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Preface 
The present PhD Thesis summarizes my work at the Inorganic Nanoparticle Group of 
the Catalan Institute of Nanoscience and Nanotechnology (ICN2) carried out between 
the years 2012 and 2018. According to the decision of the PhD Commission, this thesis 
is presented as a compendium of publications. 
All publications are listed below in order of their appearance in the thesis: 

Publication 1. J. Piella, N.G. Bastús and V. Puntes, Size-Controlled Synthesis of 
Sub-10-nanometer Citrate-Stabilized Gold Nanoparticles and Related Optical 
Properties, Chemistry of Materials 2016, 28, 1066-1075. 
Publication 2. N.G. Bastús, F. Merkoçi, J. Piella and V. Puntes, Synthesis of Highly 
Monodisperse Citrate-Stabilized Silver Nanoparticles of up to 200 nm: Kinetic 
Control and Catalytic Properties, Chemistry of Materials 2014, 26, 2836-2846. 
Publication 3. N.G. Bastús, J. Piella and V. Puntes, Quantifying the Sensitivity of 
Multipolar (Dipolar, Quadrupolar, and Octapolar) Surface Plasmon Resonances in 
Silver Nanoparticles: The Effect of Size, Composition, and Surface Coating, 
Langmuir 2016, 32, 290-300. 
Publication 4. J. Piella, F. Merkoçi, A. Genç, J. Arbiol, N.G. Bastús and V. Puntes, 
Probing the surface reactivity of nanocrystals by the catalytic degradation of organic 
dyes: the effect of size, surface chemistry and composition, Journal of Materials 
Chemistry A 2017, 5,11917-11929. 
Publication 5. J. Piella, N. G. Bastús and V. Puntes, Size-Dependent Protein-
Nanoparticle Interactions in Citrate-Stabilized Gold Nanoparticles: The Emergence 
of the Protein Corona, Bioconjugate chemistry 2017, 28, 88-97. 

Each publication is preceded by a section that contains an introduction to the topic and a 
summary of the results. As the reader will notice, in these sections I give my opinion of 
some research directions and ideas that were not included in the publications because of 
their subjective nature. 
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The aim of this dissertation is to provide a framework for the design, synthesis, 
characterization and surface modification of colloidal gold and silver nanoparticles 
(NPs). The thesis consists on different chapters that, except of Chapter 1, include the 
corresponding published article in its original form. They are ordered following a logic 
sequence that starts by the synthesis of Au and Ag NPs, followed by the characterization 
of their optical and catalytic properties, and finally the exposure of the NPs to cell culture 
media. 

Chapter 1 is a general introduction to colloidal NPs that summarize some 
important aspects related to their synthesis, regulation, characterization and reactivity. 
The aim of this chapter is to provide and illustrative overview of current research 
directions and challenges in the use of these novel nanomaterials for various applications. 

Chapter 2 presents a seeded-growth based strategy for the aqueous synthesis of 
highly monodisperse colloids of spherical Au NPs with diameters below 10 nm. One 
advantage of the method is the use of sodium citrate as the main surfactant, which can 
be easily replaced by other molecules when surface functionalization is required The 
optimal synthetic conditions are described and discussed, in particular those that lead to 
the homogeneous formation of the particles: seed to precursor ratio, temperature and pH. 
The method overcomes traditional limitations in the size control syntheses of these NPs, 
usually restricted to diameters larger than 10 nm, and extends the available size-range 
from 3.5 nm up to 200 nm. The chapter includes the corresponding published articles 
Size-Controlled Synthesis of Sub-10-nanometer Citrate-Stabilized Gold Nanoparticles 
and Related Optical Properties (Publication 1) with a detailed characterization of the 
obtained samples.  

Chapter 3 is similar to Chapter 2 but for the case of Ag NPs. The method 
overcomes traditional limitations in the aqueous syntheses of Ag NPs that have 
frequently resulted in polydisperse samples with poor size control. The chapter includes 
the corresponding published article Synthesis of Highly Monodisperse Citrate-Stabilized 
Silver Nanoparticles of up to 200 nm: Kinetic Control and Catalytic Properties 
(Publication 2) with a detailed characterization of the obtained samples.  



Thesis Overview 

- 3 - 

Chapter 4 looks at the optical properties of the synthetized Au and Ag NPs in 
greater depth, with special emphasis on size-dependent effects. Thus, the evolution with 
size of the NP’s characteristic surface plasmon resonance is described in a detail not 
previously reported. Changes in the particle optical response due to surface modifications 
with different and commonly used surfactants is also described. The chapter includes the 
article Quantifying the Sensitivity of Multipolar (Dipolar, Quadrupolar, and Octapolar) 
Surface Plasmon Resonances in Silver Nanoparticles: The Effect of Size, Composition 
and Surface Coating (Publication 3). 

Chapter 5 is an extended study related to the effects of size and surface state on 
catalytic activity and reactivity of Au and Ag NPs. The chosen model reaction for the 
study is the catalytic reduction of 4-nitrophenol to 4-aminophenol, which can be easily 
monitored by UV-vis spectroscopy. The work is summarized in the article Probing the 
surface reactivity of nanocrystals by the catalytic degradation of organic dyes: the effect 
of size, surface chemistry and composition (Publication 4).  

Chapter 6 presents a detailed characterization of the process of protein corona 
formation on the surface of various Au NPs after exposure to serum proteins. The effect 
of the curvature radius on protein adsorption is discussed. Results are summarized in the 
article Size-Dependent Protein-Nanoparticle Interactions in Citrate-Stabilized Gold 
Nanoparticles: The Emergence of the Protein Corona (Publication 5). 

Finally, Appendix A highlights some important considerations when seeking 
reproducible and reliable results in the field of nanotechnology. It can be understood as 
the Materials and Methods section, with the main difference that it is presented as a 
general discussion relevant to all nanomaterials, including NPs. The reason is that each 
article presented in the thesis already contain a specific and dedicated Materials and 
Methods section. Moreover, it has been claimed that the reproducibility of research 
published in nanoscience journals is as low as 10-30 %, a worrying assertion for the long-
term credibility of scientific results. 
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Chapter 1: 
Introduction 

Nanoparticle research is a fascinating branch of science. Their strongly 
size-related properties offer innumerable opportunities for surprising 
discoveries. However, the same unprecedented behaviour that endows 
nanoparticles with their great potential for innovative technological 
applications, also poses great challenges for scientists. Some of these 
challenges are the design of highly controllable and reproducible 
syntheses and the development of precise characterization tools and 
handling protocols that may differ from those of conventional materials. 
In this chapter, some important aspects of nanoparticle research, mostly in 
the form of colloidal dispersions, are discussed to provide an illustrative 
overview of current research directions and challenges in this rapidly 
developing field. 
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1.1. The fascinating world of nanoparticle research 
The fascination with nanoparticle (NP) research is founded on the observation of unusual 
effects related to their small size, the so-called quantum size effects [1, 2]. Metal and 
semiconducting NPs just of a few nanometers in diameter, and thus with sizes 
somewhere between single atoms/molecules and bulk materials, show pronounced size- 
and shape- dependent electronic and optical properties. These properties stem from their 
hybrid electronic structure which contains aspects of both discrete energy levels as in 
atoms or molecules and the band structure seen in bulk matter. Although some of these 
phenomena have been applied in materials technology for several hundreds of years, 
their quantized nature was first recognized in the 1980s, in Ekimov-Efros’s description 
of the size-dependent electronic excitation of various semiconductors nanocrystals (CdS, 
CdSe, CuCl and CuBr), later termed quantum dots, and Louis Burs’s paper on electron-
electron and electron-hole interactions in small crystallites of CdS [3].  

Among the reported quantum-effects, one of the most spectacular is presented in 
NPs made of noble metals, such as Au and Ag NPs, which confers on the resultant 
colloids characteristic colours that have captivated scientists for centuries [4]. For 
instance, colloids of small spherical Au NPs are of a wine-red colour while those of Ag 
are yellow. These interesting optical features stem from their unique interaction with 
light at the nanoscale. In the presence of the oscillating electromagnetic field of the light, 
the free electrons of these metal NPs undergo collective oscillations with respect to the 
metal lattice. The peculiarity of Ag and Au NPs over their bulk counterparts is that this 
process is confined in a very small volume and the electron oscillations can be 
resonantly exited at a specific frequency of the visible spectrum, termed the localized 
surface plasmon resonance (LSPR) [5]. A momentary electric field is generated on the 
surface of the NP as a result of the oscillations, which can extend into a dielectric 
medium over nanometer length scale and hence gives rise to an enhancement of several 
orders of magnitude of the incident field under resonances conditions. As a result of 
these unique optical features, Au and Ag NPs have become the subject of substantial 
research, with an extensive range of applications including biological imaging, 
electronics, and materials science [5].  
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Another fascinating quantum-size effect of NPs was reported by Haruta in 1987 
[6]. When deposited on metal oxide supports, Au NPs smaller than 10 nm were found 
to be very effective in converting toxic carbon monoxide into carbon dioxide at room 
temperature. This is because at considerably smaller size regimes, i.e., below 10 nm, 
the metallic character of these NPs is substantially lost and they start to exhibit 
molecular-like transitions under ambient conditions. Consequently, in the form of NPs, 
materials apparently inert, such as noble metals, can serve as excellent catalysts for 
a variety of chemical reactions, including hydrogenation, CO oxidation, selective 
oxidation, and nucleophilic additions [7]. 

Furthermore, NPs are a particularly versatile class of materials. Their reactive 
surfaces and high surface to volume ratio offers a unique opportunity to conjugate 
ligands, such as oligonucleotides, proteins, and antibodies containing functional groups, 
for example, thiols, mercaptans, phosphines, and amines, which have demonstrated 
strong mutual affinity. The realization of such (bio)nanoconjugates, coupled with 
quantum size-effects (e.g. the LSPRs of Au NPs, the superparamagnetism of iron oxide 
NPs, and the enhanced heat transfer of metallic and semiconductor NPs, etc), are of 
special interest in medicine for a new generation of diagnostic and imaging agents and 
drugs to detect and treat various diseases [8, 9]. 

These and other recent observations of size effects, which now extends over a wide 
variety of NPs and applications, have opened up a new and exciting possibility to tailor 
the chemical and physical properties of a material without forcing scientists to 
necessarily develop completely new materials compositions. Variation of size, shape and 
assembly just does the job if they can be controlled in a rational way. Consequently, 
advanced synthesis routes that offer not only control over the composition, as typically 
required for traditional bulk syntheses, but also control of particle size, size distribution, 
shape and surface chemistry have become essential on the way to study and apply the 
size-dependent properties of nanomateirals. 
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1.2. Nanoparticles as reagents in chemical synthesis 
Colloidal NPs are self-assembled in solution by the nucleation and further growth of 
atomic or molecular precursors [10]. Thanks to recent advances in synthetic techniques, 
it is now possible to think about the control of almost any aspect of NPs: from chemistry 
to morphology, dispersion, atomic distribution and their physicochemical properties. The 
exceptionality of these new materials is reflected in singularities at the electromagnetic 
level, translated into optical, electrical, magnetic and catalytic advanced properties [8, 
11]. For example, by successively combining layers of nanometric thick magnetic 
materials with conductors without magnetism in the same NP, it is possible to achieve 
giant magnetoresistance [12].  

Preparation of NPs is neither the exclusive result of modern research nor is it 
restricted to man-made materials. NPs exist in nature and their use can be traced back to 
ancient times [13]. Simple examples of naturally occurring NP appear in natural 
processes of mineralization and include a large variety of inorganic compounds, such as 
novel metals (Ag reduced by humic acid), semiconductors (PbS resulting from oils and 
clay mixtures) and oxides (Fe3O4 in volcanos, which in turn catalyses the formation of 
carbon nanotubes during eruption) [14-16]. These natural NPs have a variety of 
morphologies and compositions due to different mechanisms of nucleation, growth and 
aggregation. Nanomaterials can also be found perfectly integrated into biological 
structures. For example, biogenic NPs occur naturally in many organisms ranging from 
bacteria to protozoa and to animals, playing a critical role in cellular adaptation and 
metabolism. One classical example of biogenic NPs, for instance, is the magnetosomes 
found in magnetotactic bacteria that live in the muddy bottoms of ponds and lakes [17]. 
Studies in auriferous soil have also shown that the resident microbiota can reduce Au 
and Ag salts and accumulate them in the form of NPs [18]. These and other examples of 
NPs from natural and biological origin can be found in the work of Banfield and Zhang 
[19].  

Engineered NPs differ from naturally occurring NPs in two main aspects (Figure 
1.1). First, their surface is protected with different molecules in such a way that they can  
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Figure 1.1. Differences between natural and engineered nanoparticles. A) TEM image of an 
aggregate composed by 3-5 nm iron oxide NPs found in red soils from Brazil. B, C) TEM images of 
6 and 10 nm iron oxide NPs synthesized in the laboratory. Scale bar is 10 nm. Partially adapted from 
[20].  

remain stable and individually dispersed for relatively long periods, in contrast to the 
large aggregates of NPs usually found in nature. Second, engineered NPs are highly 
monodisperse with a low degree of structural and morphological dispersity, what 
qualifies them to be considered somehow as molecular entities. These two characteristics 
were originally achieved in a small set of materials in the 19th and 20th centuries [21]. 
Thus, the first level of synthetic control acquired was the composition or nature of the 
NPs. Then, with the seminal work of Frens in 1973 [22], came size control (from 1980) 
[22-24] and shape control (from 2000) [25-28] leading to a second generation of NPs 
with a larger variety of morphologies. This second generation is fully assumed currently 
in the field of nanotechnology, with NPs having practically ad libitum size and a variety 
of shapes from spheres to rods, octahedrons, triangles, cubes and to the more recent 
hollow NPs, in which all the material is practically at the surface [29-33]. Finally, a third 
generation of NPs is emerging that includes a set of multicomponent hybrid structures 
composed of differentiated domains and functionalized surfaces [34] (Figure 1.2). 
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Figure 1.2. Different degrees of control achieved in the colloidal synthesis of nanoparticles. 
Representative TEM images of NPs (inorganic) produced by our group at the ICN2. Partially adapted 
from [34]. 

To achieve these high degrees of control is a great challenge and requires the 
mastering of a variety of synthetic strategies, some of which are still in a primary stage 
of development. Basically, the main breakthrough relies on utilizing the NPs as reagents 
and scaffolds, similar to those used historically in synthetic chemistry. With this change 
of paradigm, particles are no longer the product as they become the starting point for 
obtaining nanomaterials with increasing structural complexity and properties.  
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Figure 1.3. Recently developed strategies for the synthesis of complex nanoparticles by wet 
chemical routes. Most of the strategies consist on transforming previously synthesized NPs into 
more complex nanostructures. 

Among the different methods of preparing NPs, the chemical synthesis in a solution 
system is probably the most employed route, which has the intrinsic advantages of 
producing more uniform and stable samples compared to other synthetic approaches 
[35]. Currently existing strategies for increasing NP complexity in solution systems can 
be categorized as follow (Figure 1.3):  

(i) seed-mediated growth, used to control the size and shape of NPs by slow 
addition of precursors onto preformed NPs used as “seeds” [29, 31]; 

(ii) similarly, the combination of competing reducers to simultaneously adjust the 
generation of seeds and their subsequent growth in one-pot [31, 36, 37];  

(iii) the use of organic chemistry principles to functionalize NPs with biomolecules 
and generate NP-bioconjugates [38]; 

(iv) the use of cation exchange for controlling the chemical composition and 
crystalline phase of semiconductor nanocrystals [39]; 
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(v) the use of NPs as catalysers for the formation of hybrid nanomaterials via 
mineralization and growth of new materials on their surfaces [40];  

(vi) the use of NPs as building blocks, like LEGO bricks, and their self-assembly 
into larger superstructures [41];  

(vii) the pioneer combination of previously known galvanic corrosion and the 
kirkendall effect for the transformation of solid NPs into hollow 
nanostructures [33, 42]. 

These examples illustrate the adoption of hierarchical principles in the synthesis of 
NPs, wherein new functions and properties recursively emerge as additional layers of 
structural complexity are progressively incorporated into the NPs. For example, a 
combination of competing reducers and seeding-growth strategies has been successfully 
implemented in Chapters 2, 3 to synthesize spherical Au and Ag NPs with great control 
of particle size and size dispersity. This achievement has been used to describe some of 
the size-dependent properties of these NPs under unprecedented resolution (see 
Chapters 4-6). However, advancing the design of NPs with more complex architectures 
and functionalities is not exempt from additional challenges. Ultimately, the most useful 
particles may be the most difficult to define and regulate.  

1.3. Addressing the challenges in the adoption of engineered 
nanoparticles for emerging applications 
Engineered NPs have hold great promise for imparting novel material properties and 
advances in a large number of fields; from improved catalytic reactions in the automobile 
industry to diagnosis and treatment of diseases. It is curious then that although there are 
many proof-of-concepts studies in the research literature, the use of these materials in 
new applications still remains rather limited, even though advances in synthetic 
techniques have lead to low cost NP production. A major barrier against the adoption of 
NPs for emerging applications stem from the challenge of finding a proper description 
for a material that is highly susceptible to experiment physicochemical transformations 
and whose novel properties change with size, morphology and surface state, and strongly 
depend on the surrounding media [43]. This, in turn, informs the characterization 
challenge, as determination of any attribute of the NPs requires the development of 
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dedicated protocols rather than the adoption of standard methodologies [44]. This 
uncertainty in the definition and characterization of NPs has resulted in a waste of 
inventoried resources and created a number of regulatory issues that are expected to 
increase with the development of more complex nanomaterials (Figure 1.4).  

 
Figure 1.4. Publications addressing regulation of nanoparticles. (A) All publications identified 
by the Web of Science containing the search topic (nanoparticles AND nanocrystals) by year. (B) 
Additionally containing regulatory topics. 

A difficult question that must be solved before nanomaterial products can enter the 
mainstream market is how we define and thus regulate this category of materials. The 
EU defines an engineered NP as any intentionally produced particle that has a 
characteristic dimension from 1 to 100 nm and has properties that are not shared by non-
nanoscale particles of the same composition [45]. This encompasses a disparate group of 
materials, ranging from macro assemblies composed of highly monodisperse 
nanoparticles to polydisperse and poorly defined powders. Moreover, it is rather 
anecdotic to define a NP by its size when there are still inconsistencies in defining the 
size of a NP: crystalline size, hydrodynamic size, TEM size, etc (see Appendix A). Even 
in the optimal case of highly monodisperse spherical NPs, the amount of material present 
in a product or administrated to a patient may be dosed on the basis of surface area, mass 
or number count, each relevant depending on the application.  

Beyond size discussion, another important feature that distinguishes engineered 
NPs from other particulate matter is their degree of monodispersity. In this sense, when 
NPs are described as molecular entities or “artificial atoms” it is not only because of their 
reduced size and size/shape dependent properties, but also due to their high degree of 
monodispersity (as in the case of biological macromolecules and their structure-activity 
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relationship). Without entering into a discussion about the physical limit of 
monodispersity, i.e. which standard deviation threshold with respect to the mean size 
determines that a collection of NPs should be considered monodisperse, from a practical 
point of view, two NPs can be considered monodisperse if they respond undiscernibly to 
a determined test using current characterization techniques (such as electron 
microscopies, XRD diffraction, UV–vis spectroscopy, dynamic light scattering, BET 
surface analysis, etc). It is worth noting that in the field samples with size distributions 
equal to or below 10% have been traditionally considered as monodisperse. 

Last but not least, in order to provide an accurate description of the concept of NP, 
it is important to note again that once produced many of them are truly nanometric, but 
they tend to aggregate rapidly into micro- or macrometric particles, thus losing their 
nanoscale properties [46]. This fact has been undeservedly neglected in discussions about 
the regulation of nanomaterial. In the majority of applications, an engineered NP must 
be understood as a dense collection of atoms (core) that display different properties with 
respect to other formats of the same material together with a stabilization layer (inorganic 
or organic shell), which prevents its agglomeration or aggregation into something bigger. 

In this regard, it is obvious that regulatory challenges go beyond the definition that 
we use to describe NPs. There is a great deal of debate within the scientific community 
as to which definition is acceptable from a research or regulatory standpoint. Some argue 
that there should not be a one-size-fits-all definition used in regulation, rather an 
approach based on the appearance of novel size-dependent properties, which are mostly 
reported for well-dispersed particles below 30 nm [43]. Thus, new fundamental physics 
or theories beyond those encompassed by colloidal chemistry are restricted to a small set 
of NPs with atypical surface structure and reactivity. These NPs can enhance processes 
that would not be expected by larger particles of the same chemical composition and 
display a characteristic kinetic behaviour [47, 48]. However, for the same reason the 
unique kinetic behaviour of these NPs may be associated with potential nanotoxicity. In 
this regards, there is not yet a consensus regarding the potential hazards of NPs on 
organisms in natural environments, while the use of NPs in various scientific researchers 
and medical applications continues [49]. 
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Another important issue to consider when dealing with NPs is how they should be 
treated or disposed of as waste [50, 51]. There is currently abundant literature on this 
topic and a number of reviews have been published. For example, Bystrzejewska-
Piotrowska et al. [52] pointed out that any approach proposed for the treatment of 
nanowaste requires understanding of all the properties of the nanowaste (i.e. chemical, 
but also physical and biological). 

In conclusion, the regulatory challenges of NPs, including those of definition, 
reproducibility and characterization must be addressed in order to facilitate the 
introduction of these nanomaterials into the market, evaluate their potential toxicity and 
simplify regulatory labelling. This is particularly the case with upcoming complex 
multifunctional hybrid nanomaterials, whose development is currently based on the use 
of NPs as reagents, scaffolds and building blocks, which makes regulation even more 
challenging and necessary for the future of this promising technology. 

1.4. The reactivity of colloidal nanoparticles 
The development of functional colloidal NPs has increased exponentially over the past 
decades offering a toolbox for use in a wide range of applications, such as materials 
science, catalysis, biology and medicine [53]. This applicability relies principally on their 
unique electronic structure which results in novel properties. However, as the size of a 
particle is reduced and the percentage of atoms at the surface starts to be significant, its 
reactivity becomes increasingly altered. Thus, in very small particles (<30 nm), the low 
coordination of atoms at the surface can decrease the melting temperature, decrease 
oxidation potentials and increase the kinetics of some reactions [54, 55]. This is 
extremely useful, e.g. for catalysis applications allowing reactions at the active sites of 
their surfaces, but, at the same time, the high fraction of unsaturated atoms may also lead 
to some instabilities which can promote processes of material degradation such as 
corrosion and sintering [56]. Thus, boosting the applicability of NPs requires an 
understanding of how these materials react (evolve and behave) in the different media 
where they are introduced.  

NPs are thermodynamically unstable and quickly transform in order to reduce their 
excess surface energy, either growing via aggregative and sintering related processes, 
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dissolving in the form of ions or passivating their surfaces with adsorbed molecules [57, 
58]. This condition is particularly relevant in biological and medical systems where the 
effect of NPs, that is, their potential toxicity, biodistribution, and biocompatibility, as 
well as their fate in the environment, depend on the extent of these processes [59, 60]. 
Indeed, it has been proposed that the higher toxicity of unstable preparations of NPs may 
not be due to the material per se but to their rapid transformation in solution; e.g. 
aggregation into final micro- or macrometric sizes [60] and the leaching of toxic ionic 
species [61]. Given these effects, when conducting studies involving NPs for safety or 
medicine, as for many others, it is essential to understand the changes that take place 
with their insertion into different media and the way NPs are presented to that. This is 
one of the reasons that motivated the research described in last Chapter 6 of the present 
thesis. Along with this study, different aspects associated with the reactivity of NPs (size, 
chemical compositions, surface coating), are discussed. 

In general, the reactivity of a NP is a function of each part of its structure (Figure 
1.5). The core determines its physicochemical properties while the surface chemistry 
dictates the interfacial interactions with the surrounding medium. Thus, NPs with the 
same core material can interact distinctly depending on the nature of the molecules at 
their surface (sometimes referred to as surfactants, ligands, dispersants or stabilizing 
agents). Finally, it is important to consider the interactions between NPs in a colloidal 
solution. NPs are not isolated entities; on the contrary, they are in a constant Brownian 
movement which forces their collisions towards an aggregated state. 

