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Thesis Overview 
 

This thesis aims to contribute to this emerging field, in which the biomedical and synthetic 
worlds combine into a new interdisciplinary science concerned with the safe and efficient 
use of nanomaterials for biological applications. The merging of this two quite different 
fields poses a challenge for its success. In the past few decades nanotechnology has 
experienced an exponential growth, and consequently their potential applications in the 
medical field. However, despite very promising results, expectations have not been matched 
towards their translation into the market, mostly due to lack of expertise and knowledge 
gaps between both areas. In the recent years it has become evident that proper understanding 
and communication between biology and nanoscience, along with extensive 
characterization studies of the nanomaterials, is essential to unleash nanomedicine to its full 
potential and improve patient quality and expectation of life. 

This work was focused on the rational application of inorganic nanoparticles in the 
biomedical field. Three very different approaches were taken, from using nanoparticles as 
delivery scaffolds or active principles to their imaging in biological systems. Although 
many concepts are introduced in the dissertation in order to cover the basic concepts of the 
wide science fields it touches, it is only a little sample illustrating the huge extend of the 
nanomedicine potential. 

 

CHAPTER 1 offers an introduction to the basic notions of inorganic nanoparticles, 

mainly focused on plasmonic nanoparticles, Au and Ag. It is aimed to provide the 
fundamental concepts to understand the properties and behaviour of nanoparticles, and the 
critical issues to bear in mind for their safe and rational use in biology. Some examples of 
their possible applications are presented, as well as, a brief discussion on their potential 
health risk and regulation.  

 

CHAPTER 2 proposes to bind mRNA to gold nanoparticles (NP) functionalized with 

amine terminated molecules as a safer way to target the cytosol via endocytosis, aiming to 
produce CAR T-Cells for the treatment of Chronic Lymphocytic Leukaemia. Gold 
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nanoparticles are of special interest for genetic material delivery due to their 
biocompatibility, tuneable surface chemistry where a combination of therapeutic and 
targeting moieties can be loaded, and their special optical and electronic properties allow 
fine monitoring of the evolution, distribution and modifications of their chemical 
environment. More importantly, this strategy overcomes the main limitations of standard 
gene therapy approaches based on viral vectors, while inducing a slow release of the mRNA 
inside the cell extending the mRNA half-life and protein expression, compared to current 
non-viral methods. 

 

CHAPTER 3 is probably the most interdisciplinary work of this thesis, bridging 

nanoparticle synthesis and their optical properties with the microscopy and biology fields. 
Here, it is reported the imaging of several unlabelled inorganic nanoparticles, relevant in 
the biomedical field, in the laser scanning confocal microscopy. Theoretical simulations of 
their optical properties are coupled to their experimental observation in the microscope, 
thus providing a user-friendly methodology applicable to many other cases. The relevance 
of this work relies on the possibility of studying NP-cell interactions at high resolution 
and/or in real-time without the need of expensive and specialized equipment. 

 

CHAPTER 4 is an extended study of the synergistic effect of the combination of 

antibiotics with silver nanoparticles on different strains of drug resistant bacteria. It 
emphasizes the importance of the quality of the nanomaterials, correlating the dependency 
of the nanoparticle’s size with the observed biological effects. Thus, a broad 
characterization of the synthesized nanoparticles in the biological medias used is 
performed, studying observed chemical transformations of the nanoparticles. 

 

CHAPTER 5 covers all the materials and methods used con Chapter 2, Chapter 3 and 

Chapter 4 for their development. It is divided according to the specific methodology of each 
chapter. It also includes a section regarding common nanoparticle’s characterization 
techniques.  
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CHAPTER 1 
 

 

General Introduction 
 

1.1  Nanoparticles and Nanotechnology 

1.1.1  Plenty of room at the bottom 

Inorganic nanoparticles (NPs) are a wide class of materials that include particulate 
substances with size at the nanometric scale, which present properties that differ from the 
bulk material. A bulk material usually exhibits constant physical properties regardless of 
its size. Oppositely, at the nanoscale, the physicochemical properties of the material can 
change depending on the number of atoms and the percentage of those atoms at the surface 
of the nanomaterial, namely the surface-to-volume ratio. Some of these size-dependent 
properties include melting point or colour of the material, chemical reactivity, quantum 
confinement in semiconductor NPs, surface plasmon resonance in some metallic NPs, 
superparamagnetism in magnetic materials. The limit size at which materials start 
displaying size-related properties with respect to the bulk material is material-dependent 
and has been proposed to be 100 nm. [1,2] Obviously, this definition is quite generic and 
there is no strict boundary. Consequently, nanotechnology covers the science of the 
manipulation of matter at the nanometric scale to form functional structures.  

NPs display physicochemical characteristics that induce unique electrical, mechanical, 
optical and imaging properties that are extremely looked-for in certain applications within 
the medical, electronic and environmental sectors. The potential benefits of nanotechnology 
have been documented by many manufacturers at high and low levels and marketable 
products are already being mass-produced such as microelectronics, aerospace and 
pharmaceutical industries. [3–6]  
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Size effects, that extend over a wide variety of NP and applications, have opened a new and 
exciting possibility to tune the chemical and physical properties of a material, without the 
need to search for new material compositions. Consequently, advanced synthesis routes that 
offer not only control over the composition, as typically required for traditional bulk 
synthesis, but also control of particle size, shape and surface chemistry have become 
essential in the way to study and apply the dimension-dependent properties of 
nanomaterials, with remarkable interest in noble metal, Au and Ag, NPs. 

1.1.2  A route to monodispersity 

The technological revolution of characterization tools played a key role in the emergence 
and advances in the field of nanotechnology, as well as, the availability of new methods of 
synthesizing nanomaterials. Nano-sized objects or structures have always been present in 
nature, such as those made of noble metals, semiconductors, and oxides. [7–9] However, 
their characterization and control over their morphology came in recent times. Engineered 
NPs differ from naturally occurring NPs because they display extended colloidal stability, 
and because they can achieve high degree of structural and morphological monodispersity. 
NPs hold great promise for advances in a large number of fields due to their novel material 
properties, from catalysis to diagnosis and disease treatment. But success in their 
application to its full potential critically depends on the understanding and control over their 
production and stability, along with the ultimate physicochemical transformations and 
interactions with biological systems. 

In order to distinguish NPs from general particulate matter, monodispersity becomes 
crucial. Among the number of ways to define monodispersity, some of them are based on 
the value of the standard deviation with respect to the value of the mean size of a NP 
solution. Traditionally, NPs can be defined as monodispersed when a predominately 
homogeneous NP population with >90% uniformity can be detected. 

Among the different methods of preparing NPs, the chemical synthesis in a solution is 
probably the most employed route, which has the intrinsic advantages of producing more 
uniform and stable samples at high concentration, compared to other synthetic approaches. 
[10] Although Faraday described the first synthesis of a pure gold colloid in 1857, [11] it 
was not until the 1940s that LaMer first introduced the concept of the formation of 
monodisperse colloidal NPs. [12] In 1951, Turkevich et al. performed the first structural 
studies of Au NPs by electron microscopy, [13–15] and further work developed by Frens 
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showed the possibility to tune the size of spherical Au NPs. [16] These studies became the 
foundation of a large amount of posterior colloidal synthetic methods developed for 
obtaining NPs with defined size, shape and surface chemistry. [17–24] Murphy [25] and 
Liz-Marzan [26] accomplished remarkable improvements by reporting the synthesis of 
monodisperse Au NPs of up to ∼180 nm in diameter using ascorbic acid as a reducing agent 
and cetyl-trimethylammonium bromide (CTAB) as a cationic surfactant. Although CTAB-
based methods allow the control of Au NP size and morphology, the use of molecules that 
strongly bind to the Au surface restricts the possibility of further functionalization because 
their replacement is difficult to achieve. [27] This condition is especially important in 
biomedicine, where the ability to render a biological functionality to inorganic 
nanostructures is one of the cornerstones of this emerging field. In this context, citrate-
stabilized Au NPs are unique candidates because the loosely bound capping layer provided 
by the citrate ions can easily be exchanged with other molecules. In this way, Au NPs 
derived with proteins, peptides, antibodies, and DNA have been used in promising 
applications in the fields of diagnosis, therapy, drug delivery, and sensing, among others. 
[28–30] Control over size is a key point in the use of NPs, especially in the biomedical 
field, since it influences important biological properties such as interaction with proteins, 
biodistribution and clearance rate.  Populations within a sample of NPs with low 
monodispersity can greatly differ in their intrinsic properties, displaying huge differences 
in their physicochemical transformations (as aggregation, corrosion or dissolution rates) 
and interactions at the bio-interface. Consequently, the use of polydisperse NPs, that don’t 
behave homogenously, introduces high case-to-case variability with low results 
reproducibility. 

Reduced size comes at a price, and NPs are thermodynamically unstable which causes them 
to rapidly transform to reduce their surface energy. Large surface area and low atom 
coordination at the NP surface determine the high energy potential of NPs and consequently 
their behaviour and reactivity profiles. [31] Excess of surface energy is dissipated through 
chemical reactions and physical alterations, either via aggregation or dissolution processes, 
or by passivating their surfaces with adsorbed molecules. Due to their great instability, at 
useful concentrations, naked NPs are not stable in water and they need to be stabilized after 
their synthesis. In order to prevent NPs aggregation, it is generally required to provide the 
NP with the repulsion forces, which can be done either by electrostatic repulsion, for 
example designing a double electrical layer of inorganic ions around the NP surface, or by 
steric repulsion, by conjugation of larger highly soluble organic or biological molecules. 
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Despite the crucial role of this stabilization layer, most studies merely focus on the 
inorganic core of the nanostructure, overlooking the surface stabilization shell. Even though 
the core of the NPs determines it physicochemical properties, the surface chemistry dictates 
the interactions with the surrounding medium. This is particularly important in biological 
scenarios, where surface interactions ultimately determine the formation of the protein 
corona, the intracellular uptake and localization of the NPs, and in turn, their biological 
functions. [32,33] By controlling the surface chemistry, conjugation can also be used as an 
interface for functionalization, providing chemical and biological moieties to tune the 
behaviour and fate of NPs. Still, in too many cases the loss of colloidal stability is behind 
the lack or unexpected biological behaviours, as size-dependent properties are lost when 
NPs aggregate. Under controlled environments surface stability is easily reached, but 
biological fluids (as cell culture media or biological fluids) are complex mixtures of salts, 
proteins and other small organic molecules that may promote destabilization of NPs. 
Knowledge and understanding of NP interactions and fate on those environments is critical 
to preserve colloidal stability all along the process. [34]  

 

1.2  Optical Properties of Plasmonic Nanoparticles 

The optical and electronic properties of NPs are interdependent to a greater extent. For 
instance, noble metal NPs have size-dependent optical properties and exhibit a strong UV–
visible extinction band that is not present in the spectrum of the bulk metal. It is known as 
the localized surface plasma resonance (LSPR), and it arises from the coherent oscillation 
of the NP’s electrons of the conduction band in resonance with the incident electromagnetic 
field (Figure 1.1). It is well established that the peak wavelength of the LSPR spectrum is 
dependent upon the size, shape and inter-particle spacing of the NPs, as well as its own 
dielectric properties and those of its local environment including the substrate, solvents and 
surfactants. [35–39]  

The contribution of the different parameters to the total extinction of small spherical metal 
nanoparticles is described by the Mie theory. [40,41] Mie solved Maxwell’s equation for 
electromagnetic light interacting with a small metallic sphere. With the appropriate 
boundary conditions for a spherical object, his calculations gave a series of multipole 
oscillations (dipole, quadrupole...) for the extinction cross‐section of the particles as a 
function of the particle radius. 
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The term “extinction” means the loss of light from a directly transmitted beam and allows 
to study the ability of NPs to interact resonantly with light. It is usually expressed as 
extinction efficiency (Qext), which is a theoretically and dimensionless parameter. It is the 
sum of two different contributing mechanisms: absorption and scattering. The absorption 
of electromagnetic radiation (light) is the process by which the energy of a photon is taken 
up by matter, while scattering takes account of the light that is diverged from a straight 
trajectory. Moreover, when working with colloidal dispersions of NPs the empirical value 
of extinction, also called absorbance when referred to experimental results, is commonly 
used.   

V𝑒𝑥𝑡 = V𝑎𝑏𝑠 + V𝑠𝑐𝑎 

For NP much smaller than the wavelength (<25 nm) of the interacting visible light, all 
electrons in the entire particle experiences a roughly uniform electric field leading to the 
excitation of the dipolar plasmon resonance, which is the only contributing significantly to 
the extinction cross-section. [42] 

 

 

Figure 1.1. Surface Plasmon Resonance of NPs. 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. (C) Schematic 
representation of the Mie theory. The NP interaction with the incident light will result into a partial light 
scattering and absorption, and their sum is the total extinction. (D) E-field profile for gold dipole, as well as 
silver dipole and quadrupole peaks for 100 nm diameter nanoparticles (adapted from ref [43]). 
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For large particles (>25 nm), the extinction spectrum is then composed of the sum of 
absorption and scattering modes, each of which has a contribution that depends on the 
particle size. As NP’s size increases, light cannot polarize homogenously and the field is 
no longer uniform throughout the NP, which result in phase retardation effects. As a 
consequence, the appearance of higher-order modes is observed in larger particles, which 
become more dominant with increasing particle size, causing plasmon dipolar absorption 
band to red‐shift while the bandwidth increases. This also results in the appearance of 
quadrupole resonances and octupole peaks for very large particles at shorter wavelengths. 
As a result of these unique optical properties, NPs of different sizes exhibit different colours 
and different degrees of absorption and scattering of light. [35] 

To illustrate this phenomenon, the optical properties of solid Au and Ag spheres have been 
calculated based on Mie theory, using Mie Plot software. [44,45] Figure 1.2 show the 
calculated spectra of the efficiency of absorption (Qabs), scattering (Qsca), and extinction 
(Qext) for Au and Ag spherical NPs of different sizes (10, 50, 100 and 200 nm). The optical 
absorption and scattering properties of these NPs can be tuned by changing their size and 
shape. The increase in the ratio of scattering to absorption with NPs volume provides a tool 
for NPs selection. For instance, larger NPs are more suitable for light‐scattering‐based 
imaging applications while NPs with a high absorption cross‐section, facilitates selective 
photothermal therapy. [46–48] 

The recognition that the LSPR is sensitive to changes in several parameters has resulted in 
intense research and development of noble metal nanostructures for their application in 
many areas including chemical and biological sensing, imaging, optoelectronics, energy 
harvesting and conversion, and medicine. [49] Intrinsic properties of NPs can be tailored 
by controlling their morphology (e.g., size and shape), [50] composition (e.g., 
monocomponent vs alloys), [51] structure (e.g., solid vs hollow), [52] surface chemistry 
[53,54] and the refractive index of the local environment. [55] Among the three metals that 
display plasmon resonances in the visible spectrum (Ag, Au, Cu), Ag exhibits the highest 
efficiency of plasmon excitation, and it is the only material whose plasmon resonance can 
be tuned to any wavelength in the visible and near-infrared (NIR) range by modifying Ag 
NP’s morphology. [35,56] 

In addition to technological implications, the optical signature of NPs is also useful as a 
characterization tool. This is interesting because optical techniques are non-destructive and 
may enable measurements in situ and in real time of the state of the NPs. An important 
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requisite for the implementation of NPs is the control of their interaction with the 
surrounding environment, which is usually achieved by its functionalization with the 
appropriate molecules. In the case of plasmonic NPs, these molecules act as transducers 
that, after binding to the NPs, convert small increases in the local refractive index into 
spectral red shifts. Bastus et al. performed an extensive study, coupling theoretical 
simulations and experimental data, where they investigated the effect of composition, size, 
and surface coating on the sensitivity of localized multipolar surface plasmon resonances 
in colloidal solutions of Ag and Au NPs. Results show a higher relative sensitivity of (i) Ag 
than Au NPs, (ii) larger NPs, (iii) longer molecules, (iv) SH anchor groups, and (v) dipolar 
modes. [35] Further, optical properties can also be used to monitor and identify chemical 
transformation processes, as aggregation, dissolution and oxidation. Understanding NP’s 
transformations is critical, not only to better interpret the biological effect of the NPs but 
also to better able to design NPs for a specific purpose. In this regard, Piella et al. modelled 
and study the time-dependent optical properties of Au and Ag NPs after different 
physicochemical transformation processes, thus proposing as a qualitative guide to identify 
the evolution of Au and Ag NPs in biological environments. [42] 

 

 

Figure 1.2. Optical properties of Au and Ag NPs. Mie theory absorption (blue), scattering (red) and 
extinction (black) spectra of Au and Ag NPs of diameter 10 nm, 50 nm, 100 nm and 200 nm. Spectra are 
shown in terms of efficiency, which is the ratio of the calculated optical cross‐section of a NP to its actual 
geometrical cross‐section. 
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1.3  The Nano-Bio Interface 

1.3.1  Nanoparticle’s Biomedical Historicum 

Exploiting novel physicochemical and biological properties exhibited by nanoscale 
materials to improve human health is perhaps the fundamental element of nanomedicine. 
In recent years, nanomedicine has provided a useful set of research tools and medical 
devices for researchers and clinicians, and more will come in the near future. However, the 
therapeutic use of inorganic nanoparticles in humans is not entirely new. Traditionally, 
colloidal gold (Aurum Potabile – form the latin “potable gold”) was administered for its 
supposed therapeutic benefits since the antiquity, initially in old China and then through 
the silk road up to Switzerland where was described by Paracelsus in the 16th century. In 
the same way, the use of silver nanoparticles (colloidal silver) as a disinfecting agent had 
already been used since ancient times and was then approved by the Food and Drug 
Administration (FDA) more than 130 years ago. [57]  

Already in modern times, we continued with the medical use of gold salts for the treatment 
of Rheumatoid arthritis (Auranofin, Ridaura®), which when enter inside the body are 
reduced spontaneously into nanoparticles smaller than 5 nm and expelled by urine. Another 
example of uses of sub-nanometric inorganic material is Alum (Aluminum Sulfate), [58] 
the most widespread adjuvant for vaccines.  

More recently, new engineered NPs have been developed for therapeutic use. Amorphous 
porous silicon dioxide (SiO2) NPs were designed as drug delivery platforms, [59,60] where 
its degradation generates silicic acid, a promoter of osteogenesis and proposed to treat 
osteoporosis – recently considered as Generally Regarded As Safe (GRAS) by the FDA.  
[61] On the other hand, magnetic iron oxide (Fe3O4) NPs, were developed with numerous 
medical applications: as contrast agents for MRI (Resovist®), [62] as hyperthermia agents 
for the treatment of cerebral neuroblastoma and glioblastoma (MagForce®), [63] or as an 
injectable anti-anaemic drug in patients with fragile kidney (Feromuxytol®). [64] The list 
goes on, with many others that are still in clinical trials.  

In this context, it is not surprising that nanomedicine has been the focus of strong support 
as in the case of the European Technology Nanomedicine Platform (ETNP) or the United 
States Nanotechnology Characterization Laboratory (NCL) acknowledging the future 
importance of nanomedicine. [65] Similarly, in recent declarations, the 2016 Noble Prize 
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on Chemistry Bernard Feringa was describing his achievements as “Such molecular 
machines can be developed in smart medicines that seek out disease or damage and deliver 
drugs to fight or fix it, and in smart materials, which can adapt in response to external 
triggers such as changes in light or temperature”, underlying the potentially huge impact 
nanomedicine will have in the coming future. [66] 

1.3.2  Biomedical Applications 

New drugs or active principles discovered from nature seem to have been exhausted, and 
the newly designed drugs – immune therapy, stem cell therapy or genetic therapy – are not 
yet fully working. In this regard, nanomedicine has emerged as a “disruptive technology”, 
with great potential to contribute to improving treatments of different diseases by the 
generation of new diagnostic and therapeutic products, and by assisting other existing 
technologies.  

Depending on their mechanism of action, NPs can be designed as scaffolds or actuators, or 
even a combination of both. In the first case, the NP is at the service of the drug/active 
principle (e.g.: to transport it) whereas in the other case, NPs are active by themselves where 
the coating is at the service of the NP (e.g. for stabilization or targeting). The outcome is a 
complex NP which is understood as a toolbox for monitoring and manipulating biological 
states. In these platforms, different drugs, ligands and biomolecules can be combined (by 
absorption, loading, coordination bonding, entrapment, etc) [32,51,67,68] and different 
tasks (delivery, heat, irradiate) can be performed. [69,70] For that, NPs are unique to bring 
therapeutic and imaging agents to diseased tissue. So, NPs are ideal scaffolds to combine 
therapeutic and diagnostic agents, enabling thus theranostic approaches (simultaneous 
concerted diagnosis and therapy). Further, in the diagnosis field, optical methods are widely 
used in the current analytical technologies, where many NP’s properties as optical 
signatures (e.g. LSPR) and surface chemistry can and have been used for sensor 
development with remarkable efforts in Au NPs. Below, some examples of the rational use 
of inorganic NPs in the biomedical field are exposed. The biological applications of 
inorganic NPs are summarized in Figure 1.3. 

1.3.2.1  NPs as scaffolds 

Nanoscale drug delivery agents have been developed and exploited to enhance the delivery 
of drugs in the treatment of several diseases showing potential benefits in terms of 



CHAPTER 1 | INTRODUCTION 

14 

pharmaceutical flexibility, selectivity, dose reduction and minimization of adverse effects. 
[71] Many conventional therapies can be improved through the use of drug delivery systems 
(DDS). DDS are designed to modify the pharmacokinetics and biodistribution of small and 
macro-molecular drugs, to protect them from degradation extending their half-life, and also 
improve the delivery of poorly water-soluble drugs. Clearly, once a molecule is associated 
with a NP, its fate and biodistribution are determined by the NP physicochemical features 
rather than the drug. Thus, nanocarriers can strongly contribute to modifications of 
pharmacokinetics and biodistribution of numerous active principles, by driving them 
through different pathways, depending on the morphological, surface state and 
physicochemical properties of the nanocarrier. In fact, the strategy of adding other chemical 
moieties to the drug, has been a traditional way to alter drug pharmacokinetics in both ways, 
their biodistribution and their in‐body metabolization, what determines dosing 
(concentration and time) parameters in the different organs. [72] 

This is of special importance in the case of anticancer therapies in which a widespread 
distribution of small molecular chemotherapeutic drugs is often limiting treatments due to 
severe side effects that make impossible to reach the full benefits of the therapy. In the work 
of Comenge et. al, they reported the use of Au NPs to detoxify the anti-tumoural agent 
cisplatin, linked to the NP via a pH-sensitive coordination bond for endosomal release. [66] 
They showed that cisplatin-induced toxicity was clearly reduced without affecting its 
therapeutic benefits in mice models. Furthermore, the transport of the drug with the proper 
coating of the NP and/or using hollow nanostructures may limit not only systemic 
degradation of the drugs but also the ejection of drugs from the cells before they act (drug 
efflux) and other drug-detoxifying. [73–75] All these combinatory effects can overwhelm 
and override the resistance mechanisms of tumoural cells, improving anti-cancer 
conventional treatments. For instance, in the work of Meng et al. (2010), mesoporous silica 
NPs were used as a platform to deliver both doxorubicin and siRNA in a drug-resistant 
cancer cell line (KB-V1 cells). As the used siRNA knocks down gene expression of a drug 
exporter used to improve drug sensitivity to chemotherapeutic agents, this dual delivery 
was capable of increasing drug concentration intracellularly and in the nucleus to levels 
exceeding that of free doxorubicin or the drug being delivered in the absence of siRNA. 

The possibility of the rational control of the functionalization of inorganic NPs with 
biomolecules is particularly important for cancer immunotherapy: the training of the 
immune system to attack the tumour, [76,77], especially in the case of therapeutic vaccines. 
Three critical elements are considered to be essential in the composition of an effective 
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vaccine: an antigen to trigger a specific immune response, an adjuvant able to stimulate the 
innate immunity, and a delivery system to ensure optimal delivery. [78] To obtain the full 
activation of antigen-presenting cells (APCs), the simultaneous action of antigens and 
adjuvants is critical. In this regard, inorganic NPs can help to develop (a) safe and powerful 
adjuvants to stimulate the immune system in a non-specific way [28,29] that induces an 
inflammatory state able to detect the otherwise evading tumours; [76,79] and (b) as antigen-
presenter platforms, [80] by conjugating them to tumour-associated antigens to develop the 
adaptive immune response against it (by boosting the immune response through the 
aggregation and repetition of these antigens on the NP surface). Another immune-based 
cancer therapy approach is the use of antibodies for blocking signalling pathways. [81] In 
these particular cases, the instability of the exogenous antibodies and their low efficiency 
calls for nano-conjugation. [73,82] Thus, by condensing the antibodies on top of a NP 
surface, they are protected from systemic degradation [83] and their pharmacokinetic 
profile is altered allowing for improved targeting. [84] Additionally, the use of NP-antibody 
conjugates has shown a prolonged antibody therapy effect by avoiding receptor recycling 
as well as decreasing the needed antibody dose in the case of Cetuximab-Au NPs conjugates 
targeting the epidermal growth factor receptor (EGFR) of A431 tumoural cells. In this 
work, the coverage density and orientation of antibodies were strictly controlled to properly 
evaluate their effect. Results showed EGFR blocking, along with their altered trafficking 
signalling effects. The blocking effects of Cetuximab were increased and sustained for a 
longer time when associated with the Au NPs. [73] 

The use of nanocarriers for gene therapy has also been extensively reported in the literature 
due to the current limitations of approved strategies. Despite their high efficiency and 
common usage in gene delivery, viral vectors inherit fundamental drawbacks 
(immunological problems, insertional mutagenesis and limitations in the size of the carried 
therapeutic genes) that need to be addressed. [85] Functional inorganic nanomaterials 
recently emerged as robust and versatile nano-scaffolds for effective gene delivery 
applications. [86,87] Significantly, without the limitations associated with viral vectors, 
inorganic nanomaterials further offer an appealing set of properties for practical 
applications, including scalability in synthesis, facile functionalization, chemical and 
thermal stability and optical signatures that allow its precise detection. These properties are 
important for sterilization, low inherent toxicity (especially for gold, iron oxide and silica 
nanoparticles), availability in a wide range of sizes and shapes, and the possibility of real-
time tracking by various spectroscopic techniques. [88] Single-stranded DNA 
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functionalized gold nanoparticles developed by Mirkin et al. demonstrated excellent gene 
delivery efficiency. [89] These nanoparticles demonstrated greater knockdown of gene 
expression, higher binding affinity for target DNA, higher immunity to nuclease, and lower 
cell toxicity than antisense DNA delivered by either Lipofectamine® or Cytofectin®. 
Moreover, as alternative strategies to deliver nucleic acids to tumours, a controlled-release 
system responding to the unique environments of tissues and external stimuli has been 
investigated recently. Gold nanorods have strong absorption bands in the near-infrared 
region, and the absorbed light energy is then converted into heat, the so-called 
“photothermal effect”. Because the near-infrared light can penetrate deeply into tissues, the 
surface of the gold nanorod could be modified with double-stranded DNA for controlled 
release. [90] When the dsDNA-modified gold nanorods were irradiated by near-infrared 
light, single-stranded DNA was released due to thermo-denaturation induced by the 
photothermal effect. The amount of released ssDNA was dependent upon the power and 
exposure time of light irradiation. The release of ssDNA after light irradiation was also 
observed in Colon-26 tumours grown in mice when the dsDNA-modified gold nanorods 
were directly injected into the tumours. [91] 

1.3.2.2  NPs as actuators 

Some inorganic NPs are active principles based on their composition. Few examples have 
been explained previously, such as the case of SiO2 used for the treatment of osteoporosis, 
or Fe3O4 for anaemia treatment. Another interesting example is CeO2, which has been 
reported to display anti-inflammatory and radio-protection properties. CeO2 NPs in the size 
range of 3–50 nm have recently received increased attention for their participation in 
biochemical redox reactions, providing sites for free radical scavenging and reducing 
inflammation. [92–94] Most therapeutic CeO2 NPs applications are proposed based on their 
ability to reduce ROS levels and consequently, the levels of most pro-inflammatory 
mediators, such as inducible nitric oxide synthase, nuclear factor κβ, tumour necrosis 
factor-α, and interleukins. [95–98] Indeed, CeO2 NPs were recently found to have multi-
enzyme mimetic properties, including those related to superoxide dismutase (SOD), 
catalase, and oxidase. [99] In this context, CeO2 NPs have potential applications in many 
different medical fields, as (i) cardiology reducing the myocardial oxidative stress in 
cardiomyopathy, [100] (ii) oncology protecting cells from radiation-induced damage, [101] 
and (iii) hepatology where they have been reported to display hepatoprotective effects 
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against non-alcoholic steatosis. [102] On the other hand, the antibacterial properties of Ag 
and its mechanisms of action will be deeply discussed on Chapter 4. 

Inorganic NPs can also be used as imaging and radiation contrast agents. Despite that the 
current knowledge on the subject is still scattered and too heterogeneous to deliver useful 
tools for society, many recent discoveries and advances preclude the inevitable success of 
nanomedicine, as far as the right strategies and methodologies are pursued. Thanks to their 
high electronic density, inorganic NPs can act as antennas that absorb photons of 
determined wavelengths, to which we are transparent. Thus, radiotherapy effects can be 
enhanced in such a way that employed doses can be decreased where only the NPs allow 
the toxic effect, improving localized radiotherapy. Inorganic materials can absorb strongly 
X-rays and selectively enhance the damage inflicted on tumoural tissue in radiotherapy 
treatments. This is mediated by the fact that these materials absorb strongly the primary 
radiation beam, especially high Z number atoms. Subsequently, this generates a cascade of 
secondary low-energy electrons (LEEs) highly toxic within a very short range around the 
NP, [103] which is the main source of energy deposition and radiation-induced damage in 
biological tissue. [104] Additionally, the irradiated metallic NP can be activated producing 
catalytically free radicals as hydroxyl radicals OH· and hydrogen peroxide H2O2 among 
others, [105] which can initiate further reactions and induce oxidative stress and cellular 
damage. [105,106] Recent works studying the effects of Au NPs in combination with 
radiation in various cell lines found a damage enhancement factor between 1.5 and 3.4 
times depending on the size of the NPs, [107] incident energy, [108] and cell type. [109,110] 

Inorganic NPs can be also used in combination with near-infrared (NIR) photons (O800–
1100 nm) both for molecular imaging and selective photothermal therapy. [111] Here, some 
Au NPs such as Au nanorods [112,113] or hollow Au NPs [114] present a suitable strong 
surface plasmon resonance light absorption in the NIR. This is a region of the light spectrum 
where there is a window of transparency for biological tissues (known as the therapeutic 
window) from the overlapping light absorption of water, haemoglobin, and melanin. Thus, 
the possibility to excite in the NIR region allows for both, minimization of photo damage 
of biological specimens and maximization of the penetration depth into the tissue of the 
excitation light. 

In addition, superparamagnetic NPs offer attractive possibilities to treat cancer by inducing 
hyperthermia. [115] Magnetic NPs can be manipulated by external magnetic fields, which 
show intrinsic high penetrability into human tissue. [116,117] When these NPs are exposed 
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to an alternating magnetic field of sufficient strength and frequency, there is a conversion 
of magnetic energy into thermal energy. The heat generated is then transferred to the cells 
surrounding the NPs, which can result in cancer cell death by apoptosis once the local 
temperature exceeds 40 °C and proteins denature. [118,119] Several groups have shown 
significant tumour inhibition during hyperthermia therapy by employing Fe3O4 NPs. [120] 
Indeed, this technology is already applied in the clinic in Germany, and soon in Spain. As 
mentioned before, the same NPs can also be used as highly biocompatible contrast agents 
in magnetic resonance imaging (MRI). [121] 

 

 

Figure 1.3. Schematic representation of the applications of inorganic NPs. NPs can act as scaffolds 
when the core is at the service of the coating, which include their use as drug delivery systems, or in gene 
therapy. NP conjugated with antigens or antibodies can also be used as adjuvants, for blocking signalling 
pathways, or for antigen targeting. Alternatively, NPs can act as actuators when the properties of core can 
be used for treatment or imaging, as in radiotherapy or MRI imaging. Also, NP can also be used as a reservoir 
of ions, which are the actual active principles released by dissolution from the NP surface.  
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1.3.2.3  NPs as biosensors 

Plasmonic NPs absorb and scatter light intensely at their surface plasmon resonance (SPR) 
wavelength region and such properties make them some of the most valuable optical probes 
for sensing applications. [36,38,39,51,122–125] The SPR wavelength of Au and Ag NP can 
be tuned from the visible to the near IR region by changing their size and shape. The strong 
light extinction coefficient of noble metal NPs at the visible light region makes them easily 
observable by the naked eye or detectable by inexpensive instruments. The possibility of 
tuning the LSPR band of NPs (including nanorods, shells, stars, and other shapes) to the 
near IR region makes them promising materials for in vivo imaging and analysis. As 
explained in the previous section, the optical properties of NPs are highly dependent on the 
surface chemistry and the inter-particle interactions too. In fact, the vast majority of 
techniques developed so far involving NPs as optical probes are based on changes in the 
optical signature of NPs induced by the analyte targeting, with outstanding relevance of Au 
NPs due to their inertness. 

