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ABSTRACT 

In the last few decades, nanomaterials have been widely 

recognised as powerful sensing tools due to their unique 

properties. The development of new nanomaterials and the 

understanding of their behaviour have been explored in 

many fields joining forces from different knowledges in 

science and making them extremely promising for 

fundamental and practical applications. Among all, the 

application of nanomaterials in biomedical research and 

most recently in the environmental one have opened the 

fields of nanomedicine and nanoremediation. Furthermore, 

sensing methods based on fluorescence optical probe are 

generally requested among other technique for their 

selectivity, sensitivity and easy handling of the sample. 

However, most imaging methods in literature, both 

diffraction limited and super-resolution ones, rely on an 

effective covalent labelling of the system with fluorescent 

dye or ligand/receptor coupled moieties to study surface 

properties and topography. When systems under analysis 

struggle to be easily functionalized with fluorescent 

moieties this is a major limitation for different application. 

Therefore, the main aim of this Ph.D thesis was to 

synthetise a biocompatible fluorogenic hyaluronan probe 



 
 

(HA) polymer functionalised with a rhomadine B (RB) 

moiety and study its behaviour as an optical probe with 

different materials with microscopy technique. A 

derivatization of HA with RB (HA-RB) was successfully 

obtained and a photophysical characterization as been 

provided showing a particular fluorescence mechanism of 

the probe. To prove their sensing ability towards 

nanomaterial, the interaction with different lab-grade micro 

and nanoplastics was tested in water. It has been 

demonstrated that thank to the peculiar photophysical 

behaviour of the probe nanoplastics can be detected with 

confocal microscopy and more interestingly their nature can 

be discriminated based on the fluorescence lifetime decay 

with FLIM microscopy. After, it has been studied the 

interaction of a model plant derived metabolic enzyme 

GAPC1 undergoing oxidative-triggered aggregation with 

the HA-RB probe. Interestingly, compared to classical 

turbidity scattering measurement, the emission signal due to 

the progressive aggregation starts to rise much earlier than 

the scattering, during the so called lag-time. This means that 

the probe is interacting with oligo/pre-aggregates of the 

protein and it is thus able to reveal them on the contrary of 

what happens in presence of  Thioflavin-T, a model dye for 



 
 

protein aggregates detection. Hence the ability of HA-RB 

stems not from the technique (fluorescence vs scattering) 

but from the probe itself, highlighting therefore the 

importance of the polymeric nature and of the fluorogenic 

mechanism of the probe. Moreover, nanoparticle tracking 

analysis (NTA) experiment with homemade optical setup 

demonstrate that the probe is able to interact with the small 

pre-aggregates in the early stage of the aggregation kinetic, 

as suggested by the fluorescence cuvette essay. At the end, 

we explored the possibility to apply the probe in a super 

resolution microscopy technique, PALM, exploiting the 

aspecific interaction of the HA-RB to reach the optimal 

condition for the technique to characterize the surface 

topography of PTFE polydisperse microplastics. Optimal 

condition were reached easily at high concentration  of the 

probe (70 nM) which is the opposite you should except from 

this technique were a 0.5-5 nM is always advisable to have a 

good blinking of the emitters. This can be explained with 

the polymeric nature of the probe which with this technique 

was able to reveal features of PTFE surface under the 

diffraction limit (< 250 nm). 
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Chapter 1-General introduction 

 

1.1 Interfaces and Interaction: how to explore the 

nanoworld 

As we proceed down along the scale of dimensions, the 

understanding of the interfaces and phase separation 

represent a key factor to recognize the properties of a 

system and how to interact with them. 

This become more relevant in the nanostructured materials 

since there are intrinsically characterized by an high 

surface-to-volume ratio and peculiar physical-chemical 

characteristics, as also defined by the European 

Commission [1]. In fact, in this dimensional range, 

surfaces become intense topic of study in all the field of 

the science as they play a crucial role in chemical, physical 

and biological processes involving nanostructured 

materials interactions. 

In the last decades, the understanding of the forces 

involved have already led to the development of 

nanotechnology and nanomaterials for a plethora of 
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applications in i.e., energy conversion [2], molecular 

recognition and signal transduction [3], in vivo and in vitro 

diagnostic and therapy [4] and environmental control [5]. 

A large effort has been employed in the comprehension of 

the interactions and the relationship intercurrent between 

properties and structure of the nanomaterials in order to 

rationally design the properties of new nanomaterials. 

For example, a consistent part of the literature about 

nanomaterials are meant to have a biomedical application 

and, most recently, a lot of studies are focused on 

environmental application. 

For those applications, one of the most important aspects 

explored is the detection of the system of interest itself. 

Physically, this implies a surface, a region that separates 

two different phases and, chemically, what is present on 

that surface that can be used to interact with a rationally 

designed sensor. In this contest, among all the tuneable 

properties, specificity and sensitivity become a main 

aspect for creating a sensor and this could be realized in 

different ways. 
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1.2 Nanomaterials for biomedical and environmental 

applications 

When the dimensionality of a material is confined in the 

nanometric range, its physical and chemical properties 

change drastically from the bulky material and in this 

situation the physical phenomena are governed by 

quantum mechanics. In addition, another peculiar feature 

of the material, independent from shape or composition is 

a large surface/volume ratio which influences mechanical, 

optical and magnetic properties. 

The development of new nanomaterials and the 

understanding of their behaviour have been explored 

especially towards the two big application fields of 

biomedical and, more recently, environmental control.  

In this context, nanomaterials can be divided in two groups 

depending on their chemical nature: inorganic and organic 

nanomaterials. Inorganic nanomaterials includes noble 

metal quantum dots (Au, Pt, Ag), oxide-based (i.e., Fe3O4 

as in magnetic nanoparticles), carbon-based (nanotubes, 

fullerenes, c-dots), semiconductor, silica-based 

nanoparticles [6] and AIE-gen materials [7]. Organic 
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nanomaterials can include biocompatible polymers like 

poly (lactic-co-glycolic acid), hyaluronic acid, chitosan, 

polylactic acid forming nanoparticles [8], dendrimers and 

liposomes [9]. 

Of course, given this general separation, literature is 

flourishing of many nanomaterials conjugating the organic 

and inorganic nature, joining the peculiar properties of 

both sides to face the complexity of the interactions in the 

biomedical and environmental fields [10]. Consequently, 

the understanding of the relationship between the 

nanomaterial activity with their structure opens to the 

possibility of rationally design and tune their properties.  

 

1.2.1 Biomedical application: Nanomedicine 

Many features are responsible for the success of 

nanomaterials in biomedical application. First to mention 

above all is their size which is comparable to many 

biological cellular system and biomolecules, letting them 

be potentially integrated into cellular uptake processes 

with different purposes from diagnosis to therapy. This 

property is strengthened when the nanomaterial is 



5 
 

designed in order to maximize its biocompatibility [11] 

which is possible by joining inorganic and organic 

nanomaterials avoiding most of unwanted effects like (i.e. 

immunogenic [12] response, protein corona formation 

[13]). This common strategy makes possible to extensively 

study their biodistribution and bioavailability and their 

pharmacokinetics. Also, it has been highlighted how 

several nanomaterials has a great stability in physiological 

condition ensuring stable action through time, effective 

bio-distribution and accumulation and protection of 

drugs/probes load from external environment actions. 

Indeed, the size of nanomaterials is perfect to exploit the 

so-called Enhanced Permeability and Retention (EPR) 

effect, a phenomenon present in many types of cancer 

diseases. Typically, cancer cells usually exhibit higher 

nutrients demand and hypoxia state which thus requires a 

higher oxygen demand from the blood stream. This leads 

to the creation of a new blood vessels (a process called 

angiogenesis) in the proximity of the ill tissues. This new 

vascularization system is not as tight as a healthy one; on 

the contrary presents looseness and intricate leaking blood 

vessel. Exploiting this permeability, nanomaterials are big 



6 
 

enough to passively enter and accumulate in the tumor 

tissues and be retained for a longer time. Typically, a 

strong EPR effect can be achieved using nanomaterials 

ranging from 10 to 200 nm [14]. 

Together with the size, the nature and charge of the surface 

play an important role especially in the uptake and 

clearance process [15]. Whereas positively charged 

nanomaterials exhibits electrostatic interaction with the 

negatively charged cell membrane and much higher uptake 

in vitro respect to neutral and negatively charged 

analogous, in vivo situation could be quite different. In this 

case, the positive nanomaterial can be affected by non-

specific surface absorption of serum proteins 

(immunoglobulins, fibrinogen, albumin, apolipoproteins) 

forming the so-called protein corona (PC) [16]. The PC 

formation alters the size of the nanoparticles and can cause 

physical destabilization and aggregation. In addition, PC 

can ease nanomaterial recognition by macrophages and the 

immune system triggering a fast clearance response and, 

for the same reason, it can sensitize the immunogenic 

response and toxicity. On the other side, negatively 

charged nanomaterials are less affected from the PC 
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formation and generally are present for longer time in the 

blood [17].  

Furthermore, the unmet versatility of nanomaterials is also 

due to the possibility to chemically modify their surface 

with several methods. Indeed, they constitutes a powerful 

platform to be engineered with well-known and easy to 

perform techniques: biomolecule conjugation (antibody, 

oligonucleotides, polypeptides), biocompatible 

passivation (PEG, PLGA and copolymer), releasable 

loading (drugs, probes), fluorescent probes for optical 

sensing [18]. With this powerful set of tools is possible to 

tune the half-life allowing the synthesis of new system to 

active targeting and therefore providing high specificity 

and sensitivity, thus increasing the effectiveness. Indeed, 

active targeting is a strategy to specifically make the 

nanomaterials perform their function upon an active 

interaction between biomolecules and receptors on the 

cells surface. In order to achieve such results, a deep 

comprehension of the nature of the surfaces interaction and 

the recognition molecules involved are quite important.  
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1.2.2 Environmental applications: Nanoremediation 

In the last century thanks to scientific discoveries and great 

technologies advancements, the human society had an 

unmet and extensive progress in industrialization. As 

consequence, this phenomenon brought also important 

problems for all the biosphere with a pollution 

phenomenon whose entity is dramatically worsened 

throughout the last decades concurring to the current 

worldwide climate crisis. This huge environmental 

pollution constitutes an enormous ecological risk with the 

release and accumulation of big amount of toxic species in 

air, water, and soil with alarming consequences for all the 

living organism and rising concerns also for human health. 

Thus, there is a crucial need to develop systems and 

methodology for an efficient environmental remediation. 

Remediation terminology is mainly associated with 

environment by means of all the processes involved in 

detection and the removal of pollutants and toxic 

contaminants from soil, atmosphere, groundwater, 

sediments, and hydrosphere. Since there different 

pollutants can be found most likely in specific 

environment respect to another, the complexity of 
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remediation in different environment has been faced with 

different approaches. They are divided in three main 

groups: physical (soil washing and flushing, land-farming, 

soil vapour extraction), chemical (stabilization of 

pollutants to a less toxic form with oxidising species, 

metal-chelating agents, chemical precipitation, or 

photodegradation) and biological remediation (microbial 

and phytoremediation). However, current classical 

approaches are quite laborious, considerably expensive 

and time consuming. Especially, bioremediation has some 

drawbacks intrinsically linked to the use of organisms 

which need optimized conditions for their growth, whose 

obtainment is not instantaneous. Moreover, in the last few 

years new concerns arise from contaminants referred as 

emerging pollutants (EP)[19]. They consist in chemical 

substances detected in the environment which are not well 

regulated and consequently not included in routine 

monitoring programmes and whose fate, behaviour and 

toxicological effects on environment and human health are 

not well understood. They are in form of pesticides, 

industrial chemicals, surfactants, personal care products 

and pharmaceuticals that are consistently being found in 
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groundwater, surface water, municipal wastewater, 

drinking water, and food sources. In some cases, release of 

emerging pollutants to the environment has likely occurred 

for a long time but may not have been recognized until new 

detection methods were developed. To overcome the 

inefficiency of classical methods, application of 

nanotechnology has started to be explored to achieve the 

most radical changes in the field of detection and 

environmental remediation [20]. For example, non-

steroidal anti-inflammatory drugs (NSAIDs) are one of the 

most used active principle in drugs formulation and the 

lack of regulation and methodology on its lifecycle 

(synthesis, removal, storage and disposal of the waste) lead 

to their increasing presence in the aquatic environment 

[21]. For this class of drugs, many fluorescent 

nanostructured systems have been proposed such as Cd/S 

quantum dots (QDs) or CdSe/ZnS QDs, polymer imprinted 

carbon dots, chitosan-stabilized Ag nanoparticles and also 

H-bond interaction with small molecules [22]. 

Furthermore, one of the most recent globally concerning 

EPs are those related to the phenomenon of micro and nano 

plastics pollution [23,24]. This theme is particularly taken 
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into consideration, EU and global organizations have 

already set the objective to determine new methodology 

for sensing and removal of plastic debris in the 

environment in the next few years. Also in this case the 

literature is flourishing of new system and methods for 

detection such metal organic framework (MOFs) [25], 

Superparamagnetic iron oxide nanoparticles (SPIONs) 

[26], carbon nanotubes (CNTs) [27], chitin [28]. 

 

1.3 Optical Probes: Fluorescent Nanomaterials 

One of the more interesting properties of nano-probes 

exploited in biomedical and environmental applications 

rely on their optical properties. An optical nano-probe is a 

system containing a recognition element linked to an 

optical transducer able to generate a signal related to the 

presence of a target analyte. The probes can work in a label 

free [29] or with labelling approach. The latter, through an 

optimal choice of the recognition element for the specific 

analyte, relies on the generation of a colorimetric or 

luminescent signal. Specifically, the optical properties that 

can be exploited are fluorescence, phosphorescence, 
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chemiluminescence, electrochemiluminescence, thermo-

chemiluminescence, absorbance and reflection. The most 

common probes are the ones based on fluorescence, 

exploiting the changes of different properties such as 

emission intensity, lifetime, and anisotropy. These 

properties can be affected through the modulation of 

energy, electron or proton transfer processes, the formation 

of excimers and exciples, or aggregation induced emission 

processes. The detection ability of the probe is evaluated 

upon the variation of a fluorescent moiety properties upon 

interaction with the analyte in its environment so that it is 

important to properly design the probe, taking into account 

its photochemical and chemical stability. Organic dyes and 

transition metal complexes are usually used since the 

easiness to tune their properties. They are usually 

composed with an extended π-system with a variety of 

functional groups. Their electromagnetic spectrum can be 

tuned changing the extension and the functionalization of 

the π-system. Hydrophobicity of the probe is also tuneable 

and relevant especially for biomedical and environmental 

application. Although these parameters can be tuned by 

changing the extension of the π-system or the functional 
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groups on the organic dyes, in many cases coupling the 

optical potentiality of the probe with nanomaterials can be 

a successful strategy. Nanomaterials have been presenting 

fundamental instruments for an easy engineering and an 

unmet tuning of sensing systems based on interaction 

phenomena occurring at the nanoscale. In fact, nanomaterials 

can be used as a signal amplification platform thanks to their 

intrinsic properties, and they can improve the efficiency of 

the interaction event in the recognition and detection 

processes.  

