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1.1. Basics of fluorescence 

Despite there are several definitions of what is fluorescence, the most common 

way to define it would be “emission of light from excited singlet state of a molecule 

after light absorption”. Fluorescent molecules are called fluorophores. After a 

fluorophore receives a portion of energy in form of, for example, electromagnetic 

irradiation (light), it transitions to excited state with higher energy. There are different 

ways for a molecule to relax to its ground state, and several of them are depicted at 

this simplified version of Jablonski diagram (Figure 1.1.1). 

 

Figure 1.1.1. Jablonski diagram illustrates the transitions between different electronic states of a 
molecule for fluorescence and phosphorescence phenomena.                                                               

Adapted from http://home.uni-leipzig.de. 

Whenever a molecule in the ground state (S0) gets excited (straight blue line) to 

higher energy states (S1, S2, etc.), it can get rid of the excessive energy by radiative 

(straight lines) or nonradiative (wavy lines) pathways1. Fluorescence (red straight line) 

occurs from S1 state (Kasha’s rule), as a molecule, excited to higher levels would 

rapidly relax to S1 state through nonradiative processes generally called internal 

conversion (IC, orange wavy lines). Except fluorescence, other paths for energy 

migration from S1 level are nonradiative transitions to S0 (quenching, internal motions 

etc.) or intersystem crossing (ISC, purple wavy line) to T1, excited triplet state. As the 

transition from T1 to S0 is one of the forbidden ones, its probability is very low, therefore 
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fluorophore can remain in T1 state for up to 1012 longer than its usual lifetime in S1 

state. Radiative transition from T1 to S1 is called phosphorescence (green straight line).  

Despite the time that fluorophore would spend in excited state cannot be 

precisely predicted due to quantum world limitations, the average value for a 

population can be determined. The average time, spent in singlet excited state, is 

called fluorescence lifetime2. It depends on radiative (fluorescence) and non-radiative 

decay rates of the selected molecule in excited state. Changes in fluorescence 

lifetimes can occur depending on the fluorophore surroundings, for example, trapping 

a dye in a rigid matrix, like polymer, can increase lifetime, comparing to the dye in 

solution, while adding a quencher, energy acceptor, to the system, can decrease it. 

Generally, decreasing the non-radiative decay rate increases fluorescence lifetimes, 

which leads to more efficient dye fluorescence. 

Quantum yield (QY) of the system is the ratio of the number of emitted photons 

to the number of absorbed photons. It is one of the key characteristics of system 

brightness and decreases with increasing number of non-radiative decay rate. It is in 

the range of 0<QY<1. Stokes shift is a phenomenon of emitted photons having lower 

energy than absorbed ones. It occurs because of ultrafast relaxation to the lowest 

vibrational level of S1, while radiative transition can take place to higher vibrational 

levels of S0, resulting in an additional loss of energy. Fluorophores can display larger 

Stokes shifts due to solvent effects, complex formation, excited state reactions, and/or 

transfer of energy. 

Characteristic, responsible for light absorption efficiency of a molecule, is called 

molar extinction coefficient and is measured in M-1cm-1. It depends on excitation 

wavelength and is governed by fluorophore structure. Finally, brightness is defined as 

a product of quantum yield and molar extinction coefficient. 
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1.1.1. Photophysics of aggregated dyes  

Upon dyes aggregation due to, for example, low solubility, they can form 

supramolecular structures, like dimers or more complicated assemblies, in general 

called aggregates. This aggregation process can change optical properties of the 

system, depending on the nature of the formed aggregates (Figure 1.1.2). 

 

Figure 1.1.2. Schematic presentation of the relationship between dye molecule arrangement and 
spectral shift of H-aggregate and J-aggregate based on the molecular exciton theory.                 

Adapted from ref.3 

 Aggregates of dyes, which are arranged in a face-to-face manner (parallel, 

plane-to-plane, sandwiched etc.), demonstrating blue shift in absorption (comparing 

to monomer) and no fluorescence, are called H-aggregates4, 5. Typical change in 

absorption spectra due to H-aggregate formation is depicted in Figure 1.1.3 – the 

short-wavelength shoulder of the spectrum increases with increasing concentration of 

aggregates. Their formation is one of the main reasons of aggregation-caused 

quenching (ACQ).  
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Figure 1.1.3. Typical changes in the absorption spectrum caused by dye aggregation (H-type 
aggregates). The inset shows the pure spectra of the monomer (filled circles) and the aggregate 

(open circles). Adapted from ref.6 

When the dyes are organised in an end-to-end manner (head-to-tail, ladder etc.), 

absorption and emission of such system are shifted to the red and become narrower, 

while the Stokes shift gets very small. Such system is called J-aggregate5, 7. In Figure 

1.1.4 the sharp peak about 605 nm is a typical example of a J-aggregate absorption. 

 

Figure 1.1.4. The J-aggregate absorption spectrum of the depicted molecule. Continuous line - the 
measured spectrum. Dashed line - the theoretical spectrum. Adapted from ref.8 

As a molecule in the excited state becomes more reactive, it obtains the ability 

to form complexes (e.g. intermolecular charge-transfer complexes) with other 

molecules, which leads to changes in spectral behaviour. Such excited-state 

complexes are called exciplexes. Classical example – exciplex of anthracene with 

diethylaniline. Formation of this exciplex can be detected in fluorescence spectra as 

the appearance of new broad red-shifted band (Figure 1.1.5). 
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Figure 1.1.5. Emission spectrum of anthracene in toluene containing 0.2 M diethylaniline. The dashed 
lines show the emission spectra of anthracene or its exciplex with diethylaniline. Adapted from ref.9 

When the dye in excited state forms a complex with itself, such complex is called 

excimer (abbreviated from excited-state dimer). One of the most famous excimers are 

formed by pyrene dye and are detected in fluorescence spectra as new red-shifted 

band without fine structure of pyrene monomer emission (Figure 1.1.6). 

 

Figure 1.1.6. Emission spectra of pyrene and its excimer. The relative intensity of the excimer peak 
(470 nm) decreases as the total concentration of pyrene is decreased from 6 x 10–3 M (top) to 0.9 x 

10–4   (bottom). Adapted from ref.10 

Another type of interaction in excited state is Dexter interaction, also called 

electron exchange. It occurs between an electron donor and electron acceptor 

molecules. Excited donor molecule transfers an electron from its lower unoccupied 
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molecular orbital (LUMO) to acceptor’s LUMO, while acceptor transfers an electron 

from its higher occupied molecular orbital (HOMO) to donor’s HOMO (Figure 1.1.7). 

This process results in energy transfer from donor to acceptor, therefore quenching 

the donor’s fluorescence. It should be noted, that it requires distances between dyes 

below 1 nm and therefore it is a quite rare phenomenon.  

 

Figure 1.1.7. Schematic for stepwise (top) or concerted (bottom) electron exchange. Adapted from 
ref.1 

An interaction between electron donor and an electron acceptor in the excited 

state can also lead to a complex formation of a D+A– form, where an electron is 

transferred from electron-donor to electron-acceptor (Figure 1.1.8). This transfer is 

called photoinduced electron transfer (PET), and is well-known as a fluorescence 

quenching mechanism. The obtained charge-transfer complex is able to return to the 

ground state with (rare) or without (more often) emission of a photon. 

 

Figure 1.1.8. Molecular orbital schematic for photoinduced electron transfer. Adapted from ref.1 
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One of the most well-known and widely used11-14 types of excitation energy 

transfer is Förster resonance energy transfer (FRET) – a nonradiative process of 

energy transfer from an excited donor to a proximal ground state acceptor through 

long-distance dipole–dipole interactions. This process requires spectral overlap 

between donor emission and acceptor absorption (Figure 1.1.9) and is effective at 

distances up to 10 nm. FRET efficiency depends on spectral overlap and 

intermolecular distance, as well as on relative orientation of the transition dipoles. 

 

Figure 1.1.9. Schematic representation of the FRET process: the donor molecule in excited-state 
nonradiatively transfers energy to a proximal acceptor molecule which is at distance r from the donor. 

Adapted from ref.15 

When donor and acceptor are different dyes, the energy transfer is called 

heteroFRET, which is the most classic situation. However, in some cases FRET can 

be observed between the same dyes, when donor and acceptor are structurally 

identical. This case is called homoFRET and mostly occurs in situations when the dyes 

are highly concentrated in a small volume and have small Stokes shift. If an energy 

acceptor molecule serves as a donor for another acceptor molecule and this process 

repeats as a chain between multiple molecules, such process is called energy 

migration. 
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1.1.2. Fluorescence anisotropy 

The last important characteristic of fluorescence that should be mentioned in this 

chapter is fluorescence anisotropy – ratio of polarized component of emitted light to 

total its amount. When a sample is irradiated by polarized light, it is preferentially 

absorbed by those fluorophores, whose transition moments are aligned parallel to 

electric vectors of exciting photons. When fluorophores are oriented randomly in a 

solution, it is called isotropic solution. In this case only a fraction of fluorophores will 

be excited. If a fluorophore doesn’t change its orientation during excited state lifetime, 

the emitted light is anisotropic, characterised by so-called fundamental anisotropy. If 

the fluorophore orientation changes, this leads to change in its emission polarisation, 

decreasing fluorescence anisotropy value (Figure 1.1.10). 

 

Figure 1.1.10. Fluorescence polarization and anisotropy: (a) Polarized excitation is used to selectively 
excite dipole-aligned fluorophores. (b) Fluorophores bound or in high-viscosity media diffuse or rotate 

more slowly – higher anisotropy. (c) Rotational diffusion or resonance energy transfer reduces 
polarization – lower anisotropy. Adapted from https://www.photonics.com 

Another reason of losing fluorescence anisotropy is excitation energy transfer, 

most commonly homoFRET. Fluorophore, excited by polarized light may transfer the 

energy to another fluorophore with different orientation and that second fluorophore 

will emit differently polarized light. Fluorescence anisotropy measurements are widely 

used in biophysical16, 17 and photophysical18, 19 researches. Typical values of 

fluorescence anisotropy20 for a freely rotating fluorophore (in a non-viscous solvent) 

have the order of magnitude about 10-2. In polymer matrices or viscous solvents it 
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increases to 10-1, but for systems with efficient energy migration between fluorophores 

it can fall even to 10-3.  
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1.2. Main types of luminescent nanoparticles 

1.2.1. Inorganics-based nanoparticles 

Nanoparticles, based on inorganic luminescent materials, have several common 

features worth noting – they are generally not biodegradable (despite they can be 

made biocompatible), brighter and more photostable than single organic fluorophores, 

and their optical properties (except dye-loaded ones) are different from those of 

organic dyes and are often controlled by size and morphology, allowing them to 

occupy their own niche in the world of imaging. Several popular classes of these 

luminescent nanoparticles will be briefly described in this chapter. 

1.2.1.1 Quantum dots  

Quantum dots (QDs) are semiconductor nanocrystals of 2-10 nm size21 (up to 30 

nm with biocompatible shell) typically made of elements of groups II-VI (CdSe, CdS, 

CdTe etc.) or III-V (InP). They possess intermediate electronic properties between 

those of molecules and bulk semiconductors. Since the size of QDs is smaller than 

distance between an electron, transferred to conduction band, and a hole in the 

valence band it leaves behind, discrete energy levels appear, just like in atoms. 

Increase in size of QDs leads to decrease in the energy difference between valence 

band and conduction band, therefore less energy gets released after returning to 

ground state22 (Figure 1.2.1). This results in tunability of emission spectrum (emission 

wavelength) by size23 and composition of quantum dots, allowing to obtain any 

emission colour from UV to NIR24. Their emission is usually quite narrow and 

symmetric, though absorption is broad, therefore they can be excited at different 

wavelengths.  
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Figure 1.2.1. Schematic representation of a QD and its energy levels. a) Schematic structure of QDs. 
Adapted from www.olympusmicro.com. b) Splitting of energy levels in QDs due to the quantum 
confinement effect: semiconductor band gap increases with decrease in size of the nanocrystal. 

Adapted from www.sigmaaldrich.com. 

Quantum dots are known for their high brightness (extinction coefficients up to 

107 and QY from 0.3 to 1), narrow blinking emission25 and high photostability, which 

provided them with multiple applications26. However, being made of toxic elements, 

QDs are arising toxicity questions27. 

1.2.1.2 Carbon dots 

Carbon dots, or C-dots, are nanoclusters of carbon of less than 10 nm size with 

small amounts of Oxygen and Nitrogen. Their preparation is quite simple - burning28 

or heating by microwaves29 of organic material (Figure 1.2.2). One step synthetic 

procedure allows placing amino groups on the NPs surface for further 

functionalization30. The colour of their emission can be tuned by variations in synthetic 

procedure, but both absorption and emission bands are wide, therefore making 

impossible multiplex imaging31. Among attractive features are their biocompatibility, 

nanosecond order lifetime, good photostability and high two-photon absorption. 

Despite having moderate quantum yields of 5-30%, they found numerous applications 

in imaging32.  

http://www.sigmaaldrich.com/
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Figure 1.2.2. Schematic representation of synthesis of C-dots by microwave pyrolysis in the presence 
of various amines. Adapted from ref.29 

1.2.1.3 Upconversion nanoparticles 

Upconversion nanoparticles (UCNPs) are lanthanide-doped (Yb3+, Tm3+, and 

Er3+) host-guest systems, where lanthanides are dispersed in dielectric host matrix of, 

usually, NaYF4 or NaGdF4. The size range of such NPs is 1-100 nm. Their main feature 

is that they can convert NIR irradiation into visible light through complex nonlinear 

processes (Figure 1.2.3): 

 

Figure 1.2.3. Schematic illustration of UCNP their optical properties. a) Schematic illustration of 
UCNP composed of a crystalline “host” and embedded lanthanide dopant ions. b) Typical Ln3+-based 

upconversion emission bands. Adapted from ref.33 c) Main UC processes for lanthanide-doped 
UCNPs: ESA, ETU, CSU, CR and PA. The red, violet and green lines represent photon excitation, 

energy transfer and emission processes, respectively. Adapted from ref.34 

ESA – excited state absorption – consecutive absorption of exciting photons by 

Ion 1. 
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ETU – energy transfer upconversion – excited-state Ion 1 transfers energy to the 

excited (E1) state and ground (G) state of Ion 2. 

CSU – cooperative sensitization upconversion – Ion 1 and Ion 3 in excited state 

simultaneously transfer energy to Ion 2, exciting it to E1 state. 

CR – cross relaxation – partial energy transfer process, where Ion 1 transfers 

some of its energy to Ion 2, still staying in excited state. 

PA – photon avalanche – phenomenon of producing upconversion at high laser 

powers thanks to ESA and CR processes. 

Such peculiar spectral behaviour produces background-free imaging, and the 

possibility of NIR excitation makes this type of NPs perspective for in vivo applications. 

1.2.1.4 Dye-doped silica nanoparticles 

Silica nanoparticles (SiNPs) can serve as a matrix for encapsulation of 

organic/inorganic emissive species35, as it protects them from environment and keeps 

them in a confined space. Spectral properties of such NPs would depend on type and 

quantity of encapsulated material and can be finely tuned. 

SiNPs can be prepared by several methods described in Figure 1.2.4 - in Stöber 

method tetraethyl orthosilicate (TEOS) is hydrolysed in a mixture of ethanol and 

aqueous ammonium hydroxide, forming silicic acid. When its concentration exceeds 

its solubility in ethanol, it nucleates and forms silica nanoparticles. The drawback of 

this method is comparatively large size distribution of the formed NPs. Reversed 

microemulsion method is based on water-in-oil system formation, where water 

nanodroplets act as small microreactors, where silane hydrolysis and NPs growth 

takes place36. Formed NPs have narrow size distribution and their size can be tuned 

by altering proportions and types of solvents and surfactants. In direct micelle assisted 

method a surfactant or their mixture is aggregated to form micelles, which are used as 

templates for SiNPs formation. In this case, hydrophobic TEOS together with 

hydrophobic doping dyes gets encapsulated inside the micelles, and after TEOS 

hydrolysis homogeneous particles of 10-90 nm are obtained37. 
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Figure 1.2.4. Schematic representation of different synthetic strategies to obtain dye-doped silica 
nanoparticles: Stöber method (A), reverse microemulsion method (B) and direct micelle assisted 

method (C). Adapted from ref.38 

            Due to biocompatibility and high tunability, these NPs have found 

numerous applications39, 40. 

1.2.2. Fluorescent organic nanoparticles 

Unlike inorganic-based nanoparticles, optical properties of organic NPs generally 

do not depend on their size or morphology, but rather on the encapsulated fluorescent 

dye. Encapsulating matrix (lipid, polymer, etc.) can gather lots of fluorophores into a 

single ultrabright object, protecting them from environment and even improving 

fluorescence properties. Moreover, by using biodegradable matrix it is possible to 

develop biodegradable fluorescent nanoparticles, which makes this type of NPs 

especially interesting for in vivo applications. Several key types of such systems will 

be briefly introduced in this chapter. 

1.2.2.1 Dye-doped lipid droplets 

Nanoemulsion is a dispersion of two immiscible liquids41 (oil-in-water in our case) 

that consists of lipid droplets of submicron size (usually 100-400 nm) stabilised by 
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surfactants. They are generally prepared42 by ultrasonication, microfluidization, 

spontaneous emulsification or phase inversion method.  

 

Figure 1.2.5. Oil in water emulsion lipid droplet, stabilized with surfactants (blue) with dissolved 
drug/dye molecules (red dots). Adapted from ref.43 

Special type of lipid droplets with diameter of 30-120 nm, which have prolonged 

colloidal stability were designed by the group of Texier44. They were loaded with 

lipophilic cyanine dyes at <0.3% w/w loading, where no quenching occurs, and have 

shown to be comparable with QDs in terms of brightness45. These fluorescent lipid 

nanocarriers were referred as Lipidots (Figure 1.2.6) 

 

Figure 1.2.6. Lipidot structure. (a) Lipidots are dye-loaded oily droplets dispersed in aqueous buffer, 
whose diameter can be adjusted between 30 and 120 nm. Their fluorescent properties are conferred 
by lipophilic or amphiphilic cyanine dyes (b), encapsulated in the lipid core and/or the surfactant layer. 

Adapted from ref.45 

Works of our group on non-leaking ultrabright fluorescent nanodroplets will be 

discussed in Chapter 1.3. 

1.2.2.2 Dye-doped lipoproteins 

Lipoproteins are natural biochemical nanoassemblies, which transport fatty 

compounds in the bloodstream. They consist of a lipid core (cholesterol, triglycerides) 

and a phospholipid membrane with special apolipoproteins for stabilisation and 
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biorecognition.  As they are natural components of blood, they have become attractive 

nanocarriers for theranostics46 and contrast agents for medical imaging47. 

By modifying surface of lipoproteins they can be targeted towards specific 

receptors, like folate receptors, overexpressed in cancer cells. Such modified 

lipoproteins were called lipoprotein-based nanoplatforms (LBNP)48 (Figure 1.2.7). 

They were loaded with fluorescent dyes and have shown to be selectively uptaken by 

KB cells with overexpressed folate receptors48. 

 

Figure 1.2.7. The LBNP concept. Adapted from ref.48 

1.2.2.3 Dye-doped lipid micelles 

Micelles are self-organised supramolecular assemblies of amphiphilic molecules 

that are in thermodynamic equilibrium with dissolved amphiphiles. They are generally 

spherical structures, formed by an amphiphiles monolayer, where hydrophobic part is 

inside the micelle, and hydrophilic is outside. Fluorescent micelles can be formed from 

both amphiphilic dyes49, 50 or lipids, loaded with fluorescent agents51-53 (Figure 1.2.8). 

In the latter case, stability and optical properties of the loaded cargo can be 

significantly improved. Moreover, surface modification can target these nanocarriers 

towards cancer cells51. 
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Figure 1.2.8. (A) Self-assembly process of ICG-PL-PEG probe. (B) Targeted modification of ICG-PL-
PEG probe. Adapted from ref.51 

1.2.2.4 Dye-doped liposomes 

Liposomes are self-assembled lipid-based structures of generally spherical 

shape, which consist of a membrane bilayer, separating inner aqueous environment 

from outer environment. As they have both aqueous core and hydrophobic membrane, 

they can be loaded by both hydrophilic54, 55 and hydrophobic53, 56 fluorescent dyes, 

located in the core and membrane, respectively (Figure 1.2.9). Such loaded 

fluorescent liposomes are widely used in fluorescence imaging57, 58 and theranostics59. 

 

Figure 1.2.9. Fluorescence localization in double fluorescence-labeled large multilamellar bone 
marrow-targeted liposomes. Adapted from ref.58 

1.2.2.5 Conjugated polymer nanoparticles 

Conjugated polymers are defined as polymeric macromolecules with alternating 

single and double bonds in the backbone, which results in system with delocalised π-

electrons, possessing interesting optical and electronic properties. Most of conjugated 

polymers are polyaromatic systems, often based on fluorene or thiophene scaffolds 

(Figure 1.2.10). 



