agree with the expected gold concentration since it was found a 

gold concentration of 195.9 ± 24.0 mg L-1 in AuSph-total (Table 2.4). This result 

confirms the complete decomposition of the matrix with subsequent Au3+ ions release 

by the optimized microwave-assisted decomposition procedure. Moreover, the gold 

content of 1.2 ± 0.1 mg L-1 was found for AuSph-sup, which possibly derives from 

unreacted precursor (Au+ ions) and/or small gold nanospheres that were not separated 

from supernatant during the centrifugation process with the bigger nanoparticles. 

Considering the low gold concentration in AuSph-sup and comparing the results of 

AuSph-total and AuSph-res, the synthesis of AuSph displays high yield in the AuSph 

growth, presenting ca. 114 % of gold content in the AuSph-res. 

Finally, the gold quantification results (Table 2.3 and 2.4) confirm that the 

UV-VIS method83 (where the correlation between the gold concentration and the 

extinction value at 400 nm in the extinction spectra is used) is suitable for the gold 

quantification of the AuNR and AuSph colloids, however, it is improper for Au@AgNR 

colloid. According to the UV-VIS method, the AuNR-total, AuSph-total, and Au@AgNR 

colloids present a gold concentration of ca. 102, 229, and 240 mg L-1, respectively. 
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The accuracy of the UV-VIS method for the AuNR-total and AuSph-total is explained 

by the absence of any interference in the extinction profile at 400 nm for both colloids 

(Figure 2.1b and 2.1f). Meanwhile, Au@AgNR presents an LSPR mode at 392 nm 

(Figure 2.1d) that gives rise to an overestimated gold concentration by ca. 240 % for 

Au@AgNR. 

 

2.4 CONCLUSIONS 

The initial purpose of this work was successfully attained. In conclusion, we 

report a complete platform of strategies for characterization and microwave-assisted 

decomposition procedure as a tool for the gold quantification in MNPs. AuNR 

nanoparticles were synthesized in a matrix with a high-content of the surfactant CTAB 

for the development of the procedure. 

Several decomposition procedures were tested due to the high content of 

organic matter derived from the presence of CTAB in the nanoparticle synthesis. The 

strategy that resulted in the best reproducibility of the gold determination is an acidic 

decomposition consisted of a mixture of reverse aqua regia (1:3 v/v, HCl:HNO3) and 

sulfuric acid and a powerful microwave program. Besides, the proposed decomposition 

procedure allows a low sample volume consumption, since only 200 µL of sample is 

needed. The gold quantification of the three fractions of the sample (AuNR-total, 

AuNR-res, and AuNR-sup) by ICP OES and ICP-MS after the performance of the 

developed procedure were accurate. The results show a high yield for the AuNR 

synthesis, demonstrating that both AuNR-total and AuNR-res fractions present ca. 100 

% of the gold content. The microwave-assisted decomposition platform was also 

effective in the gold quantification of AuSph by ICP-MS, demonstrating a high yield for 

the AuSph synthesis with ca. 100 and 114 % of gold content for AuSph-total and 

AuSph-res fractions, respectively. 

The microwave-assisted decomposition procedure was also applied for the 

gold quantification in the core-shell nanoparticle Au@AgNR, which presents PVP as a 

stabilizer in addition to the matrix with CTAB. The results demonstrated an efficient 

decomposition of the Au@AgNR matrix and an accurate gold quantification was 

obtained, presenting a gold concentration recovery of ca. 100 %. Moreover, the 

quantification results confirm that the UV-VIS method is improper for the gold 
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quantification in the Au@AgNR colloid, leading to an overestimated gold concentration 

of ca. 240 %. In contrast, the UV-VIS method was suitable for the gold quantification 

in AuNR and AuSph colloids. 

Although it was not the goal of our study, the proposed decomposition 

procedure would allow a bimetallic quantification of gold and silver in the Au@AgNR 

by improving the separation method of the colloid fractions, resulting in the 

determination of the yield of both core and shell growth. Moreover, the decomposition 

procedure, in conjunction with specific methods for the separation of nanoparticles with 

different morphologies, would allow the determination of the synthesis yield based on 

the differentiation of the desired morphology and byproducts. 

In summary, the results obtained by the microwave-assisted decomposition 

platform demonstrate robustness, efficiency, and reliability. The proposed procedure 

demonstrated to be an excellent method in the gold quantification of MNPs, such as 

AuNR, AuSph, and Au@AgNR colloids with complex matrices and a high content of 

organic matter without the need for additional separation methods for the elimination 

of matrix interferences. Finally, the microwave-assisted decomposition procedure 

proposed in this report overcomes the limitations verified for other quantification 

methods, such as UV-VIS spectroscopy by the gold quantification in bimetallic MNPs. 

The method shows a high potential for its application as a characterization tool for 

types of multi-metallic nanostructures, such as alloy and Janus nanoparticles. 
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3 PAPER-BASED INKJET-PRINTED SERS 
SENSOR 

 

 

 

The content of this chapter is an adaptation of the article entitled 

“Ultrasensitive inkjet-printed based SERS sensor combining a high-performance gold 

nanosphere ink and hydrophobic paper” by N.V. Godoy, D. García-Lojo, F.A. Sigoli, J. 

Pérez-Juste, I. Pastoriza-Santos, I.O. Mazali, reference 102. 
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3.1 INTRODUCTION 

Surface-Enhanced Raman Spectroscopy (SERS) is a versatile analytical 

technique widely used for qualitative and quantitative analysis.95,103–106 The main 

advantages that make this technique so versatile are the simple measurement 

acquisition, shorter time for sample preparation and analysis, low (or non) consumption 

of solvents, among others. Additionally, Raman scattering exhibits sharply and 

discernible molecular fingerprint bands with high multiplexing potential in biosensing 

and bioimaging applications.35 One of the main features for this technique is the low 

detection limit (LOD) that can be achieved in the order of 10-9–10-12 mol L-1 and has a 

high potential to reach ultralow detection limits as low as 10-13 and 10-20 mol L-1 

measured in small amounts of sample (few microliters).26,27,107–109 Owing to its high 

sensitivity, SERS is widely applied in several areas that require low LOD, such as food 

safety,110,111 drug detection,112,113 detection of viruses 114 and investigation of bioactive 

metabolites in microbial communities.62 

In SERS, the Raman scattering of molecules is greatly enhanced when the 

molecules are adsorbed onto rough metal surfaces or metal nanoparticles, such as 

silver or gold nanoparticles. The main responsible factor for the high SERS intensity is 

the localized surface plasmon resonance (LSPR) of the metallic nanoparticles (MNPs) 

which leads to an enhancement of the electric field in their vicinity.115 Although the 

SERS effect can be obtained from the electric field enhancement at single 

nanoparticles, a considerable higher enhancement can be reached by placing the 

molecules within nanometer-sized gaps between two MNPs (so-called hot spots). The 

electric field enhancement at the hot spot effect is majorly important at low 

concentrations, particularly at the single-molecule SERS regime (SM-SERS regime), 

since a molecule adsorbed on a hot spot can lead to a SERS intensity 102 up to 105 

higher than several molecules adsorbed on random nanoparticles.60,115 

The development of new SERS platforms has been widely explored 

because of the high demand for analysis with a low LOD in several fields. The ideal 

SERS substrate should be highly stable and reproducible in terms of SERS activity 

and also cost-effective. In this way, extensive research is being carried out to improve 

the SERS efficiency by using versatile shape- and size-controlled plasmonic 

nanoparticles.47,48,116,117 From the point of view of the substrate and particularly the 
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nanoparticle deposition, different methodologies have been explored, such as 

electrospinning,118 self-assembly,116,119 and electro-deposition combined with 

lithography.120 

Alternatively, the use of paper as a platform for the fabrication of SERS-

active surfaces has been explored since the mid-1980.121–124 The use of paper as a 

SERS-active surface is a very attractive strategy that displays many advantages over 

conventional SERS substrates, such as the low-cost, flexibility, high commercial 

availability, derived from renewable sources, and compatibility with biomolecules, 

making such substrates very attractive for its commercialization. The paper-based 

SERS sensors can be considered as an up-and-coming platform in the application of 

point-of-care (PoC) devices by combining the ultralow detection limit, non-destructive 

analysis, and fingerprinting identification to the demand of rapid detection, real-time 

measurements, sensitive analysis, and portability of such devices.42,125–127 

A strategy to improve the performance of paper-based SERS substrates is 

the modification of the paper surface from hydrophilic into hydrophobic.111,128,129 The 

hydrophobic modification of the paper surface is a key step in the production of the 

paper-based SERS substrates since it allows the local concentration of analyte on the 

plasmonic sensing region. Moreover, it can increase the number of hot spots by the 

same concentration effect. For instance, Lee et al.130 proposed a hydrophobic paper-

based SERS substrate using silver nanoparticles and an alkyl ketene dimer for the 

modification of the filter paper surface from hydrophilic to hydrophobic. After the 

surface modification of the paper, an aqueous solution of silver nanoparticles was 

dropped onto the hydrophobic paper and dried at room temperature for 1 h. The 

hydrophobic modification decreased the wettability of the filter paper by increasing the 

contact angle to 114°. The hydrophobic paper surface prevented the spread and 

absorption of both silver nanoparticles and analytes aqueous solutions in the filter 

paper, leading to an approx. 5-fold increase of the SERS spectrum of 4-

aminothiophenol. 

The paper-based SERS substrate can be obtained by different methods, 

including in-situ growth of nanoparticles on paper,131 vacuum filtration method,127 

immersion in nanoparticle colloid,65,132 screen printing,133 and drop-wise.130 For 

instance, Lee et al.134 reported the fabrication of a paper-based SERS substrate by the 

dip-coating method using a conventional filter paper and gold nanorods. For this, the 
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filter paper was used without pretreatment and a silicon substrate modified with poly(2-

vinylpyridine) was used for comparison purposes. The paper-based SERS substrate 

presented higher efficiency for the detection of 1,4-benzenedithiol compared to the 

traditional silicon substrate, exhibiting a 250-fold increase of the Raman bands. 

According to the authors, the flexibility of the paper-based substrate is responsible for 

its greater performance since it allows its friction against the surface of a sample for 

better adherence of the analyte. 

A new deposition method for the production of a paper-based SERS 

substrate was proposed by Polavarapu et al.135, where they used a fountain pen filled 

with plasmonic nanoparticles inks to directly draw SERS arrays on the paper substrate. 

The proposed substrates achieved low LOD such as 10-12 mol L-1 of rhodamine 6G 

and 20 ppb of thiabendazole (approximately 10-7 mol L-1) with a sample volume of 10 

μL. 

In 2008, the inkjet printing method was first applied for the fabrication of 

SERS substrates by using metallic nanoparticle ink.136 Thereafter, White and 

collaborators explored the inkjet printing technique as a highlighted method in the 

production of paper-based SERS substrates.128,137–139 Since then, the inkjet printing 

technique has been explored in the fabrication of SERS-active substrates.42,140–142 The 

deposition method has the advantages of low-cost and simplicity by employing a 

common office printer to print a nanoparticle ink directly on paper, and the substrate 

can be designed in a simple software. Additionally, piezoelectric inkjet printers present 

the advantage concerning the mechanism of dropping the ink out the nozzle in the 

response of an electrical current. In contrast to thermal inkjet printers, it allows low 

manufacturing temperature, preventing possible destabilization of the colloidal 

suspension. 

In this chapter, we report the fabrication of a hydrophobic paper-based 

SERS substrate with enhanced SERS capabilities by the inkjet printing method. In 

order to achieve that, we combined an effective and highly stable gold nanospheres 

(AuSph) ink with a hydrophobic paper based on surface-modified chromatographic 

paper. The SERS substrates were designed as circular spots with a diameter of ca. 1 

mm and the printing was carried out on a desktop inkjet printer. The SERS 

performance, using crystal violet as the probe molecule, demonstrated great 

reproducibility from spot-to-spot between different prints and high sensitivity of the 
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substrate. Finally, the inkjet-printed SERS substrate was applied for the detection and 

quantification of thiram, which is a dithiocarbamate fungicide used for the protection of 

fruits such as apple, peach, and strawberries in the field and also during transport and 

storage.143 The fungicide is a neurotoxicant regulated by the Environmental Protection 

Agency (EPA) of the United States of America due to its neurotoxic effects such as 

lethargy and reduced motor activity.143 Interestingly, a SERS analysis based on a 

recently developed digital protocol68 allowed the quantification at ultralow 

concentrations while working at the SM-SERS regime. 