 

1.4 Hyaluronic Acid 

In the family of glycosaminoglycan, we can find the 

hyaluronic acid (HA)[30]. It is a biopolymer whose 

monomeric unit is a disaccharides composed by N-acetyl-D-

glucosamine and D-glucuronic acid, linked by β(1-3) and 

β(1-4) glycosidic bonds, with a molecular weight ranging  

from less than 10 to 104 KDa [31]. Since the pKa of the 

carboxylic residue in the HA is between 3 and 4, In 

physiological condition (pH = 7) it is easily ionized. 

Consequently, the HA can be found in its polyanion form in 

random coil conformation stabilized by intramolecular H-
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bonds. Hyaluronic acid is a macromolecule present in high 

quantity in mammalians and it is ubiquitarian in all the 

organisms where it takes part directly in many processes, 

especially in tissues with structural, biomechanical and 

barrier functions due to the steric hinderance of its network. 

Although for long time HA has been considered as a simple 

filler of extracellular matrix (ECM), research conducted in 

the recent years highlighted its active role of signal molecule 

for the homeostasis of many cellular processes 

(morphogenesis, tissue remodelling, inflammation and 

pathogenesis). Through the interaction with different 

proteoglycans and linking proteins the HA maintains the 

structural integrity of the ECM. On the other hand, as 

signalling molecule, HA interacts with different cellular 

surfaces, proteins and receptors such as transmembrane 

receptor cluster determinant 44 (CD44) and receptor for 

hyaluronate-mediated motility (RHAMM)[32]. These 

aspects have attracted interest for the interaction potential of 

HA with nanomaterials in nanomedicine applications, in the 

synthesis of Hyaluronic acid-based nanoparticles for 

therapeutic and sensing. 
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1.4.1 Hyaluronic acid for Nanomedicine and 

Nanoremediation 

The ability of hyaluronic acid to interact with cells and 

biological systems brought to the production of extensive 

literature on hyaluronic acid used as probe. In our group, 

derivatized hyaluronic acids have been proved to interact 

with soft shell nanoparticles with interesting results [33]. 

This has attracted our interest to investigate and explore the 

possible new applications of hyaluronic based probes and its 

versatility towards nanomaterials of biological and 

environmental interest. Hence, in this work we explore the 

potentialities of a probe based on hyaluronic acid as a flexible 

tool for the detection and characterization of different 

nanomaterials. In particular, the probe involved consist in 

fluorogenic hyaluronan probe whose synthesis and sensing 

mechanism will be discuss extensively in the following 

chapters.  

Indeed, interesting results have been achieved using HA_RB 

as a probe to detect micro-plastics and to obtain information 

on their dimensions and chemical nature in aqueous samples. 

Moreover, an interaction between hyaluronic acid and protein 

aggregates have been observed, allowing to monitor live the 

aggregation kinetic since the early stage. 
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CHAPTER 2- 

Fluorogenic Hyaluronan for micro and 

nano plastics detection and recognition 

 

2.1 Introduction 

Plastics are materials based on polymers of synthetic or semi- 

synthetic origin, which – since their first preparations at the 

beginning of the last century – have reached a central role in 

contemporary society in every aspect of human life [1]. 

Despite the increasing worldwide attention to proper disposal 

of plastics after their use – either by recycling, converting to 

energy or landfill – their large majority (ca. 70%) 

accumulates in the environment [1], where they can persist 

for a long time. The presence of plastic debris in the 

environment poses a safety concern to human health owing 

to direct or indirect effects, and it undoubtedly disturbs 

ecology – intended as the interrelationships of organisms 

with their environment and with each other – under many 

aspects and thus represents a threat also for human supplies 

and life [2]. The toxicological impacts of microplastics (size 
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between 5 mm and 1 μm) and of nanoplastics (overall size 

below 1 μm) are also associated with their sizes, raising 

considerable concern due to their possible direct interaction 

with cells. In addition, these smallest fragments are also the 

most difficult to detect and to eliminate. With decreasing 

size, plastic particles become more bioavailable to 

organisms: for example, micro- and nanoplastics (MNPs) 

have been reported in various taxa across trophic levels, such 

as plankton, benthic invertebrates, shrimp, bivalves, fish, 

seabirds [3], [4]. Furthermore, MNPs can be carriers of 

several kinds of pollutants (heavy metals, plasticizers, etc.) 

or covered by biofilms, increasing even more their potentially 

detrimental impacts on the ecosystem. The analysis of MNPs, 

including the determination of their concentration, chemical 

nature, size distribution and morphology, remains a goal far 

to be fulfilled. Several analytical methods have been 

developed for microparticle analysis, with Fourier transform 

infrared (FTIR) and Raman spectroscopy representing, at 

present, the gold standard for microplastic detection and 

analysis.[5], [6]The analysis of nanoplastics is even more 

challenging, with protocols still under development. 

Fluorescence methods – typically endowed with excellent 

versatility and high sensitivity, low cost and handiness of use 
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[7] – have found only limited application in the analysis of 

real samples of MNPs. Fluorescence has been used to trace 

dye-labelled plastic particles or to recognize plastic debris 

with fluorescence microscopy after staining them with 

suitable dyes such as Nile Red.[8]–[13] This dye has been 

advantageously employed to stain various microplastics in 

water and also used for high-throughput techniques based on 

single particle tracking,[14] but its tendency to aggregation 

causes an increase of the background signal and the 

occurrence of false-positive features. In addition, its affinity 

is relatively low towards microplastics, leading to possible 

desorption and thus posing additional problems.[10]–[12] 

Very recently, more complex probes based on polyhedral 

oligomeric silsesquioxane (POSS) derivatized with a 

coumarin dye were reported and underwent an emission 

spectral change from yellow to blue upon the interaction with 

plastic particles of PS, PLA and PMMA in water.[15] 

Inspired by previous work,[16] in which we observed a 

strong affinity between RITC-functionalized hyaluronic acid 

(HA–RB) and PEGylated nanoparticles, in this contribution, 

we investigate the onset of similar interactions between this 

long- chain HA functionalized with RB dyes and the surface 

of different MNPs dispersed in water. Such an interaction 
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provides a useful fluorescence analytical signal to highlight 

the presence of MNPs in water due to two overlapping 

effects. First, HA–RB accumulates on the surface of MNPs 

driven by a very high affinity, second, the fluorescence 

quantum yield of the RB moieties increases owing to a 

hydrophobicity- induced unquenching mechanism, as 

witnessed by the increase of their average fluorescence 

lifetime. Finally, the different fluorescence lifetime observed 

for HA–RB adsorbed on various MNPs and, in particular, on 

polystyrene MNPs, can provide an absolute parameter to 

discriminate different types of plastics[17]. 

 

2.2 Materials and methods 

Lab-grade plastics were either purchased from Sigma Aldrich 

(“PS”, polystyrene 9003-53-6; “PET”, poly(ethylene 

terephthalate) 25038-59-9; “PMMA_ISO”, poly(methyl 

methacrylate)-isotactic 25188-98-1; “PVC”, poly(vinyl 

chloride, 9002-86-2; “PTFE” poly(tetrafluoroethylene) 

9002-84-0; “PE”, polyethylene 9002-88-4) or obtained by 

grinding clean and new plastic objects (“PMMA” 

poly(methyl methacrylate) from a ball mill-grinded 

disposable fluorescence cuvette). PET and PMMA show 
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macroscopic/granular fragments and were ground with an 

analytical mill IKA A10 basic until a fine powder was 

obtained. The other microplastic samples were already in 

powder form and were finely ground in a mortar to further 

reduce mesh size and increase the fraction of nanoplastics 

and small microplastics. 

2.2.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) was carried out by 

using a Philips 515 microscope at an accelerating voltage of 

15 kV on the samples fixed with a conducting bi-adhesive 

tape on an aluminium stub and coated with gold. Images were 

analysed with ImageJ software. 

2.2.2Sample preparation for fluorescence imaging  

MNP samples were weighed and incubated under mechanical 

agitation with 1 mL of water solution containing 170 nM 

HA– RB. After that, 30 μL volumes of the MNP dispersion 

were mixed together with a drop of 100 μL hyaluronan 

hydrogel (16 mg mL−1) directly on the glass slide. This 

solution volume assures that the hydrogel drop remains 

viscous during the experiments, to homogeneously disperse 

the sample and to delay evaporation. The same procedure has 
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been used to incubate microplastics with Nile Red. In the 

second set of experiments, we added a purification procedure. 

Two sets of each microplastic sample were incubated in glass 

vials under mechanical agitation for 30 min with 1 mL of 

water solution of 170 nM HA–RB for one set and 5.6 nM 

HA–RB for the other one. After the incubation, 2 mL of water 

was added to each vial and then centrifuged at 5000 rpm for 

10 min. This process separates MNP fragments, while non-

adsorbed HA– RB nanogels remain in the supernatant and 2 

mL of it is carefully eliminated with a Pasteur pipette. Then 

2 mL of new water was added to each sample and centrifuged 

again. This washing process was repeated three times. 

Finally, we mixed the centrifuged MNPs with HA hydrogel 

for confocal and FLIM imaging. 

 

2.2.3 Photophysical characterization  

2.2.3.1 Confocal and FLIM microscopy. 

Confocal images were registered on a Nikon A1R 

microscope with an oil immersion, high NA objective (NA = 

1.45, magnification 100×), an excitation laser at 561 nm and 

a GaAsP PMT with an emission filter at 595/50 nm. The 
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acquisition parameters were set to 1 A.U., 8× signal average, 

resonant scanning mode, laser power = 1.64%, PMT GaAsP 

HV = 70. This setting was kept the same for all the samples 

analyzed. To obtain large statistic ensembles of MNPs, we 

acquired 10 × 10 mosaic images, with a final field of view of 

1.2 × 1.2 mm2 and a single pixel size of 124 nm. FLIM 

images were acquired with a time-correlated single photon 

counting (TCSPC) system (PicoQuant GmbH Berlin), using 

a 405 nm pulsed excitation laser at a 10 MHz repetition rate, 

a 560 nm long-pass emission filter, a hybrid PMA detector 

and a PicoQuant PicoHarp 300 correlation board. FLIM 

images were then analysed with SymPhoTime 64, PicoQuant 

GmbH. 

 

2.2.3.2 Image analysis  

Confocal images of the different samples have been analysed 

with a particle tracking macro based on ImageJ commands. 

The macro was written to process large images with 

comparable conditions and to obtain relevant information on 

all the fragments in the area. It processes images to find 

particles with size greater than the pixel size (124 nm) and 

pixel intensity higher than a pre-set threshold. The output 
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includes area, minimum, maximum and mean pixel 

intensities together with the integral of the identified area. 

 

2.3 Results and discussion 

2.3.1 HA–RB synthesis and photophysical 

characterization  

Synthesis of HA–RB was adapted from a previously reported 

procedure [16]. The HA (200–600 kDa, 30 mg) was 

dispersed in DMSO (8 mL) and rhodamine B isothiocyanate 

(RITC, 4.4 mg) was added under stirring; the reaction was 

left to proceed for 24 h at room temperature. The product was 

then diluted with water (8 mL) and unreacted RITC was 

eliminated via dialysis (at least 3 days at room T, regenerated 

cellulose, cut-off 12 kDa), to finally obtain a dispersion of 

functionalized HA–RB in water. The probe effective degree 

of functionalization was evaluated by UV-vis analysis 

measuring the absorbance of Rhodamine B in ethanol 

solution at known concentration of HA-RB. Since the two 

spectra feature similar properties as the free dye we can use 

with a reasonable assumption the molar extinction coefficient 

of the free Rhodamine B in ethanol (106000 cm-1M-1). The 
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HA-RB calculated degree of functionalization is 1.7 % (ca. 1 

dye molecule every 60 monomers of hyaluronic acid).[18] 

Native HA has an intrinsic tendency to form aggregates in 

water, largely driven by the rigidity of this polyanion;[19] 

yet, the presence of RB moieties – with their hydrophobic 

contribution – greatly enhances this tendency and further 

destabilizes HA–RB polymer chains, leading to the 

formation of aggregated nanogels in the 100– 300 nm size 

range.[16] The role of RB dyes in promoting this aggregation 

in water is proved by the distinctive absorption spectrum of 

aggregated RB, showing a higher shoulder at 530 nm and a 

broader peak at 565 nm with respect to the monomeric RB 

dyes (Figure 2.1†).  

b) a) 

c
d) 
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Figure 2.1 - Absorbance (a) and emission spectra (b, λexc = 530 nm) 

of the reference dye Rhodamine B in ethanol (RB_EtOH) and of HA-

RB in ethanol and milliQ water solution (HA-RB_EtOH and HA-RB-

w, respectively, both at [HA-RB] = 38 nM). Figure c shows the 

dynamic light scattering measurement of the solution of HA-RB (dH = 

320 nm, polydispersity index PdI = 0.287). d) Molecular structure of 

rhodamine functionalized hyaluronic acid (m/n ⁓ 60) 

 

To evaluate the photophysical properties of the HA-RB probe 

we acquired absorbance and emission for calculation of 

photoluminescence quantum yield (PLQY). Rhodamine B 

solution in ethanol was used as a reference (PLQY=0.65). 