1.4.1. Reactivity and morphology 
Core size plays a relevant role in the reactivity of NPs and the reasons are clear and easily 
defined. In bulk materials, surface atoms contribute only to a relatively small fraction 
(only a few per cent) of the total number of atoms, while in NPs all the atoms lay close 
to or at the surface [57, 58]. Besides, in NPs the curvature radii is so high that these atoms 
have lower coordination numbers and higher energy than bulk atoms and, as a result, 
structural changes (for example crystal lattice contractions or deformation, the 
appearance of defects or changes in morphology) occur to stabilize them. These unique 
nanoscale features affect the intrinsic properties and reactivity of the NPs. An example  
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Figure 1.5. Reactivity of colloidal inorganic nanoparticles. (A) The critical factors determining 
the reactivity of a NP are: 1) size, shape and composition of the inorganic core; 2) the type of 
stabilizing molecules, 3) including their terminal functional groups; and 4) the interaction with ions 
(electrical double layer) and other molecules in solutions, as well as, with 5) other NPs. (B) Due to 
the high surface energy of NPs, they are susceptible to different degradation processes when exposed 
to reactive media.  

is the size-dependent thermal properties of nanocrystals: the melting point of Au NPs 
decreases as their diameter decreases from 20 to 2 nm, with an exponential drop for sizes 
below 5 nm [54]. The normalized heat fusion behaves in a similar way, whereas it is 
assumed to be constant in classical thermodynamics. This is attributed to an increase 
fraction of lattice defects and irregularities in the crystalline structure of these NPs. 

Other considerations in regard to the size of NPs are not necessarily related to 
unique nanoscale properties (intrinsic properties) but typically results from their small 
size (extrinsic properties). Thus, considering a colloidal solution of NPs with a fixed 
mass, as the particle size decreases 10 times, the particle concentration increases by a 
factor of 1000 (Figure 1.6). A larger number of smaller NPs results in a larger total 
surface area, and hence the reactivity of the system increases [62, 63]. This enhancement 
of reactivity, which can be either beneficial or disadvantageous depending on the 
intended use of NPs, has been a source of controversy when studying, e.g., the toxicity 
of NPs as a function of their size; attributing the higher toxicity of small NPs to a 
nanoscale effect instead of attributing it to a mere consequence of increasing the total 
surface area of the system. 
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Figure 1.6. Core and surface atoms distribution in spherical gold nanoparticles. (A) Atomic 
distribution in icosahedral Au NPs of 1-4 nm in diameter.(B) Particle number, left, and total particle 
surface area, right, for a colloidal solution containing 1 g/L of Au. Partially adapted from [57]. 

Similar considerations apply to the shape of NPs. As explained above, NP 
reactivity is directly associated with surface atoms, whose number and degree of 
coordination is determined not only by particle size but also by the distribution of atoms 
within the surface (Figure 1.7). Atoms in flat surfaces, which have a higher degree of 
coordination than spheres, have a lower reactivity compared to the atoms on vertices and 
edges present in the anisotropic shapes. Moreover, anisotropic shapes expose different 
crystal faces. In fact, shape control is usually achieved by the selective interaction of 
surfactant molecules with a particular crystallographic facet, preventing it from growth 
in this direction [64].  

Due to these size- and shape- effects, NPs have been extensively investigated for 
their implications in catalysis [7]. Especially interesting is the case of Au NPs, which, 
although considered chemically inert, have been found to be a very effective catalyst for 
sizes below 5 nm for CO oxidation. Rather than to the exact number of atoms at the 
surface, this improved catalytic activity is attributed to the number of edges and corners 
and the exposure of certain crystallographic planes as particle size decreases [65]. Size 
and shape also have important implications in the surface functionalization of NPs. The  
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Figure 1.7. Core and surface atoms distribution in gold nanoparticles with different shapes. 
(A) Atomic distribution in Au NPs with different geometries. Rod particles have a cubic section with 
a long length 10 times larger than the short length and disk particles have a diameter 10 times larger 
than their thickness. Adapted from [57]. 

surface curvature affects the structure (e.g. secondary structure of peptides) and 
organization of molecules attached at the particle surface [66], with packaging densities 
significantly lower for small NPs than for their larger counterparts [67]. The strength of 
the chemical bond is also affected by the surface curvature and exposed crystalline faces. 
As a consequence, the stability of this adlayer, and that of the NPs, is modified for small 
NPs [68]. 

1.4.2. Degradation, corrosion and dissolution 
Another important consequence of size- and shape- effects, high surface-to-volume 
ration and low atomic surface coordination of NPs is their constant exposure to 
degradation processes, which chemically transforms them and/or reduces them to their 
constituents, either by chemical reactions with the surrounding media or simply because 
these are thermodynamically/kinetically favourable.  

In this context, it is well-known that some NPs can dissolve in certain dispersing 
media, either by oxidative and non-oxidative pathways. This is the case for Ag, zinc 
oxide, iron oxide or cerium dioxide NPs among others [69-71]. The extent of dissolution 
depends on the crystal solubility within a given environment, the concentration gradient 
between the particle and the solution, the specific surface area, the presence of organic 
matter and the aggregation state. Thus, it is intuitive that for a given mass the dissolution 
kinetics is proportional to specific surface area, with faster dissolution predicted for small 
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NPs than for larger NPs. This ability to control the kinetics of the dissolution process is 
of special interest in applications and/or therapies where controlled delivery of ions is 
required, such as in the production of biogas in anaerobic digesters [71]. What is often 
ignored in the case of NPs is that from a thermodynamic point of view, the crystal 
solubility constant becomes size dependent and may differ from that obtained for bulk 
materials with the same composition, particularly for those NPs smaller than 20-30 nm 
[43]. As a consequence, they can dissolve in saturating conditions. This phenomenon is 
referred to as the Gibbs–Thomson effect and in NPs it manifests as Ostwald ripening, 
where NPs spontaneously dissolve and recrystallize in solution because of concentration 
gradients of reacting species. The result is a change in the average size, size distribution 
and morphology of the NPs with time [59].  

Corrosion is another ubiquitous characteristic of NPs, in particular for those 
composed by metals, in which the metallic core is converted into its ionic state or oxide 
form by electrochemical surface reactions [72]. NPs are especially vulnerable to 
corrosion and oxidative environments because of the higher energy and chemical 
instability of surface atoms. Thus, when exposed to different environments, corrosion 
changes the properties of the NPs, for instance, by transforming a magnetic conductor 
material (magnetite) to magnetic insulator (maghemite) or non-magnetic insulator 
(hemathite), where the reactivity and properties of the conducting and non-conducting 
materials significantly differ [73]. In the case of Ag NPs, they are often mistakenly 
considered as noble metals while in most biological environments they are probably a 
mixture of pure silver at the core of the NPs surrounded by an oxide layer present at the 
surface [74]. In some conditions, where the oxidized products are soluble, corrosion may 
leads to complete dissolution of the original NPs [70, 75]. This is especially relevant, not 
only on the metabolization and expulsion of NPs from the body when used in 
nanomedicine, but also to their regulation; if NPs are persistent, they should be regulated 
as a device, such as implants, whereas if they are metabolized and expulsed, they should 
be regulated as a drug. 

1.4.3. Toxicity and ion release 
The importance of the chemical stability of metal and metal oxide NPs on their integrity 
and toxicity in vitro has been demonstrated recently [76]. Chemical unstable NPs and 
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nanostructured implants that oxidize and dissolve in biological media release ions that 
may be toxic for the organism. In this regard, NPs that show a higher solubility in cellular 
growth media, such as ZnO, CdSe and Ag NPs, are those that tend to also present the 
strongest toxicity, e.g. to mammalian cells, when compared with NPs with lower 
solubility, such as TiO2 and Au NPs [77-79]. In other cases, the oxidation reaction during 
corrosion can be toxic in itself, modifying the redox biochemistry activity of the 
surrounding biological media and leading to an oxidative stress both in vivo and in vitro 
[80].   

The increased production of NPs, their use in nanomedicine and their possible 
environmental impact have certainly contributed in the assessment of degradation and 
persistency of these materials. But even when the chemical composition and the size-
effects and the surrounding medium of the NPs are considered, there are other factors 
that determine the chemical stability and reactivity of NPs. Several studies have shown 
how the encapsulation of NPs in micelles or their functionalization with self-assembled 
monolayers (SAM) of molecules can prevent their corrosion. Thus, apart from the 
composition and morphology of the core material, the surface coating (intended or 
unintended) cannot be ignored when assessing the reactivity of NPs. 

1.4.4. Reactivity and surface chemistry 
Once synthesized, NPs have to be stabilized. As mentioned previously, atoms at the 
surface of a NP are quite unsettled: they do not benefit from the protection of the highly 
co-ordinated atoms in the bulk nor do they dispose the high mobility of small molecular 
species to dissipate energy. The only way that NPs have to reduce the excess of surface 
energy is through chemical reactions, resulting in fast degradation processes, or via 
particle aggregation, which reduces the available surface area at the expenses of the 
nanoscale physicochemical properties. Therefore, control of the surface state of NPs is 
needed for their efficient use in reactive environments (different from synthesis 
environments), such as the biological ones. This is commonly achieved through addition 
of different molecules that attach on the NP surface and reduce the surface energy. 
Conjugation, initially used to passivate and stabilize NPs, can also be used as an interface 
for functionalization, providing the chemical and biological moieties that will determine 
the behaviour and fate of the NPs, e.g. inside the body, by promoting or avoiding 
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opsonisation.[81, 82] Thus, the requirements for NP surface modifications are: (i) 
controlled colloidal stability (aggregation, sedimentation and stickiness) [70, 83]; (ii) 
controlled interaction with the surrounding medium (protein coating, absence of 
inmunogenity, targeting, etc) [82, 84, 85]; and (iii) controlled chemical reactivity 
(integrity and persistency in the working environment) [70, 86]. These requirements have 
to be accomplished simultaneously since different processes can happen at the same 
time, and there might be competition between them. In fact, it is commonly observed 
that NPs become unstable in biological media and that they corrode while aggregating 
and being coated by proteins, with the resulting material having a large tendency to 
precipitate [87]. 

Coatings used for NPs may not be persistent and can be metabolized, exposing the 
inorganic core. Employed coating molecules usually bind to the NP surface by their 
reactive (terminal) groups, such as thiols, amines and carboxylic groups, with different 
and specific affinities. As a consequence, it is necessary to be aware of the surfactant 
exchange possibilities: If the media is rich in new species that bind more strongly than 
those already present at the NP surface, a ligand exchange process can take place. This 
is the case of Au NPs coated with amines or carboxilic acids that are further exposed to 
thiol molecules [88]. In fact, it has even been observed that Au NPs coated with thiol 
molecules may undergo a ligand exchange process if other thiols are present in solution 
at similar or higher concentrations [89]. Other studies have shown that the surface 
coating can be weathered either by exposition to oxygen-rich environments or by 
ultraviolet (UV) irradiation [78, 90], which leads to nonreversible aggregation of the 
NPs. In more sophisticated situations, as in the case of alloys presenting different types 
of surface atoms, the different metals may spontaneously segregate forming a core-shell 
structure depending on the coating molecules (atoms with lower surface tension migrates 
outwards [91]). These examples illustrate the importance of the surface coating in the 
structure and ultimate behaviour of NPs, even when they exhibit the same core. 

1.4.5. Protein corona 
Surface coating modifications are not always intended. One interesting case is the 
modification of NP surfaces when exposed to biological fluids and their non-specific 
binding to media proteins [92] (Figure 1.8). This process, known as NP's protein corona 
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(PC), is one of the most significant surface alterations and may, in turn, strongly 
influence the biocompatibility and biodistribution of the NPs. As early as 2004, it was 
reported that the presence of proteins in physiological media affected the entry and 
intracellular localization of NPs in cells, and thus modulated their potential biological 
effects and toxicity [93]. Later on, the formation of a PC on top of the NP surface was 
observed to control biodistribution, uptake and biological response, transforming them 
from innocuous to toxic, or vice versa. Indeed, once the PC is formed, it is this that the 
cell actually “sees”, rather than the NP surface [94]. 

 
Figure 1.8. Effect of proteins on the colloidal stability of nanoparticles dispersed in biological 
media. Extinction spectra of Au NPs of 10 nm dispersed in water (black), DMEM (blue) and DMEM 
supplemented with fetal bovine serum (red). In the absence of proteins, Au NPs aggregate due to the 
high ionic strength of most biological media which screen the electrostatic repulsion between 
particles. This aggregation process is known to damp and broaden the characteristic extinction peak 
of the Au NPs (A). Conversely, in the presence of proteins, particles remain stable and the extinction 
peak is preserved (B). 

The formation of the PC is a dynamic process governed by the Vroman effect: a 
competitive time-dependent adsorption of a complex mixture of proteins (as serum) by 
a finite number of surface sites [95]. Thus, the highest mobility and abundant proteins 
arrive first and are later (it may take several hours) replaced by less mobile proteins with 
a higher affinity for the surface. Therefore, after exposition to cell culture media, the PC 
of the NPs evolves in a time-dependent manner from a soft corona, a transient 
agglomeration of proteins on the NP surface, to a hard corona, a stable and permanent 
protein coating [92, 96]. This evolution is dependent on the serum as well as on NP size 
and surface chemistry and must be considered when assessing NP-biological interactions 
[92, 96-98]. For example, when NPs are intravenously injected they may take hours to 
reach the target site, by which time a fully hard corona has already formed on the surface, 



Chapter 1: Introduction 

- 24 - 

whereas direct injection may present the NPs into the target site with the corona still in 
the soft form, which may have different effects. 

The increasing number of publications relating to PC formation, which includes 
the study of different materials such as Au [92, 96],  Ag, Fe2O3, CoO, CeO2 [99], FePt 
and CdSe/ZnS [100] and the biological implications of the process highlights the 
increasing interest on the topic (see Chapter 6). In this regard, it is important to note that 
the formation of the PC adds a new layer of complexity to NPs and their characterization. 
Even in the simple case of well-dispersed spherical NPs, they are composed of at least 
three different layers: the inorganic core, the engineered surface coating and the corona 
of adsorbed biological molecules. A fourth layer could even be added if considering the 
local environment (temperature, pH, ion concentration) around the NP [101].  Because 
each of these components may have different fates and degrade individually, some 
authors claim that NPs should no longer be considered as homogeneous entities but 
complex heterostructures [102]. From this perspective, previous considerations about the 
characterization and reactivity of NPs should be drastically reviewed. 

1.4.6. Reactivity and aggregation  
Finally, it is important to consider the interaction between NPs in colloidal solutions and 
their effect on the final reactivity of the NPs. Full utilization of physico-chemical 
properties of NPs require well-dispersed individual particles in non-physical contact. 
Therefore, a significant effort has been made to obtain isolated NPs over long periods of 
time, which is usually achieved by conjugating the surface with different molecules that 
provide either electrostatic repulsion, e.g. allowing the formation of a double electrical 
layer of inorganic ions around the NPs, or steric stabilization, e.g.th9e conjugation of 
large organic or biological molecules [103]. In fact, this is one of the critical differences 
between synthetized and previously existing NPs, since natural and un-intentional 
occurring NPs tend to be in the form of aggregates. 

There are several factors that cause the aggregation of colloidal NPs, for instance, 
the initial concentration of NPs, their chemical nature and the ionic strength of the 
medium [103], The degree of aggregation has relevant consequences on the final 
behaviour of the nanometric material. For example, TiO2NPs used for sunscreens are 
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usually composed of large agglomerates of micrometric domains [58]. Although these 
agglomerates are still effective sun blockers, the optical properties and light absorption 
of the constituent NPs are less efficient than when individually dispersed. Similarly, the 
optical properties of noble metal NPs are also affected by the aggregation state. Thus, 
when Au NPs aggregates their surface plasmon resonance is strongly attenuated and the 
peak position red-shifts. As a consequence, the colloidal solution changes its colour from 
red to purple. This feature has allowed the use of Au NPs as sensors, such as in the 
colorimetric detection of single-straded oligonucleotides targets by using DNA-
functionalized Au NPs probes [104]. 

However, despite few exceptions, aggregation is an unwanted process if it cannot 
be controlled in a rational way, because not only are the properties of the NPs strongly 
deteriorated but they also usually present a higher toxicity. Indeed, aggregation is one of 
the main sources of controversy in the assessment of toxicity, safety and the therapeutic 
use of NPs, with different observed effects for similar NPs, ranging from acute toxicity 
to beneficial results [105]. At the source of these discrepancies, is the diversity of the 
materials employed in the different studies, which are presented under the same name. 
For instance, most research regarding NP toxicity has been performed with commercially 
available samples supplied in dry aggregated form. These are different materials from 
those produced by wet chemistry routes in specialized laboratories, where the NPs are 
always kept isolated and well dispersed. Additionally, most NPs are prone to aggregation 
when dispersed into buffers and biological fluids, such as complete cell culture medium 
or serum, due to the high ionic strength and corrosive effect of these mediums [92]. For 
example, He et al. [106] showed how intratracheal instilled CeO2 NPs into Wistar rats 
aggregated and formed sediments in the bronchoalveolar medium. Consequently, the 
actual objects that cells encounter may behave very differently from that initially 
designed and produced. 

Functionalized NPs follow a similar fate unless coated with large highly mobile 
molecules that provide steric repulsion and control NP interaction. Thus, preincubation 
of NPs in the serum or functionalization of NPs with PVP or PEG molecules has been a 
traditional way to produce colloidally stable NPs in physiological media. It is important 
to note that molecules such as PEG can be absorbed on the surface of the NP in a flat or 
radial configuration, and it is only in the latter case that they stabilized the NPs against 
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aggregation [107]. Neither does the presence of proteins in solution that can adsorb in 
the surface of the NPs ensure their stability. The competition between aggregation 
induced by high ionic concentration and stabilization by protein absorption is well 
correlated to the relative amounts of both (ions and proteins) in the media and the kinetics 
of the processes [96, 107]. Thus, if NPs are added to the protein solution, there is always 
an excess of proteins that ensures that all NP surface can be passivated without the need 
for sharing proteins, which therefore aggregation is avoided. However, if proteins are 
added to a NP solution, in a very short times, there are few proteins and many NPs trying 
to absorb them, resulting in large protein-NP aggregates. 

1.5. Future perspectives 
There is growing recognition in the research community of the challenges presented by 
NPs, i.e. their definition, reproducible synthesis and efficient and safe use. To face these 
challenges interdisciplinary integration is of paramount importance. Applications of 
nanotechnologically designed objects still suffer from gaps between the different 
disciplines, particularly those destined for biological applications. On the one hand, 
chemists, physicists and engineers create new advanced materials of sophisticated 
functionality on a daily basis, but their understanding of biology is usually limited. As a 
results, they use precisely engineered NPs while ignoring key biological facts, e.g., that 
reagents used in the synthesis may be present in the final solution and must therefore be 
biocompatible to truly determine NP effects. On the other hand, in biological contexts, 
the effects of NPs on cells are typically investigated with relatively undefined samples 
with large polydispersity, limited colloidal stability, unknown surface chemistry, and 
large aggregate size. In these cases it is not always possible to determine the cause of the 
deleterious effect of the NPs. For this reason, appropriate and adapted protocols for the 
synthesis and characterization of NPs along with studies on the factors that determine 
their reactivity and chemical stability in different media is needed, otherwise conclusions 
will be weak. 
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Chapter 2: 
Synthesis of metal nanoparticles with 

controllable sizes I: The case of gold 
Gold has fascinated alchemists and later chemists for centuries. It is not 
then a coincidence that the synthesis of gold nanoparticles (Au NPs) has a 
long history, probably longer than any other NP synthesis. From the 
seminal work of Faraday in 1857, to the citrate method developed by 
Turkevich in 1951 and the more recent seeded growth techniques, the 
synthesis of Au NPs has advanced to such an extent that nowadays it is 
possible to obtain Au NPs with a large variety of sizes and shapes. 
However, size control of Au NPs smaller than 10 nm in diameter still 
represents a difficult challenge, mainly because the seeded growth 
approach has been traditionally difficult to apply to NPs with such small 
sizes. In this chapter, and related publication, the synthesis of sub-10 nm 
Au NPs by a seeded growth strategy is presented. The method has the 
advantage of being done in water and resulting in biocompatible and 
functionalizable Au NPs stabilized by citrate.  
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2.1. An introduction to the synthesis of gold nanoparticles 
Metal nanoparticles (metal NPs) have attracted the interest of scientists for many years. 
In particular, Au NPs have been intensively studied because of their size- and shape-
dependent physicochemical properties, which are of enormous interest for basic research, 
with applications in photonics, catalysis, electronics, and biomedicine [1]. Indeed, more 
than 100,000 publications have appeared on Au NPs to date and there are already several 
companies that commercialize them [2]. Accordingly to the knowledge acquired so far, 
to harvest the novel properties and high performance of NPs, a uniform size distribution 
is required [3]. Consequently, over the past decades, much effort has been conducted into 
developing strategies and techniques for synthetizing highly monodisperse Au NPs with 
controlled size and shape.  

From a scientific point of view, the first step forward the controlled synthesis of 
Au NPs was pioneered by Michael Faraday in 1857, when he observed that the reduction 
of an aqueous solution of chloroaurate (AuCl4– ) using phosphorus in carbon disulfide 
produced a pure form of deep-red-coloured gold, termed sol at that time (the 
word colloid was coined from the French word colle by Graham in 1861 and thus it was 
nonexistent at the time of Faradayʼs work) [4]. This is considered one of the major step 
in the development of nanotechnology. Following Faraday, much progresses in the 
rational preparation of Au NPs was achieved in the second half of the last century 
(Scheme 2.1). The invention of the electron microscope in 1931, which overcame the 
limitations of optical microscopes and enabled size and shape of NPs to be directly 
characterized, and the increasing interest of the petrochemical industry for the 
development of more efficient catalysts were probably the main reasons for the larger 
number of reported methods. Thus, the first breakthrough came 100 years after Faraday’s 
seminal work, in 1957, with Turkevich’s citrate method [5], and the later revision by 
Frens in 1973 [6]. The importance of these works is reflected in the fact that, more than 
60 years later, the Turkevich method is still widely used by the scientific community for 
producing aqueous colloids of Au NPs. This was followed in 1981 by Schmid’s group, 
who introduced the concept of Au quantum dots after synthesizing Au55-phosphine 
cluster [7]. Then, in 1993, Mulvaney and Giersing developed a thiolate based synthesis 
[8] and, in 1994, Brust-Schiffrin published their widely used biphasic method to produce  
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Scheme 2.1. Main breakthroughs in the modern history of gold nanoparticle synthesis.  
thiolate stabilized Au NPs [9]. In 1998, Natan and co-workers developed the seeded 
growth strategy for size control [10] and finally, in 2001, Murphy introduced the 
synthesis of Au nanorods after growing anysotropically spherical Au NPs  and initiated 
the research into shape control [11]. Most of the synthetic strategies used currently in the 
synthesis of Au NPs and other nanostructures are sophistications of these pioneering 
methods, which now extend to a large variety of materials, including metals, metal oxides 
and alloys. 

As illustrated by the above mentioned works, Au NPs are usually prepared in 
colloidal form in an aqueous or non-aqueous solution where a dissolved gold precursor 
(typically a gold salt) is chemically reduced to gold atoms (Figure 2.1). Due to the low 
solubility of gold atoms, they aggregate in form of small clusters that subsequently grow 
into NPs. This process is often performed in the presence of a stabilizing agent, which 

 
Figure 2.1. Colloidal synthesis of gold nanoparticles. Schematic representation of the wet chemical 
reduction method. Red/yellow spheres represent the NPs/precursor. Partially adapted from [3]. 
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provides repulsive forces via an electrostatic stabilization (such as citrate ions) or a steric 
stabilization (as for polymers such as PVP) of the resultant NPs. The choice of the 
reducing agent, reaction time and capping material is determinant of the final 
morphology of the Au NPs, as well as, of their stability and potential biological, catalytic 
and optical features.  

2.2. Size control and the seeded growth strategy 
The basic idea for the formation of monodisperse NPs in solution was introduced by 
LaMer and his collages back to the 1950s [12, 13] (Figure 2.2). According to the model 
of LaMer, the preparation of highly uniform NPs requires, in succession, a sudden 
increase in supersaturation and a short burst nucleation of small clusters (nuclei) that fast 
depletes the monomer from the solution and prevents additional nucleation during the 
subsequent growth of these nuclei into the final. Otherwise, if nucleation persists 
throughout the particle-formation process, the growth histories of the NPs will differ 
greatly from one to another, and consequently the final size distribution will extend to a 
wide range. Thus, the model of LaMer interpreted for the synthesis of monodisperse NPs 
is a concept of separating nucleation and growth [3, 14-16]. Additionally, as stated by 
Reiss in 1951 [17], if the growth process only depends on the diffusion rates, smaller 
NPs will then grow faster in the presence of larger NPs, resulting in a self-regulating 
mechanism called “size focusing effect”. In the case of Au NPs, this description has been 
overtaken by other more sophisticated models that are able to better predict the number 
of NPs, size and size distribution [18-20]. For example, an intermediate aggregative step, 
where the early formed highly reactive Au NPs aggregate and coalesce upon collision, 
has been recently used to explain the tendency of many Au NPs to show multiple twined 
crystalline structures (Figure 2.2B). Despite these limitations, the principles introduced 
by LaMer and Reiss are still vivid in most Au NP syntheses, rationalizing conventional 
approaches for kinetically controlling particle size, i.e. extending or restricting the 
growth process by adjusting the strength of the reducer and the flux of monomer supply.  