 

3.1 EXPERIMENTAL SECTION 

3.1.1 Reagents and Solutions 

For the synthesis of AuSph, hydrogen tetrachloroaurate(III) trihydrate 

(HAuCl4.3H2O, ≥99.9 %), cetyltrimethylammonium bromide (CTAB, ≥99 %), trisodium 

citrate dihydrate (≥98 %), and ʟ-ascorbic acid (≥99 %) were purchased from Sigma-

Aldrich. For the paper surface modification, cellulose chromatographic paper (with a 

thickness of 0.18 mm and a linear flow rate of 130 mm/30 min, WhatmanTM), (2-

dodecen-1-yl)-succinic anhydride (DDSA, 95 %), and 1-hexanol (98 %) were 

purchased from Sigma-Aldrich. For the AuSph ink, glycerol (≥99.5 %) and absolute 

ethanol (99.5 %) were purchased respectively from Sigma-Aldrich and Anidrol. Thiram 

(≥98.0 %), 4-nitrothiophenol (4-NBT, 80 %), and crystal violet (CV) were purchased 

from Sigma-Aldrich. The glassware was cleaned with aqua regia solution (3:1 v/v, 

HCl:HNO3) and washed with water before the synthesis. In all the preparations, it was 

used deionized water (≥18.2 MΩ cm) from a Milli-Q water purification system 

(Millipore). 

 

3.1.2 Gold Nanospheres Ink Synthesis 

AuSph nanoparticles were synthesized via a seed-mediated growth 

method. First, ca. 16 nm AuSeed nanoparticles were synthesized according to the 

Turkevich method92 in which Au3+ ions are reduced by sodium citrate. Briefly, 250 mL 

of 0.5 mmol L-1 HAuCl4 was heated to boiling, and 12.5 mL 1 % (w/v) sodium citrate 
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was added to it under vigorous stirring. The heating and stirring were stopped after 17 

min, and the colloid suspension was cooled to room temperature. 

AuSph growth was performed following the procedure described by 

Rodriguéz-Fernández et al.93 HAuCl4 and ʟ-ascorbic acid were added to a CTAB 

solution in a way to obtain the final concentration of 1.0, 2.0, and 15 mmol L-1, 

respectively, followed by the fast addition of AuSeed (diameter of ca 15 nm and 0.01 

mmol L-1 as the final concentration in terms of Au0). The final volume of the synthesis 

was 400 mL. The reaction was allowed reacting at 35 °C for 1 h in a thermostatic bath. 

The AuSeed volume used for the AuSph growth is calculated by a theoretical equation 

that considers the desired diameter of AuSph, HAuCl4, and AuSeed concentration (in 

terms of Au0 concentration for AuSeed), and AuSeed diameter.144,145 The theoretical 

equation is described in Appendix B. 

The final AuSph colloid was washed and concentrated by centrifugation 

steps. Firstly, a concentration step was carried out at 1055 g for 40 min, and 95 % of 

supernatant was discarded. Next, two wash steps of the concentrated colloid were 

carried out at 775 g for 20 min, which 90 % of the supernatant was discarded in both 

steps, and the pellet was resuspended in the same volume of water and 0.77 mmol L-

1 CTAB in the first and second steps, respectively. Finally, a concentration step was 

carried out at 775 g for 20 min, and approx. 80 % of the supernatant was discarded to 

achieve a final concentration of 46.15 or 174 mmol L-1 (in terms of Au0), for preparing 

two different AuSph Inks.  

The preparation of the AuSph Inks was performed based on a gold 

nanoparticles ink described by Hoppmann et al.139 and the viscosity of ink originally 

manufactured by Epson® (which will be discussed later). For this, the AuSph colloid 

with a concentration of 46.15 mmol L-1 (in terms of Au0), glycerol, and ethanol were 

mixed in the volume ratio of 65:25:10, respectively. The Au0 concentration of the final 

AuSph ink was 30 mmol L-1. The same procedure was performed with the AuSph 

colloid with the concentration of 174 mmol L-1 (in terms of Au0), and the Au0 

concentration of the final AuSph ink was 113 mmol L-1. The CTAB concentration was 

maintained at 0.5 mmol L-1 in both formulations. 

The Au0 concentration of AuSeed and AuSph Inks suspensions was 

estimated from the correlation between the extinction value at 400 nm in the VIS-NIR 

extinction spectra and the Au0 concentration, as previously discussed in Chapter 2.82,83 
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3.1.3 Paper Surface Modification 

For the surface modification of paper, the protocol was adapted from the 

experimental procedure described by Yu et al.107 A sheet of chromatographic paper 

was immersed in solution 0.4 % (w/v) of DDSA in 1-hexanol for 5 min and cured in an 

oven at 160 °C for at least 6 min. The procedure was carried out between 1 and 5 

times for different papers to optimize the surface modification process. 

 

3.1.4 Fabrication of the Inkjet-printed SERS Substrate 

The printing of AuSph Ink on the surface-modified paper was performed by 

an Epson Eco Tank L220. The SERS substrate was defined as a circular spot with a 

diameter around 1 mm and the AuSph Ink was inkjet-printed with the best print quality 

provided by the printer software. 

 

3.1.5 Characterization 

VIS-NIR extinction spectra of AuSph colloid and AuSph Ink were recorded 

using a Cary 8453 (Agilent) spectrophotometer. UV-VIS-NIR extinction spectra were 

recorded with path lengths of 1, 5, or 10 mm. Diffuse reflectance VIS-NIR extinction 

spectrum of the inkjet-printed SERS substrate was recorded using a Shimadzu UV-

2450 spectrophotometer. 

Transmission electron microscopy (TEM) images were obtained using a 

JEOL JEM 1010 transmission electron microscope operating at 100 kV. To obtain TEM 

images, the sample was prepared by drop-drying the colloid on a holey carbon-coated 

Cu grid. Scanning electronic microscopy (SEM) images of inkjet-printed SERS 

substrates were obtained using a JEOL JSM-6700F FEG scanning electron 

microscope operating at 10.0 kV and in backscattered electron imaging mode. To 

obtain SEM images, the inkjet-printed substrates were prepared by coating them with 

a thin layer of carbon. 

The surface-modified chromatographic paper was characterized by the 

contact angle (CA) using an optical tensiometer Theta L (Attention). The 

measurements were realized in triplicate, and for each sample, it was measured the 

CA of both sides of the drop (n=6). 
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The viscosity measurements were carried out on a HAAKE MARS III 

Rheometer, Thermo Fisher Scientific, equipped with a DG41 double gap geometry. 

The measurements of flow curves were obtained on controlled rate mode with a shear 

rate from 10 up to 300 s-1 at 25°C. 

Raman and SERS measurements were conducted with a Renishaw inVia 

Reflex system. The spectrograph used a high-resolution grating (1800 or 1200 grooves 

cm−1) with additional band-pass filter optics, a confocal microscope, and a 2D-CCD 

camera. Laser excitation was carried out at 633, 785, and 830 nm laser lines. For 

SERS measurements, stock solutions of 10-3 mol L-1 CV, 10-3 mol L-1 4-NBT, and 10-2 

mol L-1 thiram were prepared at deionized water, methanol, and acetone, respectively. 

The stock solutions of the molecules were appropriately diluted in deionized water 

before the SERS measurements. Cosmic ray removal, noise filter, baseline, and 

smooth treatments were carried out using the software WIRE 4.3 (Renishaw, UK). For 

the quantification of CV and thiram, the digital protocol developed by Brolo and 

collaborators68 was applied. More details about the digital protocol will be discussed in 

the following sections. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 AuSph Ink Characterization 

The effectiveness synthesis of AuSeed and the growth of AuSph 

nanoparticles were previously characterized by TEM images and UV-VIS 

spectroscopy, as shown in Figure 3.1(a-f). The histograms of the diameter of the 

nanoparticles are shown in Figure B.1 (Appendix B). Note that the AuSph 

nanoparticles were identified as AuSph-30 and AuSph-113, where the numbers 

correspond to the AuSph Ink with the gold concentration of 30 and 113 mmol L-1 (in 

terms of Au0), respectively. 

Figure 3.1a shows a representative TEM image of the AuSeed which 

presents a highly homogeneous morphology and size, presenting an average diameter 

of 14.5 ± 1.3 nm (n=250) (Figure B.1a, Appendix B). The characteristic LSPR profile 

of spherical nanoparticles with a dipole mode LSPR localized at 518 nm is observed 

for AuSeed in Figure 3.1b. Figure 3.1c shows a representative TEM image of AuSph-
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30 showing a relatively high size and shape homogeneity. According to the histogram 

(Figure B.1b, Appendix B), the nanoparticles present an average diameter of 67.1 ± 

2.9 nm (n=250). Additionally, AuSph-30 shows a dipole mode LSPR at 540 nm, as 

shown in Figure 3.1d. 

 

 
Figure 3.1. TEM image and VIS-NIR extinction spectra of (a,b) AuSeed, (c,d) AuSph-30, and 

(e,f) AuSph-113. The extinction spectra were normalized at 400 nm for comparison. 

 

A representative TEM image of the second batch of AuSph is shown in 

Figure 3.1e. As observed for AuSph-30, the AuSph-113 also demonstrates a relatively 
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high size and shape homogeneity with ca. 24 % of the nanoparticles being 

nonspherical. The AuSph-113 nanoparticles presented an average diameter of 76.3 ± 

3.5 nm (n=250) (Figure B.1c, Appendix B). Figure 3.1f shows the LSPR profile of the 

AuSph-113, presenting the dipole mode LSPR at 546 nm. 

Interesting features are highlighted in the LSPR profiles of AuSeed and 

AuSph nanoparticles (Figures 3.1b, 3.1d, and 3.1f). Firstly, a red-shift in the LSPR 

band at 518 (AuSeed) to 540 nm (AuSph-30) or 546 nm (AuSph-113) resulted from 

the increase of the nanoparticle size during the growth synthesis. Comparing the LSPR 

bands intensities for AuSeed, AuSph-30, and AuSph-113, an increase in the band 

intensity is noted as the nanoparticle size increases. This characteristic occurs due to 

the change in the electric dipole when the nanoparticle size increases. It is also 

important to mention that the presence of nanorods and other nanoparticle 

morphologies formed during the growth process promotes a higher extinction above 

600 nm for AuSph nanoparticles compared to AuSeed. The previous AuSph 

characterization is essential to verify the quality of nanoparticles obtained in the 

synthesis before the AuSph Ink preparation. Subsequently, the AuSph nanoparticles 

were washed, concentrated, and resuspended in a mixture of water:glycerol:ethanol 

for the production of the inks. 

The ink composition was optimized regarding the optimal ink viscosity for 

the proper operation of the inkjet-printer. Thus, the viscosity of the original ink 

manufactured by Epson® (black ink, code 664) was measured and an average viscosity 

of 3.3 ± 0.1 cP was found (n=3). Based on this result, the viscosity of mixtures with 

different proportions of deionized water, glycerol, and ethanol was evaluated. The 

composition with 65 % deionized water, 25 % glycerol, and 10 % ethanol resulted in 

the viscosity value of 3.1 ± 0.1 cP (n=2), being the closest one to the original ink. This 

mixing ratio was chosen as the optimized ink composition, assuring appropriate 

viscosity to be used as ink while providing the stability of the nanoparticles. 

The influence of changing the surrounding medium on the optical properties 

of AuSph was evaluated by the comparison of the VIS-NIR extinction spectra of 

AuSph-30 after synthesis and AuSph-30 ink, as shown in Figure 3.2. A small red-shift 

of the LSPR is observed when the medium surrounding the nanoparticles is changed 

from water (λLSPR= 538 nm) to the ink composition (λLSPR= 543 nm). This behavior is 

explained by the increase of the dielectric constant of the medium surrounding the 
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nanoparticles from 1.77 (water7) to 1.91 (ink composition without nanoparticles). The 

dielectric constant of the ink composition was estimated according to the empirical 

model based on the refractive index of ternary systems of water, ethanol, and glycerol 

developed by Moreira et al.146 

 

 
Figure 3.2. VIS-NIR extinction spectra of AuSph-30 colloid after synthesis and AuSph-30 Ink. 

The spectra were normalized at 400 nm for comparison. 

 

The AuSph Inks were obtained with the final concentration of 30 and 113 

mmol L-1 in terms of Au0 (or 2.1015 and 5.1015 nanoparticles L-1, respectively§§). Since 

the AuSph colloid after synthesis presents an Au0 concentration of ca. 1 mmol L-1, a 

30 and 113-fold concentration is necessary for the production of the inks AuSph-30 

and AuSph-113, respectively. In this way, the demand for large volumes of the colloidal 

suspensions required mixing different batches of reproducible AuSph synthesis. 