HA-RB spectra were recorded both in ethanol and water 

The calculated photoluminescence quantum yield for the 

probe in the two different solvent is 0.39 for HA-RB in 

ethanol and 4.2 ×10-3 for HA-RB in Milli-Q water. 

The same solutions were used to register the fluorescence 

lifetime decay with TCSPC experiment (Table 2.1). 

Sample τ (ns) χ2 

RB (ethanol) 2.9 1.006 

HA-RB (ethanol) 2.8 0.903 

HA-RB (water) 1.8 1.035 
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Table 2.1 - Fluorescence lifetimes of RB dye in ethanol, of HA-RB in 

ethanol and in water 

 

RB moieties in the HA–RB nanogels in water suffer from 

heavy self-quenching, displaying an average PLQY of 0.004 

and a lifetime of 1.8 ns, which results in a low fluorescence 

background for sensing schemes both in a cuvette and in 

fluorescence microscopy. On the contrary, HA–RB is well 

soluble in ethanol (whereas native HA is not), and RB 

moieties here display their typical absorption spectrum and 

bright emission (PLQY = 0.39).  

2.3.2 Fluorescence Mechanism of the probe 

Thanks to the properties highlighted with the photophysical 

characterization, we were able to hypothesize a possible 

fluorescence mechanism for the probe. That’s rely on the 

intrinsic behaviour of the RB which is well renowned dye that 

shows self quenching and in a system like our this is the 

scenario we found: in the probe alone the dye molecules are 

confined close to each other in hydrophobic pockets and 

INTER and INTRA-filaments fluorophore close interactions 

cause the fluorescence self quenching. Instead, When there is 

a driving force that can guide a progressive uncoiling of the 
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polymer chain, rhodamine-rhodamine interaction are 

hindered and we have the enhancement of the fluorescence 

and the recovery of quantum yield.(Figure. 2.2). The 

interaction of the probe with silica based nanomaterials has 

already been investigated [16] and in this work we explore its 

use in microplastic detection and recognition. 

 

 

Figure 2.2-Cartoon representation of the fluorescence enhancement 

and quantum yield recovery of the hyaluronan based probe. 

 

2.3.3 HA–RB testing for micro- and nanoplastics 

We obtained water-dispersed MNPs from two different 

sources: for the first sample type, lab-grade microplastics 

were purchased from Sigma-Aldrich; for the second type, we 

fragmented intact, non-degraded commercial plastic objects 
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via ball-milling and/or with a pestle and mortar. Then, each 

kind of MNP – in the form of a solid powder – was dispersed 

in distilled water, even though the dispersions were not fully 

stable since a large part of the MNP fragments was separated 

either by precipitation or by floating on the water surface. To 

these heterogeneous dispersions, a small volume of HA–RB 

in water was added (typically 50 μL to 1 mL of the MNP 

dispersion), yielding a final HA–RB concentration of ∼170 

nM (estimated concentration of polymer chains, using 400 

kDa as MW). After shaking for 30 seconds, the MNP 

dispersions were ready for fluorescence microscopy 

observations, which were performed on a drop of 50 μL of 

the dispersion deposited on a coverglass. As readily observed 

by confocal fluorescence microscopy under 561 nm 

excitation, after mixing with HA–RB, MNPs become 

brightly luminescent in the 590 ± 30 nm range. Confocal 

images (Figure 2.3) show that the MNPs are effectively 

labelled and clearly distinguishable from the background 

both when the fragments are very large (with a few fragments 

reaching up to 100 microns in diameter) and when the 

fragments are about 1 micron in diameter (Figure 2.15-2.17) 

Confocal sectioning with oil immersion, high numerical 

aperture objective (NA = 1.45, magnification 100×) allows 
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the confirmation that HA–RB labelling is a surface process, 

and that no penetration of HA–RB in the MNPs occurs, as 

proven by the dark inner part of the MNPs, which in turn 

displays a bright fluorescent surface (Figure 2.3) 

 

 

 

Figure 2.3- Confocal fluorescence microscopy of PMMA 

microparticles in water, in the presence of 170 nM HA–RB. Centre 

image: an overlap of 55 stacks spanning 66 micrometres in depth. The 

inset squares show selected individual Z-stacks showing the cross-

sections of PMMA microparticles. 
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2.3.4 Nile Red + microplastic: false positive for small 

fragment recognition 

Nile Red is a common fluorescent dye for fluorescent 

staining of microplastics in literature [20], [21]. Samples of 

microplastic have been incubated in water solution of Nile 

Red in the same way of HARB probe. The confocal images 

reveal that Nile Red adsorbs onto microplastics surface 

leading to fluorescence intensity comparable to MNPs 

stained with HA-RB. Yet, the images also show the presence 

of NR aggregates with typical “needle-like” morphology 

,from sub-micron to several tens of micrometers, – providing 

“false positive” fluorescent objects as also previously 

reported.[22].– that can only be discriminated via FLIM 

analysis. These NR aggregates can be only distinguished 

from MNPs only via lifetime imaging analysis, owing to their 

short lifetime (Figure 2.4†).  
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Figure 2.4- In figures a) and b) are reported two mosaic acquisitions 

of PMMA+NR where both microplastics fragment and needle-like NR 

aggregates are present. FLIM images reported in c) and d) show 

clearly different lifetimes of NR when on PMMA surface respect to its 

own aggregates. 

 

2.3.5 Aiming to  nanoplastics recognition 

Yet, under these conditions and without any purification step, 

the reference sample of HA–RB in water, in the absence of 

MNPs, contains small (<500 nm diameter) and poorly 



39 
 

emissive HA–RB aggregates. The presence of nanogels of 

HA– RB in this size range impedes the unambiguous 

recognition of nanoplastics of similar size, even if they do not 

interfere with the identification of microplastics with 

diameters larger than ca. 1–2 micron. To overcome this issue 

and allow for clear recognition also of nanoplastics with sizes 

smaller than 1 micron, we added a centrifugation step (5000 

rpm, 10 minutes) that separates MNP fragments, while non-

adsorbed HA–RB nanogels – owing to their small size, 

hydration and density – remain in the supernatant and are 

eliminated. In the absence of MNPs, with this additional 

purification step, we could not identify any emissive 

aggregate (Figure 2.5†). 
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Figure 2.5 - Both the images are a multi-frame 10x10 mosaic 

acquisition. In a) is reported HA-RB subjected to washing process with 

60x magnification objective and in b) HARB which was not processed 

with 100x magnification. Same acquisition parameters were used and 

images has been acquired between 30 and 50 micron above the surface 

 

Therefore, sub-micron emissive features in the MNP 

samples, when treated with this centrifugation step, can also 

be explicitly attributed to nanoplastics with size as small as 

the resolution of the microscope (ca. 250 nm). We acquired 

large images of 5.5 × 5.5 mm2 (multi-frame mosaic 

acquisitions of 10 × 10 images at a constant height from the 

coverglass surface, in the range 5–50 microns from the 

surface) of the MNP samples labelled with HA–RB (5.6 nM 

and 170 nM) (Figure 2.6).  On the microscope slide, most of 

the microplastic samples tend to accumulate in a specific 

region of the drop of the solution they are dispersed in (drop 

surface and borders). In order to have a homogenous 

dispersed sample in the drop we used a more viscous medium 

that does not interfere with the photophysical properties of 

HA-RB. We tested the probe HA-RB (⁓ 10-5 M) in Glycerol 

(Gly) and hyaluronan hydrogel (HAgel, 16mg/mL native HA 
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200-600 KDa in water) monitoring its emission signal at 580 

nm through time for the system to equilibrate. 

 

 

Figure 2.6 –Confocal images of microplastic samples incubated with 

170 nM HA-RB. Acquisition parameters and LUTs are the same for 

all images. 
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As reference we used the emission spectra of Rhodamine B 

(RB) and HA-RB in Milli-Q water (Figure 2.7).  

Figure 2.7 -– Absorbance a), emission spectra b) and time-evolution 

of fluorescence intensity at 580 nm for RB in ethanol, HARB in ethanol 

and HARB in water c) and d). The fluorescence emission signal was 

normalized to HA-RB_w value. 

 

The graph in figure 2.7-b shows that the probe has a 

significant enhancement of emission in glycerol compared to 

the native hyaluronan which was selected since it does not 
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interfere with the photophysical properties of HA-RB. 

Absorption and emission spectra are slightly red-shifted in 

glycerol due to solvatochromism. Hence, to best observe the 

fluorescently stained MNP samples, we immersed them in a 

hyaluronan hydrogel (16 mg mL−1 native HA 200–600 kDa 

in water) rather than pure water, in order to slow down water 

evaporation and movement of fragments during acquisition 

without interfere with the probe photophysical properties. We 

then analysed the confocal images with a particle tracking 

routine based on ImageJ, which selects particles based on an 

intensity threshold value taken well above the background 

noise (e.g., threshold = ca. 500 counts for background signal 

= 64 ± 12 counts, detailed description in APPENDIX and 

Figure 2.14 and 2.15-2.17). Plotting the integrated pixel 

intensity versus the size (equivalent diameter) of the MNP 

fragment shows that, as expected, the overall fluorescence 

signal builds up in the fragments with increasing size (Figure 

2.8).  
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Figure 2.8- Plots of integrated pixel intensity versus the size 

(equivalent diameter, calculated from the area of the fragments, d 

=(A/2π)0.5) of the MNP fragment. 

 

The sub-micron part of the plots reveals that a large number 

of nanoplastics are brightly labelled with HA–RB and that 

they stand out of the background with an overall intensity 

which is from ∼10 to >200 times the background noise. In a 

log–log plot, the intensity shows a clear linear trend, well 

fitted with a slope close to 2, as expected for a surface 

adsorption process. The slope, which is slightly larger than 2 

for all plastic samples, suggests that microplastics feature 

rough surfaces with higher fractal dimension.[23] From the 

fitting, we can calculate the intensity of a nanoplastic 

fragment of size corresponding to a single pixel (square pixel 
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of side 124 nm), which allows a ready comparison with the 

background, showing that MNPs stained with HA–RB 

display between 3.5 (PMMA-iso) and 7.4 times (PMMA) the 

average intensity of the background for 124 nm size (Table 

2.2).  

 

Table 2.2 – Fitting parameters of the plot shown in figure 2.8 The log-

log datapoints have been fitted with a linear fit, the table reports 

intercept (i.e., log(I) at diameter = 100 μm), slope and calculated 

intensity (and log(I)) at single pixel (square of lateral size 124 nm), 

which is compared with the average background intensity at single 

pixel 

 

We compared these results with the use of molecular dye 

rhodamine B (RB), which is soluble in water. RB shows good 

affinity towards MNP surfaces, with high luminescence from 

 INTERCEPT SLOPE INTENSITY (LOGI) AT 

SINGLE PIXEL 

PS 4.75 2.43 352 (2.55) 

PTFE 4.67 2.25 422 (2.63) 

PMMA 4.64 2.17 472 (2.67) 

PMMA-iso 4.35 2.19 229 (2.36) 

PVC 4.51 2.24 300 (2.48) 

PE 4.54 2.12 398 (2.60) 

PET 4.64 2.25 416 (2.62) 

BACKGROUND -- -- 64 ± 12 (1.81) 
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the microplastic fragments. Yet, RB is highly emissive also 

in water, and therefore the high signal from the solution 

hinders the possibility to detect the small nanoplastic 

fragments (Figure 2.9). 

 

Figure 2.9 – Comparison of PMMA (left) and PS (right) MNP staining 

with HA-RB (top) or molecular dye RB (bottom). Larger fragments are 

still visible with RB molecular dye but the high background does not 

allow to visualize the smaller nanoplastic fragments. 
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2.3.6 Fluorescence lifetime imaging microscopy (FLIM) 

of MNPs using HA–RB  

 

2.3.6.1 MNP@HA-RB: dependence of lifetime on [HA-

RB] concentration 

The variation of the excited state lifetime of RB moieties 

upon interaction with MNPs was also investigated. To 

evaluate the dependence of lifetime on probe concentration 

adsorbed on the microplastic surface we incubated 3 samples 

of PVC with 10 nM, 100 nM and 20 µM HARB 

(concentration of polymer chains). After the purification 

steps, the sample was dispersed in the native hyaluronan 

hydrogel and we acquired confocal and FLIM microscope 

images with the same optical parameters. As previously 

found, the lifetime of HA–RB in water is short and 

multiexponential, corresponding to a broadly self-quenched 

state. Interestingly, the average lifetime displays relevant 

variations upon interaction with MNPs, pointing to a 

conformational change of HA–RB nanogels with a fraction 

of self-quenched RB moieties becoming emissive from a 

monomer-like state. In particular, at low concentrations of 

HA–RB, the fluorescence decay of HA–RB onto MNP 
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surfaces appears longer and, in some cases, is also more 

similar to a single- exponential decay with respect to the HA–

RB nanogels in water (Figure 2.10). 

 

Figure 2.10- FLIM acquisitions indicate that 10 nM and 100 nM 

concentration of the probe lead to the same lifetime decay showing 

that in this concentration range the photophysical properties of the 

HA-RB remain unchanged. The higher concentration 20 µM instead 

show a marked decrease in the lifetime decay due to the accumulation 

of HA-RB on the microplastic surface favouring the self-quenching of 

RB moieties 
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This can be explained by a hydrophobicity- induced 

unquenching mechanism: breaking of the RB dimers and 

aggregates (responsible for the initial self- quenching and for 

HA–RB aggregation as nanogels) occurs due to 

conformational changes of HA–RB upon adsorption on the 

MNP surface, which results in the local increase of the 

average lifetime, narrowing of the lifetime distribution and, 

consequently, in the enhancement of the fluorescence 

quantum yield.  

 

2.3.6.2 MNPs chemical nature recognition through FLIM 

microscopy  

Yet, the conformational changes appear to be quite sensitive 

to the type of surface, so that an increase of the lifetime of 

different magnitude is observed for different types of MNPs.  

Therefore, it is noteworthy to underline that, under these 

conditions, the chemical nature of MNPs can be made evident 

via FLIM analysis, allowing for a straightforward distinction 

as shown in Figure 2.11 for PS and PMMA microplastics, 

which can be clearly recognized even when mixed.  
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Figure 2.11 FLIM microscopy images of PMMA and PS MNPs 

labelled with HA–RB, before and after mixing (20x magnification). 