Inspired by the principles of nucleation and particle growth of LaMer, Natan and 
co-workers first patented a seeded growth strategy in 1998 which led to an unprecedented 
control of Au NP size [10, 21, 22] and overcame most limitations of previous methods 
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Figure 2.2. Gold nanoparticle formation process. (A) Nucleation-growth model of LaMer. Au 
atoms generated by chemical reduction (I) are essentially insoluble in liquid and, therefore, gradually 
aggregate in clusters called nuclei (II). The number and size of the nuclei depends on many 
parameters in the precipitation reaction, including the concentration and redox potential of the 
reactants, temperature and the nature and concentration of the surfactants. The formation of these 
nuclei results in a fast depletion of metal atoms from the solution below a critical concentration. At 
this stage no new nuclei are formed but the diffusion of atoms onto them may continue, a process 
known as growth by diffusion, forming the final NPs (III). Reiss[17] deduced that if the diffusional 
growth is only dependent on the monomer flux, smaller NPs will then grow faster in the presence of 
larger NPs, leading to a size focusing (narrowing of size distribution). (B) Model including growth 
by coalescence proposed by Polte [20]. The early formed nuclei are thermodynamically stable but 
not colloidal stable, thus they coalescence into larger clusters (seed nanoparticles), which already 
have stable sizes and consists of some hundreds of atoms.  

(e.g. the increasing polydispersity of large particles obtained by the one-pot method of 
Frens [6]). In their experiments, Au NPs between 20-100 nm were prepared by adding 
pre-synthesized Au NPs used as seed into a growth solution containing a gold salt 
(HAuCl4) and a mild reducing agent, such as hydroxylamine. In the absence of seed 
particles, the gold salt was not reduced, but when present in solution the reduction 
reaction was catalysed on the particle surface resulting in the possibility of growing them. 
As the growth step was separated from the nucleation step, the number of particles and 
the amount of precursor in solution could be easily adjusted in such a way that the system 
was maintained at relatively low supersaturated conditions and a homogeneous particle 
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growth was promoted.  This work was improved by other groups, including Murphy’s 
group [23], Han’s group [24] and Liz-Marzan’s group [25], who obtained highly 
monodisperse spherical Au NPs of various diameters by using ascorbic acid as a mild 
reducing agent and CTAB as a stabilizer. These groups also noticed that in the presence 
of external agents such as specific surfactants and ions, Au NPs could grow 
anysotropically [11]. For example, the presence of iodine ions adsorbs on gold seeds to 
suppress the growth along the Au(111) directions, leading to the formation of Au{111}-
faced triangular nanoprisms [26]. However, as more sophisticated methods were 
developed for improved control of particle size and shape, the need for using CTAB 
and/or other toxic surfactants and reagents for a homogeneous growth of the Au NPs 
restricted their potential applications compared with those initially synthesized by 
Turkevich and Frens, where non-toxic reagents were employed (citrate, tetrachloraureate 
and water). As a consequence, over the last decade many research groups started looking 
back and revisiting Turkevich's synthesis.  

2.3. The “classical” citrate reduction method 
When it comes to the synthesis of Au NPs, probably the most convenient and widely 
used method is the so-called citrate route, which was introduced by Turkevich in 1951 
and later improved by Frens in 1973 [5, 6]. The synthesis is done in water and involves 
a reduction of a gold salt (HAuCl4) by citrate ions, which acts as both a stabilizer and 
reducing agent. The resultant dispersion exhibits a characteristic ruby red colour due to 
the presence of spherical and narrowly dispersed Au NPs of 15-20 nm in diameter. The 
main advantage of this protocol is the formation of colloidal stable Au NPs that are 
biocompatible (no toxic reagents, solvents nor surfactants are employed). Additionally, 
the use of a citrate as a capping agent is very convenient due to its easy post-synthesis 
treatment since it can be replaced by other capping agents bearing an appropriate 
functionality to the NPs.  

Recently, several research groups revisited the Turkevich-Frens method in order to 
promote the convenient use of citrate-stabilized Au NPs. Indeed, it is amazing that more 
than 50 years after the publication of the work of Turkevich, still new mechanistic aspects 
of this reaction are revealed. In particular, the mechanism of Au3+ reduction by citrate 
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ions were examined in detail by these groups [27-36], which includes the formation of 
intermediate species [28], their pH dependence [31-33], and the effect of temperature 
[34], citrate to Au precursor ratio [32, 35] and the sequence of reagents addition [37] on 
the final particles size. On this basis, narrowly dispersed Au NPs with sizes ranging from 
10 to 40 nm were synthesized by systematically varying these parameters.  

Nevertheless, a major advance was probably achieved by our group in 2011. After 
the control of some reaction parameters, including temperature, solution pH, Au 
precursor to seed particle concentration, and citrate concentration, Bastús et al. [38] were 
able to obtain Au NPs from 10 to 200 nm in diameter by a kinetically controlled step-
by-step seeded growth process without the need of additional reducing and stabilizing 
agents apart from citrate, thus merging the citrate method with the seeded-growth 
approach. Thanks to this and other similar works [39], it is now possible to synthesize 
biocompatible and functionalizable citrate stabilized Au NPs from 10 nm up to any 
desired size with a high degree of monodispersity without giving up biocompatibility 
and surface accessibility (Figure 2.3).  

 
Figure 2.3. Citrate-capped Au NPs with diameters from 10 to 200 nm obtained using seeded 
growth strategies in water. On the bottom-right there is the corresponding extinction spectra of the 
obtained colloids together with representative images. Adapted from [38] and [39]. 
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2.4. Limitations in the synthesis of sub-10 nm gold nanoparticles  
One of major limitations of citrate based syntheses of Au NPs is that the size is down 
limited to 10 nm, since the weak reducing power of the citrate is not able to create the 
supersaturation conditions needed for the formation of a large number of small NPs. 
However, sub-10 nm Au NPs with tuneable surfaces are appealing materials. In this 
regime, the percentage of surface atoms starts taking over bulk atoms, and their atomic 
coordination at the surface decreases, increasing their catalytic properties and resulting 
in large variations in the particles responses and reactivity (i.e., plasmon shifts, corrosion, 
dissolution and stability) [30, 40]. Furthermore, these Au NPs are especially attractive 
for biomedical applications and nanomedicine since many body barriers fall in the sub-
10-nm regime therefore determining NP biodistribution, accumulation in tissues, 
excretion, and interaction with proteins.[41, 42] As a result much effort was focused in 
the production of biocompatible sub-10 nm Au NPs. 

Our group conducted a remarkable revision of the citrate method for the production 
of very small sizes (less than 10 nm) [37]. This revision involved modification of the 
order of addition of the reagents, the so called reverse addition [37, 43], which is carried 
out by fast injecting a concentrated solution of gold precursor to a boiling solution of 
citrate. The strategy takes advantage of the thermal decomposition of the citrate to the 
more reactive dicarboxiacetone that faster reduce the gold precursor, thereby producing 
a higher degree of supersaturation in solution that results in a larger number of smaller 
NPs. However, it offers a very limited size control. As a consequence, the synthesis of 
small Au NPs was based on using (i) an excess of a strong reducing agent, i.e. sodium 
borohydride, in the presence of (ii) strong capping agent, i.e. phosphines, that typically 
arrests a limited amount of reactant in micelles and quench further particle growth. Size-
control is then achieved via thermodynamic and stoichiometric means by controlling the 
type and concentration of the strong capping agents, which, in turns, have been 
commonly reported to be toxic when internalized by organisms. In this context, the 
question was how to obtain reproducible control over particle size distribution in the 
small size regime similar to that obtained by Bastús et al. for large NPs, that is without 
restricting surface accessibility and biocompatibility.  
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The article presented in this chapter, “Size-controlled Synthesis of Sub-10 nm Gold 
Nanoparticles and Related Optical Properties”, describes a kinetically controlled seeded 
growth protocol for the production of aqueous colloidal dispersions of Au NPs in the 
sub-10 nm range [44]. The main advance of the protocol lies in the combined use of two 
reducing agents, traces of a strong one (tannic acid) and an excess of a weak one (citrate), 
that enables a decrease in the initial size of the Au NPs from 10 nm down to 3.5 nm. 
Further step-by-step growth of these particles is achieved by subsequent injections of 
gold precursor while adjusting the reaction conditions to avoid new nucleation and 
ensure a homogeneous growth. As a result, highly monodisperse Au NPs with nanometre 
size resolution between 3.5 and 10 nm are obtained, although there is no reason why 
larger sizes could not be easily produced by increasing the number of growing steps. The 
unprecedented size resolution offered by this protocol represents a step forward in the 
synthesis of small Au NPs and it is of particular importance in the study of the size 
dependent optical and catalytic properties of these NPs.  

2.5. Results: Size-controlled synthesis of sub-10 nm gold 
nanoparticles 
An interesting approach to overcome the drawbacks in the citrate synthesis of small Au 
NPs is the use of a second stronger reducer in conjunction with citrate to promote a faster 
reduction of the gold ions and thus a higher degree of supersaturation during nucleation. 
The result is a larger number of smaller NPs. To our knowledge, and despite the 
numerous studies highlighting the importance of kinetically controlling the growth of 
NPs, our group pioneered the exploration of the differential reducing performance of two 
competing agents. The first paper was published in respect to the synthesis of Pt 
nanocrystals in organic solvents [45]. The results confirmed that it is possible to precisely 
accelerate the reduction of a fraction of the precursor molecules at a desired moment 
during the nucleation-growth process and to obtain particles of smaller sizes. 

2.5.1. Tannic acid as an additional reducing agent in the synthesis of Au seeds 
Among different strong reducers, such as NaBH4 or ascorbic acid, we found tannic acid 
(TA), a plant derived polyphenolic compound, to be a particularly interesting candidate 
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for the synthesis of Au NPs [46, 47]. TA was first successfully used in conjunction with 
citrate in the preparation of Au NPs by Mühlpford in 1981 and later by Slot and Geuze 
in 1985 [48]. The main advantage relies on its biocompatibility. Indeed, tannin derivate 
molecules have been widely studied for their antioxidant, antimutagenic and 
anticancarciogenic properties among other attributes [46]. The reducing properties of 
these molecules drive from the numerous phenolic groups in their structure that take part 
in the redox reaction by forming quinone and donating electrons. The donated electrons 
then reduce metal ions to form corresponding metal NPs (Scheme 2.2).  

 
Scheme 2.2. Mechanism of tannic acid based reduction of metal salts. The phenolic groups in the 
TA are oxidized to quinones with the subsequent reduction of the metal ions. Adapted from [46]. 

Initially, the effect of TA in the synthesis of Au NPs was tested under different 
conditions of pH, temperature and TA concentration while the concentration of gold 
precursor and sodium citrate (SC) were maintained constant at values commonly used in 
similar methods (Figure 2.4). The addition of traces of TA resulted in an overall decrease 
in particle size. For example, when the concentration of TA was increased from 0.167 to 
167 µM a controlled reduction of the diameter of the Au NPs from 10 to 3.3 nm was 
achieved. This trend can be rationalized as follows: the fast reduction of a fraction of 
Au3+ by TA induces an initial burst nucleation of small particles which decrease the Au3+ 

concentration below the nucleation limit, leaving the remaining fraction available for the 
particle growth. In this growth stage, citrate acts as both a stabilizer and a weak reducing 
agent. Following this idea, the fraction of the Au+3 reduced by TA determines the number 
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Figure 2.4. Effect of tannic acid, temperature and pH on the synthesis of gold nanoparticles. In 
a typical synthesis, an aqueous solution of HAuCl4 (1 mL, 25 mM) was injected into a stirred solution 
of milli-Q-water (150 mL) containing a mixture of SC (2.2 mM) and TA (1.67 µM). (A-B) 
Representative TEM images and corresponding extinction spectra of Au NPs synthesized using SC 
(100 ºC, blue line), TA (100 ºC, black line) or a combination of SC and TA (70 ºC, red line). (C) 
Evaluation of the effect of TA. (D) Evaluation of the effect of reaction temperature. (E) Evaluation 
of the effect of reaction pH. The reaction pH was adjusted with citric acid and K2CO3. Depending on 
the reaction conditions, it took from few seconds (high TA concentration) to a couple of days 
(temperature 4 ºC) for the solution to turn first purple and then red. (*) Bars in the graphs are 
indicative of the sample polydispersity expressed in standard deviation of mean particle size.  
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of Au NPs in a matter of seconds, and these are then grown by the citrate in the reaction 
mixture, which slowly reduces the remaining Au+3 catalysed on the particle surface in a 
matter of few minutes. As a result, the number and size of the Au NPs is determined by 
the relative ratio of both reducers. An analogous idea can be applied to the size evolution 
that was observed after systematic increase in the reaction temperature. High 
temperatures favours nucleation over growth of the NPs and thus the particle size 
decrease. In contrast, slight variations in the solution pH resulted in critical effects on the 
size, shape and polydispersity of the Au NPs. It is well known that pH determines the 
hydrolysis of gold species in solution and the protonation/deprotonation state of citrate 
ions, which in turn affect the reaction mechanism and stability of the system [32]. In 
summary, these results confirmed the suitability of using competing reducing to properly 
balance nucleation and growth of Au NPs by adjusting the amount of the weak and strong 
reducers. 

2.5.2. Is the size of 3.5 nm a down limit for citrate-stabilized Au NPs? 
Interestingly, the smallest Au NPs obtained with highly monodisperse size distributions 
were around 3.5 nm in diameter. This is more or less in the same range as the smallest 
Au NPs reported using other protocols, where strong reducers are used, such as NaBH4, 
and citrate acts purely as a stabilizer. The reasons for this size limit is something not fully 
understood but we believe that it may be related to colloidal stability rather than to 
thermodynamic or kinetic issues. An interesting discussion on this issue can be found in 
the recent work of Polte et al. [20] Thus, citrate molecules are probably unable to prevent 
high concentrated Au NPs from aggregation and coalescence when these are smaller than 
3 nm due to their greater reactivity and the weak interaction of the citrate with gold 
surfaces. As a consequence, there is a point at which increasing the nucleation rate of the 
reaction, either by increasing the concentration of TA in solution or the temperature, is 
not accompanied by an effective reduction in particle size but by an increase in sample 
polydispersity; mainly because the high concentration of formed nuclei and the total 
depletion of monomer in solution favours particle growth via aggregative and 
coalescence pathways rather than growth by monomer diffusion. In this sense, we believe 
3.5 nm to be a universal small size limit in the synthesis of Au NPs stabilized by citrate, 
at least, at the most commonly working Au concentrations (0.1-1 mM). 
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2.5.3. Growth of gold nanoparticle from 3.5 to 10 nm with nanometric size 
resolution 
With the aim of acquiring further control on the size of the Au NPs in the small size 
regime, including size resolution, a step by step seeded growth process was developed. 
As discussed previously, the main advantage of this strategy is that the growth of the 
NPs is separated from the nucleation process and can be adjusted accordingly. The 
chosen Au NPs used as initial seeds were of 3.5 nm in diameter, synthesized at 70 ºC in 
an electron substeichiometric amount of TA with respect to the Au precursor, thus 
ensuring the total consumption of the TA before the end of the reaction. Successive 
injections of the Au precursor to the seed particles were then performed as depicted in 
Figure 2.5.   

 
Figure 2.5. Seeded growth synthesis of gold nanoparticles. (A) Scheme of the synthetic protocol. 
(B) TEM images of seed Au NPs, top-left, and those obtained after each injection. The particle size 
increased from 3.6.8 ± 0.4 nm to 13.1.4 ± 1.1 nm, and the particle concentration decreased from ∼7.0 
× 1013 to ∼4.5 × 1012 NPs/mL. Experimental procedure is described in more detail in Publication 1. 
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In order to ensure a homogeneous growth the following kinetic parameters were 
adjusted: 1) only sodium citrate (weak reducer) was added during subsequent growing 
steps; 2) the reaction temperature was maintained at 70 ºC, low enough to avoid new 
nucleation in the absence of TA; 3) Au precursor was added in successive and small 
quantities to avoid a high supersaturation degree of monomer in solution, which could 
cause new nucleation; and 4) a dilution step of the reaction mixture was performed after 
every two injections of the gold precursor to progressively reduce the number of NPs in 
solution and maintain a steady growth. This dilution step was also used to prevent an 
increase in solution’s ionic strength after several gold precursor and citrate additions, 
which would compromise colloidal stability. Finally, it is worth noting that at the 
described conditions the solution remained at pH 5-7, a value that properly balance Au 
NP stability and Au precursor reactivity [31]. Representative TEM images of the Au NPs 
are shown in Figure 2.5B, proving a homogenous growth with nm size resolution.  

2.6. Additional research 
The size control described previously is particularly interesting in studies on the size-
dependent properties of small Au NPs. Some of these studies were performed and the 
results collected as part of various publications that are discussed in the thesis 
(Publications 1, 3-5). For example, the controlled growth of Au NPs was used to 
describe some size dependencies in the localized surface plasmon resonance (LSPR) of 
these NPs measured by UV-vis spectroscopy (Figure 2.6). LSPRs are of special 
relevance in many applications of Au NPs, including photonics, photocatalysis, chemical 
and biological sensing and Raman scattering detection. Because LSPRs are strongly 
dependent on the morphology and surrounding environment of the NPs, they can be 
additionally used to assess the state of the NPs in colloidal solutions. A detailed 
description of the LSPR of the synthetized Au NPs can be found in the related 
Publication 1. Theoretical aspects of the LSPRs can also be found in Chapter 4. 

Other experiments were conducted with the aim of assessing the possibility of 
performing the synthesis of small Au NPs at room temperature. This is of crucial 
importance: the development of protocols able to be done under truly green conditions, 
which not only consists of using biocompatible reagents but also under sustainable 
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Figure 2.6. Optical properties of sub-10 nm gold nanoparticles. (A) Extinction spectra normalized 
at 400 nm of the synthesized Au NPs showing well defined LSPR bands. (B) LSPR peak position 
before and after particle functionalization with a self-assembled monolayer of 11-
mercaptoundecanoic acid (MUA). Higher sensitivity of small Au NPs towards surface modifications 
was traduced in larger shifts in the position of the LSPR peak (right column of table B). 

energy consumption, is a prerequisite for the extensive production and use of NPs. In 
this regard, the synthetic conditions were optimized for the production of small Au NPs 
at room temperature in one-pot (Figure 2.7). Preservation of the high quality of the Au 
NPs and narrowness of the size distribution is evidenced in the superlattice self-assembly 
formed once the Au NPs were deposited on a TEM grid (Figure 2.7A, B). It is worth 
pointing that the diameter of the particles (5 nm) was slightly larger than that obtained at 
70 ºC (3.5 nm) for equal concentration of TA. 

Phenol based molecules other than TA were also tested for the synthesis. Gallic 
acid (GA) and pyrogallol (PG) were chosen as model molecules for being the structural 
units of TA and generally of many polyphenols. The absence of relevant differences in 
the size and size distribution of the Au NPs (Figure 2.7C, D) as well as in the kinetics 
of the formation process (Figure 2.7E), and thus the option of choosing the strong 
reducer, was attributed the result of the compensative effect by the SC, which stabilizes 
the particles and allows for a full conversion of the gold precursor. Therefore, there is 
apparently no reason why this protocol could not be extended to other polyphenol based 
molecules, or even other reducers, independently on their structure as far as the reducing 
power is satisfied. Indeed, we successfully reproduced the synthesis by using commercial 
tea leaves.  

Figure 2.7F evidences the slow formation of the Au NPs at room temperature, 
which took more than 2 h under detailed conditions. To our knowledge, the synthesis of  
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Figure 2.7. Synthesis of gold nanoparticles at room temperature. In a typical synthesis, an 
aqueous solution of HAuCl4 (1 mL, 25 mM) was injected into a stirred solution of mili-Q water (150 
mL) containing a mixture of SC (2.2 mM), TA (1.67 µM) and K2CO3 (1 mM). (A, B) Representative 
TEM images of the Au NPs after being conjugated with MUA for a proper deposition on the TEM 
grid. The formation of supperlattices is indicative of a high degree of monodispersity. Au NPs 
obtained using (C) GA (16.7 µM) and (D) PG (16.7 µM) instead of TA. (E) Time-dependent LSPR 
peak intensity during the reaction and (F) time-dependent extinction spectra at intervals of 2 min. 

such small Au NPs (5 nm) in such large reaction times (>1 h) has not been previously 
reported. As an illustrative example, in the classical Turkevich method, the solution takes 
approximately 10 min. to turn read and the resultant Au NPs are significantly larger and 
polydisperse (10-15 nm). The reason of these observations is that the number of NPs is 
already determined at the very beginning of the reaction by the fraction of gold precursor 
reduced by the strong reducer and, therefore, the final particle size is not dependent of 
the time needed to consume the remaining Au precursor by the weak reducer. A slow 
reaction is of special importance for two main reasons: 1) it allows an easy in-situ 
monitoring of the reaction and thus provides deeper insights into the mechanism of 
particle formation and 2) a slow reaction is easy scalable since mass gradients during 
initial mixing of the precursors are avoided. These two points, as well as the nanometric 
step-by-step growth of the Au NPs at room temperature, are currently the subject of 
ongoing research. 
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Finally, characterization of Au NPs of such small sizes entailed some additional 
and unexpected challenges. Figure 2.8 shows the tendency of the small Au NPs to sinter 
and merge when exposed to the electron beam of a TEM microscope. Interestingly, this 
was strongly dependent on the size of the Au NPs, affecting to a larger extent the particles 
with smaller sizes compared with the larger ones, giving insights into the size-dependent 
melting temperature of this material at the nanoscale. This is also being investigated in 
more detail.  

 
Figure 2.8. Sintering of gold nanoparticles. (A) Evolution of 5 nm Au NPs deposited on a carbon 
coated TEM grid after exposure to a microscope electron beam (JEOL 1010 operating at 80 kV). (B) 
Representative TEM image of a region with a dense concentration (multilayer) of Au NPs after 10 
min under the electron beam. (C) Representative TEM images of Au NPs of different diameters 
before and after exposure to the electron beam. The small Au NPs were synthetized following the 
protocol herein described while the large Au NPs were synthetized using Bastús’ protocol [38]. 

2.7. Conclusions 
In this chapter a synthetic strategy for the production of sub-10 nm Au NPs in water has 
been presented. Resultant particles are highly monodisperse, biocompatible and easily 
functionalizable. Furthermore, the size control achieved by optimizing some key 
parameters of the reaction represents a step forwards in the study of the size dependent 
properties of these NPs. Ongoing research is being done in this direction.  
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Table S1. Different pH. 

TA 2.5 mM 
(mL) Temperature K2CO3 150 

mM (mL) 
pH before 
gold injection 

pH after    
gold injection 

Reaction time 
(min.) 

Size ± SD 
(nm) 

0.1 100 °C 0 3.0 3.0 <1 30.5±5.0** 
0.1 100 °C 0 4.1 4.0 <1 11.0±1.4** 
0.1 100 °C 0 5.3 5.0 <1 5.6±1.6 
0.1 100 °C 0 6.3 5.9 <1 5.1±1.3 
0.1 100 °C 0 8.0 7.0 <1 3.8±0.9 
0.1 100 °C 1 10.3 8.2 <1 3.5±0.7* 
0.1 100 °C 5 11.0 10.3 5 7.0±1.4 
0.1 100 °C 10 11.2 11.0 30 68±20.0 
*Chosen as optimal conditions. ** Anisotropic shapes. 

 Table S2. Different TA concentrations. 
TA 2.5 mM 
(mL) Temperature K2CO3 150 

mM (mL) 
pH before 
gold injection 

pH after     
gold injection 

Reaction time 
(min.) 