The seed-mediated approach used for the synthesis of AuSph 

demonstrated high reproducibility between different synthesis batches for both AuSph-

30 and AuSph-113. The high reproducibility of the AuSph synthesis is evidenced by 

 
§§ The nanoparticle concentration of the AuSph Inks was determined based on the average diameter of 
each nanoparticle. Detailed information is described in Appendix B. 
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the overlapping of the VIS-NIR extinction spectra of different colloidal suspension 

batches, as shown in Figure 3.3. 

 

 
Figure 3.3. VIS-NIR extinction spectra of different batches of (a) AuSph-30 and (b) AuSph-

113 synthesis. All spectra were normalized at 400 nm for comparison. 

 

3.2.2 Paper Surface Modification 

The chromatographic paper was chosen for the inkjet printing of SERS 

substrates since it presents a low fluorescence signal and background. Besides, it is 

composed of pure cellulose, being free from industrial addictive and possible 

contaminants to the SERS measurements.128,147 The paper surface modification from 

hydrophilic to a hydrophobic surface is an essential step in the production of paper-

based SERS substrates due to the concentration of analyte on the region of 

nanoparticles since the solution dries where it is dropped instead of spreading on 

paper. 

The chromatography paper was modified with DDSA, a widely used sizing 

agent due to its capability of promoting a water resistance surface on paper.148 The 

anhydride group of DDSA reacts with hydroxyl groups of cellulose by an esterification 

reaction. It enables the anchoring of the carbonic chains on the cellulose surface, which 

forms a hydrophobic barrier and reduces its wettability.149 Figure 3.4 shows the 

functionalization reaction of the cellulose surface by DDSA (Figure 3.4a) and a 

schematic illustration of the hydrophobic barrier on the cellulose surface (Figure 3.4b). 
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Figure 3.4. Scheme of (a) the reaction of (2-dodecen-1-yl) succinic anhydride (DDSA) with 

cellulose and (b) the hydrophobic barrier on cellulose surface promoted by the anchoring of 

the carbonic chains of DDSA. 

 

The surface modification of the chromatography paper was evaluated by 

the CA measurement. The modification was studied as a function of the 

functionalization cycles from 1 up to 5, obtaining average CA values (n=6) of 122.1 ± 

2.0; 127.1 ± 0.6; 129.9 ± 4.9 and 135.2 ± 0.8° when increasing the number of cycles, 

respectively. All the analyzed papers can be considered as hydrophobic, presenting 

CA values higher than 90°. Since no significant differences were observed between 

the CA values, the functionalization process consisting of two cycles was chosen as 

the standard procedure based on the smaller standard deviation associated with the 

shorter production time. Figure 3.5 shows photographs of CV solution (Figure 3.5a) 

and the CA measurement for surface-modified chromatographic paper after two 

functionalization cycles with a drop of water (Figure 3.5b). 
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Figure 3.5. Surface-modified chromatographic paper after two cycles of the functionalization 

process. In (a) photograph of CV solution drop and (b) CA measurement with a drop of water. 

 

3.2.3 Inkjet-printed SERS Substrate 

3.2.3.1 Optimization of the Inkjet-printed Substrate 

Once the AuSph inks were synthesized, the SERS substrates were inkjet-

printed on the surface-modified chromatography paper. Firstly, the printing 

performance of the AuSph-30 Ink together with the printer was evaluated. Figure 3.6 

(left panel) shows photographs of the Colloid Chemistry Group logo inkjet-printed on a 

conventional officer paper using the AuSph-30 Ink and 1 up to 4 printing cycles. 

Comparing to the Colloid Chemistry Group logo (right panel, Figure 3.6), the AuSph-

30 Ink and the printer demonstrate high performance on the printing process, 

presenting high definition and an excellent surface coverage as well as high accuracy 

of the consecutive printing cycles. 

Based on this previous characterization, the SERS substrates were 

optimized following the protocol of the number of printing cycles, which allowed 

modulating the AuSph concentration to achieve the highest SERS performance from 

AuSph inks in different concentrations. The optimization and characterization were 

performed for the inks of the AuSph-30 and AuSph-113, which is discussed in the 

following. 
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Figure 3.6. Photographs of the Colloid Chemistry Group logo inkjet-printed with AuSph-30 Ink 

and 1 up to 4 printing cycles on a conventional officer paper (left panel) and the logo image 

(right panel). 

 

The inkjet-printed spots for SERS substrates designed were obtained with 

ca. 1 mm in diameter, with 1 up to 18 consecutive printing cycles using the AuSph-30 

Ink (with a concentration of 30 mmol L-1 in terms of Au0 or 2.1015 nanoparticles L-1). 

Figure 3.7 shows the photographs and SEM images of the inkjet-printed spots. In 

Figure 3.7a, it should be noted by the naked eye a color evolution from gray to dark 

brown as the number of printing cycles increases, together with a great definition of 

spot design, high accuracy of consecutive printing processes, and homogeneous ink 

coverage on all spot area. 

The surface coverage as well as the nanoparticle distribution on the 

substrates with the different number of printing cycles were characterized by SEM. 

Figure 3.7b shows representative SEM images at two different magnifications of spots 

fabricated with 2, 5, and 7 printing cycles, as indicated. An increase in the surface 

coverage by AuSph nanoparticles is observed as the number of printing cycles 

increases, as can be observed in Figure 3.7b (left panel). Moreover, the higher 

magnification SEM images (right panel, Figure 3.7b) suggest that increasing the 

number of printing cycles leads to regions with a higher density of nanoparticles, 

indicating the formation of larger nanoparticle aggregates. 
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Figure 3.7. Optimization of the spots (ca. 1 mm of diameter) inkjet-printed with AuSph-30 Ink. 

(a) Photograph of spots printed from 1 up to 15 printing cycles. SEM images of spots obtained 

with consecutive printing cycles of (b) two, five, and seven, and (c) five and fifteen on the 

hydrophobic paper. In (c), the red dashed lines indicate the boundary of each spot. 
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Both findings are better noticed by comparing SEM images of inkjet-printed 

SERS substrates obtained with five and fifteen printing cycles shown in Figure 3.7c. 

The lower magnification SEM images (left panel, Figure 3.7c) evidence that the surface 

coverage increases together with the increase in the number of printing across all the 

spot area. Moreover, the well-defined boundary of the spots (highlighted with the red 

dashed line) validates the high accuracy of the inkjet-printing method. 

Furthermore, the higher magnification SEM images (right panel, Figure 

3.7c) corroborates the formation of larger nanoparticle aggregates as well as a higher 

number of the aggregates as the number of printing cycles increases. These 

characteristics of the substrates with a higher number of printing cycles are interesting 

since the higher number of hot spots as well as the formation of three-dimensional hot 

spots should improve the SERS activity of the substrate. 

In order to confirm the best SERS performed of the inkjet-printed substrates 

with the different printing cycles, the substrates were evaluated using 4-NBT as a probe 

molecule. For this, 1 μL of an aqueous solution of 10-5 mol L-1 4-NBT was dropped on 

each spot and allowed drying before the SERS measurement. Figure 3.8a presents 

the optical image and the corresponding SERS mappings of spots printed with 4 up to 

18 printing cycles. The SERS mappings of spots obtained with different numbers of 

printing cycle (Figure 3.8a) are relatively uniform in intensity across the area of the 

printed spots. Figure 3.8b exhibits the SERS spectrum of 4-NBT on the spot inkjet-

printed with five printing cycles, where the characteristic bands of 4-NBT are assigned 

to νst(CCring) at 1572 cm-1, νs(NO2) at 1332 cm-1, νst(CS) at 1079 cm-1, and νst(CN) at 

1109 cm-1.150,151 The SERS performance of the inkjet-printed substrates was evaluated 

based on the intensity of the most intense band of 4-NBT around 1334 cm-1. 

Figure 3.8c shows the average SERS intensity around 1334 cm-1 obtained 

from each SERS mapping in Figure 3.8a. The SERS intensity increases from the fourth 

to fifth printing cycle as the nanoparticle density increases in the substrate. However, 

the intensity decreases up to the seventh cycle and subsequently presents an upward 

trend up to the eighteenth cycle. The decrease in the SERS intensity from five to seven 

printing cycles is explained by the hydrophobicity loss observed by the naked eye for 

inkjet-printed spots obtained with more than five printing cycles. Interestingly, the 

upward trend of the SERS intensity for spots printed 7 up to 18 printing cycles indicates 

that, under the new condition of higher wettability, the SERS intensity increases as the 
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nanoparticle density on the paper increases with the number of printing cycles. The 

loss of hydrophobicity will be further discussed in the following. 

 

 
Figure 3.8. Optimization of spots (around 1 mm of diameter) printed 4 up to 18 printing cycles 

with AuSph-30 Ink. (a) Optical images of each spot and the corresponding SERS mapping 

recorded for 1 μL of 10-5 mol L-1 4-NBT (intensity of the band around 1334 cm-1). (b) SERS 

spectrum of 1 μL 4-NBT (10-5 mol L-1) on the spot printed with 5 printing cycles. (c) Average 

and (d) histogram of SERS intensity (around 1334 cm-1) derived from the SERS mappings in 

(a) (n>600, step 50 x 50 μm). All measurements were acquired with an excitation laser line of 

785 nm and 20x objective. For the SERS mappings in (a) and SERS spectrum in (b), it was 

used, respectively, a laser power density of 46.43 kW cm-2 for 0.3 s with 1 accumulation and 

0.16 kW cm-2 for 10 s with 3 accumulations. 
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The distribution of SERS intensity (around 1334 cm-1) for each SERS 

mapping is shown in Figure 3.8d. The SERS intensity range observed for the SERS 

mappings corroborates the heterogeneous nanoparticle distribution (Figure 3.7), 

indicating the presence of different nanoparticle aggregates. The different profile of 

nanoparticle aggregates indicates the formation of hotter and colder hot spots, which 

results in the SERS intensity fluctuation. This feature is associate with the inherent 

characteristic of the substrate of being a complex three-dimensional matrix with 

cellulose fibers randomly arranged instead of being a flat surface. 

When the number of printing cycles increases, a decrease of the relative 

standard deviation (RSD) from 58 up to 49 % is observed. It suggests an increase in 

the homogeneity of the nanoparticle distribution and the subsequent formation of more 

uniform hot spots. Although the SERS mappings present relatively high RSD values 

with a small fluctuation between them, the profile of the intensity distribution for each 

sample is significantly different from each other (Figure 3.8d). It indicates a different 

SERS performance for each substrate. Moreover, the RSD results suggest that the 

proposed SERS substrate is not appropriate for punctual analysis. 

Finally, resuming the discussion on the loss of hydrophobicity issues, Figure 

3.9 shows photographs of inkjet-printed spots obtained with different printing cycles 

after the deposition of water drops on their surface. It is noticed that spots inkjet-printed 

with 1 up to 4 printing cycles retain the water drops on the surface, indicating the 

stability of the hydrophobic barrier on the substrate surface. However, spots obtained 

with higher printing cycles were not able to retain the water drops on their surface, 

being observed a water penetration in the paper. The yellow arrows in Figure 3.9 

highlight shadows around the spots resulted from the water penetration. 

Since the 4-NBT solution drop spread out the inkjet-printed spot region by 

capillarity, some molecules could be carried out of the spot border, giving rise to a 

lower SERS intensity for inkjet-printed spots obtained with more than five printing 

cycles (Figure 3.8c). The increase of the wettability could be explained by the increase 

of glycerol content with the consecutive printing cycles, which allows the water 

penetration on the substrate due to the high affinity between the hydroxyl groups of 

glycerol and water. 

This hypothesis was investigated to evaluate the influence of glycerol on the 

wettability of the paper. For this, drops of glycerol and ethanol were deposited in 
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different regions of the hydrophobic paper. The ethanol rapidly penetrated the paper 

sheet, while the penetration of the glycerol drop was slower. After the complete drying 

of both, a water drop was deposited in the same regions of the paper. The water drop 

remained on the paper surface where the ethanol drop was deposited, while it 

penetrated the area with glycerol. These results support the increase of the wettability 

as the glycerol content increases with the consecutive printing cycles. 

 

 
Figure 3.9. Photograph of water drops on spots (ca. 1 mm of diameter) printed from 1 up to 

15 times with AuSph-30 Ink. Yellow arrows indicate shadows of water that penetrated the 

paper around the spots. 

 

Based on the described results, inkjet-printed SERS substrates were 

fabricated with an AuSph Ink with higher nanoparticle concentration (113 mmol L-1 in 

terms of Au0 or 5.1015 nanoparticles L-1) in order to increase the nanoparticle content 

on the substrates without employing more than five printing cycles. In this way, the 

SERS performance of the substrates is improved while preventing the effect of the 

hydrophobicity loss of the spots. 