25 
 

 

Figure 1.2.10. Examples of conjugated polymers: poly(fluorene) and its derivatives, (a), poly(p-
phenylenevinylene) and its derivatives (b) poly(p-phenyleneethynylene) and its derivatives (c), and 

poly(thiophene) (d). Adapted from ref.60  

Preparing nanoparticles from such polymers results in highly fluorescent systems 

with tuneable properties60, 61. Among common synthetic procedures for NPs 

preparation are nanoprecipitation, mini-emulsion and self-assembly methods (Figure 

1.2.11). By varying concentration62 and amphiphilic additives63 it is possible to obtain 

ultrasmall NPs down to 15 nm size. 

 

Figure 1.2.11. Common methods to prepare conjugated polymer NPs. Adapted from ref.60 

1.2.2.6 Dye-doped polymer nanoparticles 

Unlike conjugated polymers, that have intrinsic fluorescence, dye-doped polymer 

nanoparticles are composed of a non-fluorescent polymer matrix and a fluorescent 

dye to create highly fluorescent nanoobjects with tuneable properties.  
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There is a wide variety of methods to prepare polymer nanoparticles64. First 

group of methods - polymerisation of monomers in a confined space, like in case of 

emulsion system (Figure 1.2.12). Depending on the reaction conditions and surfactant 

nature and quantity, such emulsion polymerisations are divided into conventional65, 

mini-emulsion66 and micro-emulsion67 polymerisations, the latter allowing to create the 

smallest NPs of even less than 10 nm.  

 

Figure 1.2.12. Synthesis of dye-loaded polymer NPs by polymerization of monomers.               
Adapted from ref.68 

Second group of methods is based on making nanoparticles from already 

preformed polymers (Figure 1.2.13). In nanoprecipitation method69 the dye and 

polymer are dissolved in a solvent, miscible with water, and this solution is added to 

water forcing the polymer to precipitate as nanoparticles. As it is a kinetically controlled 

process, NPs of different sizes (10 - 1000nm), depending on polymer and solvent type 

and concentration, formulation conditions etc. During emulsification-solvent 

evaporation a dissolved in a water-immiscible solvent polymer is dispersed in water 

with surfactant under sonication or high-speed homogenization. This gives an 

emulsion of droplets of non-miscible solvent with dissolved polymer as a result. 

Evaporation of organic solvents results in NPs of several hundred nanometres70. Self-

assembly method71 is only viable for amphiphilic polymers, which can spontaneously 

form thermodynamically stable structures, like micelles. Such micelles are called 

polymeric micelles and usually have critical micelle concentrations several orders of 

magnitude lower than their lipidic relatives. 
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Figure 1.2.13. Methods of preparation of dye-loaded NPs from preformed polymers.                    
Adapted from ref.68 

Despite the approach of encapsulating dyes into polymer matrices is becoming 

more and more popular, there are several key challenges in the field – obtaining high 

encapsulation efficiency and preventing dye self-quenching. They become more and 

more important with increasing dye loading and will be discussed in the next chapters. 
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1.3. Encapsulation of dyes inside nanoparticles 

As described in the previous chapter, imaging agents of nanoscale size are 

widely used for different applications, however their formulation has its challenges. 

Loading of a dye inside a particle matrix is much simpler than its covalent conjugation 

to NPs, and usually it does not affect matrix properties or NPs behaviour in vivo. 

However, when the dye loading is incomplete, additional purification steps are 

required, which can be time-consuming and often quite tricky. Moreover, often the 

cargo is not properly encapsulated, when, for instance it is just adsorbed to the 

surface. Then, any contact with a lipophilic environment would cause leakage of the 

dye. In this chapter overview will be made on how different factors affect dye 

encapsulation and leakage from several popular nanocarrier types, and how dye 

leakage is investigated and prevented. 

A study on encapsulation of photodynamic therapy agents (Figure 1.3.1) inside 

poly(D,L-lactic acid) nanoparticles has revealed a huge impact of the dyes 

hydrophobicity not only on encapsulation, but also on release kinetics.72 

 

Figure 1.3.1. Chemical structures of TPP and TCPP molecules. Adapted from www.sigmaaldrich.com 

It was measured, that for TCPP-loaded nanoparticles encapsulation efficiency 

was only 21%, versus 87% for TPP-loaded NPs. Authors hypothesize that decreased 

encapsulation of dye is due to its release during purification, however it could also be 

incomplete dye entrapment during nanoparticle fabrication process. As for 

bloodstream release, it was found that even purified TCPP-loaded NPs demonstrate 

a two-fold decrease in fluorescence contrast over about half an hour, indicating dye 

leakage, while almost no change in fluorescence of TPP-loaded NPs was observed. 

http://www.sigmaaldrich.com/
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A release of dyes from polymeric micelles, as a model for drug release, was 

investigated by Chen et al.73. They used FRET-based approach to monitor cargo 

release from monomethoxypoly(ethyleneglycol)-block-poly(D,L-lactic acid) (PEG-

PDLLA) polymeric micelles, loaded with hydrophobic dyes DiO (energy donor) and DiI 

(energy acceptor) (Figure 1.3.2). 

 

 

Figure 1.3.2. PEG-PDLLA FRET micelles. (A) Diagram of a FRET micelle prepared with 0.75% DiO 
and 0.75% DiI at 2 mg/ml polymer concentration. (B) Spectra of micelles diluted by 10× water (red 

curve) and 10× acetone (green curve), respectively. Adapted from ref.73 

Their results showed absence of signal from FRET channel inside cells, while 

having strong signal from donor dye, indicating that designed polymeric micelles 

release loaded hydrophobic dyes into plasma membrane upon contact with the cell 

much faster than internalisation of polymeric micelles occurs. Interestingly, upon 

incubation at 4oC, no dye leakage from micelles to membrane was observed, probably 

due to the fact that PDLLA polymer is in glass state at this temperature. So, using 

polymers with high glass transition temperature might be one of the ways to prevent 

dye leakage from PMs. 

The group of Law published a study74 on NIR fluorescent polymer NPs for in vivo 

imaging, where they encapsulated DiD and DiR dyes into NPs made of PLGA-PEG-

Maleimide to create single-dye NPs and FRET NPs (Figure 1.3.3). 
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Figure 1.3.3. Design of FRET-NPs. (A) Nanoparticles were synthesized by the nanoprecipitation 
method. (B) Chemical structures of DiD and DiR fluorophores. (C) The close proximity between the 
entrapped DiD and DiR fluorophores favored the fluorescence resonance energy transfer (FRET).                      

Adapted from ref.74 

The NPs were obtained by nanoprecipitation and were further purified using 

centrifuge concentrator with molecular weight cut off (MWCO) of 10000. Encapsulation 

efficiency was tested by freeze-drying NPs solutions, dissolving it in DMSO and 

measuring dye concentration of the solution. It was found that for both dyes 

encapsulation efficiency was about 70% for NPs loaded with 3%(w/w) expected dye 

loading. Although the used purification method does not use any agents to desorb 

hydrophobic dyes from NPs surface, the encapsulation efficiency sounds reasonable. 

Salvati et al.75 performed an interesting research on dye leakage from 

commercially available polystyrene beads. They compared beads from Polysciences 

(P1) and Invitrogen (I1), both made by swelling of polystyrene with dye solution, but 

having different dyes encapsulated and, most likely, different production procedures.  

It was found that despite similarity of the beads, P1 burst-released encapsulated 

dye in biological media, while I1 did not. Moreover, cellular experiments on particle 

uptake in the presence of sodium azide (to deplete cellular energy and stop NPs 

endocytosis) have shown dramatic difference between the samples – labile dye-rich 

P1 NPs still stained the cells, just like free dye, while labile dye-poor I1 NPs did not 

provide any cellular fluorescence (Figure 1.3.4). This signifies that even some of 

polystyrene dye-swollen polymer NPs can be effective leakage-free nanocarriers. 
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Figure 1.3.4. Confocal images of cells treated with YG dye, or with either sample P1 (YG-loaded NPs) 
or I1 under normal cell culture conditions (37 ºC, cMEM) and in medium containing 5mg/ml NaN3 to 

deplete cellular energy. Adapted from ref.75 

Later the same group76 performed another research on dye leakage, this time 

co-polymerizing functionalized for polymerisation rhodamine B with N-

isopropylacrylamide in an emulsion polymerisation procedure, obtaining polymer 

nanoparticles as a result. These nanoparticles were subjected to 20 days of dialysis 

against water (20 water changes) to remove free dye and surfactants. Nevertheless, 

incubation of these NPs with cells showed strong dye leakage. Therefore, particles 

were further dialyzed for 23 days with ethanol, removing all unbound dye and further 

proving this removal by gel electrophoresis of the particles. Unfortunately, the removal 

of all unbound dye led to nearly complete loss of NPs fluorescence, effectively 

resulting in NPs becoming useless for imaging (Figure 1.3.5c) and indicating, that dye 

was not copolymerised, but just entrapped inside polymer. However, particles dialysed 

for 7 days appeared to provide no dye leakage and be still quite bright due to high 

amount of free dye entrapped inside the particles (Figure 1.3.5b). 
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Figure 1.3.5. Comparison of the distribution of fluorescence in A549 cells following 24 hours of 
exposure to rhodamine-labelled nanoparticles cleaned by dialysis against ethanol for (a) 1 day; (b) 7 

days; and (c) 23 days. Blue: DAPI stained nuclei; White: fluorescence intensity (free dye and/or 
nanoparticles; greyscale). Adapted from ref.76 

Despite the authors failed to properly covalently insert the dye into polymer 

backbone, it is still interesting that high amount of physically entrapped dye, which can 

be washed out by ethanol, doesn’t leak into biological media. 

A good example of how high hydrophobicity of dye prevents it from leakage is 

the work of Klymchenko et al.77, where the authors compare stability of dye-loaded 

lipid droplets against dye leakage into different media for two dyes of different 

hydrophobicity – conventional Nile Red and a more hydrophobic Nile Red derivative, 

NR668 (Figure 1.3.6). 

 

Figure 1.3.6. Schematic presentation of a nanodroplet and chemical structures of encapsulated dyes. 
Adapted from ref.77 

Using FRET between lipophilic dye F888 and, in one case, Nile Red, in the other 

– NR668 inside lipid droplets, they have observed rapid (3 min) release of Nile Red 
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from droplets into Opti-MEM, and it was even higher in case of Opti-MEM containing 

10wt.% of serum. As for FRET lipid droplets loaded with F888-NR668 pair, no increase 

in donor/acceptor ratio (leakage indicator) was observed in Opti-MEM with 10% of 

serum even after 6 hrs, indicating absence of dye leakage from lipid droplets. These 

results on dye leakage were also confirmed by fluorescence correlation spectroscopy 

(FCS) measurements of Nile Red-loaded and NR668-loaded lipid droplets in Opti-

MEM. Nile Red lipid droplets have shown continuous drop of fluorescence brightness 

and increase in number of emissive species, which indicated leakage of the dye from 

droplets and its binding to components of the medium. Again, no leakage was 

observed for NR668 even after 6 hours, proving that increasing hydrophobicity is a 

good way to prevent nanocarriers from dyes leakage. 

Stability of lipid nanocapsules (LNCs) against leakage of encapsulated dyes was 

studied by Bastiat et al.78 They encapsulated separately five dyes: Nile Red, 

Coumarin-6, DiO, DiI, DiD into LNCs with Labrafac as oil phase, stabilized by lipid-

based and PEGylated surfactants. The obtained LNCs were purified by dialysis vs 

water with membrane MWCO of 15000.  

To study dye leakage from LNCs, the suspension was mixed with lipophilic 

compartment (LC, Labrafac oil in this study) and the distribution of dye between LNCs 

in aqueous phase and LC phase (Figure 1.3.7) was measured. 

 

 

Figure 1.3.7. Dye transfer from lipid nanocapsule suspension to lipophilic compartment (direct way, 
upper panel) and from lipophilic compartment to lipid nanocapsule suspension (reversed way, lower 

panel). Adapted from ref.78  
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It was found that Nile Red and Coumarin-6 dyes, the least hydrophobic of the 

tested dyes, get distributed between LNC phase and LC phase upon mixing. The 

partition ratio depends on the phase volume ratio, being governed by principles of 

thermodynamic equilibrium. For DiO, DiI and DiD, which are much more hydrophobic, 

almost no partition was observed, signifying that those dyes are well-trapped inside 

LNCs and cannot be extracted by hydrophobic medium of Labrafac phase. 

For further evaluation, a reversed experiment was conducted – the dyes were 

dissolved in Labrafac and mixed with dispersions of blank LNCs. Again, Nile Red and 

Coumarin-6 have shown thermodynamically-driven equilibrium distribution between 

phases, while DiO, DiI and DiD were almost not transferred to LNC-containing 

aqueous phase.  

The authors attribute such behaviour of dyes not to hydrophobicity, but assume 

their different localisation in LNCs – Nile Red and Coumarin-6 are supposedly in the 

core and are transferred by direct contact of oil phases, while cyanine dyes are trapped 

in the surfactant shell. Despite this explanation is not convincing, the data on 

dependence of LNC stability against leakage on dye structure is still worth noting. 

In a very recent paper79 the same group performs another research on dye 

leakage, this time getting even closer to in vivo conditions (Figure 1.3.8). They chose 

Nile Red and DiO as model dyes and performed several types of experiments: 1) 

Transfer from dye-loaded LNCs to blank LNCs: Nile Red gets instantly transferred, 

demonstrating equilibrium-based partitioning, while DiO does not. 2) Transfer from 

labelled LNCs or cells to non-labelled cells and from labelled cells to blank LNCs – 

again same picture of rapid transfer of Nile Red and absence of transfer for DiO during 

experiment time (30 s). 

 

Figure 1.3.8. Schematic presentation of study and results described in ref.79 Adapted from ref.79 
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These results confirm earlier studies of the group and prove that their simple 

method of oil extraction for monitoring dye leakage from LNCs is effective for 

predicting dye leakage in vivo.  

 A similar research on hydrophobic dyes transfer between lipid phases was 

performed by Petersen et al.80 They tried to mimic the transfer of drugs from lipid NPs 

to lipid-containing environment of blood, so they formulated ~100 nm liposomes, 

loaded with three different dyes of different hydrophobicity – Nile Red (LogP ~3.6), 

temoporfin (LogP ~9.2) and DiI (LogP ~20.0). These liposomes were exposed to 

excess amounts of lipid droplets of large size (~10 µm) and the amount of transferred 

dye and speed of transfer were analysed by flow cytometry using specific calibration 

curves. 

The results appear to be in line with expectations – least lipophilic Nile Red is 

transferred rapidly and reaches the equilibrium of concentration in droplets and 

liposomes, while most lipophilic DiI showed almost no transfer. Intermediate in 

lipophilicity temoporfin has shown intermediate values of dye transfer amount, but 

transfer speed close to that of Nile Red, probably indicating inhomogeneous 

distribution inside liposomes. Authors conclude that lipophilicity of the dye is the key 

factor of dye leakage from liposomes to lipid droplets and it is hard to disagree. 

Snipstad et al. recently published a multidimensional research81 on dye leakage 

from various NPs into cells, where they varied 6 dyes (Figure 1.3.9), encapsulating 

them inside 3 types of nanocarriers and incubating with two types of cells at two 

different temperatures. 
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Figure 1.3.9. Chemical structures and emission spectra of the six dyes encapsulated in NPs at the 
excitation wavelengths used for FCM: 561 nm for NR and NR668; 405 nm for p-HTAM and p-HTAH; 

561 nm for DiI and 633 nm for DiD. The detection bandpass filter used in FCM is shown in gray. 
Adapted from ref.81 

The cells were incubated with dye-loaded poly(butylcyanoacrylate) (PBCA) 

nanoparticles, nanoemulsions (NE) or liposomes for 3 hours at 37 oC and at 4 oC. 

Incubation at the lower temperature does not allow energy-dependent internalisation 

of nanoparticles (endocytosis), therefore any dye found in the cell after incubation at 

this temperature is a proof of dye leakage from nanocarrier. After such incubation 

fluorescence of cells was analysed by flow cytometry and the judgements on dye 

leakage were made according to presence/absence of cell fluorescence at 4 oC and 

the ratio of cell fluorescence at these temperatures.  

It was found that Nile Red leaks out of all tested nanocarriers, while its more 

hydrophobic version NR668 is retained in PBCA NPs, but leaks out of liposomes and 

nanoemulsions. The dye p-HTAM only leaked from liposomes, and cyanines DiI and 

DiD did not leak out of any nanocarrier. These results once again demonstrate how 

important is dye hydrophobicity for efficient encapsulation and prevention of leakage 

from nanocarriers, but also points out on differences in retention of the same dye in 

different nanocarriers.  

In a work by Sletten et al.82 it was shown, how adding fluorinated ponytails to 

fluorophores can dramatically increase the stability of perfluorocarbon (PFC) 

nanoemulsions against dye leakage (Figure 1.3.10). 
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Figure 1.3.10. Aminophenol 1 as a building block for fluorous fluorophores and preparation of 
fluorescent perfluorocarbon emulsions. Adapted from ref.82 

By preparing separately perfluorocarbon nanoemulsions, containing fluorinated 

coumarin and fluorinated rhodamine and mixing them afterwards, they observed no 

FRET between the dyes even after multiple days and even in the presence of serum. 

However, after sonication of this mixture, the same FRET signal was observed as in 

the case of co-encapsulation of both dyes into one emulsion. 

To clearly demonstrate the effect of amount of fluorines in the molecule on 

encapsulation efficiency, they synthesized coumarins with different length of 

fluorinated ponytails and encapsulated them into perfluorocarbon nanoemulsions. 

These emulsions were stirred with octanol for 2 weeks and the concentration of dyes 

in octanol phase was periodically measured, revealing that release times increase 

strongly with increase in fluorine content (>60 times difference in release amount 

between the most and least fluorinated dye after two days). 

A quite unconventional example of increasing dye hydrophobicity was presented 

in our group83 – DiI, a cationic dye with long hydrocarbon chains, was encapsulated 

into lipid nanodroplets at high loading with the help of bulky and hydrophobic 

tetraphenylborate as an anionic partner (Figure 1.3.11). 
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Figure 1.3.11. Chemical structures of DiI perchlorate and DiI-TPB and schematic presentation of 
nanodroplet encapsulating them. Adapted from ref.83 

To encapsulate a dye inside a lipid nanodroplet, it is first dissolved in the 

corresponding oil, Labrafac in this case. And already at this step DiI-TPB has shown 

major improvement comparing to commercial DiI perchlorate – it could be dissolved 

at more than 8% w/w, while the latter topped at 0.2% w/w. Such huge dye 

concentration in the oil allowed preparing ~90-nm nanodroplets with ~12000 dyes per 

particle that were ~5 times brighter than commercial FluoSpheres of 45 nm size. 

Moreover, when these droplets were used for blood flow imaging in living zebrafish 

embryo, they have shown no sign of dye leakage in vivo. This indicates that adding a 

hydrophobic counterion to an ionic dye is an effective way to increase the dye 

hydrophobicity and prevent it from leakage from nanocarriers.  

Summing up the overviewed examples in this chapter, we can clearly state that 

both matrix, dye and their combination strongly affect dye encapsulation and leakage. 

The high affinity between the dye and the matrix obviously plays the key role in stability 

of PFC nanoemulsions loaded with fluorinated dyes, while the affinity of a hydrophobic 

dye to lipid matrix or polymer NPs is not always enough to prevent it from leaking to 
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another hydrophobic environment upon contact. However, the probability of such 

transfer strongly decreases with increasing lipophilicity of the loaded dye. 
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1.4. Preventing dye self-quenching 

Most of the examples of dye-loaded fluorescent polymer NPs, found in literature, 

show that quantum yield of the NPs drops dramatically on increase in dye loading 

higher than ~0.5% w/w, would it be copolymerised dye84, covalently attached to a 

polymer backbone85, swollen into a polymer86-89 or loaded during nanoparticle 

preparation74, 90-92. The main reason of this loss of fluorescence is attributed to 

aggregation-caused quenching (ACQ) – formation of non-fluorescent dye aggregates 

of otherwise emissive fluorophores. It is especially pronounced for flat dyes with 

extended π-conjugation chains that favour π-π stacking68. As most of conventional 

dyes belong to that group, it limits their use for creation of ultra-bright highly-loaded 

fluorescent nanoparticles. 

This chapter will be dedicated to different examples of dyes aggregation-caused 

quenching inside nanoparticles and ways to decrease it, like covalent fixation of dye 

within polymer matrix or introducing bulky side groups to fluorophores. Also, a brief 

introduction to the concept of aggregation-induced emission (AIE) inside polymer NPs 

will be presented. Finally, the recently developed method of combining bulky 

counterions with ionic dyes for ACQ prevention will be discussed in a separate 

chapter. 