Size ± SD 
(nm) 

0.001 100 °C 1 10.2 8.3 6 9.1±1.0 
0.01 100 °C 1 10.4 8.3 <1 5.0±0.7 
0.1 100 °C 1 10.3 8.2 <1 3.5±0.7* 
1 100 °C 1 10.3 7.8 <1 3.4±1.1 
10 100 °C 1 10.7 8.0 <1 3.3±2.0 
*Chosen as optimal conditions 

 
 

2. Synthesis of seeds Au NPs 
2.1 Tested conditions presented in Figure 1 of the main manuscript 
Conditions tested for the nucleation of Au NPs presented in Figure 1 of the main manuscript. In 
all cases 1 mL of HAuCl4 (25 mM), was injected into a reducing solution containing: 
(i)   150 mL of SC (2.2 mM) at 100 ºC.  
(ii)  150 mL of water and 0.1 mL of TA (2.5 mM) at 100 ºC. 
(iii) 150 mL of SC (2.2 mM) and 0.1 mL of TA (2.5 mM) at 70 ºC.  
In the last two cases, the pH of the solution was additionally adjusted with 1 mL of potassium 
carbonate (K2CO3, 150 mM) to ensure the solution remained at slightly alkaline values. The 
combined use of the two reducers resulted in a largely smaller Au NP' sizes compared to that 
obtained when they were used separately. 
 
2.2 Tested conditions presented in Figure 2 of the main manuscript 
Conditions tested for the nucleation of Au NPs presented in Figure 2 of the main manuscript. In 
all cases 1 mL of HAuCl4 (25 mM), was injected into a 150 mL of reducing solution containing 
sodium citrate (2.2 mM) while varying the TA concentration, pH or temperature. The pH was 
adjusted with citric acid for acidic solutions or with K2CO3 for alkaline solutions. Note that two 
pH values are presented in the tables below, one corresponding to the pH of the reducing 
solution previously to the gold precursor addition and another corresponding to the reaction 
mixture, after addition of the gold precursor. This last value is the one shown in the manuscript. 
Table S1. Different pH. 
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3.2 Theoretical calculations 
NP concentration in the initial seed solution was calculated experimentally from the size 
distribution measured by TEM, assuming that all the gold precursor injected is consumed during 
the reaction (confirmed by ICP-MS measurements) and the particles are spherical in shape 
(confirmed by TEM characterization). The procedure is then reduced to Equation 2: 

ݏ݀݁݁ݏ[ܲܰ] = ݏ݀݁݁ݏ[ݑܣ] · ܹܯ
ഥܸܰܲ·ߩ    Equation 2 

തܸܰܲ = ∑ ܸ݊
݊   Equation 3 

Where [Au] is the concentration of gold added to the solution, MW and ߩ are the molecular weight 
(197 g/mol) and density (19.32 g/L) of gold, and തܸܰܲ  the average NP volume (n=1803 NPs counted).
The concentration of each generation of Au NPs was qualitatively predicted from (i) the previous 
calculated concentration of the initial seed solution and (ii) the dilution factor applied in each 
growth step, assuming that no new nucleation neither aggregation took place during the growth 
process (Table S4). 
On the other hand, expected NP diameter was estimated from the previous NP concentration and 
gold precursor injected (Table S4). Good correlation between the expected and the experimental 
obtained Au NP diameter validate the previous assumed considerations. This approach was 
successfully applied for the determination of the concentration of Au and Ag NPs grown by similar 
seeded-growth strategies.1,2 
 
Table S4. Theoretical calculations 

Inj. Particles concentration  Gold concentration  Expected Diameter  
Seeds  [NP]seeds= ~7·1013NPs/mL [Au]seeds=0.167mM 3.6 ± 0.4 nm (exp.) 

1 [ܰܲ]1
= ݏ݀݁݁ݏ[ܲܰ] ൬ 95150൰ 4.4·1013 

1[ݑܣ]
= ݁݁ݏ[ݑܣ] 95

150 +
12.5
150  0.19 4

ߨ3 ൬
݀1
2 ൰

3
= 1ܸ = 1[ݑܣ]

[ܰܲ]1
ܹܯ
ߩ  4.4 nm 

2 [ܰܲ]2 = 2[ݑܣ] 1013·4.4 1[ܲܰ] = 1[ݑܣ] + 12.5
150  0.27 2ܸ = 2[ݑܣ]

[ܰܲ]2
ܹܯ
ߩ  4.9 nm 

3 [ܰܲ]3 = [ܰܲ]2 ൬ 95150൰ 2.8·1013 [ݑܣ]1 = 2[ݑܣ] 95
150 +

12.5
150  0.26 3ܸ = 3[ݑܣ]

[ܰܲ]3
ܹܯ
ߩ  5.6 nm 

4 [ܰܲ]4 = 4[ݑܣ] 1013·2.8 3[ܲܰ] = 3[ݑܣ] + 12.5
150  0.34 4ܸ = 4[ݑܣ]

[ܰܲ]4
ܹܯ
ߩ  6.2 nm 

…        
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Chapter 3: 
Synthesis of metal nanoparticles with 
controllable sizes II: The case of silver 
Noble metal nanoparticles are among the most studied class of materials 
in nanotechnology due to their interesting optical and catalytically 
properties. However, success in the synthesis of these nanoparticles was 
restricted to the case of gold, while the synthesis of silver nanoparticles 
(Ag NPs) lacked reliable and reproducible methods. In this chapter, and 
related publication, a seeded growth strategy for the synthesis of Ag NPs 
with various sizes is presented. The method has the additional advantage 
of being aqueous and results in biocompatible Ag NPs with 
functionalizable surfaces. 
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3.1. A general introduction to the synthesis of silver nanoparticles 
The importance of obtaining highly monodisperse nanoparticles (NPs) with controllable 
sizes has been discussed in previous chapters. The extraordinary properties and high 
performance of these materials originates not only from their small sizes but also from 
their high degree of monodispersity, which strongly correlates with the physical-
chemical characteristics of the particles, and thus it is an essential requirement of any 
synthesis [1].  

Among metals, silver shows the highest electrical and thermal conductivity, 
making Ag NPs potential candidates for components in electronic devices, as well as 
being excellent nanocatalysts [2]. Ag nanostructures also present a great plasmonic 
response, with Ag NPs having the most intense localized surface plasmon resonance 
among plasmonic NPs (up to 10 times stronger than Au NPs); a characteristic feature 
that is of interest for many optical applications [3]. Ag NPs have also been found to be 
an ideal platform for Raman scattering (SERS) detection, which could be significantly 
improved by advances in their fabrication, providing better sensitivity in chemical 
analysis and allowing, in some cases, single molecule detection [4, 5]. Furthermore, the 
antibactericide effect of Ag ions has been known for centuries. The unique ability of Ag 
NPs to serve as a reservoir of Ag ions and release them ad libitum is now an important 
focus of attention for antibacterial applications [6]. Other fields in which the use of Ag 
NPs is currently being investigated are those of flexible fibre composites, cryogenic 
super-conducting materials and cosmetic products [7, 8]. 

In spite of the fundamental and technological importance of Ag NPs, the success 
in synthetically controlling the size and surface chemistry of these NPs has achieved 
limited success [9]. Indeed, it is interesting to note when reviewing the literature that 
most seminal articles reporting new strategies in the synthesis of metal NPs (i.e. seeded-
growth) are related to gold, and attempts to adapt them to the case of Ag have failed. The 
lack of morphological control of Ag NPs are typically associated with higher reactivity 
of Ag in comparison with Au, in which oxidation (Ag2O), precipitation of metal salts 
(AgCl) and metal  ion complexation (Ag-citrate) related processes make their synthesis 
extremely challenging.  
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Numerous physical and chemical methods have been exploited for generating and 
stabilizing Ag NPs including chemical reduction, electrochemical, physical or radiolytic 
methods [9]. Among them, the most effective and used is the chemical reduction of a 
metal salt by organic or inorganic reducing agents in an aqueous or non-aqueous solvent 
where a stabilizing agent is present. For instance, the reduction of silver nitrate (AgNO3) 
with sodium borohydride (Creighton method) at room temperature has been employed 
for decades to routinely produce barely disperse colloids of 10 nm Ag NPs [10-12]. 
Similarly, the combined use of ethylene glycol (a mild reducer) and PVP (a stabilizer) 
together with variations in the reaction temperature have been demonstrated as 
effectiveness in the production of Ag NPs in a broad range of both sizes and geometries 
[13]. Other synthetic strategies involve a two-phase arrested growth process, in which 
AgNO3/surfactant complexes in organic media are mixed with an aqueous solution 
containing a strong reducer [14]. Despite the advantages of these methods, their main 
drawbacks is that they are not yet capable of producing truly reproducible and highly 
monodisperse Ag NPs with a high yield without the use of organic solvents or strong 
stabilizers that passivate particle surface, thereby limiting their applicability, especially 
in biomedicine and catalysis [15]. Additionally, the seeded-growth strategy, which is 
widely used in the case of Au NPs for size and shape control (see Chapter 2), was not 
successfully applied to the synthesis of Ag NPs in water. 

3.2. The classical citrate reduction method  
At this point, it is reasonable to consider the citrate reduction method. Indeed, this 
method still remains the most popular for quickly generating biocompatible noble metal 
colloids with accessible surfaces and has been proven to be effective in producing highly 
monodisperse Au NPs in water with different sizes. The first attempts to apply the citrate 
method to Ag NPs were pioneered by Lee and Meisel in the early 80s [10]. Their studies 
consisted on the addition of set amounts of aqueous citrate into a boiling solution of 
AgNO3 and led to the production of well-defined Ag NPs in a single reaction. However, 
wide size distributions, and a diversity of shapes (spheres, polyhedrons, and plates), were 
always obtained (Figure 3.1). Yang and co-workers [16] recently developed a two-step 
citrate reduction protocol for the rapid nucleation of silver at high pH followed by a 
second step of growth at a lower pH. This temporal separation of nucleation and growth 
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Figure 3.1. Silver nanoparticles obtained using the classical citrate reduction method. In a 
typical procedure, a solution of Ag NO3 (1 mL, 25 mM) was injected to a boiling solution of sodium 
citrate (150 mL, 2.2 mM) under vigorous stirring. After 30 min, the solution acquired a greenish 
colour (A) due to the formation of Ag NPs with sizes from 10 to 150 nm and a variety of shapes (B). 

based on the solution pH noticeably improved the size distribution of the Ag NPs, but 
particle shape was still non uniform. Apart from these two mentioned works, very little 
progress was made to improve the citrate method [17]. 

The difficulty of controlling the size of Ag NPs in citrate syntheses derives from 
the higher reactivity of Ag and multiple roles of citrate, acting the citrate not only as a 
stabilizer and a weak reducing agent but also as a strong complexing agent [17, 18]. 
Thus, it is commonly observed that a fast nucleation is hard to achieve during particle 
formation using only citrate, which arises from the slow and prolonged reduction of Ag-
citrate complexes [17]. Moreover, easy hydrolysis and gradual oxidation of Ag atoms 
prevents a homogeneous growth of the particles. To solve these problems, the use of a 
secondary reducer to better control the reduction of Ag+ ions to Ag0 and thus limit the 
roles of citrate has been recently investigated. For example, in conjunction with citrate, 
Li et al .[19], Schlücker et al. [20] and Kelly et al. [21] used ascorbic acid; Mukerivhej 
et al. [22] used NaBH4; Perez et al. [23] and Gentry et al. [24] used hydroquinone; and 
Dashod et al. [25] and Rainville et al. [26] effectively employed tannic acid (TA). From 
these results it can be deduced that the synergic effect of two reducers can significantly 
improve size control of the obtained Ag NPs. 

Encouraged by the limited availability of synthetic protocols for the production of 
Ag NPs with controlled sizes and narrow distributions, and inspired by the previously 
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mentioned works, in this chapter we detail a chemical reduction method based on a 
seeded growth strategy for the production of high quality colloidal dispersions of Ag NPs 
from 10 to 200 nm in water. The method consists of the reduction of silver nitrate by a 
combination of two reducing agents: sodium citrate (SC) and tannic acid (TA). The 
biocompatibility, structure and reducing ability of TA was discussed in Chapter 2 and 
was successfully applied in the synthesis of Au NPs. The main difference in this case lies 
in using the TA not only for the nucleation process (as it is for Au NPs) but also during 
the subsequent growing steps to complex Ag ions and ensure a homogeneous growth of 
the particles. This synthetic route leads to the precise control of Ag NP size, offering the 
advantage of producing long-term stable Ag NPs with a high degree of monodispersity 
and more accessible surfaces than, for example, PVP coated Ag NPs. All of these results 
were detailed in the article entitled Synthesis of Highly Monodisperse Citrate-Stabilized 
Silver Nanoparticles of up to 200 nm: Kinetic Control and Catalytic Properties. 
Attempts to decrease the size of the Ag below 10 nm were also tested. 

3.3. Results: Size controlled synthesis of silver nanoparticles from 10 
up to 200 nm 
The first attempts to synthesize Ag NPs were made via one-pot method by reducing an 
aqueous solution of AgNO3 with a mixture of sodium citrate (SC) and tannic acid (TA). 
Typically, an aqueous solution of AgNO3 (1 mL, 25 mM) was injected into a boiling 
solution of milli-Q water (100 mL) containing a mixture of SC (5 mM) and varying 
concentrations of TA under vigorous stirring. After the addition of the Ag precursor, the 
solution changed colour from transparent to yellow within minutes, indicating the 
presence of Ag NPs. The narrow size distributions of the resultant Ag NPs and the well-
defined absorbance peaks shown in Figure 3.2 highlights the improved degree of particle 
monodispersity obtained using a mixture of TA and SC compared with that obtained 
using only SC. This is most likely due to the high level of control over nucleation of the 
reaction resulting from the stronger reducing ability of the TA.  

Interestingly, the size of the Ag NPs increased as the TA concentration increased 
(Figure 3.2D). Similar results were reported by Dadosh et al. [25] and Rainville et al. 
[26]. This tendency is completely opposed to our studies of the synthesis of Au NPs 
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Figure 3.2. Effect of tannic acid in the synthesis of silver nanoparticles. (A-C) TEM images and 
extinction spectra of Ag NPs synthesized using SC (A, C-black spectrum) or a combination of SC 
and TA (B, C-blue spectrum). The concentration of Ag NO3, SC and TA were 0.25 mM, 5 mM and 
0.025 mM respectively. (D) Ag NP with mean diameters of 10.1 0.9, to 14.8 1.4, 23.4 5.0, 36.9 + 6.2 
and 46.1 8.3 obtained at increasing concentration of TA from 0.025 to 5 mM.  

discussed in the previous Chapter 2, in which increases in TA concentration promoted 
the formation of smaller Au NPs due to its stronger reducing power compared with SC 
(weak reducing). The inversed dependence in the case of Ag NPs evidences an additional 
role for TA, probably as an organizer, which originates from the ability of TA to form 
complexes with Ag (Scheme 3.1). In contrast to citrate ions, this complexation seems to 
be beneficial for the synthesis of Ag NPs, which in turn, appears to determine the extent 
of nucleation and growth processes.  

An attempt to explain these observations was first made by Santhanam et al. [27]. 
In his study, TA is conceived as a five-armed chelator able to reduce 20 Ag atoms within 
a single unit. At low TA concentrations, all TA molecules are completely saturated with 
20 Ag atoms acting as nucleation spots and rapid nucleation is favoured. On the other 
hand, at large TA concentrations, each molecule is on average ligated only to one Ag 
atom. Under these circumstances the nucleation rate is determined by the interaction 
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Scheme 3.1. Formation mechanism of silver nanoparticles and effect of the tannic acid. (1, 2) 
Each of the 10 phenolic hydroxyls of TA undergoes two-electron oxidation to the corresponding 
quinone and donates two electrons for the reduction of Ag+. (3) At this moment, a two-step process 
takes place, the production of Ag0 and the further formation of a new specie, Ag2+. (4) TA interacts 
with Ag2+ mediating its complexation. (5) This TA-Ag complex is the precursor for the dimerization 
and formation of Ag NPs. (6) Schematic representation of organized-based nucleation and growth 
processes of Ag NPs. TA is represented as a five armed molecule with each arm capable of reducing 
and complexing with four Ag atoms. At low concentration of TA, these molecules are saturated by 
Ag2+ promoting the dimerization to (Ag)42+ and acting as nucleation centres, while at high 
concentrations only one Ag2+ per TA is likely and particle growth is promoted over nucleation [27].  

between unsaturated TA-Ag complexes in solution. Because TA is a rather large 
molecule, it may hinder locally acquiring a sufficient concentration of Ag atoms for self-
nucleation and thus growth over nucleation is promoted resulting in larger particle sizes 
(Scheme 3.1, step 6). Consequently, at low concentrations TA acts primarily as a 
reducing agent while at high concentrations, and due to its strong complexation to Ag, it 
mainly acts as a growth promoter. This proposed mechanism nicely accounts for the 
reverse size-tendency observed in the present study, although more research is still 
needed to fully understand the whole process. 
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3.3.1. Seeded growth synthesis of silver nanoparticles from 10 to 200 nm 
For the production of highly monodisperse Ag NPs of different sizes, a seeded growth 
protocol similar to that described in Chapter 2 was developed (Figure 3.3). As 
previously discussed, the seeded growth strategy takes advantage of the catalytic 
reduction of a metal salt, herein Ag+, on the surface of pre-synthetized particles used as 
seeds, thereby promoting their growth. To obtain good kinetic control of the growth 
process of Ag NPs, the reaction conditions were explored in detail. These conditions 
included the following: (i) the decrease of temperature from 100 ºC, used for the 
synthesis of seeds, to 90 ºC; (ii) adjustment of the pH of the solution close to neutral 
values by adding controlled concentrations of SC;  (iii)  the precise balance between the  

 
Figure 3.3. Seeded growth synthesis of silver nanoparticles. (A) Synthetic protocol. (B) 
Representative TEM images of seed particles (14.8 nm) and those obtained after different growth 
steps. The particle diameter increased from 14.8 ± 1.4 nm to 189.4 ± 13.4 nm, and the concentration 
decreased from ∼ 2.3 × 1012 to ∼1.1 × 1010 NP/mL. (C) Colloidal solutions of Ag NPs of increasing 
sizes (from left to right). Solutions composed of small Ag NPs appeared yellow and totally 
transparent while those of larger Ag NPs appeared grey and opalescent. 
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Ag precursor injected and the number of Ag seeds in solution; (iv) the successive dilution 
during growth of the reaction solution to avoid increasing ionic strength; and (v) the 
addition of an excess of TA previous to every injection of the Ag precursor. Provided 
that TA was added in excess prior to each growing step, the growth of the Ag NPs was 
homogeneous and the size standard deviation of the Ag NPs progressively decreased 
(from 12% to 6%) as particle size increased (from 10 nm to 200 nm), indicating that 
conditions promoting a size focusing effect were achieved. On the contrary, with only 
SC the size distribution of the Ag NPs significantly increased during growth. The fact 
that a small amount of TA was required for a proper nucleation whereas larger amounts 
were needed during growth highlights the previously discussed role of TA as an Ag 
complexing agent underlying the reaction.  

As a result of the controlled growth of Ag NPs, sample colour changed from bright 
yellow to dark grey and finally to white. These colours are characteristic of Ag NPs with 
well-defined localized surface plasmon resonances (LSPR), which were measured by 
UV-vis spectroscopy (Figure 3.4). The symmetry of the LSPR peaks and their high 
intensity evidences the quality of the resultant colloids with no aggregated particles. 
Additionally, the emergence of a second LSPR peak for large Ag NPs, corresponding to 
the quadrupole mode, is indicative of a uniform growth, otherwise this peak is strongly 
attenuated in polydisperse samples [28]. A more exhaustive analysis of the optical 
properties of these particles is presented in Chapter 4 and related Publication 3. 

 
Figure 3.4. Optical properties of silver nanoparticles. Extinction spectra of selected Ag NPs. 
Black/blue lines indicate the position of the LSPR peaks corresponding to the dipole/quadrupole 
resonances. Well defined peaks are indicative of highly monodisperse particles, otherwise these 
peaks would fast attenuate and broadness. Samples have been diluted with water for the 
measurements.  
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Figure 3.5. Surface activity of silver nanoparticles. Decrease in Rhodamine B absorbance over 
time using (left) SC/TA-stabilized Ag NPs and (right) PVP-coated Ag NPs of 10 nm as catalysts.  

Finally, the surface accessibility of synthesized Ag NPs was compared with Ag 
NPs obtained using other synthetic methods consisting of the use of strong stabilizers. A 
catalytic reduction of Rhodamine B (dye) by borohydride (NaBH4) was used as a model 
reaction [29]. This reaction is known to produces a progressive decolouration of 
Rhodamine B proportional to its concentration in solution, which is traduced in a decay 
of a characteristic absorbance peak at 500 nm easily measured by UV-vis spectroscopy. 
Since it is catalysed on the surface of the particles, the rate of decay of the peak intensity 
offers an easy way to assess the surface activity of the particle. Two different samples 
were studied, Ag NPs synthesized using the protocol herein described and another in 
which PVP was employed as a stabilizer. The intensity of the peak decayed much faster 
in the SC/TA-Ag NPs than for the PVP coated-Ag NPs (Figure 3.5), highlighting the 
higher accessibility to the surface of the SC/TA-Ag NPs. Different parameters affecting 
the surface activity of these Ag NPs and thus their potential for catalytic applications are 
discussed in further detail in Chapter 5 and related Publication 4. 

3.4. Additional research 
The previously developed seeded growth protocol for the production of highly 
monodisperse colloids of Ag NPs has two main limitations: first, it is performed under 
rather diluted conditions and small volumes results in a limited production; second, the 
size of the Ag NPs is down limited to 10 nm, since the protocol does not lead to the 
formation of smaller seeds. These two limitations were addressed in subsequent works. 
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Figure 3.6. Scale-up production of silver nanoparticles. (A) 10 L batch reactor containing Ag NPs 
of 50 nm. (B) Representative TEM image of the Ag NPs. (C) Tangential flow system used to 
concentrate the Ag NPs from 10 L (1 g/L) to 0.5 L (20 g/L). (D) Glass bottle containing a 
concentrated solution of Ag NPs. The synthetic conditions were the same of the standard protocol 
except that silver precursor solution was 10 times more concentrated. Additionally, the dilution step 
after each injection was performed additively (without extracting sample).   

3.4.1. Scale-up synthesis of Ag NPs 
Industrial applications demand synthetic routes that enable at least gram-scale production 
of NPs [30]. This is where most of the reported synthesis fail, including the one herein 
presented. Despite the high quality of the resultant Ag NPs, using the developed protocol 
we were only able to produce an average of 10 mg of particles in a total volume of 100 
mL (0.1 g/L of particles). We therefore decided to carry out different studies with the 
aim of increasing production. To this end, a large-scale batch reactor of 10 L specifically 
designed to minimize thermal and mass gradients was employed (Figure 3.6).  
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Optimization research was focussed on reducing the dilution steps during growth 
of the Ag NPs while simultaneously increasing the amount of Ag precursor added at each 
step. Using this modified protocol we were able to increase the silver concentration in 
the reaction mixture 10 times with respect to that used in the initial developed protocol 
without sacrificing particle homogeneity, and to produce 10 g of Ag NPs in 10 L (1 g/L 
of particles). To date there is no reported aqueous synthesis of Ag NPs in the literature 
able to produce such quantities of this material, neither in terms of concentration nor 
volume. Finally, the resultant Ag NPs were concentrated with a tangential flow filtration 
up to a concentration of 20 g/L of particles, and were stored in a fridge in the same 
reaction mixture for months with no relevant changes in the particle morphology or 
stability.  
3.4.2. Synthesis of sub-10 nm silver nanoparticles:  
Despite the possibility of synthesizing Ag NPs from 10 to 200 nm, another important 
issue to address was the lack of protocols for producing Ag NPs with sizes smaller than 
10 nm. The strong complexation of Ag ions with many reducing and stabilizing agents 
inevitably slows down the nucleation step during particle formation and consequently 
large particle sizes are obtained. In this regard, Sivaraman et al. [27] recently 
demonstrated that alkaline conditions are effective in increasing the reactivity of TA. 
Additionally, it is known that high pH can weakened the coordinative effect of 
complexing agents as they must compete with the hydroxides in solution for the Ag ions 
[16, 31, 32]. Thus, we attempted to speed up the nucleation process by increasing the pH 
of the reaction mixture. This adjustment, together with a reduction in the amounts of TA 
and citrate to minimize complexation effects, resulted in an overall reduction in the 
particle diameter from 10-13 nm to 4-5 nm (Figure 3.7A, B).  