Therefore, the inkjet-printed SERS substrates obtained with the AuSph-113 

Ink were also optimized based on the number of printing cycles following the same 

protocol of the inkjet-printed SERS substrates using the AuSph-30 Ink. Figure 3.10a 

shows photographs of the inkjet-printed spots (ca. 1 mm in diameter) obtained from 2 

up to 8 consecutive printing cycles. Besides the color evolution from gray to dark brown 

as the number of printing cycles increases, these spots present a darker color 

compared to the spots inkjet-printed with AuSph-30 Ink (Figure 3.7a), indicating a 

higher amount of nanoparticles. 
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Figure 3.10. Optimization of the spots (ca. 1 mm of diameter) inkjet-printed with AuSph-113 

Ink. (a) Photograph of spots inkjet-printed from 2 up to 8 printing cycles. (b) SEM images of 

spots inkjet-printed 2, 5, and 7 times on the hydrophobic paper. In (b0, the red dashed lines 

indicate the boundary of each spot. 

 

The surface coverage and the nanoparticle distribution of these substrates 

were also characterized by SEM. Figure 3.10b shows representative SEM images at 

two different magnifications of spots fabricated with 2, 5, and 7 printing cycles, as 
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indicated. The images at lower magnification (left panel, Figure 3.10b) shows the well-

defined boundary of the spots (highlighted with the red dashed line), indicating that the 

high accuracy of the inkjet-printing method is maintained when using the AuSph-113 

Ink, which has a higher nanoparticle concentration. 

An increase in the surface coverage of the paper is evidenced with the 

increase of the number of printing cycles (Figure 3.10b, right panel) as well as when 

comparing to spots inkjet-printed with AuSph-30 Ink (Figure 3.7c, left panel). 

Furthermore, for two printing cycles, most of the nanoparticles are distributed in small 

aggregates together with some large nanoparticle aggregates. Meanwhile, the 

nanoparticle aggregates increase in size as well as in number when the number of 

printing cycles increases.  

Subsequently, the SERS performance of the inkjet-printed paper with the 

different printing cycles was investigated using CV as the probe molecule. Thus, 1 μL 

of an aqueous solution of 10-7 mol L-1 CV was dropped on each spot and allowed drying 

before the SERS measurement. Figure 3.11a presents the optical images and the 

corresponding SERS mappings of different spots inkjet-printed with 2 up to 8 printing 

cycles. Figure 3.11b shows the SERS spectrum of CV recorded in the spot inkjet-

printed with five printing cycles, and Figure 3.11c corresponds to the average SERS 

intensity around 1618 cm-1 of each SERS mapping in Figure 3.11a. 

In Figure 3.11a, it is observed that the SERS mappings are relatively 

homogeneous in intensity over all the spot areas likewise observed for substrates 

inkjet-printed with AuSph-30 Ink (Figure 3.8a). Moreover, comparing the optical images 

of the inkjet-printed substrates obtained with AuSph-30 (Figure 3.8a) and AuSph-113 

(Figure 3.11a) Inks, the higher amount of nanoparticles in the latter is evidenced by 

their darker color in addition to the comparison of the photographs of both substrates 

aforementioned (Figures 3.7a and 3.10a). 

Figure 3.11b exhibits the SERS spectrum of CV recorded in the spot inkjet-

printed with five printing cycles, where the characteristics signals of CV are observed 

and attributed to νst(C=Cring) (8a benzene mode) at 1618 and 1585 cm-1; νst(CringN), δs(CH3) and νst(CC)ring (8b benzene mode) at 1540 cm-1; δs(CH3),δ(CH), δ(CCC)ring and νst(ø-N) at 1385 cm-1; δ(CCC)ring, νas(CCcenterC), δ(CH) and νst(ø-N) at 1365 cm-1; and δ(CCC)breathing, νs(CCcenterC), ρ(CH3) and δ(CC)ring (9a benzene mode) at 1174 cm-1.152 

 



99 
 

Naiara Vieira Godoy 
 

 
Figure 3.11. Optimization of spots (around 1 mm of diameter) printed 2 up to 8 printing cycles 

with AuSph-113 Ink. (a) Optical images of each spot and the corresponding SERS mapping 

recorded for 1 μL of 10-7 mol L-1 CV (intensity of the band around 1618 cm-1). (b) SERS 

spectrum of 1 μL CV (10-7 mol L-1) on the spot printed with 5 printing cycles. (c) Average and 

(d) histogram of SERS intensity (around 1618 cm-1) derived from the SERS mappings in (a) 

(n>600, step 50 x 50 μm). All measurements were acquired with an excitation laser line of 785 

nm and 20x objective. For the SERS mappings in (a) and SERS spectrum in (b), it was used, 

respectively, a laser power density of 46.43 kW cm-2 for 0.3 s with 1 accumulation and 0.16 

kW cm-2 for 10 s with 3 accumulations. 
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Figure 3.11c shows the average SERS intensity around 1618 cm-1 with the 

number of printing cycles. The SERS intensity increases between the second and the 

fourth deposition cycle, it remains constant between the fourth and the fifth cycle, and 

it decreases between the fifth and the eighth cycle. A loss of the hydrophobicity was 

also observed for the spots obtained with more than five printing cycles, as observed 

for the spots inkjet-printed using the AuSph-30 Ink (Figure 3.9). The higher wettability 

caused by the increase in the glycerol content with the consecutive printing cycles can 

explain the sharp decrease of the SERS intensity of spots inkjet-printed with more than 

five printing cycles. 

The hydrophobicity loss in the substrates inkjet-printed with AuSph-113 Ink 

was further investigated by CA measurements of water drops on spots obtained with 

a different number of printing cycles. For this, square substrates of ca. 1 x 1 cm were 

printed to ensure the interface between the drop of water (ca. 14 µL) and the inkjet-

printed area of each spot. From 1 up to 5 printing cycles, the inkjet-printed spots 

presented CA values between 93.7 and 105.4°, that is, in all cases, the paper can be 

considered as hydrophobic but they did not present any tendency with the number of 

printing cycles. Substrates with higher printing cycles were not measured since a water 

penetration was observed after the deposition of the water drop. 

Moreover, similar behavior has been previously reported for Au 

nanospheres on a paper-based substrate and explained in terms of hot spot 

deactivation as the electromagnetic enhancement decreases when the size of the 

aggregates increased.41 Overall, it has been postulated that the combination of the hot-

spot deactivation as the size of nanoparticle aggregates increases, together with the 

loss in hydrophobicity with the printing cycles, is responsible for the decrease of the 

SERS intensity after the fifth printing cycle. 

The distribution of SERS intensity (around 1618 cm-1) for each SERS 

mapping is shown in Figure 3.11d. The heterogeneous nanoparticle aggregates 

distribution (Figure 3.10b) reflects in the SERS intensity fluctuation observed for the 

SERS mappings, resulting in a large SERS intensity range and consequently relatively 

high RSD, as previously discussed. A significant decrease of RSD from 63 up to 44 % 

was observed for spots inkjet-printed with 2 up to 8 printing cycles, which suggests a 

higher homogeneity in the formation of hot spots when the number of printing cycles 

increases. Besides, it could also indicate that once the hot spot deactivation is a 
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prominent effect when the size of the nanoparticle aggregates increases, the 

heterogeneous hot spots give rise to more similar SERS enhancement. This 

hypothesis is supported by the similar intensity distribution observed for the pair of 

spots inkjet-printed with four and five (middle panel, Figure 3.11d) and for seven and 

eight printing cycles (right panel, Figure 3.11d). 

For AuSph-30 and AuSph-113 Inks, spots inkjet-printed with five printing 

cycles presented the highest SERS intensity for the respective analyte. In this way, 

spots obtained with both AuSph inks were compared to evaluate the best SERS 

performance using the same analyte. Figure 3.12 shows the average SERS intensity 

of 1 μL 10-5 mol L-1 4-NBT around 1334 cm-1 for spots obtained with both inks and five 

printing cycles inkjet-printed on different days. 

 

 
Figure 3.12. Average SERS intensity of 1 µL 4-NBT 10-5 mol L-1 (around 1334 cm-1) on spots 

inkjet-printed with the inks AuSph-30 (blue bars) and AuSph-113 (purple bars) with five printing 

cycles on different days. The SERS mappings (n>400, step 50 x 50 μm) were recorded using 

a 785 nm laser line and 20x objective. All measurements were normalized based on the laser 

power, time exposure, and accumulation number. 

 

Firstly, spots inkjet-printed with AuSph-30 Ink on four different days (blue 

bars, Figure 3.12) presented a significant decrease in the SERS intensity. On the 



102 
 

Naiara Vieira Godoy 
 

contrary, spots inkjet-printed with AuSph-113 Ink on two different days (purple bars, 

Figure 3.12) showed similar SERS intensity. These results seem to indicate higher 

reproducibility of spots obtained with AuSph-113 Ink. Moreover, considering only the 

three closest average SERS intensity of spots obtained with AuSph-30 Ink (days 2–4), 

it seems that the AuSph-113 Ink gives rise to substrates with higher SERS 

performance. 

The spot inkjet-printed with AuSph-30 Ink is possibly less reproducible due 

to the lower surface coverage derived from the lower nanoparticle concentration of the 

ink. Once the surface coverage is improved as the nanoparticle concentration of the 

ink increases (AuSph-113 Ink), a more reproducible substrate should be obtained. 

Therefore, considering the results obtained up to here, the substrate inkjet-printed 

using the AuSph-113 Ink and five printing cycles was chosen as the optimized SERS 

substrate. Chosen the AuSph Ink more promising to SERS substrate fabrication, it 

follows to the evaluation of performance SERS and the final application of the 

optimized SERS substrate. 

 

3.2.3.2 Influence of the paper surface modification on the Inkjet-printed SERS 
substrate performance 

The influence of the paper surface modification on the SERS performance 

of the inkjet-printed SERS substrate after five printing cycles was evaluated by SERS 

using CV as a model analyte. Thus, 1 µL of 10-7 mol L-1 CV was dropped on spots 

inkjet-printed on chromatographic paper with and without surface modification. Figure 

3.13 shows a 76-fold increase in the SERS intensity of the most intense band of CV 

(1618 cm-1) when the hydrophobic chromatographic paper was used to fabricate the 

SERS sensing platform. 

Therefore, this result demonstrates that the paper surface modification 

played a key role in the fabrication of the inkjet-printed SERS substrate by allowing the 

local concentration of analyte on the plasmonic sensor. Moreover, it agrees with the 

decrease of the SERS intensity that arose from the loss of hydrophobicity for inkjet-

printed spots obtained with more than five printing cycles using both AuSph-30 and 

AuSph-113 Inks (Figures 3.8c and 3.11c). 
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Figure 3.13. Average SERS spectra of 1 μL of 10-7 mol L-1 CV on the spot printed with AuSph-

113 Ink and five printing cycles on hydrophilic chromatographic paper (black line) and 

hydrophobic chromatographic paper (blue line). SERS mappings (210 points each, step 50 x 

50 μm) were recorded using a 785 nm laser line, 20x objective, a maximum power density of 

175.79 kW cm-2, an acquisition time of 1 s, and 1 accumulation. Both spectra are the average 

spectrum of three SERS mappings (630 points in total). 

 

3.2.3.3 Influence of the excitation laser line on the SERS performance 

The SERS performance of the inkjet-printed substrate was evaluated for 

different excitation laser lines to verify the most appropriate laser line to achieve the 

best SERS performance. This evaluation is essential since studies have already shown 

that, in contrast to systems with no hot spots, the SERS performance (far-field 

scattering properties) of systems mainly constituted by hot spots does not follow the 

LSPR properties (near-field scattering properties) of the substrate. 

For instance, Litz et al. 153 demonstrated that a high intense extinction cross-

section in the LSPR profile is associated with phase-coherent excitations. However, 

this condition does not necessarily lead to higher electromagnetic field enhancement. 

Instead, the strongest electromagnetic field enhancement is related to the highest 

polarization at the surface between neighboring nanoparticles. Kleinman et al.154 
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demonstrated an electromagnetic field enhancement when minimal scattering 

properties were observed in the LSPR profile of the substrates by experimental results 

and computational modeling. The authors also associated this behavior with the 

coupling of the dipole emitter (probe molecule near or at the neighbor of the 

nanoparticle junction) with plasmonic modes of the nanoparticles that are not observed 

at the far-field response (LSPR profile). 