1.4.1. NPs with covalent fixation of dyes inside polymer matrix 

The dye self-quenching in polymer nanoparticles was investigated in depth by 

the group of Méallet-Renault.93 They synthesized polymer nanoparticles composed of 

triblock copolymer with hydrophilic and hydrophobic chain fragments, copolymerizing 

a functionalised BODIPY fluorophore (1 to 10% w/w) in the hydrophobic part of the 

polymer chain (Figure 1.4.1).  
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Figure 1.4.1. Graphical abstract of the ref.93: Schematic representation of the fluorescent core-shell 
nanoparticles and evolution of the brightness (circles) and of the fluorescence quantum yield ϕF 

(squares) of the different FNP in water as a function of the average BDPMA per polymer chain. The 
open circle (○) corresponds to the fluorescence quantum yield of the monomer BDPMA in toluene. 

Adapted from ref.93 

It is shown, that with increasing the concentration of dye component in the 

polymer chain, quantum yield of the NPs decreases, however overall brightness still 

increases. Fluorescence lifetime measurements of NPs solutions suggested that loss 

of fluorescence is caused by increased concentration of dyes – for the particles with 

the lowest concentration of BODIPY fluorescence decay is purely monoexponential, 

signifying isolated state of fluorophores. However, for higher loadings additionally to 

isolated fluorophores there is an increasing fraction of fluorophores with various 

decreased lifetimes. 

To further investigate this quenching phenomenon, nanoparticles were extracted 

with toluene from acidified water, and quantum yields and fluorescence lifetimes of 

those dissolved polymer chains were measured. For all but the most BODIPY-rich 

polymer chains quantum yields and lifetimes were equal to that of pure dye in toluene, 

while for the most dye-loaded polymer quantum yield was lower and lifetime was 

slightly shorter. The latter case clearly showed that there is a fraction of intrachain 

ACQ, most likely due to inhomogeneous distribution of BODIPY in the chain during 
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polymerisation94, however the fraction of interchain ACQ is still much more significant. 

These results clearly show the importance of controlling fluorophore’s spatial 

distribution inside FNPs to ensure highest possible brightness. 

In a study on PDI aggregation by Wurthner group95 self-assembling PDI 

molecules were synthesized. Due to structure asymmetry (Figure 1.4.2) they formed 

micelles or, upon mixing them with small amounts of symmetrical PDIs, vesicles. 

Further polymerisation of vesicles locked their structure to prevent it from disassembly.                                                              

                                  

 

Figure 1.4.2. Structure and schematic self-assembly of polymerisable PDIs. Adapted from ref.68 

Importantly, fluorescence of these nanoassembled structures shifted from 

strong, narrow and green (monomer emission) to rather weak, broad and red, this 

being an evidence of fluorescent aggregates formation (excimers according to the 

authors).  

 This feature of PDIs shifting their emission to the red was exploited by Yang et 

al96 to create NIR-emitting nanoparticles. The designed perylenediimide acrylate 

(PDA) was copolymerised with (poly(ethyleneglycol)methacrylate                                

(PEGMA) into diblock copolymer poly(perylenediimide acrylate)-block-poly-

(poly(ethyleneglycol)methacrylate), or shortly PPDA-b-P(PEGMA) (Figure 1.4.3). 
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Figure 1.4.3. Scheme of the preparation of PPDA-b-P(PEGMA) PNPs. Adapted from ref.96 

Being of amphiphilic nature, this polymer forms ~60 nm core-shell nanoparticles 

in water, the dye being located in hydrophobic core, tightly packed. This packing 

results in PDI aggregation and shifting of the emission maximum to 660 nm. 

Depending on the polymer concentration in water, the ratio of fluorescence of 

monomeric and aggregated form of PDI changes, the fluorescence shifting to the red 

upon increasing concentration. At already 0.3 mg/ml polymer concentration in water 

only NIR emission is observed.  

In a work by Tian et al.65, the approaches of covalent fixation of dye and its 

structural modification towards decreased quenching are combined. The group 

prepared polymeric nanoparticles of about 40 nm size using emulsion polymerisation 

with bay-substituted polymerisable perylenediimide (PDI) as one of the monomers, 

varying its amount from 0.3 to 2.4 wt% (Figure 1.4.4). 
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Figure 1.4.4. Polymeric nanoparticle synthesis with twisted PDI monomer. Adapted from ref.65  

The obtained FNPs demonstrate a drop of quantum yield upon increasing the 

loading (from 0.5 for 0.3 wt% to 0.2 for 2.4 wt% versus 0.9 for monomer), however 

overall brightness of the nanoparticles still increases. Such drop of quantum yield with 

concentration is not accompanied by strong changes in absorption or fluorescence 

spectra, unlike the situation with PDI molecules without substituents in bay positions 

(strong shift to the red in emission spectra, dramatic change in the shape of absorption 

spectra). Another interesting thing they noticed is the differences in fluorescence 

traces of nanoparticles depending on PDI amount. All tested nanoparticles 

demonstrated 3-4 times drop in fluorescence upon illumination, however after this drop 

fluorescence remains stable, and the rapidity of the drop increases with increase in 

the fluorophore loading. Authors attribute this peculiar behaviour to a fraction of “non-

photostable” fluorophores, although one could assume that this non-photostable 

fraction is just dye aggregates. In this case, after photobleaching of  these aggregates, 

only the fluorescence of isolated well-dispersed fluorophores remains.  

1.4.2. NPs encapsulated with bulky dyes 

In another paper of Méallet-Renault et al97, also with BODIPY-loaded polymer 

NPs, the structure of BODIPY itself was modified (Figure 1.4.5) to prevent it from self-

quenching. The ortho-methyls of phenyl ring of BODIPY ensure the restriction of 

phenyl ring rotation and, being orthogonal to fluorophoric part of the molecule, should 

prevent them from stacking. 
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Figure 1.4.5. Structure of Mes-BODIPY 1. Adapted from ref.93 

Cross-linked polystyrene NPs of 16 nm in size were swollen with DCM solutions 

of different concentrations of their bulky BODIPY dye, Mes-BODIPY, and after DCM 

evaporation the dye remained in the NPs, homogeneously distributed inside the NPs 

matrices. This procedure allowed obtaining fluorescent NPs with about 3% w/w dye 

loading and quantum yield as high as 77%. This high value is obtained even despite 

dyes proximity, which is close enough to demonstrate excitation energy transfer, as 

shown by fluorescence anisotropy studies. 

Another bright and photostable dye, that needed structure modifications to 

prevent it from ACQ, was PDI. It was previously shown, that adding bulky substituents 

to bay positions98 of PDI can prevent π-π stacking of the dyes and significally decrease 

self-quenching. One of the most successful examples of such bay substitution, 

Lumogen Red (LR) (Figure 1.4.6), started to be used in high loadings in, for example, 

PMMA polymer films99, where it demonstrated minimal self-quenching. 

A work on comparing properties of NPs, encapsulating differently substituted PDI 

dyes was done in our group100. 40-nm PLGA NPs were loaded with PDI-1 and LR dyes 

(Figure 1.4.6) at different loadings (from 0.02% to 5% w/w) and their properties were 

investigated. 
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Figure 1.4.6. Chemical structure of PDI-1 and LR dyes (A) and schematic presentation of dye-doped 
PLGA nanoparticles (B). Adapted from ref.100 

Spectral changes upon increasing loading were dramatically different for the two 

dyes. For PDI-1, in line with previously described95, 101, 102 behaviour during 

aggregation, absorption maximum shifted from usual 530 nm to a more short-

wavelength peak at 490 nm, and this was also accompanied by spectral broadening. 

In fluorescence spectra the increase in loading lead to appearance of a broad 

fluorescent peak with maximum about 660 nm, which becomes the major peak at 5% 

loading (w/w). None of this was observed for LR-loaded dyes – only minimal increase 

in short-wavelength peak was observed in absorption spectra, accompanied by slight 

shift of fluorescence spectra to the red, without significant shape changes.  

Quantum yields of both dyes dropped with loading - to 31% for PDI-1 and to 47% 

for LR at the same (5%) dye loading, however this drop is astonishingly low 

considering the high loading. Another difference in NPs behaviour was revealed during 

single-molecule microscopy. 5%-loaded LR particles demonstrated excellent 

brightness (14-fold higher than QDs) and photostability (more stable than commercial 

FluoSpheres®), while PDI-1 loaded particles already at 1% loading have shown 

dramatic drop of fluorescence intensity in the first seconds of acquisition. This absence 

of photostability of PDI-1 is attributed to aggregates formation, which is avoided in 

case of bulky bay-substituted LR, once again proving the importance of bulky groups 

for prevention of dyes aggregation inside nanoparticles. 
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Despite substitution of perylenes in bay positions has become a conventional 

way to prevent their aggregation, this modification shifts absorption of the molecule to 

the red. To avoid altering the optical properties of conventional PDI, Banal et al103 

designed a new PDI, substituted in the imide region with bulky groups (Figure 1.4.7a). 

They encapsulated it into PMMA film and found that it has very promising optical 

properties. 

 

Figure 1.4.7. Molecularly insulated perylenediimide. (a) Chemical structures for 1 and LR305. (b) 
Crystal structure of 1. (c) Comparison of then normalized absorption and emission spectra of 1 and 
LR305 in chloroform. (d) Fluorescence quantum yield concentration dependence for 1 in PMMA as 

host. Inset shows the loss of vibronic structure in the emission due to the possible formation of excited 
complexes at the highest concentration studied. Adapted from ref.103 

As intended, absorption and emission maxima of the new molecule 1 did not shift 

to the red (Figure 1.4.7c), and quantum yield studies have shown that up to 60 mM 

loading (~8.4 % w/w) the new dye 1 retains incredible quantum yield close to unity 

(Figure 1.4.7d). However, after 60 mM loading the quantum yield gradually drops. 

Authors attribute that to reabsorption and excited complexes formation that serve as 

energy traps. They calculated that already at 60 mM the molecules are located so 

close, that energy migration through homoFRET is close to unity, therefore even the 
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slightest concentrations of energy traps could quench the whole particle. At the highest 

studied concentration, 170 mM (~23.8% w/w), quantum yield dropped to about 20%, 

and the fluorescence spectrum lost its fine vibronic structure. This indicates that the 

number of “imperfections” – irregular aggregates/exciplexes increased sufficiently to 

quench most of dyes in the polymer matrix due to superefficient homoFRET at such 

concentrations. 

1.4.3. Aggregation-induced emission NPs 

While ACQ is a great problem for most of fluorophores localized at high 

concentrations in a nanoscale object, it is absolutely not the case for the new, but 

rapidly expanding field of aggregation-induced emission (AIE)104 fluorophores.  

AIE approach exploits special fluorophores, which are not fluorescent in 

solutions, but are highly emissive in the aggregated state105. Unlike conventional 

fluorophores, which are usually flat aromatic systems with π-conjugation of different 

length, AIE fluorophores usually have propeller-like structures (Figure 1.4.8), which 

make impossible their π-π stacking in aggregated state. However, this propeller-like 

structure strongly enhances the nonradiative decay channel produced by internal 

rotation105 or sends the molecule to non-fluorescent twisted intramolecular charge 

transfer (TICT)106 state, unless the intramolecular rotation is restricted by, for instance, 

dye aggregation. 

 

Figure 1.4.8. Examples of AIE luminogens. Adapted from ref.105 

As for AIE dyes aggregation is an advantage, they are very promising candidates 

for encapsulation into nanoparticles, especially at high dye loading. Indeed, a recent 
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review by Li and Liu107 shows numerous examples of different AIE dyes, encapsulated 

into polymer particles. These AIE-based NPs were used for in vitro and in vivo 

bioimaging studies. 

One of the bright examples of AIE-based fluorescent NPs was the work108 of 

Tang group, where a selected AIE dye was incorporated into ~30 nm nanoparticles 

made of lipid-PEG conjugate (Figure 1.4.9).  

 

Figure 1.4.9. (a) Fabrication of Tat-AIE dots (b) Particle size distribution and morphological structure 
of Tat-AIE dots studied by laser light scattering (LLS) and (inset) high-resolution transmission electron 

microscopy (HR-TEM). (c) Absorption and emission spectra of Tat-AIE dots suspended in water. 
Adapted from ref.108 

The NPs demonstrated unconventional for AIE dyes far red to NIR emission and 

reasonable quantum yield of 24% at a super high loading of ~40% w/w (which is typical 

for AIE systems). These NPs were also 10 times brighter than QDs 655, colloidally 
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stable for weeks and were modified with cell-penetrating peptides to be used for cell 

labelling.  

Another research worth noting in the context of my PhD work is dedicated to 

encapsulating AIE dyes into PLGA matrix.70 The NPs were prepared using an oil-in-

water single emulsion and solvent evaporation method (Figure 1.4.10). 

 

Figure 1.4.10. Schematic illustration of the fabrication of folate functionalized PLGA NPs eccentrically 
or homogeneously loaded with TPETPAFN. Adapted from ref.70 

One of the interesting findings of this work was that location of the AIE dye inside 

nanoparticle strongly depends on emulsifier quantity (polyvinyl alcohol, PVA, in this 

case). At lower quantities of PVA dye is segregated inside nanoparticle, while at higher 

quantities it is more homogeneously dispersed (Figure 1.4.10). Homogeneous 

dispersion leads to weaker aggregation and, therefore, weaker emission of AIE-based 

dyes, which is confirmed by the results – for “segregated” batch of NPs the quantum 

yield is 65% higher. 

Despite particularly interesting points that AIE approach proposes to the field of 

fluorescent nanoparticles, it has some drawbacks – AIE fluorophores have about 10 

times lower extinction coefficients, examples of NIR-emitting dyes are rare, and 

currently no examples of NIR-absorbing dyes are reported to the best of our 

knowledge. 
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1.5. Weakly coordinating anions in fluorescent 

nanomaterials 

As it is stated from the name, weakly coordinating anions (WCA) should 

coordinate weakly their cationic partners109. This is usually achieved by having the 

negative charge to be delocalized over a large area of non-nucleophilic, chemically 

robust moieties (Figure 1.5.1). However, it is important to remember that coordinating 

ability of an anion is limited by the most basic and/or most nucleophilic site.  

 

Figure 1.5.1. Typical structures of weekly coordinating anions. Adapted from ref.110 

As “weakly coordinating” is a relative term, primarily it was applied to anions like 

perchlorate of tetrafluoroborate, which are now known to bind to strong electrophilic 

centres111. Development of new, more and more weakly coordinating anions is a hot 

topic in materials science and especially inorganic chemistry communities. Being 

primarily developed to stabilize reactive and unstable cations110, they found numerous 

applications in catalysis112, electrochemistry113, became components of lithium 
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batteries114, ionic liquids115, microporous materials116, ion-selective electrodes117, ion 

sensors118, solar cells119 and organic light-emitting diodes120.  

As modern WCA are generally bulky (to hinder reactive centre and/or achieve 

charge delocalisation) and hydrophobic (result of absence of basic/nucleophilic sites), 

they become interesting candidates to use in fluorescent materials – their bulk nature 

might prevent ACQ of cationic dyes, while hydrophobicity can increase encapsulation 

of dye-WCA ion pairs into hydrophobic matrices. And indeed, in the last decade there 

is a rising interest in using WCAs to develop fluorescent materials and improve their 

optical properties.  

The studies of interactions of charged dyes with WCAs in solutions can be traced 

back to the beginning of 90s. It was shown, for example, that upon formation of ion 

pairs by cationic cyanines and their anionic partners in nonpolar solvents, the 

symmetry of cationic cyanine gets distorted121, 122: alteration of single and double 

bonds in polymethine chain of a symmetrical cyanine replaces the usual bond order 

of 1.5 (also called ideal polymethine state, IPS). However, the counterions used back 

then were perchlorate and tetrafluoroborate, which do not have clear WCA 

characteristics from the modern point of view. The association of ionic cyanines with 

hydrophobic counterions (including oppositely-charged dyes) in water was also 

studied in the 90s123 – it was found that anionic cyanines disrupt symmetry of cationic 

cyanines even more than tetraphenylborate anion. Moreover, association constants 

show that both hydrophobic forces and Coulomb interactions play important role in 

hydrophobic ions association in water. 

In a much more recent work by Bouit et al.124 a comparison of properties of the 

same heptamethine cyanine with a series different counterions was made – from the 

smallest and hardest bromide to larger and softer organic anions. It was shown, that 

modern WCAs, B(C6F5)4
- or TRISPHAT (Structure in Figure 1.5.2) do not disrupt the 

symmetric structure of cyanine polymethine chain, probably due to anion charge 

delocalisation and therefore low polarising ability. As a result, even in a nonpolar 

solvent, toluene, where dye-counterion ion pairs exist in contact (associated, intimate) 

form, the ideal polymethine state of cyanine is not disrupted. In the same conditions 

but with bromide as a counterion, the ideal polymethine state was lost, leading to 

broadening of the absorption spectrum and decrease in molar extinction coefficient. 

Similar effects were later observed in another research125 on counterion effect for NIR 
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dyes, but this time it was done for photovoltaics application, using a different cyanine 

dye and only two counterions (Figure 1.5.2). 

 

 

Figure 1.5.2. Structure of the heptamethine cation with the counterions hexafluorophosphate and 
TRISPHAT. Adapted from ref.125 

In a brief communication126 it was reported, that B(C6F5)4
- anion strongly 

increases photo- and thermostability of the studied NIR cyanine dyes (Figure 1.5.3) 

comparing to the parent counterion, iodide. Interestingly, non-fluorinated 

tetraphenylborate does not increase thermal stability and even decreases 

photostability of the tested dyes comparing to iodide. Such difference in 

tetraphenylborates behaviour is attributed to effect of fluorination on the HOMO level 

of the anion – it was calculated to be lower in B(C6F5)4
-, which decreases the 

probability of photoinduced electron transfer as a mechanism of dye 

photodegradation. 

 

 

Figure 1.5.3. Preparation of heptamethine cyanine dyes, described in the work.                              
Adapted from ref.126 
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One of the pioneers in the field of using counterions for fabrication of fluorescent 

nanoparticles and tuning their emission properties was Hiroshi Yao127. He started with 

describing formation of nanoparticles from pseudoisocyanine (PIC) dye and 

tetraphenylborate-based anions, showing the influence of components ratio on size 

(52-120 nm) and optical properties (maxima shifts and intensity) of the formed ion-

associated nanoparticles. Later on, his group reported128 preparation of malachite 

green (MG)-based fluorescent nanoparticles, formed by ion association of tetrakis(4-

fluorophenyl)borate (TFPB) anion and MG in water (Figure 1.5.2).  

 

Figure 1.5.4.  (a) Chemical structures of the malachite green (MG) cation and the tetrakis(4-
fluorophenyl)borate (TFPB) anion. A photo of Tyndall scattering taken under green laser irradiation is 
also shown (c) Fluorescence spectra of MG nanoparticle samples prepared at ρ = 1, 2, and 4, along 
with that of the liberated MG dye in aqueous solution (λex = 600 nm) The molar ratio ρ is defined as 

[TFPB]/[MG]. Adapted from ref.128 

Those fluorescent nanoparticles possessed about 200-fold enhancement of 

fluorescence quantum yield comparing to free MG dye in water, probably due to 

restriction of rotational and vibrational deexcitation. However, a significant ACQ effect 

was observed for these NPs due to H-aggregates formation. By preparing NPs with 

addition of tetraphenylphosphonium (TPP) to MG dye as a co-cation at the ratio of 

TPP/MG 5/1 it was possible to further increase quantum yield of the NPs twice. 

Nevertheless, this increased quantum yield was only about 3% in absolute value, 

which is still not very high. Worth noting, that in previous work129 Yao group could 

obtain NPs with quantum yield close to 0.9 using the same approach, but different 

fluorophore – blue-emitting thiacyanine (3,3′-diethylthiacyanine). The dye has 

quantum yield of less than 1% in solution due to intramolecular rotation, however it 

increases about 200-fold upon formation of rigid nanoparticles. Another interesting 

point is simultaneous increase of short wavelength shoulder in absorption spectra 

(usually attributed to non-fluorescent H-aggregates) and fluorescence intensity in 

different NP formulations. This was explained by formation of inclined H-aggregates 

with non-forbidden fluorescence. 
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The group of Warner is another pioneer in counterion-assembled fluorescent 

nanoparticles. They call their materials as GUMBOS (Group of Uniform Materials 

Based on Organic Salts), with properties similar to frozen ionic liquids, and 

nanoparticles made of those salts are, respectively, nanoGUMBOS. One of the first 

works130 was dedicated to preparation of NIR cyanine 7-based fluorescent 

nanoparticles. The ethanolic solution of the dye and one of the counterions (lipid-like 

bis(2-ethylhexyl) sulfosuccinate  (AOT), triflate-imide NTf2-, BF4
- and its 

monoaromatic-substituted derivative) was precipitated into excess of water under 

sonication, forming nanoparticles. Properties of NPs, such as size and 

absorption/fluorescence spectra appeared to be counterion-dependent. Unfortunately, 

no quantitative data on brightness or quantum yield of the formed NPs was provided, 

but presence of large amount of H-aggregates was evident from the spectral data.  