Unexpectedly, we observed that such small Ag NPs were highly reactive and could 
not be preserved for more than a month, a phenomena that we did not observe for any 
Ag NPs larger than 10 nm in the same time interval. In particular, the initial yellow 
coloured solution progressively turned to green and finally blue (Figure 3.7C). A more 
detailed examination of the samples by TEM showed that these colours were due to the 
fact that the small Ag NPs had converted to larger anisotropic structures, mainly triangles 
and hexagons (Figure 3.7D, E). Because almost no silver precursor was detected in the  
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Figure 3.7. Synthesis and time evolution of sub-10 nm silver nanoparticles. A decrease in particle 
size from 10-15 nm to 4.8 nm was achieved by adjusting the reaction conditions. In a typical 
procedure, 0.2 mL of AgNO3 25 mL ws added into a reaction solution containing 2.2 mM of SC, 
1.67 uM of TA and 1 mM of K2CO3, and the resultant mixture was left under mild stirring at room 
temperature for at least 6 h before characterization. (A) Time-evolution extinction spectra during Ag 
NP formation. (B) Corresponding TEM image showing Ag NPs with a mean diameter of 4.8 ± 0.8 
nm. (C) Visual evolution and (D) corresponding extinction spectra of the synthesized Ag NPs after 
different days from being prepared. Aging conditions were: room temperature, the same medium 
where Ag NPs were synthesized and no protection from light and oxygen. The appearance of multiple 
LSPR peaks in the extinction spectra is in agreement with the transformation of the Ag NPs from 
spheres to 1-D anisotropic structures, as shown by the representative TEM images (E). 
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reaction mixtures during the formation of these nameplates (conversion yield of the  
reaction was >90 % measured by ICP-MS), the only possible source of silver was the Ag 
NPs themselves. To obtain a deeper insight into the related process, a large number of 
different parameters were evaluated with the observations that (i) light and oxygen, (ii) 
sodium citrate and (iii) temperatures accelerated the formation of these Ag nanoplates. 
Light and oxygen are known to be oxidation promoters; SC and TA are reducers; and 
temperature speeds up the kinetic of both processes. It is feasible that the combination of 
these three effects results in a dynamic process of dissolution driven oxidation plus 
recrystallization of the Ag NPs, that is a Ostwald-Ripening like process. This would be 
in accordance with other works in which similar Ag nanostructures were promoted after 
adding Ag NPs into a solution containing hydrogen peroxide and a reducing agent  [33]. 
All things considered, these results supports the idea of a strong size dependency in the 
reactivity of small Ag NPs, whose surface is probably more quickly oxidizable than that 
of larger Ag NPs.  

3.5. Conclusion 
In summary, we developed a new synthetic protocol for the production of highly 
monodisperse, long-term stable and surface active Ag NPs from 10 to 200 nm. These 
particles possess interesting optical properties with a well-defined surface plasmon 
resonance bands. Their potential for catalytic applications was also demonstrated. 
Finally, two additional issues are currently under ongoing research, the scale-up 
production and the possibility to synthesize Ag NPs with sizes smaller than 10 nm. 
Preliminary results indicate that both requirements can be achieved with controlled 
variations of the synthetic conditions.  
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Chapter 4: 
Localized surface plasmon resonances 

in metal NPs: the effect of size, 
composition and surface coating 

Gold and silver nanoparticles (Au and Ag NPs) are a particularly 
interesting class of nanomaterials due to their optical signatures. The 
extinction spectra of these NPs in the visible range is characterized by a 
series of extinction bands called localized surface plasmon resonances 
(LSPRs) that has been proved to be very promising for many applications, 
e.g. biomolecular sensing and imaging. Additionally, because these bands 
are sensitive to the particle structure and surrounding environment, they 
can be tuned at will. Recent developments in the synthesis of highly 
monodisperse colloids of spherical Au and Ag NPs opens the possibility 
for detailed and systematic studies of the LSPRs of these NPs and thus the 
selection of appropriate NPs for particular applications. In this chapter, the 
LSPRs of previously synthetized Au and Ag NPs are discussed in detail.  
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4.1. Introduction to optical properties of metal nanoparticles 
One of the most fascinating aspects of metal nanoparticles (NPs) is their optical 
properties. It is widely known that at the nanoscale Au and Ag colloids exhibit rich 
colours, e.g., yellowish for Ag and burgundy for Au NPs. The origin of these colours 
were first predicted by Faraday in the 19th century and stems from an optical phenomenon 
termed localized surface plasmon resonance (LSPR). When an incident electromagnetic 
radiation of an appropriate wavelength interacts with a metallic NP, the conduction 
electrons near the metal-dielectric interface are excited and undergo collective 
oscillations in resonance with the electric field generated by the incident light (Figure 
4.1). As a consequence of these electron oscillations, the electric field is strongly 
enhanced, resulting in novel properties of the NPs. Indeed, LSPRs are one of the clearest 
example that things are different at the nanoscale [1-4]; they are absent in individual 
atoms as well as in bulk and, despite the terminology, are definitely not a quantum effect. 

From time immemorial, three metals, namely gold, silver, and copper, have been 
used extensively by mankind since they can be found in nature in their native state. 
Coincidence or not, NPs made of these metals are the ones in which the resonance 
conditions are fulfilled at visible frequencies, thus constituting the group of plasmonic 
NPs and making them the first choice for optical applications. Due to LSPRs, the light 
absorption and scattering of these NPs (in particular Au and Ag NPs) can be several 
orders of magnitude stronger than that of the most absorbing organic dyes and the most 
emitting fluorescent molecules [5][6]. Furthermore, the large polarization associated 
with LSPRs also results in a huge electric fields near the NP surface (the near field 
enhancement), with relevant implications, e.g., for molecule detection [7]. 

The spectral characteristics of LSPRs are dominated by four factors: the density of 
the electrons, the effective electron mass, the shape and the size of the charge 
distribution. Consequently, LSPRs  depend not only on the composition of the material, 
but also on the particle size and shape, the dielectric surrounding environment and the 
inter-particle coupling interactions [8-10], thus imparting a unique tunability of the NP 
optical properties. Thanks to the development of our ability to fabricate and manipulate 
nanomaterials, success in the application of LSPRs is rapidly increasing. In the last few 
years, many exciting research lines have emerged in this directions, including surface  
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Figure 4.1. Scheme of electron oscillations in a metal sphere under the influence of an electric 
field induced by an incident light radiation. (A) The sphere responds to a spatially constant electric 
field when its size is much smaller than the light wavelength, resulting in a coherent dipolar 
oscillation of the conduction electrons. (B) The electric field is no longer homogeneous along the 
sphere when its size is comparable to the light wavelength, leading to multipole oscillations. 

enhanced Raman spectroscopy (SERS) [11, 12], plasmonic tags and NP-based therapies 
[12, 13], biomolecular sensing and imaging [12, 13], and photocatalysis [14]. 

In addition to technological implications, the optical signature of NPs is also useful 
as a characterization tool. This is interesting because optical techniques are 
nondestructive, and with proper implementation, they enable measurements in situ and 
in real time, providing statistical information of the state of the NPs in different 
conditions. These attributes are important because NPs are usually synthetized in very 
controlled environments, and when added to a more realistic situations they are 
susceptible to experiment significant changes, such as aggregation, dissolution and 
corrosion [15] (see Chapter 1). Thus, optical spectroscopies are a valuable 
characterization tool complementary to techniques like transmission electron 
microscopy (TEM) that can only provide an image of a small piece of the sample, giving 
local information and only characterizing a few NPs at a time.  

The synthesis of highly monodisperse colloids of NPs is a prerequisite for detailed 
and systematic studies of their optical signatures. Following the synthetic protocols 
previously described (see Chapters 2 and 3), Ag and Au NPs with different sizes were 
prepared and their optical properties were studied in detail by UV-vis spectroscopy. 
Attention was focused on the effect that NP size and composition have on the position, 
bandwidth and intensity of the LSPRs. Correlation between the LSPRs and NP 
surroundings was also examined in relation to molecule adsorption. The results were 
collected in the article entitled Quantifying the Sensitivity of Multipolar (Dipolar, 
Quadrupolar, and Octapolar) Surface Plasmon Resonances in Silver Nanoparticles: The 
Effect of Size, Composition, and Surface Coating, which is presented here. 
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4.2. Light interaction with spherical metal nanoparticles 
In order to interpret the results, some theoretical considerations now follow, in particular 
the Mie theory. 

When a NP is under the action of an electromagnetic field, its electrons start to 
oscillate, transforming energy from the incident electromagnetic wave into, for example, 
thermal energy in an adsorption process. Alternatively, the electrons can be accelerated, 
and radiate energy in all directions in a scattering process, either at the same frequency 
as the incident light (e.g. Rayleigh scattering) or at a shifted frequency (e.g. Raman 
scattering). Both processes can be quantified by the absorption and scattering cross 
sections, ߪ௔௕௦ and ߪ௦௖௔, which are defined as the effective area over which a NP absorbs 
or scatters light [1, 2]. The sum of ߪ௔௕௦ and ߪ௦௖௔ is termed light extinction, ߪ௘௫௧, and 
quantifies the capability of a NP to extinguish (absorb and scatter) incident light (4.1). It 
can be understood as the virtual area of a completely opaque object that blocks the same 
amount of radiation as the NP. Dividing the interaction cross-sections ߪ௘௫௧ ,  ௦௖௔ߪ ௔௕௦ andߪ
by the geometrical cross-section ܣ௖௦, one obtain the interaction efficiencies ܳ shown in 
equation (4.2). At the resonance frequency, a plasmonic NP can absorb and scatter light 
from a much larger area than its physical cross section because of the LSPRs, and thus 
show efficiencies much larger than the unit.  

௘௫௧ߪ = ௦௖௔ߪ +  ௔௕௦     (4.1)ߪ

ܳ௘௫௧ = ఙ೐ೣ೟
 ஺೎ೞ ;  ܳ௦௖௔ = ఙೞ೎ೌ

 ஺೎ೞ ;  ܳ௔௕௦ = ఙೌ್ೞ
 ஺೎ೞ    (4.2) 

In 1908, Gustav Mie found the exact solutions to ߪ௔௕௦, ߪ௦௖௔ and ߪ௘௫௧ after solving 
Maxwell equations for the optical response of a sphere. He used a series expansion of 
spherical harmonic wave equations, known as Mie theory [16]. The solutions requires 
the particle volume V, the frequency dependent dielectric function of the metal ߝ(߱) and 
the dielectric constant of the embedded medium ߝ௠ as input parameters [17]. Remember 
that the dielectric function is a measure of how a material responds to an external electric 
field, particularly how much separation of charge occurs, and depends on the electronic 
structure of the material. Because commonly used dispersing media, such as water, have 
slowly varying dielectric functions with the frequency, they are considered constant and 
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referred to as dielectric constant. The derivation of Maxwell’s equations is tedious and 
lengthy and a full explanation can be found in the original work of Mie [16] and other 
related books [1, 2], thus we will focus on its discussion qualitatively.  

4.2.1. The dipole approximation  
For sizes much smaller than the wavelength of the incident light (݀ ≤ 25 nm), the NP is 
under the effect of a field that can be considered as spatially constant but with a time-
dependent phase, which is known as the quasistatic limit. In this limit, the displacement 
of electrons in the NP is homogeneous, yielding a dipolar charge distribution (Figure 
4.1A). The Mie theory then simplifies and ߪ௔௕௦ and ߪ௦௖௔ respond to the following 
expressions (dipole approximation):  

௦௖௔ߪ = ଶସగయ௏మఌ೘ మ
ఒర

(ఌభ ିఌ೘ )మାఌమమ
(ఌభ ାଶఌ೘ )మାఌమ మ  ,    (4.3) 

௔௕௦ߪ = ଵ଼గ௏ఌ೘ 
యమ

ఒ
ఌమ

(ఌభ ାଶఌ೘ )మାఌమ మ  ,    (4.4) 

where ߣ is the wavelength of  the incident light, ߝଵ(߱)  and ߝଶ(߱) denote the real and 
imaginary part of the metal dielectric funtion ߝ(߱) and ߝ௠ is the dielectric constant of 
the medium [18]. Equations (4.3) and (4.4) show that absorption scales with V while 
scattering with V2. Consequently, for large NPs, scattering is stronger than absorption 
௘௫௧ߪ) ≈  ,௦௖௔) while for small NPs, where the dipole approximation basically appliesߪ
extinction is dominated by absorption (ߪ௘௫௧ ≈  ௔௕௦). This fact can guide the choice ofߪ
NP size for different applications. For imaging, lager NPs are preferred because of higher 
scattering efficiencies, whereas for photothermal therapy, smaller NP are preferred as 
light is mainly adsorbed by the NPs and thus efficiently converted to heat for selective 
cell and tissue destruction.  

The oscillating electrons of the NP enter in resonance with the incident light 
(maximum of equations x and) when ߝଵ(߱) =  ௠  [1]. This resonance of dipolarߝ2−
character dominates the extinction spectra of small NPs, and results in a characteristic 
extinction peak around 400 nm for Ag NPs and around 520 nm for Au NPs dispersed in 
water (Figure 4.2).  
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Figure 4.2. Calculated absorption, scattering, and extinction efficiencies in water of spherical 
metal nanoparticles of 10 nm in diameter. Au (red) and Ag (yellow) NPs. MiePlot software was 
used for the calculation [19]. Frequency dependent dielectric function for bulk gold and silver were 
taken from [17].  

The fact that the dipole peak, as well as other LSPR peaks, depends on the dielectric 
constant of the medium ߝ௠  is particularly important for sensing applications since it 
underpins the sensing mechanism for refractive index measurements using NPs. 

Overall, one can consider the system as similar to a harmonic oscillator, where a 
gas of free electrons moves against a fixed background of positive ions that acts as a 
restoring force. This kind of harmonic oscillators are characterized by resonances with a 
Lorentzian form similar to the dipole peak of Ag NPs. However, the Au NPs shown an 
asymmetric peak, with a significant intensity below 500 nm, which differs from what 
would be expected (Figure 4.2). There are two main mechanisms for a NP to absorb 
energy: through collective oscillation of the conduction electrons, the LSPRs, or by 
electronic transitions of valence electrons from occupied to empty bands, so called 
interband transitions (IB) [3]. The IB are usually produced at higher energies than the 
LSPRs (UV region), but for noble metals, and in particular for gold, the energy thresholds 
extend to the visible. For example, 5d-to Fermi IB transition in Au is set at around ~2.4 
eV (ʎ=516.6 nm) [3, 20]. This is, for instance, the reason for the ‘golden’ colour of bulk 
gold, since it strongly absorbs the blue and violet while reflecting the yellow and red. 
Both, the IB transitions and the plasmon oscillations, contribute to the extinction of light:  

(߱)ߝ = (߱)ூ஻ߝ +  ௅ௌ௉ோ(߱)      (4.5)ߝ
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where ߝூ஻(߱) represents the intreband contributions and ߝ௅ௌ௉ோ(߱) the free electron 
contributions of the metal dielectric function, also denoted as Lorentz (ߝூ஻) and Drude 
 terms respectively [10, 20-22]. Overlapping of the two terms gives the (௅ௌ௉ோߝ)
asymmetric extinction (absorption) peak of the Au NPs. 

4.2.2. The case of small nanoparticles 
The dipole approximation in the quasistatic limit predicts that, except for a volume 
depending scaling factor, the dipole peak (position and bandwidth) is size-independent 
(see (4.3), where ߝ(߱) only depends on the frequency). However, different experiments 
have revealed that electron oscillations are strongly damped for Au and Ag NPs smaller 
than 10 nm. This damping is caused by a surface dispersion phenomena, since the size 
of the NPs becomes significantly smaller compared with the electron mean free path, 
typically in the range of tens of nanometres for noble metals at room temperature. As a 
result, the electrons colloid with the particle surface during oscillation, making the 
resonance less efficient and thus resulting in wider and less intense dipole peaks, as 
experimentally reported by different authors [22, 23]. In addition, different quantum 
mechanical effects [3] may further contribute to the resonance conditions and change the 
position of the peak. Because these effects are usually accounted into equation (4.3) by 
assuming a size dependent metal dielectric function, the related changes in the extinction 
spectra are referred to as intrinsic size effects [1, 22]: 

(߱)௅ௌ௉ோߝ → ,߱)௅ௌ௉ோߝ  (4.6)       (ݎ

4.2.3. The case of large nanoparticles 
For large NPs (݀ > 25 nm), one enters in the full Mie regime [10, 24]. The displacement 
of the electron cloud in the particle is no longer homogeneous, such that, high-multipole 
charge distributions are induced (Figure 4.1B). As a consequence, the spectral band 
splits into several peaks: one peak for the dipole, two peaks for the quadrupole, three 
peaks for the octapole, etc (Figure 4.3). These high multipole peaks are always located 
at smaller wavelengths with respect to the dipolar peak, which, additionally, is always 
red-shifted (move to larger wavelengths) by the presence of the electric field generated 
by the other multipolar charge distributions [14, 24, 25]. Scattering also becomes  
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Figure 4.3. Calculated absorption, scattering, and extinction efficiencies in water of spherical 
metal nanoparticles with different diameters. Au (red) and Ag (yellow) NPs. MiePlot software 
was used for the calculations [19]. Dielectric function for bulk gold and silver were taken from [17].  

important at these sizes. Electrons accelerated by the incident light radiate energy in all 
directions. Due to this secondary radiation, they lose energy and experience a damping 
on their motion, resulting in wider peaks [10, 11]. The secondary radiation also generates 
a polarization field that acts against that generated by the incident light and further moves 
the position of these peaks to lower energies [10, 25]. This size-dependent behaviour of 
LSPRs for large NPs is associated purely with electrodynamics. Consequently, the 
related changes in the extinction spectra are referred to as extrinsic size effects [1, 22].  

In summary, the optical signature of small NPs is given by the dipolar resonance, 
which is influenced by the particle size, such that for particles of a few nanometers the 
dipole peak broadens and attenuates because of surface dispersion and quantum 
mechanical effects (intrinsic size effects). When the size increases, multiple oscillations 
result in multiple peaks that become wider and move their position to lower frequencies 
(extrinsic size effects). Thus, to describe the optical response of plasmonic NPs, it is 
crucial to understand the number, position, and width of the resonance peaks. 



Chapter 4: LSPRs in metal NPs: the effect of size, composition and surface coating 

- 125 - 

4.3. Relation between extinction cross section and attenuation 
As the light extinction of NPs is measured experimentally by UV-vis spectroscopy, it is 
worth introducing the relation between the measured value and the previously mentioned 
extinction cross section ߪ௘௫௧. 

In the presence of a diluted dispersion containing N particles per unit volume (NP 
m-3), the measured attenuation A of incoming light of intensity I0 over a pathlength d (m) 
is given by the empirical relationship of Beer-Lambert: 

ܣ = ଵ଴݃݋݈ ூబ
ூ೏ = ఙ೐ೣ೟

ଶ.ଷ଴ଷ  ݀ ܰ = ொ೐ೣ೟஺೎ೞ
ଶ.ଷ଴ଷ  ݀ ܰ.    (4.7) 

The Beer-Lambert law correlates the experimentally measured A of a colloidal 
solution, usually called indistinctly absorbance or extinction in spectroscopic 
measurements, with the previously discussed extinction cross section ߪ௘௫௧ of a NP. 
Because quantum physicists are accustomed to cross sections for various parameters and 
nuclear processes, they are probably most comfortable with ߪ௘௫௧ (m2 NP-1), but there is 
obviously other ways of representation. The dimensionless parameter of ܳ௘௫௧ has a 
widespread use among the nanotechnology community. As previously mentioned, ܳ௘௫௧ 
is defined as the extinction cross section ߪ௘௫௧ divided by the geometric cross-section 
 ௖௦(m2 NP-1) and represents the efficiency of a material to extinguish light compared toܣ
its perfect opaque counterpart (4.2). Intuitively, if geometrical optics were a completely 
trustworthy guide in the world of NPs, ܳ௘௫௧ would never exceed 1: all rays incident on a 
particle are extinguished, either by adsorption or scattering (ߪ௘௫௧ =  ,௖௦). Neverthelessܣ
there are many NPs that have extinction efficiencies greater than 1, which means that 
they can scatter and absorb light beyond that geometrically incident to them, like a 
nanoscopic “antenna”. The large polarization associated with the LSPRs results in 
enhanced local electric fields at the particle surface whose effects extend beyond their 
physical size. Because ܳ௘௫௧ does not scale with size, it is a commonly used parameter 
when comparing spectra of NPs with different diameters. 

On the other hand, the molar extinction coefficient ߝ (mଶMୟ୲୭୫ିଵ ) is a parameter 
more commonly used in biology than the ߪ௘௫௧. The reason is that it directly correlates 
the extinction properties ܣ with the atom concentration ܿ (Mୟ୲୭୫). As a consequence, it 
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is more commonly used to compare the dose response of NPs of different sizes since it 
accounts for the fact that the larger NPs contain more atoms than the smaller ones [2]. 
The Beer-Lambert law then acquires the following expression: 

ܣ = ;ܿ ݀ ߝ ߝ    = ఙ೐ೣ೟ ெௐ
ଶ.ଷ଴ଷ ௏ ఘ = ொ೐ೣ೟஺೎ೞ ெௐ

ଶ.ଷ଴ଷ ௏ ఘ ,     (4.8) 

where V (m3 NP-1) is the particle volume; ߩ (g L-1) and MW are the density and molecular 
weight of the metal. Except for a scale factor, all mentioned parameters (ߪ௘௫௧, ܳ௘௫௧, ߝ) 
plotted as a function of wavelength have identical form, and thus can be seen as different 
ways of normalization, i.e. NP number, cross-section area or atom concentration. 

4.4. Results I: Localized surface plasmon resonances in silver 
nanoparticles: the effect of size, composition and surface coating 
Ag NPs with diameters from 10 to 200 nm were prepared following the method described 
in Chapters 3. With other synthetic procedures, the by-products remaining after the 
chemical reduction of the metal and/or initially added capping molecules limit the growth 
of NPs to large dimensions and affect their chemical and optical properties. In this case, 
not only were large Ag NPs easily produced, but also the degree of monodispersity was 
preserved below 10%, thus allowing the experimental observation of high order 
multipoles, such as the quadrupole and the octapole peaks, with unpreceded precision. 
Au NPs in the same size range were also prepared following a previously mentioned 
protocol [26] and the LSPRs compared with that of the Ag NPs (Figures 4.4 and 4.5). 

The experimental spectra for the different NP clearly reflect the previously 
discussed fact that the resonance wavelength as well as the extent of the extinction 
enhancement is highly dependent on the size and composition of the NPs, thus allowing 
easy optical tunability, which is lacking in the case of, e.g., dyes. A detailed description 
of the observed shape, position and intensity of the LSPR peaks can be found in the 
corresponding Publication 3. However, to aid the selection of an appropriate NP for a 
suitable application, a brief quantitative discussion of the trends in the LSPR peaks of 
these NPs now follow. 
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Figure 4.4. Size-dependent extinction spectra of Ag NPs. (A) Extinction spectra of synthetized Ag 
NPs with diameter from 10 to 218 nm and size deviation from 10% to 7%. Ag concentration in 
solution was 0.05 mM for the 10 nm and 0.15 mM for the 218 nm Ag NPs (B) Sample vials at 
increasing NP size. (C-F) Extinction spectra of selected sizes: 10 nm (0.05 mM), 87 nm (0.15 mM), 
146 nm (0.15 mM) and 189 nm (0.15 mM). Black/blue/red lines correspond to the 
dipole/quadrupole/octapole. 

 
Figure 4.5. Size-dependent extinction spectra of Au NPs. (A) Extinction spectra of synthetized 
Au NPs with diameters ranging from 10 to 182 nm and size deviation from 11% to 7%. Au 
concentration in solution was 0.17 mM for the 10 nm and 1 mM for the 182 nm Au NPs.  (B) Sample 
vials at increasing NP size. (C-F) Extinction spectra of selected sizes: 10 nm (0.17 mM), 81 nm (1 
mM), 141 nm (1 mM) and 181 nm (0.91 mM). Black/blue lines correspond to the dipole/quadrupole. 



Chapter 4: LSPRs in metal NPs: the effect of size, composition and surface coating 

- 128 - 

4.4.1. Dependence of LSPRs on nanoparticle size 
A close look at the spectra of Ag and Au NPs (Figures 4.4 and 4.5) shows distinctive 
LSPR characteristics. In both cases, the initial dipole peak corresponding to 10 nm 
particles moves to longer wavelengths, or correspondingly to lower energies, as the NPs 
grow and enters the so called extrinsic size region (the electron cloud is less confined, 
there is more room for radiation dissipations and high order multipoles increasingly 
dominate). However, the dipole of Ag NPs covers a wider spectrum in the visible range, 
starting from a strong and narrow peak around 397 nm for Ag NPs of 10 nm in diameter 
and ending with a broad and attenuated peak at the near-infrared (>700  nm) for very 
large Ag NPs of 200 nm. Conversely, the dipole peak of the Au NPs is restricted to a 
much narrower window for starting at a larger wavelength of 518 nm and ending at the 
same near-infrared region.  