A typical Au NP contains two structural components: the metal core and the surface 
coating. Since NPs have a high surface-to-volume ratio, and their surface chemistry is easily 
tuneable, specific surface coating of NPs provides an ideal platform for detection and 
sensing. Upon target analyte binding, the surface plasmon resonance of the Au NPs will 
change due to the surface chemistry change, or inter-particle interactions. The LSPR change 
of Au NPs can be then detected either by light absorption or light scattering techniques, as 
the antigen binding is used as the transducer signal. [49] 

Depending on the origin of the LSPR change, a distinction between two types of LSPR 
sensors can be made. The first one is based on the aggregation of the colloid which results 
in an apparent colour change from red to blue due to inter-particle coupling, where metallic 
nanoparticles approach each other closer than their particle diameter. [124,126] A well-
known application of this technology is the development of a pregnancy test. In this sensor 
technology, Au NPs and micro-latex beads were used, both coated with specific antibodies 
against the b-hCG hormone that is produced by pregnant women in high amounts. Upon 
mixing these particles with urine containing the hormone, pink aggregates could be clearly 
observed. [127]   

The other sensor type is based on the sensitivity of the LSPR to changes in the dielectric 
constant of the surrounding medium or surfactants. When molecules bind to an Au NP, the 
refractive index will change inducing a shift of the LSPR, whose sensitivity is analyte 
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distance dependent. To increase the performance and assay sensitivity of this sensor 
platform, other materials and nanostructured patterns on transparent surfaces have been 
developed. For example, the plasmon wavelength of silver nanotriangles, [128] AuAg 
nanoshells, [129–131]  nanorings, [132] nanocrosses, [133] showed an enhanced sensitivity 
for refractive index changes and proved potential in monitoring biomolecular interactions.  

Apart from LSPR-based methods, other sensing techniques exist based on NP-ligand 
interactions: surface-enhanced Raman scattering (SERS), metal-enhanced fluorescence 
(MEF), and metal-induced fluorescence quenching. In SERS, the scattered light is detected 
from the Raman active dye molecules located on the surface of Au NPs, which is enhanced 
several orders of magnitude by the metal core. [129] On the other hand, fluorescence-based 
methods can be designed according to the interaction of the target with the gold core. When 
a fluorophore is attached to a metal nanoparticle, the fluorescence of the fluorophore can 
be enhanced or quenched, largely depending on the distance from the fluorophore to the 
nanoparticle core. Competitive assays are often designed using the metal-induced 
fluorescence quenching phenomenon, while direct assays are conducted based on the MEF 
effect. [49] 

Last but not least, Au NPs have also been used in many point-of-care devices due to their 
versatility and storage stability. One, if not the most, application of Au NPs is on the basis 
of lateral flow assays. The user friendliness, low cost, and easy operation are the most 
attractive advantages of the LFA, with broad applications to food safety, environmental 
monitoring, clinical diagnosis, and so forth. In current LFAs, the recognition element 
involves both biomolecules and NPs. High-affinity biomolecules (e.g. antibodies, 
aptamers) are used to identify the target in complex sample matrices, and NPs are used to 
translate the invisible chemical reactions into detectable signals. The signal amplification 
strategies supported by NPs also greatly enhance the sensitivity and performance of LFAs, 
such as the enhancement of gold NPs tags by silver NPs. [131]. Widely known examples 
are the paper strip pregnancy test or the rapid antigen test for Covid-19. [134,135] 

1.3.3  Interactions at the nanoscale 

A key feature of molecular structures or biological entities in the body is their systematic 
organization at the nanoscale. Research and development in nanotechnology has allowed 
us to put man-made nanoscale objects into living cells. [136] 
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Interfacing the as‐synthesized NPs with biological media is not always straightforward. The 
chemical environment desirable for inorganic NPs and the one desirable for cells and 
biomolecules may be quite different and certainly, in many approaches, obviously 
incompatible. Due to their higher percentage of surface atoms and their colloidal nature, 
once brought into contact with a physiological medium, NPs experience processes that 
transform them towards more stable thermodynamic states. [137,138] Thus, the NP surface 
has to be modified in order to be inserted efficiently into the biological machinery. The 
requirements are (i) controlled colloidal stability, (ii) controlled interaction with proteins in 
plasma, (iii) controlled (no) immunogenicity, (iv) controlled chemical reactivity and (v) 
controlled integrity of the material for its expulsion or destruction after use. As said, once 
being brought into contact with a medium, NPs experience modifications due to interactions 
between them and components from that biological medium, including aggregation, 
corrosion, oxidation, dissolution and interaction with media proteins. More than one of 
these processes can happen at the same time and there might also be competition between 
them, being aggregation between NPs or of NPs to proteins the most common leading cases. 
[31,139] 

1.3.3.1  Aggregation, Dissolution, and Oxidation 

It is well‐known that some NPs can dissolve in certain dispersing media. [140–142] The 
extent of their dissolution depends not only on their intrinsic properties such as size and 
shape, but also on characteristics of the surroundings, including pH and ionic strength, as 
well as the presence of organic matter, mainly proteins. [143,144] This has strong 
consequences, not only on the metabolization and expulsion of NPs from the body, but also 
on their regulation, since if they are permanent, they may be regulated as a device (like an 
implant) while if they are metabolized and/or expulsed, they may be regulated as a drug.  

Regarding aggregation, the loss of colloidal stability has a dramatic effect since NP lose 
their size-dependent properties. There are several factors that cause the aggregation of 
colloidal NPs, for instance, the initial concentration of NPs and ionic strength of the 
medium, which is well described in the DLVO theory for colloidal stability. [145,146] In 
these cases, NP aggregation is due to the charge screening effect of salts present in 
biological media which causes a compression of the electrolytic double layer and loss of 
inter-particle electrostatic repulsion. [147] Therefore, unless steric repulsion is provided to 
the NP surface, it has been observed that NPs tend to agglomerate/aggregate after relatively 
short incubation times in different buffers and biological media. It has to be noticed that no 
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aggregation occurs in media with high protein concentration like serum, despite the high 
saline concentration. Here, the stability of NPs is maintained thanks to the formation of a 
Protein Corona and corresponding steric repulsion. In this case, the stabilizing mechanism 
changes from electrostatic to steric, and then the charge screening becomes irrelevant. 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 can be controlled by the addition sequence. [148] The extracellular 
agglomeration of NPs, or the agglomeration occurring prior or during exposure to in vitro 
or in vivo models has a significant impact on the observed biological effects and conclusions 
about their size-dependent (immuno)toxicity. [149,150] 

1.3.3.2  Protein Corona Formation 

Biological fluids are complex aqueous media composed of electrolytes, proteins, lipids, and 
carbohydrates, able to adsorb (by electrostatic, hydrophobic, van der Waals, and dispersive 
forces) onto the surfaces of the NPs, especially proteins, forming a protein-dense coating 
known as Protein Corona (PC). [151–155] The PC shields the original surface properties of 
the NPs acting as a surfactant and alters their size and composition providing the NPs with 
a new biological identity. [154,156,157] Indeed, once the corona is formed, [159] it is what 
actually the cell “sees”. [155] The composition, structure, and kinetics of the PC formation 
depend on (i) the specific characteristics of the biological environments in which NPs are 
dispersed, especially protein composition [158] and their relative concentration, [159,160] 
(ii) the physicochemical features of the dispersed material – such as NP chemical 
composition, [161] morphology, [151,162,163] surface charge and exposed functional 
groups, [148,159] 16,27 and hydrophobicity [151,164] – and  (iii) exposure time, which 
directly correlates with the relative abundance of proteins and the different protein-NP 
binding affinities (Vroman’s effect). [148,161,165]  

When the NP and the protein solutions are mixed, two different kinetic processes are 
competing at the same time: (i) the destabilization and further aggregation of the NPs 
between themselves (homo-aggregation) promoted by the high ionic strength of the media 
in which they are dispersed, and (ii) the stabilization of the NP surface against aggregation 
via protein adsorption (hetero-aggregation). In a later study performed by Piella et al. 
aiming to investigate the size-dependency of NP-protein interaction, they found out that in 
excess of free proteins, the aggregation of the particles is not exclusively determined by the 
probability of collisions of two individual particles but it may be affected by additional 
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parameters. [166] Interestingly, small particles appear to be slightly more stable than large 
ones. This could be related to faster protein coating or a faster dispersion of the NP due to 
increased Brownian motion as size decreases. Consequently, stability conditions depend on 
both the characteristics of the NPs, and the ratio between the NPs and protein concentration 
in the media. The formation of a PC on top of the NP surface has been observed to control 
biodistribution, uptake and biological response, transforming them from innocuous to toxic, 
or reverse. As discussed before, surface properties of NPs play a very significant role in 
determining the NP's behaviour with proteins in different environments.  

The kinetics of these separate, but often co-existing, processes are strongly influenced by 
the respective concentrations of the causing chemical agents. These coupled processes are 
mediated by the different interactions between the NPs and components of the biological 
medium in which they are exposed, and ultimately determine the nature of the nano-bio 
interface. 

1.3.3.3  Protein Corona: from the biomolecule perspective 

Regarding biological and medical applications, it is important not only the adsorption of 
proteins themselves but also the implications that this adsorption entails for the protein, 
especially the maintenance of its tertiary (or quaternary) structure, since biological function 
depends largely on it. Size is known to be an important issue in nano-bio interactions and 
has a significant impact on determining NP’s surface properties, which critically modulate 
its interaction with proteins. [167]  An increasing surface curvature of a NP affects the 
surface chemistry by altering its surface charge increasing the isoelectric point, even to 
close to zero values (increasing its hydrophobicity) or altering the acidity of the coating 
molecules lowering their pKa. [168–170] Certainly, these properties modulate how NP 
interact with proteins and the strength of such interaction. In some cases, proteins retain 
their structure and functionality, and even also have synergistic or cooperative effects. 
However, other situations may lead to perturbation of the protein structure with harmful 
consequences such as the loss of its functionality, or the exposure of non-native cryptic 
epitopes that may trigger all sorts of biological responses as well as induce protein 
aggregation processes (e.g. fibrillation or prion formation). [171] However, biomolecules 
may also promote NP aggregation. This phenomenon is mediated by protein-protein 
interaction, which may occur at a high protein concentration on the NP surface. In some 
cases, protein molecules form bridges between NPs, mainly due to structural perturbations 
in protein molecules but they also may occur without structural perturbation and may be 
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entirely determined by electrostatic interaction between protein molecules. [172,173] In 
light of these considerations, understanding the mechanisms and factors of NP-protein 
interactions is necessary for prospective diagnostic and therapeutic applications of NPs. 
Various techniques should be used to accurately and carefully modify NP properties, which 
is crucial in terms of the structures and functions of the adsorbed proteins and, hence, the 
NP toxicity mediated by the alterations of these proteins.  [174–177] 

 

1.4  Health Impact and Regulation 

The fact that inorganic NPs are similar in size to biological matter, allows them to 
specifically interact with molecular and cellular structures, and to manipulate biological 
states, structures and functions in a radically new way, which makes them extremely 
attractive for biomedical applications. [49,178–181] As discussed in the previous sections, 
nanoscale agents have been under intense research and exploited to enhance the delivery of 
drugs in the treatment of several diseases showing potential benefits in terms of 
pharmaceutical flexibility, selectivity, dose reduction, and minimization of adverse effects. 
At the same time, and for the same reasons, NPs can, either intentionally or unintentionally, 
enter the body and/or the environment. Consequently, concerns have been risen regarding 
NP potential human and environmental hazards. Thus, the same properties that offer great 
promise to provide scientific and technological breakthroughs may also lead to unexpected 
biological effects not anticipated from materials of the same composition in the bulk form. 
[31] Further, the subtle alteration of the NP state after their exposure to biological fluids 
may have critical consequences on NP behaviour and performance not anticipated if the 
nanomaterial has not been properly characterized. [168,182] Therefore, in recent years, it 
has become evident that it is necessary to systematically and accurately define particle 
characteristics not only in order to understand their potential effects on biological systems 
but also to ensure that results are reproducible. 

Despite the tremendous potential of nanomedicine and hundreds of millions (if not billions) 
poured from funding institutions, it could be acknowledged that little progress has been 
made towards matching expectations. Only 50 nano-formulations have reached the market, 
and only a few encapsulation systems have been approved by regulatory agencies for 
therapeutic use. [70] These difficulties at any developmental stage are mainly owed to the 
lack of a clear and absolute international regulatory definition of these materials, their 



INTRODUCTION | CHAPTER 1 

25 

toxicity levels, and how they should be approached and explored, which delays their clinical 
translation. Hence, many nano-formulations fail to achieve success in preclinical trials, and 
as a consequence, there are only a few trials in clinical research, mostly facing numerous 
regulatory challenges. This uncertainty, created by the lack of consistency across the board, 
can ultimately hurt funding, research, and development, thus destroying public acceptance 
and perception of nano-based products. [183] 

Nanomaterials and nanotechnology are areas of innovation that have developed faster than 
regulatory frameworks. [184] Nano-based systems are still currently regulated by existing 
regulatory frameworks for drugs and medical devices, but there is no specific regulatory 
structure for them. [185] Global regulatory trends for nanomedicines lack essential data on 
the manufacturing process, pharmacokinetics, pharmacodynamics, and immunotoxicity 
that demonstrates the product’s safety. [186] This lack of regulatory harmonization specific 
to NPs has delayed their clinical use, [30,31] despite the fact that NPs properties are 
transforming the medical research. [183,187] 

Efforts to overcome the challenges in the development of nanomedicines have led 
academia, industry, and regulatory agencies to maintain an open dialogue through forums, 
seminars, and talks. [188] In 2010, the first international scientific workshop on 
nanomedicines was held, with the participation of 27 countries. [189] Since then, the 
symposia have continued to review existing and emerging nanomedicines, analysing 
aspects such as characterization, biodistribution, and interaction with biological systems to 
prepare for evaluating these products in the future and identifying development parameters 
with gaps in knowledge. [190] To date, regulatory agencies recommend a case-by-case 
analysis, introducing specific trial modifications for each, however, using the same 
regulatory process as applied for conventional drugs. [191] In 2017, the FDA provided a 
guidance document, not legally binding, for the nanotechnology-based products for 
industry. [192] They propose a list of risk factors to address for the safety assessment of a 
nanomaterial: 

x Adequacy of characterization of the material structure and its function. Complexity 
of the material structure. 

x Understanding of the mechanism by which the physicochemical properties of the 
material impact its biological effects (e.g., effect of particle size on pharmacokinetic 
parameters). 
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x Understanding the in vivo release mechanism based on the material physicochemical 
properties. 

x Predictability of in vivo release based upon established in vitro release methods. 

x Physical and chemical stability. 

x Maturity of the nanotechnology (including manufacturing and analytical methods). 

x Potential impact of manufacturing changes, including in-process controls and the 
robustness of the control strategy on critical quality attributes of the drug product. 

x Physical state of the material upon administration. Route of administration. 

x Dissolution, bioavailability, distribution, biodegradation, accumulation and their 
predictability based on physicochemical parameters and animal studies. 

It is worth noting that, all along this guidance, an evident emphasis on the adequate and 
extensive characterization of the nanomaterial on all stages is essential, as well as the 
understanding of a nanomaterial’s intended use and application. This puts in the open that 
given the natural instability of colloidal and biological systems, it is needed to develop 
“good practices” in the characterization of such materials where multiple aspects of the 
sample are analysed as a function of time. Unlike the development of other therapeutic 
products, the evaluation of the toxicity potential of NPs in biological systems begins with 
the complete physicochemical characterization, which contributes to the principles of 
quality, safety, and efficacy. [192,193] To make a product effective in the clinical setting, 
it is necessary to employ appropriate characterization techniques that efficiently correlate 
effect with biological consequences, and may predict toxicological or therapeutic outcomes 
at the early stage of product development. [194] 

Therefore, the following aspects of nano-pharmacokinetics (ADME studies but adapted to 
NP characteristics): what does the body to the NP rather than what does the NP to the body, 
and the consequences that this entails for the body and the NP are a key enabling-
knowledge. It is accepted that NPs may suffer transformations when travelling through 
different parts of the body, which completely change their biological identity and 
behaviour. Thus, the understanding of the precise evolution of NPs inside the human body 
(or biological systems) is a pressing need sine qua non to develop nanomedicine. Otherwise, 
we may face another decade where promising results with NPs are observed in the lab but 
never translated into the clinic to improve patient quality and expectation of life. [70] 
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CHAPTER 2 
 

 

Cationic Gold Nanoparticles Mediated 

mRNA Delivery for Production of CAR‐T 

lymphocytes for Chronic Lymphoid 

Leukaemia Immunotherapy 
 

2.1  Introduction 

Prognosis is poor for patients with multiply relapsed or refractory Chronic Lymphocytic 
Leukaemia (CLL).  CLL is the most frequent form of leukaemia in Western countries and 
is characterized by the clonal proliferation and accumulation of neoplastic B lymphocytes 
in the blood, bone marrow, lymph nodes, and spleen. It shows poor results with current 
standard treatment but conversely, very promising results with Chimeric Antigen Receptor 
(CAR) T-cell therapy targeting have been obtained. [1,2] CAR T-cells immunotherapy is 
based on the ex-vivo genetic engineering of patient T-lymphocytes that express novel 
receptors which have enhanced tumour specificity. However, the drawbacks and side 
effects of this promising therapy mostly associated to the use of viral vectors and CAR T-
cell persistence – that will be discussed later in more detail – limit its use. 

The proposed project combines multidisciplinary approaches aiming at overcoming several 
limitations regarding the therapy of CLL patients. It aims to provide an efficient carrier for 
mRNA to be used as a safer CAR T therapy. The carriers selected are gold nanoparticles 
(Au NPs) modified with cationic polymers. The use of non‐biological agents for mRNA 
delivery into living systems in order to induce heterologous expression of functional 
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proteins may provide more advantages than the use of DNA and/or biological vectors for 
delivery, including rational design, easiness of production and safety. The novelty of this 
approach is a combination of Au NPs and proton sponges to improve the productive 
transfection of primary T‐cells resulting in transient expression of recombinant CD19‐
specific T‐cell receptor (CAR19), which is expressed in (tumoural) B cells. 

 

2.1.1  CAR T-Cell Therapy 

The immune system evolved to distinguish non-self from self to protect the organism. As 
cancer is derived from our own cells, immune responses to dysregulated cell growth present 
a unique challenge. This is compounded by immune evasion and immunosuppression 
mechanisms that develop in the tumour microenvironment. The modern genetic toolbox 
enables the adoptive transfer of engineered T-cells – CAR T-cells immunotherapy – to 
create enhanced anticancer immune functions where natural cancer-specific immune 
responses have failed. [3,4] 

Unlike classical T-cell receptor-antigen recognition pathway, CARs enable highly specific 
targeting of surface antigens in a major histocompatibility complex (MHC)-independent 
manner, so it allows for their targeting against any cell surface receptor.  CARs are formed 
by combining an extracellular antigen-recognition domains and intracellular T-cell receptor 
(TCR) signalling domains. The antigen-recognition domain most-commonly consists of a 
single-chain variable fragment (scFv) derived from a B-cell receptor (BCR), which is 
anchored to the cell with a hinge and/or transmembrane domain, and binds to the target 
antigen. The intracellular portion consists of signalling domains necessary for the activation 
of T-cells. It contains a TCR-derived CD3ζ domain and, one or more intracellular co-
stimulatory domains (Figure 2.1). [5] 

The manufacturing process of CAR T-cells starts with the isolation of the patient’s own T-
cells (or those from an allogeneic donor) from blood, a procedure named leukapheresis. 
Then, T-cells are transduced with the CAR gene construct to be expressed, followed by a 
T-cell activation and clonal expansion. Finally, the engineered T-cells are intravenously 
infused into the patient where they recognize and destroy target cells. This approach carries 
a very low risk of graft-versus-host disease and also enables lipid, protein and carbohydrate 
antigens to be targeted by T-cells in an MHC-unrestricted fashion. Additionally, one CAR 
design can be used to treat all cancers expressing the same antigen. In addition, current 
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advances in ex vivo cell expansion enable the production of clinically relevant doses of 
these therapeutic cells. [6,7] 

 

Figure 2.1. CAR T-Cell mechanism and CAR structure (inset). Upon target antigen recognition (CD19), co-
stimulatory and intracellular signalling domains of the CAR trigger the activation triggering the T-cell 
cytolytic mechanism, via the release of perforin (PFN) and granzyme B (GzmB), and the release of interferon-
γ (INFγ) and tumour necrosis factor (TNF-α). On the inset, the structure of the Chimeric Antigen Receptor 
can be observed. 

B-cell malignancies are the most common tumour type to be targeted by engineered T-cells. 
They are relatively common and express several conserved cell surface markers. Also, 
circulating B-cell malignancies provide easy access for intravenously infused engineered 
T-cells, reducing the requirement for therapeutic cells to traffic to the site of a solid tumour. 
The extracellular glycoprotein CD19 is the most common B-cell target for engineered T-
cell therapies. CD19 is expressed on both benign and most malignant B-cells, with minimal 
non‑B-cell expression. In this regard, immunotherapy has provided some of the most 
spectacular advances in recent years in the treatment of patients with relapsed or refractory 
haematological malignancies. CD19-directed CAR T-cell therapies (CAR19) have turned 
around the situation showing impressive results on previously heavily treated refractory 
patients. Several clinical trials are currently on-going worldwide using CAR19 for the 
treatment of CLL. [5] 

 



CHAPTER 2 | INTRODUCTION 

46 

2.1.2  The unmet medical need 

CAR T-cell therapy is not free of concerns. Even though they have shown very positive 
promising results, severe toxicities have been reported and can be life-threatening. The most 
common severe toxicity is a systemic inflammatory response termed cytokine release 
syndrome (CRS), characterized by the acute release of inflammatory cytokines from the 
CAR T-cells and other immune cells. CAR T-cells can also cause neurologic toxicity, a 
heterogeneous and poorly understood disorder with variable clinical presentation and 
severity. [8,9] Toxicities secondary to the interaction of CAR T-cells with non-
tumour/normal cells expressing the target antigen are termed ‘on-target/off-tumour’ 
toxicities.  

Besides, B-cell aplasia resulting in hypogammaglobulinemia is a side effect of CAR19. 
Hypogammaglobulinemia should be managed with intravenous immunoglobulin (IVIG) 
replacement therapy to avoid opportunistic infections. [10] Several approaches have been 
proposed to overcome this, such as removing CAR T-cells with specific antibodies or 
selectively eliminating CAR T‐cells with suicidal genes. 

On the other hand, the production of CAR T-cells for immunotherapy is mainly based on 
overexpressing the chimeric receptor by using viral vectors. The most common vectors used 
in CAR T-cell manufacturing are replication-defective vector systems based on two types 
of retroviruses: γ-retroviruses and lentiviruses. Both γ-retroviruses and lentiviruses deliver 
RNA, that is reverse-transcribed into DNA in the target cell and integrates into the host 
genome. [6] These vectors have been engineered to drastically reduce the transcriptional 
activity of the virus, virtually eliminating the possibility of viral reactivation. However, 
uncontrolled integration into the genome can potentially lead to insertional mutagenesis, if 
the integration of vector DNA into host cells is placed near an oncogene.  

The use of non-viral vectors is an alternative to overcome these limitations. They allow for 
a transient expression of the CAR on T-cells, that eventually disappear and so their side-
effects. In this regard, the use of mRNA is widely increasing for gene therapy, as well as 
its use for novel non-viral vaccines. [11–14] The introduction of mRNA into the cells for 
protein overexpression is an alternative to viral vectors that includes several advantages: no 
threat of mutagenic insertion, no threat of viral particle reactivation, accessible to dose 
control, and synthetic animal product-free production, which altogether makes it an 
attractive approach for clinical use. [15,16] Indeed, the production of CAR T-cell by mRNA 
electroporation and polymeric vectors has already been reported. Researchers at the 
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University of Pennsylvania evaluated the mesothelin (MSLN)-specific mRNA CAR-T cells 
in patients with MSLN-expressing solid tumours and demonstrated the feasibility and 
safety of this novel strategy. Together with the anti-tumour activity observed, this supported 
the development of the mRNA CAR-based strategies for solid tumours. [17,18] It is worth 
noting that multiple infusions may be necessary for mRNA CAR T-cells due to the transient 
expression of transgene, when the tumour outlast the T cell half-life. [19] 

Note that this has an impact on the manufacturing process of CAR T-cells, as displayed in 
Figure 2.2A. Since mRNA is not a self-replicating molecule, the clonal expansion of T-
cells must be performed before the transfection step.  

 

2.1.3  The nanotechnology dimension 

Genetic material transfer into cells has become a standard procedure in life science research. 
Various delivery systems for mRNA have been developed and can be classified into two 
main groups: viral (biological) and non-viral (agent-based) systems. Biological systems 
utilize mostly viral vectors. Although they exhibit high transduction efficiency, they also 
trigger immune responses and there’s a threat from integration of viral genes into the host 
genome. Non-viral vectors have gained importance in recent years because of their safety 
in handling and ease of application compared with viral vectors. In contrast, non-biological 
systems are, customizable, non-pathogenic and relatively safe, but clinical applications are 
obstructed by transfection efficiency. [20] Among the non-viral strategies for transfection 
are: proteamine complexes, polymeric systems, [21] lipid NPs or liposomes and gold NPs. 
[22] Other strategies not using delivery agents are electroporation and microinjection, but 
they present high toxicity the former and low efficacy. [23–25] 

Current gold standard mRNA transfection mechanisms are based on lipidic-RNA 
complexes, such as Lipofectamine®, PEI max® or TransIT®. Despite their relative high 
transfection rate (~50%), they have a high associated toxicity since their cytoplasmic 
delivery is based on plasma membrane destabilization by its positive charges in order to 
cross it unspecifically. [27] Also, the expression of the protein encoded in the mRNA 
transfected is short, with an expression peak at 24-48h that rapidly decreases over time. 
Nanoparticle-based vectors circumvent these limitations as they enter into the cell via 
endocytosis uptake. This impacts in minimizing the toxicity since there is no membrane 



CHAPTER 2 | INTRODUCTION 

48 

pore formation, and also allows for a longer protein expression as mRNA is progressively 
internalized and slowly released into the cytoplasm for its translation.  

In this regard, NPs provide an attractive platform for DNA/RNA delivery due to their high 
surface-to-volume ratio maximizing the payload-to-carrier ratio. Also, the high surface area 
enables efficient DNA/RNA compaction, an essential parameter for gene delivery. 

 
Figure 2.2. (A) CAR T-Cell manufacturing process, based on non-viral nanoparticle mRNA transfection. First, 
leukocytes are extracted from the patient’s blood by a process named leukapheresis, and then T-cell 
populations are isolated and expanded. Next, T-cells are transfected with mRNA to express the CAR and 
activated, to finally reintroduce them into the patient. (B) Mechanism of the Nanoparticle-based mRNA 
transfection. To start, nanovectors are produced by the synthesis and cationic coating of Au NPs, and then 
loaded with mRNA. Next, nanovectors enter the transfecting cells via endocytosis, and deliver the mRNA to 
the cytosol for its translation after escaping from the endosomes following the proton sponge effect. 
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Besides, in comparison to DNA, RNA as a drug format has several advantages. First, it 
does not need to be delivered to the cell nucleus, but only to the cytoplasm, which poses 
fewer challenges for developing the drug delivery vehicle. Second, it does not integrate into 
the genome and thus does not pose risks of mutagenesis. Also, it is readily degraded in 
serum, thus reducing potential safety issues. Low serum stability, however, poses also a 
hurdle for development of RNA nanomedicines, and vehicles that sufficiently protect the 
RNA from premature degradation are required. Nanoparticle formulations are attractive as 
versatile vehicles for RNA delivery, because they may protect the RNA from fast 
degradation by nucleases and undesired interactions with serum components and 
biomolecules. Therefore, allowing the endocytosis-mediated uptake of the NP-mRNA 
complexes. [26,27] 

 

2.1.4  Scientific relevance of the selected materials  

To overcome all limitations and enable advanced transient genetic therapy, the binding of 
mRNA to cationic gold NPs was proposed as a safer way to introduce it in a controlled 
manner into the selected cells, promoting in vitro NP endocytosis and posterior controlled 
cytoplasmic release (Figure 2.2B). More importantly, several formulations of mRNA-NPs 
were designed (schematically represented in Figure 2.3) to control the slow release of the 
mRNA inside the cell, therefore extending mRNA half-life, and so CD19 expression. 

Gold nanoparticles as delivery vehicles 

Biomolecules conjugated-gold NPs are becoming promising instruments for addressing 
challenges faced by the investigation of biological systems. In this context, the use of Au 
NPs as delivery vehicles keeps exponentially growing. Au NPs have a number of desirable 
properties that make them excellent candidates for use in delivery applications. First, the 
gold core is essentially inert, non-toxic, and biocompatible, making it an ideal starting point 
for carrier construction. [28] Secondly, Au NPs with a wide range of core sizes (1–150 nm) 
can be fabricated easily with controlled monodispersity. [29] Both, size and monodispersity 
are key aspects for precise control of drug delivery systems operation. Furthermore, the 
high surface-to-volume ratio of provides a dense loading of biomolecules with targeting 
and therapeutic functionalities. [30] Finally, the highly tuneable and versatile surface offers 
diverse possibilities to incorporate multiple therapeutic drugs or biomacromolecules by 
covalent or non-covalent conjugation. [31] Thus, thanks to the enhanced biocompatibility 
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and low toxicity, [32] together with the easy surface functionalization, Au NPs provides a 
versatile platform for their assembly with, for example, oligonucleotides, [33–35] 
antibodies, [36,37] and proteins. [38,39] 

The inorganic NPs of choice are Au coated by sodium citrate due to its inertness and the 
well‐known strategies for their functionalization/loading. Sizes between 5 and 50 nm of 
these highly monodisperse citrate-capped Au NPs were selected, as this size regime favours 
the endocytosis [40–43] and proven stability in physiological media. [44,45] 

Cationic Functionalization 

The functionalization of the NP’s surface allows to control the interaction of NPs with the 
biological interface. The intrinsic nature of the surfactant layer dictates the colloidal 
stability of the NPs and their interaction with the surrounding environment. On the other 
hand, the terminal groups provide the desired functionality and surface charge of the 
conjugate. This is of particularly important since some of their biological properties such 
as potential toxicity or cell uptake are dramatically influenced by the surface charge and 
affinity given by this layer. [46,47] 

In our particular case, the Au NPs were functionalized with two different cationic 
molecules: 11-amino-1-undecanethiol acid (AUT) and polyethyleneimine 2 kDa (PEI). 
They both contain amine terminal groups providing positive charge to the NP at 
physiological pH. However, their molecular structure and binding with the gold core are 
different. AUT consists of a saturated chain of 11 carbons terminated with a thiol group 
binding to the NP’s surface and an amine group exposed, whereas PEI is a branched 
polymer consisting of ~1800 ethyleneimine monomer repetitions terminated in amine 
groups. Thus, AUT attaches pseudo-covalently to gold forming a self-assembly monolayer 
(SAM) on top of it. On the contrary, PEI interacts electrostatically with the negatively 
charged citrate-stabilized NP by non-covalent bonds, probably in mushroom disposition. 
[48] It is also worth noting, that the amine density of the PEI coating is much higher due to 
its branched polymeric nature. 

These amine-functionalized nanoconjugates interact electrostatically with nucleic acids, 
which display a high negative charge. Note that PEI has already been used as transfection 
agent, but with significant toxicity concerns. However, its absorption to the NP’s surface 
promotes the loss of flexibility and the membrane pore formation ability. Instead, PEI-
derived NPs (nanovectors) attach to the cell membrane, not crossing it but inducing 
endocytosis. Consequently, its toxic aspect is eliminated thanks to the nanoconjugation. 
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Indeed, detoxification by nanoconjugation has been observed before in different systems, 
as discussed in the introduction. [49] Thus, the monolayer coverage of Au NPs allows to 
tune the charge and hydrophobicity to maximize transfection efficiency while reducing 
associated toxicity.  

Successful transfection requires effective complexation and condensation of the genetic 
materials, protection from nuclease degradation, and cellular uptake through endocytosis 
coupled with endosomal escape, for its final delivery into the cytoplasm where it will be 
translated into the coded proteins. Positively charged Au NPs bind to nucleic acids 
efficiently and densely, and protect them from enzymatic digestion. [50] In previous 
studies, a series of NPs showed their transfection efficiencies to depend on the number of 
charged substituents in the monolayer, and the hydrophobic packing surrounding it. [31] 
Likewise, the efficiency of cellular uptake and/or the subsequent release of DNA/RNA 
from endosomal vesicles are improved by the cationic functionalization of the NPs. [31] 

 
Figure 2.3.  Nanovector design. The core of the nanovector consists of citrate-capped Au NPs, of 5 nm, 20 
nm or 50 nm. Synthesized NPs are then coated with cationic molecules, AUT or PEI. The full combination of 
sizes and coatings constitutes the nanovector catalogue, to be tested as mRNA transfection vectors. 
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Most nanoparticle delivery systems are internalized into cells through the endocytosis 
pathway. [51] Uptake through endocytosis involves internalization into an endocytic 
vesicle, fusion into the early endosomal compartment, maturation into a late endosome, and 
accumulation in the lysosome, where pH decreases to 4.5-4 through an acidification 
process. Several studies indicated that escape from the endocytic pathway is the rate-
determining step in the cargo delivery. Failure to escape may result in entrapment and 
potential degradation in the lysosome. [52–55] Different mechanisms of endosomal escape 
have been proposed depending on the nature of the NP, which include: membrane fusion, 
particle swelling, osmotic rupture by the proton sponge effect, and endosomal membrane 
destabilization. However, understanding of different endosomal escape mechanisms is still 
limited and, in many cases, subject to significant debate. Coating of the NPs with ligands 
having pH buffering capacity (such as PEI) has been reported to provide effective release 
of the nucleic acid payload through the proton sponge effect. The mechanism proposes that 
during the acidification of the endosome, polymers with a buffering capacity inhibit the 
drop in pH, and cause the cell to continue pumping protons into the endosome to reach the 
desired pH. Proton pumping to the endosome/lysosome is coupled with an influx of chloride 
counterions and water molecules. Dysregulation in this process causes an abnormal 
increasing the osmotic pressure, which eventually lyses the endosome by membrane 
disruption due to the high osmotic pressure and the content is released into the cytosol 
(Figure 2.2B). [56–59] Alternatively, it has also been suggested that polymer and positively 
charged nanoparticles could escape from the endosome via membrane destabilization. [60] 

 

2.2  Scope of the study 

The main objective of the study was to design and develop transfection nanovectors for 
sustained release of mRNA inside the cell for extended therapeutic levels of CAR 
expression. This objective involved four different aspects: i) the design of the nanovector: 
synthesis, functionalization, loading with mRNA, ii) the testing of the nanovector: the study 
of the molecular mechanisms regulating the interaction cells‐nanovector, as well as the 
characterization of its intrinsic properties and behaviour in biological media, iii) evaluation 
their efficacy and therapeutic power, and finally iv) the study of its potential hazard and 
risk assessment. 
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2.3  Results and Discussion 

2.3.1  Development and Characterization of nanovectors 

The nanovector consists of a cationic Au NP with adsorbed mRNA for their further delivery 
into the cytosol. There are two critical points in the development of the nanovector: i) the 
absorption of enough mRNA and ii) the efficient cytoplasmic release of the mRNA 
following the “proton sponge” effect. The number of mRNA molecules adsorbed onto the 
nanovector is expected to depend on the size of the nanovector and the density of amino 
groups present at their surface, and this density will also determine the efficiency of the 
cytoplasmic release. Thus, a nanovector catalogue was developed comprising different 
sizes of gold NP cores, later functionalized with two different cationic molecules – AUT 
and PEI. Then, their loading with mRNA is studied for their application as non-viral 
transfection vectors. 

