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Abstract 

Gold nanoparticles (AuNPs) are widely used in nanomedicine because of their biocompatibility, 

stability, and ability to deliver drugs in a targeted manner. Gold, being inert and nontoxic, is ideal for 

clinical applications. Another aspect is their ease of functionalization, that is, the ability to easily bind 

biological molecules, such as proteins, nucleic acids, or polymers onto their surface. Because of their 

optical properties, AuNPs can be used as probes in advanced imaging techniques such as Point 

accumulation for Imaging in Nanoscale Topography (DNA-PAINT) microscopy. This technique 

consists of exploiting fluorescent molecules that temporarily bind to a target, producing intermittent 

signals to accurately determine the location of emitters. Binding of the imager to the target occurs via 

short complementary DNA sequences. The “docking strand” is attached to the particles while the 

“imager strand” containing the fluorophore is free in the buffer. During DNA hybridization, the 

imager is excited by laser light and the emission is captured resulting in a super-resolution microscopy 

image. In this thesis, our aim was to demonstrate how the use of AuNPs helps, with its reflection 

signal, to guide DNA-PAINT microscopy to where the NP is and, in the future, to be able to do 

dynamic and fixed assays in cells. The effectiveness of such improvements depends on the shape and 

size of the Nps used, and the aim is to identify the optimal configuration that offers the best 

performing results. To achieve this goal, we developed a DNA-PAINT imaging approach using 

different AuNPs, analyzing each sample separately to assess its influence on imaging performance. 

In the future, it will be possible to analyze multiple samples simultaneously, allowing for rapid 

assessment of different biological conditions, such as drug response or genetic mutations. This 

approach, called the ‘one-pot bar-coded assay’, will use unique synthetic DNA sequences as 

molecular ‘barcodes’ to localize individual nanoparticles, reducing time and resources and obtaining 

comprehensive data in a single experiment. In our work, we focused on the formulation and 

conjugation of AuNPs with docking oligonucleotides, characterizing them through analytical 

techniques such as Dynamic Light Scattering (DLS), Zeta Potential (ZP) and UV-VIS spectroscopy. 
We then used two different ‘imagers strands’ (one complementary to the ‘docking strand’ and one 

non-complementary) to view the different interactions by DNA-PAINT microscopy and processing 

the data obtained with ad hoc MatLab codes. In parallel, we conducted a study on their ability to 

adhere to the coverslips to allow AuNPs to remain attached to it for the extended time required during 

DNA-PAINT microscopy. The results of our research revealed that spherical NPs proved to be the 

most suitable for analysis by DNA-PAINT microscopy. On the other hand, the complex morphology 

of star-shaped NPs created  challenges in accurate signal localization, making data interpretation less 

straightforward than with spherical particles. Using the images obtained, we were able to visualize 

the interaction between the docking strand and the corresponding imager, making it possible to 

conduct large-scale analyses efficiently ensuring high image resolution. The ability to directly 

observe these interactions provided us with valuable information about the conjugation and adhesion 

process, allowing us to further optimize the experimental conditions to obtain more accurate and 

reproducible results. 
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1. Introduction  

1.1 Nanomedicine  

Nanomedicine is a field that involves many disciplines and has evolved over time. The U.S. National 

Nanotechnology Initiative (NNI) research and development program defined nanomedicine in 2001 

[1]. The European Science Foundation (ESF) defined nanomedicine in 2004 as the science and 

technology that uses nanometer-sized tools, such as analytical instruments, nanoimaging, 

nanomaterials, and nanodevices for new therapeutic and drug delivery systems [2]. Nanomedicine is 

an important and innovative part of nanotechnology research and development to achieve 

personalized and targeted medicine (drug delivery) for the prevention, diagnosis, treatment and 

follow-up of many diseases. In addition, nanomedicine is potentially useful for the aforementioned 

medical applications as it works on biological molecules, systems, and mechanisms [3]. Nanoscience 

research has grown unprecedentedly in recent years. The transfer of nanomedicine into routine 

clinical practice requires a multidisciplinary approach and is based on a careful consideration of 

clinical, ethical, and societal perceptions. Numerous types of first-generation nanomedicines, such as 

liposomes, nanoparticles, monoclonal antibodies, and polymer-drug conjugates, have been designed 

and developed by scientists and companies [4]. Nanomedicine employs nanotechnology to enhance 

healthcare by utilizing the unique properties of materials at the nanoscale. Biological processes in the 

human body often occur at this level, and nanoparticles, due to their small size (1 to 100 nanometers), 

can potentially penetrate natural barriers and interact with biomolecules in various bodily tissues. 

This capability holds promise for more effective drug delivery, gene therapy, and imaging techniques. 

However, like other medical interventions, nanomedicine products undergo rigorous regulatory 

scrutiny, including extensive testing for toxicity and efficacy through clinical trials. The potential of 

nanomedicine to improve healthcare affordably and effectively underscores its significance in 

advancing medical treatments and making them more accessible to patients. [5], [6], [7]. In recent 

years, nanomedicine has been developed to overcome the limitations of anticancer drugs and regulate 

the tumor microenvironment. Vasculature and blood flow are not homogeneous among tumors, 

leading to uneven drug distribution within these tissues.  To further enhance the targeting effect, active 

targeting strategies have been exploited by leveraging ligand-receptor interactions to increase 

nanoparticle accumulation in tumors. However, effective targeted delivery strategies with precise 

control are needed [8]. The surface of nanomaterials can be coated or functionalized to increase their 

biocompatibility and circulation time in blood and to ensure highly selective binding to the target 

molecule/cell. It can be said, therefore, that nanomedicine aims to improve clinical outcomes and 

reduce adverse side effects caused by the lack of selectivity for target tissues of small molecule drugs. 

[9] 

 

1.2 Nanoparticles used in nanomedicine  

The field of nanomedicine is expanding rapidly, and nanoparticles are part of it, bringing many 

changes and advantages over traditional medicine. Taking advantage of the permeable vascular 

system, when an inflammation process is occurring , nanoparticles can cross biological barriers and 

accumulate specifically in areas of interest [8]. Because of their size, which is comparable to that of 

biomolecules and cellular systems, NPs have special and remarkable physical properties. They can, 

for instance, encapsulate and/or adsorb a medication for therapeutic purposes or an imaging probe for 

monitoring or detection. Alternatively, they can be functionalized with biocompatible molecules to 

offer specific or selective recognition in target cells and safeguard against enzymatic and chemical 
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degradation. Last but not least, NPs' increased selectivity and controlled release enable the 

administration of drugs at lower doses, reducing toxicity in the body and increasing therapeutic 

efficacy while minimizing side effects [10]. Like all pharmaceuticals and medical devices, NPs are 

subject to strict regulations that include characterization, toxicity assessment, and multi-stage clinical 

trials to determine side effects and benefit/risk ratio. There are many types of NPs depending on their 

morphology, size, and chemical properties. Let's look at some examples of the main nanoparticles 

most commonly used: Lipid nanoparticles are composed of a lipid layer enclosing a cargo, such as 

drugs or genetic material; they are biocompatible, protect the genetic material and facilitate its 

delivery into target cells, enabling its release. Gold nanoparticles are used for both diagnostic and 

therapeutic purposes. Because of their unique optical properties, they are used in photothermal 

therapy, whereby exposure to light causes the particles to increase in temperature, destroying cancer 

cells to which they have been delivered, or in their close proximity. They can also be coated with 

biologically active molecules and used as imaging agents or drug carriers. Polymeric nanoparticles 

are made of biocompatible and biodegradable polymers. They are used for controlled and sustained 

release of drugs. Dendrimers are highly branched and symmetrical macromolecules with spherical 

morphology with a central core and a functionalized surface that allows them to interact with specific 

molecules. They are used to deliver drugs or genes because of their ability to enclose molecules within 

them. Quantum dots are semiconductor nanoparticles that fluoresce when illuminated. They are 

widely used in diagnostics for imaging cells and tissues. Magnetic nanoparticles, often based on iron 

oxide, are used for drug delivery and hyperthermic therapy, in which they are heated by an external 

magnetic field to destroy cancer cells. Herein, I will focus on metallic NPs as they exhibit unique 

optical properties. Another key aspect of metal nanoparticles is their high biocompatibility and 

extraordinary ease of functionalization. On the industrial applications front, metal nanoparticles 

exhibit remarkable catalytic properties and versatility in diagnostic techniques. They have great 

chemical stability, and finally, due to the possibility of using these nanoparticles to transport drugs in 

a targeted manner, they enable a reduction in side effects.  In particular, in this thesis I will discuss 

metallic gold nanoparticles (AuNPs), which hold great promise in the field of nanomedicine because 

of their special optical, electrical, and biochemical properties, as well as their high surface 

functionalization adaptability and inherent gold core properties, that facilitate their application in 

sensing. Because of these properties, NPs can be also used for drug delivery as well as biodetection 

or diagnostics [11]. In biomedical research, Au NPs are extensively employed for both therapeutic 

and diagnostic purposes. They have optical characteristics such as the localized surface plasmon 

resonance (LSPR), which is their most frequently leveraged feature in medicine and diagnostics. 

Because of their exceptional light-to-heat conversion efficiency, Au NPs are mostly used in precision 

oncology, in point-of-care and biosensing applications, as well as, to a lesser degree, in therapeutics 

[12]. The LSPR is a phenomenon that occurs when light impinges on a noble metal nanoparticle (such 

as gold because of their free electron density and specific conductive properties.) and induces the 

collective oscillation of free electrons present on the surface of the particle. When the gold 

nanoparticle is irradiated by light with a specific wavelength, the surface electrons oscillate in 

resonance with the electromagnetic field of the light. This oscillation amplifies the intensity of the 

electromagnetic field near the nanoparticle surface, producing strong absorption and scattering of 

light. The LSPR phenomenon is responsible for the characteristic ruby red color of spherical gold 

nanoparticles. Due to the LSPR, gold nanoparticles respond sensitively to changes in the refractive 

index of their surroundings, making them ideal for the development of optical biosensors. [12] 

1.3 Super- resolution microscopy  
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Super-resolution techniques break the diffraction limit of conventional optical microscopy by 

temporally or spatially modulating the excitation or activation light [13]. Super-resolution 

microscopy (SRM) is a technology that overcomes the diffraction limit and has revolutionized the 

field of cell biology since its emergence, enabling researchers to visualize cell structures with 

nanometer resolution, multiple colors, and single-molecule sensitivity. The impact of SRM and has 

extended to nanomedicine, materials science, and nanotechnology, and has given significant impetus 

to important discoveries in these fields. SRM has revolutionized our traditional knowledge from cell 

science to biological materials and cell-material interactions, transforming our understanding of the 

structures and functions of biological systems, shedding light on the study of bio related materials 

and cell-material interactions, holding great promise for clinically accurate detection and prognosis 

of diseases and for nanomedicine research. SRM techniques enable comprehensive observation of 

nanomaterial behaviors within biological environments and help provide crucial information on 

endocytic events, intracellular nanoparticle trafficking, therapeutic payload localization, ultimately 

providing a guideline for more a rational design of nanomaterials for medical applications [14]. SRM 

allows visualization of samples down to tens of nanometers and even at the single-molecule level due 

to its spatiotemporal resolution. Nanoparticle size and morphology and time-lapse tracking of drug 

payloads in nanoparticles can be accurately determined in vitro and within cells. The multicolor 

capability of SRM allows for labeling targets of interest and cellular compartments with different 

colors, thus achieving observation and localization of multiple species over cellular compartments.  

SRM also enables real-time in vivo imaging with minimal invasiveness. Because of these properties, 

one can directly visualize the real-time behavior of nanoparticles in response to the intracellular 

microenvironment and obtain dynamic interactions between nanoparticles and specific organelles. 