Significant differences in the high multipole peaks can also be observed. The 
quadrupole appears at smaller sizes and with stronger intensity in the case of Ag NPs 
than for Au NPs, and the octapole, which can be perfectly observed for Ag NPs of 189 
nm (Figure 4.4 F), is absent in the Au NPs of the same size (Figure 4.5 F). For diameters 
above 200 nm, these peaks strongly attenuated and became difficult to distinguish, with 
broad overlapping bands.  

Mie plot software was used to compare the experimental spectra with that predicted 
by the Mie theory (Figure 4.6). Overall, experimental results were in general agreement 
with that theoretically obtained and major differences could be attributed to sample      
size distribution, which despite being very narrow for the synthetized particles, with size 
deviations below 10%, still had a significant effect in the final spectra of the NPs. For 
example, quadrupole and octapole peaks shown in the calculations were experimentally 
difficult to observe in the large NPs even when these had a relatively low disparity, 
because high multipole resonances are spectrally very close and quickly overlap to form 
a broad spectrum (Figure 4.6F). From these results, it is highlighted the importance of 
synthetic protocols for the production of monodisperse NPs for optical applications. 
Additional differences in the peak position and bandwidth were attributed to slight 
deviations from a spherical shape, different degree of faceting of each specific NP, the 
effect of citrate on the surface and/or surface roughness.  
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Figure 4.6. Calculated extinction efficiencies of spherical Au and Ag NPs in water. Extinction spectra of 
(A) Ag and (B) Au NPs with monodisperse size distributions from 10 to 200 nm in diameter. (C) 
Maximum extinction efficiency and (D-E) position of the dipole peak as a function of particle size. 
(F) Extinction spectra of 146 nm Ag NPs with varying degree of polydispersity expressed in standard 
deviation from mean diameter. Calculations obtained from MiePlot software [19] using tabulated 
frequency dependent dielectric function for bulk gold and silver [17]. 

This detailed description of the LSPRs for Ag and Au NPs confirm the larger 
tunability of the Ag NPs, with stronger size dependencies and a larger number of 
multipoles, more advantageous for optical applications. Additionally, one has to account 
for the fact that Ag NPs can extinguish light 10-15 times higher than that of Au NPs (in 
absence of surface oxidation), as deduced from the calculated extinction efficiencies. The 
lower extinction efficiency of Au NPs arise from their electron IB transitions. As 
previously mentioned (see Section 4.2.1.), these IB transitions overlap with the LSPRs 
and, consequently, the oscillating electrons may relax via the creation of electron-hole 
pairs in the upper limit of the IB transitions. This fact however does not deprive Au NPs 
from still having absorption and scattering coefficients much higher than those of 
conventionally used dyes, and being of particular interest in many optical applications 
due to their higher biocompatibility and chemical stability, in particular, against surface 
oxidation and dissolution [6]. Here, the point is how to achieve a NP with the plasmonic 
properties of Ag NPs and the chemical stability of Au NPs. 
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4.4.2. Dependence of LSPRs on surface coating 
Besides the influence of NP morphology, it is well established that LSPRs are strongly 
dependent on the local surrounding medium of the NPs, including substrate, solvent and 
coating molecules such that those used for stabilising the NPs. This dependence can be 
seen in equations (4.3) and (4.4) where the extinction cross-section of the NPs ߪ௘௫௧, is a 
function of the dielectric constant of the medium, εm. In fact, the resonance conditions in 
the dipole approximation is fulfilled when the real part of the NP dielectric function 
coincides with the dielectric constant of the medium ε1=-2εm , the point at which (4.3) 
and (4.4) are maximum. As a result, a change in the dielectric constant of the medium is 
reflected as shift in the position of the dipole peak. Thus, by monitoring the LSPRs by 
adsorption or scattering-based techniques in response to surfactant-induced changes in 
the local environment of the NP, a nanoscale chemical or biosensor can be developed. 
However, little was known about how the LSPRs respond to the presence of different 
molecules, particularly, if these molecules chemically interact with the NP surface. 
Observed LSPR peaks were reported to blue-shift or red-shift depending on a variety of 
features [1, 27] and reliable theoretical predictions were very difficult (or even 
impossible) to obtain because of the complexity of the chemical bonding and coating 
formation on the NP surface. For this reason, a systematic study on the extinction spectra 
of Au and Ag NPs before and after the addition of different capping molecules was 
performed in order to quantify the resultant shift in the position of the different peaks 
(Figure 4.7).  

Polyethylene glycol (PEG) chains were chosen as model molecules for their 
widespread use and special interest in biomedicine [28]. The most noticeable effect was 
a shift in the dipole peak, always to the red, after replacing the initial citrate/tannic 
coating of the NPs for a PEG coating. This shift depended on both parameters, the chain 
length and anchoring terminal group of the PEG (Figure 4.7B, C). In this regards, larger 
molecules resulted in larger shifts in the position of the peak than the shorter ones, mostly 
because they modify to a larger extent the dielectric environment in the surroundings of 
the NP. In the case of noble metals, the real part of the NP dielectric function ε1 decreases 
with increasing wavelength in the visible range (300-800 nm) [3]. An increase in the 
medium dielectric constant εm, on the surface of the NP due to the PEG coating  is 
therefore reflected as a red, and not as a blue, shift in the resonance conditions (ε1=−2εm).  
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Figure 4.7. Influence of coating molecules on the surface plasmon resonances. (A) Three layer 
model proposed by Sun et al. [27] where d is the diameter of the NP, t is the thickness of surface 
atoms behaving as non-metallic due to the chemical bonding and s is the thickness of the coating 
layer. (B, D) Ag and (C, E) Au NPs extinction spectra and shift in the peak position before and after 
the addition of different PEG molecules.  

PEG molecules with different anchor groups were also tested (SH-, NH3-, COOH). 
The anchor group additionally contributed to the red-shift of the dipole peak, being the 
sequences: SH->NH3->COOH-. In this case, the formation of an outer shell of Au atoms 
with a non-metallic character has been recently suggested as one possible reason, which 
would also agree with the observed sequence [27, 29, 30]. Thus, the stronger interactions 
of PEG molecules with thiol terminated groups confine more electrons at the NP surface 
than those with amine and carboxylic groups, creating a greater charge localization that 
interact electrostatically against the oscillating conduction electrons of the LSPRs and 
changes the position of the peaks to lower energies. The interdependence of both effects, 
the anchor group and the molecule length, and whether they are perfectly additive or not, 
is, however, a question that was not solved and needs further research.   

Finally, the molecule coating induced shift on the position of the LSPR peaks was 
also compared between NPs of different sizes, composition and among different 
resonance modes (Figure 4.7D, E). First, in line with previous observations, the 
resonance peaks of Ag NPs were systematically more sensitive towards surface changes 
than of Au NPs. Second, the most effective peak for detecting changes on the surface of 
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NPs was the dipole over the other multipoles. Finally, it was not so evident which was 
the best NP size. Overall, shifts in the peak position were slightly larger for large NPs 
but at the same time with lower resolution due to broadening of the bandwidth. This is 
rather a surprising result in that large NPs experienced larger shifts in the LSPR peaks 
when coated by the molecules than the small NPs. Because the effect of the anchor group 
should be larger for the smaller NPs (percentage of electrons involved in the chemical 
bonding decreases), the reasons underlying this size dependence is probably related to 
an increasing susceptibility of large NPs to changes in the surface dielectric constant 
caused by coating molecules [31, 32].  

4.5. Results II: Dependences of LSPRs in sub-10 nm gold 
nanoparticles 
In Chapter 3 and related Publication 1, a synthetic protocol for the production of sub-
10 nm Au NPs was developed and their extinction spectra were measured 
experimentally. Because the theory of the LSPR has been introduced in the present 
chapter, we found interesting to briefly discuss these results here. 

Obtained spectra (see Chapter 3, spectra of Figure 2.6) showed a strong size 
dependency of the dipole peak of such small Au NPs not counted in the dipole 
approximation of Mie theory (according to it the LSPR is the same for all NPs smaller 
than 25 nm). This size dependency is explained as the diameter of the NPs becomes 
smaller than the mean free path of the conduction electrons and thus they are susceptible 
to suffer surface scattering during electron oscillation. As a modification of the Mie 
theory, the metal dielectric function of such small NPs is then assumed to become size-
dependent, therefore rendering a size-dependent NP extinction cross section even within 
the dipole approximation (see Section 4.2.2.). This classical picture was suggested by 
Kreibig [1] and nicely accounts for the tendency of the dipole peak to damp and become 
wider as the diameter of the NPs decreases below 10 nm. 

However, larger discrepancies arise in the literature regarding whether the position 
of the dipole peak should move to the blue or red as decreasing particle size below 25 
nm. The number of quantum effects that predicts a blue shift are comparable to those 
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predicting a red shift [4]. Moreover, experimental results were often hard to interpret due 
to the difficulty in separating the effect of size from other contributions, e.g., changes in 
the particle structure or surface state due to the use of different synthetic pathways for 
size control. In this context, the experiments described in Chapter 3 acquire special 
relevance. Because the formation of the Au NPs was achieved following the same 
protocol and with the same surfactants, the shift to the blue in the dipolar peak from 517 
nm down to 505 nm when the diameter of the Au NPs was reduced from 10 to 3.5 nm 
reflects exclusively the effect of size in the LSPR position of such small NPs.. 

From these results, it was also observed that small Au NPs were increasing more 
sensitivity to surface modifications (see Chapter 3, table of Figure 2.6). As previously 
discussed, this is probably because the electrons involved in the chemical bond with the 
coating molecules accounts for a larger percentage in the small NPs than in the large 
NPs. Interestingly, combining the results of Chapter 3 (Au NPs from 3.5 nm to 10 nm) 
with the results described previously in this chapter (Au NPs from 10 nm to 200 nm) one 
can detect a minimum of sensitivity of the dipole peak towards surface modifications for 
Au NPs with diameters around 50 nm (Figure 4.8). Probably, this is because the LSPR 
peaks of small NPs are more susceptible to surface modifications because of the chemical 
bonding with coating molecules counts for a larger percentage of NP conducting 
electrons while LSPR peaks of large NPs are more susceptible to changes in the local 
dielectric constant caused by these molecules. 

 
Figure 4.8. Influence of coating molecules on the surface plasmon resonances. Shift in the LSPR 
position after conjugating citrate-stabilized Au NPs from 3.5 to 200 nm wit 11-mercaptoundecanoic 
acid.  
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4.6. Conclusions 
In this chapter, a detailed and systematic study of the optical signatures of Ag and Au 
NPs, including the particular effects that size and surface coating exert on the bandwidth 
and position of the different LSPR peaks, have been presented. Ag and Au NPs were 
synthesized following the protocols developed in previous, thus all NPs had the same 
surface chemistry. Apart from emphasizing the large optical tunability of Ag NPs over 
Au NPs, with relevant implications for many optical applications, these studies can guide 
the evaluation of plasmonic NPs subjected to different physicochemical transformations 
since it is known that the LSPRs are sensitive to changes in the structure of the NPs. An 
extended discussion related to this point can be found in one of our recent publication 
[15].  
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Chapter 5: 
Probing the surface reactivity of metal 

nanoparticles by the catalytic 
degradation of organic dyes 

In the previous chapter, the size- and surface-dependent optical properties 
of Au and Ag NPs were studied in detail. Here, a similar analysis is 
presented in relation to the surface activity of these NPs, in particular, the 
effect of particle size, surface coating and composition on the catalytic 
reduction of 4-nitrophenol. All data was collected in the article entitled 
Probing the surface reactivity of nanocrystals by the catalytic degradation 
of organic dyes: the effect of size, surface chemistry and composition. 
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5.1. Introduction to catalysis by nanoparticles 
Nanoparticles (NPs) are undoubtedly among the most widely studied systems in modern 
nanoscience. This is due to the fact that materials often show totally different properties 
when dispersed down to nanometer dimensions. These novel properties are 
nonexclusively related to optics and plasmonics. Due to their exceedingly high surface-
to-volume ratios, abundance of edges and corners and electronic confinement, NPs often 
present catalytic properties that are not revealed in their bulk forms. For example, Haruta 
et al. [1] found some twenty years ago that Au NPs are active catalysts for oxidation 
reactions, while bulk gold is inactive. This study and subsequent discoveries have proven 
that the catalytic properties of a material are not exclusively determined by the material 
composition, as traditionally believed, since they can also be influenced by changes in 
size and shape, giving rise to the concept of nanocatalyst as one of the most promising 
areas in nanoscience. [2]  

Nowadays, a number of comprehensive reviews are available, focusing on specific 
reactions catalysed by NPs, including atmospheric N2 fixation, water splitting, 
hydrogenation and cross-coupling reactions [2]. Among NPs, those made of metals of 
Pt, Pd and Rh remain the most commonly used in catalysis. For example, Pd NPs have 
attracted great interest due to their high efficiency for the Suzuki reaction in organic 
syntheses [3] while Pt NPs are particularly attractive in hydrogen fuel cells due to their 
extremely high hydrogenation ability [4]. More recently, the use of Au and Ag NPs of 
different sizes in important electron transfer and oxidation processes, such as CO 
oxidation, has generated great interest [5]. 

In colloidal form, NPs combine the advantages of heterogeneous and homogeneous 
catalysis while circumventing many of their individual drawbacks [6]. The drawbacks of 
homogeneous catalysis include poor recycling potential and contamination of products 
by the catalyst. Heterogeneous catalysis in solution alleviates these drawbacks because 
the contamination of the products is low and the catalysts can be phase separated from 
the reaction media and reused. However, heterogeneous catalysts often shows poor 
performance because the percentage of surface atoms, which are the ones that directly 
participate in the reaction, is low. The use of colloidal NPs alleviate these dimensional 



Chapter 5: Probing the surface reactivity of NPs by the catalytic degradation of organic dyes 

- 159 - 

limitations because they expose a great number of surface atoms per unit volume and are 
highly mobile through the solution.  

Nevertheless, the surface activity of the NPs may be affected by their large 
tendency to reduce the excess of surface energy either via passivation through chemical 
reactions with capping molecules, crystalline changes or via particle aggregation, which 
are other associated processes with relevant consequences on their final catalytic 
performances. Current advances in the science of synthetizing NPs has opened the way 
for detailed studies on the surface activity of NPs. These include the possibility of 
synthetizing NPs with different sizes, crystallinity, atomic composition and surface 
chemistry. Furthermore, high resolution transmission electron microscopy (HRTEM) 
and the development of optical and spectroscopic techniques specific for the 
characterization of NPs (see Chapter 4) now allows for full characterization of these 
systems, which can be used in detailed studies with the same rigor as earlier 
investigations carried out on macroscopic surfaces. 

5.2. Model reactions 
Well-characterized model reactions are a prerequisite for the study of the fundamental 
aspects of surface activity of NPs. These should satisfy the following conditions: 

- Well-controlled chemical reaction with minimum formation of by-products that 
can potentially interact with the surface of the NPs.  

- The reaction should only take place in the presence of NPs in solution. 
- The rate of reaction must be measurable with high precision, leading to a 

detailed understanding of the reaction kinetics. 
- The reaction should proceed under mild conditions, in which NPs are stable and 

no degradation or transformation occurs. It excludes all reactions in which the 
NPs serve as a source for ions in solution. 

Some of the most common model reactions consist of the reduction of different 
organic dyes (e.g. 4-nitrophenol and Rodhamine B) and inorganic dyes (e.g. 
hexacyanoferrate) by borohydride (Scheme 5.1). 
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Scheme 5.1. Catalytic degradation of organic dyes by metal nanoparticles. The reduction 
reaction takes place at the metal surface between the dye (4-nitrophenol, Rhodamine B, Methylene 
blue, etc) and the NaBH4, resulting in dye’s decoloration [18]. 

These reactions take place in water under ambient conditions and can be analysed 
with high accuracy using relatively easy techniques such as spectroscopies. The choice 
of these reactions has also been prompted by the fact that there is a huge bulk of kinetic 
data available [7-9]. 

5.3. Reduction of 4-nitrophenol in aqueous solutions 
The reduction of 4-nitrophenol (4-NP) by borohydride on catalytic surfaces is probably 
the most used model reaction for assessing the surface activity of metal nanostructured 
materials [10, 11]. It also has enormous industrial significance as nitro compounds are 
reduced to their less toxic nitrate or amine counterparts. Pal et al.[12] and Esumi et 
al.[13] first identified this reaction as a suitable reaction for testing the surface activity 
of free or immobilized metal NPs. Its designation as a model reaction stems from both 
its simplicity and the ease by which the reaction can be monitored using spectroscopic 
techniques; the reaction is conducted in aqueous media under ambient conditions, has no 
known side reactions, and only proceeds if a catalyst is present. The successive reduction 
in the characteristic absorbance of 4-NP at 400 nm directly correlates with its 
concentration in solution and can therefore be used for high-precision real-time 
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monitoring of the reaction kinetics by UV-vis spectroscopy. Additionally, the product 4-
aminophenol (Amp) imparts no colour to the aqueous solution and hence does not 
hamper the spectroscopic determination (Figure 5.1). 

 
Figure 5.1. Catalytic reduction of 4-nitrpohenol by borohydride. (A) Schematic representation 
of the reaction. (B) Representative time-evolution absorption spectra during the reduction of 4-NP 
and (C) corresponding plot of ln (A/A0) vs reaction time at 400 nm. Red line displays the linear 
section from which kapp can be calculated. 

After an induction time t0 in which no reduction takes place, the reaction starts and 
reaches a stationary state that is well described by a pseudo first-order rate law for 
conditions satisfying [dye]<<[BH4-] [8]: 

െ ௗ௖೟
௧ ൌ ݇௔௣௣ܿ௧  ,     (5.1) 

where ct is the concentration of 4-NP at time t and kapp is the apparent rate constant (s-1). 
Integration of equation (5.1) gives: 

݈݊ ௖೟
௖బ ൌ െ݇௔௣௣(5.2)     ,ݐ 

Because the absorbance A is proportional to the 4-NP concentration, kapp can be 
easily obtained from the slope of the linear dependence of ln[(A-A∞)/(A0-A∞)] with t [8] 
(Figure 5.1C, red line). Many studies, including that of Mahmoud et al. [14], has further 
pointed out that the kapp is proportional to the total surface area of the metal NPs, 
demonstrating that the metal surface of the NPs is acting as the true catalyst for the 
reaction [14-17]. Hence, a kinetic constant, ݇௔௣௣ᇱ  (s-1m-2L), can be defined through 
normalization to the total surface area S (m2L-1) of the system: 

݇௔௣௣ᇱ ൌ ݇௔௣௣ܵିଵ       (5.3) 
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In addition to this, different authors have reported the presence of an induction 
period t0 needed to have an active catalyst [18] (Figure 5.1C, arrow ). The origin of this 
lag phase remains somewhat of an enigma and has been ascribed to different causes. 
Some of which are the presence of an oxide layer on the metal surface[12] the diffusion 
of reactants to the catalyst surface [19, 20], a surface reconstructing process [8, 9, 21], 
the time for NaBH4 to inject electrons to the NPs [14, 22]or the time required to remove 
the surfactant from the surface of the NPs [23]. Discussion is certainly complicated by 
the varied nature of catalysts, catalyst supports and surface ligands. Very recently, two 
independent works from Neretina et al. [10] and Blanco et al. [24] reported that the 
induction period is highly affected by the sequence of reactants addition which can give 
further insights of its origin. The induction period, however, is inconsequential with the 
calculation of the kapp at the stationary stage of the reaction and thus it does not prevent 
a full kinetic analysis. 

Mechanistically, the catalytic reduction of 4-NP by NPs is commonly understood 
in terms of the Langmuir-Hinshelwood model (LH) [7, 25, 26]. First, borohydride ions 
and 4-NP molecules adsorb on the surface of the NPs. Then, both reactants diffuse to 
active sites, where the reaction take places to form the product that finally desorbs from 
the surface. This is certainly a complicated process that consists of several steps and it is 
not yet fully understood. For example, there is no consensus in the literature regarding 
whether the reduction reaction proceeds via transfer of hydrogen atoms on the surface of 
the NP (surface-mediated hydrogen transfer), or, on the contrary, BH4- charges the 
particle by injecting electrons that are later used to reduce the 4-NP (surface-mediated 
electron transfer) [26]. The common ground for the two proposed mechanisms is that the 
reactants are absorbed on to the surface of the NPs prior to reacting. Wunder et al. [8, 9] 
dealt with the kinetic aspects of the reaction by evaluating Pt and Au NPs supported in 
polyelectrolyte brushes for the reduction of 4-NP. The authors investigated both the 
effects of variations in 4-NP and BH4− concentrations on the rate of the reaction and 
concluded that the rate-limiting step is the reduction of adsorbed 4-NP.  These results 
were further corroborated by the same authors for dispersed bare Au NPs [27] and the 
reaction model was finally improved by accounting for the intermediate specie of 4-
hydroxylaminophenol (4-Hx) [7]. Published works by other authors come to similar 
conclusions as regards to the rate-determining step and the kinetic model [24, 26, 28]. 
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Additionally, other important factors known to affect the reaction mechanism have also 
been evaluated, including the presence of dissolved oxygen and pH of the solution [10]. 
Thus, the mechanism of catalytic reduction of 4-NP seems to be sufficiently studied to 
serve as a model reaction (Scheme 5.2).  

Following these considerations, and the progress achieved previously in the 
synthesis of metal NPs (see Chapters 2 and 3), a full analysis of the catalytic 
performance of these NPs for the reduction of 4-NP by borohydride was accomplished. 
Au NPs were chosen over other metal NPs for their great stability and the possibility of 
ruling out other side effects that can alter the integrity of the NPs during evaluation, e.g. 
oxidation and dissolution. Attention was focused on the effect of particle size and surface 
chemistry on the final catalytic performance. All data were collected in the article 
entitled: Probing the surface reactivity of nanocrystals by the catalytic degradation of 
organic dyes: the effect of size, surface chemistry and composition.   

 
Scheme 5.2. Model of Langmuir-Hinshelwood mechanism for the reduction of 4-nitrophenol 
to aminophenol via surface-mediated hydrogen transfer. In the first step, the NaBH4 is 
decomposed by hydrolysis on the metal surface and BO2- and active hydrogen are formed; then the 
4-NP is adsorbed at the surface and reacts with the active hydrogen to form Amp (rate-limiting step); 
finally, BO2- and Amp fast desorbs from the surface. The reduction of 4-NP to Amp passes through 
the formation of 4-Hx [26].  
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5.4. Results: The effect of size and surface chemistry on the reduction 
of 4-nitrophenol by metal nanoparticles. 
5.4.1. Effect of particle size  
In the first part of the work, the catalytic reduction of 4-NP by NaBH4 was evaluated 
using citrate-stabilized Au NPs with diameters ranging from 3.5 to 200 nm (Figure 5.2). 
The effect of particle size was highlighted by the improved catalytic performance shown 
by the smaller Au NPs compared to the larger ones. This can be accounted for the fact 
that, at equal concentration of Au atoms, the number of surface atoms for the catalysis 
decreases with increasing particle size, i.e. the higher reaction rate of smaller Au NPs is 
due to the larger surface area. However, when compared by surface area, differences in 
the observed rate constants further revealed a size dependence surface activity (Figure 
5.2J). Overall, the tendency was that surface activity increased as particle size decreased. 
Additionally, for Au NPs of relatively small sizes (less than 20 nm) there was some 
discrete sizes that were significantly more efficient for the reaction than others. For 
example, Au NPs of 10 nm in diameter showed a higher kapp than that of 5 and 15 nm. 

The size-dependent crystalline structure of NPs is a well-known nanoscale effect. 
This may result in the exposition of different crystalline faces, rendering different surface 
activities. To address this possibility, Au NPs with selected diameters were fully 
characterized by HR-TEM and HAADS-STEM. In most of the samples, synthetized Au 
NPs presented five-fold symmetry twined structures, with decahedron geometry being 
the most commonly observed (Figure 5.3). Indeed, computational simulations 
performed by different researchers have demonstrated that, together with the 
cuboctahedra and icosahedron, these are the most stable structures for novel metals [29, 
30]. Interestingly, small Au NPs presented a spheroidal decahedral shape while the 
morphology of Au NPs with intermediate sizes was close to the ideal decahedron, with 
sharper external facets. Finally, Au NPs of even large sizes (>100 nm) shown an 
increasing number of external facets that progressively distorted the decahedron structure 
to an icosahedron. Despite these differences, all the Au NPs were characterized by the 
exposure of {111} facets, leading to a ruling out of crystal plane effects in the observed 
size-dependent surface activity. As a result, this was attributed to a higher reactivity of  
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Figure 5.2. Effect of particle size on the catalytic reduction of 4-NP by NaBH4. (A-F) Time-
evolution absorption spectra during the reduction of 4-NP, (G) plot of time-dependent absorbance at 
400 nm and (G) plot of ln (A/A0) vs reaction time for Au NPs of different diameters. Calculated kapp 
normalized by total Au atoms (I), total surface area (J) and particle number (K). Conditions: [4-
NP]=0.16 mM; [NaBH4]/[4-NP]=37.5:1; pH=10; Vtotal=3 mL; VNP=0.05-0.25 mL. 