 

The lifetime dependence on the specific plastic surface could 

be explained by the interplay of two different interactions: the 

first is the hydrophobic interaction, which causes the increase 

of lifetime, and which characterizes the binding of HA–RB 

onto the surfaces of purely hydrophobic plastics such as 

PTFE and PVC. The second interaction that can play a role 

in the affinity with MNP surfaces is the H-bond formation 

due to the hyaluronan functional groups of HA–RB, which 

may be more relevant in the binding with less hydrophobic 

surfaces of PMMA and PET MNPs. Compared to the other 

plastic polymers, PS shows a peculiar behaviour, in which 

electronic interactions with the styrene units may be at the 

basis of the short and approximately monoexponential 

lifetime of HA–RB. Yet, the build-up of HA–RB layers on 

MNP surfaces, at higher HA–RB concentrations, changes 
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again the photophysics of the RB moieties. The local 

intensity on the surface of MNPs increases, but the emission 

decay gradually becomes shorter and multiexponential. The 

additional HA– RB on the surface of MNPs indeed increases 

the local density of RB dyes and therefore the probability of 

self-quenching interactions among RB moieties is enhanced, 

resulting in the observed shorter and multiexponential 

lifetime (Figure 2.12).  

 

Figure 2.12-Mean values with standard deviations of “τ_Av_Int”, i.e., 

the average lifetime weighted on intensity, for MNP  

For these reasons, a low concentration of HA–RB should be 

used for discriminating among the different kinds of plastics; 
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this concentration is, however, highly sufficient to give a 

clear image (Figure 2.11 and 2.13).  
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. 

Figure 2.13- FLIM images of MNPs sample at two concentrations of 

HA-RB (left images [HA-RB] = 167 nM, right images [HA-RB] = 5.6 

nM. 
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The ability of HA–RB to readily stain micro- and 

nanoplastics even at extremely low concentration (∼5 nM 

polymer chain and ∼100 nM rhodamine B dyes, to be 

compared with the typical concentration used for the tests 

based on Nile Red, in the range 1–10 μM) can be explained 

by the concomitant effect of a high affinity of the HA–RB 

nanoprobe towards many plastic surfaces and by high PLQY 

due to the effective switch-ON of the luminescence of RB 

moieties upon adhesion of the probe onto these surfaces. 
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2.4 Conclusions 

In conclusion, we report here a fluorogenic material, i.e., 

hyaluronic acid functionalized with rhodamine B (HA–RB), 

with a very weak fluorescence intensity in water, but readily 

adsorbs onto the surface of various MNPs with a concomitant 

enhancement of brightness, making them fluorescent. 

Fluorescently stained MNPs are clearly visible with size as 

small as the resolution of a confocal microscope, with 

nanoplastic fragments of approximately 250 nm standing out 

of the background. This high sensitivity can be achieved due 

to the recovery of the fluorescence quantum yield of the RB 

moieties thanks to a hydrophobicity-induced unquenching 

mechanism together with a high affinity interaction with 

MNPs. These properties allow for MNP detection even at a 

very low concentration of the probe (∼5 nM). Furthermore, 

the lifetime parameter reveals a different degree of 

hydrophobicity-induced unquenching of HA–RB on the 

surface of different microplastics, making possible the 

identification of the types of MNPs based on their 

fluorescence lifetime. These results represent a feasibility 

study, under controlled conditions, and its applicability to 

real MNP debris in environmental samples remains a 

challenge. The intrinsic versatility of the reported fluorogenic 
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hyaluronan, though, represents a valuable strength: in fact, 

various properties of fluorogenic hyaluronan nanogels can be 

finely tuned by changing the mass, the derivatization or even 

the chemistry of HA and of the fluorogenic moiety. This 

dimension range is quite below the detection limit of already 

established techniques employed in this research field such 

as micro-FTIR spectroscopy (~50 µm detection limit) and 

micro-Raman (~5 µm detection limit). This versatility is 

potentially very advantageous to design custom probes for 

different applications, in which sensitivity requires proper 

balance with selectivity towards various categories of 

interferents and with different experimental conditions. 
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2.5 APPENDIX -Image analysis 

2.5.1 FLIM 

FLIM images were analysed with SymPhoTime 64, 

PicoQuant GmbH. For each image we selected different 

regions of interest (ROIs) relative to the microplastic surface 

and each associated lifetime decay was fitted with "n-

Exponential Reconvolution Fit" model. In all cases we use 

either 2 or 3 exponentials to obtain satisfactory fittings, 

probably due to the heterogeneous nature of the RB dyes in 

the HA-RB nanogels and on the non- homogeneous 

unquenching upon interaction with MNPs surfaces. 

Therefore, for each sample, we took the τ_Av_Int of the ROIs 

as the parameter to compare different decays, and we 

calculated the mean value and the associated standard 

deviation to statistically compare the lifetime decay of 

different microplastics (resulting in the dataset plotted in 

figure 2.12). 
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2.5.2 Confocal Images: Size vs Intensity Analysis  

The confocal images have been analysed with an ImageJ 

based macro that finds particles with free shape, size larger 

than the optical resolution of the microscope, and pixel 

intensity above a certain threshold. The intensity threshold 

can be set visually to check that no background pixels are 

included in the analysis. The results output includes area, 

minimum, maximum, mean pixel intensities and Intensity 

integral of the area identified. The threshold value is 

established on a sample of 170 nM HA-RB subjected to 

washing process in hyaluronan hydrogel used as reference 

(Figure 2.5). This sample ensures the absence of HA-RB 

aggregates. From the logarithmic intensity histogram, we 

chose the intensity threshold to ca. 500 counts, well above 

background noise (64 ± 12 counts) and slightly varies when 

we set it for the analysis of different samples. Also, the macro 

is written to recognize objects above a single pixel size (124 

nm) among the selected free shape above the intensity 

threshold value. These two criteria together with the 

resolution limit of the instrument (250 nm) show that the 

analysis result can recognize sub-micron fragment in the 
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MNPs sample (Figure 2.14). In figure 2.14 we report the 

workflow of MNPs image acquisition and analysis. 

 

a) 

b) d) 

d) 
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Figure 2.14 - Workflow of the acquisition and analysis process for PS 

microplastic sample. The image a shows a e) 10x10 mosaic 

acquisitions with 100x magnification; image b is a single capture and 

c its corresponding FLIM image; image d shows the resulting area 

identified by the macro. In the image f there is an enlargement of small 

fragments identified by the macro routine which intensity profiles 

(green and pink curve) demonstrate the ability of sub-micron plastics 

recognition (ca. 500 nm FWHM). The blue curve is associated to a 

really small fragment whose intensity is equal to the lower value of the 

threshold and whose dimension is comparable to the microscope 

resolution limit. 

2.5.3 SEM images of representative MNPs 

The SEM micrographs of some representative MNPs samples 

clearly show, despite the sticking interactions, the presence 

of fragments of size both above and below one micron., 
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These results confirm the wide size distribution of our 

samples, already observed by confocal microscopy. 

Figure 2.15 – SEM micrograph of PE MNPs 

Figure 2.16 – SEM micrograph of PMMA MNPs. 
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Figure 2.17 – SEM micrograph of PS MNPs. 
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CHAPTER 3- 

Protein aggregation kinetic: fluorescent 

hyaluronan probe for early-stage  

aggregates detection 

3.1 Introduction 

Proteins are among the most abundant organic molecules 

based on 20 fundamentals L-amino acids having different 

charge, lipophilicity, H-bond capability, and possibility for 

different other specific interactions such as disulphide bonds 

and metal coordination. Moreover, to fulfil their task in the 

complex biochemical reactions in biological processes, each 

protein presents its peculiar conformation (native structure) 

and this folding is generally thermodynamically favoured. 

Nevertheless, this equilibrium can be altered towards other 

possible conformations in a reversible or irreversible manner, 

in some cases associated with a toxic effect for the cells 

which could be the starting point of a disease.[1] More 

specifically, the difference in energy with different 

conformations could be very subtle and the energy barrier 

may be overcome due to many physico-chemical 
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transformations involving pH, temperature, oxidative stress, 

crowding effects or interaction with other biomolecules such 

as glycosaminoglycan (GAGs) [2-4]. When the native 

conformation is altered or drastically changed, the protein 

will expose different amino acid residues lowering its 

colloidal stability with a tendency to aggregation and/or 

phase separation. The disruption of the appropriate folding of 

a protein and the subsequent abnormal aggregation is broadly 

reported in literature as an occurring phenomenon strictly 

related to the incidence of  severe human diseases, 

specifically to neurological disorders (e.g. Alzheimer's 

disease (AD), Parkinson's disease (PD), Huntington's disease 

(HD), amyotrophic lateral sclerosis (ALS) and prion 

diseases) [5] and type II diabetes.[6] Protein aggregation has 

been also observed in different model organisms including 

bacteria (e.g. Eschirichia coli[7]), yeast[8,9], nematodes (e.g. 

Caenorhabditis elegans)[10,11] and plant cell cultures[12,13] 

as a  consequence of stress conditions such as ageing and heat 

stress. In this context, the development of methods for a deep 

comprehension of the molecular pathways of protein 

aggregation is vital especially for the early-stage processes in 

protein aggregation and the detection of pathological 

hallmarks for an effective understanding and tackling of these 
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diseases. Techniques exploiting luminescence showed their 

powerful potential to efficiently monitor the presence or the 

growth of protein aggregates. In particular, the molecular 

rotor Thioflavin-T (ThT) has proven to be selective towards 

the presence of beta sheets as in amyloid fibrillar 

aggregates;[14] other molecular fluorophores such as Congo 

Red and Nile Red allowed monitoring of non-beta sheet 

aggregates, even if with lower sensitivity. Recently, other 

molecular dyes emitting in the NIR range were developed for 

in-depth in-vivo imaging and for super resolution 

imaging.[15–17] Despite the success of monitoring protein 

aggregation with fluorescent molecular sensors, it is quite 

difficult to merge in a single dye many sought properties such 

as sensitivity, selectivity, targeting, suitable excitation and 

emission spectral range, and suitability for in vivo 

diagnostics (i.e., biocompatibility, solubility, ability to pass 

the blood–brain–barrier, BBB). More recently, the field of 

luminescent sensors for protein aggregation has been 

enriched with a variety of novel tools based on 

nanostructured probes – featuring multiple compartments 

and functionalities [18] – aggregation-induced-emission 

fluorogenic compounds (AIEgens),[19] and macromolecules 
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such as luminescent conjugated oligomers and polymers 

(LCO and LCP) [20]. 

Here we report the study of the interaction between a natural 

biopolymer, the hyaluronan, functionalized with rhodamine 

B (HA-RB), and the GAPDH metabolic enzyme of 

Arabidopsis thaliana, i.e., GAPC1, that we choose as a case 

study. The aggregation of GAPC1 in response to controlled 

oxidative stress has been recently characterized. In particular, 

it has been highlighted that S-glutationilation driven by 

oxidation can reversibly inactivates GAPC1 protecting the 

enzyme and preventing irreversible oxidation. As long as the 

glutathionylated AtGAPC1 can be deglutathionylised  by 

cytoplasmic oxidoreductases (thioredoxin, 

glutaredoxin)[21], the temporary inactivation fits into the 

metabolic remodeling of aerobic cells under oxidative stress 

conditions. 
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3.2 Materials and methods 

3.2.1 Sample preparation for aggregation kinetic 

experiment 

The solution for aggregation experiment was prepared adding 

to a buffer solution of TRIS-EDTA (pH = 7,4; filtered with a 

RC filter 0.2 nm) these reagents in the following order: HA-

RB (100 nM); NADH (0.14 mM); GSH (0.625 mM); H2O2 

(0.125 mM); GAPC1 (5 mM). In the experiments involving 

the tuning of the lag-phase it has also been added to the 

solution NaCl at a concentration of 200 mM. All the reagents 

except the HA-RB probe, the purification of the GAPC1 and 

the activity test of the protein were provided and done by the 

group of Prof. Mirko Zaffagnini (Department of Pharmacy 

and Biotechnology, University of Bologna). 

3.2.2 Laser-sheet microscopy setup for nanoparticle 

tracking analysis (NTA)  

Theoretical base of the technique can be found in the 

appendix A.8 section.The optical setup has been put together 

using a Melles Griot 43 ion tuneable laser (model 35 lap) as 

excitation source (λexc= 514 nm) and two plano-convex 

cylindrical lenses (CL #1 focus distance is 200 mm and CL#2 
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is 50 mm) as beam shapers in order to have a  thin laser-sheet 

in the optical path of the detector. In the optical path of the 

detector we put a Olympus UPlanFL N 10x Microscope 

Objective collecting the signal from the sample holder, an 

emission filter (550 nm) and as a detector we used a electron 

amplified camera PhotonMAX:512B that can reach single 

molecule sensitivity (Figure 3.1)  

 

Fig. 3.1- Picture of the optical setup and inset with the simplified 

scheme: a) laser source; b) cylindrical lens 1; c) cylindrical lens 2; d) 

cuvette location; e) objective; f) emission filter; g) detection camera. 
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All the acquisitions have been performed in Non-Overlap 

Mode with 35 msec exposure time and acquiring 1000 frames 

(calculated frame per second FPS= 14) (Figure 3.2).  

 

Fig. 3.2- Scheme of the acquisition mode of the CCD. In the non-

overlap mode the FPS can be calculated with 

FPS=1/Tn=1/(texp*N)+(tR*N) where N is the number of frames; tR is 

the readout time for one frame; texp is the exposure time and   Tn is the 

total time took to capture a sequence of N frames.  
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Calibration of the images has been performed acquiring a 

picture of a PELCO FORMVAR 400 mesh (Figure 3.3). 

Fig. 3.3- Acquisition of the formvar grid. Calibration has been 

performed measuring 10 holes and dividing it by the pitch value. In 

this way the calculated pixel size is 1.52 μm. 