The most frequently used SRM techniques can be divided into three types: structured illumination 

microscopy (SIM), super-resolution microscopy using spatially patterned excitation, called 

stimulated emission depletion (STED), and super-resolution microscopy based on single molecule 

localization (SMLM). Single molecule localization microscopy (SMLM) aims to accurately detect 

individual fluorophores and can thus achieve the best spatial resolution down to 5 nm [15]. SMLM 

techniques require photoactivatable or photo commutative probes, molecule that changes its chemical 

or physical properties in response to a light stimulusSingle-molecule detection is based on switching 

between a fluorescently active state (localized) and a non-fluorescent off state (non-localized) and 

building the image with point-by-point super-resolution. Based on the mechanism of probes flashing 

between ON and OFF states, SMLM techniques are divided into three categories: (i) PALM (Photo-

Activated Localization Microscopy); (ii) stochastic optical reconstruction microscopy (STORM) and 

direct stochastic optical reconstruction microscopy (dSTORM), which are based on photoswitching; 

and (iii) point accumulation for imaging in nanoscale topography (PAINT) and DNA-PAINT [16], 

which are based on reversible probe binding (Figure1). dSTORM is used to obtain images of 

subcellular structures with higher resolution than the limits of conventional optical microscopy. 

dSTORM can achieve resolutions on the order of 20-30 nanometers, allowing molecular details to be 

observed with great precision. dSTORM microscopy is based on a principle known as stochastic 

activation and deactivation of fluorescent molecules. Fluorescent molecules (such as fluorescent dyes 

or fluorescent proteins) are activated and deactivated stochastically (randomly). Under normal 

conditions, if all fluorescent molecules were activated at the same time, their image would appear 

blurry and lacking in detail due to the diffraction limit. Instead, dSTORM takes advantage of the fact 

that only a very limited number of fluorescent molecules are active at a given time. The imaging 

process consists of a series of imaging cycles, and in each cycle only a fraction of the fluorophores in 

the field of view are turned on, so that each of the active fluorophores is optically resolvable from the 

rest, that is, their images do not overlap. This approach allows for the position of these fluorophores 
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to be determined with high accuracy. Repeating this process for multiple cycles, each of which 

causing the activation of a stochastically different subset of fluorophores, allows the positions of 

many fluorophores to be determined and thus an overall image to be reconstructed. [17] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4 DNA-PAINT 

The PAINT concept is based on the premise that fluorescent probes, targeted to a molecule of interest, 

diffuse freely through the solution. Once bound to the target, they are reversibly immobilized for a 

short time-frame and the fluorescent signal of the individual molecule appears on the camera, which 

can be localized by a fitting procedure. As the thermodynamics of the probe ensures dynamic binding 

and detachment, the fluorescent signal is turned off again until a new molecule binds, and the process 

can be followed kinetically. Because the probes are continuously replenished, they are not sensitive 

to photobleaching, which is a major advantage of this method over other SMLM techniques, allowing 

for longer imaging times and thus greater accuracy. In addition, by combining multiple probes with 

different dyes, multiplexing can be achieved. In PAINT, molecules are localized with high accuracy 

to each individual binding event, and thus the super-resolution map can be obtained based on the 

localization of each individual molecule.  Following the conceptualization of the PAINT technique, 

another single-molecule assay was proposed for the study of  DNA origami, exploiting the specific 

reversible binding of labeled oligonucleotides to DNA nanostructures for super-resolution imaging 

(DNA-PAINT) [16]. In recent years, the technique has evolved to become a standard method, and its 

potential has spanned a wide range of disciplines. Recent developments in DNA-PAINT have enabled 

spectrally unrestricted multiplexing, precise molecule counting, and ultra-high spatial resolution at 

the molecular scale (less than 5 nm), achieving localization accuracy of about 1 nm. DNA-PAINT 

can be applied to a multitude of in vitro and cellular applications. It is based on two short (8-10 

Figure 1: Diagram showing the various types of super-resolution microscopy. Image created by 
BioRender. 
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nucleotides) and complementary single-stranded DNA sequences that can temporarily bind to each 

other: a "docking" strand bound to the target of interest and an "imaging" strand that serves as an 

affinity probe. A major advantage of this DNA-based PAINT approach is that the interaction is highly 

tunable in terms of specificity and affinity by changing the sequence and length of the base pair. As a 

result, acquisition times can be optimized, and multicolor imaging can be achieved by having a 

combination of specific docking/imaging pairs. DNA can be used to label a wide variety of molecules 

using intermediate targeting agents [18]. Although the docking filament is attached to a biological 

target of interest, the imager filament is conjugated to a dye docking filament that diffuses freely into 

the imaging buffer. Because of their complementary sequence, the imager filaments can temporarily 

bind to the docking filaments. During the bound state, the imager filaments are fixed in the same spot 

for a long period of time, allowing the camera to accumulate enough photons from the dye to detect 

them. The binding duration depends solely on the stability of the formed DNA duplex and can 

therefore be programmed. After a DNA-PAINT image has been acquired, the buffer can be swapped 

to introduce a different species of imager strand. Repeated imaging, washing, and reintroduction of 

new imager strand species thus allow researchers to create a multiplex image of many biological 

targets. Finally, by programming the binding duration, an extremely large number of photons can be 

detected from a single binding event (or blink), enabling optimal localization accuracy.  

 

1.5 Bar-code one-pot assay – future goal 

 DNA-PAINT microscopy will be used in the future to identify specific barcoded particles using a 

process of selective hybridization between DNA strands. Specifically, this technique exploits the 

interaction between a docking strand, which acts as a barcode, and a complementary imager strand. 

Detection is accomplished by incorporating several imager strands, each of which is added 

sequentially, interspersed with washing steps to ensure accuracy. A significant advantage of DNA-

PAINT microscopy is the ability to simultaneously analyze distinctly formulated NPs in a single 

experiment, meaning that all the different nanoparticles, appropriately mixed, can be evaluated 

simultaneously in the same container. Ultimately, this approach, known as a “one-pot bar-coded 

assay,” will enable not only the detection and localization of individual nanoparticles based on their 

barcodes, but also offer the convenience of rapid and efficient evaluation of drug-loaded 

nanoparticles. This method has the potential to accelerate the translation of nanoparticles into clinical 

practice, as it facilitates the process of evaluating and optimizing them [19] (Figure2)  

 

 

 

 

 

 

 

 
Figure 2: Scheme representing the functioning of DNA-PAINT for the detection of bar-
coded NPs. Image created by BioRender 
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1.6 Objectives and challengers. 

Our goals in this thesis are: 1) To synthetize gold nanoparticles with different shape and size. These 

will then be conjugated with different oligonucleotides for DNA-PAINT imaging. 2) To characterize 

the synthesized AuNPs before and after conjugation with oligonucleotides by DLS((Dynamic Light 

Scattering), ZP(Zeta Potential) and UV-Vis(Ultraviolet-Visible Spectroscopy). 3) To optimize the 

attachment of NPs on cover slips following different protocols and to study their optical reflection 

intensity. Finally, 4) the DNA-PAINT performance will be optimized with Matlab analysis. While the 

high flexibility of DNA is the strength of this method, it also presents challenges. Imaging strands 

give rise to nonspecific binding events due to charge interactions, which complicates data 

interpretation. In addition, the low stability of DNA within cells and target tagging within living cells 

are obstacles to imaging living cells. The latter obstacle requires labeling the target of interest with a 

docking strand, which usually means that an endogenous molecule or antibody is modified with a 

small strand of DNA. This approach introduces an intermediate affinity probe, which means the 

measurements are indirect [18]. However, many challenges must be overcome if the application of 

nanomedicine is to lead to improved understanding of the pathophysiological basis of diseases, to 

provide opportunities for more sophisticated diagnosis, and to produce more effective therapies. The 

goal of nanomedicine can be broadly defined as the comprehensive monitoring, repair, and 

improvement of all human biological systems by working from the molecular level engineered 

devices and nanostructures to achieve medical benefits [20]. Based on this premise, our goal is to 

optimize DNA-PAINT with gold nanoparticle for the future implementation of this technology in 

nanomedicine. We will use nanoparticles of different shapes and sizes to study such a new technique 

and to optimize. 

 

2. Materials and methods 

2.1 Materials 

In this thesis, using specific protocols, spherical gold nanoparticles and stellate nanoparticles were 

synthesized. Two methods for the synthesis of gold nanostars were employed: The first is not seed-

mediated and does not employ surfactants; the second, which is seed mediated, uses the surfactant 

TritonX-100 as a shape-directing and stabilizing agent. Gold (III) chloride trihydrate and trisodium 

citrate dihydrate were used for the synthesis of spherical nanoparticles, while Gold (III) chloride 

trihydrate, trisodium citrate dihydrate, silver nitrate (AgNO3) and L-ascorbic acid were used for the 

synthesis of surfactant-free nanostructures. Gold chloride trihydrate, sodium borohydride (NaBH4), 

TritonX-100, AgNO3 and L-ascorbic acid were used for the synthesis of surfactant-mediated 6-arm 

gold nanostructures. Hydrodynamic diameter and surface charge were recorded on a Malvern 

Zetasizer Nano ZS analyzer. Water (RI 1.330) was chosen as the dispersing material, and the 

temperature was kept at 25°C. The plastic cuvette used during characterization is the ZETA Potential 

Sample Cell Malvern Cuvette for Particle Size Analyzer DTS1070 Disposable Folding Capillary PS 

Cuvette 1 / PK. Agilent's Cary 60 was used for the UV-Vis analysis. The cuvette used was made of 

polystyrene with a capacity of 1.5 ml. The reference oligonucleotide used as the docking strand was 

Thiol P1 5'-/5ThiolMC6-D/TAA TAC ATC TA- 3' with a molecular weight of 3.618 g/mol. Since thiol 

modifier-containing oligos are in their oxidized (disulfide) form, they require chemical reduction with 

tris(2-carboxyethyl) phosphine (TCEP) before each use. Phosphate buffered saline (PBS) [21] was 

used to suspend the DNAs at the desired concentration. After the synthesis of the nanoparticles, they 

were functionalized with this oligonucleotide. The functionalized nanoparticle solution was then 
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centrifuged using a Eppendorf 5430 R centrifuge. To analyze the nanoparticles under the microscope, 

they must remain attached to the 1 1/2 thick 22x22 mm cover glass from Corning. To achieve this 

goal, they were fixed onto rectangular microscope slides made from Superfrost ISO 8037/1 glass. (3-

Aminopropyl)triethoxysilane 99% (APTES) and (3-Mercaptopropyl)trimethoxysilane 95% 

(MPTES) were used to bind the nanoparticles onto the cover slips. The microscope used for image 

acquisition at the IBEC institute in Barcelona was a Nikon NSTORM SMLM Microscope (Figure 3). 

All nanoparticle syntheses were performed with ultrapure MilliQ 18.2 M·cm water, and the used 

gold was stored under vacuum after each of its uses. The 2 Imager filaments used were, 5'-

/5ATTO647NN/CTA GAT GTA T-3' (I1-complementary) while the second 5'-/5ATTO647NN/TAT 

GTA GAT C-3' (I2-non-complementary) was used as control. All glassware was cleaned in aqua regia 

(HCl: HNO3= 3:1). All reagents and consumables were purchased from Merck. 

 

 

2.2 Methods - Synthesis of different nanoparticles 

Gold nanoparticles are versatile materials with well-characterized electronic and physical properties 

by virtue of very well-developed synthesis processes; therefore, they find numerous applications in a 

variety of technological fields. In addition, their surface chemical properties can be easily modified. 

The interaction of gold nanoparticles with light is strongly influenced by their surroundings (electron 

density, solvent, molecules adsorbed on the surface), their size, and their shape. When a beam of light 

moves near a small particle in a liquid, the oscillating magnetic fields of light interact with free 

electrons on the surface of the particle. This interaction causes the electrons to move in a coordinated 

and rhythmic manner, in tune with the frequency of visible light. These collective electron motions 

are called localized surface plasmons. For small monodispersed gold nanoparticles, the phenomenon 

of localized surface plasmon resonance (LSPR) results in absorption of light in the blue-green portion 

of the spectrum (~450 nm) while red light (~700 nm) is reflected, resulting in a bright red coloration 

of the colloidal suspension. As the particle size increases, the wavelength of light absorbed due to the 

LSPR shifts toward the red (longer wavelengths). Red light is then absorbed and blue light is reflected, 

resulting in blue or violet solutions. The LSPR phenomenon can be modulated by varying the size or 

shape of the nanoparticles, thereby obtaining particles with specific optical properties for different 

A 
B 

Figure 3: A) Nikon NSTORM system configured for total internal reflection Fluorescence (TIRF) and a 
Perfect Focus System (PFS). B) Zoom of the stage. 
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applications such as delivery of therapeutic agents, sensors, probes, photodynamic therapies, or 

diagnostics.  Spherical gold nanoparticles are synthesized using reducing agents such as sodium 

citrate or sodium borohydride. Compared with spherical nanoparticles, the irregular "spiky" surface 

of gold nanostars results in a red-shifted LSPR peak and a more pronounced intensification of the 

scattered electric field at the tips of the spikes [22]. Functionalized gold nanoparticles are widely used 

in drug delivery, biological sensing, sensors and even clinical treatment [23]. Due to the extraordinary 

properties of gold nanoparticles, they have long been considered a potential tool for various cancer 

diagnosis and drug delivery applications. These properties include a high surface area/volume ratio, 

the presence of a localized surface plasmon resonance, the ease of functionalization with multiple 

moleculs, reproducible synthesis and stability. In addition, the nontoxic and nonimmunogenic nature 

of gold nanoparticles, in addition to the high permeability and retention effect, provide additional 

advantages by allowing easy penetration and accumulation of drugs at tumor sites [24]. Let us now 

analyze the main synthesis protocols by which I proceeded to obtain the nanoparticles of interest. 

 

2.2.1 Spherical nanoparticles 

 Gold nanoparticles were synthesized by Turkevich's standard method using trisodium citrate 

(Na3C6H5O7), gold tetrachloride (HAuCl4). Two solutions were prepared: the first of trisodium citrate 

with milliQ water (38.6 mg in 52.5 ml, 2.5 mM) while the second solution of HAuCl4 in milliQ water 

(5.91 mg in 60 ml, 0.25 mM). Both were placed on two previously heated magnetic stirrers. A 100-

mL round-bottom glass flask was used for the citrate-containing solution. This solution underwent 

constant temperature control by a thermometer placed inside the hole in a metal accessory (Velp 

Scientifica, Hemispheric Bowl for 100 ml) placed on a magnetic stirrer at 200°C at 300 rpm (rotation 

per minute) for 5 minutes. This action is essential to allow total dissolution of the citrate, and constant 

stirring is allowed by a magnetic stirbar placed inside the flask. The gold solution was also placed on 

a magnetic stirrer at 200°C and 300 rpm using a 100-mL glass flask. It is necessary to wait for bubbles 

to form on the flask wall (nucleate boiling). At this point, one must quickly add the citrate solution to 

the boiling gold solution. The solution changes color from colorless to dark purple in 15 minutes and 

then to bright red in 45 minutes. The reaction was continued for a total of 60 minutes (Figure 4) Then, 

the solution was removed from stirring and allowed to cool in aluminum-lined glass vials for use. 

Using the same procedure and same reaction times, we next tried to obtain nanospheres of larger 

diameter (about 70 nm) using a solution of HAuCl4 at a concentration of 10-2 % by weight and a 

solution of citrate at a concentration of 1% by weight. In this case, to obtain nanoparticles of the 

desired size, it was necessary to add 0.30 ml of citrate solution to the gold solution after the latter was 

boiled down. A dark orange solution was obtained as expected (Figure 5) [25], [26].   