 
Figure 5.3. Structural characterization of gold nanoparticles with different sizes. (A-E) 
Representative micrographs showing the typical structure of Au NPs of 5.2 nm (A), 9.3 nm (B), 19 
nm (C), 42 nm (D) and  96 nm (E). Au NPs from (A) to (D) show spheroidal decahedron morphology 
while (E) shows an icosahedral morphology. (F) HRTEM image and (G) corresponding power 
spectrum (FTT) of a 24.4 nm Au NP. Diffraction spots of {111} and {200} family planes form a 
perfect symmetry, which is typical of a decahedral geometry [30]. (H) Ratio of catalytically active 
Au atoms to total Au atoms. A spheroidal decahedron model (inset) was used for the calculations 
[34]. 
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the coordinative unsaturated surface atoms in small Au NPs due their higher surface 
curvature.  

However, a higher surface reactivity entails other consequences, particularly when 
NPs are in colloidal form. These can be advantageous or disadvantageous for the 
catalytic performance. For example, Hutchison et al. [31] showed that molecules tend to 
form stronger chemical bonds with lower coordinated surface atoms of small NPs which 
may slow down the adorption/desorption of reactants from NP surface. For the same 
reason, the displacement of capping molecules by substrates, which is needed to access 
the catalytic sites on the surface of the NPs, may be harder in this case. In this regards, 
we observed that small NPs could be reused fewer times compared to the larger ones. On 
the other hand, the curvature radi may also influence the interaction of NP with planar 
dyes, a fact that according to Fenger et al. [32] becomes particularly relevant for NPs 
smaller than 5 nm. All these effects may contribute to the existence of optimum sizes 
where the catalytic rate is unexpectedly great. For the catalytic reduction of 4-NP by Au 
NPs, this size was found to be around 10 nm (Figure 5.2I).  

5.4.2. Effect of capping molecules 
Colloidal NPs are frequently employed due to their large surface-to-volume ration and 
great mobility in solution. Besides the element that make these nanosystems highly 
attractive in catalysis, concomitantly with the low diameter, the protection against 
aggregation is imperative. The dilemma is that the capping molecules needed to preserve 
the stability of the NPs also acts to block the reactive surface and eliminate catalytic 
activity. To circumvent this dilemma, the NPs can be deposited onto a support and treated 
to remove the bound ligand, but this results in potential changes in the surface properties, 
a significant decrease in the available surface area, and influence of the support material 
on the catalyst activity. Therefore, there is a trade-off between the stability of colloidal 
NPs in solution and their catalytic activity due to passivation of active surface sites [33]. 
While understood phenomenologically, an in-depth study of the impact of stabilizing 
molecules on NP’s catalytic activity is an area that requires further exploration. For this 
reason, we decided to study some of the most commonly used stabilizing molecules in 
Au NP synthesis and evaluate their influence on the final catalytic activity.  
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Figure 5.4.  Influence of surface coating on the catalytic performance of Au NPs. (A-F) Time-
evolution absorption spectra during the reduction of 4-NP by NaBH4 in the presence of 3.6 nm Au 
NPs stabilized with: sodium citrate (A), hexanoic acid (B), aminohexanoic acid (C), NH2-PEG (1000 
kDa) (D), mercaptoundecanoic acid (E), polyvinylpyrrolidone (F), bovine serum albumin (G), and 
SH-PEG (3500 kDa) (H). (I) Plot of time-dependent absorbance at 400 nm. (J) Plot of ln(At/A0) vs. 
time. (K) Calculated kapp. Conditions: [4-NP]=0.16 mM; [NaBH4]/[4-NP]=37.5:1; pH=10; Vtotal=3 
mL; VNP=0.02 mL. 

Overall, the effects of capping molecules were found to greatly exceed the 
previously described size effects, including the total inhibition of the catalytic activity of 
the NPs in some cases (Figure 5.4). For example, simple citrate-protected Au NPs gave 
higher apparent kinetic constant (kapp) for the 4-NP reaction than hexanoic, 
aminohexanoic and mercaptoundecanoic acids, while large molecules, especially 
polymers (PVP and PEG), gave very low kinetic constants (kapp). As regards the anchor 
terminal groups, higher reaction rates were obtained with Au NPs stabilized by 
molecules of carboxylic motifs when compared with capping molecules with thiol and 
amine anchor groups; a trend that agrees with the different affinity of these groups by 
gold surfaces, being this: thiol>amine>carboxylic.  
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5.5. Conclusions 
In this chapter, the surface activity of Au NPs has been discussed on the basis of their 
ability to catalyse the reduction of 4-NP by BH4-. Obtained results highlight that, beyond 
the total surface area, particle size and capping molecules strongly influence the catalytic 
efficiency of Au NPs. Thus, a decrease of particle size tends to contribute positively to 
the reaction kinetics due to the higher reactivity of their surfaces. However, for very 
small Au NPs, this higher surface reactivity also entails some negative side effects (i.e. 
surface degradation, blockage and poison), resulting in the presence of a relative 
maximum of catalytic efficiency for Au NPs with intermediate sizes. For the system 
herein studied this size is around 10 nm. As regard to the capping molecules, the general 
trend is: the more protected the particle, the less catalytically active. This compromise 
between colloidal stability and catalytic activity due to the passivation of active surface 
sites still constitutes the main drawback in the use of these NPs for catalytic applications. 
These results, including additional catalytic studies with NPs of different compositions 
(Ag and Pt NPs) and dyes other than 4-NP (Rhodamine B and Methylene Blue) can be 
found in the following Publication 4.   
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Chapter 6: 
Size-dependent protein-nanoparticle 

interactions 
One of the most significant alterations of nanoparticles (NPs) in biological 
media is the formation of a protein corona (PC) as a result of the adsorption 
of proteins onto the NP’s inorganic surface. This process deserves special 
attention because the proteins forming the ‘corona’ provide the NP’s 
biological identity and determine the interactions between NPs and the 
host in living systems. In other words, the protein coating ‘expressed’ at 
the NP surface is what is ‘read’ by cells. In this chapter, the effect of NP 
size on the kinetics of PC formation on citrate-stabilized Au NPs of 
different diameters after their incubation in cell culture media is presented. 
The results were collected in the article entitled Size-Dependent Protein-
Nanoparticle Interactions in Citrate-Stabilizes Gold Nanoparticles: The 
Emergence of the Protein Corona. 
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6.1. Interactions of nanoparticles with biological systems 
A deeper understanding of the physical chemistry of inorganic matter when its 
morphology approaches that of macromolecular biological entities is of paramount 
importance in order to improve the control and development of these materials. In 
addition, the safe application of different NPs and NP conjugates in biomedicine (e.g., 
as tools for therapy and/or diagnosis), their molecular characteristics and their behaviour 
in biological media are basic parameters to take into account. Surprisingly, despite the 
rapid development of new methodologies of synthesis and conjugation of NPs, a 
thorough knowledge of their in vitro and in vivo behaviour in complex biological systems 
has not yet been achieved. Blood, lymph, mucus and other biological environments 
contain a large amount and variety of different molecules, and NPs dispersed in these 
fluids are sensitive to such environments, being modified by and modifying them [1]. 

In order to understand the biological effects of NPs, it is worth analysing how NPs 
and biological systems relate to each other. On one hand, a living cell is connected to the 
external environment predominantly through proteins. Proteins are macromolecules that 
have an amphipathic character, possessing polar and nonpolar residues that confers them 
a 3D structure. They have also a large number of hydrogen bonds and different functional 
groups (such as thiols, carboxylic acids and amines). These two characteristics allows 
proteins to interact with almost all the ‘foreign’ matter they come into contact with. On 
the other hand, inorganic NPs possess very high surface energy and (intended during 
functionalization or unintended during NP exposure to the environment) they tend to 
associate with other particles and molecules that finally become part of the nano-object 
and determine their interactions with the surrounding environment [2, 3]. Thus, NPs 
inside living bodies are expected to be immediately coated by proteins and other serum 
components (unless they have been previously protected with a surfactant). Recently 
grouped under the name of protein corona (PC), these processes of protein coating are 
one of the most significant and studied modifications of NPs in physiological media [2-
4]. 
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6.2. The nanoparticle protein corona 
Already in 2004, it was reported that the presence of proteins in physiological media 
affects the entry and intracellular localization of NPs in cells, and thus modulates their 
potential biological effects and toxicity [5]. Later, the formation of a PC on top of the 
NP surface was observed to control biodistribution, uptake and biological response, 
transforming them from innocuous to toxic, or vice versa. The increasing number of 
recent publications covering different aspects of the NP corona reflects the importance 
of this topic [6, 7]. This is largely because the proteins forming the ‘corona’ remain 
associated with the NPs under normal conditions of in vivo and in vitro exposure, thereby 
conferring the NPs their biological identity and determining the interactions between 
NPs and the host. In other words, this corona of proteins ‘expressed’ at the surface of the 
particle is what is ‘read’ by the cells [8].  

The formation of a PC on the surface of NPs may improve their stability and 
biocompatibility, as in the case of the albuminization of potentially toxic drugs [9]. 
However, it can also entail detrimental effects, e.g. through the depletion of specific 
proteins or enabling a more intense or more specific interaction with living cells. The 
depletion of proteins is uncommon as it is difficult for NPs inside blood or organs to 
reach high enough concentrations for protein depletion. However, the triggering of a 
more intense or specific response can occur due to avidity effects arising from the close 
spatial repetition of the same protein if accumulated on a particle surface, or the 
attachment of specific components of the immune system that can tags the vehicles for 
phagocytosis [10]. Finally, one should take into consideration that packing of proteins 
on the NP surface may increase NP robustness against their natural metabolic 
degradation [11], allowing a deeper penetration into biological systems and possible 
accumulation in cells or tissues. However, after extended periods of time, the metabolic 
degradation of the corona is likely and the leaching of ions from the particles may induce 
toxic effects. Currently, some of these hypotheses are an active field of research. 

6.2.1. Time evolution of the nanoparticle protein corona 
The formation of the PC is a dynamic process governed by the Vroman effect [12]. In 
1962, Leo Vroman reported how the exposure of hydrophobic inorganic powders to 
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blood plasma resulted in the removal of coagulation factors, and the inorganic surface 
became more hydrophilic. This result manifested a competitive adsorption hierarchy: the 
proteins with high mobility arrive first and are replaced by others with lower mobility 
and higher affinity for the surface, mainly factor V and fibrinogen, in a process that takes 
up to a few hours. As stated by Slack and Horbett [13], this process is recognized as the 
general phenomenon governing the competitive adsorption of a complex mixture of 
proteins (as with serum) to surfaces. Thus, after exposure to cell culture media, NP 
coating evolves in a time-dependent manner, from a soft PC, a transient agglomeration 
of proteins on the NP surface, to a hard PC, a dense and permanently attached protein 
coating [14] (Figure 6.1).  

Initially, the strongest argument for the irreversibility was that proteins are 
provided with multiple, although weak, anchor points. However, detailed studies have 
also suggested other mechanisms. The work of Alaeddine and Nygren demonstrated that, 
contrary to what might be suspected, proteins do not distribute on surfaces randomly 
[15]. Instead, once the first proteins are attached, an initial cluster of proteins forms 
around these, thereby stabilizing them, and this mechanism is repeated until the entire 
surface is covered. This, and other attempts to explain the irreversibility of the process 
of protein adsorption to inorganic surfaces, suggests that the initial attachment of a 
protein to a surface is followed by a series of movements and/or rearrangements to make 
the interaction more stable. Once clustered, the movement of one implies the movement 
of many. Therefore, not only protein–surface affinity, but also mechanisms such as 
molecular relaxation time or spreading (related to the interaction time), and crowding 
effects have been identified as factors determining complete adsorption [16]. 

Accordingly, these entire interfacial processes take place when NPs are dispersed 
in biological media, such as when injected into veins as drug delivery vehicles or 
incubated with cells in in vitro studies. While these processes are analogous to the 
interaction of serum components with medical implants, there are some differences. 
Unlike implants, NPs are not a fixed substrate and move quickly in solution; they have 
similar dimensions to proteins and possess high radii of curvature that change the 
accessibility to their inorganic surfaces. All these effects may modify the kinetics of an 
encounter between the NP surface and proteins, the mechanisms of attachment and the 
biological outcome. 
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Figure 6.1. Kinetics of the formation of the nanoparticle protein corona. The process of protein 
adsorption in biological media evolves from a soft corona composed by weakly bound proteins in 
equilibrium with the proteins in the medium to an irreversible corona composed by strongly attached 
proteins that are no longer in equilibrium with their in-solution counterparts.  

6.2.2. Factors affecting the protein corona formation 
PC formation is time, serum and NP (size and surface) dependent [3, 17]. Hydrophobicity 
and surface charge have historically been the factors taken into account to explain protein 
adsorption onto inorganic surfaces. This is illustrated by the work of Prime and 
Whitesides using self-assembled monolayers (SAMs) on Au films [18]. These SAMs 
consisted of alkyl chains with different terminal groups, where the more hydrophobic the 
surface the greater the degree of protein adsorption. In a later study [19], the binding of 
bovine serum albumin (BSA) to Au surfaces modified by alkyl thiol SAMs was found to 
decrease in the following order of terminal groups: C6H5OH > CH3 > COO- > NH3+ > 
OH- > oligoethylene oxide. Together with hydrophilicity, charge has also been shown to 
play a key role in the interaction with proteins due to electrostatic interactions. It was 
observed by Norde and Lyklema that there was a higher adsorption of positively charged 
proteins onto negatively charged polystyrene surfaces and vice versa [20]. Currently, 
different examples of the role of NP hydrophobicity and surface charge on PC formation 
can be found in the literature [21-24]. 

Affinities of different proteins for the same surface are different [22]. Therefore, 
the formation and evolution of the PC on NPs is affected by the composition of biological 
fluids. The PC resulting from incubation of NPs in blood plasma, which contains 
fibrinogen, is substantially different to the PC found after NP incubation in blood serum, 
which is free from that protein. As an example, Deng et al. [25] found fibrinogen as the 
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major blood plasma protein bound to Au NPs while Casals et al. [14], using blood serum, 
found albumin as the main component of the PC also formed around Au NPs. Not only 
can the protein content influence the formation of the PC but also the physiological buffer 
used to prepare the cCCM with the same type of serum. Maiorano et al. studied protein 
adsorption onto Au NPs of different sizes upon incubation with DMEM-high glucose 
and Roswell Park Memorial Institute-1640 medium supplemented with fetal bovine 
serum [26]. Results revealed that DMEM exhibits a large time-dependent PC formation 
while Roswell Park Memorial Institute medium represents dissimilar kinetics with a 
reduced PC composition. 

As regards to the conformation proteins attached to the NPs, methods of 
immunoassay in the solid phase have been quite successful in identifying their tertiary 
structure [27-29]. Additionally, as pointed out by Norde [30] and later confirmed in by 
us [14, 31], the thickness of the adsorbed protein layer is usually close to the native 
protein size. This indicates that some parts of the proteins adsorbed on the NPs maintain 
their active structure, since their denaturation and aggregation after losing their tertiary 
structure is well known. However, there is no consensus regarding the maintenance of 
the protein tertiary structure after adsorption. Partial unfolding of proteins adsorbed on a 
surface has been described in several studies [32, 33]. For instance, it has been reported 
how adsorption of proteins onto SiO2 NPs is followed by irreversible protein 
conformational changes, ultimately leading to a molten-globule-like state [34-36]. In 
another study using Au NPs of approximately 90 nm in diameter, Zhang et al. observed 
that proteins at the NP surfaces were partially unfolded resulting in stable protein–NP 
assemblies [33]. Remarkably, in all of these experiments, neither protein nor NP 
aggregation was observed, indicating the stability of the NP–protein complexes. The 
model closest to reality seems to be a mixture of protein conformational states on a 
surface; the proteins arriving first may lose their original conformation and be denatured, 
while the proteins arriving last have no room for denaturation, thus maintaining their 
native structure [37].  

The majority of previous studies regarding protein adsorption have been performed 
on larger and polymeric NPs in the order of 100s of nanometers, whereas fewer have 
addressed NPs in the small size range. PC formation studies in the case of inorganic NPs 
smaller than a few tens of nanometers have been carried out on metallic NPs (Au [14, 
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38-40], Ag [38, 41] and FePt [42]), metal oxide NPs (SiO2 [25, 43], Fe3O4, CoO and 
CeO2 [38], TiO2 [25, 44] and ZnO [25]), and quantum dots (CdSe [45, 46] and CdSe/ZnS 
[42]). These NPs have diameters similar to the proteins found in serum (Figure 6.2) and 
it has been observed that they can easily escape from opsonization and from the 
reticuloendothelial system [10]. In addition, a new generation of diagnostic and 
therapeutic devices, based on such small engineered metal and oxide NPs is proposed 
for in vivo applications [47, 48].  

 
Figure 6.2. Relative size of nanoparticles and proteins. Comparison between the size of a BSA 
protein and the size of NPs with different diameters (3.5, 10 and 30 nm). The hydrodynamic diameter 
of BSA is about 6-7 nm [49].  

It is assumed that the radii of curvature of NPs with different sizes will influence 
the competitive adsorption of proteins in complex biological fluids, such as blood 
plasma. In the literature, it has been described that for large particles (100s of nanometers 
in diameter) there is no size effect on the PC formation [43, 46]. For smaller sizes, 
Dobrovolskaia et al. [39] observed that the increase of the hydrodynamic diameter (HD) 
before and after NP incubation in human plasma was similar (~45 nm) for the 30-nm and 
the 50-nm Au NPs but with large differences in their protein binding profiles. For 
instance, 30-nm Au NPs bonded a greater range of proteins (almost two-fold more 
different proteins) than 50-nm Au NPs. In both cases, albumin, apolipoprotein, 
immunoglobulins, complement and fibrinogen were the most abundantly bound species. 
In another study, Casals et al. [14] noticed significant differences in the PC formation 
between Au NPs of 15 and 4 nm in cCCM. Au NPs of 15 nm mean diameter showed a 
hard PC with full coverage by serum proteins while Au NPs of 4 nm showed a partially 
formed PC. These data suggest that Au NPs with sizes similar, or even larger, to the most 
abundant serum proteins (6-7 nm) assemble an ordered hard PC with time, while Au NPs 
smaller than proteins accommodate fewer proteins at their surface. These results indicate  
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the complexity of the process of PC formation around NPs with sizes similar to the 
proteins and, probably, different outcomes must be expected for NPs with different sizes 
regarding the amount and organization of the adsorbed proteins. 

In the present chapter, the kinetics of the nanoparticle PC formation on citrate-
stabilized Au NPs of different diameters (3.5-150 nm) after their incubation in DMEM 
supplemented with fetal bovine serum (FBS) is presented. The aim of this study was to 
gain insights into how NP size affects the interactions between NPs and proteins. The 
study required application of the knowledge acquired previously during the thesis. For 
example, the synthesis of highly monodisperse metal NPs described in Chapters 2 was 
used to produce the Au NPs, while their optical properties studied in Chapter 4 were 
used to monitor protein adsorption. Finally, the experiments were performed following 
the recommendations exposed in Appendix A. These results can be found in the last 
article of this thesis entitled: Size-Dependent Protein-Nanoparticle Interactions in 
Citrate-Stabilizes Gold Nanoparticles: The Emergence of the Protein Corona 
(Publication 5). 

6.3. Results: Size-dependent protein-nanoparticle interactions in 
citrate-stabilized gold nanoparticles 
6.3.1. Exposure of gold nanoparticles to cell culture medium 
Before studding the equilibrium between NPs and proteins in solution, it is important to 
develop an accurate protocol for the exposure of NPs to the biological media. Many of 
the original synthesis methods yield NPs that are not colloidally stable under conditions 
present in biological fluids. In particular, inorganic NPs are naturally colloidally unstable 
and prone to agglomeration because they attract each other by van der Waals forces (see 
Chapter 1). To stabilize them in a solvent, i.e., to keep them dispersed, requires a 
repulsive force. In the case of electrostatically stabilized NPs dispersed in biological 
media, the concentration of salts, a major constituent of most biological fluids, and the 
presence of highly aggregative divalent ions such as Ca2+ may screen the surface charge 
of the NPs and induce their aggregation. This phenomenon is often unnoticed since 
proteins in the media cover the NPs via PC formation, conferring them with steric 
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Figure 6.3. Stability of nanoparticles in cell culture media. (A) Extinction spectra of Au NPs of 
10 nm dispersed in DMEM (grey line) and in DMEM supplemented with 10% FBS (red line). The 
high ionic strength of DMEM resulted in particle aggregations in the absence of proteins. This 
aggregation was traduced in a broadening and damping of the extinction peak of the particles. (B) 
Extinction spectra of the Au NPs dispersed in cCCM at different particle concentrations. At high 
concentrations, Au NPs aggregated even in the presence of proteins. In all cases, 1 mL of a solution 
containing different concentrations of Au NPs was added to a 9 mL medium solution. 

stability. However, because high concentrations of NPs are required for in vivo and in 
vitro applications, the PC may be insufficient to guarantee NP stability. 

To illustrate this point, the stability of citrate-stabilized Au NPs dispersed in 
complete cell culture media (cCCM) was evaluated at different NP concentrations 
(Figure 6.3). DMEM supplemented with 10% fetal bovine serum (FBS) was used as a 
reference medium. FBS is a complex fluid that contains more than 3700 different 
proteins with up to 12 orders of magnitude in their concentrations, with albumin being 
the most abundant (>50 % w/w of total proteins) and the one expected to be the fastest 
to reach the surface of the NPs. For the studies, different solutions containing increasing 
concentrations of Au NPs were mixed with cCCM at a ratio of 1:10 v/v and the peak 
position of the localized surface plasmon resonance (LSPR) was measured by UV-vis 
spectroscopy. Aggregation of Au NPs is known to broaden and shift the LSPR band to 
longer wavelengths and to increase scattering in the 600-800 nm range [50]. First, the 
stabilizing role of the proteins was confirmed since all Au NPs aggregated when they 
were incubated in DMEM not supplemented with FBS (Figure 6.3A). Conversely, in the 
presence of FBS, the colloidal stability of the Au NPs was dependent on their 
concentration (Figure 6.3B). At low concentrations, Au NPs remained perfectly stable 
when dispersed in cCCM while at high concentrations, Au NPs aggregated and these 
aggregates where later stabilized by the proteins of the medium, reaching a final and 
stable size after a few minutes. Because protein concentration in cCCM is largely above 
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the highest concentration of Au NPs used in the experiments, in the order of 1014 NP/mL, 
aggregation was likely due to kinetic issues: high NP concentrations promoted contact 
between NPs before proteins had the chance to be adsorbed onto their surface and confer 
them with steric stability. Conversely, at low NP concentrations, they became coated 
with proteins before having the chance to get in contact.  

It is worth noting that the methodology followed for the exposure of the Au NPs 
played a relevant role in the observed results. Later observations showed that if a low 
volume of high concentrated Au NPs was added to a large volume of cCCM, Au NPs 
aggregated rapidly, even though the final mixture had a low NP concentration. On the 
other hand, if the Au NPs were previously diluted in water and then added to cCCm to 
reach the same final concentration, stability was improved. These results supports the 
idea that in most experiments, the limit of stability of NPs dispersed in physiological 
media is determined by the way NPs are exposed to the medium rather than due to the 
final concentration of the different components (proteins and NPs). In this regard, all 
experiments on PC formation were carried out far below the limit of stability for the 
described protocol, thus ensuring that all NPs remained stable during exposure to cCCM. 
Interestingly, this limit was dependent on NP size, an issue that is discussed in more 
detail in the related publication (Publication 5).   