 

3.3 Results and discussion  

3.3.1 GAPC1 

Colloidal stability of proteins in solution can be monitored 

with light scattering methods, using DLS or even turbidity 

measurements. These techniques showed that native GAPC1 

in solution (0.2 mg/mL) is stable for hours at room 

temperature, and that H2O2 (125 μM) at a 25:1 ratio with 
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GAPC1 subunits inactivates the protein functionality, 

whereas GSH together with H2O2 (5:1 ratio) caused dramatic 

protein aggregation.[21] In this previous publication it was 

underlined that the increase in turbidity followed a lag phase 

of 15 to 20 min and proceeded for more than 1 h, reaching a 

plateau in about 2 h (Fig. 1A). The initial hydrodynamic 

diameter (dH) of 9.2 ± 0.5 nm was calculated for soluble 

GAPC1, a value compatible with the crystal structure of 

GAPC1 tetramers,[22] while aggregates formed after 90 min 

incubation with H2O2 and GSH exhibited irregular shapes 

resulting from the random binding of nearly globular 

particles of ∼ 300 to 500 nm, with no formation of fibrils. 

GAPC1 could thus stay glutathionylated for about 10 min 

without changing significantly its overall native 

conformation. In this “pre-aggregation phase”, enzyme 

activity can be fully recovered. True aggregation starts only 

later, during the “oligomeric phase”. In this phase, recover of 

GAPC1 activity becomes less and less efficient, indicating 

that oligomerization is associated with a permanently 

inactivated state of the protein. At the end of the lag phase 

(ca. 20 minutes), GAPC1 aggregates are still rather small (dH 

< 100 nm) and are only barely visible with light scattering 

techniques. In the third phase particles abruptly start to grow 
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to reach sub- micrometric dimensions. Final aggregates are 

made by hundreds of bead-like particles of roughly 500 nm 

in dH, linked together to form irregularly branched chains. In 

this work we focus on the “oligomeric phase” of the redox-

triggered aggregation of GAPC1 protein, which is elusive to 

light scattering based techniques, and which could not be 

studied with fluorescence-based techniques using ThT or 

Congo Red as fluorescent probes. 

 

3.3.2 HA-RB interaction with GAPC1  

In our study, we proceeded by monitoring the aggregation 

process of GAPC1 in the presence of HA-RB as fluorescent 

probe simultaneously with luminescence spectroscopy and 

DLS. Triplicate measurements show a reproducible trend in 

which fluorescence starts to grow only a few minutes after 

the beginning of the aggregation kinetics, while DLS 

confirms that pronounced scattering enhancement takes place 

only after the lag-phase of 15-20 min. 

3.3.3 Cuvette Fluorescence Essay 

We started with testing the interaction of the HA-RB with the 

GAPC1. The experiment consists in preparing a 2 mL 
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aggregation solution and split it in two 1 mL cuvettes to 

follow the fluorescence signal at the spectrofluorometer and 

the scattering signal at the DLS. Both signals have been 

monitored for 100 minutes when the aggregation kinetic 

reaches its plateau. The observed fluorescence enhancement 

can be explained with the partial unquenching driven by 

hydrophobic interactions between HA-RB and the misfolded 

GAPC1 protein, which progressively expose hydrophobic 

residues on their surface responsible also for the aggregation 

process. The overall enhancement reaches a plateau at ⁓2 

times the starting value, yet the peculiar enhancement during 

the lag-phase bears potential for further investigations 

(Figure 3.4).  
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Fig. 3.4 – In the graph are reported the fluorescence signal, 

scattering signal from DLS, and fluorescence control experiments for 

the protein aggregation kinetic of HA-RB GAPC1  (𝜆exc=530 nm). 

 

We also made a comparison experiment using  Thioflavin T 

(ThT) that can be taken, as discussed above, as a model probe 

for investigating protein aggregation.  

The fluorescence signal of ThT, differently from that of HA-

RB, shows a lag-phase of 20 minutes, similar to the one 

detected via scattering-based methods (Figure 3.5). 
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Fig. 3.5 – In the graph are reported the fluorescence signal, 

scattering signal from DLS, and fluorescence control experiments for 

the protein aggregation kinetic of ThT GAPC1 (𝜆exc=430 nm). 

In living cells, all the homeostatic mechanisms happen in 

presence of an high concentration of ions in the mM region 

playing a fundamental role in all the biochemical processes. 

In this perspective we wanted to reproduce an environment 

with high ionic strength with NaCl to get closer to the real 

situation where we can find the protein. Interestingly, 

together with our collaborator, we found out that the 

concentration of NaCl is an easy handle to tune the duration 

of the lag phase, with an increase of the lag time increasing 

NaCl concentration without affecting the protein activity. 

Based on this finding, we decided to investigate the initial 

steps of the aggregation kinetics in presence of 200 mM 

NaCl, with the aim of prolonging the lag-phase and to gain 

more detail on the pre-aggregation events. We then repeated 

the fluorescence assays with HA-RB and ThT in presence of 

NaCl, simultaneously with DLS monitoring. (Figure 3.6). 
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Fig. 3.6 – In the graph are reported the fluorescence signal, scattering 

signal from DLS, and fluorescence control experiments for the protein 

aggregation kinetic of HA-RB GAPC1 and Tht-GAPC1 respectively, 

both in presence of NaCl at 25 °C. 
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We observed, similarly to the previous experiments, that HA-

RB shows a distinct fluorescence intensity increase at an 

earlier stage respect to DLS counts and to ThT confirming 

that, even at high NaCl concentration, HA-RB has a high 

affinity for early aggregates, which enhance the fluorescence 

quantum yield of initially self-quenched RB moieties. It is 

important to note that in the control experiments HA-RB does 

not show any intensity drift in the experimental conditions, 

even in presence of high NaCl concentration, and in presence 

of the redox chemical triggers H2O2 and GSH, or in presence 

of the protein without the redox chemical triggers (solid and 

dashed light blue lines in Figure 3.6). 

This clear difference in the intensity trend at the beginning of 

the aggregation process represents an important preliminary 

assessment of the potential of HA-RB as a probe for early-

stage aggregation.also compared to Tht (Figure 3.7) 
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Figure 3.7– Fluorescence assay in cuvette comparing ThT and HA-

RB, overlapped to DLS data of the aggregation process with NaCl. 

 

3.3.4 Fluorescence Microscopy: Laser scanning confocal 

microscopy 

Going after the promising observations in the cuvette 

fluoresce assay, we decided to turn to fluorescence 

microscopy-based methods with the aim to gain deeper 

insight on the aggregation process and on the potential of the 

fluorogenic hyaluronan probe as diagnostic tool for early-

stage aggregation. 

Confocal microscopy allowed us to acquire different images 

of the aggregates at different stages of their aggregation. 
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Remarkably, at the beginning of the aggregation process the 

field of view appears homogenously dark with rare dim 

luminescent spots, proving that the initial state of HA-RB 

nanogels is effectively deeply quenched. The HA-RB 

nanostructures alone, therefore, do not interfere with the 

luminescence signal to be localized on the aggregation 

hotspots. After the lag-phase, we started to observe a relevant 

number of objects and soon this type of emissive aggregates 

starts to stick on one another, finally reaching the shape of 

the conglomerates that were previously observed via electron 

microscopy by the group of Prof. Zaffagnini (Figure 3.8).[21] 
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Fig. 3.8– Max Projection of a Z-stack of late aggregates. Micrograph 

of globular-like aggregates from a zoomed  region of the z-stack. TEM 

and SEM were taken by ref. [21] 
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3.3.5 LASER-SHEET WIDE-FIELD MICROSCOPY 

and Nanotracking Particle Analysis experiment (NTA) 

Accurate experiments at the confocal microscope revealed 

that the system features fast dynamics: misfolded proteins, 

oligomers and pre-aggregates diffuse rapidly in solution and 

cannot be imaged with our confocal setup; therefore, the 

acquisitions allowed us to make only qualitative observations 

on the early stage of the kinetics. In order to have quantitative 

insight on this complex environment we approached a 

technique – endowed with a better time resolution – which we 

implemented on a wide-field fluorescence microscope, that is 

based on laser-sheet excitation for out-of-focus fluorescence 

removal. 

3.3.5.1 Calibration of the optical setup 

Firstly, the homemade laser-sheet wide-field optical setup 

(described in the Methods section) has been calibrated using 

highly monodispersed polystyrene (PS) nanoparticles 

previously synthesized and available in our lab, having three 

different hydrodynamic diameters (90 nm, 150 nm, 170 nm). 

Each sample was diluted in a reduced volume quartz cuvette 

(500 μL ) in a thermalised bath at 25°C. For each sample 1000 

frames with exposure time of 35 msec (14 FPS) have been 
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acquired. After that, each acquisition has been analysed with 

the NanotrackJ plugin of ImageJ programme. In order to 

evaluate the analysis algorithm, during the analysis both the 

available methods , Walker’s method (CIT) and Default 

Method, have been used for the distribution fitting. These 

results have been then compared to DLS measurement with 

very good agreement of the fitting data (Figure 3.8). 
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Fig. 3.8 – Dimensional distribution of the population of PS 

nanoparticles. The diameter values of the NTA analysis are in good 

agreement with the values in the table obtained with a DLS 

measurement. 

 

3.3.5.2 NTA aggregation experiment of GAPC1: early 

step detection 

Encouraged by the fluorescence trend at the early step of the 

aggregation kinetics highlighted in the fluorescence assay in 

cuvette, we explored this region of the kinetic trace with a 

 DLS NanoTracking (Laser Sheet) 

samples dH PDI Walker 

Method 

Standard 

Method 

PS_1 80,52 0,107 87,03±0,71 94,26±0,71 

PS_2 159,4 0,059 147,02±0,88 149,79±1,31 

PS_3 179,1 0,123 165,39±0,78 172,41±0,78 



91 
 

NTA experiment. Since we were able to tune the lag-phase 

using the presence of high concentration of NaCl, we 

prepared the aggregation solution in a reduced quartz cuvette 

(500 μL) likewise in order to have a time window wide 

enough to acquire sufficient data. In this way we imaged the 

aggregation process (35 msec exposure time, 1000 frames) at 

different time steps which allowed us to capture the protein 

early aggregates diffusing at the early stages of formation. 

Combining the high signal-to-noise of the HA-RB probe and 

the calibrated optical setup, we were able to track clearly the 

diffusion of fluorescent aggregates in the early stage of the 

aggregation in the size range below the diffraction limit. 

After the acquisitions, we proceeded to analyse the different 

movies in order to calculate the trajectories of each object and 

retrieve from that the hydrodynamic range. We obtained in 

this way a distribution of diameters that can be calculate for 

each time step and monitoring the evolution of the size 

distribution during the lag-phase of the kinetic we can 

observe that the smallest size range (20 nm) appears in this 

phase and soon disappears in favour of a large population 

(Figure 3.9). In particular, the presence of a lag phase and the 

non- monodisperse distribution suggest a model of 
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aggregation compatible with a nucleation-controlled 

aggregation [23]. 

 

 

Fig. 3.9 – Size distributions calculated from acquisitions at different 

time steps. Diameter axis is in logarithmic scale. 
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3.4 Conclusions 

In conclusion, we report the application of the fluorogenic 

HA-RB probe to monitor the aggregation process of the plant 

derived metabolic enzyme GAPC1 that occurs under 

oxidative stress. In particular, we highlighted the peculiar 

behaviour of the probe in the early steps of the aggregation 

kinetic which shows a rise in the fluorescence signal since the 

beginning, contrarily to what observed with DLS or with 

ThT, the golden standard to study aggregates of protein, 

which only display an increase of the signal after an initial – 

and “dark” – lag phase. These results suggest that HA-RB has 

a high affinity for early aggregates, which enhance the 

fluorescence quantum yield of initially self-quenched RB 

moieties. Affinity, indeed, is an important issue of other 

fluorescent of fluorogenic probes such as ThT, which, due to 

the low association constant, needs to be employed at rather 

high concentration (15-50 microM) [24] to push its 

association with protein aggregates. HA-RB, in comparison, 

could be used at extremely low concentration of hyaluronan 

chain (100 nM). Owing to the high-affinity interaction of 

HA-RB with the early aggregates, we were also able to 

further explore the lag-phase of the aggregation kinetic, 

which is otherwise difficult to investigate. We were able to 
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optimize a homemade optical setup for laser-sheet wide-field 

microscopy for nanoparticle tracking analysis (NTA). With 

this setup we managed to follow almost in real time the 

aggregation process of the protein showing a size distribution 

that shifts and broadens towards larger size values as the 

aggregation proceeds. Moreover, we demonstrated the 

possibility – with the present particle-by-particle method 

based on light-sheet microscopy and single particle tracking 

– to observe the size of the very early stage of aggregates at 

the single aggregate level thanks to the favourable 

fluorogenic photophysical properties of HA-RB and to its 

high affinity towards this type of aggregates. This represents 

a great advantage respect to previously reported approaches, 

such as those based on DLS measurements and on the use of 

ThT as fluorescent probe. These results suggest, together 

with the intrinsic versatility of the reported fluorogenic 

hyaluronan, that HA-RB probe could be a valid tool to 

investigate the elusive lag-phase of protein aggregation 

kinetics both in an easy way with a cuvette assay and also – 

with deeper insight yielding quantitative information – with 

laser sheet microscopy and NTA analysis. 
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CHAPTER 4 

Characterization of nanomaterials 

through non-specific interactions of HA-

RB probe with PAINT super resolution 

microscopy technique. 

Research Activity at Nanoscopy for Nanomedicine group at the 

Eindhoven University of Technology, The Netherlands. 

4.1 Introduction 

Super resolution microscopy can be a formidable tool to 

explore and study properties of different nanomaterials. In 

this microscopy field we can find a wide range of techniques 

all of them with the capability to reach a resolution of few 

nanometres with single molecule sensitivity and multiple 

colours. Most of the approaches that can be found in 

literature, both diffraction limited and super -resolution ones, 

depend on a proper covalent labelling of the system with a 

fluorescent dye or a ligand/receptor couple to study the 

properties and the topography of a surface [1,2].This is a 
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major limitation for different application where super-

resolution microscopy recently emerged as an interesting tool 

and where systems under analysis struggle to be easily 

functionalized with fluorescent moieties. For this reason, this 

chapter will focus on exploring the properties of the HA-RB 

probe that use non-specific interactions in order to have a 

reversible non-covalent absorption on the system 

surface/interface and whose fluorescent signal can be used 

for super resolution imaging. In particular, the polymeric 

probe will be used to study and characterize the topography 

of microplastics and other nanomaterials to show its possible 

use as a flexible tool for non-specific-interaction super-

resolution imaging. 