In this sense, a previous and straightforward characterization was taken 

from the diffuse reflectance VIS-NIR spectroscopy for the inkjet-printed SERS 

substrate. Figure 3.14 shows the comparison of the diffuse reflectance VIS-NIR 

extinction spectrum of the inkjet-printed SERS substrate and the extinction VIS-NIR 

spectrum of AuSph Ink. Firstly, differences between the LSPR profile of both samples 

is noticed mainly related to the extinction intensity of each spectrum. The increase in 

the extinction at lower energies for the AuSph-doped paper indicates the presence of 

nanoparticle aggregates as confirmed by SEM characterization (Figure 3.10b). 

 

 
Figure 3.14. VIS-NIR extinction spectrum of AuSph-113 Ink (blue line) and diffuse reflectance 

VIS-NIR extinction spectrum of the SERS substrate inkjet-printed with AuSph-113 Ink and five 

printing cycles (red line). Both spectra are normalized at 400 nm for comparison. 
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This behavior is expected since it is known that the excitation frequency of 

hot spots is different from the excitation frequency of individual nanoparticles. 

Additionally, a blue-shift of the LSPR maximum from 540 to 521 nm is observed when 

the AuSph ink is inkjet-printed on the surface-modified chromatography paper due to 

the change of the medium surrounding the nanoparticles from the ink composition (ε0= 

1.91) to mostly air (ε0= 1.007). 

According to the LSPR maximum of the SERS substrate, green laser lines 

(514 and 532 nm) should be in resonance for obtaining the maximum SERS 

enhancement. However, Rycenga et al.155 already demonstrated that using these laser 

lines in SERS experiments with Au nanoparticles leads to a lower or even a non-

response for SERS activity due to the plasmon damping derived from the interband 

transition of gold with the edge around 520 nm. 

In this way, the SERS performance of the substrate was evaluated for the 

excitation laser lines of 633, 785, and 830 nm. For this, 4-NBT was chosen as the 

model analyte with a high binding affinity for metal surfaces, without absorption in the 

VIS-NIR region, and with a well-defined SERS spectrum, as shown in Figure 

3.8b.150,151 Thus, SERS mappings were recorded, selecting the most intense band 

around 1334 cm-1, in the same inkjet-printed spot after the addition of 1 μL of 10-5 mol 

L-1 4-NBT. The procedure was repeated for the three lasers line (633, 785, and 830 

nm). Subsequently, the SERS enhancement factor (EF) for the inkjet-printed substrate 

was determined by comparing signals acquired on paper with and without inkjet-printed 

Au nanoparticles, according to Eq. (3.1): 

EF= ISERS Nsurf⁄IRaman Nvol⁄                                                                                                                                    (3.1) 

where ISERS and IRaman are the selected Raman band intensities of 4-NBT molecules 

chemisorbed on a SERS substrate and in a reference sample (surface-modified 

chromatographic paper), respectively. Nsurf is the number of adsorbed molecules in the 

scattering volume for the SERS experiments, and Nvol is the number of molecules in 

the scattering volume of the Raman experiments. 

Figure 3.15 shows the SERS mapping (Figure 3.15a) and the respective 

estimated enhancement factors (EF) for the different laser lines (Figure 3.15b). The 
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SERS signals were normalized based on the laser power, time exposure, and 

accumulation number applied in the SERS measurements. 

 

 
Figure 3.15. (a) SERS mapping of 1 µL NBT 10-5 mol L-1 (intensity of the band around 1334 

cm-1) on the SERS substrate inkjet-printed with AuSph-113 Ink after five printing cycles for the 

different laser lines. (b) Estimated EF of the SERS substrate for each laser line. (c) Histogram 

of the intensity of the band of 4-NBT around 1334 cm-1 extracted from (a). SERS mappings 

(441 pts, step 50 x 50 μm) were acquired with 633, 785, and 830 nm laser lines with a maximum 

power density of 3.65, 89.06, and 1.74 kW cm-2, respectively, 20x objective, acquisition time 1 

s and 2 accumulations. EF was estimated averaging SERS spectra extracted from SERS 

mappings. 
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The SERS mappings in Figure 3.15a show the highest and more 

homogeneous SERS signal on the analyzed area when using the 785 nm laser line. 

The use of the 830 nm laser line results in the lowest SERS activity of the substrate, 

while the 633 nm laser line results in an intermediate SERS activity. Accordingly, 

Figure 3.15b shows that the 633 and 785 nm laser lines present the highest EF of 1.4 

× 106 and 2.0 × 106, respectively. It confirms that the 785 nm laser line was the most 

effective to achieve the highest SERS activity of the proposed substrate. It should be 

pointed out here, the similar EF for the 633 and 785 nm laser lines demonstrates the 

broadband enhancement of the SERS performance. Moreover, the EF data in 

conjunction with the diffuse reflectance VIS-NIR extinction spectrum of the SERS 

substrate (Figure 3.14) displays the divergence between the LSPR and enhancement 

properties of the SERS substrate previously discussed, indicating the presence of 

LSPR modes of active hot spots that are not evidenced in the LSPR profile. 

It is interesting to notice the profile of the intensity distribution around 1334 

cm-1 using the different lasers shown in Figure 3.15c. It is highlighted the significant 

difference between the range of the intensity distribution for each laser line. For the 

830 nm laser line, the SERS intensities are limited to a narrow distribution in the range 

of 0–7,000 cts, with an average intensity of 2,725 cts. For the 633 nm laser line, the 

intensity distribution is larger, and the intensities higher than 22,000 cts demonstrates 

that despite the smaller average intensity (5,609 cts), this wavelength excites a few 

hotter hot spots (i.e., more effective) than the other laser lines. On the other hand, a 

smaller intensity distribution is observed in the range of 0–15,000 cts when the 785 nm 

laser line was used, which is associated with the highest average intensity of 6,945 

cts. 

The difference in the intensity distribution range evidence that each laser 

line excites different LSPR modes of nanoparticle aggregates (i.e., different hot spots), 

leading to different SERS enhancements of the substrate. These data agree with 

previous results that suggest the influence of different LSPR modes on divergent 

dispersions of the SERS signal when comparing the use of distinct laser lines.55,156 

Additionally, the behavior of the intensity distribution once again corroborates the 

presence of different nanoparticles aggregates with LSPR modes that are not 

observed in the LSPR profile of the SERS substrate. 
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3.2.3.4 Depth Profile Analysis 

The inkjet-printed SERS substrate was also evaluated regarding its depth 

profile to evaluate the influence of the confocal microscope focus fluctuation on the 

SERS measurement. The fluctuation of the confocal microscope focus can be a result 

of the complex three-dimensional matrix of cellulose fibers that could lead to a shift of 

the distance between the sample and the objective lens, giving rise to a SERS intensity 

fluctuation. 

For this, SERS intensity of 1 µL NBT 10-5 mol L-1 (at 1334 cm-1) was 

measured as a function of the Z position on the SERS substrate inkjet-printed with 

AuSph-113 Ink and five printing cycles. The origin of the measurements was set as 

zero by visual focus and, then, SERS spectra were acquired in the Z position range 

from -200 up to 200 µm with a step size of 2 µm. Figure 3.16 shows the depth 

measurements of eight different positions across the spot area. The origin of the Z 

position (equal to zero) set for point 1 was maintained for all analyzed positions. 

In general, the SERS intensity as a function of the Z position is an 

asymmetric curve due to the sample region that gives rise to the SERS signal. When 

the Z position presents negative values, the lens is focused inside the sample where 

high damping of the scattered light occurs due to the light dispersion inside the sample. 

Therefore, once the sample is moving away from the lens, the SERS signal rapidly 

increases as the light dispersion decreases. Subsequently, the SERS signal achieves 

the curve maximum, where the best focus position for the sample is reached. After this 

point, the SERS signal slowly decreases as the sample continues to move away from 

the lens since the scattered light is originated from the substrate surface. The decrease 

of the SERS signal continues until the long distance between the lens and the sample 

prevents the detection of the SERS signal. 

Most of the depth profiles show small SERS intensity fluctuation around the 

maximum of the curve. Except for the profiles three and seven, the others presented a 

slight intensity fluctuation up to 500 counts from the maximum intensity in a range of 

at least 30 µm. In summary, considering the complex topology of the paper-based 

SERS substrate, the result is excellent since the distance range of 30 µm is large 

enough to prevent significant errors in the SERS analysis due to the visual focus issue. 
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Figure 3.16. Depth profile of SERS intensity of 1 µL NBT 10-5 mol L-1 (at 1334 cm-1) in eight 

points of the SERS substrate inkjet-printed with AuSph-113 Ink and five printing cycles. 

Measurements were acquired with 785 nm laser line, 20x objective, maximum power of 46.43 

kW cm-2, acquisition time 0.3 s, and 1 accumulation. 

 

3.2.3.5 Reproducibility and Stability of the Inkjet-printed SERS substrate 

Reproducibility is an important criterion to be considered when evaluating 

the performance of a chemical sensor. Herein, SERS substrates were evaluated from 

SERS mappings (210 points) measurements. For this, 10 different spots were inkjet-

printed on the same surface-modified chromatographic paper sheet and treated with 1 

μL of 10-7 mol L-1 CV. Figure 3.17a shows the average SERS spectra derived from the 

10 different spots. The results indicate a great reproducibility of the SERS signal from 

spot-to-spot, presenting a small range of the intensity between the spectra. 

 



110 
 

Naiara Vieira Godoy 
 

 
Figure 3.17. (a) Average SERS spectra and (b) average SERS intensity (1618 cm-1) recorded 

for 1 μL of 10-7 mol L-1 CV measured on 10 different on the inkjet-printed SERS substrate after 

five printing cycles and ink-printed on the same hydrophobic chromatographic paper sheet. 

The region highlighted in orange represents a ± 10 % intensity variation concerning the 

average value (red line) for the 10 spots. (c) Average SERS spectra of 1 μL CV 10-7 mol L-1 

measured on spots from different printings. “Print 1” is the average SERS spectrum of 10 spots 

from the reproducibility data in (a), where the orange region represents ± 10 % intensity 

variation with regards to the average value for the 10 spots. “Print 2” is the average SERS 

spectrum of CV in 3 spots from a different print, where the blue region is the respective 

standard deviation of the print. The SERS mappings (210 points, step 20 x 20 μm) were 

acquired with a 100x objective and 785 nm laser line with a maximum power density of 175.79 

kW cm-2, acquisition time 1 s, and 1 accumulation. 

 

To better understanding the reproducibility from spot-to-spot, Figure 3.17b 

shows the average intensity of the SERS band around 1618 cm-1 for each spot. The 

intensity evaluation demonstrates a low RSD of 12.4 % between the 10 analyzed spots. 
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Moreover, the intensity data set was also evaluated considering a deviation range of ± 

10%, as shown in Figure 3.17b. The results demonstrate that 80 % of the spots present 

the average intensity in the range of ± 10 %, validating the reproducibility of spot-to-

spot results. In summary, this result indicates that the intensity of this SERS band is a 

reliable choice for the evaluation of the performance of the SERS substrate as well as 

for quantification purposes. 

The reproducibility of the printing process was also analyzed by comparing 

spots derived from different printings. Figure 3.17c shows the average SERS spectra 

of 1 µL CV 10-7 mol L-1 measured on spots from two printing batches, where the 

average SERS spectra are derived from the reproducibility experiment (n=10) and 

another printing batch, which was performed in triplicate (n=3). The relatively low 

standard deviation between both measurements (2.8 %) seems to indicate a good 

batch-to-batch reproducibility of the printed SERS substrates 

Interestingly, the reproducibility data evidence the use of the SERS mapping 

as a tool to overcome the limitation of the high RSD of the SERS measurements over 

the spot area resulted from the inherent heterogeneous distribution of nanoparticles in 

the three-dimensional hot spots substrate (Figure 3.11b). Therefore, the proposed 

inkjet-printed SERS substrate provides accurate and reproducible results when full 

SERS mappings are analyzed, although it is not appropriated for punctual analysis. 

Besides the reproducibility, it is crucial to investigate the stability of the 

SERS substrates. The stability of the proposed sensor was evaluated based on two 

parameters: i) the stability of the ink and, ii) the SERS performance of the inkjet-printed 

spot with time. The stability of the AuSph-113 Ink was evaluated by VIS-NIR extinction 

spectra upon 365 days after synthesis, as shown in Figure 3.18a. For this evaluation, 

the AuSph-113 Ink was kept inside the printer or in a storage closet, protected from 

the sunlight. The result shows extremely high stability of the nanoparticles after their 

suspension in the ink composition, observing no changes in optical properties of the 

ink for at least 365 days after synthesis. This is an outstanding result considering the 

high ink concentration of 113 mmol L-1 in terms of Au0 (or 5.1015 nanoparticles L-1). 