Later on, they published a paper131 on controlling aggregation in PIC-based 

nanoGUMBOS by counterion variation (Figure 1.5.5). It was found that NTf2
- 

counterion assembles PIC into diamond-like particles with a large fraction of J-

aggregates and quantum yield of 1%. Quite similar counterion, BETI, induces rod-like 

assemblies with dominating H-aggregation and quantum yield of 0.2%. Therefore, 

even the slight change in counterion structure was able to induce dramatic changes in 

nanomaterials properties. 

 

Figure 1.5.5. Synthesis of [PIC][NTf2] and [PIC][BETI] using an anion exchange reaction.                  
Adapted from ref.131 

In the further development of nanoGUMBOS, Warner group chose Rhodamine 

6G as fluorophore and several new counterions to test (Figure 1.5.6). They found that 

among the tested series only TPB and BETI counterions induce NPs formation, with 

size about 100 nm. Those NPs with negative and pH-dependent zeta potential 

appeared to be selectively uptaken by cancer cells, where they acted as anticancer 

agents, presumably by inhibiting mitochondria functioning. Unfortunately, no data on 
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brightness of the obtained NPs could be found in the article, as the quantum yield 

measurements were performed at the concentrations below the critical association 

constant. This explains why neither quantum yield nor fluorescence lifetime of the 

tested systems depended on the counterion – the dyes were measured in the 

molecular form. 

 

Figure 1.5.6. Synthesis of (a) Hydrophobic and (b) Hydrophilic R6G-Based GUMBOS.                
Adapted from ref.132 

The group of Fery-Forgues also investigated the influence of counterions on 

properties of fluorescent materials. In a very recent paper133 they shed light on their 

previous studies134 on the counterion effect in fluorescent nanomaterials. Ion pairs of 

berberine (weakly fluorescent natural alkaloid) with different anions (Figure 1.5.7) were 

prepared and their properties were studied. 
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Figure 1.5.7. Chemical structures of the berberine cation (Ber+) and some associated anions: 
palmitate (Pal−), laurate (Lau−), dodecylsulfate (DS−), dioctylsulfosuccinate (AOT−), 

bis(trifluoromethane)sulfonimide (NTf2
−), p-tosylate (Tos−) and tetraphenylborate (TPB−). 

They found that berberine forms fluorescent nanoaggregates in water with tested 

counterions, shape and size of those nanoassemblies being dependent on the 

counterion. Moreover, quantum yields of bulk solid salts were studied using integration 

sphere, showing tetraphenylborate salt being the least fluorescent with about 1% QY, 

while dodecylsulfate topping at about 7%. Strong influence of counterion structure on 

fluorescence spectra was also observed, showing emission maxima 512 and 552 nm 

for tosylate and tetraphenylborate counterions, respectively. 

In our group the concept of counterion-enhanced encapsulation and emission 

has been proposed for several different types of fluorescent nanoparticles. The initial 

research135 was dedicated to preventing ACQ in octadecylrhodamine B (R18)-loaded 

PLGA nanoparticles using different counterions (Figure 1.5.8). 
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Figure 1.5.8. (a) Chemical structures of rhodamine B octadecyl ester (R18) and its different 
counterions: perchlorate (ClO4), tetraphenylborate (TPB), tetrakis(4-fluorophenyl)borate (F1-TPB) 

and tetrakis(pentafluorophenyl)borate (F5-TPB). (b) Schematic representation of PLGA NPs loaded 
with these dye salts. Adapted from ref.135 

It was found that replacing perchlorate with tetraphenylborates as counterions 

for R18 dye significantly decreases polymer NPs size (from hundreds to ~40 nm) and 

increases their colloidal stability. However, only the most fluorinated 

tetraphenylborate, F5-TPB, could efficiently prevent ACQ in formed NPs, providing 

quantum yield as high as 23% at 5% dye loading (w/w). Such high brightness even 

exceeded that of quantum dots – the obtained NPs appeared to be 6 times brighter 

than QD-605. Moreover, upon illumination particles demonstrated reversible ON/OFF 

switching – hundreds of fluorophores behaved collectively due to counterion-driven 

assembly inside NPs, being able to be quenched by single acceptor or a dark species. 

The obtained nanoparticles at 1% loading (w/w) could enter cells by endocytosis and 

were used for cell labelling without signs of dye leakage. 

The approach was further validated136 for 20 nm PMMA-based polymer NPs, 

loaded with the same R18 dye with F5-TPB counterion. At 5% dye loading (w/w) the 

NPs have shown quantum yield of 60%, being 10 times brighter than QD-585.  

It was also shown by Shulov et al.137, that tetraphenylborates can assemble 

rhodamine B-based dyes into polymer-free ~ 20 nm nanoparticles by simple excessive 

addition of counterion to the aqueous solution of the dye (Figure 1.5.9). 
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Figure 1.5.9.  Chemical structures of the rhodamine B derivatives (RX, X varies from 2 to 18) and the 
different tetraphenylborate counterions used in the cited work. Adapted from ref.137 

The obtained results clearly demonstrated correlation between fluorination level 

of tetraphenylborate counterion and photophysical properties of the obtained NPs: the 

most fluorinated F12-TPB being the brightest (QY ~60%), followed by F6-TPB and F5-

TPB (QY ~50%). TPB did not show any ACQ-preventing effect, and F1-TPB has 

shown only minor one. F5-TPB and F12-TPB-based NPs appeared to have 

exceptional light-harvesting properties, single acceptor being able to harvest energy 

from hundreds of rhodamine donors. Interestingly, particles based on F5-TPB showed 

the same blinking behaviour as in the case of PLGA NPs, described earlier135, but in 

case of F12-TPB as a counterion no blinking was observed. 

In another work by Shulov et al.50 it is shown how cyanine-based amphiphilic 

molecules are assembled in to fluorescent nanoparticles without strong self-quenching 

(Figure 1.5.10). 
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Figure 1.5.10. Cyanine amphiphiles and their expected assembly into micelles in the presence of 
non-coordinating anions. Adapted from ref.50 

The obtained ~7 nm NPs of Cy3A and Cy5A amphiphiles with F5-TPB counterion 

have quantum yields of 25% and 8%, respectively. High cooperativity of dyes in this 

NPs was proven by anisotropy measurements and FRET experiments, showing 

efficient energy transfer from multiple donor dyes to a single acceptor. 

Overall, WCA emerged recently as a promising tool for preparation of highly 

emissive nanomaterials. However, their role in the encapsulation of dyes inside 

polymer NPs as well as the structure-property relationships has not been studied well 

do date. Moreover, examples of WCA for preparation of fluorescent nanomaterials are 

still limited. 
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Aim of my PhD project 

 

Fluorescent organic nanoparticles are potentially the most bright and versatile 

imaging agents. However, as it was shown in the bibliographical overview above, there 

are several key challenges that arise on the way to these brightest nanoprobes – 

aggregation-caused quenching and inefficient encapsulation of the fluorescent dyes. 

Each of these problems has been studied, and several strategies to overcome those 

challenges have been proposed. However, the approach we recently suggested, 

namely counterion-enhanced encapsulation and emission, could solve both of them 

at the same time. 

My PhD project focuses on development of this counterion-based approach, as 

the primary successful results were validated for only one dye-counterion pair: 

rhodamine B octadecyl ester with tetrakis(pentafluorophenyl)borate. Therefore, 

several questions should be addressed: 

- Is the approach universal, e.g. is it compatible with other cationic dyes? 

- How does the counterion structure affect NPs properties? 

- What are the requirements for an effective counterion? 

- Is it possible to find any other scaffolds that could substitute tetraphenylborates 

in the approach? 

Answering those questions would allow developing ultra-bright non-leaking 

nanoparticles with customisable properties that would impact both fields of bioimaging 

and fluorescent organic materials. 
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2. Results and discussions 
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2.1. Enhancing emission of cyanine dyes 

2.1.1. Article 1: “Fluorescent Polymer Nanoparticles for Cell 

Barcoding In Vitro and In Vivo” 

Development of ultra-bright bright fluorescent polymer nanoparticles has made 

a step forward after introduction of counterion-enhanced emission approach to fight 

aggregation-caused quenching135. However, as this approach was validated only for 

rhodamine B octadecyl ester (R18), it was important to show that this system is 

compatible with different cationic dyes. We chose five cyanine dyes, emitting from 

green to near-infrared, and tested their ion pairs with four different counterions (Fig. 

1A) in PLGA (poly(lactide-co-glycolide)) nanoparticles at different dye loadings (5, 20 

and 50 mM). 

 

 

Figure 1. (A) Chemical structures of dyes and counterions used in this study. (B) Quantum yields of 

50 mM-loaded nanoparticles of different dyes with different counterions. 

It was found that with increasing size and hydrophobicity of the counterion, 

quantum yields of fluorescent nanoparticles increase independently on the cyanine 

dye, and the most performant counterion is F12 (Fig. 1B). Size of the nanoparticles is 
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also affected by counterion nature:  unlike derivatives of tetraphenylborate, allowing 

preparation of small nanoparticles around 40-50 nm, nanoparticles, encapsulating 

dyes with chloride/perchlorate counterion, are several hundred nanometres in 

diameter and are not colloidally stable. Generally, quantum yield drops upon 

increasing dye loading, however in case of F5 and F12 counterions this drop is much 

less pronounced than in case of Cl. This decrease in quantum yield is also observed 

upon increasing the conjugation chain of encapsulated cyanines and moving from 

green to NIR part of the spectrum (Fig. 1B) independently on the counterion. Thus, it 

is clear that bulky counterions F5 and F12 minimize self-quenching, however they 

become less effective in case of near-infrared dyes. 

Based on the obtained data, we chose DiO, DiI and DiD dyes with F12 

counterion at 20 mM loading to develop a colour coding system for long-term tracking 

of living cells. Importantly, surface properties of the three types of NPs (size, zeta 

potential etc.) were identical. Therefore, during cell labelling through endocytosis equal 

uptake of NPs was achieved. By mixing these 3 types of particles in different 

proportions, it was possible to create 13 colour codes (seven are presented in Fig. 2A) 

for cell labelling. The technique was validated on 6 cell lines (Fig. 2B), that could be 

distinguished by colour code even after 24 hrs of co-incubation.  

 

Figure 2. (A) Confocal image of a mixture of seven cell populations of different colors four days 

after labelling. (B) Confocal image of six cell types (HeLa, KB, 293T, U87, RBL, and CHO) mixed and 

co-cultured for 24 h. Each cell type was labelled with an RGB colour code (orange, cyan, green, red, 

magenta, and blue, respectively), also shown separately in the smaller images. 
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Developed method was further applied for 6-color tracking of tumour cells in a 

living zebrafish embryo (in collaboration with Jacky GOETZ) and cell tracking in the 

developing zebrafish embryo (4 or 8-cell stage, in collaboration with Nadine 

PEYRIÉRAS). 

Results of the project were accepted to Small journal, the manuscript is enclosed 

below. 
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2.2. Investigating the effect of a counterion structure on 

fluorescent NPs properties. 

2.2.1. Counterion-enhanced encapsulation and emission of cationic 

dyes in polymeric nanoparticles: the role of counterion nature. 

Dye-loaded fluorescent polymer nanoparticles, possessing high brightness and 

potential biodegradability, are becoming a strong rival of quantum dots in bioimaging 

applications. Recently we reported135, 136, that using bulky hydrophobic anions as 

counterions for cationic dyes can strongly decrease their aggregation-caused 

quenching upon encapsulation inside nanoparticles. However, these results were 

validated for only one counterion, perfluorinated tetraphenylborate. Herein, we tested 

the limits of counterion-enhanced emission approach. We prepared ten ion pairs of 

R18 with different counterions of different sizes and hydrophobicities, from inorganic 

perchlorate to fluorinated tetraphenylborate derivatives, and encapsulated them inside 

biodegradable PLGA (poly(lactide-co-glycolide)) nanoparticles of ~ 40 nm size.  

 

Selection of counterions and characterization of their dye salts. 

The counterions were selected to achieve maximal variability in terms of size and 

hydrophobicity. Thus, our smallest counterions (ClO4 and BF4) were ~0.33 nm in 

diameter, whereas the largest one (F12-TPB) was ~1.6 nm (Figure 1). We used 10 

counterions in order to achieve gradual variation of the size. As the size was 

systematically increased using fluorinated groups (except B21H18), we could consider 

that increase in the size (i.e. increase in the fluorination level) should directly increase 

hydrophobicity of the counterion.   
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Figure 1. Counterions studied for preparation of dye-loaded fluorescent polymeric nanoparticles. 

 

Using these counterions, we prepared the corresponding 10 salts with cationic 

rhodamine B octadecyl ester (R18). The synthesis of these salts was based on ion 

exchange, where starting material, R18 salt with ClO4 anion (R18/ClO4), was mixed in 

organic solvent (dichloromethane) with excess of an anion of interest. Thin later 

chromatography of these salts in dichloromethane revealed remarkable variation of 

their mobility on silica gel. While R18 salts with ClO4 and BF4 did not move on TLC at 

all, PF6, B(CN)4 and F5-3PB-OH showed some non-negligible Rf values (Figure 2A). 

Much higher mobility was observed for all other studied counterions with Rf increasing 

in the following order: B(CF3)4 < B21H18 ~ F5-TPB < F6-TPB < F12-TPB. Thus, as a 

general trend, the salts having larger anions and higher values of fluorination showed 

higher mobility, which could be explained by higher hydrophobicity of these salts. To 

verify the variation in hydrophobicity of these salts, we studied distribution of the dye 

salts in a two-phase system composed of three solvents: heptane, acetonitrile and 

water. In this case heptane and water form, respectively, highly apolar and polar 

phases, whereas acetonitrile was used to improve the solubility of the dyes salts in 

water. The obtained logarithm of partitioning constants in this ternary solvent mixture 

(LogPHWA) showed gradual changes as a function of counterion (Figure 2B, Table S3). 

The lowest values were observed for small hydrophilic anions ClO4 and BF4, whereas 

the highest values were observed for the largest and most fluorinated anions F6-TPB 

and F12-TPB. Remarkably, for all other anions (excluding B21H18), the LogPHWA 

increased gradually with the size and fluorination level of the counterion. We should 
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note that B21H18, which does not have fluorines at all, also showed relatively high 

values of LogPHWA, between those of F5-TPB and F5-3PB-OH, which shows that these 

boron clusters are also remarkably hydrophobic. The LogPHWA values correlated well 

with the Rf values obtained from TLC, namely higher Rf values usually corresponded 

to higher values of LogPHWA. The only exception was F5-3PB-OH, which showed 

unexpectedly low Rf values, probably due to chemical interactions with OH groups of 

silica. Overall, our TLC and two-phase distribution studies showed that larger and 

more fluorinated counterions form significantly more hydrophobic salts with R18 dye, 

which should affect their further encapsulation into hydrophobic polymer matrix of 

nanoparticles. 

 

Figure 2. (A) Thin layer chromatography plate of all tested ion pairs, run with DCM as eluent. 1) 

R18/ClO4, 2) R18/BF4, 3) R18/PF6, 4) R18/B(CN)4, 5) R18/B(CF3)4, 6) R18/F5-3PB-OH, 7) 

R18/B21H18, 8) R18/F5-TPB, 9) R18/F6-TPB, 10) R18/F12-TPB.  

(B) LogPHWA values of the tested ion pairs. 
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Dye-loaded NPs and their properties 

On the next step we performed encapsulation of all 10 dye salts into PLGA 

polymer nanoparticles. As we showed earlier, relatively small PLGA NPs can be 

obtained by precipitating an organic solvent solution of hydrophobic polymer with one 

or several charged groups into an aqueous phase135, 136. In this case, the charged 

groups on the polymer chains (carboxylate in case of PLGA) drive the formation of 

stable NPs suspension with negative surface charge. Adding a hydrophobic dye to a 

solution of polymer in acetonitrile leads to dye encapsulation inside polymer NPs 

during nanoprecipitation. The PLGA particles were formulated with different R18 dye 

salts at 5 and 50 mM loading with respect to the polymer. Size of the particles, loaded 

at 50 mM, as estimated by DLS, was relatively large for all small hydrophilic 

counterions (such as ClO4, BF4, PF6 and B(CN)4), ranging from 100 to 400 nm (Figure 

3, Table S2). In sharp contrast, all other counterions showed much smaller particle 

sizes around 40-50 nm, with some deviation for F5-3PB-OH, showing somewhat larger 

particle size (~60 nm). Remarkably, for much lower dye loading (5 mM), the sizes of 

NPs remained small for all the studied counterions (Table S1). These data suggest 

that high loading of dyes salts with small hydrophilic counterions produces aggregation 

of NPs. Previously, we showed this phenomenon only for R18/ClO4 salt. That time it 

was hypothesized that R18, having a cationic centre and a long hydrocarbon chain, is 

amphiphilic and therefore may partially adsorb to the particles surface and neutralize 

their negative charge, which results in aggregation of NPs. Here, similar phenomenon 

is probably observed for all four small hydrophilic anions. To clarify this issue, we 

studied encapsulation efficiency of dye salts inside NPs. However, dialysis of all 50 

mM dye-loaded NPs in milli-Q water did not produce any change in the dye content in 

the NPs suspension (not shown). This was expected, because independently of the 

anion, R18 salt is poorly soluble in water and would probably remain adsorbed to the 

NPs surface even in the cases of poor encapsulation. As it is well-known that 

cyclodextrins can encapsulate hydrophobic molecules into their hydrophobic inner 

cavity, we tested the ability of beta-cyclodextrin to dissolve aggregates of pure 

R18/ClO4 in water. We found that in the presence of 1 mM concentration of 

cyclodextrin the absorption spectra of ~2 µM solution of R18/ClO4 in water loses its 

usual shape, typical for aggregates, and becomes that of a dye in molecular form. 

Therefore, we used aqueous beta-cyclodextrin solution as a recipient medium to 
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effectively complex nonencapsulated R18, detaching it from particles surface and 

transferring to aqueous phase. In this case we could see, that after dialysis the amount 

of the remaining dye fraction (encapsulation efficiency) depended strongly on the 

nature of the counterion. Indeed, the lowest dye loading was observed for the small 

hydrophilic counterions ClO4, BF4, PF6 and B(CN)4, whereas the best loading was 

observed for the most hydrophobic bulky counterions (Figure 3, Table S2). These 

results confirm our hypothesis about the adsorption of R18 ion pairs with hydrophilic 

counterion on the particles surface, which could be the main reason for NPs 

aggregation, observed in DLS measurements as enlargement of particles sizes. On 

the other hand, it becomes clear that counterion hydrophobicity plays a crucial role in 

the encapsulation of the cationic dye inside PLGA NPs, because high loading 

correlates well with high values of LogPHWA and Rf of the most hydrophobic anions. 
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Figure 3. Size of dye-loaded PLGA NPs and encapsulation efficiency of R18 salts with different 

counterions. Both correspond to 50 mM dye loading. 

 

Then we studied the fluorescence properties of the obtained dye-loaded NPs. 

Despite the quantum yield was high for 5mM-loaded NPs independently on counterion 

(Table S1), a clear dependence of the fluorescence quantum yield on the counterion 
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nature was observed for 50 mM-loaded NPs (Figure 4, Table S2). The lowest values 

of QY were observed for small hydrophilic anions, whereas the highest values 

corresponded to the most hydrophobic and bulky anions, namely B21H18, F5-TPB, F6-

TPB, F12-TPB. These results corroborate with our earlier report showing that R18 salt 

with F5-TPB counterion is much less quenched in PLGA NPs than R18 salt with ClO4. 

Here, we show this tendency for a large range of anions, which suggests that bulky 

and hydrophobic nature is a key to high fluorescence quantum yield of the 

encapsulated dye. It is clear that bulky hydrophobic counterion plays a role of spacer 

for the cationic rhodamine dye, thus preventing formation of non-fluorescent 

aggregates due to pi-pi stacking. On the other hand, these results also suggest that 

fluorination of the counterion is important, but not absolutely required condition, 

because very good quantum yields were also obtained for B21H18 anion, which has no 

fluorines at all. Based on its high LogPHWA and Rf values, we could speculate that its 

combination of high hydrophobicity and large size are crucial to achieve effective 

prevention of aggregation-caused quenching. In this respect, B(CF3)4 anions exhibits 

intermediate values of QY, probably due to intermediate values of size and 

hydrophobicity in comparison to other studied anions. It is important to note that 

purification of these NPs by dialysis in the presence of beta-CD improves quantum 

yields for all small hydrophilic anions, although the obtained QY values never reached 

those for the best counterions (Figure 4, Table S2). We expect that poorly 

encapsulated fraction of dyes, which is probably located at the NPs surface, exists in 

aggregated, weakly emissive state and can further quench the rest of the particle. 