 

2.3.1.1  Synthesis of Nanoparticles 

Gold nanoparticles were produced using a well-stablished seeded growth approach. It is 
based on synthesising small gold nanoparticles by the citrate reduction of HAuCl4, which 
are then used as seeds to grow them by adding gold precursor up to the desired size. It 
follows the general principles of the classic Turkevich-Frens Au NP synthesis, [61,62] 
where citrate is used as both a reducing and stabilizing agent, which can be easily replaced 
when surface functionalization is required. However, several little adjustments in pH, 
temperature, citrate:Au precursor ratio, and the sequence of addition, significantly improve 
the size and morphology control, overcoming the main limitations of the aqueous synthesis 
of Au NPs. [63] Two well-established variations of this synthetic approach were used 
depending on the desired NP size. [64,65] For sub-10nm Au NPs, tannic acid is also used 
as a co-reducing agent leading to smaller gold seeds to be grown, without losing control 
over size and monodispersity.  

In this work three different NPs were prepared and characterized with sizes ranging from 5 
nm to 50 nm. Slight variations in the synthetic procedure exist for the large NPs (20 and 50 
nm) and the small ones (5 nm). 
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In the first case (20 and 50 nm), highly monodisperse citrate-stabilized Au NPs were 
prepared following a well-established kinetically controlled step-by-step seeded-growth 
method developed by our group. The approach is based on a first burst nucleation by the 
reduction of HAuCl4 by sodium citrate at 100 ºC. Then, these nuclei are used as seeds for 
further growth after successive additions of gold precursor. By decreasing the temperature 
by 10 ºC, the nucleation rate is dramatically decreased and the growth of the seeds is 
kinetically favoured with respect to the formation of new nuclei. 

Representative transmission electron microscopy (TEM) images from Au seed particles and 
those obtained after the growth steps for a typical 20nm-Au NPs and 50nm-Au NPs 
synthesis are shown in Figure 2.5 and Figure 2.6, respectively. In both cases, Au NPs 
presented a consistent quasi-spherical morphology and high monodispersity in all growth 
steps (where “G” stands for growth step). The size distribution of the NPs was calculated 
from the TEM images acquired.  

The evolution of the UV-Vis spectra of the synthesized NPs is represented in Figure 2.4A 
and Figure 2.7A. All spectra were normalized to λ400nm for a better comparison. In all 
cases, the spectra show a LSPR peak that increases in intensity and red-shift as NP size 
increase. This allows for monitoring NP growth during the synthesis. In the right panel, the 
LSPR peak position is plotted as a function of the growth step.  

Further characterization of the NPs was performed by Dynamic Light Scattering. Size 
distribution profiles of the growth steps are shown in Figure 2.4 and Figure 2.7 by Intensity 
and Number. Results show monomodal distribution with no aggregates, with increasing 
diameter as the number of growth steps increases. These results reveal, once more, the high 
monodispersity of the synthesized nanoparticles. The full characterization of the synthesis 
of 20 nm and 50 nm-NP is summarized in Table 2.1 and Table 2.2, respectively. 

 

Table 2.1. Summary of sizes and optical properties of the 20 nm Au NPs obtained after different synthesis 
growth steps. 

Growth Step TEM (nm) Intensity (nm) Number (nm) LSPR peak (nm) 

G00 10.5 ± 1.8 18.1 ± 7.3 8.5 ± 2.5 518 

G01 14.6 ± 2.3 27.3 ± 14.1 10.3 ± 3.2 520 

G02 20.5 ± 3 32.7 ± 11.9 18.6 ± 5.1 522 
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Figure 2.4. Characterization of the Au seed particles and further growth steps up to 20 nm by UV-Vis 
spectroscopy and DLS. (A) UV-Vis spectra of Au NPs growth evolution, and peak position of each growth 
step (right). Size distribution profiles measured by DLS by Intensity (B) and Number (C). On the right, 
experimental average diameters for each corresponding growth step. 
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Figure 2.5. Transmission electron microscopy images of Au seed particles and those obtained after different 
growth steps up to 20 nm. As it can be observed in the summary graph (bottom right), particle size increases 
from 10.5 ± 1.8 nm to 20.5 ± 3.0 nm. 

 

Table 2.2. Summary of sizes and optical properties of the 50 nm Au NPs obtained after different synthesis 
growth steps. 

Growth Step TEM (nm) Intensity (nm) Number (nm) LSPR peak (nm) 

G00 15.9 ± 2.3 19.3 ± 8.6 10.1 ± 2.7 520 

G01 20.6 ± 2.9 25.5 ± 6.2 14.7 ± 3.6 521.5 

G02 24.5 ± 2.7 36.4 ± 10.7 24.3 ± 6.1 523.5 

G03 29.3 ± 4.1 43.3 ± 13.9 28.2 ± 7.3 525.5 

G04 34.5 ± 7.3 48.6 ± 14.2 32.5 ± 8.2 528 

G05 40.7 ± 7.8 54.4 ± 15.4 37.3 ± 9.3 531 

G06 48.1 ± 6.4 62 ± 19.7 39 ± 10.6 534.5 
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Figure 2.6. Transmission electron microscopy images of Au seed particles and those obtained after different 
growth steps up to 50 nm. As it can be observed in the summary graph (bottom right), particle size increases 
from 15.9 ± 2.3 nm to 48.1 ± 6.4 nm. 
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Figure 2.7. Characterization of the Au seed particles and further growth steps up to 50 nm by UV-Vis 
spectroscopy and DLS. (A) UV-Vis spectra of Au NPs growth evolution, and peak position of each growth 
step (right). Size distribution profiles measured by DLS by Intensity (B) and Number (C). On the right, 
experimental average diameters for each corresponding growth step. 

The production and use of sub-10 nm Au NPs are particularly interesting due to their higher 
surface reactivity and enhanced optical responses. [66–68] Furthermore, in the field of 
biomedicine their small size also has a huge impact on their interaction with biomolecules 
as well as their biodistribution and excretion. The synthesis of such NPs requires 
modifications of the synthetic protocol described above, aimed at particles in the 10-200nm 
regime. First, the addition of traces of a second (stronger) reducing agent as tannic acid 
(TA) is critical to decrease nucleation size from 10 to 3.5 nm. Additionally, the presence of 
potassium carbonate to adjust the pH and the temperature decrease to 72 ºC are also crucial 
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for NPs stability and avoiding undesired secondary nucleation. Up to this point, the 
synthesis follows the same step-by-step approach for the growth of the seeds. Gold 
precursor is subsequently added, alternated with dilution steps, until the desired size is 
reached, in this case 5 nm. 

Representative TEM images, clearly show the homogeneity and narrow size distribution of 
the obtained Au NPs. Several pictures of each sample were taken in order to perform the 
frequency distribution analysis. The mean average size and standard deviation were 
measured, which are graphically represented in Figure 2.8A and summarized in Table 2.3. 

Further characterization was also done by UV-vis spectroscopy and DLS. Regarding UV-
Vis Spectroscopy (Figure 2.8B), Au seeds (G00) present a SPR peaking at 505.5 nm, which 
red-shifted progressively as the nanoparticle’s size increases. In the first growth step (G01), 
the peak shifts to 508nm, which indicate the increase in size. Likewise, in the second growth 
step (G02), the peak shifts to 510nm, indicating a further increase in size.  

Figure 2.8C shows results from the DLS measurements, also summarized in Table 2.3. Au 
NP show an increasing hydrodynamic diameter with every growth step, measured either by 
Intensity or Number. No aggregates can be observed. These results reveal high 
monodispersity of the synthesized gold nanoparticles.  

Table 2.3. Summary of sizes and optical properties of the 5 nm Au NPs obtained after different synthesis 
growth steps 

Growth Step TEM (nm) Intensity (nm) Number (nm) LSPR peak (nm) 

G00 4.6 ± 1.1 4.9 ± 0.8 4.3 ± 0.8 505.5 

G01 - - - 508 

G02 5.6 ± 1.4 8.2 ± 2.1 5.9 ± 1.3 510 

 

The presented Au NP synthesis approaches led to the production of spherical highly 
monodisperse gold nanoparticles. Further, the Au NP synthesis procedures used here are 
standardized to be performed in aqueous phase, with no need for further modifications of 
the resulting nanoparticles. This allows to work with Au NPs that are stable in water-based 
solutions (non-organic dispersants), and don’t require the use of extra chemical stabilizers 
(such as cetyl trimethylammonium bromide – CTAB). This is a critical point for the success 
of the later use and application of NPs, since the use of any cytotoxic compounds would 
compromise their use in biological systems. 
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Figure 2.8. (A) Transmission electron microscopy images of Au seed particles and those obtained after 
different growth steps up to 5 nm. Particle size increases from 4.6 ± 1.1 nm to 5.6 ± 1.4 nm. (B) UV-Vis 
spectra of Au NPs growth evolution, and peak position of each growth step (right). (C) Size distribution 
profiles measured by DLS by Intensity (left) and Number (right). 
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2.3.1.2  Cationic Functionalization 

The previously synthesized Au NPs were functionalized with cationic molecules, 11-
amino-undecanethiol (AUT) and polyethyleneimine (PEI). The parameters affecting the 
conjugation – concentration, conjugation time, pH and purification – of NPs to these 
molecules were studied in order to obtain cationic functionalized Au NPs stable in colloid. 

For AUT, the effect of concentration, conjugation time and the purification process was 
studied. Results are displayed in Figure 2.9. As it can be observed, NPs were conjugated 
to increasing concentrations of AUT from 50 µM to 400 µM. The conjugation process was 
performed by incubating the NPs at 1.5x1012 NP/ml, with an excess of AUT from 3.5 to 30 
times of molecules in solution – equivalent to the theoretical footprint area – at pH 2.5. 

Citrate-stabilized Au NPs are stable in aqueous media and display the characteristic UV-
Vis absorption spectrum with a plasmon band at 522 nm, typical for 20 nm NP. The 
absorption spectrum is sensitive to the NP environment, and an observable red-shift of the 
surface plasmon resonance (SPR) band of about 4 nm appears once molecules are 
conjugated (Figure 2.9A). This can be ascribed to the change of the refractive index at the 
vicinity of the particles, and it is consistent with the binding of AUT via a thiol bond (≈45 
kcal/mol, pseudo-covalent) to the gold surface. [69] Note that absorbance was normalized 
to λ400nm for a better comparison of the spectra.  

However, under extremely acidic conditions the stability of citrate-capped Au NPs is 
compromised due to loss of electrostatic repulsion, and aggregation is only prevented by 
the effective conjugation of NPs. Therefore, appropriate conjugation conditions are critical 
to retain NP stability during the coating process. The decrease in absorbance intensity at 
SPR and the concomitant increase within the range of 600-800 nm suggest that the stability 
of the conjugates is compromised at lower AUT concentrations tested. These features 
define the shape of the spectra of the NPs, and allow us to relate it with the degree of NP 
aggregation state. The aggregation parameter (AP) allows quantifying the degree of 
aggregation compared to the initial state of the NP solution. It is based on the integrated 
absorbance between 600 and 700 nm, where higher AP values are related to bigger 
aggregation. As seen on the inset of Figure 2.9A, AP decreases with increasing AUT 
concentration. It shows a minimum value at 200 µM, where it reaches a plateau. Thus, 200 
µM was set as a standard AUT concentration for Au NPs functionalization. 
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Figure 2.9. Study of the parameters affecting the conjugation of 20 nm Au NP to AUT. (A) AUT 
Concentration. Au NPs were conjugated to increasing concentrations of AUT (50-400µM) and characterized 
by UV-Vis spectroscopy after 24h. On the inset, aggregation parameter was calculated based on the 
absorbance in the λ600-700 nm range related to the initial value. (B) Conjugation time. Au NPs were 
conjugated to AUT and characterized by UV-Vis spectroscopy after 5 min, 5 days or 1 month. (C) NP 
Purification. UV-Vis spectra after each purification step, normalized to λ400 nm (right) for better comparison. 

The kinetics of the conjugation process and the long-term stability of the sample were 
studied by analysing time-dependent measurements of absorbance spectra of AUT-
functionalized NPs (NPs-AUT) (Figure 2.9B). Representative time points were chosen, 5 
min, 5 days and 1 month. AUT conjugation appears quick since the shift occurred within a 
few minutes. Then, spectra remained unaltered, indicating that the solution is stable for 
weeks. These results are in agreement with the high affinity of gold towards the SH residue 
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present in AUT to form a pseudo-covalent thiol-bond on the NP’s surface. The indication 
of an effective NP conjugation with AUT also comes from the fact that NPs would 
aggregate under these extreme pH conditions without the presence of AUT on its surface. 
Citrate has 3 pKa points which are 6.3, 4.7, and 3.1. Therefore, below pH 3 all the hydroxyl 
residues become protonated, losing their negative charge and, in turn, NPs lose the 
electrostatic repulsion provided by the citrate capping. The presence of a self-assembled 
AUT monolayer provides colloidal stability to NPs through the positively charged amine-
terminal residue that avoids aggregation by electrostatic repulsion. Nonetheless, 24h was 
set as a standard conjugation time to allow for complete AUT monolayer formation.   

After the conjugation, a purification process is needed to eliminate all the non-conjugated 
AUT molecules in the solution. For every purification step, NPs-AUT were precipitated by 
centrifugation and supernatants discarded. A first wash is performed by resuspending the 
pellets with HCl 2 mM, to maintain the pH in acidic conditions (pH>3) and eliminating 
citrate traces that might cause NP crosslink and precipitation. Next, a second wash step is 
performed, resuspending the NPs-AUT in 10 mM 2-(N-morpholino)ethanesulfonic acid 
buffer (MES) (pH~5). Samples were characterized by UV-Vis spectroscopy on each step 
of this process, as seen in Figure 2.9C. Absorbance spectra (Figure 2.9C-left) show a 
decrease in the intensity by close to 10% in each purification step ascribable to a small 
fraction of NPs didn’t precipitate on the centrifugation (about a 10%). Higher time or speed 
centrifugation settings, aiming to recover 100% of the mass, could lead to undesired partial 
NP aggregation due to too aggressive conditions. Normalization of the absorbance spectra 
are shown in Figure 2.9C-right. Despite the decrease in intensity and the change in the 
dispersion media, no signs of aggregation can be concluded from the obtained spectra. 
Purification of the functionalized NPs is an essential step in order to avoid non-specific 
interactions or toxicity. Also it allows to disperse functionalized NPs in MES buffer, for 
their later loading with oligonucleotides. 

Alternatively, branched PEI with a molecular weight ~2000 Da was used for the cationic 
functionalization of Au NPs (Figure 2.10). Note that, its chemical structure differs greatly 
from AUT. PEI is a large branched polymer with a high density of amine-terminal residues. 
First, 50 nm Au NPs were conjugated to a range of PEI concentrations from 2 µM to 200 
µM to explore the optimal conditions to obtain cationic conjugated NP highly stable in 
colloidal form. Results from the UV-Vis spectroscopy characterization are depicted in 
Figure 2.10A. A significant decrease in the absorbance intensity of the SPR peak can be 
observed as the concentration of PEI was decreased, compared to the initial citrate-capped 
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NP solution. It is also correlated with the appearance of a “shoulder”, a localized absorbance 
increase, in the 600-800nm wavelength region, which is closely related to the aggregation 
state of the NPs in the form of “stable NP aggregates” (they do not sediment). This shoulder 
vanishes as coating concentration rise. The normalization of absorbance allows a better 
visualization of this phenomenon, and the calculation of the AP defines it quantitatively. 
An evident evolution towards less aggregation is observed with increasing concentrations 
of PEI, with a minimum AP value at 200 µM very close to the initial state. Thus, considering 
the results obtained, 200 µM was considered a good PEI concentration for NP conjugation 
since the decrease in absorbance is minimal and there are no signs of aggregation. 

At first, the pH conditions for PEI conjugation used were on the range of pH<3, as stated 
from the previous experience with AUT functionalization. However, the high terminal 
amine density of branched PEI acts as a proton buffer delaying the media acidification, 
which is the base of the later exploited proton sponge effect for endosomal escape. This 
effect, forces the need for higher HCl concentration to reach the desired pH level (~700 
mM), which, in turn, is coupled to a huge increase in the ionic strength of the media due to 
the Cl- counterion. In this regard, highly saline environments cause NP aggregation due to 
loss of the electrostatic repulsion. In the particular case of PEI conjugation, the combination 
of different effects happening simultaneously ultimately determines the NP stability. First, 
at this acidification level, citrate ions become fully protonated and no longer provide 
electrostatic stability to NPs. As explained, the high ionic strength contributes to NP 
destabilization. On the other hand, the fast conjugation of PEI onto the NP’s surface 
prevents aggregation by providing electro-steric repulsion, due to its polymeric nature and 
its high positive charge. If the optimal conditions are not met, as too low PEI concentration, 
partial aggregation states can be found, with an UV-Vis signature in the 600-800 nm range.  

To reduce the risk of NP aggregation during the conjugation process, milder pH conditions 
were explored. This study was performed in parallel to the previously explained PEI 
concentration titration. Thus, on Figure 2.10B, 50nm Au NPs were conjugated to 200 µM 
PEI at different pH values ranging from 2 to 7. Then, NPs were characterized by UV-Vis 
spectroscopy. Plots from the raw intensity absorbance (left) show a decrease in the SPR 
peak intensity that correlates with the decrease in pH, suggesting the aggregation of NPs al 
low pH. This can be seen when comparing normalized spectra at λ400nm (inset), revealing 
a slight decrease in the maximum absorbance of the SPR peak that indicates partial NP 
aggregation. NP aggregation increases as pH drops, evident by the loss of absorbance in 
the purified conjugates (right). Centrifugation bring NP under a rather stressful conditions, 
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that might cause irreversible aggregation of the poorly stable colloids. The concentration of 
HCl needed to titrate the pH at the desired value, and consequently the ionic strength caused 
by the coupled Cl- concentration, significantly changes from the most acidic point (700 
mM) to the neutral point (34 mM). Therefore, at lower ionic concentrations aggregation is 
less prone to occur and the efficiency of stable PEI-functionalized NP (NPs-PEI) increases.  

These results evidence that the kinetics of PEI critically differ from AUT conjugation. A 
stable conjugation could be performed at pH 7 (above the 3 pKa points of citrate, where it 
is fully deprotonated and negatively charged) because PEI provides steric repulsion that 
avoids NP crosslink even though citrate interacts electrostatically with amine residues. 

In this regard, it is also worth noting that, in this case no red-shift of the SPR peak position 
was observed suggesting that Au NPs were conjugated to PEI. When the NP’s surface 
interacts with a given molecule, two features define the changes in the SPR peak: the length 
of the molecule and the nature of the anchoring group. Although PEI is relatively big, it 
only interacts electrostatically with NP’s surface by the positively charged amine residues, 
not forming covalent bonds. Typically, the interaction with amine residues induce a blue-
shift in the spectra, [70] which might be counteracting the red-shift induced by the Au 
surface functionalization. Yet, as smaller NP exhibit bigger changes in the SPR peak upon 
surface modification, a red-shift in the peak position is observed after PEI functionalization 
of 5 nm and 20 nm NPs (Figure 2.15). Still, the surface charge measured by Z-Potential of 
the 50 nm conjugated NPs revealed a high positively charged NPs that confirm the surface 
coating with PEI (Figure 2.15).  

The results and understanding acquired from the study of functionalization of Au NPs were 
used to protocolize the cationic coating for any given Au NP size (see Table 2.4). This was 
implemented by conjugating the full range of Au NP sizes to both selected cationic 
molecules. Note that a significant increase in the concentration of both, AUT and PEI, 
needed for the functionalization of the 5 nm Au NPs. It could be that due to their synthetic 
procedure, the surface of these NPs is not only capped by citrate, but also by traces of tannic 
acid. Evidence in this direction, suggests that tannic acid interaction with NP’s that its 
interaction with the NP’s surface is stronger than citrate. As a consequence, it provides 
better colloidal stability but reduces the accessibility to the NP’s surface when later 
functionalization is required.  

Considering that cationic Au NP functionalization is performed at rather aggressive 
conditions of salinity and pH, the fact that tannic acid delays the access of the coating to 
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the surface poses a challenge for its stabilization before aggregation happens under these 
circumstances. Hence, first attempts to conjugate 5 nm NPs with the stablished AUT and 
PEI concentrations for 20 or 50 nm NPs led to the partial aggregation of NPs. Successive 
experiments where the coating concentration was systematically increased resulted in stable 
cationic functionalized 5 nm Au NPs. Full characterization of these conjugates is 
summarized in Table 2.4. 

 
Figure 2.10. Study of the parameters affecting the conjugation of 50 nm Au NP to PEI. (A) PEI 
Concentration. Au NPs were conjugated to increasing concentrations of PEI (2-200µM) and characterized by 
UV-Vis spectroscopy after 24h, and normalized to λ400 nm (right) for a better comparison. On the inset, 
aggregation parameter was calculated based on the absorbance in the λ600-800 nm range related to the 
initial value. (B) Conjugation pH. Au NPs were conjugated to PEI at different pH values. After 24h, Au NPs 
were characterized by UV-Vis spectroscopy and after a purification step (right). 
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2.3.1.3  Loading of Nanoparticles with Oligonucleotides 

As a first approach to develop a conjugation protocol, 20 nm and 50 nm NPs-AUT were 
conjugated to increasing concentrations of single-stranded DNA (ssDNA) as an 
oligonucleotide model. This experiment was aimed to determine an optimal ratio of ssDNA 
molecules to NP. It was performed following the basic principles of previous expertise of 
protein conjugation to Au NP. [45,71,72] The addition sequence was always adding the 
NPs-AUT onto the oligonucleotide solution, in order to maximize NPs surface coverage 
while avoiding uncontrolled aggregation during the mixture of both solutions. The 
incubation was performed at 4 ºC, to minimize the risk of nucleic acid degradation and 
denaturalization, and under mild stirring conditions to avoid NP sedimentation overtime. 
The conjugation time was set to 24h to ensure surface saturation. Thus, the only changing 
parameter was the concentration of ssDNA from 0.41 to 53 µg/ml, corresponding to 
ssDNA:NP ratios of 7.8:1 to 1000:1 in solution.  

For the case of 20nm NPs-AUT, the characterization of samples by UV-Vis (Figure 2.11A-
C) and DLS (Figure 2.11D) suggest that the stability of the conjugates increased as the 
ssDNA:NP ratio increased. The typical UV-Vis spectra of aggregated Au NPs is observed 
at the lowest ratios tested [7.8-31.2]. This spectra is characterized by a broadening in the 
LSPR peak (Figure 2.11A) and huge shift in the peak position (Figure 2.11C). 
Remarkably, aggregation intensifies after NP’s purification. Oppositely, NPs are stable at 
higher ratios [62.5-1000]. Thus, LSPR peak position red-shifts due to the presence of the 
ssDNA loading on the NP’s surface, but is maintained at the same wavelength. Similarly, 
spectra show no signs of NP aggregation. Note that, an increase of absorbance intensity is 
observed at λ260nm, corresponding to the presence and increase in ssDNA concentration 
in solution. Upon purification, the absorbance intensity rises as the ssDNA:NP ratio does. 
Centrifugation is a rather aggressive stress for NPs, so at higher concentrations, a more 
stable ssDNA corona is formed that protects NPs from aggregation even after following a 
purification process. This translates into better NP redispersion, read as a better recovery of 
absorbance intensity to initial values. The calculated aggregation parameter (Figure 2.11C) 
correlates well with these findings. It stabilizes at the same ratio value as the ΔSPR and 
ΔDLS size, showing more aggregation on the purified samples. Accordingly, DLS results 
(Figure 2.11D) indicate the formation of aggregates at low ratios, but a Δ5nm size at higher 
ratios, that escalates after purification. On the other hand, the Z-potential (Figure 2.11E) 
shifts from positive to negative values after purification. This confirms the presence of the 
ssDNA at the surface of the NPs-AUT since DNA is negatively charged at pH 5.35. [73] 
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Figure 2.11. Loading of Au 20nm NPs-AUT to ssDNA. (A) UV-Vis spectra of Au NPs after 24h of incubation 
with increasing ssDNA:NP ratios, before and after NP purification. (B) SPR peak position at each ratio. (C) 
Calculated aggregation parameter based on the absorbance in the λ600-700 nm range of each ratio related 
to the initial value. (D) Experimental average DLS diameters for each ratio. (E) Zeta-Potential of the purified 
conjugates after 24h of incubation. 
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Figure 2.12. Loading of Au 50nm NPs-AUT to ssDNA. (A) UV-Vis spectra of Au NPs after 24h of incubation 
with increasing ssDNA:NP ratios, before and after NP purification. (B) SPR peak position at each ratio. (C) 
Calculated aggregation parameter based on the absorbance in the λ600-700 nm range of each ratio related 
to the initial value. (D) Experimental average DLS diameters for each ratio. (E) Zeta-Potential of the purified 
conjugates after 24h of incubation. 
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Similar results were observed on the ssDNA loading of 50nm Au NPs-AUT, all displayed 
on Figure 2.12. The formation of aggregates at low ssDNA:NP ratios is observed by UV-
Vis (Figure 2.12A-C) and DLS (Figure 2.12D). As the ratio ssDNA:NP increase, there is 
a trend towards a more stable conjugate. Likewise, Z-Potential measurements (Figure 
2.12E) confirm the adsorption of ssDNA at the surface of the NPs, at any given ratio.  

To set a good ssDNA:NP ratio for a standardization oligonucleotide loading protocol, the 
main aspect to consider is the concentration of ssDNA that ensures that there is enough 
excess of molecules to conjugate to the NPs in order to avoid uncontrolled aggregation. 
Considering that i) stability of NPs increases as the ssDNA:NP ratio increases until reaching 
a critical concentration in which the NPs remain stable, and ii) stability is assessed by UV-
Vis spectroscopy and DLS, we study the critical point is where the ΔSPR and DLS size 
don’t change compared to the following higher ratio, and the AP is low. Therefore, the 
optimal ssDNA:NP stablished for NP conjugation was R=50 for 20nm-NP and R=300 for 
50nm-NP. These ratios were also found to correlate for ssDNA/nm2 of NP surface.  

On the other hand, a standard loading ratio also had to be stablished for the 5 nm-NPs. In 
this case, the corresponding ssDNA:NP ratio was extrapolated from the experimental 
results obtained from the bigger NPs since the purification of 5 nm-NP from the non-
conjugated ssDNA was too complex. Thus, the ratio was inferred based on the relative 
DNA footprint area extrapolated and NP concentration, and set to R=5 for 5nm-NP. The 
relative oligonucleotide:NP ratios were kept as described, regardless of the NP’s coating, 
for all the following experiments were DNA/RNA conjugations were performed, otherwise 
would be specified. The resultant constructs from the loading of oligonucleotides to cationic 
Au NPs are named nanovectors. 

2.3.1.4  Time evolution of RNA/DNA loading 

The kinetics of oligonucleotides loading to cationic NPs was studied over time to better 
understand of the interaction between both entities, using ssDNA as an RNA model. In this 
experiment 50 nm Au NPs, coated with AUT and PEI, were used. Cationic NPs were 
incubated with ssDNA at the previously stablished ratio of [300:1] for 24h. An aliquot was 
extracted at different time points for its characterization by UV-Vis spectroscopy, DLS and 
Z-Potential in order to monitor the evolution of the loading process. 

The results from the loading of NPs-AUT are displayed on Figure 2.13, where it can be 
observed how the interaction of ssDNA and cationic NPs is fast. This can be seen by 
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evaluating changes in SPR peak position (Figure 2.13C), DLS size (Figure 2.13D) and 
surface charge measured by Z-Potential (Figure 2.13E) at the different time points studied, 
which after 1h of incubation remained unaltered. The complete UV-Vis spectra of all time 
points are shown in Figure 2.13A. Two main changes stand out compared to the non-loaded 
NP-AUT spectra used as reference. A red-shift in the SPR peak position is observed and 
zoomed in the inset for a better visualization, which clearly indicates a loading of ssDNA 
on the NP’s surface as discussed in the previous section. As plotted in Figure 2.13C, it 
corresponds to a Δ1-2 nm, that stabilizes at 8h. Also, a high intensity peak at λ260nm 
appears, corresponding to the presence of oligonucleotides in the solution.  

Conversely, after a purification step of the sample changes in the measured UV-Vis spectra 
over time can be seen. At short times, the absorbance intensity is decreased but 
progressively increases over time almost to the initial value. As explained, the instant shift 
of the peak position indicates that the interaction between NP-AUT and ssDNA is fast. Yet, 
the progression of the spectra after purification points out that the layer of loaded ssDNA 
might still be under an evolution process, probably a hardening of the corona. Similar 
results had been observed in previous studies regarding the conjugation of proteins to Au 
NPs. [44,45,68,72] It is claimed that it stands for a reorganization of the biomolecule layer, 
which hardens over time by forming non-covalent Van der Waals bonds optimizing its 
spatial disposition. In turn, this phenomenon contributes to increasing the stability of the 
resultant conjugates, especially in adverse conditions (as centrifugation or dispersing the 
NP in highly saline media). Therefore, purification is crucial to study the time evolution of 
the adsorbed protein/oligo layer. It is indispensable to remove the unbound and loosely 
bound molecules, and forcing the conjugates out of the dynamic equilibrium.  

Similarly, an increase in the DLS measured size is obvious from the first time point (Figure 
2.13D). DLS size values did not change significantly over time. However, a constant slight 
decrease in size is observed after purification of the sample. In this case, if we also take the 
evolution of the protein corona as a reference, the ssDNA layer is not uniform. It would 
consist by a hard portion, that strongly interacts with the NP’s surface, and a softer portion 
that is in dynamic equilibrium with the free ssDNA dispersed in the media. The purification 
of the sample displaces such equilibrium since it washes out the excess of all the non-
conjugated ssDNA. Thus, reducing the hydrodynamic size of the soft corona caused by the 
loss of ssDNA molecules with weak electrostatic interactions during purification. 
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Figure 2.13. Loading kinetics of Au 50nm-AUT NPs to ssDNA. UV-Vis spectra of Au NPs loaded with 
ssDNA at each time point of incubation, before (A) and after NP purification (B). The presence of ssDNA in 
solution is revealed by an appearance of a peak at λ260nm. (C) SPR peak position of Au NPs at time point. 
(D) Experimental average DLS diameters at each time point. (E) Zeta-Potential of the purified conjugates at 
each time point. 

Finally, a clear evidence of the loading of ssDNA is the drop in the surface charge (Figure 
2.13E). The measured Z-Potential abruptly changes from +19mV to highly negative values 
below -30mV. The presence of ssDNA on the surface of the NP-AUT, which is negatively 
charged at this pH value (~5), defined the charge of the overall construct. The purification 
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step is critical for the Z-Potential analysis, otherwise the free ssDNA in solution would 
interfere with the measurement. 

On the other hand, the ssDNA loading kinetics of the NPs-PEI was also studied over time. 
The results from sample characterization at each time point are all displayed on Figure 
2.14. The characterization of the samples by UV-Vis indicates the loading at the NP’s 
surface already at the shortest time point by the displacement of the SPR peak (Figure 
2.14A). Subtle fluctuations in the absorbance intensity of the SPR peak don’t follow any 
coherent trend and might be owned to slightly deviations in the dilution of the sample. A 
consistent Δ2 nm shift in the peak position is observed at all time, even in the purified 
conjugates (Figure 2.14C). Nonetheless, like in the NPs-AUT, an evolution of the 
absorbance intensity after purification is evident (Figure 2.14B). A reorganization of the 
loaded ssDNA layer towards a harder corona might be happening, which prevents NP 
aggregation on the purification process and it’s translated into decreasing the loss of 
absorbance intensity of the purified nanovectors. 

Likewise, an increase in the hydrodynamic size measured by DLS can be seen from the 
start of the loading process (Figure 2.14D). Also, same small size reduction happens after 
the purification of the samples, probably due to the removal of the ssDNA soft corona. Yet, 
the DLS increase in this case is larger than in the AUT-coated NPs. This results, coupled 
with the fact the surface charge doesn’t invert to negative values (Figure 2.14E), point out 
that significant differences in the resultant nanovector constructs could exist. This 
variability could be attributed to the disposition of the cationic coating at the NP’s surface. 
As previously discussed, AUT forms a self-assembled monolayer whereas PEI, considering 
the branched polymeric nature and the high molecular weight, is most likely to be in a 
mushroom disposition. Besides, polymers have certain structure mobility that could be 
changing triggered by the interaction with ssDNA. Last but not least, the fact that surface 
charge is maintained at positive values could impact significantly the interaction of the 
nanovectors with the cell surface, and thus, a critical role in the transfection efficiency.  