 

 

.   

 

 

 

 Figure 4: Steps in the procedure of synthesizing spherical gold nanoparticles between 
10 and 20 nm in diameter. Color change after a given timing. 
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2.2.2 Seedless and surfactant-free synthesis of nano stars 

The protocol procedure to produce this type of nanostructure is very simple. For our purpose, it was 

decided to use 15ml of MilliQ 18.2 Mcm water inside a 20 ml vial. We proceeded to the correct 

weighing of all reagents in different vials coated with aluminum to reduce photodecomposition 

throughout the entire synthesis.  We first added 540 L of gold (HAuCl4) to the solution at a 

concentration of 10-2 M followed by 30 L of silver nitrate (AgNO3) at a concentration of 10-2 M. 

The solution, after being capped, was stirred on a vortex for 10 s at maximum speed. We then 

proceeded with the addition of 90 L of ascorbic acid (L-AA) at a concentration of 10-1 M followed 

by stirring for 5 min, to stabilize to the solution while allowing the reaction to occur. This done, one 

can continue with maximum stirring on the vortex for 20 s. In this reaction, silver nitrate controls the 

length and tip of the star arms. The last step was the addition of 15 L 1 M sodium citrate to stabilize 

and terminate the growth of the nano star with subsequent vortex agitation for 5 s. It is important that 

the citrate is well dissolved to achieve a successful colloidal solution and to avoid the formation of 

aggregates. For this reason, it was planned to heat the citrate for 20 min inside a hot bath at 50° and 

then to be used only after it was completely cooled and returned to room temperature. During such 

synthesis it is essential that the solution does not see light, and, for this reason, in addition to the use 

of aluminum around the vial, the entire synthesis was carried out inside a red light room to protect it 

from light. We also performed a second test using a flask so that we weighed the required citrate and 

then brought it up to volume with milli Q water. Doing so was thought to result in better dissolution 

of the citrate and thus better nanostars but no differences were noticed [27], [28]. 

2.2.3 Seed-mediated and surfactant-mediated nanostructures  

This kind of synthesis requires the use of TritonX-100 at 0.142 M, which was first brought to volume 

with the use of a flask, and then shaken for dissolution. This process produces bubbles and for this 

reason it is important to let it rest before starting with the synthesis; therefore, this procedure is usually 

carried out the previous day. It is important to point out that there are two stages for this seed-based 

synthesis; the first in which seeds are produced and the second in which the growth of the actual 

nanostars takes place. First, 10 ml of TritonX are measured with a graduated cylinder and placed in 

the flask in which the magnet will be present to allow stirring of the solution when placed on the 

magnetic plate at 300 rpm. It is necessary to cover the flask with aluminum. To generate the seeds, it 

is necessary to add 0.1 mL of HAuCl4 from a 25 mM stock into the 10 mL of 0.142 M Triton-X while 

Figure 5: Steps in the procedure of synthesizing spherical gold nanoparticles 
of 70nm  in diameter. Color change after a given timing. 
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stirring for 2 min. Next, 0.6 mL of cold 0.01 M NaBH4 are added, which will be needed as the 

reducing agent to bring Au (III) to Au (0). A color change from pale yellow to orange can be noticed 

as a consequence. The solution is kept stirring for 7 minutes and then allowed to cool to 4°C for 10 

min. To create the stock of 0.01 M NaBH4, 1.892 mg/5mL were required. Meanwhile, the flask 

containing pre-cooled MilliQ water inside ice was inserted. Before proceeding with the growth, the 

obtained seeds should be examined by a spectrophotometer at 2 specific wavelengths: 510 nm and 

600 nm. The two values corresponding to these wavelengths are divided, and a value of (1.9 ±0.1) 

will have to be obtained in order to affirm the success of the seeds. In the second growth phase, it is 

necessary to use two 20-mL flasks with TritonX 100 to which 0.4 mL of 25 mM HAuCl4 are added. 

Then it will be necessary to add 40 µL of 0.789 M ascorbic acid (L-AA), 500 µL of AgNO3 and 

finally 14 µL of seeds synthesized earlier during the first phase, in quick succession within the 

solutions on the stirrer. Ascorbic acid is a weaker reducing agent than sodium boron hydride and thus 

it allows the crystal to grow more slowly, causing the nanostructures to be larger. For ascorbic acid, 

69.5 mg/ 500 µL are required and for silver nitrate, 0.67 mg/ mL. We proceeded with stirring on a 

magnetic stirrer for 7 min and then storing the solution in a refrigerator at 4°C. Then, purification is 

carried out by centrifuging the product for 10 minutes at 4000 g twice; a successful synthesis allows 

for resuspension of the produced nanostars in water or buffer. Despite the ability to succesfully 

synthesize these nanostructures, it was decided not to continue with this type to carry out DNA-Paint 

because the presence of Triton X-100 could have hindered the successful functionalization with 

oligonucleotides and the subsequent optimization of the technique involved. Further studies will be 

needed to understand how to best remove Triton X-100 and employ these nanostars in this imaging 

technique. 

 

2.2.4 Washing with aqua regia 

Aqua regia, used for the removal and cleaning of all glassware that has come in contact with gold 

nanoparticles, consists of 3 parts hydrochloric acid and 1 part nitric acid, by volume. It is essential to 

prepare the aqua regia only in a fume hood and to remove all organic solvents from the vicinity.  It is 

important to add nitric acid to hydrochloric acid and not the other way around. Then it will be 

sufficient to wait 10-15 minutes before use, and the colorless solution will turn red-orange with bubble 

formation. It is not advisable to store the solution for a long time because it becomes unstable and 

also do not put a lid on it because the pressure buildup may break the container. After using it, it is 

important to consider its disposal, to rinse all glassware with plenty of water, to collect the rinse in a 

beaker or a clean glass flask and to dilute 3 to 5 times its volume with water using a separate waste 

stream of only aqua regia or acids. The protocol used to clean the glassware consists of washing 4 

times under fume hood with aqua regia, washing 8 times with distilled water under fume hood and 

then washing 10 times with distilled water out of the fume hood and draining into the sink. The final 

step consists of washing three times with MilliQ and let the glassware dry before further use [29], 

[30]. 

 

2.3 Characterization of AuNPs 

The increasing use of engineered nanoparticles in research and product development in application 

areas related to medicine, sensors, environmental science, and consumer products generates a 

growing need to understand their properties and behaviors as they are synthesized and then applied 

in particular applications. It is widely recognized that as particle sizes decrease to the nanoscale, there 
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are a number of reasons why their physical and chemical properties differ from those associated with 

their bulk i.e., macroscopic form [31].  It is necessary to characterize the physicochemical properties 

of nanoparticles (particle size, shape, structure, chemistry, etc.) to qualify nanoparticles for use in 

various applications. Considering that most of the nano formulations developed or under development 

in research laboratories are intended for intravenous injection, understanding their characteristics is 

very important. As the particle size decreases, the surface area relative to volume increases 

dramatically, which allows for greater interaction between the particle and its surroundings. 

Therefore, nanoparticle size and surface area are characteristics that greatly influence the fate of a 

nanoparticle in the body. Nanoparticles can be administered to a patient through different routes, such 

as injection, inhalation, or ingestion, and can penetrate organs and tissues through endocytosis-

mediated cellular uptake or other mechanisms, which depend largely on the particle size. Particle size 

and surface characteristics also influence their degradation, which is just as important as their uptake. 

The diameter of the smallest blood capillaries in the human body is about 4 µm, so for nanoparticles 

to reach all locations in the body, the particle diameter should be smaller. We will look at some of the 

most widely used techniques to characterize a nanoparticle.  

 

2.3.1 Dynamic Light Scattering 

Dynamic light scattering (DLS), is used to determine the size of nanoparticles in the colloidal 

suspension. DLS measures the hydrodynamic size of the particles, by analyzing the modulation of 

the scattered light of a laser passing through the colloidal suspension as a function of time. Brownian 

motion of particles is related to their hydrodynamic diameter: The smaller the particle, the faster it 

will scatter compared to a larger one, and the DLS tool will generate a correlation function 

mathematically related to particle size and its time-dependent light scattering capacity. DLS has been 

used to measure the particle size of dispersing colloidal samples, to study the stability of formulations, 

and to detect the presence of aggregation or agglomeration. DLS is the definitive tool for determining 

and measuring the agglomeration state of nanoparticles. DLS is an analytical technique used to 

measure particle size distribution across the submicron size ranges of about 0.3 nm to 10 µm. DLS 

measurements use scattering angles of 90 or 173 degrees using a helium-neon laser as the light source, 

i.e., detector position at a back angle of 173 degrees and right angle of 90 degrees to the incident light. 

The Brownian motion of individual particles is converted to particle size, which is calculated by the 

embedded software using the Stokes-Einstein equation. For this particle size measurement, a cuvette 

can be placed in the Nano-ZS Zetasizer. The polydispersity index (PDI) is another important 

parameter that describes the width or spread of the particle size distribution. In fact, the PDI value 

can range from 0 to 1, where colloidal particles with PDI less than 0.1 imply monodisperse particles 

and values greater than 0.1 can imply polydisperse particle size distributions where PDI=the square 

of the standard deviation divided by the average particle diameter [32]. The main limitation of DLS 

is that it is often difficult to accurately quantify the amounts of any aggregates that may be present, 

so size fractions cannot be correlated with a specific composition. For example, interferences can be 

caused by a range of possible artifacts (e.g., dust particles), which affect the scattering intensity with 

respect to smaller particles, so that they affect the scaling result. In addition, particles are considered 

spherical by DLS techniques, so that the actual particle size in the scattering can be underestimated. 

In addition, data obtained from samples containing particles with heterogeneous size distributions are 

difficult to interpret, as is often the case in environmental applications [33]. The cuvettes that are used 

are made of plastic and need a filling of about 730 microliters of colloidal solution to obtain a good 
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measurement. The solution was inserted by pipette and removed from the cuvette by syringe and then 

the solution was reused for subsequent measurements. 

 

2.3.2 ZP 

The Zeta potential is a measure of the surface charge of a nanoparticle and it is thus another parameter 

measured by light scattering techniques, such as light scattering by electrophoresis (ELS), also called 

laser Doppler microelectrophoresis. Zeta potential can be measured by taking the difference between 

the potential of the nanoparticle surface and the solution in which the nanoparticle resides, measured 

by the change in the velocity of particles moving toward an electrode by varying the electric field 

throughout the sample. The body's immune system prevents any foreign material from entering the 

body. Because nanoparticles are also foreign particles, when administered intravenously, they are 

recognized and phagocytosed by components of the immune system, leading to the removal of 

nanoparticles from the circulation. For this reason, the surface charge of nanoparticles also plays an 

important role as it affects the adsorption of proteins (onto the surface of nanoparticles, a process 

called opsonization. In addition to affecting the opsonization process, the ZP directly influences the 

stability of nano dispersions Therefore, it can provide a good prediction of its stability. High potentials 

(negative or positive) are electrically stabilized; generally, repulsive forces outweigh attractive forces, 

resulting in a stable system. Usually, particles with ZPs larger than ±30 mV are considered normally 

stable [34]. The measurement of ZP and DLS are carried out one after the other since the same 

instrument and cuvette are to be used. Attention must be paid to the absence of bubbles to obtain a 

reliable measurement and proceed with the measurement of a solution that is adequately concentrated. 

In the case of excessively dilute solutions, the measurement of ZP is no longer reliable [35]. 

 

2.3.3 Transmission Electron Microscopy 

To verify or refute the results obtained by DLS, transmission electron microscopy (TEM) has been 

employed for precise measurement of nanoparticle size and distribution. TEM is the preferred method 

for analyzing the size and distribution of nanoparticles because it can visualize particles ranging from 

less than 1 nm to several micrometers. This technique is also utilized to examine the morphology of 

nanoparticles due to its ultra-high resolution, which enables the investigation of particle surface 

texture or even crystal lattice structure. In TEM, a focused electron beam passes through a sample, 

forming images in a manner similar to optical microscopy, but with a higher resolution due to the use 

of an electron source. Because of these instrumental constraints, the samples are placed on TEM grids 

that are inserted in a hold then is kept perpendicular to the beam inside the microscope (Figure 6). 

The variations in amplitude and phase of the transmitted beam create imaging contrast based on the 

sample's thickness and material type. TEM captures images of nanoparticles by contrasting the 

sample against its background. Preparing samples for TEM analysis is relatively simple and 

straightforward. A small drop of nanoparticles or colloidal suspension (approximately 5 µL) is placed 

on a TEM grid, typically made of copper with a thin carbon layer. Alternatively, the drop can be 

placed on a piece of parafilm, and then the grid is inverted onto the drop and left in place for a minute 

(Figure 7). Before use, the grids can be activated with ultraviolet radiation. The sample is then allowed 

to air-dry at room temperature. Once the solvent has evaporated, the grid is directly examined under 

TEM. TEMs operate at accelerating voltage in the range of 80 to 300 kV. In this thesis, I used a TEM 

with an acceleration of 100 kV which generally provides superior resolution and a flat focus with less 

than 0.1 percent distortion at a magnification of 150,000×[32].  
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When comparing data from Dynamic Light Scattering (DLS) and Transmission Electron Microscopy 

(TEM) images, it becomes clear whether the nanoparticles are in an aggregated or non-aggregated 

state. In cases where the nanoparticle suspension is well-dispersed and not aggregated, the sizes 

reported by both DLS and TEM will be quite similar, showing little to no variation. However, if the 

nanoparticles are aggregated, the particle size measured by DLS will appear significantly larger 

compared to the size observed through TEM analysis. This difference in size measurement helps to 

distinguish whether the particles are aggregated or remain as individual units within the suspension. 