For the stability analysis of the inkjet-printed SERS substrate after five 

printing cycles, the substrates were stored in a storage closet under environmental 

conditions and protected from light. SERS maps of 1 µL of CV 10-7 mol L-1 were 

acquired over the storage time in triplicate (Figure 3.18b). The results indicate high 
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stability of the substrate up to 12 days of storage, presenting an average SERS signal 

in the range of ± 10 % of SERS intensity of the reproducibility data and satisfactory 

RSD up to 13.51 % between triplicate measurements. Although the inkjet-printed 

SERS substrate shows high stability for short storage time, the fabrication of SERS 

substrate from the inkjet-printed method is ensured by the high stability of the AuSph 

Ink, displaying one year of stability after synthesis. 

 

 
Figure 3.18. (a) VIS-NIR extinction spectra of AuSph-113 colloid after synthesis and AuSph-

113 Ink after 365 days of storage. The AuSph-113 Ink was diluted in water to the acquisition 

of the VIS-NIR spectrum. The spectra in (a) were normalized at 400 nm for comparison. The 

inset in (a) is a photograph of the AuSph-113 Ink. (b) Stability of the inkjet-printed SERS 

substrate after five printing cycles over storage time ranging from 1 up to 12 days. Average of 

SERS intensity around 1618 cm-1 from three inkjet-printed spots treated with 1 µL CV 10-7 mol 

L-1 (data of 1 day is from the reproducibility analysis, Figure 3.17a). SERS mappings (210 

points, step 20 x 20 μm) were acquired with a 100x objective and 785 nm laser line with a 

maximum power of 175.79 kW cm-2, acquisition time 1 s, and 1 accumulation. 

 

3.2.3.6 Sensitivity and Application of Inkjet-Printed SERS Substrate 

First, the inkjet-printed SERS substrate was applied for the detection of CV. 

To carry out the SERS measurements, two droplets (1 μL each) of the CV solution 

were added to the spot and let them dry for both additions. For the SERS analysis, 

three SERS mappings were performed in 24 x 24 µm2 area with 49 measurement 

points and step 4 x 4 μm, leading to a total of 147 data points each for each 

concentration. 
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After the spectral processing described in the experimental section, the 

digital protocol developed by Brolo and collaborators68 was applied for the 

quantification at ultralow concentrations. The method consists of analyzing the 

relationship between the solution concentration with the number of SERS events, 

instead of the average SERS intensity, which is the most commonly employed 

methodology. Therefore, the digital protocol is more interesting than the conventional 

method since it considers that the SERS phenomenon relies on the probabilities of the 

molecules being adsorbed on an effective hot spot. 

Fang et al.60 have already demonstrated that less than 1 % of the molecules 

are located on very effective hot spots, being responsible for approximately 70 % of 

the overall SERS intensity. Meanwhile, 61 % of the molecules are located on hot spots 

less efficient, contributing only to 4 % of the overall SERS intensity. These results are 

particularly important at the SM-SERS regime where these statistics are associated 

with the lower surface coverage of the substrate by the molecules, leading to high 

SERS intensity fluctuation and making the sampling process more difficult. 

In this way, the digital protocol is employed for the analysis at the SM-SERS 

regime and it considers that each SERS event is derived from a single molecule 

adsorbed on a hot spot. Taking this into consideration, it is important to assure the SM-

SERS regime. Therefore, the distribution of the SERS intensity over the substrate is 

evaluated by plotting the frequency (or counts) versus the SERS intensity. 

The SM-SERS regime is characterized by a long-tail distribution of the 

counts vs SERS intensity histogram, which presents a large number of SERS spectra 

with lower intensity than the average signal and a pronounced decrease to a small 

number of SERS spectra with higher intensity than the average.61,68 The tailed 

distribution is a consequence of a smaller probability of the molecules to be adsorbed 

at the effective hot spots. Meanwhile, for higher concentrations than the SM-SERS 

regime, the molecules should be homogeneously distributed on the substrate surface. 

Therefore, the probability of observing a SERS signal is higher, leading to a spatial 

distribution of SERS efficiency similar to that from a random SERS substrate, that is, 

a Gaussian-like distribution. 

For the analysis of CV, the histogram of the distribution of the SERS 

intensity around 1618 cm-1 was evaluated for concentrations ranging from 10-7–10-11 

mol L-1, shown in Figure 3.19. The SM-SERS regime characterized by a long-tail 
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distribution of SERS intensity was evidenced for concentrations lower than 10-7 mol L-

1, while for this concentration a Gaussian-like distribution was observed. Accordingly, 

the digital protocol was applied for the concentrations of CV lower than 10-7 mol L-1. 

For the application of the digital protocol, the average noise level was 

estimated from three SERS mappings (49 points each, step 4 x 4μm) of the inkjet-

printed SERS substrate without the addition of the analyte solution (named as blank). 

Then, a threshold of 3 times the standard deviation (99 % of the confidence level) of 

the average blank measurement was considered (n= 147). Intensities higher than the 

threshold were attributed as 1 (named as digital counts) while intensities equal or lower 

than the threshold were defined as zero (named as zero counts). Figure 3.20a shows 

the distribution of the SERS intensity around 1618 cm-1 for each measured spectrum 

for the CV concentrations under the SM-SERS regime (10-8–10-11 mol L-1).  

In Figure 3.20a, a decrease in the number of digital counts (intensities 

higher than the threshold) together with an increase of the number of zero counts 

(intensities lower than the threshold) is observed when the CV concentration 

decreases. For instance, the SERS intensities are almost equally distributed as digital 

(47 %) and zero counts (53 %) for the CV concentration of 10-8 mol L-1. In contrast, the 

SERS intensities are mostly found as zero counts (92 %) instead of digital counts (8 

%) for the CV concentration of 10-11 mol L-1. 

Based on the data extracted from Figure 3.20a, digital SERS mappings 

were constructed correlating the digital and zero counts with the SERS mappings of 

each concentration under the SM-SERS regime, as presented in Figure 3.20b. Note 

that each digital SERS mapping shown in Figure 3.20b corresponds to a replicate of 

the SERS mappings for each CV concentration (n=49), presenting a total of three 

digital SERS mappings for each concentration (n=147). Additionally, white and black 

squares in the digital SERS mappings (Figure 3.20b) correspond to the zero (assigned 

as 0) and digital counts (assigned as 1), respectively. 
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Figure 3.19. Histogram of the intensity of the band of CV around 1618 cm-1 for concentrations 

ranging from 10-7–10-11 mol L-1 measured on inkjet-printed SERS substrates after five printing 

cycles (n=147, step 4 x 4 μm). The black line indicates the average intensity of the band. SERS 

mappings (49 points each and step 4 x 4 μm, with 147 points in total) were acquired for each 

concentration with a 100x objective and a 785 laser line with a maximum power density of 

46.25 kW cm-2, an acquisition time of 1.5 s, and 3 accumulation. 
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Figure 3.20. (a) Relationship between the intensity of the band of CV around 1618 cm-1 and 

each measurement point of the SERS mapping for the concentration under the SM-SERS 

regime (10-8–10-11 mol L-1). The red line indicates the threshold of 3 times the standard 

deviation of the blank measurement. The percentage values indicate the relative digital and 

zero counts respectively above (white zone) and below (yellow zone) the threshold. (b) Digital 

SERS mappings for the concentration of CV under the SM-SERS regime. The black and white 

squares correspond to the digital counts and zero counts, respectively. For the digital count 

analysis, three SERS mappings (49 points each and step 4 x 4 μm, with 147 points in total) 

were acquired for each concentration and for the blank measurement with a 100x objective 

and a 785 laser line with a maximum power density of 46.25 kW cm-2, an acquisition time of 

1.5 s, and 3 accumulation.  
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In general, the number of digital counts decreases for the replicates of the 

digital SERS mappings as the CV concentration decreases, as expected. Moreover, it 

is noticed that the digital counts are randomly distributed over the mapping area, mainly 

between the replicates for the lower concentrations. For instance, one replicate of the 

CV concentration of 10-11 mol L-1 shows zero digital counts, while the other two 

presents seven and five digital counts. This behavior exemplifies the low probability of 

the molecules to be adsorbed at the effective hot spots expected for the SM-SERS 

regime and the difficulty of the sampling process at low concentrations. 

Representative SERS spectra considered as digital counts obtained for 

different CV concentrations under the SM-SERS regime are shown in Figure 3.21a. 

For comparison, the blank and a reference spectrum (positive event at CV 

concentration of 10-6 mol L-1) are presented in Figure 3.21a. Firstly, the SERS band 

around 1618 cm-1 can be clearly distinguished from the blank spectrum for all the 

SERS spectra. Moreover, the SERS band is comparable with the reference spectrum, 

confirming that the observed SERS spectra under the SM-SERS regime arise from the 

probe molecule. It is worth to remark that although the blank spectrum (average noise 

level with n=147) shows a SERS band around 1618 cm-1, it presents an extremely low 

average intensity of approx. 500 cts. Therefore, since a threshold of 3 times the 

standard deviation of the blank measurement was considered to attribute the SERS 

intensities as digital counts, it is guaranteed that noise signals were attributed as zero 

counts.  

After attributing the SERS intensities as digital or zero counts (Figure 3.20), 

a digital calibration curve was obtained to correlate the total digital counts (i.e., the sum 

of all positive events) with each CV concentration under the SM-SERS regime. 

Therefore, a good linear correlation for the digital calibration curve was obtained in the 

range of 0.01–10 nmol L-1, as shown in Figure 3.21b. 
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Figure 3.21. (a) Representative SERS spectra of positive events obtained for CV 

concentrations under the SM-SERS regime. The reference spectrum corresponds to a positive 

event measured at 10-6 mol L-1 ( above the SM-SERS regime). The blank spectrum is the 

average of the three SERS mappings (49 points each, with 147 points in total). (b) Calibration 

curve of digital counts versus the CV concentration. 
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The applicability of the inkjet-printed SERS substrate was also tested 

towards the detection of the fungicide thiram. The sample preparation, SERS 

measurements, and methodology applied for the digital protocol analysis for thiram 

were carried out as previously described for CV. Figure 3.22 shows the SERS 

spectrum of 2 µL of 10-5 mol L-1 thiram dried on the SERS substrate, where the 

characteristics bands of thiram are observed and assigned as νst(CN), δ(CH3), and ρ(CH3) at 1497 cm-1, δ(CH3) at 1440 cm-1, δ(CH3) and νst(CN) at 1374 cm-1, νst(CN) 

and ρ(CH3) at 1141 cm-1, and νst(CH3N) and νst(C=S) at 939 cm-1.157,158 For thiram, the 

most intense SERS band around 1374 cm-1 was chosen for the subsequent SERS 

analysis. 

 

 
Figure 3.22. Representative SERS spectra of 2 µL of thiram 10-5 mol L-1 dried on the inkjet-

printed SERS substrate. The SERS spectrum was acquired with a 100x objective and 785 

laser line with a maximum power density of 21.89 kW cm-2, an acquisition time of 10 s, and 3 

accumulation. 

 

The histograms of the SERS intensity around 1374 cm-1 for thiram 

concentration from 10-6–10-12 mol L-1 are shown in Figure 3.23. It is observed a 

Gaussian-like distribution for 10-6 mol L-1 and a long-tailored distribution for the lower 
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concentrations. Therefore, the SM-SERS regime was defined for concentrations from 

10-11–10-7 mol L-1, and the digital counts were estimated for this concentration range. 

The distribution of the SERS intensity around 1374 cm-1 for each spectrum 

of the SERS mapping for the concentrations under the SM-SERS regime is shown in 

Figure 3.24a. As for CV, it is observed the clear trend of decreasing digital counts when 

the thiram concentration is decreased. For instance, the relative digital counts 

decrease from 86 to 5 % as the thiram concentration from 10-8 up to 10-11 mol L-1, while 

the relative zero counts increase from 14 to 95 % in the same concentration range. 

Therefore, the corresponding digital SERS mappings were constructed to 

correlate the digital and zero counts with the SERS mappings of each concentration 

under the SM-SERS regime, as shown in Figure 3.24b. Besides the decrease of the 

number of digital counts as the thiram concentration decreases, it is noticed the 

random distribution of the digital counts mainly of the thiram concentrations of 10-10 

and 10-11 mol L-1, as observed for CV. 

Representative SERS spectra of different points considered as digital 

counts obtained for different thiram concentrations under the SM-SERS regime are 

shown in Figure 3.25a. Besides the main SERS band around 1374 cm-1, another thiram 

band is also distinguished around 1497 cm-1, agreeing with the reference SERS 

spectrum of thiram (positive event at thiram concentration of 10-5 mol L-1). 