6.3.2. Characterization techniques 
A combination of UV-vis spectroscopy, DLS and z-potential was chosen to monitor the 
formation of PC on the Au NPs. DLS is useful for determining the hydrodynamic 
diameter of colloidal particles and conjugates, i.e. the diameter of the sphere with the 
same Brownian motion as the analysed particle. However, despite the simplicity of DLS 
measurements, a broad range of results is often obtained with a lack of reproducibility, 
especially when the refractive index of the material approaches that of water, as it is for 
very small particles. Moreover, the interference caused by free proteins in solutions can 
lead to multiple peaks if the sample is not purified, in particular for particles with similar 
sizes (DLS signal scales with d6, thus free proteins of 6-7 nm does not interfere with the 
signal of particles larger  than 30 nm NPs). For this reason, DLS measurements were 
performed in combination with other techniques. For instance, in the case of Au NPs, the 
evolution of the NP surface charge towards the value of the serum measured by 
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Figure 6.4. Characterization of the nanoparticle protein corona. (A) Time-evolution extinction 
spectra of 10 nm Au NPs after their incubation in DMEM with 10% FBS. (B) Position of the 
extinction peak. (C) Hydrodynamic diameter measured by DLS and expressed in number mean. (D) 
Time-evolution of the surface charge measured by z-potential. Unless indicated, Au NPs in cell 
medium were purified by centrifugation and dispersed in a 2 mM citrate solution for characterization. 

z-potential, the red-shift of the surface LSPR band as a consequence of a shift in the 
refractive index at the surface of the NPs due to the presence of proteins and the increase 
of the hydrodynamic diameter measured by DLS were used to track the evolution of the 
PC formation (Figure 6.4). In general, UV-vis spectroscopy is less susceptible to 
interferences from small aggregates and free proteins in solution than DLS, while z-
potential gives more accurate information regarding the density of the protein packaging. 

The purification of NPs from the media is a prerequisite in most studies related to 
PC formation, particularly for DLS and z-potential measurements. Purification consists 
of separating the NPs with proteins strongly attached to their surface from the excess of 
free or weakly bound proteins. In our case, this was done by means of centrifugation, 
e.g. 20 min. at 16.000 g for Au NPs of 10 nm (a speed at which NPs precipitate but 
proteins stay in solution due to their very low density) followed by resuspension of the 
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Au NPs in protein-free media, that is, either in their original solvent or in pure water. 
After adjusting the centrifugation speed for each NP size, no aggregation of the Au NPs 
was observed during precipitation due to the protective effect of the PC enabling a good 
redispersion of the NPs. Indeed, centrifugation is a commonly used purification 
technique to separate NP from free proteins [51].  

6.3.3. Size-dependent evolution of the nanoparticle protein corona 
Figures 6.4 summarizes the results of PC formation onto the surface of 10 nm Au NPs. 
First, a red shift of the LSPR peak of the NPs was observed after incubation in cCCM. It 
is known that proteins adsorbed at the surface of the NPs may changes the dielectric 
constant around NPs, which shifts the position of the LSRP peaks (see Chapter 5). For 
example, the wavelength of the maximum LSPR signal was initially 516.5 nm in the as-
synthesized 10 nm Au NPs and moved to 522.3 nm at short incubation times and to 525.5 
nm at longer cCCM incubation times (Figure 6.4B). Preservation of the initial shape and 
intensity of the LSPR peak further revealed that this shift in the peak position was not 
due to aggregation. A similar trend was observed when the diameter of the particles was 
analysed with DLS, as it increased from 10.9 nm in the as-synthesized NPs to 21.8 nm 
at short incubation times and 25.3 nm at longer incubation times (Figure 6.4C). 
Consistent with the red-shift and the increase of the hydrodynamic diameter, an increase 
in surface charge, from -45.8 to -16.7 mV (average value of proteins) was also observed. 
Since this charge itself is not high enough to prevent NPs from aggregation (it should be 
at least ±30 mV), it further verified that the stability of the NPs in physiological 
conditions was mediated by the steric repulsions between the absorbed proteins rather 
than via electrostatic repulsion as before incubation. 

Concerning the particle size (3.5-150 nm), most of the differences were observed 
in respect of the kinetics and extent of the PC formation (Figure 6.5). DLS and z-
potential analyses of the different NPs after incubation and purification show that the 
smaller NPs (<5 nm) did not obtain a stable PC, and the original values of surface charge 
and DLS almost recovered after all the studied incubation times (UV-vis was less 
sensitive in this respects). Despite the smaller degree of coating, these NPs showed long-
term colloidal stability. This is consistent with the formation of a corona with a low  
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Figure 6.5. Characterization of the nanoparticle protein corona on gold nanoparticles with 
different diameters. (A) Time-evolution extinction spectra of the Au NPs after different incubation 
times. (B) Thickness of the PC measured by DLS. (C) Time-evolution of the surface charge measured 
by z-potential. Au NPs in cCCM (DMEM with 10% FBS) were purified by centrifugation and 
dispersed in a solution of 2.2 mM of citrate for a proper characterization. 
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packing density. For example, a particle of 3.5-4 nm can hardy accommodate two BSA 
proteins at the surface, which is not enough for cooperative protein effects. Conversely, 
for Au NPs between 12 and 50 nm, a stable PC was formed with the NPs reaching almost 
the same surface charge of the proteins. Additionally, the increase in the hydrodynamic 
size of the NP after incubation was 10-20 nm. This corresponds to a 5-10 nm thick 
corona, which would fit with a single layer of BSA molecules (albumin can be considered 
as a 8 x 8 x 3.4 nm3 object) [49]. Finally, in the case of Au NPs larger than 80 nm, PC 
formation appeared similar to the 10 nm Au NPs at the beginning, but it extended to 
longer times and the final increase in the hydrodynamic diameter was significantly larger 
compared to the smaller, probably due to the formation of a multi-layered corona 
composed of two or three layers of proteins. This would be consistent with the fact that, 
as the NP surface approached to a flat surface, proteins directly adsorbed experienced 
larger conformational changes and expose core regions from which other proteins can be 
assembled. 

Based on these results, three different regimes of temporal evolution were 
identified (Figure 6.6):  incomplete corona or NP-Protein complexes (<12 nm), a full 
PC composed of a monolayer of proteins (12-80 nm) and a multi-layered PC (>80 nm). 
These three regimes were also observed when BSA was used instead of cCCM, 
indicating that in a complex mixture of proteins, BSA is probably a relevant component 
of the PC formed on citrate-stabilized Au NPs. 

 
Figure 6.6. Schematic representation of the formation of a hard protein corona in citrate-
stabilized gold nanoparticles of different sizes. Estimation of proteins per NPs was calculated 
based on the size of BSA according to [49].  
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6.4. Conclusions 
In the present chapter, a combination of UV-visible spectroscopy, DLS and z-potential 
measurements were used to elucidate the kinetics of PC formation on citrate-stabilized 
Au NPs of different diameters after their incubation in cell culture media. The results 
agree with the formation of a size-dependent PC that can be divided into three different 
regimes: incomplete PC for Au NPs with diameters similar, or even lower, than most 
abundant proteins; a full PC composed of a monolayer of proteins for Au NP with sizes 
between 12-80 nm and a multi-layered PC for very large NPs (>80 nm) with near flat 
surfaces. A deeper analysis of this process can be found in the related Publication 5. In 
this regard, a comprehensive knowledge of PC formation is essential to understand NP-
induced effects on biological systems.  
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Appendix A: 
Towards reproducible testing of 

nanoparticles: sources of variability 
In order to fulfil future expectations, especially for medical or 
investigation purposes, attention must be paid to the preparation and 
characterization of nanomaterials in order to improve reproducibility. In 
this chapter, the main drawbacks associated with the synthesis, 
characterization and handling of NPs are discussed along with some 
recommendations on how to obtain reliable and reproducible results. 
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A.1. Introduction 
During the past two decades, improvements in both synthetic routes and characterization 
methods have enabled the use of nanoparticles (NPs) in highly complex biological 
assessments for both nanomedical research and nanospecific toxicity (see Chapter 1). 
However, even for stable and monodisperse NP solutions, experimental results have 
shown large discrepancies between assays performed across different laboratories [1]. 
This lack in consistency could be related to either variations in particle preparation or 
post synthetic processing, which has led to calls for increased harmonisation and 
minimum characterization to validate nanomedical and nanotoxicological research [2]. 
In the development of novel nanocatalytic platforms similar guidelines apply, where to 
understand catalytic performance of nanomaterials a sound knowledge of NP structure 
and surface state is required. Given the many recognised potential advantages of NPs in 
the fields of medicine and materials, there is currently a debate among experts concerning 
the need for improving reproducibility, including more accuracy in reporting of reliable 
and systematic results alongside adequate physical characterization [3-5]. 

There are several reasons why complete reproducibility has not been achieved in 
the field of nanotechnology, despite the inherent desire of most research groups to 
perform high-quality research [6-8]. First, NPs require specific preparation and analysis 
methods that are new to some disciplines and researchers. Second, because of the 
multidisciplinary nature of the field, not every research team has access to the range of 
characterization tools needed to obtain potentially important information. Third, 
nanoscience and nanotechnology still suffer from gaps between disciplines, particularly 
in biological contexts where the effect of NPs are typically investigated using relatively 
undefined samples, with large polydispersity, limited colloidal stability and unknown 
chemistry. The widespread definition of NPs, which ranges from suspended ultrafine 
particles to engineered supported nanomaterials, further confounds this problem. 

The following section examines the main challenges associated with the synthesis, 
characterization and handling of colloidal NPs along with some recommendations on 
how to obtain reliable and reproducible results. This knowledge has been gained and 
implemented during research for the present thesis and associated publications.  
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A.2. Nanoparticle synthesis 
The core of NP research starts with controlled synthesis. Traditionally, in wet chemistry, 
synthetic processes have been designed to work at high concentrations, where 
environmental alterations and fluctuations are less critical. However, at high 
concentrations, colloidal NPs are unstable and their morphological control challenging. 
Therefore, NPs are usually synthetized at low concentrations [9]. Under these conditions, 
three main parameters have been identified as critical in achieving reproducibility: (i) 
reaction time, (ii) thermal gradients, and (iii) mass gradients.  

A.2.1. Reaction time 
The formation processes of monodisperse NPs mainly experience two stages: the 
nucleation, aggregation of atoms to form thermodynamically stable small clusters (i.e., 
nuclei), followed by growth of these clusters by atom addition [10] (see Chapter 3). In 
the early stages of this process, the conversion yield is rather low and a mixture of small 
NPs and a fraction of polycrystalline shapeless particle-complexes are usually detected 
in solution. A clear example is the synthesis of colloidal Au NPs by the well-known 
Turkevich method, in which the solution turns first to dark purple before acquiring the 
typical ruby red color, what indicates the formation of different intermediate complexes 
[11]. Polydispersity of the primary formed NPs is also relatively high at this point since 
particle size distribution has not yet been refined by the subsequent growth process, the 
so called size-focusing process [12]. However, once the reaction has finished, if it is 
overextended, Ostwald Ripening, interparticle growth and other related processes may 
start to deteriorate the morphology and size distribution of the NPs, the so called 
defocusing process [12]. Moreover, degradation of the stabilizer at high temperatures for 
prolonged times may also result in a fraction of aggregates. Hence, stopping the reaction 
at the right point, either by precipitating the NPs out of the solution or by quickly 
decreasing the temperature, is critical in achieving reproducibility. In this regard, in all 
the synthesis developed during the thesis (see Chapters 2 and 3), the NP formation 
process was carefully monitored along different reaction times. 

A common mistake when determining reaction time is to assume that it has a 
constant value. It should not be forgotten that time is just an empirical tool used to 
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estimate the state of the NPs. The reaction will not always finish at the same time as there 
are so many variables involved, especially when syntheses are performed in different 
laboratories and by different researchers. For example, in Catalunya, laboratories are 
quite cold because they are air conditioned, while in Norway they are quite hot because 
they are heated even in summer. Stopping the reaction based on the properties of the NPs 
has been proven to cause much less variability than when based on timing. This is 
especially relevant in the synthesis of anisotropic structures that tend to be 
thermodynamically unstable. For example, in the synthesis of silver cubes, overcooking 
the solution results in their transformation to polyhedral shapes and finally to spheres 
[13]. In this regard, the formation of metal NPs can be quickly monitored in-situ 
according, for example, to their chromatic and plasmonic properties, and the formation 
of quantum dots by virtue of their fluorescence.  

Finally, the transition time, which can be defined as the time taken to move the 
NPS from reactive to “non-reactive” conditions, is another important point usually 
ignored in the synthesis. During these intermediate conditions, NPs continue evolving 
and thus the time they remain in transition conditions will impact their final state. In 
order to reduce variability, practices that are often considered trivial and usually 
unreported in the protocols should be carefully reported, for example, specifying whether 
the temperature was reduced by disconnecting the heater or immersing the sample in ice; 
or whether the sample was purified by centrifugation (fast) or dialysis (slow). 

A.2.2. Thermal and mass gradients 
Other synthetic considerations, owing to coupled thermodynamically and kinetically 
controlled processes in play during NP formation, include thermal and mass gradients. 

Thermal gradients: Temperature (together with monomer concentration and 
surface free energy) has the largest effect on the nucleation rate of NPs [10]. High 
temperatures tend to increase the nucleation rate and the formation of a large number of 
small NPs while low temperature promotes growth over nucleation resulting in a lower 
number of larger NPs. Therefore, temperature regulators are commonly used for size and 
size dispersion control in many syntheses (see chapter 3 and 4). However, for the same 
reason, inhomogeneity and fluctuations in the temperature may induce internal variations 
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in the nucleation rate that can ultimately increase sample polydispersity. In this respect, 
syntheses performed in small volumes, where most of the sample is near to the edges of 
the reactor vessel, tend to be poorly reproducible due to their high susceptibility to 
thermal fluctuations. Similarly, an inefficient heater may increase thermal fluctuations 
and non-reproducibility. As a result, syntheses should be performed under a powerful 
heating source, at a high stirring rate and in an optimal reactor to ensure a homogeneous 
and constant temperature throughout the volume. The heater needs to be able to respond 
quickly to temperature changes and the thermal conductivity of the reactor vessel should 
also be considered because reduction-decomposition-nucleation reactions are normally 
endothermic and heat absorption varies during synthesis. Of course, this not apply if the 
synthesis is performed at room temperature. 

Mass gradients: Similar principles to those discussed for temperature also apply to 
monomer concentration. Inhomogeneities in monomer concentration and mass gradients 
can induce internal variations in the nucleation rate of NPs that will eventually increase 
sample polydispersity. Therefore, a high stirring rate of the reaction mixture is desirable 
in order to facilitate good homogenization of reagents and reduce mass gradients. 
Particularly critical is the method of adding the precursor solution to the reaction solution 
when nucleation is faster than solute homogeneization, (burst nucleation at high 
temperature). In these cases, a fast injection tends to advantage nucleation, resulting in a 
high number of small NPs, while a slow injection promotes growth over nucleation, since 
the degree of supersaturation remains at low values, which results in a fewer number of 
larger NPs for similar reaction yields. Similarly, the effect of injecting a small volume 
of a highly concentrated precursor solution will be different from that of a large volume 
of a diluted one. The mixing conditions and the way the reagents are added are certainly 
some of the most relevant factors in the synthesis of colloidal NPs but are still often 
ignored and poorly described in most of the reported protocols.  

The above considerations are in line with the results obtained after scaling up 
various synthetic protocols in our laboratories, where the higher thermal inertia of large 
volumes combined with turbulent stirring and a less fraction of the sample in the 
boundaries of the reactor were considered the most plausible reasons for enhanced 
reproducibility (Figure A.1). At this point, however, one faces a hypothetical 
contradiction. The synthesis of monodisperse NPs has been designed on the basis of a 
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burst nucleation, for which a fast conversion rate is required. As a consequence, in most 
of the described protocols the formation of NPs is on the same or shorter time scale than 
that required for mixing the reagents, especially if they are in large volumes. Typically, 
injecting 10 mL of a precursor solution into the reaction solution requires times in the 
order of tens of seconds. Nucleation, however, starts after only a few seconds and, as a 
result, syntheses based on burst nucleation performed in batch reactors are difficult to 
scale beyond certain volumes (above 10’s L). To overcome these limitations, synthetic 
strategies should seek monodispersity through thermodynamics rather than with kinetics, 
or use microfluidic reactors, which are an interesting alternative [14]. 

 
Figure A.1. Effect of reaction volume in the colloidal synthesis of nanoparticles. Mean size of 
citrate-stabilized Au NP seeds obtained following Bastús et al. protocol [15]. The protocol was scaled 
to different reaction volumes while all other parameters were kept constant. The reproducibility of 
the synthesis improved as the reaction volume increased in the studied range. Error bars indicate the 
size standard deviation from mean diameter. 

A.2.3. Other general considerations  
Apart from the previously discussed parameters, there are other general considerations 
in the synthesis of NPs that should not be forgotten in the search for reproducibility. For 
example, it is already known that some NPs can easily oxidize (see Chapter 1) and thus 
work under inert atmosphere is required. In fact, it is commonly mentioned in the 
experimental section of published papers whether the experiments was done under 
controlled atmosphere or not. However, what is often ignored in liquid phase syntheses 
is that solvent can also be affected by the atmosphere. For example, water, once out of 
the purification system, is no longer of “pure grade” as it absorbs oxygen and carbon 
dioxide that can cause changes in pH and oxidativity in a temperature and concentration 
dependent manner. IN this context, water, which is the most widely used analytical 
laboratory reagent, is probably the least well-characterized.  
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Emphasis should also be given to the impurities, cross contamination, the choice 
of the recipient and the cleaning of glassware [16]. Hopefully, variability of NPs 
synthetized “in the same” way will soon be reduced and protocoled in such a manner that 
production of these materials will become simple and robust as needed for development 
because, if reproducibility cannot be controlled, the future of e.g. nanomedicine will be 
in jeopardy. For now, it is responsibility of nanotechnologists to ensure that the protocols 
they develop are described in such detail that they can be reproduced and the resulting 
products are properly characterized. 

A.3. Characterization techniques 
Reproducibility and characterization are, in fact, two facets of the same issue, namely 
that the products of typical NP syntheses are a polydisperse collection of sizes and 
morphologies.[17] Polydispersity introduces difficulties in characterization, i.e. how 
many particles must be counted for statistical significance? And also in the definition of 
reproducible syntheses, i.e. which is more important, mean size or polydispersity? 
Research articles that neglect this facet of nanomaterials, and focus instead of reporting 
an average idealized particle, further confound the problem. When the distribution is 
provided, it typically does so with the assumption that the NPs conform to a symmetric 
Gaussian distribution. This assumption simplifies reporting by allowing for two 
parameters, the mean size and the standard deviation, to describe an entire size 
distribution, but relevant information is still missed. In order to properly characterize a 
set of NPs and avoid inconsistencies, the number of particles counted and detailed size 
distribution should always be included. Indeed, this is becoming a requirement in 
scientific journals such as Chemical Communications or Nature Nano. 

At this point, however, a relevant issue arises when trying to measure the size 
distribution of the NPs. Different techniques may show different sensitivities to particle 
size [18]. Some of them, such as DLS, are more sensitive to large sizes, deviating the 
distribution to larger particles. Others techniques, such as XRD, tends to more easily 
detect the small particles since the full with at half maximum of the diffraction peaks 
increases with decreasing crystalline size. Similarly, an aggregate of particles with the 
same hydrodynamic size of a large single particle cannot be differentiated by DLS, but 
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these two nanostructures may present different optical signatures and show distinctive 
absorption bands that can be easily measured by UV-vis spectroscopy (Figure A.2). In 
this regard, a combination of corroborative and complementary characterization 
techniques is probably the best way to proceed. It is good practice to utilize techniques 
that describe both individual NPs as well as measuring bulk properties.   

 
Figure A.2. Sensitivity of characterization techniques to particle size. (A) UV-vis spectra and (B) 
DLS measurements of solutions containing Au NPs of 15 nm, 130 nm and a mixture of both particles 
(98 % of 10 nm and 2 % of 130 nm by number). In contrast to the UV-vis spectroscopy, the DLS is 
strongly affected by the presence of a small fraction of large particles. 

Another problem associated with characterization is that most of the techniques 
require energies that are roughly equal or even higher than those associated with the 
chemical stability of NPs [16]. One of the consequences is that NPs can be easily 
damaged during analysis. NPs have been observed to melt when exposed to an electron 
beam (e.g. Au NPs) [19], change oxidation state upon x-ray or electron beam irradiation 
(e.g. ceria NPs) [20] or sputter at enhanced rates (e.g. Pt NPs) [21]. A clear example of 
sample damage is found in Chapter 2 of the present thesis. During TEM characterization 
of citrate stabilized sub-10 nm Au NPs, UV-vis spectroscopy showed a surface plasmon 
peak characteristic of small spherical Au NPs, while TEM images showed large 
aggregates and shapeless like particles. It took several attempts to demonstrate that the 
NPs were in fact highly monodisperse and perfectly stable in solution but that they had 
coalesced during TEM analysis due to electronic beam damage.  

These and many other observations highlight the ease with which nanomaterials in 
various forms can be damaged during analysis, and how the extent of this damage is 
specific to the type of NPs. In addition, many characterization techniques require the 
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placing of samples in environments and forms (powder) that differ from those in which 
they are normally found (colloidal dispersion). This can alter the NPs and must be 
considered as part of the analysis [16, 17]. Last but not least, NPs are usually synthetized 
at diluted conditions (µg to mg) and the amount needed for a specific analysis (mg of g) 
may not be easy to collect in all cases.  

A.4. Storage, transport and pre-testing preparation of nanoparticles  
Because of their intrinsic instability (summarized in the Gibbs Thomson effect), NPs are 
susceptible to structural transformations, corrosion, oxidation, dissolving, aggregation 
and coalesce, which all can happen relatively fast. As a result, their properties and 
characteristics frequently alters with time, a process often called “aging” [22] (see for 
example Chapter 3 Figure 3.7). This time dependence can be influenced by the 
synthetic process, exposure to light, temperature, humidity and other aspects of sample 
environment. It is clear, for example, that the characterization of NPs a month or even 
weeks before application or use may not provide useful information, unless the reliability 
of the information is confirmed. Although this might seems a daunting challenge, the 
effect of “aging” can be substantially reduced under the right conditions. Understanding 
the changes a particle will undergo particular environmental conditions is useful for 
determining the time frame and handling requirements for a specific experiment. This 
was particularly important when comparing the optical, catalytically and surface 
properties of Au and Ag NPs of various sizes in Chapters 4-6. Additionally, keeping and 
reporting detailed records of the date of synthesis, storage time, conditions, and times of 
analysis may facilitate the understanding of similarities and differences between studies.   

In this sense, and owing to the high susceptibility of NPs to the environment, 
samples should not be stored in a master batch, from which small aliquots are taken out 
when required. The repeated opening of the master batch is undesirable and can be a 
source of contamination. It is suggested, instead, to prepare and store the NPs in several 
small, pre-cleaned vials. This will minimize repeated exposure of the entire sample to 
the external environment. If NPs are susceptible to surface oxidation or surfactant 
degradation, once exposed to the environment, the remaining sample should be discarded 
and not stored again.  
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Issues associated with sample preparation also apply here. The scientific 
community is currently concerned about the critical role that sub products from the NP 
synthesis have on the final result [23]. For this reason, a purification post-processing step 
will be mandatory in the future for most NPs. Depending on when this purification step 
is done, right after synthesis or just before using them, the evolution of the NPs during 
this period can be different, thereby producing non-reproducible results. It is worth 
remembering that there is always a percentage of precursor not converted during the 
synthesis that is in chemical equilibrium with the NPs. When purifying the sample, this 
equilibrium is displaced and thus NPs may start to dissolve. In this regards, if most of 
the precursor has been consumed, keeping the NPs in the reaction media has been probed 
to help in their preservation [24]. As already mentioned, the reason is that while species 
from the reaction can affect later experiments, they also play an important role in the 
equilibrium and stability of the NPs in solution.  

Finally, transformations and stability of the NPs in the working media during the 
time frame of the experiment should also be assessed. A clear example of this is found 
in Chapter 6, during incubation of Au NPs in cell culture media and must include the 
way the NPs are exposed to the media [25] (Figure A.3). It is important to realize that 
nanomaterials in general and NPs in particular may change in some ways if their local 
environment changes during incorporation into a biological system, or they are released 
to the environment. A well-defined dispersing protocol and monitoring of the particles 
in the working media should be mandatory to understand variability. 

 
Figure A.3. Effect of the nanoparticle exposure conditions. Sequence of addition were: (A) 
Proteins to a solution containing DMEM and Au NPs. (B) Au NPs to a solution containing DMEM 
and proteins. 
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A.5. Conclusions 
Several examples described in this section have illustrated the main drawbacks 
associated with NP synthesis, characterization and handling. Despite these challenges, it 
is important to empathise that the use of NPs has led to significant scientific and 
technological developments. The point is that in order to fulfil future expectations, 
especially for medical or investigation purposes, attention must be paid to the preparation 
and characterization of nanomaterials in order to improve reproducibility. In this respect, 
NPs should not be accepted unless they are accompanied with an accurate description of 
how and when they were synthetized, how and for how long they were stored, when they 
were characterized and which post-processing protocol was followed. In this way, the 
history of NPs can be maintained and possible similarities and sources of differences can 
be tracked if they are identified.  
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