Additionally, because TEM contrast allows to image only heavy atoms (e.g., Au), it does not enable 

imaging soft materials, such as organic polymers or DNA. As a consequence, in the evidence of a 

monodispersed suspension, the size discrepancy between TEM and DLS allows one to determine the 

thickness of the organic layer functionalized on the surface of the NP.  

 

 

 

 

 

 

 

 

 

 

 

2.3.4 UV-Visible Spectroscopy 

UV-visible spectroscopy is a fast analytical method used to measure the absorbance or transmittance 

of light by a sample. While UV wavelengths span from 100 to 380 nm and visible light extends up to 

800 nm, most spectrophotometers operate within a wavelength range of 200 to 1100 nm. The practical 

range for UV-vis spectroscopy typically lies between 200 and 800 nm; wavelengths above 800 nm 

fall into the infrared region, while those below 200 nm are referred to as deep UV. The color of a 

substance is determined by its ability to absorb and emit light, with the human eye capable of 

distinguishing up to 10 million different colors. Light interacts with materials by passing through 

them (transmission), reflecting off surfaces—whether opaque or transparent—or being refracted, as 

Figure 7: 4 ready-made copper 
TEM grids waiting to be 
microscopically analyzed 

Figure 6: In the red circle is where the samples are inserted. Two TEM grids can be inserted at a time and then 
analyzed individually one after the other. 
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occurs in crystals. Covalently unsaturated compounds that have electronic transition energy 

differences matching the energy of UV-visible light will absorb light at specific wavelengths. These 

compounds, known as chromophores, are responsible for the colors we observe. When UV-vis light 

interacts with chromophores, the electrons in their ground state absorb energy and move to an excited 

state, a process referred to as electronic excitation. Substances like water and alcohols are generally 

transparent and do not absorb light in the UV-vis range, making them ideal solvents for UV-vis 

spectroscopy. In this technique, a light source passes through the sample, and a detector on the 

opposite side measures the amount of light that gets through. The resulting data is typically plotted 

with the baseline at the bottom, peaks pointing upward, and the x-axis showing wavelength in 

nanometers (nm) while the y-axis displays absorbance (A), which is unitless. The transmittance (T) 

can be correlated to the amount of light absorbed at each wavelength through the relationship A+T=1, 

with particular attention given to the highest peak in the data. UV-visible spectroscopy is based on 

the electronic transitions of light-absorbing organic molecules that excite electrons from a lower 

energy orbital (higher occupied molecular orbital, HOMO) to a higher energy unoccupied orbital 

(lower unoccupied molecular orbital, LUMO). The wavelength energy of the absorbed light must be 

equal to of the energy gap between those two orbitals, as light can be absorbed only in form on whole 

quanta of energy. The absorbance of light (A), is proportional to the length of the path through the 

sample (b) , the concentration (C), and to the extinction coefficient () , which is characteristic for 

each compound: the Beer-Lambert law A=bC, is, as we shall see later, indispensable for calculating 

the moles of oligonucleotides needed to cover the surface of nanoparticles. The primary sources of 

error in spectrophotometry often stem from issues with sample preparation, handling, and cleaning 

of the cells. The cell, which is integral to the spectrophotometer's optical system, can influence 

accuracy depending on its composition and shape. To maintain consistency, experiments should 

always be conducted using the same cell. At high concentrations, certain compounds may not follow 

the Beer-Lambert law due to phenomena like dimerization, decomposition, aggregation, or 

precipitation. Despite these potential errors, UV-vis spectroscopy remains one of the simplest and 

most effective methods for determining the concentration of substances in a liquid. The Beer-Lambert 

law typically describes the relationship between absorbance and concentration accurately for most 

compounds up to a certain limit, often without needing a calibration curve. The cuvette used in our 

experiments needs a fill of at least 1 ml for the colloidal solution to pass through the laser. Our analysis 

was carried out at an average speed and in the absorbance range of 200 to 800 nm. To obtain the most 

accurate analysis possible, a baseline measurement is always taken first to verify that the instrument 

is working properly and then to subtract the baseline value from the measurement so that the error is 

reduced and the various measurements are comparable to each other [36]. 

 

2.4 Functionalization of nanoparticles with oligonucleotides 

Oligonucleotides with thiol modifications are shipped by the vendors in an oxidized form, with the 

sulfur atoms protected in an S=S bond. Before the oligos are used, the S=S bond must be reduced to 

release the thiol groups. There are several methods to reduce the S=S bond, and one of them is 

chemical reduction with Tris (2-carboxyethyl) phosphine (TCEP) before each use. This protocol is 

best performed in a pH-controlled environment. It is recommended to use a buffer, such as TE buffer. 

After treatment, one must freeze oligonucleotides that are not used immediately to avoid oxidation 

and denaturation. TCEP is stored at room temperature, and one must add it in 100X excess (i.e., 30 

mM TCEP per 300 M  oligo). It is not necessary to remove the TCEP from the oligo before using it 

in the conjugation. TCEP (Tris(2-carboxyethyl) phosphine hydrochloride, pH = 7.0, supplied by 
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Merck Life Sciences) was used in our experiments. The reducing agent TCEP (0.5 M) was added in 

a molar excess of 100x relative to the docking filament in a PBS (Phosphate-Buffered Saline, pH = 

7.3) buffer solution, and left unopened and stirred at room temperature [37]. Before functionalization 

between oligo and nano can be carried out, it is important to resuspend the oligo as it is in a solid 

state inside a tube. It is centrifuged and resuspended in a TE (10 mM tris-0.1 mM EDTA) buffer that 

prevents DNA digestion by nucleosides at a Ph=8. Milli Q water could also be used to resuspend the 

DNA, but it is less accurate at the pH level. Oligonucleotide solutions can be stored for about 1 year 

at a temperature of -24°C. We stored the oligos at a concentration of 1 mM (range within which you 

need to stay is between 1 M and 10 mM).  
Gold nanoparticles can be conjugated with thiol-terminated oligonucleotides containing 10 to 100 

base pairs.  The synthetic oligonucleotide, after being modified so that it contains a thiol group, to 

attach the strand to the gold surface of the particle creates a strong Au-S covalent bond with the 

nanoparticles by simply mixing the two components. To do this, we need to quantify the concentration 

of the nanoparticle solution we synthesized. Using the spectrophotometer, one must measure the 

absorbance of an aliquot of aqueous solution of gold nanoparticles. Each colloidal solution, depending 

on the size and shape of the nanoparticles, will have an absorbance peak at different wavelengths. For 

example, for nanoparticles between 5 and 20 nm, the peak is at a wavelength of 520 nm. The larger 

the nanoparticles, the more the peak relative to the wavelength increases, even though for spherical 

NPs this shift is generally minimal. 

To estimate the concentration of the nanoparticle suspension (cn is the concentration in M) we use 

the Beer-Lambert law as follows: 

Cn = A(εn)b ; 

Where εn is the molar extinction coefficient of the nanoparticle in this case at 520 nm (10-20 nm in 

diameter) and b is the path length of the cuvette (typically 1 cm). 

To calculate the required number of moles of oligonucleotide to be conjugated to the particles, one 

must multiply the total surface area of the nanoparticles available for the reaction by the expected 

surface density of the oligonucleotide bound to the nanoparticles.  For each nanoparticle synthesized, 

after measuring the size of the nanoparticle, one has to calculate the actual amount of oligo and 

consequently of TCEP to be used in order for the entire nanoparticle to be coated appropriately. The 

formula used is as follows: 

 

𝑚𝑜𝑙 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 = 4 × 𝜋 × 𝑟2 ×
𝐶𝑛

2
× 𝐷0 × 𝑉0 × 𝑁0; 

 where 𝐷0 and 𝑉0, respectively, are given to us, 𝑁0 i.e., Avogadro number is a const equal to 

6.02 × 1023 while r and Cn must be calculated unless the nanoparticles are purchased already 

synthesized. Cn is the concentration of the nanoparticle solution, 𝐷0 is the density of the 

oligonucleotide on each particle (∼35 pmol of oligonucleotide/𝑐𝑚2), 𝑉0 is the volume of the 

nanoparticle solution (in L), which in our case will be 0.002 L, and r is the radius of the nanoparticles. 

The value used for 𝐷0 is based on Demers et al. (2000) [39].  

The radius is calculated by considering the formula for the area of a circle: 

𝐴 = 𝜋𝑟2; 
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where the area was calculated considering the TEM images analyzed using the image J program. 

The remaining part that remains to be calculated is the most complex, because to calculate the 

concentration Cn we will first need to calculate the molar extinction coefficient of the nanoparticle, 

εn.To do this, we found a method to be able to calculate this coefficient and then compared the results 

obtained with values in the literature for nanoparticles that have already been synthesized and put on 

the market. Data used are that of the protocol table 12.2.1, and the graph representation was found in 

the literature [38]. Experimental data and linear fit curve of the natural logarithm of the extinction 

coefficients versus the logarithm of the average core diameter of the nanoparticles (Figure9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Using equation :  

y= 3.3004x + 11.033; 

the extinction coefficients were determined. 

Data used are that of the protocol table 12.2.1, and the graph representation was found in the literature 

[38]. Experimental data and linear fit curve of the natural logarithm of the extinction coefficients 

versus the logarithm of the average core diameter of the nanoparticles (Figure 9). 

For the calculation of the extinction coefficient, this formula was used: 

𝜀𝑛 = 𝑒3,3004 𝑥 ln(𝑑)+11,033; 

where the values of ln(d) and ln (ε) were taken from the literature and we report them below (Table1) 

[40]. 
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Figure 8: Linear fit curve of the natural logarithm of 
the extinction coefficients versus the logarithm of 
the average core diameter of the nanoparticles. 
From [38] 
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d (nm) ε (M-1cm-1)  Ln d Ln ε 

2 8,00E+05  0,693147181 13,59236701 

5 1,00E+07  1,609437912 16,11809565 

10 1,00E+08  2,302585093 18,42068074 

20 1,20E+09  2,995732274 20,90558739 

50 3,00E+10  3,912023005 24,12446322 
              

                             Table 1: Table of values found in literature use to obtain the previous line and then the 𝜀𝑛 

Next, Cn was calculated using the Berr-Lambert law reported above. 

Given the concentration of oligo and TCEP 0.001 M and 0.005 M, respectively, it is possible to 

calculate the exact amount of oligo and TCEP to be used in microliters for proper functionalization 

of the nanoparticle. 

𝜇𝑙 𝑜𝑓 𝑜𝑙𝑖𝑔𝑜 = 𝑛 𝑚𝑜𝑙 ÷ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑀 ; 

𝜇𝑙 𝑜𝑓 𝑇𝐶𝐸𝑃 = 𝑛 𝑚𝑜𝑙 ÷ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑀 ; 

We multiplied the volume values obtained by 10 so that the amount was adequate both to cover the 

nanoparticle entirely and to be able to measure the amounts correctly using pipettes. To conjugate 

nanoparticles and oligonucleotide to the gold nanoparticle solution, we added an amount of 

oligonucleotide solution containing 1.5 times the moles of oligonucleotide calculated previously (i.e., 

an excess of 0.5 molar). Finally, we stored the conjugate solution at 4°C in the dark. The reducing 

agent TCEP 0.5M was added in a molar excess of 10:1 relative to the docking strand in a PBS buffer 

solution (Phosphate-Buffered Saline, pH = 7.3) [34], and left unopened and shaken at room 

temperature. The nanoparticle plus oligo solution was centrifuged in an Eppendorf centrifuge 

(miniSpin plus Eppendorf) using Amicon Ultra-4 filters (regenerated cellulose, M.W.C.O. 100 kDa 

provided by Merck Life Sciences) for 3 min at 5000 rcf at room temperature to remove excess free 

oligonucleotide. Once the solution was centrifuged, 3 more centrifugations with milliQ water 

(washing process) were performed to finish the removal of unconjugated docking filaments. Finally, 

NPs conjugated to P1 oligonucleotide sequences were stored in milliQ water in the dark at 4◦C. The 

same procedure was performed for the control with NPs as-synthetized without oligo to verify that 

only specific conjugation is produced [40] [9]. In practice, this procedure generates particles with a 

statistically distributed number of oligonucleotides attached to each particle. To perform nano 

functionalization with oligonucleotides, the first step is to take our oligonucleotides and react them 

with TCEP used as a reducing agent so that we can reduce the protective disulfide groups of the thiol 

group of our oligonucleotide. The TCEP was used at a concentration of 0.5 M. We mixed TCEP and 

oligos with a ratio of 10:1 and allowed to stir for two hours. Next, we added PBS reaching a volume 

of 1 ml. To that volume we added 1 ml of colloidal solution of the previously synthesized 

nanoparticles to reach a final volume of 2 ml. This was left stirring on the plate for another 30 min 

covering it with aluminum foil. After this is done, one proceeds with centrifugation of the obtained 

solution, so that thanks to the special filters one can remove all the excess oligos. This is done until 

the solution ends and then concludes with last three centrifuges with resuspension in milliQ water. 

Centrifugation is performed at 5000 rcf for 3 minutes each time the solution is inserted. After the 

centrifugation is finished, it will be necessary to recover whatever is left in the filter i.e., the now 

functionalized nanoparticles (Figure 8). The centrifugation process was carried out for both the 

functionalized nanoparticles with oligo and the synthesized nanoparticles without oligo that will serve 

as a control for subsequent analysis. The procedure for recovering the particles at the top of the filter 
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is to perform a final spin at 1100 rcf for 2 minutes only after, however, turning the filters upside down. 