A general conclusion from the results obtained in the study of the loading process of 
oligonucleotides on cationic Au NPs is that, although the interaction between both entities 
seems fast, an underlying evolution is still happening. Therefore, 24h of incubation time of 
oligonucleotide loading is set for the standard protocol. 

Finally, aiming to calculate the loading of ssDNA to cationic Au NPs, a DNA quantification 
was performed by Nanodrop. For this, at the end on the incubation time (24h) supernatant 
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from the purification step were collected and the ssDNA concentration measured. Thus, the 
loaded ssDNA quantification was extrapolated from the free non-loaded ssDNA in the 
supernatant fraction. Nanodrop results after exposing cationic NPs at 3x1011 NP/ml to 19.15 
ng/µl reveal a loading of 48% (9.3 ng/µl) for NPs-AUT and 45% (8.7 ng/µl) for NPs-PEI. 

 
Figure 2.14. Loading kinetics of Au 50nm-PEI NPs to ssDNA. UV-Vis spectra of Au NPs loaded with 
ssDNA at each time point of incubation, before (A) and after NP purification (B). The presence of ssDNA in 
solution is revealed by an appearance of a peak at λ260nm. (C) SPR peak position of Au NPs at time point. 
(D) Experimental average DLS diameters at each time point. (E) Zeta-Potential of the purified conjugates at 
each time point. 
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2.3.1.5  Nanovector Catalogue Summary 

All the previous experiments presented and discussed, on the scope of standardizing a 
protocol for mRNA loading and studying its interaction with NPs, were performed using 
ssDNA as an oligonucleotide model and a limited selection of NPs in size and cationic 
coating. Thus, in order to corroborate these findings, the full range of NP sizes were 
functionalized with AUT and PEI, and later loaded with mRNA ~1000b. Together, they 
comprise the full Nanovector Catalogue, that will be later used as transfection vectors.  

Characterization by UV-Vis spectroscopy, DLS and Z-Potential was performed at each step 
and summarized in Table 2.4. Additionally, the evolution of the UV-Vis spectra for each 
size with every functionalization layer is depicted in Figure 2.15. All results obtained agree 
with the expected from the previous experience of the former results discussed. As a general 
trend, the SPR peak position red-shifts upon cationic functionalization of the NPs and the 
mRNA loading, except for 20 nm and 50 nm PEI coating. The sensibility of surface 
modification differs based on NP size, where smaller NPs exhibit bigger SPR-shifts. [68] 
Similarly, the DLS hydrodynamic size increases at each step due to of the cationic coating 
and the deposition of mRNA at the NP’s surface.  

Table 2.4. Characterization of the Nanovector Catalogue. Summary of sizes, optical properties and 
surface charge of citrate-capped Au NPs of 5, 20 and 50 nm, cationic functionalized Au NPs with AUT of PEI, 
and loaded with mRNA. Note that, the pH at which Z-Potential of the citrate-capped NPs was measured 
(pH~8.6) is different than the other measurements, where NPs were dispersed in MES buffer (pH~5). This 
impacts fundamentally the surface charge of the NP. 

  NPs NPs-AUT NPs-AUT+RNA NPs-PEI NPs-PEI+RNA 

Au 5 nm      

SPR (nm) 510 521 533 516 519  

DLS (nm) 6.1 ± 1.2 11.6 ± 3.6 62.7 ± 25.5 15.6 ± 4.9 15.1 ± 3.6 

Z-Pot (mV) -59.7 +5.8 -10.3 +26.2 +9.3 

Au 20 nm      

SPR (nm) 522 526 531 523 524 

DLS (nm) 30.4 ± 10.6 37.0 ± 13.3 54.6 ± 22.9 38.9 ± 15.3 44.9 ± 19.6 

Z-Pot (mV) -44.4 +18.6 -28.6 +34.4 +21.7 

Au 50 nm      

SPR (nm) 531 533 540 531 534 

DLS (nm) 49.6 ± 14.5 58.8 ± 25.9 75.0 ± 35.7 67.5 ± 30.2 72.8 ± 26.4 

Z-Pot (mV) -41.2 +31.2 -25.7 +44.3 +34.9 
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Finally, surface charge also gradually changes. Citrate-capped synthesized NPs have a high 
negative charge, that dramatically changes towards positive values after either AUT or PEI 
coating. The loading of mRNA causes a charge inversion for the AUT-coated NP but not 
for the PEI-coated ones, which still present a positive Z-Potential.  

 

 

Figure 2.15. Nanovector Catalogue. UV-Vis spectra of citrate-capped Au NPs of 5, 20 and 50 nm, cationic 
functionalized Au NPs with AUT of PEI, and loaded with mRNA. Absorbance is normalized to λ400 nm for a 
better comparison. 

 

2.3.2  Uptake and Delivery Mechanistic Aspects 

The cationic functionalization of the NP and their later loading with ssDNA changed their 
size, optical, and surface charge properties Consequently, surface modification of the NPs 
shields the original surface properties of the NPs, and alters their size and composition 
providing the NPs with a new biological identity. Surfactants (whatever their nature) are 
what is ultimately “seen” by cells, and determines the physiological response and 
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interaction of the NPs with living systems, including cellular uptake, circulation lifetime, 
signalling, biodistribution, therapeutic effects and toxicity. [74–78] 

The study of the nanovectors properties is, consequently, a critical step in understanding 
their behaviour and efficacy as transfection vehicles. For this, their stability in physiological 
media, cellular uptake and the release of ssDNA were explored.  

2.3.2.1  Stability of Nanovectors 

The colloidal stability of the nanovectors was tested in different biological relevant media. 
This provides a better understanding of their physicochemical properties on transfection 
cell culture media that will ultimately allow a better understanding of the results when used 
as transfection vectors. Cationic functionalized 50 nm Au NPs, alone and loaded with 
ssDNA, were dispersed in phosphate buffer (PB) 10mM and Optimem, and incubated for 
24h. Although PB has the same pH as Optimem, the stability in both media was studied 
first to isolate the effect of ionic strength of the media (as Optimem has a very high saline 
concentration), and also to avoid the potential interference that the presence of phenol red 
could cause.  

The UV-Vis spectra from the characterization of the samples is illustrated in Figure 2.16. 
Cationic NPs, both AUT and PEI-coated, aggregate when dispersed either in PB or 
Optimem. The SPR peak critically broadens and it shows a huge increase in the absorbance 
intensity in the 600-800nm region. Complementary characterization of the samples by DLS 
and Z-Potential confirm these results, summarized in Table 2.5. The measured 
hydrodynamic size of the NP increases to values bigger than 400nm. This was also 
corroborated by the visual examination of the sample since aggregates precipitated fast to 
the bottom of the cuvette. Surface charge of NPs-AUT shifts to low negative values as a 
response to the pH increase to 7.4, whereas NPs-PEI remain in the positive range but with 
a value close to neutral. The loss of net surface charge, also coupled to the high salinity of 
Optimem, is what led to NP aggregation, due to the lack of electrostatic repulsion. Note 
that Z-Potential cannot be performed to NPs dispersed in Optimem due to its huge ionic 
strength, thus conductivity, of the media.  

Stability of the nanovectors in physiologically buffered media significantly improved when 
cationic NPs had been previously loaded with ssDNA. For the AUT-coated nanovectors, 
although there is a drop in the surface charge of the nanovectors, SPR peaks show no signs 
of aggregation. A slight increase in the DLS size can also be seen after their dispersion in 
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PB and Optimem as the nanovector loads ssDNA. The formation of a ssDNA corona on the 
surface of the cationic NPs provides steric repulsion to the conjugates and prevents their 
aggregation even in the most hostile conditions. However, as for the case of PEI-
functionalized nanovectors, some destabilization can be observed when dispersed either in 
PB and Optimem. Absorbance of the UV-Vis spectra increases in the longer wavelengths, 
and DLS size also grows. 

Note that, here, only 50 nm NP were used as a model to show nanovector stability in 
biological media. Further experiments performed with the rest of NP sizes displayed similar 
results regarding the cationic coating and the presence of ssDNA corona. 

 

Figure 2.16. Stability in biological media. UV-Vis spectra of the cationic-coated Au NPs, alone or loaded 
with mRNA after 24h of incubation in Optimem and phosphate buffer (PB) 10 mM. MES buffer 10 mM was 
used as a reference stability control. 
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Table 2.5. Stability. Summary of sizes and surface charge of the cationic-coated Au NPs, alone or loaded 
with mRNA after 24h of incubation in Optimem and phosphate buffer 10 mM. 

 NPs NPs + ssDNA 

 DLS Z-Pot DLS Z-Pot 

AUT      

in MES 69,6 ± 29,8 +31,2 78,1 ± 32,0 -28,6 

in Optimem 437,1 ± 261,1 - 95,2 ± 42,0 - 

in PB 491,5 ± 165,7 -11,1 86,2 ± 35,3 -3.4 

PEI      

in MES 69,6 ± 28,4 +24,9 65,8 ± 25,7 +34,9 

in Optimem - - 97,1 ± 43,0 - 

in PB 433,3 ± 197,4 +9,7 103,7 ± 59,4 +3,9 

 

2.3.2.2  Confocal Imaging of Nanovector Uptake 

It is important to assess the capacity of the nanovectors to enter in the intracellular space. 
It has been extensively reported the cellular internalization of Au NPs in the past. [79–81] 
However, the developed nanovectors are composed of a cationic layer and loaded with 
oligonucleotides which can critically impact on their cellular uptake after their dispersion 
in cell culture media. In this regard, nanovector uptake was studied by exposing HEK293 
cells to ssDNA loaded cationic Au NPs. All the experimental conditions used were the same 
as the standard transfection protocol. After 24h, cells were fixed and stained in order to 
reveal the cellular structure, nuclei and actin. Samples were observed under the Confocal 
microscope and representative images are depicted in Figure 2.17.  

Note that the use of confocal laser scanning microscopy (CLSM) allows to image non-
labelled Au NPs in reflectance (scattering) mode. The principles and methodology of Au 
NPs imaging by CLSM will be described and deeply discussed on Chapter 3. Additionally, 
the multiplex staining allows to discriminate if NPs had been internalized and to locate 
them on a subcellular level from a certain z-section of the sample.  
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Figure 2.17. Nanovector Uptake. Cationic-coated Au NPs loaded with ssDNA were exposed to HEK293 
cultured cells and imaged by confocal microscope at 24h. Actin (white) and nuclei (blue) were stained for 
subcellular NP localization. Scale bar = 10 µm. 
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After exposure, Au NPs, of either size or coating, can be found homogenously distributed 
all over the sample but mostly in the intracellular space. Signal intensity is higher for the 
bigger NPs since their light scattering contribution is larger, whereas small NPs have very 
low or none. Still, there is some signal for the 5 nm and 20 nm NP that usually correspond 
to NP located in vesicles where their concentration is higher. The biological aggregation 
that allow to observe small NPs does not happen in the extracellular space where NPs are 
colloidally stable. However, as the scattering contribution is higher for larger NPs, single 
NP imaging is possible and, consequently, they can also be observed in the extracellular 
space. Hence, 50 nm NP can also be found in the extracellular space, especially the PEI-
coated ones. 

On most of the cases, cells show a normal morphology despite their exposure to 
nanovectors. However, after 24h of incubation with 5 nm Au NP-PEI, HEK293 cells show 
a round apoptotic-like morphology and cell confluence decreased considerably. These 
visual findings are in agreement with the cytotoxicity results that will be discussed later in 
section 2.3.4 . Further, this experiment allowed to study the nanovector behaviour and 
provided a deeper understanding of its role as a transfection vector by correlating these 
results with the mRNA transfections.  

In a later study, a quantitative analysis of the 50 nm NP uptake by Jurkat cell line was 
performed as a first step to explore the potential of gold NPs as possible vehicles for mRNA 
delivery into T-cells. It is important to point out the fact that Jurkat cells grow in suspension. 
Therefore, their interaction with NPs dispersed in the media is rather different from the 
studied HEK293 cells, which are adhered to the bottom of the well. In this case, it will be 
mostly determined by the probability of NP-cell collisions due to Brownian motion, while 
for adherent cells NP sedimentation caused by gravity could play a major role. Also, the 
relatively non-phagocytic nature of T cells, compared to the phagocytic immune cell such 
as macrophages and neutrophils, poses a challenge to the efficient delivery of NPs to T 
cell’s cytoplasm. [82,83] 

Aiming to quantify NP uptake, after 24h of incubation with 50 nm Au NP coated with AUT, 
cells were imaged by CLSM and NPs (green) imaged simultaneously. Citrate-capped Au 
50 nm NPs were used as a control. On Figure 2.18A a representative image of Jurkat cells 
exposed to Au NPs-AUT is presented. The picture corresponds to a bright-field image 
overlaid with the confocal signal acquisition of propidium iodide and NPs. Indeed, the 
uptake of 50nm Au NP, Au NP-AUT can be observed. However, in order to quantitate the 
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uptake and compare different conditions and NP surface modifications, we started to 
develop an algorithm that will evaluate the number and intensity reflecting gold NPs 
(probably as aggregates) in the cytosol, while eliminating signals attributed to the gold NPs 
accumulated in dead cells. 

 
Figure 2.18. Nanoparticle Uptake on Jurkat cells. (A) Bright-field image of Jurkat cells in suspension, 
overlaid with the imaging of Au NPs by reflectance mode on the Confocal Microscope (green). Propidium 
iodine staining was used as a viability control (red). Quantification analysis of NP uptake by NP/cell (B) or 
by area (C). Images provided by Dr. Alex Barbul and Prof. Rafi Korenstein from Tel-Aviv University.  

ImageJ analysis software was used in order to calculate the NP uptake (Figure 2.18B-C). 
Discrete intensity dots were counted as individual NP, whereas single cell contours were 
defined from the bright-field acquisitions. Results revealed a mean uptake of 1289 NP/cell, 
compared to 1056 NP/cell from control Au NP (SC). Still, high variability can be observed 
(SD >45%). Alternatively, NP distribution was calculated based on the NP occupancy area 
of cells. Likewise, AUT-coated NPs occupy a higher area percentage of Jurkat than control 
NP, but in this case with bigger significant difference and lower standard deviation. 

This results point out that cationic functionalized NPs are more prone to interact with cell 
surface and ultimately leads to higher internalization rates than citrate-capped Au NPs. Still, 
further studies are needed to evaluate the ultimate subcellular localization of the 
internalized Au NPs, in order to assess their ability to reach to cytoplasmic space. Also, the 
final nanonvector – cationic NPs loaded with oligonucleotides – uptake should be studied 
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to confirm that same internalization rate and behaviour is observed in the Jurkat cell line as 
in the HEK293, or with the non-loaded NPs as reported in these results. 

2.3.2.3  Proton Sponge Efficiency 

Nanoparticles with size ranging 5-100 nm enter the intracellular space via endocytosis. 
However, the subcellular fate of the NPs will depend on their properties. [40,84] Upon 
vesicle formation, they enter into the endocytic pathway where pH progressively decreases 
with the vesicle maturation process. The biological purpose of this process is to activate the 
endolysosomal proteases to digest the cargo into smaller peptides for signal transduction, 
antigen-presentation for immune surveillance, and cellular and organismal homeostasis. 
However, NPs with pH buffering capacity can inhibit this process, disrupt the endosomal 
membrane, and escape from the endosome, by the proton sponge effect. [57,59,60] 
Reaching the cytoplasmic space is critical for the delivery of mRNA into the cytosol, where 
the ribosomes that will translate it into the coded protein for its expression are located. 

 

Figure 2.19. Proton Sponge Efficacy. The proton buffer capacity of the cationic-coated Au NPs was 
analysed by measuring the decrease in pH as a function of HCl volume added to the solution. 

The proton sponge efficiency of cationic Au NPs was tested in vitro (Figure 2.19). First, 
the pH of the NPs solution was brought to 7.3, as in homeostatic physiological conditions 
and cell culture media. Then, in order to mimic the lysosome acidification process, HCl 
was added while the pH was monitored continuously until it dropped to 4.4. The proton 
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sponge efficiency of the NPs was evaluated as a function of the HCl added, thus H+, needed 
to reach the same pH value. As it can be observed in the graph, PEI and AUT-coated NP 
solutions present a delay in the pH drop compared to the water solution used as reference. 
This happens because part of the added protons, instead of entering into the water 
equilibrium [H3O++ OH- ⇌ H2O] that determines the pH value, they are protonating the 
amine residues on the AUT and PEI molecules. Further, the Au NPs-PEI show a much 
greater ability to capture protons, compared to NPs-AUT. This correlates with the fact that 
the amine concentration of the PEI-coated NPs is higher since PEI (Mw~2000) has 7202 
amines for each PEI molecule compared to AUT (Mw=240), which only has 1 terminal 
amine residue.  

2.3.2.4  TEM Imaging of Nanoparticles Uptake 

The observation of cells exposed to cationic NP and nanovectors by confocal microscopy 
confirmed their internalization, but lacked to provide their subcellular location. Aiming to 
study the intracellular trafficking of the nanovector in more detail, exposed cells were 
observed by electron microscopy to reveal the cellular ultrastructure. For this, HEK293 
cells were incubated for 24h with PEI-coated 20 nm Au NPs. 

TEM imaging of the samples reveals that NPs follow an internalization pathway via 
endocytosis. Representative TEM images of the proposed process are shown in Figure 
2.20. First, NPs-PEI stuck to the cell membrane (Figure 2.20A) from where they were 
internalized in endocytic vesicles (Figure 2.20B). On a typical endocytosis process, the 
maturation of these vesicles has several steps from early and late endosomes to 
amphisomes, to finally reach the active lysosome stage where the cargo is digested by the 
proteases. In this case, it could be observed that close to 85% of the internalized NPs-PEI 
were found either in amphisomes (Figure 2.20C) or in lysosomes (Figure 2.20D). 
However, the 15% remaining were located dispersed in the cytoplasmic space (Figure 
2.20E). This entails the fact that NPs-PEI escaped from the endocytic pathway at some 
point after their endocytosis. As discussed before, the coating of Au NPs with PEI may 
confer proton sponge capacity allowing for an endosomal escape, as both results suggest.  

Further, this results are of remarkable significance since they confirm that cationic 
functionalized NPs could reach the cytoplasmic space, which is critical in their later use as 
mRNA delivery vectors. 
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Figure 2.20. Au NP-PEI Intracellular Trafficking on HEK293 cells. Representative transmission electron 
microscopy images from HEK293 cells exposed to PEI-coated 20 nm Au NPs. The proposed internalization 
pathway is schematically represented at the different stages: (A) membrane attachment, (B) internalization 
in endosomes, maturation to (C) amphisomes and later (D) lysosomes. (E) Shows NPs dispersed in the 
cytoplasmic space after escaping from the endosomes. Images provided by the Nanobiology Unit at Istituto 
di Ricerche Farmacologiche Mario Negri.  

2.3.2.5  ssDNA Release Kinetics from Nanovectors 

Once nanovectors have reached the cytoplasmic space, a critical point for the success and 
efficiency in protein expression is the release of the adsorbed mRNA from the cationic NP 
conjugates. Previous results suggest that the interaction between both entities is strong, 
based on electrostatic forces. The main trigger for the release is the increase in the pH, first 
from the MES buffer to the culture media (that would correspond to the unintended burst 
release of nanovectors, the loss of loading before reaching the target) and then from the 
lysosome to the cytoplasmic space. The pH increase weakens the bond between the NP and 
the mRNA, which detaches and can be translated by the ribosome. Failing in its release 
from the NP’s surface could critically impact in the protein expression.  
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The release of ssDNA from the nanovector construct was studied over time. For this, 50 
nm Au NPs coated with AUT and PEI were first loaded with ssDNA. After 24h of 
incubation, nanovectors were dispersed in PB 10mM (pH 7.4) to a final relative volume of 
10%. These experimental settings mimic the physiological conditions in transfection 
experiments, regarding the pH of the culture media and NP dilution within it. These 
experiments allow to study the nanovector behaviour and provide a deeper understanding 
of its role as a transfection vector. 

As it can be observed in Figure 2.21A, there is a sustained increasing release of ssDNA 
over time for both types of nanovectors. The release is represented as a percentage from the 
quantified ssDNA load. NPs-PEI show a slightly higher rate of release, more remarkable at 
24h. The detachment of ssDNA from the cationic NP is probably triggered by the pH 
increase, which lowers the net surface charge of the cationic coating as discussed in section 
2.3.2.1 . The loss of positive charge weakens the electrostatic interaction between the 
oligonucleotide and the NP, which displaces the dynamic equilibrium towards a ssDNA 
release in the dispersion media.  

The characterization of the nanovectors at different time points of exposure to PB 10 mM 
also revealed changes in their physicochemical properties. Their evolution was monitored 
by UV-Vis spectroscopy, DLS and Z-Potential and the results are summarized in Figure 
2.21B for the AUT-coated NPs and in Figure 2.21C for the PEI-coated NPs. In both cases, 
the SPR peak position blue-shifts progressively in time up to a Δ2nm that indicated a 
modification of the NP’s surface that correlates well with a partial detachment of the ssDNA 
corona. On the other hand, an increase in the DLS size can be observed, that exacerbates 
after the purification process. This could be explained as a loss in the colloidal stability of 
the nanovectors during ssDNA release in the media of study. Finally, inconsistencies are 
found regarding the Z-Potential measurements. Slight fluctuations in the surface charge of 
the NPs-AUT upon dispersion in PB 10 mM, but overall the net charge remains in the 
negative range. This stands in agreement with the fact that only a fraction of ssDNA has 
detached from the nanovector. However, regarding the NPs-PEI Z-Potential is consistently 
positive despite the loading of ssDNA, as previously discussed. There is a considerable 
drop from +53 mV to +40 mV, since the overall surface charge of this construct corresponds 
to the PEI, that could be explained by a loss of charge due to the pH increase. Yet, no 
evident conclusions could be drawn from the Z-Potential analysis. 
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These results point out a slow release of ssDNA (thus probably mRNA) from the 
nanovector that would contribute to a delayed delivery of the mRNA which could extend 
the expression of the coded protein. Besides, still a big fraction of the loaded ssDNA is 
bound on the nanovector. In this regard, endocytosis of NP usually happens at short times, 
approximately within the first 4h, when the release rate is still rather low. This would ensure 
that most of the mRNA release on the transfection would happen inside the cell. 

 
Figure 2.21. ssDNA Release Kinetics. (A) ssDNA released from the cationic nanoparticle over time, respect 
to the total ssDNA loaded. Release kinetics were studied as a function of time, characterized by UV-Vis 
spectroscopy, DLS and Z-Potential. SPR peak position, measured average size and surface charge at each 
time point are plotted, for AUT (B) and PEI (C) coated Au NPs. 
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2.3.3  Transfection of mRNA with Nanovectors 

HEK293 cultured cells were exposed to nanovectors to identify the best formulation 
regarding cell survival and mRNA stability against degradation and efficacy for protein 
expression, compared to state-of-the-art TransIT® transfection vehicle. Green fluorescence 
protein (GFP) coding mRNA was used as a model to study the efficacy of the different 
nanovectors. Protein expression was analysed by conventional fluorescence and confocal 
microscopy, and flow cytometry. Special attention was paid at the sustained release and 
sustained expression, and the safety of the new employed nanovectors. 

Additionally, alternative ways for improving mRNA delivery were also explored. 
Although, transient chemical protonation of the cell surface has been reported to enhance 
endocytic-like uptake of NPs, [24,25] no improvement was observed in this case. In 
contrast, the combined use of nanovectors and chloroquine showed promising results in 
enhancing GFP expression on the transfected cells without compromising safety. 

2.3.3.1  Transfection Efficiency of Nanovectors 

The effectiveness of Au transfection in HEK293 cells was assayed using 5, 20 and 50 nm 
Au NP coated with PEI and AUT, loaded with GFP mRNA. The GFP expression was 
analysed in a short (24 and 48 h) and long (7 days) times post-transfection, by flow 
cytometry (Figure 2.23) and fluorescence microscopy (Figure 2.22). For this, HEK293 
cells at 70% of confluence were transfected with colloidally stable nanovectors. 

The observation of the transfected cells by fluorescence microscopy allowed for a first 
visual inspection of the samples to evaluate qualitatively cell morphology and transfection 
efficiency. Figure 2.22B shows the transient expression of GFP. As it can be seen, all the 
Au NP-PEI were capable to transfect the HEK293 cells. However, some morphological and 
adherence changes were observed, especially after exposition to 5nm NPs-PEI, as reported 
in the previous section. Interestingly, the expression of the GFP protein was preserved for 
7 days. On the contrary, the transfection performed with the AUT-coated nanovectors was 
unsuccessful since no GFP expression was observed.  

Regarding the transfection control, cells showed major changes in morphology and their 
adherence of the monolayer after the use of the commercial reagent TransIT®, indicating a 
high toxic effect due to membrane perturbation on the transfection process. Although a peak 
in GFP expression is observed at 48h, it decreased at 7 days after transfection. 
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Figure 2.22. GFP Expression by Wide-Field Fluorescence Microscopy. (A) Quantification of the PEI-
coated nanovectors transfection efficiency over time based on the mean GFP expression. (B) Wide-Field 
Fluorescence images of transfected HEK293 cells at 24h, 48h, and 7 days. Scale bar = 150 µm. 
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Further, the mean fluorescence intensity of GFP was quantified from the acquired images. 
As observed in Figure 2.22A, HEK293 cells transfected with TransIT® show the highest 
GFP fluorescence signal but with relative high intensity variability within the same 
population. Regarding the PEI-nanovectors, 50 nm NP show the highest efficiency on all 
time points, and GFP expressions is maintained to 7 days, while that from TransIT® has 
started decreasing. 

 

 

Figure 2.23. GFP Expression by Flow Cytometry. Quantification of the nanovectors transfection based on 
the mean GFP expression at 24h (A), 48h (B), and 7 days (C). Cell viability was analysed by Annexin V/PI 
iodine staining and cell state classified as live, in early or late apoptosis, or dead. (D) Summary of the GFP 
expression after transfection, in live cells population, as a function of time. 
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In a later experiment, the transfection efficiency from the total cell population was 
measured by flow cytometry. To gain further insights into the transfection events, cellular 
viability was evaluated using Annexin/PI in order to also study apoptosis or necrosis 
phenomena in those expressing GFP. Thus, GFP positive cells were sorted in live, early or 
late apoptosis, or dead depending on the relative intensity of both viability markers.  

Figure 2.23A-C show the expression in live cells at 24h, 48h and 7 days. Similarly, as in 
the GFP fluorescence intensity quantification, all sizes of PEI-coated nanovectors showed 
GFP expression to some extent, whereas AUT-nanovectors did not succeed on mRNA 
delivery. However, it stands out the fact that when GFP expression is normalized to live 
cells (Figure 2.23D), differences between TransIT® and nanovectors dramatically 
decrease. This results reveal a high and prolonged transfection efficiency of HEK293 cells 
by PEI-nanovectors, which is coupled with low cytotoxicity, since the apoptosis cell ratio 
is not enhanced. 

There is a need to understand the intracellular pathways to deliver the mRNA into a target 
cell. Although measuring the intracellular expression of GFP is an excellent way to 
investigate the transfection efficiency of NPs, it does not clarify the uptake mechanism and 
the consequent mRNA delivery. So, HEK293 cells were treated with chloroquine, a 
common compound used to halt endosomal maturation, in order to study its effects in 
boosting NP endosomal escape.  

GFP expression was visualized by wide-field fluorescence microscopy (Figure 2.24B). As 
shown in Figure 2.24A, cells incubated with chloroquine for 4 hours prior to transfection 
exhibited enhanced transfection for PEI-nanovectors. The statistical analysis shows a 
significant fluorescence signal increase for 5nm and 50nm PEI-nanovectors, and higher but 
not significant for 20nm. Conversely, no enhancement effect was observed in cells 
transfected with AUT-coated nanovectors.  

As largely reported in the literature, chloroquine enhances endosomal escape by the proton 
sponge effect. Chloroquine enters the endosome by membrane diffusion and is protonated 
during endosome maturation resulting in Cl- and H2O influx, endosome swelling and 
rupture, releasing endosomal cargoes into the cytoplasm. [85,86] Accordingly, this results 
support the hypothesis that Au NPs-PEI reach the cytoplasmic space via endosomal escape 
by the proton sponge mechanism. Also, this study provides new insights into the 
characterization of nanovectors that ensure suitable mRNA delivery into the cells without 
a cytotoxic effect. 
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Figure 2.24. Effect of chloroquine in transfection. (A) Transfection efficiency based on the mean GFP 
expression at 24h. (* p>0.05) (B) Wide-field Fluorescence images of HEK293 cells transfected with PEI-coated 
nanovectors, alone or in combination with chloroquine, at 24h. Scale bar = 150 µm. 
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2.3.3.2  Confocal Imaging of mRNA-GFP Transfected HEK293 cells 

Next, the expression of GFP after the mRNA transfection on HEK293 cells was also 
visualized by wide-field and confocal microscopy. In this case, 20 nm and 50 nm NPs-PEI 
were used. Representative images are depicted in Figure 2.25. After 24h, cells were fixed 
and stained in order to reveal the cellular structure, nuclei and actin. 

A first visual inspection of the transfection efficiency was performed at the Wide-Field 
Fluorescence microscope at low magnification (20X). In agreement with the flow 
cytometry results, a higher number of cells expressing GFP can be observed for the cells 
transfected with 50 nm NPs. GFP signal intensity is highly variable between the 
successfully transfected cell population. Also, the spatial distribution of the transfected cells 
is quite homogeneous, no GFP+ cell clusters or denser areas were found. 

Observation of the samples under the CLSM enabled to image the Au NPs simultaneously 
by reflectance mode. Representative pictures at 40X and 60X magnifications are shown in 
Figure 2.25. Au NPs, either 20 nm or 50 nm, can be found homogenously distributed all 
over the sample but mostly in the intracellular space. Conversely, no significant higher NP 
uptake by GFP+ cells is observed compared to the non-expressing population. These 
findings, coupled with the TEM observations of the NPs intracellular trafficking, may 
indicate that, despite most of the cells have internalized nanovectors, they are not located 
in the cytoplasmic space. Endosomal escape may happen later in time for these nanovectors, 
delaying the mRNA delivery and expression, which is also in agreement with the sustained 
GFP expression observed by flow cytometry. Additionally, variability in protein expression 
could be ascribed to differences in the cell cycle stage between the HEK293 population. 
[87] 

On the other hand, magnification of the samples reveals that, despite the variability in GFP 
signal intensity between different cells, GFP expression is homogenously distributed within 
a single transfected cell. 

Differences in NP signal intensity between 20 nm and 50 nm NPs follow the same trend as 
discussed in section 2.3.2.2 , where the nanovector uptake was analysed. Smaller NPs have 
lower intensity since they have very low or none light scattering contribution. Thus, they 
are only found in the intracellular space, or in an aggregation state, generally located inside 
vesicles were NP concentration is high.  
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Figure 2.25. Wide-Field Fluorescence and Confocal Imaging of mRNA-GFP Transfected HEK293 cells. 
GFP (green) expression is observed in transfected cells with 20 nm and 50 nm PEI-coated nanovectors. For 
cell structure, actin (purple in WF, white in CLSM) and nuclei (blue) were stained. WF Scale Bar = 50 um. 
CLSM Scale Bar = 10 um. 
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2.3.4  Cytotoxicity and Risk Assessment of Nanovectors 

A key point in the success of nanovectors as non-viral transfection vehicles must be their 
low cytotoxicity. Other current standard transfection methods, as TransIT® or 
Lipofectamine®, show good transfection rates but have very poor cell viability. It is 
claimed that their internalization pathway is through membrane disruption, which is what 
ultimately causes their toxicity. [26] In contrast, nanovectors seem to internalize via 
endocytosis reducing significantly the associated toxicity.  

To evaluate the biosafety of Au NPs in HEK293 cells, we measured the cell viability 
percentage by Resazurin reduction using Prestoblue and the cell membrane integrity test by 
LDH quantification.  

As shown in Figure 2.26, a slight decrease of the cell viability in HEK293 cells were 
determined with an exposition of 5 nm Au NPs coated with PEI and PEI-ssDNA at the 
maximum concentration of 3.3x1013NP/ml during 24h and 48h. The cell membrane 
integrity was also compromised at the same NP concentration with a reduction of about 
30% in viability. On the contrary, AUT-coated 5nm Au NP do not show any cytotoxic 
action. Regarding 20 nm and 50 nm Au NPs, non-significant variation in the cell viability 
between Au-treated and non-treated cells was quantified even when exposing the cells to 
the highest concentration, corresponding to 2.7x1012 NP/ml and 3x1011 NP/ml respectively. 
After seven days of exposure, the percentage of the cell viability only suffered a reduction 
close to 40% in the case of NPs-PEI. Further, membrane leakage was slightly increased in 
all the experimental cells groups. However, LDH release to the medium might be due to 
normal cell regeneration in culture. 

Some previous studies reported Au NPs cytotoxicity is mediated by their size, which 
inhibited the proliferation and triggered cell cycle arrest. [88–90] However, the present 
results suggest that there is not such toxic effect related to NP size, at last in the studied 
range. Yet, cationic functionalization of the Au NPs did compromise cell viability and 
membrane integrity in some cases. Cell integrity could be affected by the interaction with 
the unbounded PEI in the NP’s surface.  

To gain further insight in the transfection associated toxicity, HEK293 cells were exposed 
to nanovectors and sorted based on their viability state. Annexin V/PI staining was used to 
categorize cell populations as live, in early or late apoptosis, and dead. Viability controls 
were also included, cells without any treatment for negative control, and H2O2 for positive 
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cell death control. In this experiment, TransIT® was also included to compare its toxicity 
with the NP-based nanovectors. Selected time points were the same as the ones for the 
transfections experiments, 24h, 48h and 7 days. 