Therefore, removal of this dark fraction of the dyes improves QY of NPs. Importantly, 

this purification procedure does not change QY values of bulky hydrophobic anions, 

probably because the fraction of poorly encapsulated dyes is too small, as suggested 

by the encapsulation efficiency data. 
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Figure 4. Quantum yield and fluorescence anisotropy of the tested dye-loaded PLGA NPs at 50 mM 

dye loading. 

 

 When dyes are localized in a close proximity within the polymer, they may start 

communicating through energy transfer between the same fluorophores, which is 

called excitation energy transfer (EET). This process can be readily monitored by 

fluorescence anisotropy, because EET leads to loss of anisotropy135. In the rigid 

polymer matrix, where fluorophores do not undergo molecular rotation, EET is the only 

mechanism of the anisotropy loss. The lower are the values of anisotropy, the larger 

population of dyes is involved in EET. Our data show that extremely low values of 

anisotropy were observed only for four counterions: F6-TPB, F6-TPB and F12-TPB 

and B21H18 (Figure 4, Table S2).For all other counterions, the anisotropy value was an 

order of magnitude higher. Moreover, for these anions the purification by dialysis 

further increased the anisotropy. This effect was especially pronounced for B(CF3)4, 

so that the value reached 0.071, which was ~100-fold higher than those observed for 

three fluorinated tetraphenylborate counterions. This result underlines that the 

counterion can strongly alter organization of dyes inside polymer matrix. Thus, for 

tetraphenylborate counterions, in line with our original work on F5-TPB135, the 

counterions tend to organize the dyes in form of clusters where the dyes undergo very 
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fast EET. Our recent work suggested, that with F5-TPB EET can undergo on the time 

scale 30 fs. In sharp contrast, less hydrophobic anions, including B(CF3)4, tend more 

to disperse dyes within the matrix in molecular form, which decreases their 

interfluorophore communication, thus explaining the observed much higher anisotropy 

values.  

 

Single-particle emission properties 

On the next step we deposited the dye-loaded NPs onto a glass surface and studied 

their fluorescence at the single molecule level using wide-field fluorescence 

microscopy. NPs with small hydrophilic anions as counterions were not tested 

because they produced particle aggregation. Fluorescent particles were observed as 

bright spots, distributed randomly within an image (Figure 5A). The best quality images 

were obtained for B21H18, F5-TPB, F6-TPB and F12-TPB (Figure 5A and Figure S1), 

where particles appeared bright on a relatively dark background. By contrast, for 

B(CF3)4 the background signal was significantly higher, probably because some 

fraction of poorly encapsulated dyes desorbed from particles, producing some 

background noise. Moreover, the images of quantum dots remained relatively dim 

despite the use of even higher excitation power, showing that all our NPs are much 

brighter than QDs. Analysis of single particle brightness revealed that at two different 

excitation power densities, the brightest particles were those containing F5-TPB and 

F12-TPB counterions, whereas the lowest brightness corresponded to F5-3PB-OH.  

All these NPs were 20-40 fold brighter than QD585 particles at the same instrumental 

settings. Previous studies showed, that high brightness of NPs was achieved using 

R18 salt with F5-TPB counterion. Here, we show that other counterions can operate 

similarly to F5-TPB. Particularly interesting are B21H18 and B(CF3)4. The former is an 

example of a non-fluorinated anion, while the latter is a fluorinated anion of much 

smaller size compared to F5-TPB. These results show that variety of hydrophobic 

anions could be used in preparation of bright dye-loaded NPs. 
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Figure 5. Single-particle characterization of dye-loaded polymer NPs by wide-field fluorescence 

microscopy. (A) Microscopy images of some of the dye-loaded polymer NPs in comparison to 

quantum dots QD585. Excitation wavelength was 532 nm with power density of 0.08 W/cm2  (0.5 

W/cm2 for QDs). Integration time was 305 ms. (B) Single-particle brightness dye-loaded polymer NPs 

measured from microscopy images for two different excitation power densities. The values are 

relative to the brightness of a single QD585 at 0.5 W/cm2. Errors are standard deviation of the mean 

for 3 images. At least 200 particles per image were analysed in each condition. 

 

Next, we analysed the fluorescence intensity of single particles as a function of time. 

With some counterions, such as B(CF3)4 and F5-3PB-OH, NPs showed stable 

fluorescence, whereas for all others a complete ON/OFF switching was observed 

(Figure 6). The latter was previously reported for F5-TPB, and was assigned to 

unprecedented communication of R18 dyes, assembled inside polymer matrix by F5-

TPB counterion. The counterion plays a role of both a spacer, which prevents dyes 

from ACQ, and a glue, which brings the dyes together and ensures fast EET. In these 

conditions any transient dark species inside a particle can quench the entire particle. 
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Here, we showed that this unique ON/OFF switching behaviour of a large dye 

ensemble is realized for different types of counterions: three from fluorinated 

tetraphenylborate family and one is a borohydride cluster. Even more important is the 

observation of complete absence of the ON/OFF switching behaviour for B(CF3)4 and 

F5-3PB-OH. In both cases, the size of these anions is significantly smaller and they 

are significantly less hydrophobic (i.e. lower LogPHWA and Rf values) compared to the 

tetraphenylborates. The absence of blinking also matches well with the high values of 

fluorescence anisotropy observed for these two counterions (Figure 4, Table S2), 

confirming that for these anions the dye-dye communication through EET is clearly 

less efficient as compared to the fluorinated TPBs. Thus, by varying the counterion 

nature we could tune the stability of the NPs emission from complete ON/OFF 

switching to stable emission.  

 

Figure 6. Single particle emission traces (A) and photostability (B) of dye-loaded NPs containing R18 

dye salts with different counterions, studied under wide-field microscopy. 

 (A)Fluorescence intensity traces of representative single NPs recorded at integration time of 30.5 ms. 

Excitation wavelength was 532 nm with power density of 0.08 W/cm2. (B) Fluorescence intensity 

recorded for all particles within an image as a function of time. 
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Photostability of these NPs was also monitored with the same wide-field setup 

by recording the average fluorescence intensity of all detected NPs as a function of 

time (Figure 6). These studies revealed that all NPs, demonstrating ON/OFF switching 

behaviour, showed continuous decay of fluorescence, clearly due conversion of the 

NPs into the dark state. In all these cases, dark species accumulate within the 

particles, which further leads to complete loss of their fluorescence. In sharp contrast, 

NPs containing B(CF3)4 and F5-3PB-OH that did not show any ON/OFF switching 

behaviour, but showed stable fluorescence without clear signs of fluorescence decay. 

These results show that the less hydrophobic counterions do not favour dye-dye 

energy transfer and ensure higher photostability for their NPs. 

 

Cellular studies 

Finally, we incubated our NPs with living cells in order to evaluate their 

compatibility with cell imaging applications. In this case we tested NPs with all the 

counterions, including small hydrophilic ones, to see if their poor encapsulation 

capacity would influence the cell staining profile. Fluorescence confocal images of KB 

cells, incubated with NPs, showed dramatic difference for NPs containing different 

counterions and dye loading (Figure 7, Figure S2). Indeed, for NPs containing bulky 

hydrophobic perfluorinated TPBs, dotted fluorescence of NPs was observed inside the 

cells. However, for F5-TPB NPs at high loading some background fluorescence could 

also be observed, probably because some small fraction of poorly encapsulated dyes 

could be released from NPs into cell interior. On the other hand, for all other 

counterions the situation was much more dramatic. It concerned especially small 

hydrophilic anions where continuous fluorescence was observed all over cells without 

any signs of particle fluorescence. For the intermediate case of NPs containing 

B(CF3)4, F5-3PB-OH and B21H18, both continuous fluorescence and dotted 

fluorescence from NPs were observed. These results show that only in the case of 

perfluorinated TPBs, especially F6-TPB and F12-TB, no leakage was detected, 

whereas in all other cases, a significant fraction of the dyes was released from NPs 

inside the cells in form of free dye. This conclusion is in line with our encapsulation 

studies showing that only fluorinated TPBs exhibit the capacity to encapsulate the 

cationic R18 dye with nearly quantitative efficiency. Remarkably, encapsulation 

efficiency of 0.92 in case of F5-TPB was still not enough, as for high loading some dye 
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release was observed. We further performed the same cell imaging studies using 

B(CF3)4 (Figure S3) and F5-TPB (Figure S4) NPs after purification by dialysis. It could 

be seen that purification drastically decreased background intracellular emission of the 

free dye. These results show, that removal of poorly encapsulated fraction of the dyes 

from NPs can strongly decrease the amount of released dye in biological media.  

 

Figure 7. Confocal images of KB cells, incubated for 3h with dye-loaded PLGA NPs. NPs were 

loaded at the concentration of 5 and 50 mM with R18 salts with different counterions. Excitation was 

done with 561 nm laser, emission was collected from 570 to 650 nm. For R18/ClO4 and R18/B(CF3)4 

NPs at both loadings the brightness was decreased 4 times for better visibility. Membranes were 

stained with wheat-germ agglutinin-Alexa488 (in green). The excitation was done at 488 nm, emission 

was collected from 500 to 550 nm. 

 

Role of a counterion in dye encapsulation and emission 

Based on all these results we developed a hypothesis about the role of different 

counterions in the enhanced encapsulation and emission of cationic dye R18 in 

polymer NPs. During nanoprecipitation of the polymer, encapsulation of dyes is driven 

by hydrophobic forces that induce dye-polymer and dye-dye association. In case of 

the more hydrophobic counterions, the obtained salts have higher hydrophobicity, as 

evidenced from the high values of their LogPHWA and Rf. These salts will have the 

strongest tendency to interact with hydrophobic matrix of PLGA polymer, thus 

explaining their better encapsulation. However, as shown in our recent work, R18/F5-

TPB is so hydrophobic that it might precipitate even faster than PLGA, which may 

result in formation of clusters of this dye salt, followed by formation of the polymer 

matrix around this cluster. In the present study this is probably the case for the four 

most hydrophobic and bulky anions, namely B21H18, F5-TPB, F6-TPB and F12-TPB.  
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Formation of dye clusters is supported by a remarkably low fluorescence 

anisotropy and ON/OFF switching, which shows very efficient dye-dye 

communication. Moreover, nearly quantitative encapsulation and drastically 

decreased release in cells show that these dye salts are deeply embedded inside the 

particle core, in line with our assumption of the core-shell organization of these NPs 

(Figure 8). On the other hand, for all other counterions, the dye salts are much less 

hydrophobic, as could be seen from the LogPHWA and Rf data. In these cases, polymer 

could precipitate at the same time or even faster than the dye salt, thus resulting in 

some fraction of the dyes being located at the surface of polymer NPs. In case of the 

smallest and most hydrophilic dye salts, this resulted in a large fraction of dyes being 

at the NPs surface, decreasing surface charge and NPs colloidal stability (Figure 8). 

The latter leads to aggregation of NPs, as was evidenced by DLS.  

 

Figure 8. Scheme of proposed models of R18 dye distribution inside PLGA NPs for a) for ion pairs 

with small hydrophilic counterions, like ClO4 and b) ion pairs with large hydrophobic counterions, like 

fluorinated tetraphenylborates. 

 

For other counterions with intermediate properties, such as B(CF3)4 and F5-3PB-

OH, despite not perfect encapsulation, the hydrophobicity of counterion was enough 

to create stable ion pairs with cationic R18 dye. This stability of the formed ion pairs 

prevents R18 from associating with surface carboxylates and thus decreasing surface 

charge, which ensures formation of small and stable nanoparticles. Moreover, for 

these salts of intermediate hydrophobicity, nanoprecipitation of polymer was probably 

going with similar speed as encapsulation of the dye, so that in these cases the dyes 

could be well dispersed inside the polymer matrix (Figure 8). This hypothesis is 

confirmed by relatively high fluorescence anisotropy as well as total absence of 
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fluorescence ON/OFF switching. This dispersed distribution ensured maximal dye-dye 

separation inside the polymer matrix, thus ensuring minimal communication through 

EET. We could conclude that dispersion of the dye inside the polymer can prevent 

ON/OFF switching of NPs and ensure their high photostability. Therefore, counterion 

nature can tune organization of dyes inside the polymer matrix of NPs and thus change 

their emission from intermittent to stable and continuous. This tuning will help in future 

to design nanomaterials with desired optical properties. On one hand, NPs with 

clustered dyes and high EET will be of high interest for superresolution imaging, light 

harvesting and FRET-based sensing applications. On the other hand, NPs with 

dispersed dye distribution, showing stable emission, will be of high interest as robust 

labels for single molecule and single particle tracking and imaging applications. 

2.2.1.1 Annex 1: Supplementary information for “Counterion-enhanced 

encapsulation and emission of cationic dyes in polymeric nanoparticles: 

the role of counterion nature”. 

 

Supplementary figures 

 

 

Figure S1 – Wide-field fluorescence images of 50mM-loaded NPs with R18/B(CF3)4 (a),                

R18/F5-3PB-OH (b), R18/B21H18 (c), R18/F5-TPB (d), R18/F6-TPB (e), R18/F12-TPB (f). Excitation 

was done by 532 nm laser at 0.08 W/cm2 power density. Image size is 27x27 microns. 
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Figure S2 – Confocal images of KB cells, incubated for 3h with dye-loaded PLGA NPs. NPs were 

loaded at the concentration of 50 mM with R18/ClO4 (a), R18/BF4 (b), R18/PF6 (c), R18/B(CF3)4 (d), 

R18/F5-3PB-OH (e), R18/B21H18 (f), R18/F5-TPB (g), R18/F6-TPB (h), R18/F12-TPB (i). Excitation 

was done with 561 nm laser, emission collected from 570 to 650 nm. For images (a-f) the intensity of 

NPs channel was divided by two for better visibility. Membranes were stained with wheat-germ 

agglutinin-Alexa488. The excitation was done at 488 nm, emission was collected from 500 to 550 nm. 

 

Figure S3 - Confocal images of KB cells, incubated for 3h with 50 mM R18/B(CF3)4-loaded PLGA 

NPs before dialysis with 1mM cyclodextrin (a) and after dialysis (b). Excitation was done with 561 nm 

laser, emission collected from 570 to 650 nm. Membranes were stained with wheat-germ agglutinin-

Alexa488. 
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Figure S4 - Confocal images of KB cells, incubated for 3h with 50 mM R18/F5-TPB-loaded PLGA 

NPs before dialysis with 1mM cyclodextrin (a) and after dialysis (b). Excitation was done with 561 nm 

laser, emission collected from 570 to 650 nm. Membranes were stained with wheat-germ agglutinin-

Alexa488. 
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Supplementary tables 

Counterion used 
in NP 
preparation 

Quantum 
yield before 
dialysis 

Stdev Size 
(nm) 

Stdev 
(nm) 

PDI Stdev 

ClO4 0.81 0.01 48 1 0.05 0.02 

BF4 0.66 0.06 42 1 0.05 0.04 

PF6 0.70 0.05 43 1 0.03 0.03 

B(CN)4 0.76 0.01 44 1 0.06 0.02 

B(CF3)4 0.51 0.01 42 1 0.02 0.01 

F5-3PB-OH 0.43 0.01 45 1 0.14 0.01 

B21H18 0.78 0.01 43 1  0.21 0.01 

F5-TPB 0.94 0.03 47 1 0.15 0.03 

F6-TPB 0.91 0.02 44 1 0.13 0.03 

F12-TPB 0.87 0.01 42 1 0.03 0.02 

Table S1 – Properties of 5 mM loaded NPs of R18 with different counterions. PDI – 

polydispersity index. 

Counterion 
used in NP 
preparation ClO4 BF4 PF6 B(CN)4 B(CF3)4 

F5-
3PB-
OH B21H18 F5-TPB F6-TPB F12-TPB 

Quantum yield 
before dialysis 0.08 0.07 0.07 0.07 0.16 0.1 0.49 0.55 0.49 0.48 

Stdev 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.06 0.02 

Quantum yield 
after dialysis 0.21 0.18 0.21 0.23 0.31 0.14 0.46 0.55 0.49 0.49 

Stdev 0.05 0.02 0.01 0.02 0.06 0.01 0.08 0.02 0.01 0.04 

Fluorescence 
anisotropy 
before dialysis 

0.02
5 

0.02
6 0.026 0.024 0.023 0.019 0.010 0.001 0.002 0.001 

Stdev 
0.00

0 
0.00

1 0.000 0.000 0.007 0.001 0.002 0.000 0.001 0.001 

Fluorescence 
anisotropy 
after dialysis 

0.03
3 

0.03
9 0.036 0.040 0.072 0.047 0.007 0.001 0.001 0.001 

Stdev 
0.00

0 
0.00

2 0.002 0.000 0.018 0.002 0.001 0.001 0.001 0.001 

Size (nm) 288 366 241 163 50 59 47 47 47 46 

Stdev (nm) 24 107 29 9 2 2 1 4 2 4 

PDI 0.14 0.2 0.12 0.04 0.06 0.06 0.09 0.08 0.08 0.08 

Stdev 0.04 0.04 0.02 0.03 0.01 0.04 0.03 0.03 0.05 0.03 

Dye 
encapsulation 0.51 0.58 0.57 0.51 0.59 0.9 0.83 0.92 0.95 0.99 

Stdev 0.01 0.02 0 0.01 0.05 0.01 0.02 0.04 0 0.01 

Table S2 – Properties of 50 mM loaded NPs of R18 with different counterions. PDI – 

polydispersity index. 
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Ion pair LogPHWA Stdev 

R18/ClO4 -2.74 0.03 

R18/BF4 -2.69 0.02 

R18/PF6 -2.66 0.03 

R18/B(CN)4 -2.20 0.07 

R18/B(CF3)4 -1.51 0.09 

R18/F5-3PB-OH -0.90 0.02 

R18/B21H18 -0.36 0.03 

R18/F5-TPB 0.74 0.03 

R18/F6-TPB 1.18 0.06 

R18/F12-TPB 1.21 0.05 

Table S3 – LogPHWA of the tested R18 ion pairs 

 

Counterion used in NP 
preparation 

Absorption 
maximum (nm) 

Fluorescence 
maximum (nm) 

ClO4 568 587 

BF4 568 587 

PF6 565 587 

B(CN)4 564 587 

B(CF3)4 559 587 

F5-3PB-OH 559 587 

B21H18 560 587 

F5-TPB 557 581 

F6-TPB 555 580 

F12-TPB 555 579 

ClO4 in MeOH 556 577 

ClO4 in phosphate 
buffer 568 589 

Table S4 – Spectral properties of 50 mM loaded NPs of R18 with different counterions 
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2.2.2. Article 2: Aluminium-based fluorinated counterion for 

enhanced encapsulation and emission of dyes in 

biodegradable polymer nanoparticles 

Despite high performance of fluorinated derivatives of tetraphenylborates in 

counterion-enhanced encapsulation and emission approach, it is of high interest to 

substitute them with other counterions, which are simpler in synthesis, cheaper and 

more bio- and eco-friendly. However, they also must have sufficiently high 

hydrophobicity and large size to ensure efficient encapsulation of dyes inside 

nanoparticles and prevent ACQ. 

One of the promising candidates was tetrakis[perfluoro-tert-butoxy]aluminate 

(noted F9-Al) (Figure 1), which is highly hydrophobic and has similar size with F5-

TPB. It was synthesized in one step according to a known protocol from inexpensive 

lithium aluminium hydride and perfluorinated tert-butanol.  

 

Figure 1. Chemical structures and molecular models of counterions used in this study to encapsulate 

R18 dye inside polymer nanoparticles. 

After comparison of nanoparticles, loaded with R18/F9-Al, with the ones, loaded 

with R18/F5-TPB, it was found that they have similar size (Figure 2A), quantum yields 

(Figure 2B), absorption and fluorescence bands, fluorescence anisotropy (Figure 2C), 
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single particle brightness and they both blink under laser illumination. The only 

significant difference was observed in encapsulation efficiency of the two ion pairs 

inside nanoparticles - ~96% for R18/F9-Al versus ~92% for R18/F5-TPB. This 

difference becomes important during cell labelling: even at 50 mM loading, particles, 

loaded with R18/F9-Al, demonstrate no dye leaching inside the cells (Fig. 2E), while 

their R18/F5-TPB rivals do show some leaching (Fig. 2D).  

 

Figure 2. (A) Hydrodynamic diameter of NPs loaded with R18 dye and different counterions. (B) 

Quantum yield of NPs. (C) Anisotropy of NPs. (D,E) Confocal images of HeLa cells, incubated with 

R18/F5-TPB, and R18/F9-Al loaded nanoparticles, respectively. Dye loading was 50 mM. 

 

Taking to account all the aforementioned, we can conclude that counterion-

enhanced encapsulation and emission approach is not limited only to fluorinated 

derivatives of tetraphenylborate, but can be extended to other types of anions that can 

even exceed them in properties. Results of the project are under revision in Materials 

Chemistry Frontiers (minor revisions). The manuscript is enclosed below. 
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2.2.3. Bulky hydrophobic barbiturates for enhanced encapsulation 

and emission of cationic dyes inside polymer nanoparticles 

Already knowing that size and hydrophobicity of a counterion are crucial in 

counterion-enhanced emission approach, we set a goal to find an organic scaffold, 

which would allow us to create customisable anions of varying size and 

hydrophobicity. Classical examples of hydrophobic anions are anionic dyes, in which 

a single negative charge is delocalised over a long conjugation system. 