Anything that was left in the filter will precipitate and then be recovered. The recovered portion is 

measured by pipette and a suitable amount of milliQ water is added for subsequent analysis. For DLS 

and ZP analysis, a minimum of 730 microliters is required to fill the cuvette to the correct level to 

obtain a result while in the case of UV-Vis, 1 ml of solution is required. For this reason, after retrieving 

the sample from the filter we resuspended it in 1 ml of milli Q water. Initially we tried to resuspend 

it directly in 2 ml to return to the initial volume from which we had started before centrifugation. In 

doing so, however, it was realized that the overly diluted final solution did not allow for accurate 

analysis, and thus it became difficult to tell whether the functionalization was successful or not. Only 

after analysis and obtaining suitable results was the missing volume added to ultimately reach 2 ml 

of colloidal solution as the starting one. The resulting solution of milli q water and nano particles with 

and without oligonucleotide was covered with aluminum to protect it from light and stored in a 

refrigerator at 4 °C [38]. Nanoparticles functionalized with oligonucleotides can then be isolated by 

centrifugation or gel electrophoresis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5 Attachment on the coverslip  

In order to continue with the study, a key step is the attachment of our nanoparticles to the glass 

substrate i.e., the object cover slip that will be placed under the microscope lens on which our 

reference sample will be placed. Once the nanoparticles are placed, the important thing is that they 

remain attached to the slide for an extended time. Considering that the duration of the subsequent 

analysis by DNA-PAINT has a duration of about 25 min it is important that the nanoparticle, once 

docked, remains there for as long as possible. For this reason, finding a methodology and protocol 

that allows to attach the nanoparticles on the substrate is not at all simple. We tried different protocols 

that we will illustrate below but only one allowed us to get the desired result. The different protocols 

Figure 9: Oligo conjugation procedure with nanoparticles. A) 2 h of stirrer with oligo 
and TCEP; B) insertion of nanoparticles for another 30 min for functionalization; C) 
Centrifugation of sample to remove unconjugated oligo and preserve the 
functionalized nano 

A B C 
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allowed the attachment of nanoparticles but only for a limited time and this was visible under a 

microscope as the nanoparticles on the substrate seemed to float away. It was also noted that the 

smaller nanoparticles made it much more difficult than the larger ones to attach and stay attached. 

The nanoparticles to be analyzed microscopically must be resuspended again in PBS. Therefore, after 

centrifuging the previously resuspended solutions in water because of the characterization analysis 

performed on the samples, 400 microliters of solution must be centrifuged again so as to recover the 

nano concentrates and resuspended in 2000 microliters of PBS. These then will be the samples used 

for DNA-PAINT analysis. To obtain an image in DNA-PAINT microscopy, it is necessary to prepare 

the sample in a DNA-PAINT flow chamber. The flow chamber consists of a microscopy slide (76 x 

26 mm SuperFrost Microscopy Slides) and an object cover slide (22 x 22 mm Corning Cover Glass 

and a thickness of 1/2) (Figure10). 

 

 

 

  

 

 

 

Before assembling the flow chamber, the object cover slips were cleaned to remove impurities and 

improve particle attachment. What we are going to analyze in this section is the cleaning and eventual 

functionalization of the square glass object coverslips (Figure11). The first cleaning protocol (A1) 

[41] we are going to analyze is characterized by an initial immersion inside acetone and isopropyl 

alcohol (IPA). Then they are immersed in (3-Aminopropyl)triethoxysilane (APTES-221.37 

g/mol(M), 0.946 g/ml (ρ)) 10 % v/v and IPA for between 10 and 15 min. Once this was completed, 

drying with nitrogen was carried out. The objective coverslips were dipped both vertically and 

horizontally to see if there were any differences, and none were found. The second treatment (A2) 

tried consisted of washing the coverslips in a methanol bath for 20 min immersed within an ultrasonic 

bath, then proceeding with drying with N2 and then immersing in a bath of (3-

Mercaptopropyl)trimethoxysilane, (MPTMS) at 5% v/v in ethanol for 3 min, followed by rinsing with 

more ethanol and drying with nitrogen. The third protocol (A3), on the other hand, consisted of an 

initial immersion in ultrasonic bath inside potassium hidroxide KOH (0.1M) for 10 minutes, followed 

by washing in milliQ water for 10 minutes and bathing in ethanol for another 10. Next (A3) was a 

treatment with APTES for 1.5 hours and a 5% v/v concentration of the latter in methanol. After rinsing 

in methanol and milli Q water, everything was dried by nitrogen. The protocols A1-A2-A3, did not 

lead to any effective results. The nanoparticles kept coming off and floating on the object cover which 

actually APTES or MPTMS should have avoided. (Figure 11). 

Figure 10: Example of microscopy slide and coverslip. The two lighter bands on 
the outside are double-sided tape to attach the coverslip. 
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Therefore, an additional protocol (A4) was sought, the steps of which we report below. The coverglass 

was placed in a bath of methanol and hydrochloric acid HCl 1:1 for a duration of 30 minutes. Then 

they were immersed in a bath of H2SO4 sulfuric acid for another 30 minutes. The use of such 

aggressive acids will have caused the glass to melt slightly and this will have allowed the nanoparticle 

to settle within it subsequently. After these immersions, washing in distilled water and a wash in 

ethanol in an ultrasonic bath for 15 min was carried out, after which nitrogen drying was done. We 

moved on to the use of APTES and tried two different concentrations and then noted no significant 

difference between the two (0.5 % and 5% v/v APTES in ethanol) for a duration of 1 hr. For the final 

tests, the first case i.e., 0.5% APTES was used, and every three slides used 59.700 microliters of 

ethanol and 300 microliters of APTES. After this time, a second wash in ethanol was performed with 

subsequent drying with nitrogen. After completing the cleaning procedure, this protocol involved 

leaving the object cover slips in contact with the colloidal nanoparticle solution overnight. A total of 

600 microliters of solution were used for each object cover slip so that it was completely covered. 

The whole was left in the refrigerator overnight inside petri plates sealed with parafilm and with a 

piece of paper inside humidified with PBS preventing the sample from drying overnight [42], [43], 

[44], [45].  

 

2.6 DNA Point Accumulation for Imaging in Nano scale Topography (DNA-PAINT)  

The next stage of the experimental procedure involves a series of operations aimed at precise 

visualization of the position of gold nanoparticles and associated imager filaments. This step is 

performed using the advanced microscopy technique called DNA-PAINT (Point Accumulation for 

Imaging in Nanoscale Topography), which allows high-resolution images of the observed structures 

to be obtained. After the images are acquired through DNA-PAINT microscopy, the resulting data are 

subjected to a detailed analysis, aimed at extracting specific information about the spatial arrangement 

of the nanoparticles and imager filaments, thus providing a deeper understanding of their organization 

and interaction at the nanoscale level. 

Figure 11: Different protocols of attachment, coverslip functionalized with 
APTES  and MPTMS. Image obtained by BioRender. 
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2.6.1 Sample preparation  

To obtain an image through DNA-PAINT microscopy, careful sample preparation must be followed 

within a flow chamber specifically designed for this purpose. The flow chamber is composed of a 

microscopy slide, 76 x 26 mm in size, known as the SuperFrost Microscopy Slide, and a 22 x 22 mm 

cover glass, produced by Corning. These components must be thoroughly cleaned to ensure that there 

are no impurities that could interfere with the imaging process. Once cleaning of the slides is 

complete, the next step is to assemble the flow chamber, which is designed to hold a precise volume 

of 40 µL. To carry out this assembly, two strips of double-sided tape are applied over the microscopy 

slide, parallel to each other, in order to create the necessary space for the sample. Next, the clean 

coverslip is carefully placed over the strips of adhesive tape, applying light pressure to ensure proper 

adhesion and formation of the flow chamber [46]. There are two methods for introducing the sample 

into the chamber. The first method used in A1, A2 and A3 involves using a pipette to add 100 µL of 

a solution containing nanoparticles in PBS directly into the flow chamber (Figure 12). The second 

method used in A4, however, consists in inverting the coverslip which has previously been prepared 

with the sample solution, left to dry on its surface overnight (Figure 13). After numerous attempts, it 

was found that the second method provides more satisfactory and reproducible results, therefore, it 

was decided to exclusively use this approach in the subsequent stages. Once the presence of the 

nanoparticles is confirmed, well placed and firm on the surface of the slide, we proceeded with the 

addition of the imager filament, which is fundamental for the DNA-PAINT microscopy process. The 

next step involves washing the flow chamber with 100 µL of buffer B, composed of 5 mM Tris-HCl, 

10 mM MgCl2, 1 mM EDTA, and 0.05% Tween-20, with a pH adjusted to 8. This wash is intended 

to remove unabsorbed nanoparticles that may compromise image quality. Next, a solution is prepared 

containing the imager filaments, I1 or I2, diluted in buffer B until the desired concentration is reached. 

The imager strand I1 consists of an oligonucleotide sequence of 9 nucleotide bases (5'-CTA GAT GTA 

T/Atto647N/3') complementary to the docking strand attached on the NP, while the imager strand I2 

(5'-TAT GTA GAT C/Atto647N/ 3') is non-complementary and is used as a control sample to verify 

the absence of non-specific hybridization. Throughout this thesis, a 1 nM concentration of imager 

strands was used, with the combination of docking strand P1 and imager strand I2 as a negative 

control, as no specific hybridization should occur between these two strands. Finally, the flow 

chamber is filled by pipetting 100 µL of the buffer solution containing the prepared imager filaments, 

mixed with buffer B, into the flow chamber. To conclude the preparation, the coverslip is sealed with 

nail polish to prevent evaporation of the sample during image acquisition and rotated. This seal 

ensures sample stability and allows DNA-PAINT imaging to be performed efficiently, enabling 

accurate visualization of structures at the nanometer level. 
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The sample will be ready to be observed with the coverslip facing the DNA-PAINT microscopy 

objective [16].  

 

2.6.2 DNA-PAINT microscopy  

2.6.2 DNA-PAINT microscopy  

The DNA-PAINT microscope is an extremely powerful tool that allows one to obtain detailed 

images of the position of nanoparticles through continuous monitoring of the localization of imager 

filaments labeled with the ATTO-647N fluorophore. This process allows for precise visualization of 

Figure 12: Steps of the procedure used for the attachment of the first method. Image 
obtained by BioRender. 

Figure 13: Steps of the procedure used for the attachment of the second method.  
Image obtained by BioRender. 



27 
 

the hybridization and subsequent disconnection of the imager filaments from the nanoparticle 

attachment filaments, providing crucial information on the molecular dynamics of the nanoparticles 

themselves (Figure14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA-PAINT imaging was performed using a Nikon N-STORM system configured for total internal 

reflection (TIR) microscopy and equipped with a perfect focus system (PFS). This configuration 

allows you to obtain high resolution images, minimizing the background and increasing the contrast 

of the visualized structures. To achieve these results, it was necessary to precisely adjust the angle of 

incidence of the lasers. In particular, the red laser with a wavelength of 647 nm and the green laser 

with a wavelength of 561 nm were set at an angle of approximately 60°, which allowed the 

background to be minimized and to illuminate only a thin sample layer, optimizing image quality. 

The focus of the lasers was adjusted to the minimum to ensure that the density of photons per unit 

area was maximized, thus improving the resolution of the final image. The signal from the Atto647N-

Imager filament was collected using the 647 nm red laser, set at 60% power (160 mW), while the 

reflection signal of the gold nanoparticles (AuNPs) was acquired using the laser green at 561 nm, 

with a power of 10% (80 mW). Regarding the collection of fluorescence, a Nikon 100x objective, 

with a numerical aperture (NA) of 1.49, oil immersion was used, which allowed a high-quality image 

to be captured. The fluorescence was passed through a quadruple-band dichroic filter (97335 Nikon) 

to effectively separate the signals. Images were captured in a 256 x 256 pixel region, with a pixel size 

of 0.16 m, using a Hamamatsu ORCA Flash 4.0 camera. The integration time for each frame was 

70 milliseconds, allowing fine details to be captured and noise to be reduced. For the Atto647N-

Imager filament, 20,000 frames were acquired in channel 647, and for drift correction, one frame was 

acquired every 100 frames in channel 561. The time taken for image acquisition was approximately 

25 minutes [46].After acquisition, the first 100 frames were discarded to improve data quality, because 

during the first few frames, the acquisition system may not yet be completely stable, for example, the 

sample may move or the illumination may not be uniform. and a density filter was applied to define 

Figure 14: Scheme representing how DNA-PAINT Microscopy works on gold 
nanoparticles. Image created in BioRender. 

Gold nanoparticle 

Docking strand 

Imager strand 
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the minimum localization (with a minimum count of 10) within a circle of variable radius, depending 

on the nanoparticle used, using the NIS-elements software. Furthermore, the data were further filtered 

based on the minimum number of photons detected per count, set at 15,000 for the 647 nm channel 

and 5,000 for the 561 nm channel, thus ensuring the reliability and precision of the final results [47], 

[48],[49]. 

 

2.6.3 Drift correction  

One of the main problems in DNA-PAINT is drift, that is, uncontrolled displacement of the sample 

over time, which can be due to multiple causes, such as mechanical vibrations, thermal fluctuations, 

or pressure changes. Drift can introduce significant errors into measurements, degrading the quality 

of the final image. To correct drift, various drift correction methods are used, which can be classified 

into two main categories: 

-Active correction: uses real-time feedback systems to keep the sample position stable during data 

acquisition.  