4.1.1 Optical light microscopy: the diffraction barrier 

Contrary to electron microscopy techniques, in optical 

microscopy different optical setups are used to collect the 

light coming from the focal point of the objective. This 

approach is quite powerful since we can easily exploit a wide 

range of technique to have a fluorescent signal with a lot of 

information from the sample with low invasiveness, high 

penetration depth, chemical specificity, and easier sample 
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handling. However, one of the biggest physical limitations of 

these techniques is the diffraction limit of light. If we look at 

radiation as a propagating wave-packet through a lens, 

geometrically it cannot be focused on a single point, but it 

will give interference and will be smeared out over a region 

with a shape that has a full width at half maximum (FWHM) 

given by: 

                                𝑑 =
𝜆

2𝑛 𝑠𝑖𝑛𝛼
                              (eq.1.1) 

in the lateral plane and by: 

                               ∆𝑧 =
2𝜆

2𝑛2 𝑠𝑖𝑛𝛼2
                          (eq.1.2) 

in the axial direction. 

The FWHMs are governed by the wavelength of the 

radiation, 𝜆, and the so-called numerical aperture of the lens 

NA = 2𝑛 𝑠𝑖𝑛𝛼 where n is the refractive index of the lens and 

α. the semi-aperture angle of the lens The theory describing 

the diffraction barrier has been formulated for the first time 

by Ernst Abbe in 1873 [3] and then mathematically 

demonstrated by Rayleigh in 1879 [4]. Consistently to the 
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equations 1.1 and 1.2, the shorter the wavelength, the smaller 

it is the power to resolve nanometric features. If we take into 

account radiation in the visible region of the electromagnetic 

spectrum (≃ 530 nm) and assuming NA = 1.25 of a standard 

100x objective, we are not able to resolve features closer than 

200 nm.  Moreover, due to diffraction of light, the region over 

which the light is focused, which is called the point spread 

function (PSF), can illuminate hundreds of probes, exciting 

them all at the same time. Their fluorescence emission will 

be simultaneous, which will result in a hazy spot, and no 

accurate localization of individual fluorophores can be sort 

out. However, the high sensitivity, specificity and simplicity 

achievable with the fluorescence-based probes and systems 

encouraged the development of more spatially resolved 

techniques.  

4.1.2 Beyond the diffraction limit 

Firstly, if the propagation of the light emitted by the sample 

in an unconfined manner (far-field microscopy) experiences 

diffraction, one solution is to stay up close to the surface to 

collect the component of the light the does not undergo 

diffraction: the evanescent Near-field microscopy 
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circumvent the diffraction barrier by exploiting the unique 

properties of evanescent waves component [5,6]. Here, the 

light is confined by a sub-diffraction-sized aperture, and it 

propagates as an evanescent wave which exponentially 

decays within a distance ≪ λ /2. Scanning the surface with 

the tip few nanometres away from the sample (≪ λ /2) results 

in spatial resolution higher than what can be achieved in far-

field microscopy (≪ 100 nm) [7,8]. However, near-field 

microscopy limits the investigation to surfaces, therefore the 

study of internal structures is not possible with this approach. 

Another technique relying on an evanescent wave is Total-

internal-reflection fluorescence (TIRF) microscopy. In TIRF 

microscopy, only a thin layer of the sample can be 

illuminated varying slightly the illumination angle, leading to 

an efficient suppression of background fluorescence, less 

blurry images and sufficient depth of illumination [9] 

achievable with particular objective and lenses. Together 

with the instrument implementation, there is the need to 

exploit the photo-physical properties of the dyes to tune the 

number of the emitting point within the illumination volume 

to overcome the diffraction limit. Two different method have 

been developed: modulation of the effective PSF to shrink the 

illumination volume (coordinate-targeted methods) and 
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temporal separation of fluorophores (coordinate-stochastic 

methods) [10,11]. In coordinate targeted methods, a patterned 

illumination is used, such that the size of the effective PSF is 

reduced, and only a smaller number of molecules is excited. 

In coordinate-stochastic methods, single molecules are 

forced to emit at a relatively low density such that they are 

separated by a distance ≫ 200 nm in each frame. This enables 

precise single localization among molecules within the 

diffraction limited illumination volume. The term 

‘stochastic’ refers to the random switching between the ON 

and OFF states of the fluorophores and ensures that the 

probability of finding two emitters closer than the diffraction 

limit at the same time in the ON state is very low. The central 

concept of this methods relies on temporal separation of the 

dyes: during all the acquisition time the distance between 

them must be tuned to be larger than the diffraction limit at 

any time point. Hence, if this condition is satisfied, the 

diffraction limited spot of the emitting event of each dye is 

analysed, the intensity profile modelled with a 2D-Gaussian 

function and the centroid is calculated, corresponding to the 

more probable location of the emitter (Figure 4.1). This 

enables higher localization precision of emitters position 

compared to the diffraction limited image. 
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Fig 4.1 - Principle of coordinate-stochastic methods. 

 

4.1.3 Coordinate-stochastic methods techniques 

To achieve the temporal separation of the single fluorophores 

and to control the switching between the ON-state and OFF-

state different mechanisms can be exploited. Depending on 

that mechanism, three main families of coordinate stochastic 

methods have been identified that go under the names of 

PALM [12], (d)STORM [13] and PAINT [14,15]. Moreover, 

variations with multiple colours and dimensional parameters 

of all these techniques have been developed and are known 

under a wide number of different acronyms. Concerning 

PALM microscopy, in this case proteins or organic dyes 
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having photo-activable fluorescence are used. Using an 

external stimulus – such as  UV light – these fluorophores, 

initially in the dark state can be activated to an ON-state. For 

an efficient visualization, this technique requires that the 

majority of the emitters are in a stable OFF-state to achieve 

the blinking of the molecules [16]. The (d)STORM technique 

exploits fluorophores that can be reversibly switched 

between a fluorescent state singlet state and a non-fluorescent 

triplet state. To ensure the intersystem crossing (ISC) process 

towards the dark state, oxygen scavenger (i.e, glucose 

oxydase and catalase, protocatechuic acid) and reducing 

agents (i.e. 2-mercaptoethanol, mercaptoethylamine, L-

Gluthathione) are commonly used. Then, high laser power 

brings the fluorophores back to the ON-state: with this 

process we have the blinking events [17]. Lastly, PAINT is a 

technique exploiting a transient binding of fluorescent dyes 

with the structure under investigation which can be specific 

or aspecific. When interacting, the dye motion is slowed 

down sufficiently to be localized, while fast diffusion in the 

unbound state precludes spurious single-molecule 

localizations. In particular, our experiments fall into this 

latter technique, using the blinking events generated by HA-

RB probe fluorescence upon aspecific interactions with 
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different surfaces, thanks to its peculiar fluorescence 

mechanism. 

4.2 Materials and methods 

4.2.1 Microscopy  

Images were acquired in a Nanoimager (ONI, Oxford) using 

the NimOS software. HA-RB was imaged with a 532 nm 

laser (25% power). The sample was illuminated using a total 

internal reflection fluorescence (TIRF) alignment system and 

the z-level was kept constant using the build-in perfect focus 

system. Fluorescence was recorded using ONI 100×, 1.49 

NA oil immersion objective and passed through a quadband 

pass dichroic filter. Images were acquired onto a 425×518 

pixels region (pixel size 0.117 μm) at 30 ms integration time 

for PAINT imaging. For the images were acquired 10.000 

frames: Individual point-spread function (PSF) was fitted 

with a 2D gaussian function on the NimOS software to obtain 

the reconstructed super-resolved image. Data were then 

exported and the drift corrected with Thunderstorm plugin for 

Imagej when needed. Fourier Ring Correlation (FRC) [18,19] 
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plugin on ImageJ was used to assess the resolution of the 

samples features. 

 

4.2.2 Sample preparation 

 

Sample chambers consist of a coverslip (Menzel Gläser, 76 × 

26 mm, thickness 1 mm) onto which a coverslip (Menzel 

Gläser, no. 1.5, 24 × 24 mm, thickness 170 μm) is glued with 

double-sided tape. Prior to assembly of the chamber, the 

coverslip is cleaned to remove impurities and reduce 

background fluorescence with a plasma gun treatment of 60 

seconds. 

Lab-grade plastic “PTFE” poly(tetrafluoroethylene) 9002-

84-0 was purchased from Sigma Aldrich: the microplastic 

sample was already in powder form and were finely ground 

in a mortar to further reduce mesh size and increase the 

fraction of nanoplastics and small microplastics. In order to 

have a homogenous dispersed sample, as aforementioned in 

chapter 2, three different viscous solution of hyaluronan 

hydrogel (16 mg mL−1 native HA 200–600 kDa in water) 

were prepared using HA-RB solutions of 0.5 nM, 10 nM, and 

70 nM. PTFE microplastic were dispersed in these solutions 
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and then a drop is deposited on the glass slide before closing 

the chamber.  

 

4.3 Results and discussion 

To evaluate the possibilities and limitations of PAINT as a 

complementary tool to visualize interfaces and their features 

we prepared three viscous solutions of HA-RB at 0.5 nM, 10 

nM and 70 nM. 10,000 frames have been acquired for each 

sample, except for the lowest concentration (0.5 nM) which 

immediately showed a low count rate and a fast bleaching of 

the probe being impossible to register an image (Figure 4.2). 

 

c) d) 

a) b) 
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Fig. 4.2 –(a) reconstructed images with poor number of localizations. 

(b) maximum intensity projection superimposed with the localization 

of the reconstructed image. (c) and (d) counts rate and frame index 

respectively. 

 

On the other hand, for the sample of PTFE with HA-RB 10 

nM we were able to collect 10,000 frames with optimal 

blinking of the fluorophore (9 × 104 photon counts; stable 

signal after a starting moderate bleaching) and to retrieve 

calculated localizations image (Figure 4.3). 

 

 

 

Fig. 4.3 –a) Reconstructed images with high number of localizations 

for the sample PTFE with HA-RB 10 nM (uncertainty for single events 

a) b) 
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is σ =14.04 ± 0.16). b) Maximum intensity projection superimposed 

with the localization of the reconstructed image. 

 

In this case, the interaction of the probe colocalizes its 

fluorescence events on the hydrophobic zones of the surface 

of the PTFE debris highlighting its features. To evaluate the 

resolution of these features we applied a Fourier Ring 

Correlation  based algorithm called FIRE [18,19] to the 

localization image, which can give an estimation of the 

resolved dimension of the objects based on the reconstructed 

image (Figure 4.4). The value calculated by the algorithm is 

equal to 265.11 nm and this value is consistent with few 

micrograph extrapolated from the image in order to test the 

goodness of the image analysis and calculation procedure 

(Figure 4.4 c-d). 
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Fig. 4.4 – In a) is reported the Fourier Ring Correlation image 

calculated by the algorithm. In b) is reported the FRC spatial 

frequency analysis: intercept of the line with the curve correspond to 

the resolution value in diameter calculated with the FIRE plugin in the 

real space .In c) and d) are reported the micrograph and the relative 

value of the FWHM. 

 

a) 
b) 

c) 

d) 
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For the same glass slide we acquired a different field of view 

with the same idea and reported in Figure 4.5. In this case 

applying the FIRE algorithm we obtain a resolution value of 

165.56 nm and also in this case consistent with individual 

micrograph extracted from the image. 

 

 

Fig. 4.5 – In a) is reported the Fourier Ring Correlation image 

calculated by the algorithm. In b) is reported the FRC spatial 

frequency analysis: intercept of the line with the curve correspond to 

the resolution value in diameter calculated with the FIRE plugin in the 

a) b) 

c) 

d) 
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real space. In c) and d) are reported the micrograph and the relative 

value of the FWHM. 

 

The difference in the FIRE value of the two images can easily 

be linked to the polydispersity of the grinded sample and can 

already suggest the capability of the probe to interact 

successfully with a complex system in terms of surface 

characterization. Further to that, for the image relative to the 

last sample involving PTFE with HA-RB 70 nM we obtain 

similar results. For this sample the photon count rate is higher 

(2.3×105) and the blinking is extremely stable during all the 

acquisition. Also in this case the localization reconstruction 

image has been analysed with the FIRE algorithm revealing 

details of the surface with a resolution under 100 nm (Figure 

4.6). 
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Fig. 4.6 –In a) is reported the reconstructed images with high number 

of localizations for the sample PTFE with HA-RB 70 nM (uncertainty 

for single events is σ = 8.53 ± 0.26). In b) is reported the Fourier Ring 

Correlation image calculated by the algorithm. In c) is reported the 

FRC spatial frequency analysis: intercept of the line with the curve 

correspond to the resolution value in diameter calculated with the 

FIRE plugin in the real space. 

 

Encouraged by the stability of the signal, we acquired also 

another field of view of this sample to make a fluorescence 

recovery after bleaching experiment (FRAP) and check if the 

probe in this case was adsorbed on the surface. In order to  

this measure we started the acquisition with the same 

a) b) 

c) 
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parameters of the other measures (25 % laser power, 

exposure time 30 ms) acquiring 1000 frames. After the 1000th 

frame, we raised the laser at its maximum power to ensure a 

fast and effective bleaching acquiring the signal for 500 

frames. After that, we acquired again 1000 frames with 

parameters of the first step (Figure 4.7).  

 

 

Fig. 4.7 – Split plots of the three FRAP measure acquisition. 