 

 
Figure 2.26. Nanovector Cytotoxicity Studies. The action of Au NP coated with PEI and AUT, and loaded 
ssDNA was tested at different concentrations. The percentage of resazurin reduction (left) and cell 
membrane integrity (right) are shown at the maximum Au nanoparticles concentration. Dashed line 
corresponds to control values for reference, and grey area overlaid to its relative standard deviation. 
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Results displayed in Figure 2.27 show an evident difference in the viability profile of 
TransIT® compared to nanovectors  at short times. While cationic NPs, either loaded with 
ssDNA or not, present a cell population distribution similar to the negative control, 
TransIT® exposed cells do oppositely. The proportion of cells in a pro-apoptotic state is 
much higher, comparable with the cells treated with H2O2. Figure 2.27 shows how the 
proportion of phosphatidylserine-exposing HEK293 cells dramatically increases after 
transfection with TransIT®. The percentage of early and late apoptosis was maintained at 
48 h. Accordingly, dead cells proportion increased at each incubation time. In contrast, cells 
transfected with the nanovectors preserved their viability and the apoptosis entrance was 
delayed. At 7 days post-exposure, viability values stabilized. Only a non-significant slight 
increase in the pro-apoptotic populations can be observed for TransIT® and 5 nm Au NPs-
PEI. Once again, these results confirm that NP-based formulations are safe platforms for 
their use as delivery vectors. 
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Figure 2.27. Nanovector Cytotoxicity by Annexin V/PI staining.  After 24h, 48h, or 7 days of HEK293 
cells exposition to cationic NPs, alone or loaded with ssDNA, Annexin V/PI staining was performed to analyse 
cell viability.  Cell state was classified as live, in early or late apoptosis, or dead according to relative intensity 
of each marker 
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3.1  Introduction 

The motivation of this work arises from the growing interest in the use of metal NPs in 
medicine and biology. [1–8] Detailed cellular and in vivo studies are required for their 
application on biological systems for treatment or diagnostic purposes. [9–15] The first 
problem we encounter is the approach to study NP-cell interactions, in order to evaluate 
their safety and efficacy. Understanding the interactions between nanoparticles (NPs) and 
biological systems requires real-time methods to track NPs and biomolecules 
simultaneously. To our best knowledge, no techniques have been utilized for real-time 
imaging label-free NPs and fluorescent biomolecules simultaneously.  

Biological systems, including tissues and in vitro cultures, are most commonly observed 
using optical-based microscopes. Confocal laser scanning microscopy (CLSM) is an 
excellent tool for high spatial precision imaging fluorescence-labelled biomolecules in cells 
and tissues. However, NPs are usually in the size range 1-200nm, which falls below the 
optical resolution limit. Additionally, they generally lack intrinsic fluorescence. Only 
quantum dots (QDs), which have intrinsic fluorescence, or NPs labelled with fluorophores 
attached to their surface or into its core [16–20] can be visualized using CLSM. QDs 
drawbacks, including cost, toxicity, and a typical window of excitation wavelength (365-
405 nm) that results in significant autofluorescence in many biological systems, hinders 
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their use. In the later, the presence of the fluorophore poses a big challenge since it can alter 
NP’s surface chemistry or detach from it, also it could compromise NP's physicochemical 
properties, ultimately affecting NP's biological response. [21–25] 

NPs can also be visualized inside cells by label-free techniques. Electron microscopy (EM) 
remains the primary technique for studying biological systems at atomic-level resolution. 
However, EM is costly, labour-intensive, limited to materials with sufficient electron 
density contrast, and primarily restricted to fixed specimens. Moreover, it limits the 
inspection to a small portion of the sample, and it does not allow fluorescence imaging of 
biomolecules, so identifying sub-cellular entities is based on electron contrast. 

Several imaging methods have been developed as an alternative to standard electronic 
techniques. Alternative real-time techniques are scatter-enhanced phase-contrast 
microscopy [26], hyperspectral stimulated Raman scattering microscopy [27], optical 
diffraction tomography [28], or reflected light hyperspectral microscopy [29]. While these 
methods have the advantage of tracking label-free NPs in real-time, they do not represent 
standard techniques available for the scientific community.  

As an alternative, the light scattered by NPs represents the most direct optical NP detection 
method because it is label-free and applicable to all types of materials, including noble 
metal and non-metallic NPs. Nanoparticles have the potential to become versatile 
biomarkers. For example, in metal NPs, their absorption and scattering cross-sections are 
several orders of magnitude higher than fluorescing organic dyes. Additionally, NPs do not 
suffer from photobleaching, and their extinction spectrum can be tuned by adjusting their 
size and shape. [5,30,31] Therefore, their visualization in biological systems by routine 
laboratory tools such as light microscopy is crucial. However, the size far below the 
diffraction limit motivates determining which conditions NPs, either in dispersion or cell-
associated, can be reliably detected by standard confocal microscopy. 

Conventional dark-field microscopy interfaced with a confocal laser scanning microscope 
(CLSM) has been used to monitor NPs in living cells. Yet, most studies rely on 
modifications performed on the confocal microscope to adapt it to collect the light scattered 
on a dark field approach. [32–35] Because the wavelength of light scattered by the NPs is 
the same as the wavelength of the illumination laser, part of the light scattered by the NPs 
can be detected by the detector in a conventional confocal microscope. Wang et al. showed 
this possibility by visualizing Ag NPs inside the cell using a conventional confocal 
microscope. [36] In the present work, we perform a systematic study of the possibilities and 
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limitations of the method, usually restricted to a single material or size of NPs, and the use 
of biological samples with no multiple staining, far from the standard/regular samples used 
in the biomedical field. 

 

3.2  Scope of the study 

The aim of this study was to provide a deep insight into the optical properties of the NPs 
and the mechanistic description of NP light scattering based on those. It relies on a 
commercially available conventional confocal microscope without the need for further 
hardware modifications. In this study, the size limit of Au NPs for their imaging on confocal 
microscopy was resolved, and the method was extended to other materials relevant in the 
biomedical field and other complex hybrid nanoparticles. The process was tested and 
validated on either fixed or live cells for high-resolution multiplex imaging and tissue 
sections from in vivo studies. Overall, it aims to provide the tools for understanding NP 
confocal imaging to apply to any particular case of interest. 

 

 



CHAPTER 3 | RESULTS AND DISCUSSION 

112 

3.3  Results and Discussion 

The aim of this first section is to provide the proof-of-concept of the imaging of Au NPs on 
the Laser Scanning Confocal Microscope by comparing the theoretical simulated optical 
properties of the NPs with the experimental data. Later, the single particle imaging and size 
resolution limits are discussed. 

3.3.1  Principles of Au NP Scattering 

In this work we prepared and characterized a number of different NPs. These NPs have 
been observed either dispersed onto a substrate (after drop-casting) or in colloidal 
suspension.  

Highly monodisperse citrate-stabilized Au NPs of 100 nm in diameter were prepared 
following a well-established kinetically controlled seeded-growth method developed by our 
group. [37] Representative transmission electron microscopy (TEM) images, clearly show 
the homogeneity, and narrow size distribution of the obtained Au NPs (Figure 3.1A).  

The ability of gold NPs to interact resonantly with light is usually expressed in terms of 
extinction efficiency, usually plot as localized surface plasmon resonance (LSPR). It stands 
for the loss of light from a transmitted beam, and is the sum of two mechanisms, absorption 
and scattering. The LSPR is a distinctive and easily measurable signature indicative of 
morphology (size and shape), composition, surface chemistry, aggregation state and 
physical environment of NPs. Absorbance spectrum, measured by UV–vis spectroscopy, 
reveals a strong peak around 571 nm, corresponding to the dipolar plasmon resonance of 
∼100 nm (Figure 3.1B).  

Since SPR is a collective oscillation of free electrons in the Au NP, it will cause a strong 
scattering and absorption of light simultaneously. This is revealed when experimental data 
was compared with calculations based on the standard Mie theory using Mie Plot software. 
Figure 3.1C shows the calculated extinction (Qext), scattering (Qsca), and absorption 
(Qabs) efficiency. As it can be observed, the scattering contribution (blue line) is a 
significant part of the extinction spectra. Vertical lines correspond to confocal microscope 
excitation wavelengths (488, 514, 561 and 639 nm). The relative contributions of scattering 
and absorption to the total extinction are plotted as a function of the wavelength in Figure 
3.1C, inset. As seen, longer wavelengths have higher albedo (ratio of scattering 
contribution to total extinction). However, the strongest scattering is induced when Au NPs 
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are irradiated by a light within the maximum scattering band, which corresponds to 561nm 
laser excitation.  

The described light scattering of the NPs can be used to image them in Confocal Laser 
Scanning Microscopy (CLSM), even if the size of the NPs is below the optical resolution 
limit of 200nm. For this, the confocal must be used in reflectance mode instead of the 
commonly used fluorescence mode. Au NPs in colloidal solution were imaged by CLSM 
using four different single lasers: 488 nm, 514 nm, 561 nm 639 nm. Independently of the 
wavelength of choice, the scattered light from Au NPs is monochromatic, and the 
wavelength is the same as the illuminating laser. Thus, the detection window needs to be 
set to collect the signal on the same wavelength as the laser used. A filter in the range (±15 
nm) was set to cover the wavelength of the laser only for the detection of the scattered light 
from Au NPs.  

The images of the scattered light of Au NPs at the four different lasers used are shown in 
Figure 3.1D. In all cases, discrete light intensity spots can be clearly seen. A line was drawn 
from the left bottom corner to the right upper corner, and the measured intensities were 
plotted. Even though same settings were used for all the lasers, different signal intensities 
were measured. Analysis of the intensity profile is shown in Figure 3.1E. As expected, the 
highest intensity profile was found at 561 nm. For the other analysed wavelengths, as the 
band of Au NPs is from 400 to 600 nm, the light scattered can be detected but with a 
relatively weaker intensity than that of 561 nm laser. This correlates with the wavelength-
dependent Au NPs scattering profile previously calculated. Altogether, these results suggest 
that the choice of the laser is a critical point for the optimal set-up to image the NPs by 
CLSM in reflectance mode.  

3.3.2  Single Particle Imaging 

At this point, to make the study quantitative, a critical question is whether a single Au NP 
can be individually detected. Considering the experimental conditions used following the 
ideal Nyquist rate of sampling, the lateral resolution of the CLSM at 561 nm is RL=160 nm, 
and the diffraction-limited spot size is 210 nm. If the distance of two adjacent spots 
containing Au NPs is larger than the lateral resolution, they can be distinguished from each 
other in x-y plane. A scan resolution of 1040×1040 pixels is used to acquire the CLSM 
images. Therefore, each pixel size is around 82 nm.  
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Figure 3.1. (A) Representative transmission electron microscopy (TEM) images of highly monodisperse 
citrate-stabilized Au NPs of 100 nm. (B) Absorbance spectrum of Au NPs measured by UV–vis spectroscopy. 
Vertical lines correspond to confocal microscope laser excitation wavelengths (488, 514, 561 and 639 nm). 
(C) Calculated extinction (Qext), scattering (Qsca), and absorption (Qabs) efficiency of 100 nm Au NPs. On 
the inset, the albedo is shown. (D) CLSM images of the scattered light of Au NPs at the four different lasers 
used are shown, with the respective signal intensity profile at the x-y axis. (E) Analysis of the intensity profile. 
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Figure 3.2. Detection of single Au NPs. (A) CLSM image of the scattered light of Au NPs and those selected 
for the study. (B) CLSM image corresponds to pixels 0-166, 0-166 (x,y) of Figure 3.1. Mean intensity values 
and calculated scattering cross-section values. (C) CLSM images of the scattered light of individual Au NPs 
(#1) at the four different lasers used.  
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Having this consideration in mind, we measured the intensity of scattered light of 10 
selected individual Au NPs of a region of interest at the four different lasers previously 
studied (Figure 3.2A), and calculated the mean intensity value (Figure 3.2B). 
Measurements show how scattered intensity depends on the laser used. On Figure 3.2C, a 
selected region of interest from Figure 3.2A is amplified and the intensity profile and the 
x and y axis for each wavelength plotted. Remarkably, obtained values correlate well with 
the theoretical scattering cross-section values previously calculated. Actually, the scattering 
cross section of a 100 nm Au NPs is wavelength-dependent and larger than its real size, 
because of the SPR. These results confirm that the intensity profile provides information 
about a single NP event, suggesting that the CLSM method can distinguish individual Au 
NPs. For that, monodispersity is crucial, otherwise as scattering is strongly dependent on 
size, polydispersity results in non-quantifiable scattering. 

3.3.3  Au NP Size Resolution Limit 

Taking this into account, the size resolution limits of confocal observation of Au NPs is 
experimentally studied. For this, 15, 50, 100 and 150 nm NPs were synthesized using the 
previously mentioned seeded-growth method. The synthesized NPs were fully 
characterized. TEM images are shown in Figure 3.3, the corresponding size distribution is 
summarized in Table 1 along with the DLS results and the LSPR peak position measured 
by UV-Vis spectroscopy. Unlike conventional dyes, the optical absorption and scattering 
properties of Au NP can be tuned by changing their size and shape. The LSPR peak position 
depends on NPs size, composition, and chemical state, so it broadens and red-shifts as NP 
size increases. 

The synthesized NPs were imaged in colloidal suspension, on the CLSM using the 
reflectance mode. Images acquired are shown in Figure 3.3 and the corresponding 
measured intensities are plotted below. No signal was detected from the 15 nm-NPs due to 
the minimal scattering contribution. However, scattering form larger NPs could be detected, 
with increasing signal as NP’s size increases (see Table 3.1). Using the principles of the 
Mie theory of light scattering, the individual contributions of absorption and scattering, and 
the total extinction were calculated. Note that in these experiments there is no aggregation, 
as DLS shows, NPs are colloidally stable and non-aggregated in solution. Au NPs with a 
diameter of 15 nm show essentially only surface plasmon enhanced absorption with 
negligible scattering. Consequently, there is no appreciable contrast. When particle 
diameter increases from 15 nm to 150 nm, the scattering cross-section of the NP and the 
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relative contribution of scattering to the total extinction increases. Consequently, the NPs 
appear in the image. 

Simulation plots of the optical properties of Au NPs based on the standard Mie theory using 
Mie Plot software are shown in Figure 3.4. Here the intensity of extinction, scattering and 
absorption are plotted as a function of size and wavelength in a heatmap format. Brightest 
spots relate to higher intensity values, and darkest to the lowest values. The highest intensity 
point in extinction corresponds to a 98.2 nm NP at λ569nm, whereas in scattering 
corresponds to a 123.6 nm NP at λ607nm. Results illustrated in this graphs are very 
interesting. Scattering profile allows to anticipate which laser would be the best option for 
the Confocal imaging of a given NP size. Nevertheless, it will still depend on the particular 
properties of the synthesized NPs, especially size polydispersity. 

The increase in the ratio of scattering to absorption with NPs volume provides a tool for 
NPs selection for biological applications. For instance, larger NPs are more suitable for 
light‐scattering‐based imaging applications while NPs with a high absorption cross-section 
in the laser excitation region, facilitates selective photothermal therapy. 

 

Table 3.1. Summary of sizes and optical properties of Au NPs synthesized and used on Figure 3.3. 

 TEM  
(nm) 

DLS diameter 
(nm) 

LSPR  
(nm) 

Mean Scattering 
Intensities 

Sca Cross-section 
(cm2/NP) 

15 nm 12.7 ± 1.4 16.5 ± 5.8 519 2.2 ± 0.4 3.0930x10-13 

50 nm 53.8 ± 4.7 63.7 ± 12.5 535 21.5 ± 7.2 3.3336 x10-10 

100 nm 102.5 ± 8.9 114.1 ± 34.3 571 39.7 ± 13.9 1.16278x10-9 

150nm 148.4 ± 17.0 176.4 ± 50.9 546 / q653 52.9 ± 18.8 2.3770 x10-9 
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Figure 3.3. Au NP Size Resolution Limit. (Up) Representative transmission electron microscopy images of 
highly monodisperse citrate-stabilized Au NPs of ∼15 nm, ∼50 nm, ∼100 nm and ∼150 nm. Scale bar = 250 
nm. (Middle) CLSM images and intensity analysis of the scattered light of different sized Au NPs at 561 nm. 
A selected region of interest is amplified for an analysis of the intensity profile. (Down) Calculated extinction 
(Qext), scattering (Qsca), and absorption (Qabs) efficiency of 15 nm, 50 nm, 100 nm and 150 nm. 
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Figure 3.4. Mie Plot of Simulated Gold Nanoparticles Optical Properties. The efficiency of extinction, 
scattering and absorption is represented as a heatmap, where the size radius (y axis) is plotted against the 
wavelength (x axis). Dark colors represent low efficiency values, and bright colors high efficiency values. 

 

3.3.4  Confocal Imaging of Au NPs in Biological Systems 

3.3.4.1  Fixed Cultured Cells 

Since the motivation of this work was to find a good alternative for NP-cell interaction 
observation, we further applied this to imaging of cultured cells exposed to NPs. In this 
case, to better localize the NPs we prepared Au@SiO2-FITC NPs (diameter 245.5 ± 13.6 
nm, Figure 3.5A). Au@SiO2-FITC NPs comprises an Au core (~60 nm) surrounded by 
three concentrical layers of SiO2, the inner acting as a spacer, the intermediate containing 
the Fluorescein isothiocyanate fluorophore (FITC, excitation max. 490 nm, emission max. 
525 nm), and the outer acting as a protective layer. The UV-Vis spectra of the synthesized 
NPs is shown in Figure 3.5B. In this form, by controlling the fluorophore location within 
the SiO2 shell, the Au core is able to induce an enhancement in the dye signal by plasmon 
enhanced fluorescence (Figure 3.5C), [38] and the fluorophore is protected from the 
solution. Thus, these NPs present dual-mode image capabilities providing, in a single entity, 
the fluorescent signal from the FITC fluorophore and the scattering light from the Au NP. 
As a consequence, the system allows the colocalization of the NPs by scattering and 
fluorescent imaging, confirming the reliability of the use of CLSM to visualize single Au 
NP.  
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Figure 3.5. Imaging of Au@SIO2-FITC NPs on HEK293 cells. (A) Representative transmission electron 
microscopy (TEM) images of Au@SiO2-FITC NPs. (B) Absorbance spectrum of Au@SiO2-FITC NPs measured 
by UV–vis spectroscopy. (C) Fluorescence spectra (emission) of colloidal solution of Au@SiO2-FITC NPs. The 
spectra were taken in a 1:10 dilution in pure water at neutral pH and using an excitation wavelength of 
495nm. (C, inset) Pictures of the NPs taken upon exposure to white light and under ultra-violet excitation. 
HEK293 cells exposed to Au@SiO2-FITC NPs. (D) Composite image of the merged channel on the left, and 
split channels on the right showing stained actin (white) and nuclei (blue), and signal from NP imaged by 
fluorescence with FITC (green) and reflectance from the Au core (red). Scale bar = 10 Pm.  

 

In this regard, HEK293 cells were incubated with Au@SiO2-FITC NPs and imaged using 
the confocal microscope in reflectance mode (Figure 3.5D). Before exposure to cultured 
cells, NPs were stabilized with BSA in order to avoid NP aggregation. [39] After 24h, 
samples were fixed and stained for their visualization on the confocal microscope. The 
scattering produced by the 60nm-Au core of the NPs (red) allowed imaging of the NPs 
using the reflectance mode as explained above. Additionally, NPs were simultaneously 
imaged by the FITC (green) present on the SiO2 shell using the conventional fluorescence 
mode. For each imaging two tracks were set, each with the respective laser used to irradiate 
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the sample, and two corresponding bandpass filters were set to separate the scattered light 
from Au NPs and the fluorescence of FITC.  The laser used to image the Au core by light 
scattering was 561 nm, with an optical window filter set to 555-579 nm while FITC was 
excited using the 488 nm laser and the emission collected between 499-570 nm.  
Additionally, Phalloidin used for actin staining (excitation 639nm, emission 650-694nm), 
and Hoechst 3342 for nuclei staining (excitation 405nm, emission 408-480nm), revealed 
the subcellular structure. The fluorescent markers available provide subcellular resolution 
of the samples, while the reflectance mode allow us to image non-modified NPs interacting 
with biological systems. Thus, the multiplex staining allows us to locate the NPs in the 
sample, either in the extracellular space, intracellularly or bound to the cell membrane, from 
a certain z-section of the sample.  

A colocalization analysis of the Au and FITC signals was performed (Table 3.2). The 
colocalization coefficient was measured as a function of the pixel intensity (Pearson’s 
Correlation Coefficient) and as function of the spatial overlap (Manders’ Correlation 
Coefficient). In both cases, it shows a positive correlation between the Au and FITC signal. 
The spatial correlation between both signals proves that the signal collected from the laser 
reflection comes precisely from the light scattered by the Au core, confirming the reliability 
of NP scattering imaging.  

 

Table 3.2. Colocalization analysis of Au:FITC signal from Au@SiO2-FITC NPs exposed to HEK293 cells 
(Figure 3.5D). Zen Blue 3.0 (Zeiss) software was used to perform the colocalization analysis. Pearson’s and 
Manders’ Correlation Coefficients shown a positive correlation for Au:FITC signal. 1 This value quantifies the 
degree to which two channels follow a simple linear relationship of intensity. Values can range from -1 (an 
inverse or “anti-colocalization” relationship), to 0 (a random cloud of no relationship), or +1 (a perfect linear 
slope). 2 This measurement is similar to Pearson’s above but ranges from 0 to +1. It does not incorporate a 
relationship to mean intensity (as with Pearson’s), so it largely just looks for spatial overlap alone above the 
fixed threshold. 3 These values are reported as pairs that range from 0 to 1. The metric simply calculates the 
fraction of pixels colocalized to the total number of pixels from the specified channel. 

Pearson’s 
Correlation 
Coefficient1 

Manders’ 
Correlation 
Coefficient2 

Colocatiozation 
Coefficient:  

Au signal3 

Colocatiozation 
Coefficient:  

FITC signal3 

0.64786 0.73811 0.90105 0.6436 
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Figure 3.6. Imaging of Au NPs in fixed cultured cells. (Left) HEK293 cells exposed to 15 nm, 50 nm, and 
150 nm Au NPs. Yellow lines correspond to the relative position of the x and y-axis from the z-stack, depicted 
as orthogonal views (right and above). (Right) THP1 cells exposed to 15 nm, 50 nm, and 150 nm Au NPs. 
Actin (white) and nuclei (blue) staining were acquired by conventional fluorescence, and NPs (red) were 
imaged by reflectance. Scale bar = 10 Pm.  
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Figure 3.7. Graphical representation of emission/excitation profiles of the fluorophores used in the 
biological experiments, overlapped with the scattering spectra of the 100nm-Au NPs, all expressed in relative 
intensity and each normalized to maximum. Vertical black reference lines are drawn at the wavelength of 
the laser used for each particular case, and the shaded grey area corresponds to the relative emission 
window. As observed in the confocal images from Figure 3.5, there is no signal overlapping nor interference 
from the light scattering produced by the NP and the signal from the excited fluorophores. When operating 
in the fluorescence mode, either the wavelengths of emission windows are too far from the source 
wavelength to collect the scattering from the NPs, or the relative intensity of the NP’s scattering is much 
lower than the dye signal. On the other hand, on the reflectance mode, the settings of the laser and the 
emission window is not suited to collect the emission of the dye, in case the 561nm laser excites it. 
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To further investigate the sensitivity and resolution of the method, HEK293 and THP1 cells 
were exposed to 15 nm, 50 nm and 100 nm NPs. Cellular structure was again stained with 
Phalloidin for actin and Hoechst for nuclei, and cells fixed 24h after NPs exposure. Z-
projections from the samples were performed and depicted as orthogonal views in order to 
assess the subcellular localization of the NPs.  

As seen in Figure 3.6, the signal intensity increases as the NP’s gets larger which correlates 
with the scattering contribution. Indeed, scattering of smaller Au NPs (<15 nm) is almost 
insignificant. Therefore, smaller Au NPs (15nm) were generally observed when they were 
located in the vesicles due to endosomal concentration of NPs is high and they optically 
behave as aggregates. On the contrary, the light scattered by 50nm and 100nm, even when 
they are individually dispersed, is enough to be detected by CLSM.  

This is translated into the fact that can be indistinctively imaged at the intra and extracellular 
space at the four different laser wavelengths, as shown on Figure 3.8, where 4 different 
laser are used to image 100nm Au NPs on HEK293 cultured cells. Control experiments 
showed that precursors, organic dyes, and subcellular organelle had no effects on the 
scattered light imaging of NPs.  

 

 
Figure 3.8. Lambda analysis of HEK293 cells exposed to 100nm-Au NPs. The Au NPs can be imaged using 
any of the lasers (488, 514, 561 or 639nm) using the reflectance mode to collect the light scattering. However, 
the highest signal intensity corresponds to the 561nm. No interference or signal overlap with the Hoechst 
or Phalloidin-AF647 is observed on any of the lasers used by reflectance. Scale bar = 10 µm. 
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Note that the presence of the NPs, either Au@SiO2-FITC or any size Au NPs, on the sample 
did not interfere nor overlap with the signal of the cellular markers, proving the 
multiplexing capacity of the method. Further, the signal from the scattering of the Au core 
could be specifically collected without any signal overlap from the other emission tracks 
(Figure 3.7).  

Finally, since the scattering of the Au core was acquired in a separated track, it was possible 
to image all the fluorescent markers in high resolution mode (using the Airyscan detector 
in the LSM980 confocal microscope), shown in Figure 3.8. This enabled a more precise 
subcellular localization of the NPs in the cells.  

3.3.4.2  Tissue Sections 

To further expand the possible application of imaging NPs by light scattering, the 
visualization of NPs in tissue sections after in vivo administration of NPs was explored. For 
this, mice were injected intravenously with Au@SiO2-FITC@PS NPs and sacrificed at 24h. 
Tissue sections from the organs collected were stained (actin and nuclei). Images from the 
reconstructed complete tissue sections acquired in tiles with the wide-field fluorescence 
microscope are displayed in Figure 3.9 and Figure 3.10. NPs were found to be well 
dispersed all over the organ samples.  

Representative areas from the tissue sections were selected and observed on the Confocal 
microscope, shown in Figure 3.11. As in the cultured cells, NPs were simultaneously 
imaged through the FITC signal by fluorescence mode and the Au scattering by the 
reflectance mode.  

On the liver samples, NPs are mostly located outside the hepatocytes, in the sinusoidal 
space inside the stellate cells, as cellular morphology suggests. On the other hand, on the 
spleen samples NPs are located in the margins of the white pulp.  

A region of interest (ROI) of both tissues was amplified for more detail, and signal channels 
split (Figure 3.11A and E). Both signals spatially correlate, further proving CLSM as a 
reliable method for Au NPs imaging on biological entities. Not only that, but this opens to 
the possibility to perform more detailed studies on NP-cell interactions on in vivo 
experiments, as biodistributions, not limiting to Electron Microscopy. 
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Figure 3.9. Wide-field microscopy of liver section. (Up) Merged tiles from whole liver section, with actin 
(red) and nuclei (blue) staining. Scale bar = 2 mm. (Down, 1-9) Individual tiles from selected regions of 
interest with FITC signal (green) from Au@SiO2-FITC@PS NPs. Scale bar = 200 µm. 



RESULTS AND DISCUSSION | CHAPTER 3 

127 

 
Figure 3.10. Wide-field microscopy of spleen section. (Up) Merged tiles from whole spleen section, with 
actin (red) and nuclei (blue) staining. Scale bar = 2 mm. (Down, 1-12) Individual tiles from selected regions 
of interest with FITC signal (green) from Au@SiO2-FITC@PS NPs. Scale bar = 100 µm. 
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Figure 3.11. Representative CLSM images of NPs in tissue sections. Confocal imaging from the liver (A-
D) and spleen (E-H) sections of the mouse exposed to Au@SiO2-FITC@PS NPs. A selected area is zoomed 
from a representative image from a liver (A) and spleen (E) section at 60X magnification. On the right, the 
signal from each channel is split. Below, additional images from liver (B-D) and spleen (F-H) sections at 40X 
magnification are shown. Scale bar = 10 µm. 
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3.3.4.3  In vivo Imaging 

One of the advantages of confocal microscopy is that it can be performed on living cells. 
So, in contrast to TEM imaging, in confocal microscopy it is possible to observe real time 
interaction between NPs and live cells (or tissue). The fluorescent markers available 
provide subcellular resolution of the samples, while the reflectance mode allow us to image 
non-modified NPs interacting with biological systems.  

On this study, HEK293 cells were cultured on a microslide, and nuclei and cytoplasm were 
stained before their observation. The aim of this experiment was to study NP-cell 
interaction in vitro by passively monitoring the sample for 24h after NP exposure. Four 
different ROIs were selected, a video of each one was mounted with all the time frames 
acquired.  

Images were recorded upon their addition on the cell culture. On Figure 3.12, captions from 
the selected ROIs at different time points are shown. Two kinds of shapes can be 
differentiated of the signal collected from the Au NPs. One would be attributed to ‘static’ 
NPs, as the other show a drift on the signal which would correlate to a NP in Brownian 
motion in the media. Mostly, static NP correlate in space with the cytoplasm marker or 
close to the nucleus, which both indicate that the NP is in the intracellular space or bound 
to the cell membrane. Note that the fact that the recording was set for 24h did not allow for 
a better resolution images. Long exposure times can induce cell phototoxicity, which can 
cause cellular membrane bebbling and even cell death. On the other hand, fluorescent 
markers can experience photobleaching, where they are chemically altered irreversibly 
losing its fluorescence, which in turn can also cause phototoxicity. To avoid this, the in vivo 
recording where set at low laser energy and minimal caption time.  

On this regard, NPs are ideal candidates since they do not suffer photobleaching as they are 
imaged by light scattering. As it can be seen on the videos Au signal intensity does not 
decrease during the recording. Last but not least, the laser energy needed is extremely low 
compared to that to excite fluorophores, critical when observing living cells. This correlates 
with the fact that cross-section scattering values of the Au NPs (Table 3.1) are several 
orders of magnitude higher than, for instance, the cross-section of the FITC fluorophore 
(5.3x10-18 cm2/molecule).  
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Figure 3.12. Time frames from the real-time imaging of Au NPs on HEK293 cells at time 0h. 4h, 12h and 
24h. Cytoplasm (green) and nuclei (blue) staining were acquired by conventional fluorescence, and NPs (red) 
were imaged by reflectance. Scale bar = 10 µm. 

 

3.3.5  Other Materials 

The same principles of light scattering apply to a wide range of other inorganic NPs. Here, 
some of them relevant in the biomedical field, were also successfully imaged on the 
confocal microscope using the reflectance mode. For this, silver NPs (Ag NPs), [40] cerium 
oxide NPs (CeO2 NPs), [41] iron oxide (Fe3O4 NPs), [42] and gold-cerium oxide hybrid 
core-shell NPs (Au@CeO2 NPs) [43] were synthesized. Their characterization by TEM, 
DLS and UV-Vis spectra is summarized in Table 3.3. These NPs were imaged on the 
CLSM on colloidal suspension (Figure 3.13A and D).  
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Calculated extinction (Qext), scattering (Qsca), and absorption (Qabs) efficiency are shown 
in Figure 3.13C and F, showing that the strongest scattering is induced when NPs are 
irradiated by a light within the maximum scattering band. Ag NPs exhibit strong surface 
plasmon resonance, which peak position red-shifts as NP’s size increases typically ranging 
between 400-550nm. Likewise, their scattering contribution to the total extinction increases 
with size. Ag NPs were imaged using the 514nm laser where the higher the signal collected. 
The images acquired on reflectance mode showed that bigger NPs scatter more light, while 
no appreciable signal is collected for the small NPs (15nm). This correlated well with the 
relative scattering efficiency calculated for each NP size (Figure 3.13C). 

On the other hand, oxides like CeO2 and Fe3O4 NPs could also be imaged on the confocal 
microscope using the 639 nm laser. However, it was possible due to their agglomeration 
state. Typically, the aqueous synthesis of CeO2 and Fe3O4 NPs leads to small NPs (3-7nm), 
that tend to aggregate into larger stable agglomerates. The light scattering of individual NPs 
would be too weak to image them on the confocal microscope, but not for the aggregates. 

Finally, confocal imaging by reflectance mode was also performed on hybrid core-shell 
Au@CeO2 NPs. For the synthesis, two sizes of Au NPs, 40 and 100nm, were used as 
templates to grow the CeO2 shell of 8nm and 18nm respectively. The presence of the CeO2 
coating results in both an increase in the LSPR extinction peak intensity of the Au core and 
a systematic red-shift of its position. When imaging them on the confocal microscope using 
the 561nm laser, it translated into higher scattering efficiency, compared to same size Au 
NPs. 

Table 3.3. Summary of sizes and optical properties of NPs synthesized and used on Figure 3.13. 