-Post-acquisition correction: is based on algorithms that analyze the collected data and compensate 

for drift retrospectively. Post-acquisition correction methods are commonly used in DNA-PAINT and 

may include cross-correlation, which relies on correlation between consecutive frames to determine 

and correct the relative displacement of the sample over time, tracer localization, that uses  fluorescent 

tracers (fiducials) fixed in the sample allows the drift to be monitored during acquisition (these tracers 

are identified in each frame and their displacement is used to calculate the drift, which is then 

subtracted from the signal localization data) and advanced fitting algorithms, that are statistical 

algorithms that use machine learning techniques or physical models to estimate and correct drift in a 

more sophisticated way [51]. 

Without accurate drift correction, the accuracy of localizations in DNA-PAINT could be 

compromised, significantly reducing the resolution and quality of the final image. Therefore, drift 

correction is an essential step to ensure the reliability of results in DNA-PAINT-based super-

resolution analysis by ensuring that artifacts due to sample motion are minimized or eliminated [52]. 

 

2.7 Data analysis 

Once the drift correction was carried out, the images were processed by applying specific filter 

parameters, using the Nis-Elements module integrated into the N-STORM system. This process 

improved data quality and reduced background noise, facilitating the identification of target 

structures. Subsequently, the processed data were saved in an appropriate format to be further 

analyzed using an ad hoc MatLab program, a powerful and versatile software for the quantitative and 

statistical analysis of the images and data collected. 

2.7.1 Matlab code 

To conduct the DNA-PAINT analysis on gold nanoparticles (NPs), the MatLab software was used, 

which played a fundamental role thanks to the use of two distinct scripts. These scripts were designed 

to analyze and process the x,y,t coordinates extracted from the text file (.txt), thus allowing to count 

the number of localizations in channels 647 (associated with the fluorescent dye ATTO-647N) and 

561 (referred to to nanoparticles). The first step of the analysis involves the use of an algorithm called 
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"ReadCoords2.m". which obtains the drift-corrected X,Y coordinates. This algorithm was employed 

to identify clusters of localizations in the fiducial channel 561, which represents the reference point 

for determining the center of each gold nanoparticle. The clustering process is essential to distinguish 

the regions occupied by the nanoparticles from background noise signals, thus allowing accurate 

mapping of their positions. Next, a second script called "Cluster2.m" is used for the clustering phase. 

This script requires manual setting of specific parameters, which must be carefully selected to 

optimize the analysis. These parameters are essential to ensure that only localizations that actually 

correspond to individual nanoparticles are considered. Among these parameters are the maximum 

size of the nanoparticles and the minimum number of localizations necessary to form a cluster. These 

values are crucial to eliminate noise, aggregates or elongated structures that could compromise the 

accuracy of the analysis. Accordingly, the “Cluster2.m” script allows one to identify nanoparticle 

clusters by applying the mean shift clustering algorithm to the nanoparticle dye localizations (channel 

561). The bandwidth of the algorithm must be calibrated to avoid fragmentation of nanoparticles and 

to separate neighboring ones. Furthermore, to further reduce the risk of erroneous detections due to 

false positions in the background region, a minimum number of positions has been set for a cluster to 

be considered valid (10 in the case of this thesis) [50]. In this thesis, the following parameters were 

adopted: a bandwidth of 50 nm, used as a criterion for clustering, a minimum of 10 points per cluster 

to ensure that a set of locations is identified as a valid cluster, and a diameter maximum particle size, 

variable based on the type of nanoparticle used, measured along the major axis, for the positions 

recorded in channel 561. The maximum distance between the particle centers, for the locations 

identified in channel 647, was set to 160 nanometers. Additionally, the script includes several default 

parameters, including a maximum ellipse stretch of 10.0 nm, an ellipse-fit scaling factor of 1.0, a 

minimum distance of 300 nm between clusters, and a minimum distance between clusters to ensure 

that they are not considered aggregated, established by the MinClustDist parameter. Finally, the 

software determined the number of localizations for each nanoparticle. This script also allows to 

validate nanoparticles based on their shape and size, thus providing some tolerance. To do this, the 

center of mass of each group that was not eliminated needs to be calculated and an ellipse is fitted to 

the positions of the molecules assigned to that group using a least squares fitting method. Clusters in 

which the aspect ratio of the ellipse (i.e., the ratio of the major axis to the minor axis) exceeds 1.7 or 

in which the major axis of the ellipse is greater than 80 nm are excluded. Finally, the script generates 

a histogram showing the frequency of localizations per individual nanoparticle, based on thousands 

of measurements taken along the imaging chain. (Attachment 1). 

along the  

2.7.2 Nis-elements (N-STORM) 

The reference channel corrects mechanical drift during acquisition. After removing the first 2,000 

frames, a density filter is applied to obtain filtered images with Nis-Elements software [50]. 

Multicolored images are then created with ImageJ to distinguish the positions of each channel. The 

nanoparticle appears yellow, while ATTO-647N is red. The positions of channels 561 and 647 are 

saved in the text file for further analysis in Matlab [47]. The analysis in Matlab uses a script to count 

the localizations in the two channels (561 and 647) starting from the (x,y,t) coordinates. Channel 561 

clusters are identified with a mean shift clustering algorithm to find the center of each NP. 

Subsequently, a manual filter is applied that selects the nanoparticles based on parameters such as the 

minimum number of localizations (10), the bandwidth (50), and the maximum diameter (with a 

margin of 40-50 nm compared to the NP ). Finally, channel 647 localizations within 160 nm of the 
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NP center are analyzed, calculating the number, coordinates, and diameter of each NP. The radius of 

the NP is estimated as the distance from the center that includes 90% of the cluster locations. 

 

3. Results and discussion 

3.1 Synthesis of gold nanoparticles  

In this thesis, I successfully synthesized nanoparticles of various shapes and sizes, specifically 

focusing on spherical and star-shaped nanoparticles. The colloidal suspension exhibited distinct color 

variations depending on the size and shape of the nanoparticles. For the spherical nanoparticles, we 

observed that the colloidal solution displayed a deep red color when the particles were smaller in size. 

As the size of the spherical nanoparticles increased, the color of the solution shifted to a more orange-

pink. In contrast, the colloidal solution containing star-shaped nanoparticles consistently presented 

an intense blue color, regardless of the size of the particles (Figure15A-B). By meticulously following 

the protocols detailed earlier in the methods section, we were able to obtain nanoparticles with a range 

of sizes, specifically 16 nm, 19 nm, and 70 nm. The spherical nanoparticles were obtained following 

a reduction process of metal salts in the presence of a reducing agent, sodium citrate which leads to 

the nucleation and subsequent growth of the metal nuclei until the formation of spherical particles. 

Key parameters that influence the final size of the nanoparticles include the concentration of the metal 

precursor, the rate of addition of the reducing agent, the reaction temperature, and the concentration 

of stabilizers or surfactants. The latter, in our case citrate, play a crucial role in controlling particle 

growth, stabilizing newly formed nanoparticles and preventing their aggregation. For example, by 

increasing the concentration of the metal precursor or decreasing the concentration of stabilizer, an 

increase in the size of the nanoparticles can be obtained, as observed in the case of the larger spherical 

particles, which brought about a chromatic variation of the colloidal solution, going from an intense 

red to a pink-orange. Star-shaped nanoparticles, on the other hand, were synthesized using a similar 

method, but with different reaction conditions that favor anisotropic growth, leading to the formation 

of branched structures typical of stellate morphology. In this case, the presence of surfactants or 

directional agents is particularly important, since they can influence the growth rate of the various 

crystalline planes of the nanoparticle, determining their final shape. The concentration of the reducing 

agent can be modulated to obtain particles with more or less pronounced ramifications, influencing 

their shape and optical properties. Star-shaped nanoparticles have a different plasmonic response than 

spherical ones, with absorption extending towards longer wavelengths, which is why the colloidal 

solution of star-shaped nanoparticles had a deep blue color. These size variations were confirmed 

through several characterization techniques, including UV-Vis absorption spectroscopy, dynamic 

light scattering (DLS), zeta potential (ZP) measurements, and transmission electron microscopy 

(TEM). These methods provided comprehensive insights into the size distribution, surface charge, 

and morphological characteristics of the synthesized nanoparticles, which will be analyzed in detail 

in the subsequent sections. 
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3.2 TEM 

We report below some of the images obtained by TEM microscopy of our spherical and star-shaped 

nanoparticles. Shots were taken both considering different points in the grid of the same sample and 

using different magnifications of the point under investigation. The areas of the particles were 

measured using the image J program, and after collecting all the excel data, we proceeded to calculate 

the diameters and average them to get an approximate idea of the avearge size of the particle. The 

magnifications considered for the images below are 500k , 200k and 100k (Figure 28-32) [54]. 

 

 

 

 

 

 

 

 

 

      

Figure 15 A :Gold nanoparticles in colloidal 
solution: in red the spherical 
nanoparticles(10-20nm) and in blue the 
star-shaped nanoparticles (>70 nm). 

Figure 15 B: Gold 
nanoparticles in colloidal 
solution;  the spherical 
nanoparticles (70nm) 

A B 

Figure 28: Spherical nanoparticles of 19nm seen by 
TEM microscopy at 200k magnification 

Figure 29: Star-Shape nanoparticles  seen by TEM 
microscopy at 100nm magnification 
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In excel we reported the sizes of as many nanoparticles as measured using the ImageJ program and 

averaged them. (Table7) (Table8). 

Np1  average dev.standard error 
diameter 18,8 2,7 0,3 
radius 9,4 1,4 0,1 

 

Np2 avarage dev standard error 
diameter 16,8 2,6 0,5 
 radius 8,4 1,3 0,2 

 

Np3 average dev.standard error 
diameter 71,7 9,4 0,9 
radius 35,8 4,7 0,5 

 

Table 2: Average of spherical nanoparticles diameters, standard deviation and measurement error. 

Figure 30: Spherical nanoparticles of 16nm seen by 
TEM microscopy at 200k magnification 

Figure31: Star-Shape nanoparticles of 19nm seen by 
TEM microscopy at 500nm magnification 

Figure 32: Spherical nanoparticles of 70nm seen by 
TEM microscopy at 500nm magnification 
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S1  average  St. deviation error 
diameter 75,2 24,9 4,9 
radius 37,6 12,4 2,4 

    
S3 average  St. deviation error 
diameter 70,3 19,6 3,5 
radius 35,2 9,8 1,8 

    
S4 average  St. deviation error 
diameter 82,0 31,0 9,8 
radius 41,0 16,5 5,2 

    
S5 average  St. deviation error 
diameter 114,1 144,8 40,2 
radius 57,0 72,4 20,1 

    
S6 average  St. deviation error 
diameter 129,7 487,8 199,1 
radius 64,8 243,8 99,6 

 

Table 3: Average of star-shape nanoparticles diameters, standard deviation and measurement error. 

The data reported here were obtained by performing mean and standard deviation while the error by 

formula:  

𝑒𝑟𝑟𝑜𝑟 = 𝑑𝑒𝑣. 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑/√𝑁 

Where N represents the number of nanoparticles for which the measurement was made. In the case 

of the stars, DNA-PAINT analysis was then performed with S1, S3, and S4 only. S5 and S6 were 

neglected both because of the large measured size that was not of interest to us and because of the 

high variability of the measurement and the low number of nanoparticles that we were able to detect 

with TEM microscopy [55]. 

 

3.3  Functionalization of nanoparticles with oligonucleotides 

After synthesizing the nanoparticles, we proceeded with functionalizing them with oligonucleotides. 

The aim is to coat the surface the entire surface of the nanoparticle with oligonucleotides. For each 

sample we have two avenues as we can see from the Figure 16. One contains the synthesized 

nanoparticles while the other contains the nanoparticles with the oligo. As you can see from the 

picture (Figure 16) the nanoparticles functionalized with oligos have a slightly lighter color. During 

the centrifugation process, some of the sample may be removed along with the supernatant, reducing 

the concentration of nanoparticles in the solution. This process can lead to a decrease in color intensity 

and can thus be a disadvantage when analyzing new samples with UV-Vis or ZP or DLS.  
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We performed all the necessary calculations in order to functionalize the nanoparticles properly. As 

we can see from the data below, we performed more tests for nano stars than for nano spheres and 

this is because in the case of stars there is less colloidal stability. Star-shaped nanoparticles have a 

shorter stability lifetime than spheres. In addition, aggregate formation occurs more easily, making 

the speed of the reaction crucial. We used a 10-fold concentration of oligo; since the nanoparticles 

are very small, we assumed that more oligo would make the presence or absence of functionalization 

more obvious. Np1, Np2 and Np3 represent nanoparticles with sizes of 19 nm, 16 nm and 70 nm, 

respectively. 

• In the case of nanosphere (Table2) (Table3) 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: A)the synthesized nanoparticles and  the nanoparticles with the oligo. B) Nanoparticles during 
funcinalization steps on the stirrer. 

Table 4: Calculations.  Started from the epsilon and then got the concentration Cn, depending on the size of Nps. 

Table 5:Results obtained from previous Cn 
values and in relation to spherical particle size. 
In the first column is x1 concentration while in 
the second is x10(used by us) 
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• In the case of nano star (Table4) (Table5) 

 

 

 

 

 

 

 

 

 

 

3.4 Characterization of nanoparticles  

The nanoparticles were analyzed before and after functionalization to verify that they had been 

functionalized correctly. This applies to the three characterization techniques we will see below. 