 

Interestingly, the experiment shows that the probe is not 

adsorbed on the surface but instead continuously exchange 

between the surface and the solution which act as a large 

reservoir  with a stable resistance to photobleaching in with 

normal acquisition parameter. This interesting behaviour 

could enable longer acquisition time improving also the 

localization of a large number of individual probes which 

improves the total resolution of the image. 
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4.4 Conclusions 

In summary, we have introduced a promising new probe 

tailored to investigate surfaces through aspecific interactions 

without covalent labelling of the surfaces. Moreover, we can 

notice – comparing the images at different concentration of 

the HA-RB probe – that rising the concentration improves the 

conditions for an optimal blinking and photo-bleaching 

stability. For this type of super resolved technique that relies 

on temporal separation of the emitting events, the 

concentration should be kept really low in the 5 to 0.5 nM 

range. The reason why we observe quite  the contrary must 

be reconducted to the polymeric nature and peculiar 

fluorescence mechanism of the HA-RB probe which balance 

the self-quenching of the emitting dye with the driving force 

of non-covalent interaction with the surfaces. This is also 

highlighted by the FRAP experiment demonstrating a 

continuous exchange at the interface between surface-bound 

and freely diffusing polymer chains functionalized with the 

fluorescent moieties. Thanks to these properties we were able 

to resolve surface details of complex and polydisperse 

samples under the diffraction limit (~250 nm). This 

preliminary research showed the potentiality of a flexible 

super-resolution tool with a non-labelling imaging approach 
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that could find many applications in different fields including 

interfaces study, soft matter characterization and 

nanotechnology. 
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CHAPTER 5 

General Conclusion 

The peculiar characteristics of nanomaterials make them 

suitable for their use in a variety of fields. Indeed, lot of 

attention has given to the comprehension of the interactions 

and the relationship intercurrent between properties and 

structure of the nanomaterials in order to rationally design 

and fine tuning their properties. Indeed, they constitutes a 

powerful platform to be engineered with well known 

different techniques to implement bio conjugated systems, 

biocompatible polymer, releasable loading, fluorescent 

probes for optical sensing with rationally designed sensors. 

In particular, the possibility to tailor their interactions can 

give a sensors high selectivity toward a target analyte. In 

addition, the main challenges for a sensors cannot only rely 

on its fine sensitivity, selectivity and stability but also to 

envision their applicability in complex matrix and their 

ability to provide information about the system in an easy 

way. These aspects have attracted interest for the interaction 

potential of HA with nanomaterials in nanomedicine and 

environmental application. 
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During this PhD thesis, the behaviour of a fluorogenic 

hyaluron probe functionalised with rhodamine B (HA-RB) 

has been studied with the following aims: 

 i) to detect micro and nanoplastics in aqueous samples; we 

demonstrated that HA-RB can be an efficient probe also 

to obtain information on their dimensions and chemical 

nature, 

ii) to monitor in real-time the formation of protein 

aggregates even at their early stage, being a promising 

probe for obtaining information on several 

neurodegenerative diseases, 

iii) to add a new tool to characterize the surface of 

microplastics with super-resolution microscopy through 

non-specific interactions and thus in a simplified 

approach. 

In the first part, we report that hyaluronic acid functionalized 

with rhodamine B (HA–RB), with a very weak fluorescence 

intensity in water, readily adsorbs onto the surface of various 

MNPs with a concomitant enhancement of brightness, 

making them fluorescent. With confocal microscopy, 

fluorescently stained MNPs are clearly visible with size as 

small as the resolution of a confocal microscope, with 

nanoplastic fragments of approximately 250 nm clearly 



129 
 

standing out of the background. This high sensitivity can be 

achieved due to the recovery of the fluorescence quantum 

yield of the RB moieties thanks to a hydrophobicity-induced 

unquenching mechanism together with a high affinity 

interaction with MNPs. Furthermore, FLIM microscopy 

revealed that the lifetime parameter can take profit of the 

different degree of hydrophobicity-induced unquenching of 

HA–RB on the surface of different microplastics, making 

possible the identification of the types of MNPs based on 

their fluorescence lifetime. 

These results represent a promising study demonstrating an 

efficient interaction of the probe with MNPs with the 

possibility for to recognize their chemical nature. As future 

perspective, its applicability could be extended to the analysis 

of real MNP debris in environmental samples which still 

remains a difficult challenge. 

In the second part, we report the application of the 

fluorogenic HA-RB probe with the aggregates of the plant 

derived metabolic enzyme GAPC1 that are forming under 

oxidative stress. We demonstrated the possibility offered by 

our probe to monitor the kinetic of protein aggregation at 
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their early stages, highlighting that this kind of information 

cannot be obtained neither from DLS scattering signals nor 

using ThT – a dye widely used to study aggregates of protein 

– which do not show an early rise of their signal. These results 

suggest that HA-RB has a high affinity for early aggregates, 

which enhance the fluorescence quantum yield of initially 

self-quenched RB moieties. Thanks to the interaction of HA-

RB with the early aggregates we were also able to further 

explore the lag-phase of the aggregation kinetic which is 

usually difficult to investigate. We were able to optimize an 

homemade optical setup for laser-sheet wide-field 

microscopy for nanoparticle tracking analysis (NTA) which 

made us able to follow almost in real time a dimension 

distribution of small pre-aggregates shifting and widening as 

the aggregation kinetic proceeds. 

These results suggest, together with the intrinsic versatility of 

the reported fluorogenic hyaluronan, that HA-RB probe 

could be a valid tool to investigate the elusive lag-phase of 

protein aggregation kinetics both in a spectrofluorimetric and 

easy way with a cuvette essay and also with deeper insight 

with laser sheet microscopy and NTA analysis to quantitative 

information. 
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Lastly, we exploit the versatility of HA-RB using it as 

possible probe for PALM super-resolution acquisition. The 

aim was to exploit a non-specific, flexible tool able to 

successfully interact with the surface of complex and 

polydisperse microplastics and able to resolve nanometric 

features. The probe showed really stable blinking of the 

emitting events, which is fundamental for the technique, even 

at high concentration. The reason can be explained with the 

peculiar mechanism behind the fluorescence emission of the 

probe which balance the self-quenching of the emitting dye 

with the driving force of non-covalent interaction with the 

surfaces. FRAP experiment also confirmed this observation 

demonstrating a continuous exchange at the interface 

between surface-bound and freely diffusing polymer chains 

functionalized with the fluorescent moieties. 

Thanks to these properties we were able to resolve surface 

details of complex and polydisperse samples under the 

diffraction limit (~250 nm). This preliminary research 

showed the potentiality of HA-RB as a flexible super-

resolution tool with a non-labelling imaging approach. 
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In conclusion, in this Ph. D. thesis I focused my attention on 

the study of the application of a fluorogenic hyaluronan probe 

for detection and characterization of different nanomaterials 

with different advanced microscopy techniques. Hence, It is 

highlighted the application flexibility of the probe in different 

environment which is linked to the intrinsic nature of the 

probe and its fluorescence mechanism. The results presented 

in this thesis prove that biocompatible water-soluble 

polymers properly functionalised are highly promising tools 

for sensing and detection of different analytes of medical and 

environmental concern. Therefore, my research represents an 

encouraging step towards the design and the study of 

application flexible optical sensor for advanced microscopy 

techniques for biomedical and environmental application. 
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APPENDIX -PRINCIPLE OF PHOTOPHYSICS 

 

A.1 ELECTRONIC EXITED STATE, JABLOSNKY 

DIAGRAM  

To introduce the applications which takes advantage of 

fluorescence processes is useful to shows the origin and the 

behaviour of an electronic exited state. Electromagnetic 

radiation and matter can interact in different ways. 

Photochemistry is interested in the conversion of the energy 

(hν) of a photon absorbed by a chemical species in electronic 

energy, causing the transfer of an electron toward an orbital 

possessing higher energy. The species turns from its 

electronic ground state A to an electronic excited state A*, 

which possesses a different electronic configuration:  

𝐴 + ℎ𝜈 → 𝐴* 

This different electronic distribution causes the excited states 

of a chemical species to have physicochemical properties so 

different from those of the ground state that they can be 

considered different chemical species. For this reason, it is 

possible to define photochemistry as the chemistry of excited 

states. A photon can be absorbed and provoke the formation 

of an electronic excited state only if its energy hν exactly 

corresponds to the energy difference between the excited and 
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the ground state. Absorption electronic transitions occur in a 

time scale of the order of femtoseconds (10-15 s, Franck 

Condon Principle), creating excited states which are transient 

and can deactivate in different ways, shown in the Jablonski 

diagram (Figure 1). In this diagram electronic states (the 

singlets S0, S1 and the triplets T1 and T2) are represented by 

thicker lines. The distinction between states with different 

spin multiplicity is due to the fact that transitions between 

these states are partially not allowed. Thinner lines represent 

the vibrational levels of the electronic states. After the energy 

absorption and reaching an excited vibrational level of an S2 

electronic excited state, the molecule goes rapidly (< 10-12 

s) to the ground vibrational level of that excited state 

(vibrational relaxation); then internal conversion occurs, 

passing from the ground vibrational level of S2 to the 

isoenergetic vibrational level of S1, the electronic state at 

lower energy (< 10-12 s). Another vibrational relaxation is 

then observed toward the ground vibrational state of S1, and 

at this stage the excited molecule can deactivate in two ways: 

1- non-radiative deactivation: the energy is released as    

vibrational energy generating heat. If this process occurs 

between two states with the same spin multiplicity we speak 

about internal conversion (10-12 -10-6 s), while if the states 
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have different spin multiplicity, we have intersystem crossing 

(10-11 -10-6 s). The successive vibrational relaxation leads 

in the first case to the ground vibrational level of S0, in the 

second case to that of T1;  

2- Radiative deactivation: it is a process that generates 

luminescence, and it is defined fluorescence if it occurs 

between states with the same spin multiplicity, 

phosphorescence if it occurs between states with different 

spin multiplicity. Similarly, to S1, T1 can deactivate to S0 by 

radiative deactivation (phosphorescence, 10-4 -102 s) or by 

nonradiative deactivation (intersystem crossing, 10-3 -10 s, 

and successive vibrational relaxation to S0). Long-lived 

states such as T1 can undergo photochemical reactions, for 

example with oxygen, producing other chemical species. 

Generally speaking, since the time scale to decay to S1 and 

T1 are shorter than that necessary to pass from S1 and T1 to 
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S0, only lowest energetic states of each spin multiplicity (that 

is S1 and T1) live enough to undergo luminescence (Kasha’s 

rule) or photochemical reactions[1].  

Fig. 1 - Jablonsky diagram for a generic molecule: horizontal lines 

symbolizes the vibrational levels in the electronic ground state (S0), in 

the first (lowest) excited singlet state (S1) and in the first excited triplet 

state (T1).Vertical arrows represent transitions between levels[2].  

 

A.2 SOLVATOCHROMISM  

 

Many relevant chemical and physical phenomena such as 

thermodynamics and reaction kinetics, as well as the position 

and intensity of the electronic absorption and emission bands, 

are often strongly dependent on the solvent. The basis of 

these effects on chemical equilibria and spectroscopic 

properties is the solvation of reagents and products. The 

solvation depends on the intermolecular forces between 

solute and surrounding solvent molecules, which include 

non-specific forces, such as electrostatic and polarization 

forces, and specific forces such as hydrogen bonds. The 

influence of solvents on the chemical equilibrium position 

was discovered in 1896 by Claisen and Wislicenus 

independently of each other. These results were examined by 

Stobbe, who in 1903 divided the solvents into two groups, 
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based on their ability to isomerize some tautomeric 

compounds, with subsequent subdivision in solvent donors of 

hydrogen bonds (HBD, protic solvents) and non-hydrogen 

bond donors (non-HBD, aprotic solvents). Hantzschlater 

instead observed the displacement of the absorption and 

emission maxima at longer or shorter wavelengths of some 

molecules (fluorophores) as the polarity of the solvation 

environment varies. 

Fig. 2 – Jablonsky Schematization of Jablonsky diagram for a positive 

solvatochromic dye 

 

This phenomenon has taken the name of solvatochromism. 

The solvatochromism manifests itself in molecules having a 

different dipole moment for the ground state and the excited 

state. Solvents can therefore stabilize the two electronic states 

in a different proportion, thus varying the energy gap between 

them and therefore the energy of the transition. In general, 
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the transitions between two states, both in absorption and in 

emission, take place in a very short time, much lower than 

that of the motion of the nuclei, therefore considered to be 

stationary. Therefore, there is no reorganization of the solvent 

molecules causing the scheme of solvation of the excited 

state and that of the ground state to remain unchanged (Frank-

Condon principle). However, if the residence time in an 

excited state is large enough, a reorientation of the solvent 

molecules can occur, with associated internal conversion, 

which brings the molecule into a lower energy vibroe-

lectronic state and, from this new energy level, it can take 

place a radiative relaxation with fluorescence emission that 

brings the molecule to the ground state[3].In this case, the 

energy emitted by the solvatochromic dye molecule will be 

as low as the stabilization effect of the excited state operated 

by the solvent is greatest. There are two types of 

solvatochromism, negative and positive. If, as the solvent 

polarity increases, the fundamental state of the molecule is 

more stabilized than its first excited state, we observe 

hypsochromic shift (towards high energies in the spectrum) 

and the solvatochromism is called negative. Vice versa, if as 

the solvent polarity increases the excited state is stabilized 

more than the fundamental one, the solvatochromism is 
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called positive and we observe a batochromic shift (towards 

low energies). The solvatochromic probes are widely used for 

the study of polarity in complex systems or in the diagnostic 

field as bioluminescent sensors in imaging techniques[4], [5]. 

 

 

A.3 ELECTRONIC EXCITATION ENERGY 

TRANSFER  

 

With the term electronic excitation energy transfer we 

indicate the process in which an excited molecule of a donor 

D* decays to its ground state D with the simultaneous transfer 

of its excitation energy to a molecule of acceptor A, which is 

thus led to an excited state A*: 

𝐷*+𝐴→𝐷+𝐴* 

it is possible to observe this phenomenon exciting D in a 

spectral region in which it absorbs but A does not: if energy 

transfer occurs, D* emission is quenched and at the same 

time the appearance of the emission of A* is observed, which 

is called sensitized emission. In the case in which D and A 

are different molecules of the same chemical species we 

speak about homo energy transfer. It is possible to observe 

also intramolecular energy transfer in the case of a 
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(super)molecule containing a donor and an acceptor, 

separated by a spacer L: 

𝐷*−𝐿−𝐴 → 𝐷−𝐿−𝐴* 

Two possible mechanisms of energy transfer exist, radiative 

one and non-radiative one. The radiative mechanism (also 

called trivial energy transfer) does not require the direct 

interaction of D and A, but it occurs via the electromagnetic 

field produced form the photons emitted by D, which can be 

absorbed by A, provided that an overlap between the 

emission spectrum of D and the absorption one of A exists. 