Nevertheless, the thiram signal is not so clear at 1440 cm-1 since it overlaps with a 

signal coming from the background, which is also observed in the blank spectrum 

(average noise level with n=147) (Figure 3.25a). The SERS band around 1444 cm-1 in 

the blank spectrum may be assigned to δ(CH2, CH3) of the CTAB molecules which 

stabilize the gold nanoparticles.159,160 
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Figure 3.23. Histogram of the intensity of the band of thiram around 1374 cm-1 for 

concentrations ranging from 10-6–10-11 mol L-1 measured on inkjet-printed SERS substrates 

after five printing cycles (n=147, step 4 x 4 μm). The black line indicates the average intensity 

of the band. SERS mappings (49 points each and step 4 x 4 μm, with 147 points in total) were 

acquired for each concentration with a 100x objective and 785 laser line with a maximum power 

density of 46.25 kW cm-2, an acquisition time of 3.5 s and 3 accumulation. 
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Figure 3.24. (a) Relationship between the intensity of the band of thiram around 1374 cm-1 

and each measurement point of the SERS mapping for the concentration under the SM-SERS 

regime. The red line indicates the threshold of 3 times the standard deviation of the blank 

measurement. The percentage values indicate the relative digital and zero counts respectively 

above (white zone) and below (yellow zone) the threshold. (b) Digital SERS mappings for the 

concentration of thiram under the SM-SERS regime. The black and white squares correspond 

to the digital and zero counts, respectively. For the digital count analysis, three SERS 

mappings (49 points each and step 4 x 4 μm, with 147 points in total) were acquired for each 

concentration and for the blank measurement with a 100x objective and 785 laser line with a 

maximum power density of 46.25 kW cm-2, an acquisition time of 3.5 s and 3 accumulation. 

The blank spectrum is the average of the three SERS mappings (49 points each and step 4 x 

4 μm, with 147 points in total). 
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Figure 3.25. (a) Representative SERS spectra of a positive event obtained at the indicated 

thiram concentration. The reference spectrum corresponds with a positive event measured at 

10 µmol L-1 (above the SM-SERS regime). (b) Calibration curve of digital counts versus the 

thiram concentration. 
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Thus, after plotting the corresponding digital SERS mappings (Figure 

3.24b), the digital calibration curve of the total digital counts was achieved with a good 

linear correlation for concentration from 10-11–10-7 mol L-1, as presented in Figure 

3.25b. Interestingly, a similar sensitivity*** is noticed for the digital calibration curves of 

both CV (Figure 3.21b) and thiram (Figure 3.25b). It is suggested that it indicates a 

similar performance of the sensor on the detection of molecules with distinct properties. 

Moreover, it seems to indicate the great reproducibility of the inkjet-printed substrate, 

mainly concerning that the inkjet-printing and the analysis of the substrates were 

performed on different days. 

Although the linear range of the digital calibration curve was achieved for 

the thiram concentration ranging from 10-11–10-7 mol L-1, it was possible to detect the 

molecule at the concentration of 10-12 mol L-1. Figure 3.26 shows the digital SERS 

mappings (Figure 3.26a) and the corresponding distribution of the SERS intensity 

around 1374 cm-1 for each spectrum of the SERS mappings (Figure 3.26b) obtained 

at the concentration of 10-12 mol L-1. 

The digital SERS mappings evidence a total of ten digital counts randomly 

distributed over the SERS mappings (Figure 3.26a). Moreover, Figure 3.26b shows 

that the relative digital counts for the concentration of 10-12 mol L-1 (7 %) are similar to 

the values found for the concentration of 10-10 (7 %) and 10-11 mol L-1 (5 %) (Figure 

3.24a). It demonstrates that although the sensor is able to detect the thiram 

concentration of 10-12 mol L-1, its response does not follow the linearity of the digital 

calibration curve, not being possible to quantify such concentration. 

The distribution of the SERS intensity around 1374 cm-1 also demonstrates 

that the ten digital counts exhibit heterogeneous SERS intensities ranging from 2,857 

up to 41,119 cts, where the digital count with the highest SERS intensity is highlighted 

in green (Figure 3.26b). It is interesting to notice that the highest SERS intensity 

observed for the concentration of 10-12 mol L-1 (green point, Figure 3.26b) is also the 

highest SERS intensity observed among all the thiram concentrations under the SM-

SERS regime (Figure 3.24a). The corresponding SERS spectrum of the digital count 

highlighted in green (Figure 3.26b) is shown in Figure 3.26c, where the SERS bands 

of thiram are discernible and confirm the detection of the molecule. This data evidences 

the SERS intensity fluctuation intrinsic to the low probability of the molecules to be 

 
*** The sensitivity is represented by the slope of the calibration curve. 
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adsorbed at effective hot spots at the SM-SERS regime. Therefore, it emphasizes the 

demand for using a quantification method approach such as the SERS digital protocol 

instead of the conventional method. 

 

 
Figure 3.26. SERS data of the application of the digital protocol for the concentration of 10-12 

mol L-1 of thiram. (a) Digital SERS mappings, where the black and white squares correspond 

to the digital counts and zero counts, respectively. (b) Relationship between the intensity of 

the band of thiram around 1374 cm-1 and each measurement point of the SERS mapping. The 

red line indicates the threshold of 3 times the standard deviation of the blank measurement. 

The percentage values indicate the relative digital and zero counts respectively above (white 

zone) and below (yellow zone) of the threshold. (c) SERS spectrum of the digital count that is 

highlighted as a green point in (b). For the digital count analysis, three SERS mappings (49 

points each and step 4 x 4 μm, with 147 points in total) were acquired with a 100x objective 

and 785 laser line with a maximum power density of 46.25 kW cm-2, an acquisition time of 3.5 

s and 3 accumulation. 
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The SERS spectrum in Figure 3.26c exhibits an inversion of the relative 

intensity between the bands around 1374 and 1497 cm-1 compared to the SERS 

spectra in Figures 3.22 and 3.25a. Small fluctuations in the position of SERS band 

around 1374 cm-1 and the appearance of new bands were also observed in some 

spectra of the molecule. It is believed that these features may arise from the formation 

of the dimethyl dithiocarbamate residues by the cleavage of the S–S bond when the 

molecule is adsorbed on the metallic nanoparticle surface.157,161 

The dimethyl dithiocarbamate residues can be adsorbed on the nanoparticle 

surface as mono- and bi-thiol forms, as demonstrated in Figure 3.27.161,162 The 

adsorption mechanisms of the dimethyl dithiocarbamate residues lead to the different 

spatial orientation of the residues, which may affect specific vibrational modes and 

gives rise to the SERS bands fluctuations. 

 

 
Figure 3.27. Adsorption mechanisms of dimethyl dithiocarbamate residues of thiram on a 

metallic surface. 

 

The cleavage of thiram into the dimethyl dithiocarbamate residues are 

mainly characterized by the intensity decrease of the νst(SS) mode (around 560 cm-1) 

and the enhancement of the νst(CN) mode (at 1497 cm-1) that does not appear in the 

Raman spectrum.157 Although some authors claim the predominant presence of the bi-

thiol form,157,161,162 the enhancement of the νst(C=S) mode (at 387 and 428 cm-1) in this 

work (Figure B.2, Appendix B) seems to indicate the additional presence of the 

monothiol form or even thiram molecules that did not suffer cleavage. A more detailed 

Raman and SERS characterizations of thiram are shown in Figure B.2 and Table B.1 

(Appendix B). 
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The SERS bands fluctuations for thiram on this work demands further 

investigation to better understand the thiram behavior on the metallic surface, 

concerning its cleavage into the dithiocarbamate residues as well as the influence of 

the spatial orientation of both molecule and residues on the metallic surface. 

Meanwhile, such discussion is beyond the scope of this work. 

Finally, the results of the quantification for thiram were compared to recently 

reported data in the literature, as shown in Table 3.1. Comparing the lowest quantified 

concentration of thiram (defined here as the lowest concentration of the linear range 

of the digital calibration curve), the as-prepared paper-based inkjet-printed substrate 

demonstrated excellent performance on the detection of thiram over SERS substrates 

obtained by different methodologies and using a variety of MNPs. Moreover, it is 

highlighted that the lowest concentration of thiram quantified of 10-11 mol L-1 is 

equivalent to 2.4 ppt and it is much lower than the thiram tolerance defined by EPA for 

fruits such as apple and peach (7 ppm) and strawberry (20 ppm).163 

 

Table 3.1. Comparison of the lowest quantified concentration of thiram achieved in this work 

and other works in literature. 

SERS Substrate 
The lowest quantified 

concentration of Thiram 
(mol L-1) 

Reference 

AuNP/paper strips 1.10-9 164 

Au@Ag NP/paper-based microfluidic 

substrate 
1.10-9 165 

AgNP/hydrophobic paper-based 

substrate 
1.10-9 130 

AgNP@Ag nanowire on 

polydimethylsiloxane substrate 
1.10-10 166 

AgNP/Cu foam 1.10-9 167 

Au nanorod-coated capillary 1.10-7 168 

AuSph/paper-based Inkjet-printed 

substrate 
1.10-11 This work 
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3.2.3.7 Design and Costs of the Inkjet-printed SERS substrate 

In summary, the inkjet-printed SERS substrate was designed with 253 

sensing spots in a surface-modified chromatographic paper sheet of 10 x 10 cm for the 

experiments reported in this work, as shown in Figure 3.28. Moreover, the proposed 

fabrication of the inkjet-printed SERS substrate proved to be a low-cost method for this 

purpose. Considering only the consumables, the AuSph-113 Ink has a cost of less than 

U$ 10.00 (or R$ 40.99) per 1 mL, which yields the printing of approx. 6,605 spots of 

the inkjet-printed SERS substrate. Regarding the production of the inkjet-printed SERS 

substrate, it costs less than U$ 2.00 (or R$ 7.87) per printed-modified paper sheet with 

253 spots, which leads to spots costing less than $ 0.01 (or R$ 0.03). 

 

 
Figure 3.28. Photograph of the SERS substrate inkjet-printed with AuSph-113 Ink and five 

printing cycles, and designed with 253 spots distributed in a surface-modified chromatographic 

paper sheet of 10 x 10 cm. 
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3.3 CONCLUSIONS 

In conclusion, the fabrication of a low-cost and facile inkjet-printed 

plasmonic paper-based SERS platform with high SERS efficiency is reported. The high 

SERS performance of the substrates relies on the great stability of a highly 

concentrated AuSph ink (over 1 year of storage) and the surface modification of the 

paper to render it hydrophobic allowing the concentration of the analyte upon 

evaporation. The great reproducibility of the SERS intensity between spots 

demonstrates the efficiency and robustness of the fabrication process. 

Moreover, the reproducibility data evidence the key role of the SERS 

mapping tool to achieve accurate and reproducible results, especially for inherent 

heterogeneous substrates such as the proposed inkjet-printed SERS substrate. The 

SERS mapping tool is particularly important for quantification purposes at the SM-

SERS regime, where the low probability of the molecules to be adsorbed at the 

effective hot spots difficulties the sampling process. 

The paper-based SERS platform was tested towards the detection of CV 

and the fungicide thiram. Applying a digital protocol for SERS analysis, an excellent 

linear correlation between the digital counts and the analyte concentration was 

obtained at the single-molecule SERS regime, and for both molecules, the lowest 

quantified level of 10-11 mol L-1 was reached. Moreover, a thiram concentration of 10-

12 mol L-1 was detected by the inkjet-printed SERS substrate. The excellent sensitivity 

performance of the inkjet-printed SERS substrate is reflected by the low sample 

volume needed (only 2 μL) concentrated in a small spot area (ca. 1.5 mm2). 

All the methodology employed in this work provided the fabrication of an 

ultralow-cost SERS substrate with a cost of less than U$ 2.00 per printed-modified 

paper sheet with 253 spots, which leads to spots costing less than $ 0.01 (considering 

only consumables). Considering these results, the inkjet-printed-SERS substrate 

proposed here demonstrates high potential for practical applications as well as for its 

use as a sensor for other analytes. 
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4 CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 
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This thesis aimed to meet the demand for developing high throughput, 

facile, and cost-effective SERS platforms with high sensitivity, reproducibility, and 

accurate analysis. For this, a complete set of strategies for the characterization of 

metallic nanoparticles (MNPs) and fabrication of a low-cost paper-based SERS 

platform was reported. The following, it is summarized the most relevant conclusions 

from the results in Chapter 2 and 3. 

In Chapter 2, the development of a microwave-assisted decomposition 

procedure coupled with plasma-based spectrometric techniques was reported for the 

gold quantification in gold and gold-silver core-shell nanoparticles with complex 

matrices and a high content of organic matter. This work emerged to fulfill the lack of 

research concerning the metal concentration characterization of MNP colloid in more 

complex systems.  