 

3.4.1 DLS  

In this thesis, DLS was used to verify that conjugation between the nanoparticles and the docking 

strands had occurred. That is, the size of the NPs without conjugation was measured first as a control 

and then compared with the size of the NPs conjugated with the docking strands. If the conjugation 

of NPs with docking strands was performed correctly, a slight increase in the size of conjugated NPs 

will be observed compared with control NPs. Next, DLS results, representative of all samples in this 

thesis, will be presented. In particular, the results for the formulation of spherical nanoparticles P1, 

P2 and P3 will be presented, corresponding to 19, 16, 70 nm in diameter, as determined by TEM. The 

stars were not analyzed by DLS because, measuring the hydrodynamic diameter, it would not make 

much sense given their articulated shape. All measurements were made considering water as the 

solvent since the nanoparticles are suspended in water. The most significant are those for number and 

intensity that allow me to understand the size of the nanoparticle and how many nanoparticles there 

are of that size. The data shown were obtained using the Zetasizer software. As you can see the peaks 

in the graph of the DLS of oligo functionalized nanoparticles are shifted to the right, which means a 

Table 6: Table 2: Calculations done on excel.  Started from the epsilon and then got the concentration Cn, depending 
on the size of Nps. 

Table 7: Results obtained from previous Cn values and in relation to particle size. In the first column is x1 
concentration while in the second is x10(used by us) 
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larger size. Remember that the dimension measured through DLS is a hydrodynamic radius and not 

the actual radius we measure with TEM. (Figure 17) (Figure 18)  (Figure 19)  (Figure 20)   [53] 

 

 

 

 

 

 

 

Figure 17: Obtained with the Zetasizer softwer. Is a comparison of 16- and 19-nm nanoparticles as synthesized .On the 
right are the data obtained by intensity while on the left by number. 

Figure 18: obtained with the Zetasizer software. The peaks in the graph of oligo-functionalized nanoparticles (19 nm) are 
shifted to the right, which means having a larger size (red peak). On the right are the data obtained by intensity while on 
the left by number. 
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Figure 19: Obtained with the Zetasizer software. The peaks in the graph of oligo-functionalized nanoparticles (16 nm) are 
shifted to the right, which means having a larger size (red peak). On the right are the data obtained by intensity while on the 
left by number. 

Figure 20: Obtained with the Zetasizer software. The peaks in the graph of oligo-functionalized nanoparticles (70 nm) 
are shifted to the right, which means having a larger size (red peak). On the right are the data obtained by intensity 
while on the left by number. 
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The DLS analysis was done only for nanospheres since using the DLS to measure the hydrodynamic 

radius of nanostars does not make much sense in consideration of the fact that the software analyzing 

the data assumes spherical morphology.  

 

3.4.2 Zeta potential 

In this thesis, ZP was used to verify that conjugation between gold nanoparticles and DNA strands. 

That is, the surface charge of NPs without conjugation was first measured as a control, and then the 

surface charge of those conjugated with docking strands was measured. If conjugation is performed 

correctly, a significant increase in negative charge in the surface charge of the conjugated NPs 

compared with the control NPs should be observed, because the docking strands provide more 

negative charge on the surface of the NPs. Next, ZP results, representative of all samples in this thesis, 

will be presented. In particular, results for spherical nanoparticles P1, P2 and P3 and star particles S1, 

S3, S4 and S5 will be presented corresponding to 19 nm, 16 nm, 70 nm and 75 nm, 70 nm, 82 nm,114 

nm in diameter respectively. All measurements were made considering water as the solvent since the 

nanoparticles are suspended in water. The data shown were obtained using Zetasizer software (Figure 

21-27) [35] 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the 19 nm Nps an unclear control peak was obtained, probably due to the excessive decrease in 

concentration of the nanoparticles after centrifuging which also led to a color change towards lighter 

shades. 

 

 

 

Figure 21:Representation of the surface charge of control AuNPs (without 
conjugation) and with conjugation. ZP distribution. Conjugates are more 
electronegative so the peak is at negative values.(Spherical Nps 19nm) 
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Figure 22: Representation of the surface charge of control spherical AuNPs 
(16 nm, without conjugation) and with conjugation. ZP distribution. 
Conjugates are more negative so the peak is at negative values. 

Figure 23: Representation of the surface charge of control spherical 
AuNPs (70 nm, without conjugation) and with conjugation. ZP distribution. 
Conjugates are more negative so the peak is at negative values. 
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   AuNp19_nm_oligo10                            AuNp19nm_control 

    AuNp16_nm_oligo10                         AuNp16nm_control  

Figure 24: Representation of the surface charge of control spherical AuNPs (without conjugation) and with 
conjugation. Conjugates are more negative. On the right a representation obtained from Zetasizer program and 
on the left a histogram representation. 

Figure 25: Representation of the surface charge of control AuNPs (16 nm, without conjugation) and with conjugation. Conjugates 
are more negative. On the right a representation obtained from Zetasizer program and on the left a histogram representation. 
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    AuNp70_nm_oligo10                  AuNp70nm_control 

               AuStar4_oligo10                                       AuStar4_control 

Figure 26: Representation of the surface charge of control AuNPs (70 nm, without conjugation) and with conjugation. Conjugates 
are more negative. On the right a representation obtained from Zetasizer program and on the left a histogram representation. 

AuStar5_oligo10                                 AuStar5_control 

Figure27: Representation of the surface charge of control Au nanostars (without conjugation) and with conjugation. Conjugates 
are more negative. On the right a representation obtained from Zetasizer program and on the left a histogram representation. 

 

-146

-144

-142

-140

-138

-136

-134

-132

-130

-128

-126
1 2

AuNps 70nm

1 2

-180

-160

-140

-120

-100

-80

-60

-40

-20

0
1 2

Ze
ta

 P
ot

en
tia

l (
m

V)
Star S4

1 2

-70

-60

-50

-40

-30

-20

-10

0
1 2

Ze
ta

 P
ot

en
tia

l (
m

V)

Star S5 

1 2



42 
 

 

 

As expected nanoparticles with oligonucleotides on the surface are more negatively charged (Table 

6). This can be seen from both the zeta potential distribution graph and the phase plot. 

Oligonucleotides are short sequences of nucleic acids (DNA or RNA) made up of repeating units of 

nucleotides. Each nucleotide is made up of a nitrogenous base, a five-carbon sugar (ribose or 

deoxyribose) and a phosphate group. The phosphate group (PO₄³⁻) is negatively charged, giving an 

overall negative charge to the oligonucleotide. When oligonucleotides bind to the surface of the 

nanoparticles, these phosphate groups bring their negative charge with them, thus increasing the net 

negative charge on the surface of the nanoparticles. The nanoparticles, before functionalization, have 

a weakly negative charge, due to the synthesis with citrate. After functionalization with 

oligonucleotides, the negative charge of the phosphate groups of the oligonucleotides adds to the 

surface charge of the nanoparticles, making them significantly more negative. 

 

3.4.3 UV-Vis 

From the ultraviolet-visible we can obtain the absorption spectrum. Depending on the size of the 

nanoparticle we will get a different spectrum with an absorbance peak at different wavelengths. The 

wide-path cuvette is filled with 1 ml of colloidal solution (Figure 33) after, however, performing a 

baseline check with milliQ water.  

 

 

 

 

 

 

 

 

 

Metallic nanoparticles, such as gold nanoparticles, exhibit a phenomenon known as localized surface 

plasmon resonance (LSPR), which manifests as a characteristic absorption peak in the UV-Vis 

spectrum due to the collective oscillation of conduction electrons on the nanoparticle surface in 

response to incident light. The position and intensity of the LSPR peak are strongly dependent on the 

size of the nanoparticles. As the nanoparticle size increases, the LSPR peak shifts to longer 

wavelengths (red shift). For example, elongated or aggregated nanoparticles may show more than one 

peak, corresponding to different directions of electron oscillation; this is not what we want to achieve. 

Table 8: penultimate column is the one we are interested in considering because it shows the 
data of higher negativity in the cases of oligo-conjugated particles. 

Figure 33 : The wide-path cuvette 
with 1 ml of colloidal solution of 
spherical Nps  for UV-Vis analysis. 
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A broader peak may suggest a broader size distribution or a nonspherical shape of the nanoparticles, 

and finally by comparing different UV-Vis spectra, it is possible to determine which sample has larger 

or differently shaped nanoparticles. By correlating the position, intensity and shape of the absorption 

peak with the size of the nanoparticles, you can get a clear picture of their characteristics. The first 

two spectra represent the absorbance spectrum of the NP1 and NP2 nanoparticles, which are about 

16 nm and 19 nm in diameter, respectively. As we can see, the absorbance peak of the oligo-

functionalized nanoparticles is shifted toward longer wavelengths by a few nanometers, meaning that 

even if only slightly, the nanoparticle has increased its diameter as we expected (Figure  34)  In the 

third graph, on the other hand, the peak is a little wider due perhaps to the nanoparticles being a little 

less stable and precise because of size. Here we compared the nanoparticles as we synthesized them 

both before and after performing the centrifuge procedure. In the case after centrifugation we see how 

the peak is almost not visible due to the very low absorbance . That is why we decided to also include 

the nanoparticles without centrifugation, so that the difference in the wavelength of the peak would 

be more obvious. In both cases, however, it can be seen that the nanoparticles with oligo show a peak 

at a longer wavelength, which means they will be larger in diameter as expected [56]. (Figure 34) 
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Now we can consider the star; given the results obtained from the TEM images we have just analyzed, 

it was decided to functionalize the nanostructures S1, S3, S4, and S5. With the latter, as we shall see, 

it was then decided not to continue with subsequent analyses. (Figure 35)  
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Figure34 : Absorption spectrum of AuNPs of different sizes in which the shift of the 
absorbance peak changes when the particles are conjugated (at higher wavelengths). 
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The graphs just shown represent the newly synthesized stars and their respective relative absorbances 

at the corresponding wavelengths. For each graph we have also represented a table showing the peak 

Star synthesized x(nm) y(Abs) 

S4 710 1,15 

S5 735 1 
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Figure35 : Absorption spectrum of star-shape AuNPs of different stars. We tried 
different times.  
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data. Now, however, let us see what happens to such nanoparticles after functionalization with 

oligonucleotide and report a comparison between the two situations. (Figure36). 

 

 

 

 

 

 

 

 

 
 

 

 

0

0,02

0,04

0,06

0,08

0,1

0,12

400 500 600 700 800

Ab
s 

(-
)

Wavelength (nm)

Austar1_control

Austar1_oligo10

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

0,2

400 500 600 700 800

Ab
s 

(-
)

Wavelength(nm)

Austar3_oligo10

Austar3_control



47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

400 500 600 700 800

Ab
s 

(-
)

Wavelength (nm)

Austar4_control

Austar4_oligo10

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

0,2

400 500 600 700 800

Ab
s 

(-
)

Wavelength (nm)

Austar5_control

Austar5_oligo10

Figure36: Absorption spectrum of star-shape AuNPs in which the shift of the absorbance peak 
changes when the particles are conjugated with oligo (at higher wavelengths). 
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Stars in general, compared to spheres, have an absorption peak more shifted toward the red so toward 

longer wavelengths. As can be seen from the results obtained, after performing the centrifugation 

procedure with and without oligo the value of maximum peak absorbance is lowered. However, in 

the case of stars 3 and 4 the same case noted in the spheres occurred, namely that after 

functionalization the wavelength of the peak increases and thus also the size, as expected. This does 

not occur in the case of stars 4 and 5, which were therefore excluded and DNA-PAINT analysis was 

not carried out thereafter. In fact, the opposite occurs in these two cases, and this is anomalous. We 

thought that functionalization was not done correctly. Because of their articulated shape, it is more 

difficult to estimate their exact size, and therefore consequently all calculations are more approximate. 

In addition, since they are not spherical, one cannot actually know where the oligonucleotide will 

have positioned itself with respect to the irregular surface of the star [57], [58]. 

 

3.5 Super resolution microscopy 

     3.5.1 Functionalization of slides  

As described earlier in the experimental section, 4 different treatments of the coverslip were tested to 

achieve longer adhesion of AuNPs. Visualization by TIRF microscopy showed that the first three 

treatments did not work as expected, since only a few AuNPs adhered to the coverslip, and this was 

visible for both the newly synthesized nanoparticles and the docking strand-functionalized particles. 

Finally, A4 treatment with APTES allowed the functionalization of the coverslip through ether bonds, 

letting the positively charged amine groups at the ends bind to the AuNPs through the negative charge 

of citrate or phosphate in the case of oligonucleotides. In general, it was noted that the larger 

nanoparticles (70 nm or stars in our case) had greater adhesion than the smaller particles, which had 

a much harder time sticking in all the treatments tried. The protocols that seemed to be most promising 

were A1 and A4 (Figure 37). For this reason, we will report below only a few of the most significant 

examples from the tests performed, just to provide an idea of the difference that was noticed between 

one protocol and another. 

 

 

 

 

 

 

 

 

 

 

       A1                                             A4 

Figure 37: Images of the NIS-Elements of the N-STORM 
for the protocols A1, A4 of attachment of AuNPs of 70 
nm. 
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As an example, 70 nm nanoparticles functionalized with the DNA strand will be discussed. The first 

column of Figure 37 shows an example of protocol A1 application while the second column shows 

an example of protocol A4 application. As can be seen, in the second case there is a higher amount of 

nanoparticles attached to the cover slip demonstrating that the A4 protocol is the most effective of all. 

Another important difference we can see is how using the same A4 attachment protocol smaller 

nanoparticles are much more difficult to visualize than larger ones, whether they are spherical or star-

shaped (Figure38 A-D). We report below an example that highlights this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After many attempts at adhesion of the nanoparticles with the different protocols and after having 

identified the A4 protocol as the best for the prolonged attachment of the nanoparticles on the 

coverslip, we continued by analyzing the various sizes and shapes as we show in the figures just 

reported. It was noted that for the spherical nanoparticles, the smaller ones had much difficulty in 

attaching compared to the larger ones. For the stars, being all large, they did not show any difficulty 

in attaching to the glass. 

Figure 38A: Images of the NIS-Elements of the 
signal of 19 nm. 