This mechanism consists of two different steps: 

𝐷*→ 𝐷+ℎ𝜈′ (Emission of the Donor) 

𝐴+ℎ𝜈′→ 𝐴* (Absorption of the Acceptor) 

It is possible to correlate the probability of absorption of A of 

a photon emitted by D*, that is the probability of energy 

transfer (aD*→A), with the overlap between the emission 

spectrum of D and the absorption one of A. In particular a 

relation stands between aD*→A and the overlap integral 𝐽, 

defined as 

𝐽 = ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4 𝑑𝜆

∞

0

 

where 𝐹𝐷 is the normalized emission spectrum of D (the area 

under the spectrum is equal to 1) and 𝜀𝐴(𝜆) is the absorption 
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spectrum of A in dm3·mol-1·cm-1. So as 𝐽 increases, the 

probability of radiative energy transfer linearly increases. 

This probability is also directly proportional to the 

concentration of A, to the optical path length and inversely 

proportional to the luminescence quantum yield of D. The 

radiative energy transfer can occur over extremely long 

distances: solar irradiation on Earth is a striking example. It 

is necessary that the transition of absorption in the acceptor 

is spin-allowed so that the radiative energy transfer can 

occur: thus singlet(D*)-singlet(A*) and triplet(D*)-

singlet(A*) transfers are allowed, while singlet(D*)-

triplet(A*) and triplet(D*)-triplet (A*) transfers are not 

allowed.  

The non-radiative mechanism, on the other hand, requires an 

intermolecular interaction between D and A mediated by the 

electromagnetic field. The energy transfer between the 

partners occurs in resonance conditions, involving 

isoenergetic non-radiative transitions between D* and A. 

Also in this case the probability of energy transfer is directly 

proportional to 𝐽. The theoretical description of the process 

leads to obtain that the interaction between D* and A consists 

of a Coulombic term (Förster mechanism) and of an 

exchange term (Dexter mechanism) (Figure 3). 
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Fig. 3 - energy transfer via Coulombic mechanism (left) and with 

exchange mechanism (right) 

 

The Coulombic mechanism arises from the coupling of the 

electronic transition moments of electric dipole of the 

transitions D*->D and A->A*. This interaction is governed 

by Förster’s equation, which correlates the energy transfer 

kinetic constant with the distance 𝑅𝐷𝐴:  

𝑘𝐸𝑇 =  
1

𝜏𝐷
(

𝑅0

𝑅𝐷𝐴
)

6

 

Where 𝜏𝐷 is the lifetime of the donor in the absence of the 

acceptor and 𝑅0 is the Förster distance, that is the distance 

between D and \A at which the energy transfer rate ( 𝑘𝐸𝑇 ) is 

equal to the decay rate of the donor in the absence of the 

acceptor ( 𝑘𝐸𝑇=1/𝜏𝐷 ). At this distance half of the molecules 

of D decay via energy transfer. Förster distance is correlated 

to the overlap between the emission spectrum of D and the 

absorption spectrum of A by means of the following relation: 

𝑅0
6 = 2.303

9000𝜒2𝜙𝐷

𝑛4𝑁𝐴128𝜋5
𝐽 
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Where χ is the orientational factor which describes the 

relative orientation of the electric dipole moment of D and A 

(it is assumed to be equal to 2/3 in the case of freely rotating 

D and A), 𝛷𝐷 is the fluorescence quantum yield of D in the 

absence of A, 𝑛 is the refractive index of the solvent, 𝑁𝐴 is 

the Avogadro’s constant, is the luminescence spectrum of D 

normalized to 1m and 𝐽 is the spectral overlap. The higher the 

overlap between the emission spectrum of A and the 

absorption spectrum of A, the higher the value of 𝑅0. Typical 

values are about 20-100 Å. It is possible to define an 

efficiency of energy transfer 

η =
𝑘𝐸𝑇

𝑘𝐸𝑇 + 𝑘𝐷

 

which is linked to 𝑅𝐷𝐴
6 by means of the following relation 

η =
𝑅0

6

𝑅0
6 + 𝑅𝐷𝐴

6  

which highlights that the efficiency of the energy transfer 

process is equal to 0.5 when 𝑅𝐷𝐴=𝑅0. It is possible to 

experimentally obtain 𝜂 from the fluorescence quantum yield 

of D in the presence of A ( 𝛷𝐷𝐴) and in its absence (𝛷𝐷), or 

from lifetimes in the two conditions (𝜏𝐷𝐴 , 𝜏𝐷): 

η = 1 −
ϕ𝐷𝐴

ϕA
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η = 1 −
τ𝐷𝐴

τA

 

The processes of Förster type energy transfer are generally 

allowed if the transition in D and in A does not involve spin 

changes of the single species. On the contrary Dexter type 

energy transfer dominates. The exchange interaction requires 

a simultaneous double electronic exchange involving the 

LUMO of D and the HOMO of A (Figure 3) and it is a short-

range interaction, becoming important when 𝑅𝐷𝐴 is ≤ 5 Å. 

According to Dexter model, the kinetic constant for the 

exchange mechanism decays exponentially with 𝑅𝐷𝐴 : 

𝑘𝐸𝑇
𝑒𝑥 =

2𝜋

ℏ
𝐾𝐽𝑒𝑥ⅇ

2𝑅𝐷𝐴
𝐿  

where 𝐾 is a factor related to the specific orbitalic interaction, 

𝐽ⅇ𝑥 is the normalized overlap integral and 𝐿 is an average Van 

der Waals radius which simulates molecular dimensions[6]. 

 

A4 ELECTRONIC ABSORPTION SPECTRA 

For the acquisition of electronic absorption spectra, a double 

beam spectrophometer UV/Vis Perkin Elmer Lambda-45 

was used. The amount of light absorbed is provided by the 

ratio of the intensity of incident light (𝐼0) and the intensity of 

transmitted light (𝐼𝑡) and is expressed by Absorbance (A): 

𝐴=𝑙𝑜𝑔10𝐼0𝐼𝑡 
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A = 𝑙𝑜𝑔10

I0

It

 

A is related to the chromophore concentration by the Lambert 

Beer equation as following: 

A = 𝑐𝜀𝑙 

Where 𝑐 is the chromophore concentration express in mol/L, 

𝜀 is the molar extinction coefficient (mol/L)-1cm-1 and 𝑙 is the 

optical path of the sample (1 cm optical path of the cuvette). 

 

A5 LUMINESCENCE QUANTUM YIELD 

The registration of the emission and excitation spectra were 

performed using a spectrofluorimeter Perkin Elmer LS55 and 

a spectrofluorimeter Edinburgh FLS920. 

An important parameter to photophysically characterize 

samples is ttheir luminescence quantum yield (𝛷𝑃𝐿, QY), 

defined as the ratio between the number of emitted photons 

over the number of photons absorbed by a species at the same 

excitation wavelength: 

ϕ𝑃𝐿 =
𝑛𝑢𝑚𝑏ⅇ𝑟 𝑜𝑓 ⅇ𝑚𝑖𝑡𝑡ⅇ𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑛𝑢𝑚𝑏ⅇ𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏ⅇ𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 

A fast and useful method to determine the luminescence 

quantum yield is to compare the emission of a sample with a 

reference species having a known quantum yield, upon 
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excitation of both reference and sample at the same 

wavelength. The chosen reference has to emit in the same 

spectral region of the sample and the emission spectra must 

be recorded in the same experimental conditions. For the 

assessment of 𝛷𝑃𝐿 we adopted the following experimental 

procedure: the absorption spectra of the sample and of the 

reference were registered and, when possible, isoabsorption 

points were used as excitation wavelength for the registration 

of emission spectra. The following equation was used to 

determine the value of luminescence quantum yield: 

𝜙𝑃𝐿 = 𝜙𝑟𝑒𝑓

𝐼𝑥

𝐼𝑟𝑒𝑓

𝐴𝑟𝑒𝑓

𝐴𝑥
(

𝑛𝑥

𝑛𝑟𝑒𝑓
)

2

 

Where 𝛷𝑟ⅇ𝑓 is the fluorescence QY of the reference, 𝐼𝑟ⅇ𝑓 and 

𝐼𝑥 are the emission intensities of the reference and the sample, 

respectively; 𝐴𝑟ⅇ𝑓 and 𝐴𝑥 are the absorbance at the excitation 

wavelength of the reference and the sample; 𝑛𝑟ⅇ𝑓 and 𝑛𝑥are 

the refractive index of the solvents. 

 

A6 EXCITED STATE LIFETIME MEASUREMENTS 

Excited state lifetime measurements were performed using a 

spectrofluorimeter Edinburgh Analytical Instruments 

FLS920, equipped with a time-correlated single-photon 

counting device, which is able to measure lifetimes in a range 
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between 0.5 ns and 30 μs. The time-correlated single-photon 

counting is based on the probability that a single photon 

emitted by a luminescent sample is collected by a proper high 

sensitivity detector: this probability is statistically correlated 

with the variation of the concentration of the excited states in 

solution. 

 

A.7 DYNAMIC LIGHT SCATTERING 

Dynamic Light Scattering (DLS) measurements were 

performed using a Malvern Instruments DLS ZetaSizer 

Nano-ZS. With this instrument it is possible to determine the 

dimension of particles having a diameter between 1 nm and 

10 μm. It exploits the study of Brownian motions to 

determine the hydrodynamic diameter of particles suspended 

in solution. The hydrodynamic diameter is obtained by the 

correlation of the scattering intensity fluctuations recorded 

over time upon irradiation of the sample with a 633 nm laser. 

The Brownian motion of the particles is described by 

translational diffusion coefficient (D) that is related to the 

hydrodynamic diameter through the Stokes-Einstein’s 

equation 

d(H) =
𝑘𝑇

3𝜋ηD
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where d(H) is the hydrodynamic diameter, k is the Boltzmann 

constant, T is the temperature, η(T) is the viscosity of the 

solvent and D is the diffusion coefficient. Through this 

equation the hydrodynamic diameter, thus the diameter of a 

sphere having the same diffusion coefficient of the particles, 

can be obtained. The fluctuation of the intensity of the 

scattering produced in a short time-scale is analysed using the 

correlation function. 

Fig. 4 - Funzione di correlazione G, rappresentazione grafica e formula matematica 

The correlation indicates the degree of similarity of two 

measurements at different times. For particles of higher 

dimensions, the correlation will last for longer times than in 

the case of smaller particles. 
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Fig. 5 – trend of the correlation coefficient for large particles (green 

line) and small particles (red line) versus time 

 

The particle size distribution is obtained from the relative 

scattering intensity graph of the several particle size classes 

(intensity size distribution). It is also possible to obtain this 

distribution as a function of particle volume, or particle 

number. Let us consider, for example, a sample containing 

two populations of spherical particles having a diameter of 5 

and 50 nm respectively and present in the same number 

(Figure 6). As far as the number of particle is concerned, the 

graph consists of two peaks, one at 5 nm and the other at 50 

nm, with a 1:1 ratio. If we convert the number distribution in 

volume distribution, the two peaks ratio is 1:1000, because 

the volume of a sphere is equal to  
4π

3
(

𝑑

2
)

3

. If we switch to 
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intensity distribution, the ratio becomes equal to 1:106 

according to Rayleigh approximation. 

 

Fig. 6 – number, volume and intensity distribution of a sample 

containing spherical particles of 5 nm and 50 nm diameter in equal 

numbers. 

A.8 LIGHT-SHEET MICROSCOPY FOR 

NANOPARTICLE TRACKING ANALYSIS (NTA) 

 

The general principle of light sheet microscopy is that optical 

sectioning is achieved by illuminating the sample from the 

side with a thin sheet of laser light that will shine a relatively 

narrow plane of the sample. By shaping the light source in 

such way, light-sheet microscopy enables high temporal and 

spatial resolution offering high imaging speed, higher 

number of events acquisitions, reduced phototoxicity and 
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photobleaching if compared to other widefield and confocal 

techniques. In the light-sheet microscopy field we find the 

nanoparticle tracking analysis (NTA) which relies on spatial-

temporal resolution of the Brownian Motion of the particles 

to calculate their equivalent hydrodynamic diameter. The 

theoretical base of the technique stems from the calculation 

of the trajectories of each single particle which can be 

achieved recording the movement of the particles in the 

illumination volume. From these trajectories we can calculate 

the mean square displacement to obtain the diffusion 

coefficient that can be related through the Stokes-Einstein 

equation to a sphere equivalent hydrodynamic radius:  

 

⟨ (𝑥, 𝑦)̅̅ ̅̅ ̅̅ ̅ 2⟩

4
= 𝐷𝑡 =

𝑘𝐵𝑇

3𝜋𝜂𝑑ℎ

 

 

 

 

 

 

The technique calculates particle size on a particle-by particle 

basis, overcoming the weaknesses in ensemble techniques 

such as dynamic light scattering that, for example, is quite 

⟨ (𝑥, 𝑦)̅̅ ̅̅ ̅̅ ̅ 2⟩ = 𝑚ⅇ𝑎𝑛 𝑠𝑞𝑢𝑎𝑟ⅇ 𝑑𝑖𝑠𝑝𝑙𝑎𝑐ⅇ𝑚ⅇ𝑛𝑡         𝐷 = 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜ⅇ𝑓𝑓𝑖ⅇ𝑐𝑖ⅇ𝑛𝑡 

𝑡 = 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑡𝑖𝑚ⅇ              𝑘𝐵 = 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝜂 = 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎⅇ 𝑠𝑜𝑙𝑣ⅇ𝑛𝑡           𝑑ℎ = ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑑𝑖𝑎𝑚ⅇ𝑡ⅇ𝑟 
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sensitive to the presence of large particles and huge 

differences in particle dimensions in polydisperse samples 

[7].  It is also worth to mention that this technique offers the 

possibility to monitor also the fluorescence signal from the 

particles allowing to investigate properties that are out of the 

DLS technique capability, i.e. accurate sizing, counting and 

phenotyping of biological relevant system such as 

extracellular vesicles [8]. 
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