Here, oxonol should be mentioned (Figure 1, top), a dye based on a barbituric 

acid scaffold, which is a strong electron-withdrawing cycle capable of charge 

delocalisation. However, oxonol itself is coloured, which will alter the emission of the 

cationic dye in the counterion-based approach. Therefore, it was decided to take the 

barbituric scaffold of this dye, but substitute chromophoric polymethine chain with an 

electron-withdrawing acyl group.  Such C-acylbarbiturates should also have high 

charge delocalisation (Figure 1, bottom), similarly to oxonols, but no absorption of light 

in the visible region. We hypothesized, that C-acylbarbiturates may exhibit properties 

similar to fluorinated tetraphenylborates in the counterion-enhanced emission 

approach. In this work, we synthesized C-acylbarbiturates bearing various R and R’ 

groups. 

 

Figure 1. Chemical structures of oxonol dyes and C-acylbarbiturates with their resonance structures. 

For the first trials we synthesized barbiturates with R = cyclohexyl (Figure 2, 

Scheme 1) and R’ being undecyl (Compound 1) or phenyl (Compound 2).These 

molecules were readily obtained from the barbituric acid derivative and the 

corresponding carboxylic acids. The obtained barbituric acids were mixed with 

octadecylrhodamine B (R18) in DCM and washed with 10% aqueous potassium 

carbonate solution for deprotonation of barbiturates and ion exchange. However, 
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allegedly formed ion pairs of compounds 1 and 2 with cationic dye R18 were not stable 

on silica. This result could be explained by insufficient electron-withdrawing effect of 

the used acyl groups, which made possible reprotonation of the formed enolate anion 

on silica, in line with relatively high calculated pKa of 6.51 and 6.04 for compounds 1 

and 2, respectively. Therefore, to increase the acidity of the counterion’s protonated 

form, R’ group was changed to perfluorophenyl in molecule BarC6 (Figure 2, Scheme 

1). The anion of the obtained molecule could form stable enough ion pairs with R18 

for purification on silica, probably due to lower calculated pKa values (3.68). Moreover, 

we changed R groups to diphenylmethyl to obtain even bulkier perfluorophenyl 

analogue BarPh2 (Figure 2, Scheme 2). Anionic form of BarPh2 also appeared to 

form stable ion pairs with R18, in line similarly low calculated pKa values (3.98). 

 

 

 

Figure 2. Synthesis of target barbiturates: (a) malonic acid, THF; (b) dodecanoic acid, EDC-HCl, 
DMAP, DCM; (c) benzoic acid, EDC-HCl, DMAP, DCM; (d) perfluorobenzoic acid, EDC-HCl, DMAP, 
DCM; (e) CDI, THF (f) malonic acid, acetic acid, acetic anhydride; (g) perfluorobenzoic acid, EDC-

HCl, DMAP, DCM. 
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Both ion pairs of novel barbiturate anions with R18 dye, namely R18/BarC6 and 

R18/BarPh2, alongside with already known R18/F5-TPB and R18/ClO4 as  reference 

compounds, were encapsulated inside biodegradable PLGA (poly(lactide-co-

glycolide)) nanoparticles (Figure 3) using simple nanoprecipitation method from water 

miscible solvent acetonitrile135, 136. The dyes were loaded at 5, 20 and 50 mM 

concentration (with respect to polymer). 

 

 

Figure 3. Chemical structures of R18 dye and counterions that were used to encapsulate it into 
polymer nanoparticles. 

Size of the obtained nanoparticles was measured by DLS (Figure 4A). For both 

new barbiturates, similarly to F5-TPB, small (40-50 nm) nanoparticles are formed 

independently on dye loading. In contrast, ion pairs with more hydrophilic perchlorate 

counterion induce formation of much larger (>500 nm) and colloidally unstable 

nanoparticles at 50 mM dye loading, which is in line with our previous reports. This is 

explained by cationic dye adsorption at the anionic nanoparticles surface, which leads 



162 
 

to decrease of surface charge and further NPs aggregation. To evaluate quantitatively 

the dyes encapsulation efficiency in NPs, we used our previously developed protocol 

– dialysis of NPs solutions versus 1 mM beta-cyclodextrin. During this procedure all 

the non-encapsulated/adsorbed dye gets washed off, and the comparison of dye 

concentration before and after dialysis gives us the encapsulation efficiency. The 

obtained results (Figure 4D) show poor encapsulation of R18/ClO4 (~50%) and almost 

quantitative encapsulation of R18/F5-TPB. Ion pair with bulkier barbiturate, 

R18/BarPh2, also showed nearly quantitative encapsulation, while for the less bulky 

of two, R18/BarC6, encapsulation efficiency was about 70%. This signifies, that 

R18/BarC6, despite similar size of the formed NPs, probably has lower hydrophobicity 

comparing to its biphenylmethyl-substituted rival. 

At 5 mM dye loading, independently on counterion, the quantum yields of all NPs 

were high (Figure 4B). However upon increase of loading to 20 and 50 mM, 

perchlorate demonstrated its inability to prevent dye self-quenching (quantum yield 

4%), in contrast to R18/F5-TPB loaded NPs, displaying quantum yield of 55% at 50 

mM loading. Remarkably, for bulky barbiturate-based ion pair R18/BarPh2, the 

quantum yield value is also high (52%), suggesting that BarPh2 is as effective in 

preventing ACQ as the current leader, F5-TPB. Ion pair R18/BarC6 demonstrate 

quantum yields of about 20% at 50 mM loading, which is 5 times higher than for 

perchlorate, but still not as high as for F5-TPB. These results show that quantum yield 

and encapsulation efficiency of dye-loaded NPs correlate directly with bulkiness and/or 

hydrophobicity of the barbiturates. Both BacC6 and BarPh2 are much more effective 

than relatively hydrophilic anion perchlorate, but only the bulkiest anion BarPh2 

performs as effectively as F5-TPB.  
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Figure 4. Properties of the developed NPs, loaded with ion pairs of R18 dye with different 
counterions. (A) Hydrodynamic diameter according to DLS, (B) fluorescence quantum yield, (C) 

fluorescence anisotropy and (D) encapsulation efficiency. (E) Absorption and fluorescence spectra of 
NPs at 50 mM dye loading and solution of R18/ClO4 in methanol. Excitation wavelength was 520 nm. 

 

Fluorescence anisotropy measurement is one of the ways to study dye 

communication inside NPs – energy transfer from dye to dye leads to loss of 

fluorescence anisotropy135. According to our results, in case of F5-TPB and, to less 

extent, BarPh2 as counterions, dye communication is observed even at relatively low 

loading of 5 mM (Figure 4C). At 50 mM loading their fluorescence anisotropy values 

become low enough to signify ultrafast excitation energy transfer. In case of 

perchlorate or BarC6 as counterions, the anisotropy values are quite high at all 

loadings, therefore dyes communication inside NPs is weak. Such difference in 

fluorescence anisotropy values for the two cases with barbiturate counterions 

suggests different types of organisation of their R18 cationic partners inside NPs. 

Structure of counterion affects spectral properties of encapsulated R18 dye, and 

though at 5 mM loading the effect is minor, at 50 mM dye loading it becomes much 

more pronounced (Figure 4E). In line with previous studies, NPs loaded with R18/F5-

TPB have the most blue-shifted absorption maximum, while R18/ClO4-loaded NPs – 

the most red-shifted maximum and the broadest spectrum. Surprisingly, despite 

having almost the same quantum yield as R18/F5-TPB, R18/BarPh2-loaded NPs 

display significantly red-shifted absorption maximum and lower short-wavelength 
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absorption shoulder. Taking to account their similar fluorescence anisotropy and 

encapsulation efficiency values, we can assume that this difference in absorption 

properties comes directly from the structure of the counterions, not the general 

difference in dye organisation within NPs. Being intermediate in quantum yields and 

encapsulation efficiency, NPs, loaded with R18/BarC6, display intermediate position 

of absorption maximum between R18/ClO4 and R18/F5-TPB dye-loaded NPs. Similar 

bathochromic and hypsochromic shifts are observed in fluorescence spectra. 

 

 

Figure 5. Single-particle fluorescence properties of the tested dye-loaded PLGA NPs. Top: Wide-field 
fluorescence images of QD585 (A), R18/F5-TPB (B), R18/BarC6 (C) and R18/BarPh2 (D) NPs at 50 

mM dye loading. Identical imaging conditions were applied for dye-loaded NPs (excitation power 
density of 1.6 W/cm2 at 550 nm), ten times higher illumination power was used for QDs.  
Bottom: Typical single-particle fluorescence traces of NPs loaded with R18/F5-TPB (E),  

R18/BarC6 (F) and R18/BarPh2 (G), recorded at the same conditions. 

 

Single particle brightness was tested by wide-field microscopy. 50 mM loaded 

NPs of R18/BarPh2, R18/BarC6 and R18/F5-TPB were illuminated by LED at 550 nm 

and compared with commercial quantum dots of the same emission region, QD585 

(Figure 5, top). All of the tested dye-loaded NPs appear to be much brighter than 

quantum dots QD585: R18/BarPh2, R18/BarC6 and R18/F5-TPB-loaded NPs are 40, 

51 and 45 times brighter, respectively. Brightness of R18/BarC6 (Figure 5C) NPs is 

surprisingly high, even slightly exceeding the brightness of R18/BarPh2 (Figure 5D) 

and R18/F5-TPB (Figure 5B) NPs, despite having more than two times lower quantum 

yield and lower encapsulation efficiency. This peculiar behaviour of NPs can be 
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explained from single particle fluorescence intensity traces. In the case of R18/BarPh2 

(Figure 5G) and R18/F5-TPB (Figure 5E) NPs we can observe the ON/OFF switching 

of fluorescence of the whole particle (blinking). Statistical analysis based on the mean 

of three images (>1000 particles per image), suggests that blinking takes place for 

95+/-0.5% and 78+/-2% of all recorded R18/F5-TPB and R18/BarPh2 NPs, 

respectively. Such behaviour is only possible when the dyes are in close proximity 

inside the nanoparticle, making possible ultrafast energy transfer. Indeed, according 

to the anisotropy data, F5-TPB and BarPh2 may favour clustering of R18 dyes inside 

polymer matrix, as proposed in the earlier work135. In these conditions the decrease of 

brightness due to appearance of dark species inside NPs and effects like singlet-

singlet annihilation can take place. However, for the case of R18/BarC6 NPs (Figure 

5F), only a small fraction of particles is blinking (24+/-6%). This very different 

behaviour is probably due to more homogeneous distribution of fluorophores within 

R18/BarC6 NPs and inefficiency of energy transfer, which prevents decrease of 

brightness due to aforementioned effects. Absence of dyes communication in 

R18/BarC6 NPs is in line with fluorescence anisotropy measurements, confirming the 

link between the two. 

To test the obtained NPs in biological media, they were incubated with KB cells 

for 3 hours and then the cells were washed and imaged by confocal microscopy. All 

four counterions at the highest (50 mM) and lowest (5 mM) loadings were tested 

(Figure 6). R18/F5-TPB NPs at 5 mM loading (Figure 6B) appeared as bright dots, 

being localised in endosomes without dye leakage, in line with previous data. 

R18/BarPh2 and R18/BarC6 NPs at this loading showed similar behaviour (Figure 6C 

and 6D). Significant degree of leakage can be observed for R18/ClO4 NPs at 5 mM 

loading (Figure 6A) as a diffuse fluorescence inside the cells, so that endosomes are 

practically not visible. This effect becomes much more pronounced at 50 mM loading: 

due to poor encapsulation of R18/ClO4, fluorescence can be observed all over the 

intracellular compartments (Figure 6E). For both R18/F5-TPB and R18/BarC6 NPs at 

50 mM loading diffuse intracellular fluorescence starts to be visible (Figures 6F and 

6G, respectively), indicating imperfect encapsulation of these ion pairs at the highest 

loading. Remarkably, for 50 mM R18/BarPh2 NPs, no diffuse fluorescence could be 

observed (Figure 6H), indicating absence of dye leakage in biological media and, 

therefore, highly efficient encapsulation of the dye. These results suggest that novel 
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BarPh2 counterion outperforms the “golden standard” F5-TPB for bioimaging 

purposes. In this respect it is close to F9-Al anion described in the earlier chapter. 

 

Figure 6. Confocal images of KB cells incubated for 3h with dye-loaded PLGA NPs. NPs were loaded 
with R18/ClO4, R18/F5-TPB, R18/BarC6 and R18/BarPh2 at 5 and 50 mM concentrations. Excitation 
wavelength was 561 nm, emission was collected from 570 to 650 nm. Image size was 58.4x58.4 µm. 

In conclusion, this work demonstrates that counterion-enhanced encapsulation 

and emission approach is not limited to symmetrical borates or aluminates, but can be 

extended to easily obtainable and customisable barbiturates. Both new anions BarC6 

and BarPh2 can prevent self-quenching of dyes in polymer NPs and ensure small size 

of NPs without aggregation, unlike small hydrophilic perchlorate. However, the 

obtained dye-loaded NPs using BarC6 and BarPh2 present quite different 

fluorescence properties. BarPh2 is very similar to well-described F5-TPB in terms of 

high fluorescence quantum yield and blinking. BarPh2 even outperforms F5-TPB in 

cellular studies, where the former ensured no dye leakage inside the cells. By contrast, 

BarC6 allows obtaining bright and non-blinking nanoparticles, although it shows signs 

of leakage in biological media. Thus, while BarPh2 favours R18 dye clustering inside 

PLGA matrix, BarC6 produces more homogeneous distribution of dyes in the polymer 

and thus non-blinking emission. These results show that fine-tuning of the counterions 

properties, and thus properties of fluorescent NPs, can be achieved by simply altering 

substituents in the barbituric scaffold. This opens path to rational design of tailor-made 

counterions and obtaining ultrabright fluorescent NPs with desired properties. 
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Conclusions and perspectives 

 

My PhD project was dedicated to exploring and developing counterion-enhanced 

encapsulation and emission approach, and understanding the role of counterion for 

assembly of cationic dyes inside polymer nanoparticles. Several key questions about 

the approach were answered. 

In the first project we validated, that bulky hydrophobic counterions, namely 

fluorinated tetraphenylborates in that case, can decrease self-quenching in cyanine-

loaded polymer nanoparticles. However, the efficiency of preventing self-quenching 

decreases with loading and with moving from visible to NIR spectral region of 

cyanines. Small (~40 nm) and bright (20x brighter than QDs) NPs were obtained, and 

they have shown no signs of dye leakage in biological medium. Having bright 

differently coloured fluorescent NPs, which have the same surface properties, allowed 

us to develop multicolour cell barcoding system for long-term tracking of living cells. 

 The next important step of the project was to understand how and why some of 

the counterions prevent ACQ, and some – do not. Having tested ion pairs of 

octadecylrhodamine B with ten different counterions of different sizes and 

hydrophobicities, we have found that there are two main features required from a 

counterion, compatible with our approach – large size and high hydrophobicity. High 

hydrophobicity ensures complete dye encapsulation inside the NPs and allows forming 

clusters of dyes inside NPs with strong dye-dye communication, which is of great 

importance for FRET-based studies and super-resolution imaging. Hydrophilic 

counterions do not allow formation of small NPs due to low encapsulation of cationic 

dyes, which stick to NPs surface, compensate their surface charge and decrease their 

colloidal stability. Large size of a counterion, on the other hand, is crucial for preventing 

self-quenching of dyes, acting like a spacer between them. Importantly, we found that 

counterions of intermediate hydrophobicity and size allow preparation of small and 

bright NPs, but do not favour dye communication and particle blinking, which can be 

useful for tracking applications. 

Already knowing the requirements for counterions and their role in preparation of 

dye-loaded NPs, we found several new counterions to substitute fluorinated 

tetraphenylborates. Tetrakis[perfluoro-tert-butoxy]aluminate appeared to perfectly 
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replace F5-TPB in ultra-bright dye-loaded fluorescent polymer NPs. Particles, based 

on it, had the same size, brightness and dye communication as the ones, based on 

F5-TPB. Moreover, due to the higher hydrophobicity of F9-Al, NPs based on it show 

no leakage in biological environment even at high loadings (50 mM), while their F5-

TPB-based rivals demonstrate some dye leakage in these conditions. 

Despite working very well, even Al-F9 counterion has a drawback – it has little 

potential for chemical modification, customisation and, as a result, fine-tuning of 

properties of NPs. Therefore, we developed two barbiturate-based counterions, both 

of which are bulky, hydrophobic and capable to decrease ACQ. And while more bulky 

and hydrophobic of them, BarPh2, resembles F5-TPB in almost everything, it still 

beats it in cellular imaging, where it shows much less dye leakage. On the other hand, 

less bulky and hydrophobic BarC6, has significantly lower dye communication and 

fraction of blinking particles. The most important thing about barbiturate counterions 

is their potential for chemical modification – the scaffold has three sites for facile and 

independent modification, providing endless variations of customisable tailor-made 

counterions. The latter could be used for fine-tuning of fluorescent NPs properties with 

a high degree of creative freedom. 

Obtained results provide a solid basis for counterion-enhanced encapsulation 

and emission concept in preparation of dye-loaded fluorescent NPs. The work 

revealed that the concept can be extended to a large variety of cationic dyes, notably 

cyanines and the design of counterion enables fine tuning of optical properties of NPs. 

We could extend this approach to a number of unexplored counterions, which shows 

the new attractive research direction on developing novel counterions for precise 

control of NPs properties. In particular it will be important to obtain counterions that 

would be compatible with near-infrared dyes, because the currently studied anions are 

not so effective. It will be also important to further tune counterion properties in order 

to obtain particles with either perfect ON/OFF switching or stable emission. Finally, 

surface modification of the polymer would allow to further decrease the NPs size, 

increase stability, and most importantly – target biomolecules and build sensors and 

probes based on ultra-bright NPs. 



169 
 

3. Materials and Methods 

 

All starting materials for synthesis were purchased from Alfa Aesar, Sigma 

Aldrich, Fluorochem or TCI Europe and used as received unless stated otherwise. 

NMR spectra were recorded on a Bruker Avance III 400 MHz and 500 MHz 

spectrometers. Mass spectra were obtained using an Agilent Q-TOF 6520 mass 

spectrometer. MilliQ-water (Millipore) was used in all experiments. 
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3.1. Chemical synthesis 

3.1.1. Fluorescent Polymer Nanoparticles for Cell Barcoding In Vitro 

and In Vivo 

 

DiO-F5. DiO-Cl (1 eq., 8 mg, 0.00907 mmol)   and lithium 

tetrakis(pentafluorophenyl)borate (F5) (3 eq., 26.7 mg, 0.0272 mmol) were mixed in 

0.5 ml of dichloromethane, TLC has shown instant conversion. Product was purified 

by TLC using dichloromethane/methanol 95/5 as eluent. After evaporation of solvents 

11 mg of DiO-F5 was obtained (83% yield). 1H NMR (500 MHz, acetone-d6) δ ppm 

0.85 - 0.90 (6 H, m) 1.25 - 1.30 (52 H, m) 1.36 - 1.43 (4 H, m) 1.47 - 1.54 (4 H, m) 1.93 

- 2.00 (4 H, m)  4.34 (4 H, t, J=7.48 Hz) 6.13 (2 H, d) 7.45 - 7.53 (4 H, m) 7.70 (2 H, br 

d, J=7.94 Hz) 7.73 (2 H, br d, J=7.94 Hz) 8.56 (1 H, t, J=13.25 Hz). 19F NMR (376 

MHz, acetone-d6) δ ppm -168.36 (8 F, br t, J=17.16 Hz) -164.42 (4 F, br t, J=19.45 

Hz) -133.03 (8 F, s). 11B NMR (128 MHz, acetone-d6) δ ppm -11.39 (1 B, s). 13C NMR 

(126 MHz, acetone-d6) δ ppm 13.46 (s), 22.44 (s), 26.46 (s), 27.77 (s), 28.89 (s), 28.95 

(s), 29.04 (s), 29.07 (s), 29.19 (s), 29.30 (s), 29.35 (s), 29.45 (s), 29.48 (s), 29.50 (s), 

29.51 (s), 29.52 (s), 31.76 (s), 44.29 (s), 85.06 (s), 110.83 (s), 111.19 (s), 125.31 (s), 

126.10 (s), 131.63 (s), 147.02 (s), 147.26 (s), 162.46 (s). HRMS (m/z): [M]+ calcd. 

781.6606; found 781.6605; [M]-  calcd. 678.9779; found 678.9768. 
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DiO-F12. DiO-Cl (1 eq., 8 mg, 0.00907 mmol) and sodium tetrakis[3,5-bis(1,1,1,3,3,3-

hexafluoro-2-methoxy-2-propyl)phenyl]borate trihydrate (F12) (2 eq., 33.3 mg, 0.0181 

mmol)  were mixed in 0.5 ml of dichloromethane, TLC has shown instant conversion. 