Figure 38B:Images of the NIS-Elements of the 
signal of 16nm. 

Figure 38C: Images of the NIS-Elements of the 
signal of 70nm. 

Figure 38D: Images of the NIS-Elements of the 
signal of nano star (>70nm). 
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3.5.2 TIRF images at different wavelengths  

 The reflection signal, generated by the NPs present on the surface of the slide or membrane, allows 

the exact position of the nanoparticles to be mapped. Because TIRF microscopy illuminates only a 

small region near the surface, it is particularly effective at revealing structures that lie very close to 

the interface, such as nanoparticles. The position of the reflection signal therefore provides a direct 

indication of where the nanoparticles are located in the evanescent field. Combining TIRF with DNA-

PAINT offers a highly precise approach to visualize the interaction between nanoparticles and 

functionalized DNA molecules. The TIRF reflection signal provides direct visual guidance, limiting 

the interrogation to only the regions immediately close to the NPs, while DNA-PAINT allows for 

super-resolution imaging, improving the ability to observe the molecular organization around the 

nanoparticles. For each sample, 4 images were acquired for each wavelength corresponding to the 

three lasers of the microscope, 488 nm, 561 nm and 647 nm. What we noticed is that at the wavelength 

of 488 nm all the samples give unclear images and the nanoparticles turn out to have very low 

brightness. Samples related to spherical nanoparticles show higher brightness at wavelengths of 561 

nm while stars on the other hand show higher brightness at wavelengths of 647 nm. The larger the 

size of the particle, regardless of its shape, the higher the brightness will be at longer wavelengths. 

However, this is not an entirely good thing since the imager strand we purchased shines at 

wavelengths of 647 nm. Ideally, we would like to have nanoparticles with higher brightness at 561 

nm so that we can notice the difference when we add the imager to our sample and then perform DNA 

PAINT. We show below a series of images of our samples using the three different lasers, so we will 

notice the different brightness at different wavelengths.(Figure39) 

 

Figure 39: Images of the NIS-Elements of the signal of Nps 19 and 70 nm(spherical) and Star-
Shape for different lasers at different nm. 
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Then we analyzed using the ImageJ program all the intensities of the different nanoparticles at 

different wavelengths. We averaged and visualized where they were brightest. We report that analysis 

below (Figure40): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two lasers are used during image acquisition, one channel at 647 nm and one at 561 nm. In the case 

of stars, because of their larger size, the strongest intensity is that related to the 647 laser. In the case 

of spherical NPs, the strongest intensity is in the case of laser 561 as we desired since we will later 

add the imager shining at 647 nm. 
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Figure 40: Plot for the mean intensity of reflection of AuNPs at different 
wavelength (488, 561 and 674 nm). Instagram representation. 

Figure 39: Images of the NIS-Elements of the signal of NPs 19 and 70 nm (spherical) and Star-
Shape for different lasers at different nm. 
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 Ultimately for this reason we use the 561 channel nm for all nanoparticles. The Atto647N-Imager 

strand signal was collected using the 647 nm (160 mW) laser with 60% power and the AuNP reflection 

signal using the 561 nm laser (80 mW) with 10% power. 

 

3.6 DNA-PAINT microscopy  

 The DNA-PAINT microscope allows images of the position of nanoparticles (green laser, channel 

561) and the constant position of the imager strands with ATTO-647N i.e., the imager (red channel, 

channel 647) in order to visualize their hybridization and detachment with the NPs docking strands. 

The time required for the acquisition of each image was ∼25 min. To perform image analysis of the 

images of the images, drift correction was first performed. Next, a density filter was applied to clean 

background of the images. In addition, once the data and image acquisition were finished, if the NIS-

Elements module could not correct the mechanical drift, the acquired data became useless. In this 

thesis, the NPs were all conjugated to the P1 docking strands and then used two different imagers I1 

(complementary) and I2 (non-complementary). These were in the first case what one expects a 

significant amount of signal around the NPs. In contrast, for the control samples, with the I2 imagers 

strands, generating no or minimal signal around the NPs. As we will see this difference is much more 

visible in nanoparticles of larger size but at the same time in nanoparticles that have a more regular 

shape as in the case of spherical ones.  We show below some of the images STORM obtained after 

DNA-PAINT analysis with NIS-Elements software (Figure 41) 
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As we see in the figures, for spherical nanoparticles the difference between the complementary I1 and 

the noncomplementary I2 imager is quite clear. The I1 imager positions itself around the nanoparticle 

providing a strong signal while the noncomplementary imager provides little or no signal, in fact it 

does not surround the nanoparticle. In contrast, in the case of stars , probably because of their irregular 

shape, it is not so clear.  The I2 imager in fact, in this case gives us equally results. In the last image 

we see an example of a nanoparticle without the drift correction due to the downward motion of the 

nanoparticle during the 25-minute analysis. 

 

3.6.1 Drift correction 

In the next figure, in the red circle, we see an example of a nanoparticle without the drift correction 

due to the downward motion of the nanoparticle during the 25-minute analysis (Figure42A-B). 

 

 

Figure41: Zoom images of a DNA-PAINT analysis of different spherical and star Nps. The yellow part is the 
nanoparticle reflection  and the red one is the imager. I1 is related at complementary imager , I2 is related at no-
complementary imager. 
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3.7 Data analysis 

We used a previously written Matlab code for data analysis. With the first script (ReadCoords2.m), 

the cluster position of the 561nm trust channel and thus the center of each individual NP is identified. 

In the second script (Cluster2.m), the clustering algorithm, several parameters are selected, such as 

the maximum NP size and the minimum positions for each individual NP, among others.  The goal of 

this analysis was to obtain the exact number of imager strands locations for each individual NP. 

Therefore, the expected results are to obtain the maximum number of imager strands locations on the 

surface of NPs conjugated with docking strands complementary to the imager strands used. On the 

other hand, for the control samples, i.e. with the non-complementary I2 imager, were to obtain zero 

or minimal imager strands locations on the surface of the conjugated NPs. Therefore, finally through 

MatLab analysis with DNA-PAINT data, a histogram with imager strands positions for the NPs and 

their normalized frequency will be obtained. 

        

 3.7.1 Matlab results   

Here we report examples of MatLab analysis. The results were obtained using a previously created 

Matlab code. The graphs we report below are for the 16 nm spherical nanoparticle sample with I1, 

the imager complementary to the DNA strands on the nanoparticle surface. In the first two figures we 

can see a magenta ellipse indicating a valid particle, a cyan ellipse for an invalid particle, and a yellow 

ellipse showing a non isolated particle. Red dots indicate the 647 nm-channel (imager) and the blue 

dots are the fiduciary channel (561 nm). In the 3rd figure the black ellipse are circle fitting, red dots 

are selected-NP localized, and black dots are other localization. Finally, the script generates a 

histogram showing the frequency of localizations per individual nanoparticle, based on thousands of 

measurements taken along the imaging chain. The crosses we notice in the images are the centers of 

each individual nanoparticle. (Figure43 A-E)  

Figure42A:  example of a drift  of a gold spherical 
nanoparticles before of correction  

Figure42B:  example of a drift  correction of a gold 
spherical nanoparticles. 
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Figure43: graphs obtained with scrip MatLab (16 nm with complementary I1).  A) identified nanoparticles; B)zoom of 
a part of image A; C) black ellipse is the circle fitting, red dots are the selected nanoparticle localization and black 
dots are the other localizations. (D) histogram showing the frequency of localizations by single nanoparticle. E) 
histogram showing the size of nanos. 
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The first line shows the behavior of the particle when the complementary strand imager I1 is used, 

which attaches to the nanoparticle. In the second line, what happens when the non-complementary 

imager 2 is used. This behavior was found more in spherical nanoparticles than in star shaped ones 

probably because of their irregular shape 

 

4. Conclusions  

In this thesis, we focused on the creation and optimization of a one-pot assay applied to be applied in 

nanomedicine, using barcoded nanoparticles, the decoding of which was performed by DNA-PAINT 

microscopy. Gold nanoparticles were the focus of our investigation, and through various experiments, 

we reached several relevant conclusions regarding their synthesis, their conjugation with specific 

docking strand, and their subsequent detection by DNA-PAINT. 

The synthesis of nanoparticles has produced very promising results, particularly for particles of small 

size and spherical shape. These smaller spherical nanoparticles demonstrated high stability over time, 

remaining intact for an observation period of two months. In contrast, larger spherical and stellate 

nanoparticles showed lower colloidal stability, deteriorating over time. This implies that, for such 

larger particles, it is crucial to proceed quickly with the analysis following their synthesis. In 

particular, it is advisable to perform DNA-PAINT analysis promptly to prevent the colloidal sample 

from precipitating, rendering the solution unusable. 

Dynamic Light Scattering (DLS), Zeta Potential (ZP) and UV-Vis spectroscopy (UV-Vis) have proven 

to be effective in verifying the conjugation of docking strands on the surface of nanoparticles. 

However, both DLS and ZP presented difficulties in obtaining accurate results. This is due to the need 

to optimize sample dilution; inadequate dilution can lead to inaccurate measurements, thus 

compromising data interpretation. 

Figure 44: Image obtained by Matlab analysis for 70 nm nanoparticles using 
two different imager strands I1 and I2. 
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A crucial aspect of the work was the optimization of the process of attaching gold nanoparticles to 

the glass slide for subsequent analysis by DNA-PAINT. It was found that the optimal treatment for 

the coverslip is to use the APTES reagent, combined with thorough cleaning of the slide using acids. 

In addition, the incubation period of the nanoparticles on the slide was crucial, which should be 

extended overnight to ensure effective adhesion of the particles to the surface. 

From the image analysis, we evaluated the brightness of each sample at different wavelengths each 

corresponding to a different laser. It was noticed that the smaller nanoparticles were brighter at 561 

nm, which is optimal since the imager we purchased employs 647 nm excitation. In contrast, the 

larger particles appeared to be brighter at a wavelength of 647 nm. This initially made us doubt the 

success of the final DNA-PAINT analysis. The larger nanoparticles, however, allow images with 

better resolution to be obtained and the structures are very clearly visible, which is not the case in N-

STORM images of the smaller ones, in which the image is unclear and appears with a lot of 

background noise, despite then successful subsequent analysis.   

Through DNA-PAINT analysis we noticed a clear difference between complementary and 

noncomplementary filaments in all the different samples. In spherical nanoparticles this difference 

appeared much more visible. In star-shaped nanoparticles there is not much difference in results when 

one imager is used rather than another. Generally, spherical nanoparticles showed better performance 

than star-shaped nanoparticles. This result can be attributed to their regular shape, which probably 

facilitates the uniform placement of oligonucleotides on the surface of the particles. Indeed, the 

spherical geometry seems to promote better interaction with DNA strands, thus improving the quality 

and reliability of detection in PAINT analysis.   

In summary, the results obtained provide important indications for the future use of gold 

nanoparticles in nanomedicine, highlighting the need to adapt synthesis and analysis methodologies 

according to the specific morphology and size of the particles used. 

 

5. Future developments 

In the future, our work will continue with significant efforts toward optimizing the conjugation of 

gold nanoparticles (AuNPs) with docking strands, especially in the case of non-regularly shaped 

particles. This is of crucial importance because proper conjugation is the foundation for effective 

detection and subsequent analysis using the DNA-PAINT technique. Therefore, we will focus not 

only on perfecting the conjugation techniques but also on the detailed characterization of the 

nanoparticles with the aim of verifying the efficiency and specificity of the binding between the 

AuNPs and the docking strands. This characterization will be carried out through the use of advanced 

techniques such as DLS, ZP and UV-Vis spectroscopy, with the aim of obtaining increasingly precise 

and reproducible data. Another aspect of great importance will be the optimization of the entire DNA-

PAINT analysis procedure. In this context, we aim to examine the performance of AuNPs not only 

according to their shape and size, but also according to the variety of docking strands used. In addition 

to this, we also propose to vary the imager strands used during DNA-PAINT analysis. In the present 

research, we mainly used ATTO-647 imager strands, but we intend to extend the investigation to other 

fluorophores, such as ATTO-561. This extension will allow us to explore potential differences in 

emission, stability, and interaction with docking strands, providing a more complete understanding 

of the molecular dynamics involved. By analyzing similarities and differences between these different 

imagers, we aim to identify the optimal conditions for each type of nanoparticle, maximizing the 

effectiveness of the DNA-PAINT technique. In addition, another important step forward will be the 
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exploration of experiments in which the synthesized nanoparticles will no longer be analyzed 

individually, but in mixtures containing several different samples. This approach, known as the ‘one-

pot bar-coded assay’, not only allows the detection and localization of individual nanoparticles on the 

basis of their barcodes, but also offers the practicality of rapid and efficient evaluation of drug-loaded 

nanoparticles. This novel strategy will allow us to evaluate the ability of AuNPs to simultaneously 

identify multiple distinct targets, paving the way for multiplex analysis that could revolutionize the 

field of nanomedicine. The ability to detect and distinguish multiple biomarkers in a single analysis 

is an ambitious but critical goal for the development of new therapies and more accurate and timely 

diagnoses. All these optimization processes were designed with the ultimate goal of building a 

comprehensive and versatile library of AuNPs, characterized by different docking chains optimized 

for specific biological targets. This preparatory work is essential for the next step in our project: the 

initiation of in vitro cell culture assays. These tests represent a crucial step in evaluating the future 

efficacy and future safety of nanoparticles in a complex biological context, bringing us ever closer to 

the possible clinical application of AuNPs. The long-term goal will then be to develop gold 

nanoparticles not only as advanced research tools, but as true therapeutic and diagnostic agents for 

precision medicine [59], [60], [61], [62]. 
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