 TEM (nm) DLS diameter (nm) Peak Position (nm) 

Ag 15 nm 14.4  ± 2.1 17.8  ± 2.1 402 

 50 nm 43.2 ± 6.8 62.8 ± 21.7 429 

 100 nm 97.6 ± 9.6 101.7 ± 29.5 493 / q408 

 150nm 140.8 ± 10.9 142.1 ± 54.2 544 / q425 

CeO2 3.5 nm 4.2 ± 1.5 470.0 ± 203.9 291 

Au@CeO2 40 nm Au 37.9 ± 3.8 
Ce shell 8.3±0.9 

34.3 ± 6.9 / 782.2 ± 
234.1 283 / 546 

 100 nm Au 103.9 ± 17.1 
Ce shell 18.4±4.3 178.7 ± 72.1 283 / 628 

Fe3O4 7 nm 10.7 ± 2.3 75.5 ± 13.8 / 375.0 ± 
102.6 - 
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Figure 3.13. Optical properties and CSLM imaging of other materials. (A, D) CLSM images of different 
sizes and compositions NPs. Ag NPs were imaged with the 515 nm laser, CeO2 and Fe3O4 NPs with the 639 
nm laser, and Au@CeO2 NPs with the 561 nm laser. (Inset) Representative TEM images of the NPs. (B, E) 
UV–Vis spectra of NPs. (C, F) Calculated extinction (Qext), scattering (Qsca), and absorption (Qabs) efficiency.
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CHAPTER 4 
 

 

Size Effects on Ag NP-Antibiotic Synergy 
 

4.1  Introduction 

Antibiotic resistance of pathogens is a concerning issue, with rising incidence worldwide, 
and a major cause of treatment failure. Antimicrobial resistance (AMR) is defined “as the 
ability of a microorganism (bacteria, fungi or virus) to resist the action of one or more 
antimicrobial agents (antibiotics, antifungal or antivirals)”. Accordingly, multi-drug 
resistant strains show non-susceptibility to more than one antibiotic class of agents. Once 
bacteria has contact with an antibiotic but is not killed, it responds by adapting and 
acquiring resistance to it. Mechanisms underlying antibiotic resistance can be (i) intrinsic, 
(ii) adaptive via transitory changes of gene expression, or (iii) acquired due to a spontaneous 
mutation or the gain of genetic material. Then, this resistance can be transmitted vertically 
(to its descendants) or horizontally (sharing of genetic material between different bacteria).  

The resistance of bacterial strains to antibiotics has been rapidly growing globally in recent 
years (Fair and Tor, 2014). [1] Seventy years after antibiotics discovery, and despite 
decades of successful treatment, our antimicrobial substances are becoming obsolete and 
untreatable infections in the clinic are part of the new normal. [2] The reasons are overuse 
of antibiotics, not only by improper medical use, but also from animal farms and the food 
industry. Rapid spreading of bacteria worldwide due to globalization, absence of rapid 
diagnostic tests for identifying infections caused by multiresistant bacteria, and appearance 
of new antibiotics is decreasing and the pharmaceutical companies that develop new 
antibiotics are disappearing. Today Healthcare Associated Infections represent a major 
clinical threat worldwide, in particular with the recent emergence of pathogens resistant to 
most or all available antimicrobial drugs, imposing an enormous burden in terms of 
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morbidity, mortality and healthcare-associated costs. [3] Not only that, but now we have 
entered in a period where no more antibiotic molecules are being discovered or developed, 
but bacterial resistance is dramatically increasing while we are running out of available 
drugs. Thus, multimodality and other antimicrobial agents such as silver nanoparticles (Ag 
NPs) are considered to manage and prevent infections. [4] Still, we need to come up with 
long-term solutions and nanotechnology offers a promising platform to overcome this 
problem: the combination of biological methods and nanotechnology tools. 

In recent years, and fueled by this rising threat of antibiotic resistance, numerous studies 
have been carried out on the subject of antibacterial efficacy of silver ions and nanoparticles 
- antibiotic combinations. [5–7] Silver has been employed in the medical field for many 
centuries due to its antimicrobial properties and the NP form was FDA approved over 130 
years ago. [8] It has been applied to treat open wounds, burns, ophtalmia neonatorum, 
surgical instruments, or bone prostheses. Further, it is also present in house-hold products 
as room sprays, detergents, or water purification treatments. [9,10] Yet, the exact 
mechanisms of its antimicrobial activity are not fully understood. 

Silver has been reported to be a broad-spectrum antibiotic, effective against gram-positive 
and gram-negative bacteria, MDR bacteria, fungi, virus, and protozoa. [11] Specifically, in 
bacteria it is hypothesized that triggers membrane damage, reactive oxygen species (ROS) 
production and silver ions (Ag+) uptake that finally leads to ATP depletion and inhibition 
of DNA replication. Klueh et al. (2000) proposed that silver inhibits bacterial growth by 
inactivating the proteins. This study states that silver ions bind to thiol groups (-SH), 
altering the functions of enzymes and compounds of the cell membrane important in energy 
generation and ion transport, all essential for bacteria survival. Moreover, it also elucidated 
the ability of silver ions to intercalate between the purine and pyrimidine bases of DNA, 
causing the denaturalization of DNA, which impairs the replication of DNA and cell 
division, leading to cell death. [12,13] Another study assessing the antibacterial activity of 
silver was carried out by Yamanaka et al. (2005), who found that Ag+ affects the expression 
of 30S ribosomal subunit that causes the denaturalization of the ribosome structure and its 
protein and enzyme-synthesizing function is impaired. Consequently, expression of 
proteins and enzymes implicated in the production of ATP was suppressed, indispensable 
in maintaining cell life. [14] Finally, one of the most accepted antibacterial mechanisms of 
silver is the production of ROS, which leads to cell death due to damage of different internal 
cell structures. 
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Figure 4.1. Antibacterial mechanisms of action. (A) Schematic representation of the project strategy. The 
administrated product is based on the combination of 20, 50 and 150 nm Ag NPs with conventional 
antibiotics. The chemical transformations upon exposure to culture media allow the active principles to act, 
by antibiotic release from NP and by Ag NPs dissolution.  (B) Proposed mechanisms of Ag NPs related 
bacterial damage. (1) Silver ions release is promoted by acidic and aerobic environment (2) Formation of 
ROS, which then damage both the membrane lipids and DNA. (3-4) Ag+ uptake can be promoted by 
membrane damage (although they might enter also through membrane channels). Ag+ ions may bind 
intracellular proteins and the bacterial chromosome, upon entering the cytosol, thus influencing the 
metabolic activity and replication. (Inset) positively charged Ag NPs may be attracted by negatively charged 
bacterial membrane leading to higher local dose of NPs. Here, the proton motive force takes place, causing 
a local decrease of pH. This can further promote the dissolution of Ag NPs, resulting in a local higher Ag+ 
concentration. In this picture, a gram-negative bacterium has been taken as model microorganism. Adapted 
from ref: Rizzello 2014 
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A large and constantly increasing amount of literature evidences the potential role of silver 
nanoparticles as optimal candidates to treat infectious diseases (reviewed by Rizzello et al.). 
[11] The antimicrobial properties of silver have been known for a long time, but now 
bottom-up approaches in nanotechnology enable the design of Ag NP with custom-tailored 
unique physicochemical properties. The key point is that nanoparticles exhibit different 
chemical and physical properties as the ionic or bulk material. They have a high surface-
to-volume ratio, which provides enlarged contact area with the environment and thus 
enhances their chemical and biological surface activity. [15] Likewise, working with the 
particulate form with dimensions at the nanoscale offers a size-dependent body 
biodistribution and may allow the active principle to be delivered preferentially at the site 
of infection.  

Although the broad-spectrum antimicrobial properties of Ag NPs have been extensively 
reported, a clear and definitive knowledge of the effects of Ag NPs on microorganisms is 
still lacking. Many authors claim that Ag NPs are far more efficient that Ag+, and properties 
as size, shape and surface charge have a great influence on their bactericidal potential, being 
the smallest and positive charged the most effective. [13,16–18] Those factors could 
influence on the affinity of the nanoparticles to the bacterial membrane, and its disruption, 
and the ROS generation capacity. However, the discrepancies found in other conducted 
studies highlight the lack of standardized methods and that those results strongly depend on 
the method/technique used to carry out the biological assays. [16,19] Regarding this, Xiu 
and collaborators performed an extensive study on whether Ag NPs have antibacterial 
activity themselves or it is purely due to Ag+ release. [19] They found out that the 
physicochemical properties of Ag NP (size, shape and charge) affect the toxicity only 
indirectly, by affecting the rate, location and amount of Ag+ released from the nanoparticle 
surface. This can only happen under aerobic conditions, since the oxidation of silver is the 
main cause of Ag+ ions release, through interaction with H+ ions; thus, acidic conditions 
induce an enhanced rate of Ag+ release than neutral pH conditions (Figure 4.1). 
Additionally, the presence of bacteria also affects the ion release rate due to the acidification 
of the environment as a result of their metabolism, which in turn is medium and strain-
dependent; consequently, the same Ag NPs might display different antibacterial efficacy 
against different strains. Note that the release of Ag+ is via a corrosion process that 
increases ROS production in biological environments. [20,21] 

One of the main concerns regarding the use of silver (whatever the type) as an antimicrobial 
agent is the development of resistance against it. Antibiotic resistance mechanisms are 
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mainly based on efflux pumps, enzymatic modification or degradation of the antibiotic 
molecule, and alteration of the target. So, the strategies in order to overcome this 
phenomenon are focused on (i) inhibiting the resistance enzymes, (ii) block the efflux 
pumps, (iii) apply synergistic activity between antibiotics and non-antibiotics, and (iv) 
enhance the entry and the sensitivity to them. Despite the likelihood of developing 
resistance due to the increasing use of silver, as happens for other antimicrobial compounds, 
in this case there is a reduced probability of resistance as it targets different bacterial 
structures and has a complex action mechanism. [15] However, several resistance 
mechanisms to metals have been described. They are mostly based on ion efflux pumps 
aimed to avoid/expel Ag+ from inside the cell, since direct damage caused by Ag NP/Ag+ 
can’t be prevented or repaired.  In particular, a specific gene cluster named sil has been 
reported to codify for several proteins responsible for silver resistance, which have different 
functions as membrane efflux pumps (silABC and silP), periplasmic binding proteins (silE), 
and signal transduction proteins (silRS). [11,22] Considering this, the resistance and 
sensitivity of bacteria to silver depend on the overall Ag+ bioavailability. Therefore, if Ag 
NPs act as a continuous source of Ag+ ions with the potential ability to saturate the 
resistance mechanisms, they could be a promising approach for overcome bacterial 
resistance. In addition, AgNP surfaces can be loaded with antibiotics for multimodal 
therapy, to which is extremely difficult to become resistant.  

The use of nanotechnology in the field of medicine, more specifically drug delivery is a 
promising approach for targeted and controlled release of drugs. [23] The use of 
nanocarriers for drug delivery allow to protect the drug, alter (control) its biodistribution, 
alter its dosage profile (Pharmacokinetics) and deliver a large amount of drug to the cell. 
Ideally, an antimicrobial compound should only be selective to structures or functions 
exclusive of bacteria, otherwise it will display side effects related to their mechanism of 
action and biodistribution. The delivery of antibiotics using nanocarriers to the site of 
infection could be a promising therapy in order to achieve localized and controlled release, 
which in turn would help in reducing the dosage and side effects. [24,25] Though, Ag NPs 
for antibiotic delivery would not only be nanocarriers, but also an active principle 
themselves due to their antimicrobial characteristics, hereby the multimodal therapy.  

Although NPs are a promising platform for the development of novel therapies they also 
possess serious challenges. The main limitation regarding the use of silver nanoparticles in 
biomedical applications is their associated toxicity. [9,26–28] The release of Ag+ ions and 
the strong oxidative activity associated with Ag NPs corrosion trigger elevated oxidative 
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stress, which is the main source of their cytotoxic and biocide effects. The increase in 
oxidative stress is caused by a decrease of the levels of glutathione (GHS) and superoxide 
dismutase (SOD), and an increase in lipid peroxidation, that finally leads to up-regulation 
of caspase-3 activity and DNA fragmentation, and ultimately apoptosis. [9,28] Moreover, 
the cytotoxicity of Ag NPs depends on time, dose, temperature and other factors such as 
size and surface chemistry. NP size mediates particular cell responses, including uptake, 
cytotoxicity, ability to penetrate biological barriers, and immunological responses. On the 
other hand, surface coating can affect shape, aggregation and dissolution ratio, which also 
have a critical impact on their fate. [26,28–31]  

In recent years, numerous studies have been carried out on the subject of antibacterial 
efficacy of NP-antibiotic combinations. Several conducted studies have proved that while 
Ag NPs or antibiotic alone may have low bacteriostatic activity, a significant reduction in 
bacterial growth is observed when they are combined. This is clearly revealed by the 
decrease in the bacterial minimum inhibitory concentration (MIC), the parameter that 
defines the amount of antibiotic needed to inhibit bacterial growth. [32,33] Even further, in 
some cases the resistance has been reverted, and bacteria became again sensitive to 
previously effective antibiotics. Hence, combined use of NPs and antibiotics makes it 
possible to reduce the toxicity of both agents towards human cells due to decreased dosage 
while synergistically enhancing their antimicrobial activities. [15] In this regard, different 
hypothesis trying to explain the underlying mechanisms of synergy have been proposed: (i) 
Ag NP and the antibiotic have different mechanisms of action that target different cellular 
structures, (ii) an increase of the concentration at the site of action because Ag NP are acting 
as a nanocarriers, (iii) a higher antibiotic uptake/internalization due to membrane disruption 
as a consequence of silver action, or because (iv) silver impairs the function of resistance 
proteins against the antibiotic drug. [25,32–37] 

There are many reports which revealed that combined use of antibiotics, such as ampicillin, 
kanamycin, chloramphenicol, enoxacin, neomycin, tetracycline and silver nanoparticles 
enhanced antimicrobial activity of both compounds. [34,38–41] In a comprehensive study, 
the combined action of Ag NPs with 14 antibiotics from different groups was examined 
against gram-positive and gram-negative bacteria, Staphylococcus aureus and Escherichia 
coli, respectively. The results of the study showed enhancement of antibacterial activity of 
penicillin G, amoxicillin, erythromycin, clindamycin and vancomycin in the presence of 
Ag NPs against both tested strains. [33] In another study enoxacin, kanamycin, neomycin, 
and tetracycline showed synergistic effect against a resistant Salmonella typhimurium DT 
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104 strain when combined with Ag NPs, while ampicillin and penicillin did not. [39] UV–
vis and Raman spectroscopy studies reveal that all these four antibiotics with a synergistic 
effect can form complexes with Ag NPs, while ampicillin and penicillin do not. The 
presence of tetracycline enhanced the binding of Ag to Salmonella spp. by 21% and 
Ag+ release by 26% in comparison to Ag alone, while the presence of penicillin did not. 
The tetracycline–Ag NPs conjugates interacted more strongly with the bacterial cells, 
creating a temporal high concentration of Ag+ near the bacteria cell wall. The observed 
synergy was attributed to the ability of the targeting properties of the antibiotic to lock the 
Ag NP at the bacterial cell surface from where Ag+ will be released. Recently, Ag NPs 
conjugated to amphotericin B (AmB) were successfully tested against fungal infections, 
and it was observed that the conjugate retained both the bactericidal effect of silver and the 
cytotoxic and antifungal effect of AmB. [42] 

The proposed project was carried out as a response to the significance of combining the use 
of Ag NPs with another antibiotic drug and their role in overcoming multi-drug resistant 
bacteria. The aim of our work was to synthesize Ag NPs with high monodispersity and 
well-defined size to estimate their antimicrobial activity against selected gram-positive and 
gram-negative bacteria in combination with representative antibiotics. The selected 
antibiotics were colistin (polymyxin E), vancomycin, amikacin and tetracycline. These four 
antibiotics were selected as model of currently employed antibiotic families in the clinic, 
and represent the major two way of antibiotics action. The first two (colistin and 
vancomycin) interact with the bacterial cell membrane, colistin is a large cationic 
heterocyclic compound which interact and interferes with the bacterial cell membrane while 
vancomycin is a similar cationic heterocycle but with a significant smaller size what helps 
to permeate the cell membrane, both therefore contributing to attach and shuttle Ag NPs to 
and into the bacteria. The two other, amikacin and tetracycline interfere with bacterial 
metabolism targeting synthesis of proteins in the ribosome.  

 

4.2  Scope of the study 

This work addresses two questions, (i) the synergistic effect between Ag and antibiotics 
against multidrug resistant bacteria, and (ii) the determination of the Ag+ release profile by 
NP morphology and surface state.  
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4.3  Results and Discussion 

4.3.1  Synthesis of Silver Nanoparticles  

Once Ag+, provided by Ag NPs, has been identified as the main active principle, a variety 
of competing chemical approaches are demonstrated for controlling the ion release. Release 
can be systematically slowed by thiol and citrate ligand binding to the NP surface, 
formation of sulfidic coatings, or the scavenging of peroxy-intermediates. Release can be 
accelerated by peroxidation or particle size reduction, while polymer coatings with 
complexation sites alter the release profile by storing and releasing inventories of surface-
bound silver. [43] However, in all these studies NP size has been often ignored or performed 
with polydisperse and poly-aggregate Ag NPs what strongly interferes with dissolution and 
introduces high result variability.  

Thus, aiming for a precise control over NP size distribution, Ag NPs were produced using 
a well-stablished seeded growth approach developed by our group that leads to highly 
monodisperse citrate-stabilized Ag NPs. [44] It is based on the synthesis of small silver 
nanoparticles by the reduction of AgNO3 at 100 ºC, which are then used as templates to 
grow them by adding silver precursor up to the desired size. Ag seeds were obtained after 
addition of AgNO3 into a boiling water solution containing sodium citrate (SC) and tannic 
acid (TA) as reducing agents. Then, these nuclei were used as templates for further growth 
after successive additions of silver precursor. The growth of the seed particles was 
kinetically controlled by adjusting the temperature of the reaction, the pH, the seed to 
precursor ratio, and the balance between both reducing agents. By decreasing the 
temperature 10 ºC, the nucleation rate was dramatically decreased and the growth of the 
seeds is favoured with respect to the formation of new nuclei. The citrate ion is not only 
involved in silver reduction, but also plays a critical role in the electrostatic stabilization of 
the nanoparticles. On the other hand, the incorporation of small amounts of tannic acid on 
the reaction is critical for the size control of the seeds. It is a stronger reducer than citrate, 
and the relative concentration of Ag:TA allows to tune the nucleation size of the NPs.  

The evolution of the UV-Vis spectra of the NPs is represented in Figure 4.2 for a typical 
140 nm Ag NP seeded-growth synthesis. All spectra are normalized to λ325nm for a better 
comparison (A). In all cases, the spectra show a symmetric LSPR peak that red-shift as NP 
size increase (B). This allows to monitor NP growth during the synthesis. On Figure 4.2C, 
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the LSPR peak position is plotted as a function of the growth step (where “G” stands for 
growth step). Above ~70 nm NP size, the appearance of a new peak can be observed at 
smaller wavelengths (~400 nm), characteristic of quadrupole component of the plasmon 
resonance, which also red-shifts as NP grow.  

 

Figure 4.2. Characterization of the Ag seed particles and further growth steps by UV-Vis spectroscopy. 
(A) UV-Vis spectra of Ag NPs growth evolution. Absorbance is normalized at λ325nm for a better 
comparison. (B) Absorbance is normalized to the λmax of the SPR dipolar peak for each growth step. (C) 
Evolution of the dipolar SPR peak position of Ag NPs growth evolution. 

For these studies, highly monodisperse citrate-stabilized Ag NPs of three different sizes 
have been synthesized (~ 20, 50, 140 nm). NPs were characterized by the combined use of 
Scanning Transmission Electron Microscope (STEM), UV-Vis spectroscopy (UV-Vis), 
Dynamic Light Scattering (DLS) and Zeta potential analysis (Z-pot). Representative TEM 
images from Ag particles synthesized are shown in Figure 4.3. Size distribution of the NPs 
is calculated from the acquired TEM images. Ag NPs present high monodispersity in all 
growth steps. 
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To increase Ag NP stability once exposed to the bacterial growing media, that present high 
salinity, Ag NP were further conjugated with the bio-compatible polymer 
polyvinylpyrrolidone (PVP, 55 kDa). PVP is able to interact with the silver surface by the 
sum of each weak monomer bond, and due to its polymeric nature, it confers steric 
stabilization to the particles. Thus, after purification NPs where resuspended in a PVP 
solution to avoid aggregation and provide robust NP colloidal stability in highly saline 
(physiological) media.  

UV-Vis spectra and DLS measurements are presented in Figure 4.3 of Ag NP before and 
after PVP conjugation. Narrow particle size distribution was observed before and after 
stabilization with PVP. Single UV-vis absorption sharp peaks were observed for sizes of 
21.0 and 45.9 nm, while for nanoparticles of 139.8 nm the quadrupolar peak appears on the 
left of a broadened dipolar peak, indicating the large size and small polydispersity of the 
nanoparticles. As expected, the peaks of PVP stabilized silver nanoparticles were right 
shifted (few nm towards a longer wavelength) compared to citrate-capped NP. After the 
conjugation with the polymer a decrease in the Z-Potential vale is observed (Table 4.1), 
consistent with the PVP functionalization of the Ag NPs. 

 

Table 4.1. Summary of sizes, optical properties and surface charge of the Ag NPs obtained after synthesis 
and PVP coating. 

  TEM (nm) LSPR peak (nm) DLS (nm) Z-Potential (mV) 

Ag 20 nm     

NP 21.0 ± 2.9 402 28.3 ± 6.4 -20.2 

NP + PVP - 404 40.2 ± 13.2 -9.5 

Ag 50 nm     

NP 45.9 ± 4.3 433 67.2 ± 21.9 -38.9 

NP + PVP - 435 82.1 ± 27.2 -26.4 

Ag 150 nm     

NP 139.8 ± 13.4 594 / q441 125.7 ± 49.3 -29.6 

NP + PVP - 594 / q443 150.6 ± 44.8 -23.0 
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Figure 4.3. Characterization of synthesized Ag NP and coating with PVP. (Up) Transmission electron 
microscopy images of Ag NPs obtained, with particle size distributions of 21.0 ± 2.9 nm, 45.9 ± 4.3 nm, 139.8 
± 13.4 nm. (Middle) UV-Vis spectra of the citrate-capped Ag NPs, and after PVP coating. Absorbance is 
normalized to maximum for a better comparison. (Down) Size distribution profiles measured by DLS in 
Intensity. 

 

4.3.2  Size-dependent corrosion of Silver Nanoparticles in biological media 

Ag is a noble metal, but it becomes very reactive at the nanoscale due to the high surface 
to volume ratio. NP size and surface state critically determine their fate upon exposure to 
biological environment. Hence, the redox potential of the Ag NPs, which is directly related 
to its size, determines the Ag+ ions provision rate and NP dissolution.  

In general, due to NP high reactivity, changing the NPs chemical environment triggers 
chemical transformations towards a more stable thermodynamic states as aggregation, 
dissolution (corrosion), or interaction with media molecules. [45] This is of especial 
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importance for the use of NP in biological systems, since their physicochemical properties 
will determine their fate and consequently, it will strongly condition their performance. 
Thus, it is important to understand the behavior of NPs in the working media in order to 
better understand which is the final characteristics of the NP responsible for the observed 
bio-effects. 

In this regard, the corrosion profiles and stability of different sizes of Ag NPs were followed 
by UV-Vis spectroscopy in Dulbecco's Modified Eagle Medium (DMEM – medium to 
grow eukaryote cells), and Tryptic Soy Broth (TSB – medium to grow prokaryote cells). In 
order to understand the behaviour of Ag NPs upon exposure to the media of study, some 
considerations have to be taken into account. Modelled dissolution processes suggest that 
the main feature of the spectra evolution is a blue-shift in the LSPR and a decrease in the 
absorbance intensity. However, dissolution of Ag NP is typically preceded by oxidation, 
which in turn is characterized by a broadening and significant red-shift of the LSPR. Thus, 
both processes are usually optically very closely related. Consequently, it challenges the 
differentiation of NP aggregation and dissolution processes only by optical means, as there 
is no specific feature that allows to differentiate each one. [46] Besides, dissolution can also 
trigger aggregation due to the increase in the ionic strength of the solution that could cause 
loss of NP electrostatic repulsion. In order to indisputably state the NP evolution, UV-Vis 
characterization has to be complemented with other techniques such as DLS, sensitive to 
changes in size, and specially aggregation. 

4.3.2.1  Size dependent corrosion in DMEM 

The size dependent corrosion was studied by dispersing Ag NPs from 10 nm to 100 nm in 
DMEM supplemented with 10% FBS (cCCM). NP dissolution was monitored by UV-VIS 
spectroscopy. Note that, Ag NPs were previously conjugated with Human Serum Albumin 
(HSA) for 24 or 48h in order to form a stable hard protein corona on the nanoparticle 
surface. The conjugation of the NPs to albumin in a controlled environment allowed to 
stabilize the NPs before their exposure to a highly saline environment. The conjugation of 
NP, indistinctively to albumin or PVP, provides steric repulsion, avoiding NP aggregation.  
[47] Therefore, changes in the optical signatures of the Ag NPs could be unambiguously 
ascribed to dissolution or oxidation processes, and not aggregation. 

The decrease in absorbance of the NPs is plotted against time for the different sizes of NPs 
exposed to cCCM in Figure 4.4. For this, the maximum value of absorbance from the LSPR 
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dipolar peak of NPs at each time point is normalized to the maximum value of the NPs at 
the initial state. The individual UV-Vis corrosion profiles from each size are depicted in 
Figure 4.4B. As observed, the smaller the NPs the faster corrosion rate they present. Insets 
of each NP size profile allow a better visualization of the LSPR evolution. A fast red-shift 
is observed towards higher wavelengths upon their dispersion in DMEM, while the 
intensity progressively decreases and the width of the band broadens. These results are in 
agreement with the oxidative dissolution modelled and previously described. [48] 

 
Figure 4.4. Size-dependent corrosion in DMEM. (A) Summary of the absorbance decrease of Ag NPs in 
DMEM as a function of time. (B) UV-Vis spectra evolution of the different size Ag NPs over time in DMEM. 
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This phenomenon provides both, Ag+ ions and the corresponding electrons, which results 
in an increase of ROS –via Fenton-like reactions. [20,21] Indeed, adding H2O2 reproduces 
some of the Ag NPs observed effects. [49] The size of the NP is correlated with its surface 
reactivity, where the smaller NP are the most reactive. This, in turn is translated in a faster 
corrosion rate which would be linked to a stronger effect (at short times). However, the life 
of silver ions in physiological media is short due to the high concentration of free Cl- that 
precipitates Ag+ in the form of AgCl. In turn, AgCl can be solubilized as AgCl2- and SH 
residues that irreversibly precipitate in the form of Ag2S. Therefore, Ag+ short half-life 
makes the permanent provision of ions necessary to maintain its biocidal effect. 

4.3.2.2  Stability in bacterial culture media 

To understand the behaviour and the fate of Ag NP stabilized with PVP (Ag NP-PVP) in 
the working media, time dependent physicochemical characterization of NP exposed to 
TSB has been performed. For this study the TSB was used as bacteria growing media, it is 
a liquid medium used in isolation and culture of a wide variety of microorganisms. TSB is 
composed of casein peptone, soya peptone, glucose, dipotassium hydrogen phosphate, 
sodium chloride, with a pH of 7.3. NaCl (5 g/L) was used as a control to isolate the effect 
of the electrolytes. All the measurements were performed at 37 °C. The final NP 
concentration of 7.5 mg/L has been used in the experiments, as this concentration has been 
reported as MIC of several bacterial strain. [50,51] 

Time evolution of the UV-Vis spectra and DLS of 20 nm Ag NP and Ag NP-PVP exposed 
to TSB and NaCl were followed (Figure 4.5). UV-Vis profile and the DLS measurement 
of Ag NP-PVP are not significantly affected once particles were exposed to NaCl indicating 
that the colloidal stability of the particle is not compromised by the salt presence. A small 
decrease in the UV-Vis absorbance was observed after 24h probably due to some corrosion 
of the sample.  

On the other hand, the overall intensity of the UV-Vis spectra of 20 nm Ag NP-PVP when 
exposed to TSB correlates with a NP aggregation pattern. Generally, indicative evidences 
of aggregation of Ag NPs are a sharp decrease in the particle absorbance intensity at the 
initial states, followed by a broadening and red-shift of the LSPR peak and the appearance 
of a secondary peak (shoulder-like) towards higher wavelength as the extent of the 
aggregation increases. [46] In this case, absorbance intensity rapidly decreased, and finally 
disappeared at 24h. Also, the appearance of a second LSPR peak at around 500-700nm can 
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be observed. The proportion of this second peak to the main LSPR peak at ~402nm 
increases over time, and its relative position red-shifts progressively.  

 
Figure 4.5. Stability in TSB. (Left) UV-Vis spectra evolution of Ag NPs exposed to NaCl (5 g/L) or TSB 
culture media for 24h. (Right) Evolution of experimental average diameters measured by DLS of the Ag NPs 
dispersed in the media of study for 36 min. 
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Looking at the composition of the working media is possible to notice that it is mostly 
composed by organic matter. We could hypothesize that one or more components of the 
TSB is able to produce at least a partial ligand exchange with the PVP and interacting with 
20 nm Ag NP in an uncontrolled manner that leads to destabilization/aggregation. We could 
then speculate that the observed profiles in TSB are due to the formation of large NP 
aggregates, which is in agreement with the appearance of the second peak that could be 
associated to the inter-particle plasmon coupling during Ag NPs aggregation. 

Accordingly, DLS measurement show a rapid increase of the diameter size of the samples. 
These result clearly show that Ag NP-PVP do not remain colloidally stable for long once 
exposed to the working media. 

In Figure 4.5 are also reported the time evolutions of the UV-Vis spectra and DLS of 50 
and 140 nm Ag NP-PVP exposed to TSB, which greatly differ from the smaller size NP. 
Regarding the 50 nm NP, there is a 50% decrease in the absorbance intensity at 24h. Also, 
a 3nm red-shift was observed, which could be due to a change in the dielectric environment 
surrounding the NP surface. DLS present a size increase around 15 nm after the exposition 
to TSB but is maintained at least in the first 36 minutes. Both results suggest that in this 
case NP are not undergoing an aggregation process, but rather a corrosion of the particle 
overtime. The small increase in the size and the observed red-shift could suggest that also 
50 nm Ag NP-PVP were at least partially coated with organic macromolecule present in the 
TSB, but in this case the organic layer did not lead to aggregation. Similar results were 
observed for the 140 nm Ag NP-PVP were no evidence of aggregation were observed and 
a decrease in the absorbance (loss of 25% at 24h) of the NP was observed.  

It could be speculated that the differences in stability observed between the 20nm Ag NP-
PVP and the 50 and 140 nm Ag NP-PVP could be caused by several factors. The studies 
were done at the same mass concentration (7.5mg/L), consequently the final NP/ml 
concentration varies for each size. The 20 nm Ag NP were exposed at a concentration of 
1.5x1011 NPs/ml (2x1014 nm2/ml); the 50 nm at 1.4x1010 NPs/ml (9x1013 nm2/ml); and the 
140 nm at 0.5x109 NPs/ml (3x1013 nm2/ml). The differences in number and in total surface 
could be one factor that influenced the colloidal stability of the NP. The faster corrosion 
rate of smaller Ag NP in a corrosive medium, as the TSB for Ag NP, could also critically 
influence their fates. Furthermore, the higher reactivity of the smaller NP could influence 
the type of interaction with media molecules and its kinetics.   
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From these studies it is possible to conclude that Ag NP-PVP were subject to at least a 
partial coating by macromolecules present in TSB culture media. PVP coating seems to be 
able to avoid the aggregation in larger particle but not in smaller. Aggregation of 20 nm Ag 
NP in TSB environment can significantly impact their antimicrobial effect. The formation 
of large aggregates could influence the interaction with the bacteria surface. Moreover, the 
aggregation could probably change the silver corrosion rate, that is suggested as the main 
cause for Ag NP antimicrobial activity. The decrease in the absorbance after 24h of 
exposition to TSB of just the 50% for 50 nm Ag NP-PVP and 25% for 140nm Ag NP-PVP 
suggest that a small amount of silver is released in the first hour of dispersion is TSB, where 
the bacteria present the latent phase and where it may be possible at least to inhibit or slow 
down their growth. 

 

4.3.3  Biocidal Effects of Silver Nanoparticles 

4.3.3.1  Determination of minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) of silver nanoparticles, silver nitrate and 

antibiotics against selected bacteria 

The biocidal effects of silver in the ionic and nanoparticulated form were explored. For this, 
selected bacterial strains were exposed to AgNO3 and Ag NP-PVP were exposed in a dose 
varying manner to determine the minimum inhibitory concentration (MIC) and the 
minimum biocidal concentration (MBC). The first one, indicates the concentration of 
antibiotic when bacteria stop proliferating, thus where the first antibiotic effects are 
observed, while the MBC corresponds to the concentration needed to kill bacteria. The 
tested strains belong to both Gram-positive and Gram-negative bacteria, selected for 
comparative studies of the observed effects. These strains are commonly used in 
antibacterial assays as standards. Moreover, P. aeruginosa has great intrinsic antimicrobial 
resistance that limits the number of effective antibiotics. On the other hand, E. coli and S. 
aureus were also tested in regard of their clinical relevance related to their antibiotic 
resistance mechanisms. Finally, Ag NP-PVP were chosen for the antimicrobial activity 
experiments for their increased colloidal stability. 

When exposed to bacteria for 24 h, Ag NPs of size 50 and 140 nm did not show any 
inhibitory activity against selected bacteria. However, 20 nm Ag NPs showed a clear 
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antimicrobial activity (Table 1). The strongest effect was observed against E. coli (MIC=58 
µg/ml) while S. aureus and P. aeruginosa were less sensitive and found to be both MIC 
178 µg/ml. Accordingly, the minimum biocidal concentration of Ag NPs for E. coli was 
equal to 256 µg/ml, while for S. aureus, and P. aeruginosa was higher than 256 µg/ml. 
When compared by AgNO3 sensibility, ionic silver exhibited the highest antibacterial 
activity against P. aeruginosa, followed by S. aureus and E. coli. The MICs of silver nitrate 
were 12, 16 and 48 µg/ml, respectively. The MBC values of AgNO3 were found to be 16, 
64 and 64 µg/ml for S. aureus, E. coli and P. aeruginosa, respectively. Thus, in all cases 
the MIC and MBC values of AgNO3 are lower than 20 nm Ag NPs, in some cases 10-times 
lower. This results are in agreement with the previous studies presented supporting the 
hypothesis that the antimicrobial activity of Ag NPs is based on its corrosion, and its rate 
based on NP’s size. 