Product was purified by TLC using dichloromethane/methanol 95/5 as eluent. After 

evaporation of solvents 17 mg of DiO-F12 was obtained (74 % yield). 1H NMR (500 

MHz, acetone-d6) δ ppm 0.86 - 0.89 (6 H, m) 1.28 (52 H, s) 1.37 - 1.42 (4 H, m) 1.48 

- 1.53 (4 H, m) 1.94 - 2.00 (4 H, m) 3.30 (24 H, s) 4.34 (4 H, t, J=7.48 Hz) 6.14 (2 H, 

d) 7.43 (4 H, s) 7.46 - 7.49 (2 H, m) 7.51 (2 H, dd, J=7.78, 1.07 Hz) 7.59 (8 H, br s) 

7.70 (2 H, d, J=7.63 Hz) 7.74 (2 H, d, J=7.94 Hz) 8.56 (1 H, m). 19F NMR (376 MHz, 

acetone-d6) δ ppm -71.69 (48 F, s). 11B NMR (128 MHz, acetone-d6) δ ppm -0.65 (1 

B, s). 13C NMR (126 MHz, acetone-d6) δ ppm 13.46 (s), 22.44 (s), 26.46 (s), 27.77 (s), 

29.04 (s), 29.07 (s), 29.19 (s), 29.30 (s), 29.35 (s), 29.45 (s), 29.48 (s), 29.49 (s), 29.50 

(s), 29.52 (s), 31.75 (s), 44.29 (s), 53.24 (s), 83.33 (sept, J=28 Hz), 110.84 (s), 111.19 

(s), 121.50 (s), 122.83 (s), 123.81 (s), 125.29 (dd), 125.31 (s), 126.10 (s), 131.63 (s), 

136.98 (s), 147.03 (s), 147.10 (s), 162.13 (dd), 162.44 (s), 162.46 (s). HRMS (m/z): 

[M]+ calcd. 781.6606; found 781.6614; [M]-  calcd. 1759.1742; found 1759.1720. 

  



172 
 

 

DiI-F5. DiI-Cl (1 eq., 10 mg, 0.0104 mmol) and lithium 

tetrakis(pentafluorophenyl)borate (F5) (3 eq., 30.6 mg, 0.0312 mmol) were mixed in 

0.5 ml of dichloromethane, TLC has shown instant conversion. Product was purified 

by TLC using dichloromethane/methanol 95/5 as eluent. After evaporation of solvents 

13 mg of DiI-F5 was obtained (83% yield). 1H NMR (500 MHz, acetone-d6) δ ppm 0.84 

- 0.89 (6 H, m) 1.25 - 1.33 (52 H, m) 1.36 - 1.43 (4 H, m) 1.46 - 1.52 (4 H, m) 1.83 (12 

H, s) 1.86 - 1.92 (4 H, m) 4.23 (4 H, t, J=7.63 Hz) 6.58 (2 H, d, J=13.43 Hz) 7.33 (2 H, 

t, J=6.53 Hz) 7.45 - 7.49 (4 H, m) 7.63 (2 H, d, J=7.63 Hz) 8.62 (1 H, t, J=13.58 Hz). 

19F NMR (376 MHz, acetone-d6) δ ppm -168.33 (8 F, br t, J=18.31 Hz) -164.40 (4 F, 

br t, J=20.03 Hz) -133.01 (8 F, s). 11B NMR (128 MHz, acetone-d6) δ ppm -16.60 (1 

B, s). 13C NMR (126 MHz, acetone-d6) δ ppm 13.47 (s), 22.45 (s), 26.59 (s), 27.31 (s), 

27.33 (s), 29.04 (s), 29.18 (s), 29.20 (s), 29.34 (s), 29.39 (s), 29.41 (s), 29.49 (s), 29.53 

(s), 29.54 (s), 31.76 (s), 44.22 (s), 49.45 (s), 102.58 (s), 111.46 (s), 122.44 (s), 125.55 

(s), 128.78 (s), 141.00 (s), 142.23 (s), 150.69 (s), 174.68 (s). HRMS (m/z): [M]+ calcd. 

833.7646; found 833.7680; [M]-  calcd. 678.9779; found 678.9771. 

 

 

 



173 
 

 

 

DiI-F12. DiI-Cl (1 eq., 10 mg, 0.0104 mmol) and sodium tetrakis[3,5-bis(1,1,1,3,3,3-

hexafluoro-2-methoxy-2-propyl)phenyl]borate trihydrate (F12) (2 eq., 38.2 mg, 0.0208 

mmol) were mixed in 0.5 ml of dichloromethane, TLC has shown instant conversion. 

Product was purified by TLC using dichloromethane/methanol 95/5 as eluent. After 

evaporation of solvents 22 mg of DiI-F12 was obtained (82 % yield). 1H NMR (500 

MHz, acetone-d6) δ ppm 0.84 - 0.90 (6 H, m) 1.25 - 1.32 (52 H, m) 1.37 - 1.44 (4 H, 

m) 1.47 - 1.53 (4 H, m) 1.84 (12 H, s) 1.89 (4 H, quin, J=7.63 Hz 3.30 (24 H, s) 4.24 

(4 H, t, J=7.48 Hz) 6.59 (2 H, d, J=13.43 Hz) 7.34 (2 H, t, J=6.71 Hz) 7.41 - 7.50 (8 H, 

m) 7.57 - 7.65 (10 H, m) 8.62 (1 H, t, J=13.43 Hz). 19F NMR (376 MHz, acetone-d6) δ 

ppm -71.69 (48 F, s). 11B NMR (128 MHz, acetone-d6) δ ppm -5.85 (1 B, s). 13C NMR 

(126 MHz, acetone-d6) δ ppm 13.46 (s), 22.44 (s), 26.58 (s), 27.31 (s), 27.34 (s), 29.04 

(s), 29.18 (s), 29.19 (s), 29.34 (s), 29.35 (s), 29.39 (s), 29.48 (s), 29.52 (s), 29.53 (s), 

31.76 (s), 44.22 (s), 49.46 (s), 53.23 (s), 83.33 (sept, J=28 Hz), 102.60 (s), 111.48 (s), 

119.21 (s), 121.51 (s), 122.66 (q), 122.45 (s), 122.83 (s), 123.81 (s), 125.29 (dd), 

125.56 (s), 126.11 (s), 128.80 (s), 136.98 (s), 141.01 (s), 142.24 (s), 150.69 (s), 162.13 

(dd), 174.68 (s). HRMS (m/z): [M]+ calcd. 833.7646; found 833.7641; [M]-  calcd. 

1759.1742; found 1759.1754. 
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DiD-F5. DiD-Cl (1 eq., 12 mg, 0.011 mmol) and lithium 

tetrakis(pentafluorophenyl)borate (F5) (3 eq., 22.7 mg, 0.0331 mmol) were mixed in 

0.5 ml of dichloromethane, TLC has shown instant conversion. Product was purified 

by TLC using dichloromethane/methanol 95/5 as eluent. After evaporation of solvents 

15 mg of DiD-F5 was obtained (83% yield). 1H NMR (500 MHz, acetone-d6) δ ppm 

0.87 (6 H, t, J=6.71 Hz) 1.25 - 1.31 (52 H, m) 1.37 - 1.43 (4 H, m) 1.49 (4 H, quin, 

J=7.48 Hz) 1.73 (12 H, s) 1.86 (4 H, quin, J=7.55 Hz) 4.20 (4 H, t, J=7.63 Hz) 6.40 (2 

H, d) 6.65 (1 H, t, J=12.51 Hz) 7.28 (2 H, t, J=7.04 Hz) 7.39 - 7.45 (4 H, m) 7.57 (2 H, 

d, J=7.32 Hz) 8.42 (2 H, t, J=13.05 Hz). 19F NMR (376 MHz, acetone-d6) δ ppm -

168.31 (8 F, br t, J=17.17 Hz) -164.39 (4 F, br t, J=20.03 Hz) -133.00 (8 F, s). 11B NMR 

(128 MHz, acetone-d6) δ ppm -16.61 (1 B, s). 13C NMR (126 MHz, acetone-d6) δ ppm 

13.47 (s), 22.45 (s), 26.56 (s), 26.92 (s), 27.22 (s), 29.05 (s), 29.15 (s), 29.20 (s), 29.33 

(s), 29.35 (s), 29.37 (s), 29.47 (s), 29.49 (s), 29.50 (s), 29.52 (s), 29.53 (s), 31.76 (s), 

43.91 (s), 49.28 (s), 103.21 (s), 111.07 (s), 122.32 (s), 125.05 (s), 125.30 (s), 128.59 

(s), 141.35 (s), 142.37 (s), 154.04 (s), 173.29 (s). HRMS (m/z): [M]+ calcd. 859.7803; 

found 859.7834; [M]-  calcd. 678.9779; found 678.9766. 
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DiD-F12. DiD-Cl (1 eq., 8 mg, 0.0081 mmol) and sodium tetrakis[3,5-bis(1,1,1,3,3,3-

hexafluoro-2-methoxy-2-propyl)phenyl]borate trihydrate (F12) (2 eq., 29.8 mg, 0.0162 

mmol) were mixed in 0.5 ml of dichloromethane, TLC has shown instant conversion. 

Product was purified by TLC using dichloromethane/methanol 95/5 as eluent. After 

evaporation of solvents 15 mg of DiD-F12 was obtained (71 % yield). 1H NMR (500 

MHz, acetone-d6) δ ppm 0.84 - 0.90 (6 H, m) 1.28 (52 H, s) 1.37 - 1.44 (4 H, m) 1.47 

- 1.53 (4 H, m) 1.74 (12 H, s) 1.87 (4 H, quin, J=7.55 Hz) 3.30 (24 H, s) 4.20 (4 H, t, 

J=7.48 Hz) 6.42 (2 H, d, J=13.73 Hz) 6.67 (1 H, t, J=12.36 Hz) 7.28 (2 H, t, J=7.21 Hz) 

7.39 - 7.45 (8 H, m) 7.56 - 7.61 (10 H, m) 8.42 (2 H, t, J=12.97 Hz). 19F NMR (376 

MHz, acetone-d6) δ ppm -71.68 (48 F, s). 11B NMR (128 MHz, acetone-d6) δ ppm -

5.85 (1 B, s). 13C NMR (126 MHz, acetone-d6) δ ppm 13.47 (s), 22.45 (s), 26.56 (s), 

26.92 (s), 27.23 (s), 29.04 (s), 29.14 (s), 29.19 (s), 29.33 (s), 29.35 (s), 29.37 (s), 29.47 

(s), 29.49 (s), 29.50 (s), 29.52 (s), 29.53 (s), 31.76 (s), 43.91 (s), 49.28 (s), 53.24 (s), 

83.33 (sept, J=28 Hz), 103.23 (s), 111.08 (s), 119.22 (s), 121.51 (s), 122.33 (s), 122.83 

(s), 123.81 (s), 125.06 (s), 125.29 (dd), 126.11 (s), 128.59 (s), 136.99 (s), 141.35 (s), 

142.38 (s), 154.04 (s), 162.13 (dd), 173.30 (s). HRMS (m/z): [M]+ calcd. 859.7803; 

found 859.7840; [M]-  calcd. 1759.1742; found 1759.1753. 

 

 

 



176 
 

3.1.2. Counterion-enhanced encapsulation and emission of cationic 

dyes in polymeric nanoparticles: the role of counterion nature. 

 

 

N(Me)4/F5-3PB-OH. Tris(pentafluorophenyl)borane (1 eq., 200 mg, 0.391 mmol) was 

dissolved in 1 ml of DCM    and tetramethylammonium hydroxide solution (25% w/w, 

aqueous) (10 eq., 1.4 mL, 3.91 mmol) was added. This two-phase system was stirred 

vigorously for 10 min, then phases were separated and aqueous phase was extracted 

two times with DCM. All DCM fractions were combined, dried over sodium sulphate, 

and after solvent evaporation 197 mg (0.328 mmol, 84%) of tetramethylammonium 

hydroxytris(pentafluorophenyl)borate (N(Me)4/F5-3PB-OH) was obtained as white 

crystals. 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -136.66 (1 F, d, J=23 Hz), -164.15 (1F, br 

t, J=20 Hz), -167.93 (1 F, br t, J=19 Hz) 

11B NMR (128 MHz, acetonitrile -d3) δ ppm -4.00 (1 B, s) 

1H NMR (400 MHz, acetonitrile-d3) δ ppm 3.06 (12 H, br s), 1.50 (1 H, br s) 
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General protocol for preparation of Rhodamine-counterion pairs 

Rhodamine-counterion pairs were obtained according to a following ion exchange 

general procedure: 

10 mg (0.012 mmol) of Rhodamine B octadecyl ester perchlorate (R18/ClO4) was 

mixed with 3-10 equivalents of appropriate counterion salt in DCM and the mixture 

was sonicated for 5 minutes. Products of ion exchange were purified on preparative 

TLC plates using DCM/MeOH mixtures as eluent. Results are summarised in the table 

below (Table S1). 

 

 

 

 

Table S1 – Conditions for ion exchange to obtain R18-counterion pairs. 

 

Product Starting  
counterion salt 

Equivalents 
of  counterion 
salt 

Eluent  
(DCM/MeOH) 

Product 
yield, % 

R18/BF4 NaBF4 10 90/10 54 

R18/PF6 KPF6 10 90/10 71 

R18/B(CN)4 KB(CN)4 3 90/10 68 

R18/B(CF3)4 KB(CF3)4 3 90/10 78 

R18/F5-3PB-OH N(Me)4/F5-3PB-OH 3 90/10 73 

R18/B21H18 KB21H18 3 95/5 91 

R18/F5-TPB Li/F5-TPB 3 95/5 95 

R18/F6-TPB K/F6-TPB 3 95/5 93 

R18/F12-TPB Na/F12-TPB 3 95/5 96 
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R18/BF4 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -151.82 (s) (10B coupling), -151.87 (s) (11B 

coupling) 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -1.18 (s) 

 

 

 

 

 

 

 

R18/PF6 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -72.93 (d, J=706 Hz) 

31P NMR (162 MHz, acetonitrile-d3) δ ppm -144.65 (sept, J=706 Hz) 

HRMS (m/z): [M]-  calcd. 144.9647; found 144.9658. 
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R18/B(CN)4 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -38.64 (s) 

 

 

 

R18/B(CF3)4 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -62.91 (q, J=26 Hz) 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -19.02 (m, J=26 Hz) 

HRMS (m/z): [M]-  calcd. 285.9938; found 285.9943. 
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R18/F5-3PB-OH 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -136.53 (2 F, d, J=23 Hz), -163.95 (1F, br 

t, J=19 Hz), -167.83 (2 F, br t, J=19 Hz) 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -4.02 (1 B, s) 

HRMS (m/z): [M]-  calcd. 528.9886; found 528.9866. 

 

 

 

R18/B21H18 

11B NMR (128 MHz, acetonitrile-d3) δ ppm 4.67 (6 B, d, J=170 Hz), 1.83 (6 B, d, J=144 

Hz), -18.44 (6 B, d, J=144 Hz), -20.60 (3 B, s) 

MS (m/z): [M]-  calcd. 245.3513; found 245.36073. 
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R18/F5-TPB 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -133.66 (2 F, s), -163.89 (1 F, br t, J=19 

Hz), -168.26 (2 F, br t, J=17 Hz) 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -16.70 (1 B, s) 

HRMS (m/z): [M]-  calcd. 678.9779; found 678.97267. 

 

 

 

R18/F6-TPB 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -63.21 (1 F, s) 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -6.66 (1 B, s) 

HRMS (m/z): [M]-  calcd. 863.0654; found 863.0607. 
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R18/F12-TPB 

19F NMR (376 MHz, acetonitrile-d3) δ ppm -71.82 (1 F, s) 

11B NMR (128 MHz, acetonitrile-d3) δ ppm -5.94 (1 B, s) 

HRMS (m/z): [M]-  calcd. 1759.1810; found 1759.1742. 

 

3.1.3. Aluminium-based fluorinated counterion for enhanced 

encapsulation and emission of dyes in biodegradable polymer 

nanoparticles 

Li[F9-Al] 

 

An oven-dried 250 ml 3-necked flask with a stirring bar was vacuumated and 

argonated several times, afterwards 1M LiAlH4 solution in ether (1 eq., 20 mL, 20 

mmol) was added through a syringe and the flask was put on a rotavap to evaporate 

ether. After the liquid was evaporated, temperature of the bath was increased to 80 oC 

and LAH was left do dry for 2,5 hours more at this temperature. After drying and 

cooling, the flask was argonated and put to an oil bath on the stirring plate; a reflux 
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condenser and a bubbler outlet were attached. The system was vacuumated and 

argonated 3 times, and dry toluene (70 mL) was added through a syringe. 3 ml of 

perfluoro-tert-butanol were added while stirring, but no gas evolution was observed, 

and reaction mixture was heated to 80 oC, when the strong gas evolution started and 

reaction mixture began to warm itself, so it was taken out of the bath until the reaction 

mixture calmed down. Afterwards, the flask was put back into an oil bath, and the rest 

of perfluoro-tert-butanol (11 ml, 5eq in total) was added dropwise. 

Reaction mixture was left for 2 hrs at 80 oC and then temperature was risen to 100oC 

for one hour, afterwards the reaction was left at 50 oC over the weekend. 

Afterwards, the reaction mixture was heated up to reflux and hot filtration was 

performed, separating greyish insoluble powder from toluene solution. Solution was 

let to cool down, put to freezer, and precipitated white crystals were filtered and 

washed with cold toluene and dried under vacuum, which yielded 5.23 g (5.37 mmol, 

27 %) of Li[F9-Al]. 

Decreased product yields and weaker reactivity of LAH comparing to original protocol 

could be explained by insufficiently dry toluene and/or argon. 

19F NMR (376 MHz, DMSO-d6) δ ppm -75.10 (s) 

MS (m/z): [M]- calcd. for C16AlF36O4, 966.904; found 966.815 

 

R18/F9-Al 

 

 

Rhodamine B octadecyl ester perchlorate (1 eq., 8 mg, 0.0101 mmol) and Li[F9-Al] (3 

eq., 29.4 mg, 0.0302 mmol) were mixed in DCM and sonicated for 20 sec, TLC 

(MeOH/DCM 5/95) has shown full conversion. Product was purified by column 
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chromatography on silica, using DCM/MeOH 98/2 as eluent. After evaporation of 

solvents purple viscous oil of R18/F9-Al was obtained (15.2 mg, 0.00915 mmol, 91 %) 

1H NMR (500 MHz, acetonitrile-d3) δ ppm 8.30 (1 H, d, J=7.7 Hz), 7.80 - 7.87 (2 H, m), 

7.40 (1 H, d, J=7.4 Hz), 7.11 (2 H, d, J=9.5 Hz), 6.97 (2 H, dd, J=9.6, 2.6 Hz), 6.86 (2 

H, d, J=2.4 Hz), 3.94 (2 H, t, J=6.4 Hz), 3.64 (8 H, q, J=7.3 Hz), 1.23 - 1.30 (40 H, m), 

1.09 - 1.16 (4 H, m), 0.94 - 0.97 (2 H, m), 0.89 - 0.92 (3 H, m) 

13C NMR (126 MHz, acetonitrile-d3) δ ppm 166.07 (s), 163.53 (s), 159.30 (s), 158.42 

(s), 156.28 (s), 133.73 (s), 133.34 (s), 131.87 (s), 131.66 (s), 131.21 (s), 130.87 (s), 

130.75 (s), 121.78 (q, J=288Hz), 114.90 (s), 114.08 (s), 96.49 (s), 66.05 (s), 46.25 (s), 

32.25 (s), 29.99 (s), 29.98 (s), 29.97 (s), 29.96 (s), 29.89 (s), 29.87 (s), 29.68 (s), 29.68 

(s), 29.47 (s), 28.60 (s), 26.13 (s), 23.00 (s), 13.99 (s), 12.39 (s) 

19F NMR (471 MHz, acetonitrile-d3) δ ppm -75.98 (s) 

HRMS (m/z): [M]+ calcd. for C46H67N2O3
+, 695.51517; found 695.51376 

[M]- calcd. for C16AlF36O4, 966.90371; found 966.89781 

 

 

3.1.4. Bulky hydrophobic barbiturates for enhanced encapsulation 

and emission of cationic dyes inside polymer nanoparticles 

 

 

1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione 

N-(2-cyclohexylethenylidene)cyclohexanamine (2.1 eq., 41.4 g, 201 mmol) and 

malonic acid (1 eq., 10 g, 96.1 mmol) were mixed in 200 ml of dry THF, slight heating 

of the system was observed. Reaction was left at stirring for about an hour, during 

which the precipitate of urea was formed. The precipitate was filtered off, filtrate was 
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collected, evaporated under reduced pressure and the obtained solid was 

recrystallized from ethanol. Obtained 1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione (25 

g, 85.5 mmol, 89 %) as white solid.   