The microwave-assisted decomposition platform was initially developed for 

gold nanorod (AuNR) colloid. The high content of the surfactant CTAB showed itself to 

be a key challenge in the complete decomposition of the colloid by preventing the 

release of the Au3+ ions into the acidic solution, and the subsequent accurate gold 

quantification. To overcome this issue, several methodologies were tested and the 

parameters of sample volume, acidic mixture composition, and microwave program 

were extensively evaluated. The combination of a low sample volume (200 µL) with an 

acidic mixture of reverse aqua regia (1:3 v/v, HCl:HNO3), and sulfuric acid, and a 

powerful microwave program provided an accurate gold quantification in AuNR colloid 

by ICP OES and ICP-MS. The results showed that both AuNR-total and AuNR-res 

fractions present ca. 100 % of gold content, indicating a high yield for the AuNR 

synthesis. 

The application of the decomposition procedure was extended for gold 

nanospheres (AuSph) and gold-silver core-shell nanorods (Au@AgNR). The first also 

presents a high content of CTAB, while the latter presents high content of PVP in 

addition to the matrix with CTAB. The accurate gold quantification was successfully 

achieved by ICP-MS for both nanoparticle colloids, presenting a gold concentration 

recovery of ca. 100 % for both samples. The microwave-assisted decomposition 

platform demonstrated to be an effective and robust method for determinate the gold 

concentration in metallic nanoparticle colloid, presenting no interference of the high 

content of organic matter.  
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The proposed decomposition platform is an interesting strategy to be used 

as a characterization tool for both single- and multi-elemental nanoparticle colloids. 

Then, it opens the perspective of future works on different fronts. First, other essential 

parameters besides synthesis yield can be investigated using the platform, for 

example, stability over storage time and steps of separation and sampling of MNPs. 

Another perspective of future work is evaluating the applicability of the decomposition 

platform in metal quantification in MNP colloids with different stabilizers and matrices, 

for example, silver nanocubes stabilized in ethyleneglycol and the gold nanoparticle 

inks produced in this work. 

It was demonstrated that the proposed decomposition procedure is a 

powerful characterization tool to investigate multi-elemental nanoparticle colloids such 

as silver-gold core-shell nanoparticles. In this sense, the simultaneous quantification 

of the multi-elemental components of the nanoparticles can be achieved by improving 

the separation method of the colloid fractions. Therefore, the accurate composition of 

a multi-elemental nanoparticle can be provided, which is useful for synthesis 

optimization and evaluation of the synthesis yield for each step of the reaction. For 

instance, the yield of both core and shell growth can be estimated, or even the yield of 

a galvanic substitution for a silver-gold alloy nanoparticle, for example. In conjunction 

with specific separation methods to separate different nanoparticle morphologies, the 

strategy can also be used to evaluate the synthesis yield regarding the formation of 

the morphology desired and byproducts. 

In Chapter 3, the fabrication of an ultrasensitive plasmonic hydrophobic 

paper-based SERS platform by the inkjet printing method was reported. For this, 

AuSph inks consist of highly concentrated glycerol/ethanol dispersion of AuSph 

nanoparticles were synthesized. The AuSph inks exhibited excellent performance in 

the inkjet-printer, resulting in inkjet-printed spots with excellent definition, accuracy, 

and surface coverage. Moreover, the use of a hydrophobic chromatographic paper 

improved the sensing capabilities of the sensor by confining the analyte solution in the 

AuSph sensing platform as well as decreased the sample volume to just a few µl. 

The combination of the highest concentrated AuSph ink (113 mmol L-1 in 

terms of Au0) and five printing cycles gave rise to a SERS sensor with the greatest 

performance, overcoming the limitation of the hydrophobicity loss observed when more 

than five printing cycles were employed. Several parameters of the optimized SERS 
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sensor were evaluated. Among them, excellent spot-to-spot reproducibility was 

achieved even for AuSph spots from different inkjet-printed papers. The excellent 

reproducibility of the inkjet-printed SERS substrate was ensured by the high stability of 

the AuSph Ink over one year of storage and by using the SERS mapping tool. 

The SERS sensor showed high sensitivity in the detection of the probe 

molecule crystal violet and the fungicide thiram. By applying a digital protocol for SERS 

analysis, a good linear correlation between the digital counts (or positive events) and 

the analyte concentration was obtained at the single-molecule SERS regime. In both 

cases, the quantification region threshold was 10-11 M. The great sensitivity 

performance of the inkjet-printed SERS substrate is reflected by the low sample 

volume needed (only 2 μL). 

The great performance of the AuSph Ink and the inkjet-printed SERS 

substrates opens the perspective of future works. The application of the inkjet-printed 

SERS substrates could be explored in the detection of other analytes as well as 

exploring the simultaneous detection of several analytes. Regarding the fabrication of 

the sensor, other metallic nanoparticles with different morphologies and/or composition 

may be explored to obtain more efficient sensors. In this sense, an AuNR Ink could be 

evaluated since nanorods should provide higher SERS efficiency than AuSph, 

although their orientation on the substrate should be carefully studied. Another 

interesting strategy is exploring the use of highly size-controlled silver nanospheres 

and gold-silver core-shell nanospheres, to improve the SERS efficiency of the 

substrates. 

In summary, the initial purpose of fabricating a highly sensitive and low-cost 

plasmonic paper-based SERS platform by the inkjet printing method was successfully 

attained. Furthermore, a strategy as a characterization tool of metallic nanoparticles 

was presented by the development of a microwave-assisted platform. In this context, 

it is expected that the results reported in this thesis contribute to the development of 

new strategies for the SERS substrates platforms as well as new strategies for the 

characterization of metallic nanoparticles. 
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APPENDIX A  

 

SUPPLEMENTARY MATERIAL OF CHAPTER 2 

 

 

Table A.1. Volume of the digested samples used for the preparation of the final solution (10 

mL in deionized water) for the gold quantification by ICP OES and ICP-MS.  

Sample Technique Volume of sample for 10 mL 
of solution in deionized watera 

AuNR-total/AuNR-res ICP OES 2.0 mL 
ICP-MS 60.0 μL 

   
AuNR-sup ICP OES/ICP-MS 4.0 mL 

   
AuNR_Core ICP-MS 50.0 μL 

   
Au@AgNR ICP-MS 350.0 μL 

a Note that all digested samples were previously diluted up to 25 mL with ultrapure water 
after the microwave-assisted decomposition procedure. 



156 
 

Naiara Vieira Godoy 
 

 

Figure A.1. Histogram of the (a) diameter and (b) length of the AuNR. 
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Figure A.2. (a) TEM image and histograms of (b) diameter and (c) length of AuNR_Core. 
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Condition of the AuNR synthesis for the optimization of the centrifugation time 
shown in Figure 2.2a 

 

AuNR was synthesized via a seed-mediated growth method following the 

procedure reported by Xu et al.90 First, AuSeed nanoparticles were synthesized. In a 

round-bottom flask immersed in a water bath at 28 °C, 40.5 μL 1 % (w/v) HAuCl4 was 

added to 4 mL 0.1 mol L-1 CTAB under stirring. Then, 24 μL 0.1 mol L-1 NaBH4 was 

added to this solution. The stirring was stopped after 2 min and the colloid was aged 

at least for 2 h. 

The second step consists of AuNR growth. 50 mL 0.1 mol L-1 CTAB, 30 µL 

0.1 mol L-1 AgNO3, and 1.03 mL 24.28 mmol L-1 HAuCl4 were added in a round-bottom 

flask immersed in a water bath at 28 °C. Next, 163 μL 1 mol L-1 NaOH and 27.5 μL 30 

% H2O2 were added and the solution was stirred for 1 min 150 μL of the seed colloid 

was added and the stirring was maintained for 30 s. The stirring was stopped, and the 

solution was kept at 28 °C at least for 1.5 h. 
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Table A.2. Instrumental parameters and measurement conditions for the gold quantification 

by ICP OES and ICP-MS. 

ICP OES 
Instrumental parameters Measurements 

Spray chamber Cyclonic Plasma view Axial 

Nebulizer Meinhard® Line, λ (nm) 242.7 

Radiofrequency power (W) 1300 Replicates 3 

Nebulizer Ar flow-rate 

(L min-1) 
0.45   

Auxiliary Ar flow-rate 

(L min-1) 
0.5   

 
ICP-MS 
Instrumental parameters Measurements 

Spray chamber Cyclonic Scan mode Peak hoping 

Nebulizer Meinhard® Dwell time (s) 100 

Radiofrequency power (W) 1200 Delay time (ns) 60 

Nebulizer Ar flow-rate 

(L min-1) 
0.75 Sweeps 50 

Auxiliary Ar flow-rate 

(L min-1) 
1.0 Integration time (ms) 5000 

  m/z monitored 197Au+ 

  Replicates 5 
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Figure A.3. Calibration curves of intensity versus concentration of gold used for the gold 

quantification of AuNR fractions by (a) ICP OES and (b) ICP-MS, and (c) AuNR_Core, 

Au@AgNR and AuSph fractions by ICP-MS. 
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APPENDIX B  

 

SUPPLEMENTARY MATERIAL OF CHAPTER 3 

 

 

Determination of AuSeed volume for the AuSph growth 

The theoretical equation for the determination of AuSeed volume needed 

for the AuSph growth is based on works in the literature144,145 and it is described as 

follow: 

DFinal=DSeed ൦൬VAu+[Au+] VFinal൘ ൰ + ቀVSeed[Seed] VFinalൗ ቁVSeed[Seed] VFinalൗ ൪1 3ൗ                                                    (B.1) 

where DFinal is the final diameter of the AuSph, DSeed is the AuSeed diameter, VAu+ and [Au+] are respectively the volume and concentration of Au+ precursor (HAuCl4), VSeed 
and [Seed] are respectively the volume and concentration of AuSeed (in terms of Au0), 

and VFinal is the reaction volume. To calculate the AuSeed volume needed, the 

Equation (1) is rearranged into Equation (2): 

VSeed= DSeed3VAu+[Au+]DFinal3 − DSeed3[Seed]                                                                                                                    (B.2) 
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Figure B.1. Histogram of the diameter of (a) AuSeed, (b) AuSph-30 and (c) AuSph-113. 
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Determination of the nanoparticle concentration in AuSph Inks 

The nanoparticle concentration (nanoparticles L-1) in the AuSph Inks was 

determined according to Eq.(B.3): 

Nanoparticle concentration= 𝑀𝑚஺௨ [𝐴𝑢଴]ூ௡௞𝑚஺௨/ே௉                                                                           (B.3) 

where MmAu is the molar mass of Au, [Au0]Ink is the Au0 concentration of the AuSph 

ink, and mAu/NP is the mass of Au0 per nanoparticle, which is determined according to 

Eq.(B.4). 𝑚஺௨/ே௉= 𝑉௦௣௛௘௥௘ 𝑑஺௨                                                                                                                         (B.4) 

where Vsphere is the volume of a sphere and dAu is the density of gold (19.3 g cm3). Vsphere is calculated according to Eq.(B.5), where the average diameter of the 

nanosphere (Dsphere) is determined by TEM analysis. 𝑉௦௣௛௘௥௘=  43 π ൬𝐷௦௣௛௘௥௘2 ൰ଷ                                                                                                                   (B.5) 
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Figure B.2. Raman and SERS spectra of thiram. Raman spectrum of thiram (solid) was 

acquired with a 100x objective and 785 nm laser line with a maximum power density of 215.52 

kW cm-2, acquisition time 10 s, and 2 accumulations. The SERS spectrum of 2 µL thiram 10-5 

mol L-1 on an inkjet-printed spot with five printing cycles was acquired with a 100x objective 

and 785 laser line with a maximum power density of 21.89 kW cm-2, an acquisition time of 10 

s, and 3 accumulation. 
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Table B.1. Raman and SERS vibrational assignments of pristine thiram (solid) and aqueous 

solution (10-5 mol L-1) deposited on the inkjet-printed spot, respectively. 

Raman (cm-1) SERS (cm-1) Assignment157,158 

395 387 νst(CSS), δ((CH3)2N), νst(C=S) 
442 428 δ(CH3NC), νst(C=S) 
560 568 νst(SS) 
851 ̶ νst(CH3N) 

̶ 939 νst(CH3N), νst(C=S) 
976 ̶ νst(CH3N), νst(C=S) or νas(CSS) 

1147 1141 νst(CN), ρ(CH3) 

1373 1374 δ(CH3), νst(CN) 
1397 ̶ δas(CH3) 
1460 1440 δ(CH3) 

̶ 1497 νst(CN), δ(CH3), ρ(CH3) δ= deformation, νst = stretching, ρ= rocking 