Besides, all test bacteria were sensitive to amikacin and tetracycline, and in exception of E. 
coli, to colistin. Susceptibility of bacterial strains to vancomycin was low (MIC > 256 µg/ml 
for S. aureus and E. coli, equal to 256 µg/ml for P. aeruginosa) (Table 4.2). 

 

Table 4.2. Determination of Minimal Inhibitory Concentration and Minimal Biocidal Concentration. 
MIC and MBC values of AgNO3, Ag NPs and conventional antibiotics values against bacteria by CLSI method. 
Col: colistin; Van: vancomycin; Ami: amikacin; Te: tetracycline.  

Tested  
strain 

MIC 
AgNO3 

(µg/ml) 

MBC  
AgNO3 

(µg/ml) 

MIC of 
Ag NPs 

(µg/ml) 

MBC of 
Ag NPs 

(µg/ml) 

MIC of antibiotics 
(µg/ml) 

MBC of antibiotics 
(µg/ml) 

Col Van Ami Te Col Van Ami Te 

E. coli 48 64 58 256 >256 >256 12 64 >256 >256 16 256 

S. aureus 16 16 178 >256 0.250 >256 8 4 0.380 >256 12 256 

P. aeruginosa 12 64 178 >256 0.250 256 12 32 0.380 >256 12 96 

 

This results indicate that silver nitrate is more aggressive than Ag NPs, even the more 
reactive ones, therefore, Ag NPs should be employed for longer actions like in the case of 
prosthesis and transplants, or permanent disinfection, rather than an antibiotic for 
immediate use since at short times, the ionic form is more effective than the NP form. 
Therefore, it is when the short half-life of Ag+ is a limitation and longer treatments want to 
be designed avoiding the continuous introduction of Ag+ in the target area that NPs present 
a significant advantage. 
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4.3.3.2  Determination of synergistic effect of antibiotics and silver nanoparticles or 

silver nitrate 

Among several in vitro methodologies developed to assess in vitro pharmacodynamic 
interactions, microdilution broth checkerboard techniques are commonly used to study 
antibiotic combinations. Checkerboard data can be analyzed with different pharmacological 
mathematical models developed to detect deviations from no-interaction theories and to 
determine synergistic and antagonistic interactions. [52] In vitro antibiotic combinations 
are usually assessed on the basis of the fractional inhibitory concentration (FIC) index, 
which represents the sum of the FICs of each drug tested, where the FIC is determined for 
each drug by dividing the MIC of each drug when used in combination by the MIC of each 
drug when used alone. The FIC index is based on the Loewe additivity zero-interaction 
theory. [53] This theory is based on the hypothesis that a drug cannot interact with itself 
and therefore the effect of a self-drug combination will always be additive. The FIC range 
of 0.5 to 4 is commonly used to define additivity or antagonism results in combination 
studies, where lower values for the 1 cut-off determine additive effect between the tested 
compounds. A FIC index lower than 0.5 indicates synergy, because more drug would be 
required in order to produce the same effect as the drugs alone. Higher values in the range 
of 1-2 indicate indifferent effect, and above 2 indicate antagonism. In the present study, 
FIC index was investigated as a predictor of synergy using tetracycline, colistin, amikacin 
and vancomycin, combined with Ag NPs and AgNO3 prepared by checkerboard titration 
method. As seen in Table 4.3, synergistic, non-synergistic and indifferent effects were 
observed when antibiotics were combined with AgNO3 or Ag NPs.  

Generally, combination of antibiotics with AgNO3 exhibited higher antibacterial activity 
than their combination with Ag NPs. Synergistic effect of AgNO3 and all test antibiotics 
was noticed against E. coli (FIC 0.125 - 0.5). Combined action of AgNO3 with amikacin, 
colistin or tetracycline enhanced antibacterial activity against P. aeruginosa (FIC 0.125 – 
0.5), while only combination with colistin and tetracycline enhanced the activity against S. 
aureus (FIC 0.25 - 0.5).  

In contrast, combined use of antibiotics with Ag NPs against test bacteria revealed that 
antibacterial activity was significantly enhanced when NPs were used with tetracycline 
(FIC 0.125 - 0.25). Also, synergism of Ag NPs and amikacin was recorded for P. aeruginosa 
(FIC = 0.5). However, no other synergetic or anti-cooperative values where observed. In 
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the rest of combinations, both effects just added up. Yet, this still would allow for dose 
reduction of both antimicrobials. [54] 

Table 4.3. Fractional inhibitory concentration (FIC) index determined for Ag NPs or AgNO3 in 
combination with antibiotics against bacteria. Ami; amikacin, Col; colistin, Te; Tetracycline, Van; 
vancomycin.  ≤0.5 synergism (dark green); > 0.5 – 1.0 non-synergistic or additive effect (light green); ≥ 1.0 
- 2.0 indifferent effect; ≥2 antagonism effect. *As the MIC was not determined in the wide concentration 
range of antibiotic (see Table 4.2), the highest tested concentration (256 µg/ml) of antibiotic was used. 

Tested strain Gram 
FIC of Ag NO3 combined with   FIC of Ag NPs combined with 

Col Van Ami       Te   Col Van Ami       Te 

E. coli - 0.5 0.5 0.25 0.125 
  

2.0 2.0 2.0 0.125 

P. aeruginosa - 0.5 1.0 0.125 0.25   2.0 2.0 0.5 0.25 

S. aureus + 0.25 1.0 1.0 0.5 
 

1.0 1.0 1.0 0.25 

 

Therefore, these results point out that gram-negative bacteria are more sensitive to the 
combined use of antibiotic and silver. Similar observations were reported by Kim and his 
colleagues (2007). [55] Authors suggested that different sensitivity of those two groups of 
bacteria to Ag NPs results from different cell wall structure. Gram-positive bacteria have a 
several layers of peptidoglycans and molecules of teichoic or lipoteichoic acids in their cell 
wall. This generates strong negative charge, and may contribute to sequestration of free 
silver ions. In this regard, the cell wall of gram-positive bacteria may allow less amount of 
silver ions to reach the cytoplasmic membrane than in gram-negative bacteria. [56] 

There is more than the ion dosing of the NP (Figure 4.1). Delivery of antibiotics by 
nanoparticles to the site of infection is a promising therapy particularly for controlled 
release of drugs, which in turn decreases the dose required to achieve a beneficial effect. 
[21] By conjugating the antibiotic to the NP their pharmacokinetic profiles get entangled. 
Thus, one can use the delivery properties of NPs, such as their loading capacity, their altered 
biodistribution with accumulation at the site of infection and their ability to protect the 
carried drug to transport and lock the antibiotic drug at the site of action while the Ag NP 
will corrode providing the Ag+. [57,58] 

Finally, there is a concern on the rising resistance against Ag. Some resistance mechanisms 
may include over production of halides, mineralization of the Ag+ or overexpression of 
copper-related efflux pumps. However, since antibacterial combined therapy targets 
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multiple cellular sites, and the doses of Ag as adjuvant are low, the emergence of resistance 
is delayed. [22,59] 

4.3.4  Nanoparticle-Bacteria Interaction 

In order to further study NP fate and NP-bacteria interaction, samples were imaged by, 
both, electron microscopy and confocal laser scanning microscopy (CLSM) (Figure 4.6). 
The observation of the exposed bacteria to Ag NPs allows to get a deeper insight into their 
interaction and provides a better understanding regarding mechanistic aspects of the Ag NP 
biocidal effects. 

After 24h of incubation, electron microscopy, either Scanning or Transmission, reveals the 
presence of 20 nm Ag NPs attached to the wall of E. coli. TEM allowed a clear visualization 
of the NPs but bacteria could only be observed as shadows. Even though some NPs can 
also be seen in the same area as bacteria, it is not possible to state if they are internalized or 
merely outside the cell wall. On the other hand, SEM enabled a better resolution of the 
bacterial morphology. Some bacteria are seen to be intact, while some others show a shrunk 
(close to dead) shape. Further, the imaging of the sample by Dark-Field mode provides 
confirmation of the presence of Ag NPs, unequivocally distinguished from the organic 
matter present in the media.  

Regarding the Ag NPs, they appear to be individually dispersed all over the grid, which 
indicates that Ag NP were stable and didn’t aggregate in the culture media during the 
incubation process. On the other hand, the size frequency distribution analysis was 
performed on the Ag NP observed. The average mean size of the Ag NPs size distribution 
had decreased ∼3nm from the characterization performed prior to the biological 
experiment. The reduction of NP size could be explained by its corrosion and Ag+ release. 

Finally, P. aeruginosa and E coli inoculums exposed to 50 nm Ag NPs for 24h were fixed 
in Glycerol Jelly mounting medium for their observation on the confocal microscope. The 
Live/Dead viability kit staining reveals a higher proportion of dead bacteria, or at least 
indicating membrane damage revealed by propidium iodide staining. The imaging of the 
Ag NPs by reflectance mode reveals once more, the fact that NPs are colloidally stable in 
solution, dispersed on the sample. Also, in some cases colocalizing with the bacteria signal. 
In the E. coli sample, some bacteria displaying abnormal morphology were observed to 
colocalize with significantly higher signal of NPs. Both features, correlate with the similar 
findings witnessed by SEM.  
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Figure 4.6. Ag-Bacteria interaction. (Up) Transmission and (Middle) Scanning electron microscopy images 
of E. coli inoculums incubated overnight with 20 nm Ag NPs. (Down) Confocal Laser Scanning microscopy 
images of E. coli and P. aeruginosa inoculums incubated overnight with 50 nm Ag NPs. Bacteria were stained 
with Live-Dead Staining solution (red) and Ag NPs were imaged by reflectance mode (blue). 
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4.3.5  Modelled Ag NPs Dissolution and Ag+ Consumption 

The MIC and FIC determinations provided an understanding of the bactericidal effect of 
Ag NPs and the effective Ag+ concentrations. The determined effective Ag+ concentrations 
were decreased by two-fold when combined with antibiotics. This suggests that those 
concentrations of Ag+ are necessary to trigger enough membrane permeability and/or ROS 
production to synergize with the antibiotics. Therefore, at the site of action, is this steady 
concentration that should be sustained in time provided by the corroding Ag NP. 

 

 

Figure 4.7. Simulation models for Ag NP dissolution and Ag+ consumption. (A) Simulation models for 
single size Ag NPs of 20, 50 and 150 nm. At short times, the curve follows dissolution while large times are 
dominated by consumption. (B) Consumption of Ag+ ions coupled to dissolution. Results plotted for 20 
nm, 50 nm and 150 nm Ag NPs and the sum of the individual contributions (dotted line). The left plot is a 
zoom of the grey region in the graph of the left. 

Interestingly, the corrosion rate can be easily controlled with the NP diameter, the smaller 
the NP the faster the corrosion, as observed in cCCM. However, half-life of Ag+ in 
physiological media is rather short due to their precipitation in the form of insoluble species 
(as AgCl), interaction with small organic molecules or bacterial uptake. Thus, their 



CHAPTER 4 | RESULTS AND DISCUSSION 

162 

consumption should also be taken into account in order to maintain a constant [Ag+] in 
solution.  

For this, the dissolution process and the further Ag+ consumption was modelled and 
integrated for different sizes of Ag NP upon their dispersion in bacterial culture media. 
Figure 4.7A shows the individual simulations for each NP size. Note that in the particular 
conditions studied, the consumption is slower than the generation of Ag+. Thus, at short 
times the curve follows a dissolution profile while large times are dominated by 
consumption. Complete dissolution times was assumed and extrapolated from the 
experimental data on section 4.3.2.1   

This allows to program different Ag+ dosing over time. The graph in Figure 4.7B includes 
the three Ag+ evolution profiles, and the dashed line corresponds to the sum of the three 
contributions. Left plot is a zoom of the grey area. Instead of using a single NP size, these 
results suggest the possibility to adjust the concentration of Ag+ in solution by adjusting the 
type and relative concentration of Ag NPs.  

Thus, precise control over the synthesis, characterization, surface modification and 
functionalization of NPs is critical in order to achieve a new generation of bactericidal 
materials. [6,7] The presented results point out that the development of such nanoparticle 
formulations either increases the efficacy of established classes of antibiotics or enables 
dose reduction. [6,40] Thus, nanoparticle platforms present a potential response to anti-
microbial resistance, which could stimulate innovation and create a new generation of 
antibiotic treatments for future medicines. 
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CHAPTER 5 
 

 

Experimental Section: Chemicals, 

Materials, Methods and Techniques 
 

5.1  Chapter 2. Cationic Gold nanoparticles mediated mRNA delivery for 

production of CAR‐T lymphocytes for Chronic Lymphoid Leukaemia 

Immunotherapy 

5.1.1  Chemicals 

Gold(III) chloride trihydrate (HAuCl4·3H2O), trisodium citrate (Na3C6H5O7), tannic acid 
(C76H52O46), potassium carbonate (K2CO3), amino-undecanethiol (AUT), poly-
ethyleneimine branched Mn2000 (PEI), 2-(N-morpholino)ethanesulfonic acid buffer 
solution (MES), sodium hydroxide (NaOH), hydrogen chloride (HCl), single stranded DNA 
from Salmon testes (ssDNA, D1626), Sodium Phosphate Dibasic (Na2HPO4), Sodium 
phosphate monobasic (NaH2PO4),  poly-L-lysine, Paraformaldehyde (PFA), Triton-X, 
Bovine Serum Albumin (BSA), Sodium Chloride (NaCl), Calcium Chloride (CaCl2), and 
Roche Lactate Dehydrogenase Assay (LDH), were purchased from Sigma-Aldrich. 
Dulbecco's Modified Eagle Medium (DMEM), Foetal Bovine Serum (FBS), Hoechst 3342 
(H1399), Prolong antifade mounting medium (11559306), Optimem Medium, Pacific Blue-
Annexin V, Propidium iodide (PI), accutase, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (HEPES), CellMask Deep-Red Plasma Membrane 
Stain (C10046) and Prestoblue were purchased from Thermo Fisher. Phalloidin Alexa Fluor 
647 (ab176759) was purchased from Abcam. Clean CAP eGFP mRNA (5moU) was 
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purchased from Tebu-Bio. TransIT®-LT1 Transfection Reagent was purchased from 
MirusBio. 

All chemicals were used as received without further purification. Distilled water passed 
through a Millipore system (ρ = 18.2 MΩ) was used in all experiments. All glassware was 
first rinsed with acetone and then with Millipore water before use. 

 

5.1.2  Synthesis of Nanoparticles 

5.1.2.1  5nm Gold Nanoparticle Synthesis 

Following Piella et al, [1] a 150 mL of freshly prepared reducing solution of sodium citrate 
(SC, 2.2 mM) containing 0.1 mL of tannic acid (TA, 2.5 mM) and 1 mL of potassium 
carbonate (K2CO3, 150 mM) was heated with a heating mantle in a 250 mL three-necked 
round-bottom flask under vigorous stirring. When the temperature reached 70 °C, 1 mL of 
tetrachloroauric acid (HAuCl4, 25mM) was injected. The colour of the solution changed 
rapidly to black-grey (less than 10 s) and then to orange-red in the following 1−2 min. The 
solution was kept at 70 °C for 5 min more to ensure complete reaction of the gold precursor. 
Immediately after the synthesis and in the reaction same vessel, the sample was diluted by 
extracting 55 mL and adding 55 mL of SC (2.2 mM). When the temperature reached again 
70 °C, two injections of 0.5 mL of HAuCl4 (25 mM) on a time interval of 10 min were 
done. This growing step comprising sample dilution plus 2 injections of HAuCl4 was 
repeated until the particles reached the desired size. Figure 5.1 summarizes the synthesis 
strategy. 

5.1.2.2  20nm and 50nm Gold Nanoparticle Synthesis  

Following Bastus et al, [2] a solution of 2.2mM sodium citrate (SC) in Milli-Q water (150 
mL) was heated with a heating mantle in a 250 mL three-necked round-bottomed flask for 
15 min under vigorous stirring. A condenser was utilized to prevent the evaporation of the 
solvent. After boiling had commenced, 1 mL of HAuCl4 (25 mM) was injected. The colour 
of the solution changed from yellow to bluish grey and then to soft pink in 10 min. 
Immediately after the synthesis of the Au seeds and in the same reaction vessel, the reaction 
was cooled until the temperature of the solution reached 90 °C. Then, 1 mL of a HAuCl4 
solution (25 mM) was injected. After 30 min, the reaction was finished. This process was 
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repeated twice. After that, the sample was diluted by extracting 55 mL of sample and adding 
53 mL of Mili-Q water and 2 mL of 60 mM sodium citrate. This solution was then used as 
a seed solution, and the process was repeated again until the particles reached the desired 
size. Figure 5.2 summarizes the synthesis strategy. 

 
Figure 5.1. Schematic representation of the synthetic procedure for larger Au NPs. Adapted from ref [1].  

 

Figure 5.2. Schematic representation of the synthetic procedure for sub-10 Au NPs. Adapted from ref [2].  
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The produced nanoparticles were fully characterized by Transmission Electron 
Microscopy, Dynamic Light Scattering, Zeta Potential and UV-Vis Spectroscopy (see 
section 5.4  for methodologic details). 

 

5.1.3  Functionalization of Nanoparticles 

5.1.3.1  Functionalization of Gold Nanoparticles with Cationic molecules: AUT  

First parameter explored for a stable functionalization of Au NPs was the concentration of 
AUT. For this, 20nm Au NPs were concentrated 10-fold relative to the synthesis 
concentration by centrifugation (conditions were set according the Stokes law for each 
particle size). Next, AUT solutions with concentrations ranging between 50-400 µM were 
prepared in HCl 10mM (pH<3). NPs (10% to final volume) were rapidly added into the 
AUT solution under vigorous stirring. After 1h, samples were characterized by UV-Vis. 
Note that at pH values above 3, NPs aggregate and precipitate upon dispersion in the AUT 
solution. The positive charges of the amine residues of AUT interact with the negatively 
charged hydroxyl residues of citrate and crosslink triggering NPs aggregation. [3] 

The conjugation time was analysed by monitoring the NPs by UV-Vis from 5 min to 1 
month. Finally, the purification process of the AUT-coated NPs was studied. The 
conjugated NPs were precipitated by centrifugation twice, and resuspended to the initial 
volume, first with HCl 2mM and then with MES 10mM. 

5.1.3.2  Functionalization of Gold Nanoparticles with Cationic molecules: PEI  

The optimal PEI concentration and pH were studied for Au NPs PEI-coating. On the first 
case, 50nm Au NPs were concentrated 10-fold relative to the synthesis concentration by 
centrifugation. Next, PEI solutions with concentrations ranging between 50-200 µM were 
prepared in HCl 34mM (pH~7). NPs (10% to final volume) were rapidly added into the PEI 
solution under vigorous stirring. After 1h, samples were characterized by UV-Vis. 

10-fold concentrated 50nm Au NPs were conjugated to PEI (200 µM) at different pH 
conditions ranging from 2 to 7. NPs (10% to final volume) were rapidly added into the PEI 
solution under vigorous stirring. After 24h, samples were characterized by UV-Vis. The 
conjugated NPs were precipitated by centrifugation, resuspended to the initial volume with 
water and characterized again by UV-Vis.  
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5.1.3.3  Functionalization of Gold Nanoparticles with Cationic molecules: 

Standardized Protocol  

Based on the results from the AUT and PEI conjugation studies performed, that will be 
deeply discussed in section 2.3.1.2 , the standardized relative concentrations for each size 
Au NPs functionalization are the following: 

5 nm Au NP 

300 µM AUT 
+10% NPs 

 400 µM PEI 
+10% NPs 

10 mM HCl  70 mM HCl 

pH 2.5   pH 7  

20 nm and 50 nm Au NP 

200 µM AUT 
+10% NPs 

  200 µM PEI 
+10% NPs 

10 mM HCl  34 mM HCl 

pH 2.5     pH 7   

 

Note that there is a significant increase in the concentration of both, AUT and PEI, used for 
the functionalization of 5 nm Au NPs. This is discussed in section 2.3.1.2  

 

5.1.4  Loading of Nanoparticles with oligonucleotides 

Aiming to stablish a standard mRNA-NP loading protocol, the optimal ratio mRNA:NP 
ratio was explored and the conjugation kinetics were studied over time. On this 
experiments, ssDNA oligomers ca. 600-800b were used as a model of mRNA transcript, 
due to the limitations of stock and price on the later one. 

5.1.4.1  Loading of Cationic Gold Nanoparticles with oligonucleotides 

20 nm (at 1.5x1012 NP/ml) and 50 nm (at 3x1011 NP/ml) Au NPs coated with AUT were 
used, previously purified and dispersed in MES 10mM. For ssDNA loading, first 900µl of 
2-fold serial dilutions in MES 10mM were prepared, ranging from 53-0.41 µg/ml. Next, 
100µl of NPs were rapidly added onto the ssDNA and the mixture was gently homogenized. 
Thus, the final relative ssDNA:NP ratios ranged from [7.8-1000] for 20nm-NP, and from 
[39-5000] for 50nm-NP. Samples were incubated for 24h at 4ºC under stirring. Next day, 
samples were characterized by UV-Vis spectroscopy, DLS and Z-Pot before and after 
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purification. For purification, NPs were precipitated by centrifugation, supernatant was 
discarded and pellets were resuspended in MES 10 mM to the initial volume. 

5.1.4.2  Time evolution of RNA/DNA loading 

50 nm Au NPs coated with AUT and PEI were loaded with ssDNA. Briefly, 900µl of NPs 
dispersed in MES 10 mM were added onto 100µl of ssDNA to a final ratio DNA:NP=300. 
Samples were kept at 4ºC under stirring. At each time point, 1ml of sample was taken for 
characterization. For purification, NPs were precipitated by centrifugation, supernatant was 
stored for ssDNA quantification and pellets were resuspended in MES 10 mM to the initial 
volume. Conjugates were analysed by UV-Vis spectroscopy, DLS and additionally Z-
Potential was measured after purification. The quantification of the ssDNA loaded on the 
NPs was extrapolated from the measurement of the supernatants at 24h by Nanodrop 
(Nanodrop 2000 Spectrophotometer, ThermoFisher).  

 

5.1.5  Uptake and Delivery Mechanistic Aspects 

5.1.5.1  Stability of nanovectors 

To study the stability of nanovectors, 50 nm Au NPs coated with AUT and PEI, alone or 
loaded with ssDNA, were used. For this, NP solution was diluted 1:10 in the media of study 
and incubated for 24h at 4 ºC. Different biologically relevant media were tested: Optimem 
(pH 7.4) and Phosphate Buffer (PB) 10mM (pH 7.4). NPs dispersed in MES 10 mM (pH 
5) were used as a control. NP stability was studied by UV-Vis and DLS. After 24h samples 
were characterized. Au NPs were precipitated by centrifugation, the pellets were 
redispersed in the media of study and Z-Potential was measured. 

5.1.5.2  HEK293-cells culture 

HEK-293 cell culture was maintained in culture in 75 cm2 tissue culture flask using DMEM 
with heat- inactivated foetal bovine serum (FBS) at 10% at 37ºC and humidified 5% CO2. 

5.1.5.3  Confocal imaging of cultured cells exposed to NPs 

HEK293 293 cell line (DSMZ) were seeded on an 8-well glass bottom microslide (Sarsted) 
at 100.000 cell/cm2 and incubated overnight. Albuminized Au NPs of 5nm, 20nm and 50nm 
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NPs coated with AUT or PEI and loaded with ssDNA were added dropwise onto cell 
cultures and gently homogenized. At 24h cells were fixed with 4% PFA. For 
immunohistochemistry, samples were first permeabilized with Triton-X 0.2% - BSA 1% 
for 10min. Samples were incubated with Phalloidin Alexa Fluor 647 (λex650/ λem665) for 
45min for actin staining. Nuclei were stained with Hoechst 3342 (λex350/ λem461, dilution 
1:10000) for 15min. Fading was controlled using the Prolong antifade mounting medium. 
Samples were observed on the Confocal Laser Scanning Microscopy (CLSM, Zeiss 
LSM980 Airyscan 2). The principles and methodology of Au NPs imaging by Confocal 
Microscopy are described and deeply discussed on Chapter 3. 

Jurkat cells were washed from growth medium 2 times in PBS by centrifugation (150 g x 
10 min at 10 oC). 1.5x106 cells/ml were incubated with 6x109 per ml of 50 nm Au NPs at 
37oC for 30 min, then diluted by cold PBS, washed and resuspended in full growth medium. 
Detection of the uptake was carried out by Zeiss CLSM 510 Meta confocal microscope 
with 514 nm laser in reflectance mode. The protocol of simultaneous dead cell labelling by 
propidium iodide (PI), cell membrane visualization by Wheat Germ Agglutinin-FITC 
(WGA-FITC) together with Au NP reflection was established. This experiment was 
performed at Tel-Aviv University, as a collaboration in the ERA-Net “Concord” project. 

5.1.5.4  TEM imaging of cultured cells exposed to NPs 

HEK293 293 cells were seeded on a 10 cm petri dish at 100.000 cell/cm2 and incubated 
overnight. 20 nm Au NPs coated with PEI were added dropwise onto cell cultures and 
gently homogenized. At 24h cells were fixed with 2.5% glutaraldehyde in 0.1 M PB. Next, 
samples were embedded in paraffin following a standard protocol. For observation, 
paraffin-embedded samples were sectioned using a ultra-microtome and transferred to a 
carbon coated copper TEM grid. 

This experiment was performed at Istituto di Ricerche Farmacologiche Mario Negri, as a 
collaboration in the ERA-Net “Concord” project. 

5.1.5.5  Proton sponge efficiency of Cationic Gold Nanoparticles 

First, the pH of a cationic Au NPs solution was adjusted to 7.3 with NaOH. Then, pH was 
monitored continuously as a known volume of HCl (10 mM) was added dropwise on the 
Au NPs solution under stirring, until pH 4 was reached. A solution of miliQ water was used 
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as a control. The proton sponge efficiency of the cationic NPs was calculated based on the 
HCl volume added, normalized to Au surface (nm2). 

5.1.5.6  Release DNA/RNA kinetics of nanovectors  

First, 50 nm Au NPs coated with AUT and PEI were loaded with ssDNA. Briefly, 100 µl 
of NPs concentrated 10-fold and dispersed in MES 10 mM were added onto the 
corresponding volume of ssDNA to a final ratio DNA:NP [300:1]. Samples were incubated 
overnight at 4ºC under stirring. Next day, samples were diluted 1:10 in Phosphate Buffer 
(PB) 10 mM (pH 7.4). At each time point, an aliquot of sample was taken for 
characterization. For purification, NPs were precipitated by centrifugation, supernatant was 
stored for ssDNA quantification and pellets were resuspended in PB 2 mM to the initial 
volume. Conjugates were analysed by UV-Vis spectroscopy, DLS and additionally Z-
Potential was measured after purification. The quantification of the ssDNA released from 
the NPs was extrapolated from the measurement of the supernatants by Nanodrop, and 
normalized to the previously calculated ssDNA loaded. 

 

5.1.6  Transfection of mRNA with nanovectors 

5.1.6.1  Transfection of mRNA with nanovectors 

To evaluate the transfection capacity of gold nanoparticles coated with PEI and AUT, HEK- 
293 cells were cultured in DMEM with FBS 10% in 24-well plate at 50.000 cells/ml. The 
transfection was performed with 60-70 % confluence and final mRNA concentration of 
1000 ng. After 24h of the incubation at 37ºC the DMEM medium was removed and replaced 
for 900 µL of Optimem medium. Next, specific colloidal ratios [mRNA:NP] were added 
(100 µL) for each nanoparticle size for 5 nm Au NPs [5:1], 20 nm [50:1] and 50 nm [300:1]. 
The next day 100µL of FBS were added to each well and left for 48h and 7 days after 
transfection process. The transfection and cell viability percentages were evaluated by 
confocal microscopy and flow cytometry. 

5.1.6.2  Chloroquine effect 

To further inside to the proton sponge mechanism the transfected HEK-cells were treated 

with chloroquine at 20 PM for 4 hours before nanovector transfection, performed as 
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described above. At 24h cells were visualized by Wide-Field fluorescence microscopy and 
GFP signal intensity quantified. Statistical analysis was performed by the 2-way ANOVA 
test, using the GraphPad Prism software. For significance, p>0.005 was considered. 

5.1.6.3  Flow cytometry 

The percentage of Green Fluorescence Protein (GFP) expression after transfection was 
analysed with BD LSRFortessa™ Cell Analyzer. Forward and side-scatter areas (FSC-A, 
SSC-A) in a linear scale were used to gate HEK-293 population, and GFP expression was 
detected by excitation through 480-500nm. To determinate the cell viability, HEK-293 cells 
were stained with Pacific Blue- Annexin V/ propidium iodide (PI) in accord with the 
manufacturer’s recommendations. Briefly, HEK293 cells were collected by cell detachment 
using accutase and washed with PBS. After centrifugation cells were resuspended in 100 
µL of Annexin binding buffer (10mM HEPES, 140mM NaCl and 2.5mM CaCl2). 5 µL of 
Annexin V and PI (1mg /mL) were added and incubated at room temperature for 15 
minutes. After the incubation period, additional 400 µL of the binding buffer was added. 
Acquisition was configured to stop after recording 10,000 events within the HEK-293 cell 
population. 

5.1.6.4  Wide-Field Fluorescence Microscopy  

Au nanoparticles transfection efficiency in HEK-293 cells was calculated by GFP 
expression analysed by Wide-Field microscopy. To this end, HEK-293 cells were 
visualized in Thunder Wide-Field Fluorescence Microscope (Leica). HEK- 293 cells 
were labelled with Hoechst 33342 (Thermo Fisher Scientific, 62249) and CellMask Deep-
Red Plasma Membrane Stain (Thermo Fisher Scientific, C10046) at 0.5µg/mL for 15 min. 
Fluorophores were excited by 395nm LED (Hoechst 33342) and 635nm LED (Cell Mask 
Deep Red). For GFP imaging, a 475 nm LED was used for excitation while the emission 
channel was set to 506-532 nm. For deconvolution of each image, we utilized the algorithm 
Small Volume Computational Clearing (SVCC). The cytoplasmic expression of GFP was 
analysed in relation to the nuclear staining detection using the StartDist deep-learning-
based method (Fiji) in a total area of 70% of a 24-plate well.  
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5.1.6.5  Confocal Microscopy 

Transfection of mRNA-GFP was performed on an 8-well glass bottom microslide. After 
24h, samples were fixed and stained (as detailed in section 2.2.5). Samples were observed 
on the Thunder Wide-Field Fluorescence Microscope (Leica) and on the Confocal Laser 
Scanning Microscopy in order to image the GFP (λex488/ λem507) expression and NP 
distribution on transfected HEK293 cells. 

 

5.1.7  Cytotoxicity and Risk Assessment of nanovectors 

5.1.7.1  Cytotoxicity Assessment of nanovectors 

The action of Au NPs in the HEK-293 cells viability was evaluated by PrestoBlue assay 
and LDH quantification, according to manufacturer`s recommendations. 

5.1.7.2  Prestoblue 

HEK-293 cells were seeded to 1x105cell/mL in 96-well plate during 24 hours before to Au 
NPs exposition. Serial dilutions of nanoparticles were added at final concentration ranging 
from 3.3x1013 - 1.2x1011 for Au 5nm NPs/ml, 2.7x1012 - 1.0x1010 for Au 20nm NPs/ml and 
3x1011 - 1.1x109 for Au 50nm NPs/ml. To assay the ration DNA:NPs cytotoxicity the 
PEI/AUT nanoparticles were loaded with ssDNA, as described in section 5.1.4 . After 24, 
48h and 7 days cell viability was measured. For this, 10 µL of PrestoBlue was added to 
each well, plates were incubated for 2h and fluorescence was measured (λex531nm, 
λem572nm) by Varioskan LUX (Thermo Fisher Scientific). All experiments were carried 
out in triplicate, and data was treated and calculated with OriginLab software. 

5.1.7.3  LDH Assay 

HEK-293 cells were seeded to 1x105cell/mL in 96-well plate during 24 hours before to Au 
NPs exposition. Serial dilutions of nanoparticles were added at final concentration ranging 
from 3.3x1013 - 1.2x1011 for Au 5nm NPs/ml, 2.7x1012 - 1.0x1010 for Au 20nm NPs/ml and 
3x1011 - 1.1x109 for Au 50nm NPs/ml. To assay the ration DNA:NPs cytotoxicity the 
PEI/AUT nanoparticles were loaded with ssDNA, as described in section 5.1.4 . After 24, 
48h and 7 days cell viability was measured. For LDH quantification once incubation time 
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was reached, 50 µL of each cell supernatant was transferred to a new plate, mixed with 50 
µL of reagent, and incubated in the dark for 20 min at room temperature. The absorbance 
from the released LDH was measured at 490 nm wavelength and 650 nm as reference 
wavelength. Cells without treatment (DMEM) were the negative control, while cells treated 
with 0.1% Triton X-100 were the positive control. Percentage cell viability was calculated 
as follows: 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
(1 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝐶𝑒𝑙𝑙𝑠)

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100 

 

5.1.7.4  Annexin V / Propidium Iodide 

To determinate the cell viability, HEK-293 cells were stained with Pacific Blue- Annexin 
V/ propidium iodide (PI) in accord with the manufacturer’s recommendations. Briefly, 
HEK293 cells were collected by cell detachment using accutase and washed with PBS. 
After centrifugation cells were resuspended in 100 µL of Annexin binding buffer (10mM 
HEPES, 140mM NaCl and 2.5mM CaCl2). 5 µL of Annexin V and PI (1mg /mL) were 
added and incubated at room temperature for 15 minutes. After the incubation period, 
additional 400 µL of the binding buffer was added. Acquisition was configured to stop after 
recording 10,000 events within the HEK-293 cell population. 
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5.2  Chapter 3. Confocal Imaging of Unlabelled Nanoparticles in Cells and 

Biological Tissues 

5.2.1  Chemicals 

Gold (III) chloride trihydrate (HAuCl4·3H2O), silver nitrate (AgNO3), trisodium citrate 
(Na3C6H5O7), tannic acid (C76H52O46), Cerium (III) nitrate hexahydrate (99%), 
Ce(NO3)3·6H2O), iron (II) chloride (FeCl2), iron (III) chloride (FeCl3), 
tetramethylammonium hydroxide (TMAOH), tetraethyl orthosilicate (TEOS), fluorescein-
5-isothiocyanate (FITC), (3-aminopropyl)triethoxysilane (APTES), and 
methacryloxypropyltrimethoxysilane (MPS), foetal bovine serum (FBS), bovine serum 
albumin (BSA), Sodium Phosphate Dibasic (Na2HPO4), Sodium phosphate monobasic 
(NaH2PO4), poly-L-lysine, phorbol 12-myristate 13-acetate (PMA), paraformaldehyde 
(PFA), Triton-X, and xylene were purchased from Sigma-Aldrich. Dulbecco's Modified 
Eagle Medium (DMEM), Hoechst 3342 (H1399), Prolong antifade mounting medium 
(11559306), goat anti-mouse Alexa Fluor568 (A110199), formalin and paraffin were 
purchased from ThermoFisher. Phalloidin Alexa Fluor 647 (ab176759), and Cell Tracking 
Red Dye Kit (ab269446) were purchased from Abcam. Anti-β-actin mouse monoclonal 
antibody (MAB8929) was purchased from R&D Systems. 

All chemicals were used as received without further purification. Distilled water passed 
through a Millipore system (ρ = 18.2 MΩ) was used in all experiments. All glassware was 
first rinsed with Millipore water before use. 

 

5.2.2  Synthesis of Nanoparticles 

The produced nanoparticles were fully characterized by Transmission Electron 
Microscopy, Dynamic Light Scattering, and UV-Vis Spectroscopy (see section 5.4  for 
methodologic details). 

 

 



EXPERIMENTAL SECTION FOR CHAPTER 3 | CHAPTER 5 

181 

5.2.2.1  Gold Nanoparticles 

For this, 15, 50, 100, 150 nm Au NPs were synthesized using a well stablished seeded-
growth method. It is based on the synthesis of small gold nanoparticles by citrate reduction 
of HAuCl4, which are then used as templates to grow them by adding gold precursor up to 
the desired size. [4] This synthesis is explained and discussed with more detail on Chapter 
2 (section 2.3.1.1 ).  

5.2.2.2  Silver Nanoparticles 

For this, 15, 50, 100, 150 nm Ag NPs were synthesized using a well stablished seeded-
growth method. It is based on the synthesis of small silver nanoparticles by citrate and 
tannic acid reduction of AgNO3, which are then used as seeds to grow them by adding gold 
precursor to the desired size. [5] This synthesis is explained and discussed with more detail 
on Chapter 4 (section 4.3.1 ).  

5.2.2.3  Cerium Oxide Nanoparticles 

CeO2 NPs were synthesized by the chemical precipitation of cerium (III) nitrate 
hexahydrated in a basic aqueous solution, as reported previously by our group. [6] 
Controlling the pH of synthesis, small-sized nanoceria can be obtained. Resulting CeO2 

NPs were then stabilized with SC or TMAOH. 

5.2.2.4  Gold-Cerium Oxide Hybrid Core-Shell Nanoparticles 

Citrate-stabilized Au NPs of 40 nm and 100 nm were synthesized, following the method 
described above. The Au NPs were used without further purification as seeds for the CeO2 
coating, according to methods previously developed by our group. [7]  

5.2.2.5  Iron Oxide Nanoparticles 

7 nm Fe3O4 NPs were synthesized based on Massart’s method. [8] Amounts of FeCl2 and 
FeCl3 were dissolved in deoxygenated water to a molar ratio 1:2 and then added dropwise 
to a solution of deoxygenated TMAOH. After 30 min of vigorous stirring under a N2 stream, 
the Fe3O4 precipitate was washed by soft magnetic decantation, redissolved in TMAOH at 
the desired concentration. 
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5.2.2.6  Gold@Silica-FITC Nanoparticles 

First, citrate-stabilized 60nm Au NPs of were synthesized, following the method described 
above. Later, the Au NPs were coated with a silica shell, used as a spacer, following the 
well reported the Stöber method by the hydrolysis and subsequent condensation of TEOS 
in ethanol under basic conditions. Then, the NPs were doped with the dye fluorescein-5-
isothiocyanate within the silica matrix, adapting the method from Van Blaaderen. Finally, 
a subsequent third silica shell for protecting the doped dye from the environmental 
interactions, were done by another Stöber process. After this, the NPs were purified and 
dispersed in anhydride ethanol. 

5.2.2.7  Gold@Silica-FITC@PS Nanoparticles 

Starting from the previous multilayer core-shell NPs dispersed in ethanol, first the NPs were 
surface-modified with the MPS. Later, the polystyrene shell was grown on top of the NPs 
by adapting the emulsion polymerization method4, in which radicals were generated by 
thermal decomposition of potassium persulfate to polymerize the styrene precursor. Finally, 
pH was adjusted to a neutral, next NPs were purified by centrifugation twice and dialyzed 
against pure water overnight.  

 

5.2.3  Simulations 

Calculations of the extinction efficiency (Qext) of NPs of different diameters in water at 
25°C were obtained using MiePlot software and MultiLayer NP Simulator platform freely 
available online. [9,10] The dielectric constant and refractive index of the metal were that 
provided by the programs while for the oxides the data were extracted from the literatures. 
[11] The Qext was correlated with the empirical value of extinction, or absorbance, (A) 
through the Beer-Lambert law using the following equation: 

 𝐴 =  𝜀 𝑐 𝑙  (1) 

where ε is the extinction coefficient of the solution in units (M−1 cm−1), c is the molar metal 
atom concentration and l (cm) is the path length of the beam of light through the solution. 
For particles of radii r (cm), the extinction coefficient can be expressed by: 

 𝜀 = 3 𝑉𝑚 𝑄𝑒𝑥𝑡
4 ln(10)𝑟

  (2) 
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Where Vm (M−1) is the molar volume of the metal and Qext is the above defined 
dimensionless extinction efficiency. 

 𝑄𝑒𝑥𝑡 =  𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

=  𝜎𝑒𝑥𝑡
𝜋𝑟2   (3) 

 

 

5.2.4  Confocal Laser Scanning Microscopy (CSLM) 

5.2.4.1  Microscope Settings and Operation 

The Confocal Laser Scanning Microscope (Zeiss LSM980 with Airyscan 2) was set to 
reflectance mode. For this, the dichroic mirror was retracted, only a T80/20 beam splitter 
was set instead, the reflection mode allowed, and the emission window was set at Δ15nm 
to the laser source wavelength. Colours from the images acquired are chosen arbitrarily in 
each case to better discriminate all the signals collected. 

 

 

Figure 5.3. Graphical illustration of the Laser Scanning Confocal Microscope reflectance mode set up for NP 
imaging. The microscope specifications for a typical sample observation at 100X are: Numerical Aperture 
(NA) = 1.46, refractive index of immerse oil = 1.518, Airy units =1 (adjusted for each laser). 
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5.2.4.2  Colloidal Nanoparticle Sample Preparation 

(i) Nanoparticles in colloidal solution were placed on a 8-well glass bottom microslide.(ii) 
A 20ul sample of nanoparticles was drop casted on a poly-lysine slide and evaporated on a 
vacuum chamber. Then, sample was mounted with Prolong antifade mounting medium and 
a cover slide. 

5.2.5  Nanoparticles on Biological Systems 

5.2.5.1  HEK293-cells culture 

HEK-293 cell culture was maintained in culture in 75 cm2 tissue culture flask using DMEM 
with heat-inactivated foetal bovine serum (FBS) at 10% at 37ºC and humidified 5% CO2. 

5.2.5.2  Albuminization of Au NPs  

A stock solution of Bovine Serum Albumin (BSA) was prepared at 10mg/ml in Phosphate 
Buffer (PB) 10mM buffer. Au NPs were added onto the BSA solution to a final relative 
volume concentration 90-10%, and incubated overnight at 4ºC. 

5.2.5.3  Confocal Imaging of NPs on fixed cultured cells  

HEK293 293 cells (DSMZ) were seeded at 100.000 cell/cm2 on a 8-well glass bottom 

microslide (Sarsted) pre-coated with BSA (1mg/ml) and Poly-L-Lysine (40Pg/cm2), and 
incubated overnight.  

THP1 cells (DSMZ) were seeded at 100.000 cell/cm2 on a 8-well glass bottom microslide 
and polarized to M0 phenotype with PMA (20ng/ml). After an overnight incubation, cell 
culture media was replaced and cells were incubated for 24h more before NP exposure. 

Albuminized Au NPs of 15nm, 50nm and 100nm and Au@SiO2-FITC NPs were added 
dropwise onto cell cultures and gently homogenized. At 24h cells were fixed with 4% PFA. 
For immunohistochemistry, samples were first permeabilized with Triton-X 0.2% - BSA 
1% for 10min. Samples were incubated with Phalloidin Alexa Fluor 647 for 45min for actin 
staining. Nuclei were stained with Hoechst 3342 (dilution 1:10000) for 15min. Fading was 
controlled using the Prolong antifade mounting medium.  
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5.2.5.4  Confocal Imaging of Gold@Silica-FITC@PS NPs on tissue sections 

1.5ug Au/ml of Au@SiO2-FITC@PS NPs were intravenously injected to each mice. At 
24h, mice were sacrificed and liver and spleen were collected. The organs were briefly 
washed with normal saline, slightly dried with blotting paper and immersed for 4h in 4% 
formalin for tissue fixation. Next, tissues were embedded in paraffin following a standard 
protocol. For immunohistochemistry, paraffin-embedded samples were sectioned at 4µm 
using a microtome and transferred to a poly-lysine coated glass slide. The paraffin was then 
removed with xylene and the samples rehydrated. Samples were permeabilized with Triton-
X 0.2% for 10min. Sections were incubated with anti-β-Actin mouse monoclonal antibody 
(dilution 1:100) overnight at 4ºC, followed by an incubation with a secondary antibody goat 
anti-mouse Alexa Fluor568 (dilution 1:500). Nuclei were stained with Hoechst 3342 
(dilution 1:10000). Fading was controlled using the Prolong antifade mounting medium. 

5.2.5.5  Confocal Imaging of Gold NPs on in vivo cultured cells  

HEK293 293 cell line (DSMZ) were seeded on an 8-well glass bottom microslide (Sarsted) 
at 100.000 cell/cm2 and incubated overnight. Cells were labelled with Cell Tracking Red 
Dye Kit (dilution 1:20) for 2h, and nuclei were stained with Hoechst 3342 (dilution 
1:10000) for 15min. Samples were placed on the Confocal Microscope (37ºC, 5% CO2) and 
Albuminized 50 nm Au NPs were added dropwise onto cell cultures and gently 
homogenized. At this point started the sample recording for 24h to monitor the interaction 
of cell-NP. For the first 4 hours, images were acquired every 15 min, and from that point 
forward, the acquisition was done every hour. 
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5.3   Chapter 4. Size Effects on Ag NP - Antibiotic Synergy 

5.3.1  Chemicals 

Silver nitrate (AgNO3), trisodium citrate (Na3C6H5O7), tannic acid (C76H52O46), polyvinyl 
pyrrolidone (PVP, 55KDa), gelatine, glycerol, Tryptic Soy Broth (TSB), Tryptic Soy Agar 
(TSA), tetracycline, colistin, amikacin and vancomycin were purchased from Sigma-
Aldrich. Human Serum Albumin (HSA), Dulbecco's Modified Eagle Medium (DMEM), 
Foetal Bovine Serum (FBS), Phosphate Buffer Saline (PBS), and Live/Dead BacLight kit 
were purchased from ThermoFisher. 

All chemicals were used as received without purification. Distilled water passed through a 
Millipore system was used in all experiments. 

 

5.3.2  Synthesis of Silver Nanoparticles 

5.3.2.1  Synthesis Method 

Following Bastus et al., [5] a 100 mL of aqueous solution containing sodium citrate (5 mM) 
and tannic acid (0.025 mM) was prepared and heated to reflux with a heating mantle in a 
three-neck round-bottomed flask for 15 min under vigorous stirring. A condenser was used 
to prevent the evaporation of the solvent. Next, 1 ml of silver nitrate (25 mM) was then 
injected. The color of the solution changed rapidly to light yellow. The reaction was left for 
30 min. 

Immediately after the seed synthesis and in the reaction same vessel, solution was diluted 
by extracting 20 mL of sample and adding 17 mL of Milli-Q-water. Subsequently, the 
temperature of the solution was set to 90 oC and 500 µL of sodium citrate (25 mM), 1.5 mL 
of tannic acid (2.5 mM) and 1 mL of silver nitrate (25 mM) were injected into the vessel. 
The reaction was left for 30 min. This solution was then used as a seed solution, and the 
process was repeated again until the particles reached the desired size. Figure 5.4 
summarizes the synthesis strategy. 
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NPs were purified by centrifugation (from 6000g to 18000g, depending on its size by 10 
min.) and further re-suspend in Milli-Q-water prior to sample characterization in order to 
remove the excess of sodium citrate and tannic acid.   

 

Figure 5.4. Schematic representation of the Ag NPs synthetic procedure. Adapted from ref [5]. 

 

5.3.2.2  Nanoparticle Passivation with PVP 

Ag NPs were conjugated post synthesis with PVP 55 KDa in order to confer to the particles 
a steric stabilization. Briefly, a solution of PVP was added to the solution of Ag NPs and 
leaved under agitation overnight, the final concentrations were 0.05mM of PVP and 7.5 
mg/L of Ag NPs. After the conjugation the particle were purified by centrifugation in order 
to remove the excess of polymer. NP were concentrated 70-fold by resuspending the pellets 
to the corresponding final volume. 

The produced nanoparticles were fully characterized by Transmission Electron 
Microscopy, Dynamic Light Scattering, Zeta Potential and UV-Vis Spectroscopy (see 
section 5.4  for methodologic details). 
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5.3.3  Size-dependent corrosion of Silver Nanoparticles in biological media 

5.3.3.1  Size dependent corrosion in DMEM 

Different sizes of Ag NPs were synthesized, as described above: 10, 20, 35, 50, 80, 100 nm. 
Nanoparticles were first incubated with Human Serum Albumin at 1mg/ml final 
concentration for 24h (10, 20, 35 nm) or 48h (50, 80, 100 nm) at 4ºC. After the HSA corona 
formation, the Ag NPs were dispersed to a final relative volume of 10% in Dulbecco's 
Modified Eagle Medium (DMEM) complemented with 10% of Foetal Bovine Serum 
(FBS).  

NP evolution was monitored by UV-Vis spectroscopy for 24h. A cuvette stirrer was used 
in order to avoid NPs sedimentation. The decrease in absorbance was used as a mean to 
extrapolate the corrosion rate of the Ag NPs.  

5.3.3.2  Stability in bacteria culture media 

To study the stability of NPs, 20, 50 and 140 nm Ag NPs coated with PVP were used. For 
this, NP solution was diluted to 7.5 mg/L in the media of study and incubated for 24h at 37 
ºC. Stability of NPs in Tryptic Soy Broth was explored, and a solution of NaCl (5 g/L) was 
used as a control. NP evolution was monitored by UV-Vis and DLS. 

 

5.3.4  Biocidal effects of Silver 

5.3.4.1  Determination of minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) of silver nanoparticles, silver nitrate and 

antibiotics against selected bacteria 

MIC of Ag NPs, AgNO3 and antibiotics (tetracycline, colistin, amikacin and vancomycin) 
were determined against selected bacteria such as Escherichia coli (ATCC 8739), 
Staphylococcus aureus (ATCC 6538) and Pseudomonas aeruginosa (ATCC 10145) by the 
microdilution method recommended by Clinical Laboratory Standards Institute. [12] Tests 
were performed in 96-well microtiter plates, in triplicate. The Tryptic Soy Broth (TSB) 
were used for bacterial growth. The final concentration 5×105 cfu/ml of bacteria was 
maintained in each well of microtitre plate. The different concentrations (from 0.016 to 256 
μg/ml) of Ag NPs, AgNO3 and antibiotics were tested. A positive control (broth mixed with 
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bacterial inoculum) and negative control (sterile non-inoculated broth) were also prepared. 
Inoculated plates were incubated at 37 °C for 24 h. The MIC values were then estimated 
visually.  

The minimum biocidal (bactericidal) concentrations (MBCs) of Ag NPs, AgNO3 and 
antibiotics against bacteria were also determined. After 24-hour incubation, 100 μl of each 
test sample was aseptically spread onto antimicrobial agent free Tryptic Soy Agar (TSA) 
plates. Inoculated plates were incubated at 37 °C for 24 h and observed for growth. 
Inhibition >99.9% of bacterial cells growth was determined as MBC value of antimicrobial 
agent. 

5.3.4.2  Determination of synergistic effect of Antibiotics and Silver (FIC index) 

The value of the Fractional Inhibitory Concentration (FIC) index as a predictor of synergy 
has been investigated using tetracycline, colistin, amikacin and vancomycin, combined with 
Ag NPs and AgNO3 was prepared by checkerboard titration method in microtitre plates (in 
triplicate). [13] The final concentration of bacteria in each well was 5×105 cfu/ml. The 
trypticase soy broth (TSB) was used as diluents for bacterial strains. The positive and 
negative controls were maintained. The microtitre plates were incubated at 37 °C for 24 h. 
Concentrations of Ag NPs, antibiotics and AgNO3 used for determination of FIC index 
were as follows: 2× MICs, 1× MICs, 1/2 × MICs, 1/4 × MICs, 1/8 × MICs, 1/16 × MICs. 
The FIC index was calculated by comparing the value of the MIC of each agent alone with 
the combination-derived MIC according to formula represented in equation 5.  

𝐹𝐼𝐶 =  𝑀𝐼𝐶 𝐴𝑔𝑁𝑃  (𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑤𝑖𝑡ℎ 𝐴𝑏)
𝑀𝐼𝐶 𝐴𝑔𝑁𝑃

+  𝑀𝐼𝐶 𝐴𝑏  (𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑤𝑖𝑡ℎ 𝐴𝑔𝑁𝑃)
𝑀𝐼𝐶 𝐴𝑏 

   (5) 

 

The combination of antimicrobial agents that resulted in at least four-fold reduction in the 
MIC (1/4 MIC) compared with the MICs of agents alone demonstrated synergistic efficacy 
(FIC ≤ 0.5). FICs in the > 0.5–1.0 range are considered to be non-synergistic or additive. 
FICs from 1 to 4 are defined as indifferent, while those of > 4 are antagonistic. [14] 

 

5.3.5  Nanoparticle-Bacteria interaction 

Bacterial inoculums were prepared in PBS at 1.5x108 cfu/ml and exposed to 20 nm or 50 
nm Ag NPs at 7.5 mg/ml. Samples were incubated overnight at 37 ºC and then processed 
for their imaging.  
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5.3.5.1  Electron Microscopy 

Samples were visualized using 20keV STEM (FEI Magellan 400L XHR STEM). Grids 
were prepared as follows: 10 μL of sample were drop cast onto a copper TEM grid and left 
to dry in air. 

5.3.5.2  Confocal Microscopy 

Samples were first centrifuged at 2500rpm for 5min, and resuspended in Live-Dead 
Staining solution. After 30 min of incubation, samples were mounted with Glycerol Jelly 
mounting medium on an 8-well glass bottom microslide. Imaging was performed at the 
Confocal Laser Scanning Microscopy (CLSM, Zeiss LSM980 Airyscan 2). The principles 
and methodology of NPs imaging by Confocal Microscopy is described and deeply 
discussed on Chapter 3. 

 

5.3.6  Simulations 

5.3.6.1  Model of Dissolution 

Once dispersed in TSB medium, Ag NPs begin to dissolve. The dissolution of the NPs over 
the time course can be theoretically fitted to a first-order rate process assuming the rate of 
dissolution is linearly related to the surface area of the NP: 

𝑑[𝐴𝑔+]
𝑑𝑡

= 𝑘𝑑𝑖𝑠𝑠4𝜋𝑟2   (1) 

This first-order equation may be integrated analytically to give the [Ag+] as a function of 
time: 

[𝐴𝑔+](𝑡) = − 4
3

𝜋𝜌𝑁𝑝𝑟0
3 [(1 − 𝑡

𝑡𝑑𝑖𝑠𝑠
)

3
− 1] (2) 

Where: 

- ρ is the bulk density of silver 10.5 g/cm – assumed to be the same throughout the 
complete dissolution process.  

- r0 is the initial radius of the particle (in nm) 
- Np is the particle concentration in NPs/mL  
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- tdiss is the time to complete the dissolution of the particle. tdiss = r0/k, where k is the 
first-order rate constant.  

5.3.6.2  Model of Consumption 

Once generated, the consumption of the [Ag+] can be fitted to an exponential decay curve:  

(𝐴𝑔+)(𝑡) = 𝑒−𝑘𝑐𝑡 (3) 

Where kc is the consumption rate constant.  

We consider that after 8 hours, the concentration of [Ag+] is half of the initial [Ag+] 
concentration.  

(𝐴𝑔+)(0) = 𝑒−𝑘𝑐0 = 1 

(𝐴𝑔+)(8ℎ𝑜𝑢𝑟𝑠) =
1
2

 (𝐴𝑔+)(0) = 𝑒−8𝑘𝑐 

Solving both equations, we obtain a value for kc=0.0866. Therefore, the consumption of the 
[Ag+] can be fitted as follows:  

(𝐴𝑔+)(𝑡) = 𝑒−0.0866𝑡 (4) 

With this equation we can model the depletion of Ag+ from solution. This equation is 
independent of NPs size and only depends on the amount on [Ag+] present in solution and 
the time.  



CHAPTER 5 | NANOPARTICLE’S CHARACTERIZATION TECHNIQUES 

192 

 

5.4  Nanoparticle’s Characterization Techniques 

5.4.1  Transmission Electron Microscopy (TEM) 

NPs were visualized using 80 keV TEM (Jeol 1010, Japan) and 20keV STEM (FEI 
Magellan 400L XHR SEM). TEM grids were prepared as follows: 10μL of sample were 
drop cast onto a copper TEM grid and left to dry in air. The TEM images acquired were 
used for the size distribution analysis. For each sample, the size of at least 500 particles was 
measured and the average size and standard deviation obtained. 

TEM is a microscopy technique in which a beam of electrons is transmitted through a 
specimen to form an image. An image is formed from the interaction of the electrons with 
the sample as the beam is transmitted through the specimen. Because the wavelength of 
electrons is much smaller than that of light, the optimal resolution attainable for TEM 
images is many orders of magnitude better than that from a light microscope. TEM allows 
us to image the nanoparticles directly and asses their size distribution (polydispersity) and 
morphology. 

 

5.4.2  Dynamic Light Scattering (DLS) 

A Malvern ZetaSizer Nano ZS instrument (Malvern Instruments) was used to measure NP 
size. An aliquot of the NP solution was placed in a cell and DLS analyses were performed. 
Measurements were conducted in a 1 cm optical path cell with precise control of 
temperature (25 °C). 

Dynamic light scattering (DLS) is a non-invasive technique for measuring the size 
distribution profile of small particles or polymers in solution, typically in the submicron 
region. A monochromatic light source, usually a laser, is shot through a polarizer and into 
a sample. The Brownian motion of particles or molecules in suspension causes the incident 
laser light to be scattered at different intensities. Analysis of these intensity fluctuations 
yields the velocity of the Brownian motion and hence the particle size using the Stokes-
Einstein relationship. Note that the diameter that is measured in DLS is a value that refers 
to how a particle diffuses within a fluid so it is referred to as a hydrodynamic diameter. The 
diameter that is obtained by this technique is the diameter of a sphere that has the same 
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translational diffusion coefficient as the particle. The translational diffusion coefficient will 
depend not only on the size of the particle core, but also on any surface structure, as well 
as the concentration and type of ions in the medium. The value of the hydrodynamic 
diameter is also determined by factors extrinsic to NP’s properties, as temperature and the 
viscosity of the medium. All in all, the DLS measured value gives us information about the 
size of the NPs in colloid suspension, the polydispersity of the sample and its aggregation 
state. [15] 

 

5.4.3  Zeta-Potential (Z-Pot; ζ) 

A Malvern ZetaSizer Nano ZS instrument (Malvern Instruments) was used to measure NP’s 
surface charge. An aliquot of NP solution was placed in a folded capillary cell and zeta 
potential analysis were performed under a controlled temperature (25ºC). 

Zeta potential measurement is a technique for determining the surface charge of 
nanoparticles in a colloidal solution. The zeta potential of particles is typically measured 
by Electrophoretic Light Scattering (ELS), an electric field is applied and the 
electrophoretic mobility of particles is used to calculate the zeta potential. Due to the 
electric field particles will move at different speeds: highly charged particles will move 
faster than less charged particles. [16] The magnitude of the zeta potential gives an 
indication of the potential stability of the colloidal system, correlated to the electrostatic 
repulsion of the particles in the sample. The general dividing line between stable and 
unstable suspensions is generally taken at either +30 or -30 mV. [17] A zeta potential value 
on its own without defining the solution conditions is a virtually meaningless number. 
Measurements are useful only when the measurement conditions are known. These include 
factors such as pH, buffer concentration, temperature and ionic strength.  

 

5.4.4  UV-Vis Spectroscopy 

The spectrum of each sample was recorded using Agilent Cary 60 UV-Vis 
Spectrophotometer (Agilent Technologies). An aliquot of the NP solution was placed in a 
cell and the analysis was performed in the 300−800 nm range at room temperature.  
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UV-Vis spectroscopy measures the extinction of light (that comprises the scattering and the 
absorption contributions to the loss of light), in part of the ultraviolet and the full visible 
regions of the electromagnetic spectrum, that passes through a sample. Regarding metallic 
NPs, especially the ones that exhibit surface plasmon resonance, the UV-Vis spectra can 
give us information about their size, shape or concentration. Changes in the spectra can be 
used to monitor aggregation state or interactions with their surrounding media. 

In order to evaluate stability in distinct conditions, Levy et al. [18] defined an empirical 
measurement of the aggregation process, which measures the variation of the integrated 
absorbance between 600 and 700 nm. The Aggregation Parameter (AP) is defined as 
follows:  

𝐴𝑃 =  
𝐴 − 𝐴0

𝐴0
 

where A is the integrated absorbance between 600 and 700 nm of the sample at a given 
moment and A0 is the integrated absorbance between 600 and 700 nm of the initial, fully 
dispersed solution of NPs. This allows to monitor changes in the stability of a given NP 
solution after surface modification or dispersion in a different media of study. 
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CHAPTER 6  
 

 

General Conclusions 
 

In this thesis a number of different sizes of noble metal nanoparticles were synthesized and 
presented. The extensive characterization revealed high monodispersity of the prepared 
NPs and allowed to study their stability and physicochemical transformations. The 
outstanding optical properties of these NPs were used to monitor their conjugation to 
different molecules, their evolution in biological environments, and were also used to 
develop a method to study NP-cell interactions by optical microscopy.  

Synthesized gold and silver nanoparticles were successfully conjugated to several 
molecules with good control over NP stability. Cationic gold nanoparticles were produced 
by replacing the citrate cap, and further loaded with oligonucleotides. Similarly, a stable 
albumin protein corona was achieved on gold and silver nanoparticles to control their 
dispersion in biological environments. In this regard, passivated nanoparticles were 
exposed to different biological systems and their interaction was studied, showing very high 
biocompatibility with low or none toxicity. 

As discussed, the nanotechnology field is exponentially growing, and so is the interest in 
its translation into the clinic. Here, three potential applications of gold and silver 
nanoparticles were presented: form the use of Au NPs as gene delivery vectors, or the use 
of Ag NP against multidrug resistant bacteria, to their visualization by confocal microscopy.  

 

In detail:  
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6.1  Cationic Gold nanoparticles mediated mRNA delivery for production of 

CAR‐T lymphocytes for Chronic Lymphoid Leukaemia Immunotherapy  

In this chapter the role of cationic functionalized gold nanoparticles as transfection vectors 
was explored, with the main objective to use them for the production of CAR T-cells for 
the treatment of Chronic Lymphocytic Leukaemia. The main conclusions can be 
summarized as follows: 

1. A full nanovector catalogue was designed and developed, consisting of Au NPs 
functionalized with cationic coatings and loaded with mRNA. For this, Au NPs of 
5nm, 20 nm and 50 nm were synthesized with high monodispersity following a 
previously reported seeded-growth method. NPs were successfully coated with 
either AUT or PEI to provide cationic surface charge, and then loaded with 
mRNA, which constitutes the nanovector construct. 

2. Mechanistic studies of the nanovector confirm stability in biological media, and 
the ability to release the previously loaded mRNA over time. Nanovectors also 
displayed proton sponge capacity, and further microscopy studies suggested their 
delivery into the cytosol via endosomal scape. 

3. The use of PEI-coated Au NPs as mRNA delivery vectors showed low transfection 
efficiency but sustained GFP protein expression over 7 days, where 50 nm Au NPs 
displayed the highest transfection rates. Protein expression was increased when 
nanovector-mRNA transfection was performed combined with chloroquine. The 
mRNA transfection with NPs induced less cellular damage and mortality due to 
their internalization and delivery via endocytosis than the polymeric strategy.  

4. Cytotoxicity and risk assessment performed by Prestoblue, LDH and Annexin 
V/PI assays demonstrated they are safe and that didn’t induce significant cell 
damage, except for 5 nm Au-PEI NPs that showed higher toxicity, similar to 
TransIT® transfection control. 

5. Cationic Au NPs were proven to be, low but safe, non-viral vectors for mRNA 
delivery into cells, with still a wide margin for improvement. Current and future 
perspectives are to use them as CAR19-mRNA transfection vectors for the 
production of transient CAR T-cells. 
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6.2  Confocal Imaging of Unlabelled Nanoparticles in Cells and Biological 

Tissues 

In this section unlabelled inorganic nanoparticles were successfully observed on the 
Confocal Laser Scanning Microscope (CLSM). The main conclusions can be summarized 
as follows: 

1. Optical properties of Au NPs were used to image them by reflectance mode on 
the CLSM. The laser with highest intensity signal from the experimental 
observation is correlated with the wavelength range of the highest scattering 
efficiency extracted from the optical simulations. Similarly, correlating the 
theoretical scattering cross-section values with the individual signal 
measurements, confirms that this method allows single particle imaging. The 
study of the size resolution limit of this method for Au NPs confirms that a 
minimum particle diameter of ~50 nm is needed, also in agreement with the 
theoretical scattering simulations. 

2. The dual-mode observation and later colocalization analysis of Au@SiO2-FITC 
NPs – by conventional fluorescence and reflectance mode – in cultured cells and 
tissue sections further proves the possibility and reliability of imaging Au NPs by 
scattering. Not only that, but subcellular structures of biological samples were 
stained and simultaneously imaged at high resolution demonstrating the 
multiplexing capacity of this method. 

3. The in vivo imaging of cultured cells exposed to Au NPs for 24h evidences, once 
more, that reflectance mode is a good approach for studying NP-cell interactions, 
due to the high scattering cross-section, with no fluctuations nor degradation 
(photobleaching), of NPs. 

4. Following the same principles, Ag, CeO2, Fe3O4, Au@CeO2 NPs were also 
successfully imaged by reflectance mode on the LSCM, which shows the 
versatility of this methodology. 

5. All in all, the Confocal imaging of unlabelled inorganic NPs proves to be a great 
tool to study NP-cell interactions, inexpensive, and that doesn’t require high 
technical expertise. 
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6.3  Size Effects on Ag NP - Antibiotic Synergy 

In this work the antibacterial properties of silver nanoparticles were studied as a function 
of NP’s size, and their synergistic effect when combined with antibiotics. The main 
conclusions can be summarized as follows: 

1. Citrate-stabilized Ag NPs of sizes from 15 nm to 150 nm were synthesized with 
high monodispersity following a previously reported seeded-growth method. 
These NPs were then successfully conjugated with PVP or HSA to provide steric 
repulsion for their application in highly saline biological media.  

2. Corrosion and stability studies in DMEM and TSB culture mediums confirm a 
higher surface reactivity of smaller size NPs. Thus, Ag NPs show a size-
dependent dissolution rate, where smaller NPs corrode faster.  

3. Biocidal effects of silver in the ionic and NP form tested by MIC and MBC at 
24h against Pseudomonas aeruginosa, Staphylococcus aureus and Escherichia 
coli, showed a higher antibacterial activity of AgNO3 than 15 nm Ag NPs, and 
no effect for 50 nm nor 150 nm NPs, at the concentrations tested.  

4. Synergistic effect was observed when 15 nm Ag NPs were combined with 
tetracycline on all bacterial strains, determined by the FIC index. Also, 
synergistic effect was observed in the combination of AgNO3 with all antibiotics 
in E. coli, with colistin and tetracycline in S. aureus, and with colistin, amikacin 
and tetracycline in P. aeruginosa.  

5. Ag NPs act as a Ag+ reservoir, providing ions as they dissolve. Thus, material 
quality is crucial, including NP monodispersity, stability and controlled chemical 
transformations. Future perspectives may consider the use of a combination of 
Ag NPs size, rather than a single one, for the continuous provision of Ag+ ions in 
a controlled rational manner for sustained periods of time. 
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