1H NMR (400 MHz, chloroform-d) δ ppm 4.59 (2 H, tt), 3.59 (2 H, s), 2.24 (4 H, dd,), 

1.84 (2 H, br s), 1.81 (2 H, br s), 1.58 - 1.67 (6 H, m), 1.14 - 1.40 (6 H, m). 

 

 

 

 

 

 

Compound 1 (1,3-dicyclohexyl-5-dodecanoyl-1,3-diazinane-2,4,6-trione) 

1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione (1 eq., 500 mg, 1.71 mmol), dodecanoic 

acid (1.3 eq., 445 mg, 2.22 mmol) and DMAP (1.2 eq., 250 mg, 2.05 mmol) were mixed 

in 10 ml of dry DCM. Afterwards EDCI (1.5 eq., 491 mg, 2.57 mmol) was added to the 

mixture and reaction was left to stir overnight. The next day the reaction mixture was 

diluted with 30 ml of ethyl acetate and washed with 1M HCl (2x) and water (2x). 

Organic layer was dried with magnesium sulphate, filtered and evaporated. Obtained 

oil was purified by gradient column chromatography using DCM/MeOH 99/1 - 9/1 as 

eluent. 1,3-dicyclohexyl-5-dodecanoyl-1,3-diazinane-2,4,6-trione (compound 1) (583 

mg, 1.23 mmol, 72 %) was obtained as a colourless viscous oil. 

1H NMR (400 MHz, chloroform-d) δ ppm 4.73 (1 H, tt), 4.70 (1 H, tt), 3.10 (2 H, t), 2.28 

- 2.37 (4 H, m), 1.79 - 1.88 (4 H, m), 1.57 - 1.72 (8 H, m), 1.21 – 1.42 (22 H, m) 0.88 

(3 H, t). 
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13C NMR (101 MHz, chloroform-d) δ ppm 200.06 (s), 170.30 (s), 161.20 (s), 37.34 (s), 

31.93 (s), 29.64 (s), 29.63 (s), 29.61 (s), 29.53 (s), 29.51 (s), 29.39 (s), 29.35 (s), 29.17 

(s), 29.05 (s), 26.49 (s), 26.45 (s), 25.67 (s), 25.33 (s), 25.25 (s), 22.70 (s), 14.12 (s) 

HRMS (m/z): [M+H] calcd. 475.3530; found 475.3300. 

 

 

Compound 2 (5-benzoyl-1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione) 

1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione (1 eq., 500 mg, 1.71 mmol) , benzoic acid 

(1.3 eq., 271 mg, 2.22 mmol)  and DMAP (1.2 eq., 250 mg, 2.05 mmol) were mixed in 

10 ml of dry DCM. Afterwards EDCI (1.5 eq., 491 mg, 2.57 mmol) was added to the 

mixture and reaction was left to stir overnight. The next day the reaction mixture was 

diluted with 30 ml of ethyl acetate and washed with 1M HCl (2x) and water (2x). 

Organic layer was dried with magnesium sulphate, filtered and evaporated. Obtained 

oil was purified by gradient column chromatography using DCM/MeOH 99/1 - 9/1 as 

eluent. 5-benzoyl-1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione (compound 2)  was 

obtained as a white solid. 

1H NMR (400 MHz, chloroform-d) δ ppm 7.51 - 7.56 (3 H, m), 7.42 - 7.48 (2 H, m), 

4.76 (1 H, tt), 4.67 (1 H, tt), 2.22 – 2.46 (4 H, m), 1.90 (1 H, br s), 1.87 (1 H, br s), 1.65 

– 1.83 (4 H, m), 1.52 - 1.65 (4 H, m), 1.22 - 1.49 (6 H, m). 

13C NMR (126 MHz, chloroform-d) δ ppm 191.77 (s), 170.62 (s), 160.33 (s), 149.73 

(s), 135.64 (s), 131.57 (s), 128.17 (s), 127.78 (s), 95.75 (s), 55.37 (s), 54.25 (s), 29.23 

(s), 28.94 (s), 26.48 (s), 26.37 (s), 25.27 (s), 25.24 (s). 

HRMS (m/z): [M+H] calcd. 397.2122; found 397.2126. 
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BarC6  

(1,3-dicyclohexyl-5-(pentafluorophenyl)carbonyl-1,3-diazinane-2,4,6-trione) 

1,3-dicyclohexyl-1,3-diazinane-2,4,6-trione (1 eq., 500 mg, 1.71 mmol), 

pentafluorobenzoic acid (1.1 eq., 398 mg, 1.88 mmol) and DMAP (1.2 eq., 250 mg, 

2.05 mmol)  were mixed in 5 ml of dry DCM. Afterwards EDCI (1.5 eq., 491 mg, 2.57 

mmol) was added to the mixture and reaction was left to stir overnight. The next day 

the reaction mixture was diluted with 30 ml of ethyl acetate and washed with 1M HCl 

(2x) and water (2x). Organic layer was dried with magnesium sulphate, filtered and 

evaporated. Obtained oil was purified by gradient column chromatography using 

DCM/MeOH 99/1 - 9/1 as eluent. 1,3-dicyclohexyl-5-(pentafluorophenyl)carbonyl-1,3-

diazinane-2,4,6-trione (582 mg, 1.2 mmol, 70 %) (BarC6) was obtained as a white-

yellowish solid. 

1H NMR (400 MHz, chloroform-d) δ ppm 4.75 (1 H, tt), 4.60 (1 H, tt), 2.29 - 2.42 (2 H, 

m), 2.16 - 2.28 (2 H, m), 1.91 (1 H, b s), 1.88 (1 H, br s), 1.73 - 1.82 (4 H, m), 1.49 - 

1.66 (4 H, m), 1.10 - 1.44 (6 H, m). 

13C NMR (126 MHz, chloroform-d) δ ppm 178.45 (s), 170.00 (s), 165.04 (s), 159.45 

(s), 149.04 (s), 143.2 (d), 142.55 (d), 137.48 (d), 111.83 (s), 98.69 (s), 56.07 (s), 54.82 

(s), 29.15 (s), 29.14 (s), 28.81 (s), 26.36 (s), 26.38 (s), 26.30 (s), 25.14 (s). 

19F NMR (376 MHz, chloroform-d) δ ppm -140.65 (2F, d), -150.75 (1F, t), -160.90 (2F, 

t). 

HRMS (m/z): [M+H] calcd. 487.1651; found 487.1654. 
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1,3-bis(diphenylmethyl)urea 

Aminodiphenylmethane (1 eq., 10 g, 9.43 mL, 54.6 mmol) was dissolved in 50 ml of 

dry THF and cdi (0.7 eq., 6.19 g, 38.2 mmol) was added. Reaction was left to reflux 

under stirring for 1h, TLC after acidic micro-workup has shown the presence of both 

urea product and amine reagent, therefore another portion of cdi (0.7 eq., 6.19 g, 38.2 

mmol) was added and reflux was continued for another 2 hrs. After cooling of the 

mixture 10 ml of 1M aqueous HCl was added, left to stir for another 10 mins, white 

precipitate of urea was filtered off, washed with 1M HCl and cold ethanol. The solid 

was further recrystallized from ethanol to obtain 1,3-bis(diphenylmethyl)urea (6.5 g, 

16.6 mmol, 43 %) as white solid. 

1H NMR (400 MHz, DMSO-d6) δ ppm 7.30 - 7.35 (8 H, m), 7.21 - 7.28 (12 H, m), 6.95 

(2 H, d), 5.88 (2 H, d). 

 

1,3-bis(diphenylmethyl)-1,3-diazinane-2,4,6-trione 

1,3-bis(diphenylmethyl)urea (1 eq., 1000 mg, 2.55 mmol) and malonic acid (1 eq., 265 

mg, 2.55 mmol) were mixed in 3 ml of acetic acid. 1 ml of acetic anhydride was added 

and reaction mixture was stirred at 90 oC for 2h until it became completely 

homogenous. The TLC has shown presence of the starting urea and another 1 ml of 

acetic anhydride was added and heating continued for another 2h. After TLC has 
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shown disappearance of the starting urea, the reaction was cooled down, poured into 

5x volume of water and extracted with DCM (x3). DCM fractions were collected, dried 

with magnesium sulphate, filtered and evaporated. Obtained mixture was purified by 

gradient column chromatography using DCM/MeOH 99/1 - 9/1 as eluent to obtain 1,3-

bis(diphenylmethyl)-1,3-diazinane-2,4,6-trione (269 mg, 0.586 mmol, 23 %) as white 

solid. 

1H NMR (400 MHz, chloroform-d) δ ppm 7.22 - 7.30 (20 H, m), 7.17 (2 H, s), 3.65 (2 

H, s). 

13C NMR (126 MHz, chloroform-d) δ ppm 164.47 (s), 150.88 (s), 137.58 (s), 128.64 

(s), 128.34 (s), 127.70 (s), 60.57 (s), 40.94 (s). 

HRMS (m/z): [M+H] calcd. 461.1860; found 461.18535. 

 

 

BarPh2  

(1,3-bis(diphenylmethyl)-5-(penta-fluorophenyl)carbonyl-1,3-diazinane-2,4,6-

trione) 

1,3-bis(diphenylmethyl)-1,3-diazinane-2,4,6-trione (1 eq., 50 mg, 0.109 mmol) , 

pentafluorobenzoic acid (1.1 eq., 25.3 mg, 0.119 mmol) and DMAP (1.2 eq., 15.9 mg, 

0.13 mmol) were mixed in 0.5 ml of dry DCM. Afterwards EDCI (1.5 eq., 31.2 mg, 

0.163 mmol) was added to the mixture and reaction was left to stir overnight. The next 

day the reaction mixture was diluted with 3 ml of ethyl acetate and washed with 1M 

HCl and water. Organic layer was dried with magnesium sulphate, filtered and 

evaporated. Obtained oil was purified by gradient column chromatography using 
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DCM/MeOH 99/1 - 9/1 as eluent. 1,3-bis(diphenylmethyl)-5-(penta-

fluorophenyl)carbonyl-1,3-diazinane-2,4,6-trione (52.6 mg, 0.0803 mmol, 74 %)  

(BarPh2) was obtained as a white solid. 

1H NMR (400 MHz, acetonitrile-d3) δ ppm 7.14 – 7.40 (22H, m) 

19F NMR (376 MHz, acetonitrile-d3, drop of TFA) δ ppm -141.67 (2 F, d), -152.38 (1 F, 

t), -163.40 (2 F, t). 

HRMS (m/z): [M]- calcd. 653.1505; found 653.1496. 
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3.2. Preparation of nanoparticles 

Stock solutions of polymers in acetonitrile were prepared at a concentration of 

10 mg/ml. These solutions were then diluted with acetonitrile containing desired 

amount of dye, to the concentration of  2 mg/ml. 50 μL of the polymer solutions were 

then added rapidly, using a micropipette and under shaking, (Thermomixer comfort, 

Eppendorf, 1000 rpm) to 450 μL of 20 mM phosphate buffer (pH 7.4) at 21°C. The 

particles solution was then quickly diluted 5-fold with the same buffer 

3.3. Characterisation of nanoparticles 

Dynamic light scattering measurements were performed on a Zetasizer Nano 

ZSP (Malvern Instruments S.A.). Electron microscopy was performed on Philips 

CM120 transmission electron microscope. 

Absorption and emission spectra were recorded on a Cary 4000 scan UV-visible 

spectrophotometer (Varian) and a FluoroMax-4 spectrofluorometer (Horiba Jobin 

Yvon) equipped with a thermostated cell compartment, respectively. For standard 

recording of fluorescence spectra, the excitation wavelength was chosen to excite the 

sample optimally. The fluorescence spectra were corrected for detector response and 

lamp fluctuations. QY was calculated by comparative method, using appropriate 

reference sample. Steady-state anisotropy was measured on a Fluorolog (Jobin Yvon, 

Horiba). 
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3.4. Wide-field microscopy 

For single particle fluorescence measurements, the NPs were immobilized on a 

glass surface with an adsorbed layer of polyethyleneimine (PEI). The solutions of NPs 

were diluted to a particle concentration of about 6 pM with buffer. 400 μL of these 

solutions were then brought in contact with the PEI-covered glass for 15 min, followed 

by extensive rinsing with milliQ-water. The surfaces were left in milliQ water during the 

microscopy measurements. Quantum dots and FluoSpheres® red-orange at 6 pM 

concentration were immobilized and imaged in the same way as NPs. Single particle 

measurements were performed in the TIRF (Total Internal Reflection Fluorescence) 

mode on a homemade wide-field setup based on an Olympus IX-71 microscope with 

an oil immersion objective (NA = 1.49, 100×). The fluorescence signal was recorded 

with an EMCCD (ImagEM Hamamatsu). A DPPS (Cobolt) continuous wave (CW) laser 

emitting at 532 nm was used for excitation NPs loaded R18- and DiI-based NPs. 642 

nm diode laser (Spectra-Physics Excelsior 635) was used for excitation DiD-based 

NPs containing. 488 nm diode laser Spectra-Physics Excelsior) was used for 

excitation of DiO-based NPs.  

Single-particle microscopy experiments with barbiturate-based NPs were 

performed using another microscope recently installed in our laboratory. It is Nikon Ti-

E inverted microscope using CFI Plan Apo 60X oil (NA = 1.4) objective and a 

Hamamatsu Orca Flash 4 camera. Excitation was realized with Spectra X LED light 

source centred at 550 nm. Emission was recorded through a 600 nm band-pass filter 

(50 nm bandwidth, Semrock). Data were recorded using NIS Elements and Fiji 

software, respectively. Image analysis for both microscopes was performed using the 

Fiji software. 
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3.5. Cellular studies 

Cell culture: HeLa cells (ATCC® CCL-2™) were grown in DMEM (without 

phenol red), supplemented with 10 % heat inactivated fetal bovine serum (FBS), L-

Glutamine, Penicillin and Streptomycin. KB cells (ATCC® CCL-17™) were first 

cultured in MEM with Earle’s salts, supplemented with 10 % FBS, 1% non-essential 

amino acids (NEAA), 1 % MEM vitamins, and 40 µg/mL of Gentamicin. For 2 to 5 

passages before labeling and testing the KB cells were cultured in DMEM without folic 

acid, supplemented with 10 % FBS, L-glutamine, sodium bicarbonate (3.5 g/L), and 

40 µg/mL of Gentamicin. Chinese hamster ovary (CHO) cells were cultured in DMEM 

without phenol red, supplemented with 10 % FBS, L-Glutamine, 1% NEAA, Penicillin 

and Streptomycin. Human astrocytoma cells U87 (ATCC® HTB-14™) were cultured 

in MEM with Earle’s salts, supplemented with 10 % FBS, 1% NEAA, 1 % sodium 

pyruvate, Penicillin and Streptomycin. The human embryonic kidney cell line 293T 

(ATCC® CRL-3216™) was cultured in DMEM with 4.5 g/L glucose, supplemented with 

10 % FBS, Penicillin, and Streptomycin. The rat basophilic leukemia cell line RBL-2H3 

(ATCC® CRL-2256™) was cultured in MEM with Earle’s salts, supplemented with 15 

% FBS, Penicillin and Streptomycin. 

Cell labeling: For labeling, cells were seeded in 6 well plates at 200 000 

cells/well (21 000 cells / cm²) or at 500 000 cells/well in 25 cm² cell culture flasks (20 

000 cells / cm²). After letting the cells adhere for 18 h, the cell culture medium was 

removed and the cells were rinsed twice with optiMEM, followed by incubation with a 

freshly prepared solution of the NPs (0.15 nM in particles, 2.5 mL for 6 well plates, 10 

mL for 25 cm² cell culture flasks). NP suspensions for cell labeling were prepared 
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starting from stock solutions in 20 mM phosphate buffer at a pH of 7.4 with a particle 

concentration of 3 nM (0.04 g/L of polymer). Depending on the desired color the stock 

solutions were mixed in the needed proportions (e.g. DiO:DiI:DiD 1:0:0 for “blue”, or 

0.5:0.5:0 for “cyan”) and diluted in optiMEM to a concentration of 0.15 nM (0.002 g/L 

of polymer). After 3 h of incubation the NP suspension was removed, the cells were 

rinsed first with optiMEM, then with PBS, and finally with the corresponding cell culture 

medium. The resulting cells were then either cultured for longer periods, mixed, or 

transferred for imaging. For transfer or mixing the wells were rinsed twice with PBS 

followed by incubation for 2 to 5 min with 0.4 mL of trypsin at 37°C, and collection of 

the detached cells in 3 mL of the corresponding medium. After centrifugation and 

redispersion in 1 to 5 mL of medium (depending on the obtained number of cells), the 

cells were counted. For mixing of different cell populations, equal numbers of cells 

were combined in a centrifugation tube and thoroughly mixed before further use (for 

example “blue”, green”, and “red” cells or HeLa, KB, and CHO cells). For imaging, the 

cells, after the desired labeling, mixing, and time of culture, were seeded in LabTek 8 

well plates at 60 000 cells/well and left to adhere for at least 18 h. 

Cytotoxicity: Cells were seeded in 96-well plates at a density of 1000 cells per 

well and left to adhere for 18 h. The cells were then rinsed twice with optiMEM and 

PBS and 80 µL of optiMEM were added to each well. 20 µL of the NP solutions were 

then added per well, followed by homogenization. After incubation for 3h with the NPs 

in optiMEM, 100 µL of DMEM media containing 20 % FBS were added to each well 

without prior rinsing. The cells were then incubated for 72 h, followed by rinsing with 

PBS. After incubation of the cells in DMEM containing 0.5 gL-1 of MTT for 4h at 37°C, 

80 µL of the medium mere removed, 50 µL of DMSO were added, the plates were 

stirred for 20 min and the absorbance at 540 nm and 570 nm were recorded. For 
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calculating the relative cell viability, the absorbances were corrected by the 

absorbance of wells containing only the medium, and compared to wells with no added 

NPs. All experiments were carried out in quintuplicate. 

Doxorubicin and cell competition: HeLa cells were seeded in 25 cm² cell 

culture flasks (300 000 cells/ flask) and after adhesion for 18 h labeled with 6 different 

colors using the NPs as described above. After rinsing with Opti-MEM and DMEM, the 

cells were incubated with different concentration of doxorubicin for 24 h, with one 

doxorubicin concentration corresponding to one color. Following this incubation the 

cells were rinsed with PBS and DMEM and left for an additional 24 h. The cells were 

then rinsed again and detached using trypsin.  After counting, the differently treated 

and colored cells were mixed at equal concentrations (except for the highest 

doxorubicin concentrations, for which the survival rate was too low to obtain the same 

total cell number under similar conditions). The cells were incubated for 4 h, rinsed 

very gently with HBSS, and imaged with a confocal microscope. 

Confocal microscopy: Fluorescence imaging of the cells in chambered 

microscope slides (LabTek or Ibidi 8 well plates) was performed on a Leica TSC SPE 

confocal microscope using either a 20x air objective or a 63x oil immersion objective. 

For all rhodamine based NPs the excitation wavelength was 561 nm and emission 

was recorded from 570 nm to 650 nm. The laser power and the sensitivity of detector 

was adjusted to obtained optimal signal. In case of multicolor cyanine-loaded NPs, 

different channels were recorded as follows: excitation 405 nm, emission recorded 

from 430 nm to 480 nm (for membrane probe F2N12SM); excitation 488 nm, emission 

recorded from 495 nm to 560 nm (for DiO-based NPs); excitation 561 nm, emission 

recorded from 570 nm to 610 nm (for DiI-based NPs); excitation 635 nm, emission 

recorded from 650 nm to 750 nm (for DiD-based NPs). The power of the 405 nm laser 
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was adjusted as needed. The power of the 488, 561, and 635 nm lasers was set either 

to 10 or to 20 % of the nominal power (same for all three) and the gain and offset were 

set to the same value for all three. Three successive sequences were recorded for 

each image. 
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4. Resume of thesis in English 

 

Introduction 

 

Fluorescence imaging is a very powerful method in modern biological research, 

as it is fast, non-invasive and can be used both in vitro and in vivo. This technique 

uses different luminescent objects, like organic fluorophores1, fluorescent proteins2 or 

fluorescent/luminescent nanoparticles3. The latter are usually much brighter and 

significantly bigger than single organic fluorophores, which makes them more 

attractive, when higher brightness is important and small fluorophore size is not 

crucial. 

Inorganic nanoparticles, like metal clusters, quantum dots, carbon dots or silica 

nanoparticles are not biodegradable, moreover, some of them are made of toxic 

elements. An attractive substitution for them might be organic nanoparticles4. They 

can be made of biodegradable polymers, and encapsulation of different fluorophores 

can give any desired colour of fluorescence, independently on their size (unlike 

quantum dots or metal clusters). However, one of the major problems of organic dye-

loaded fluorescent nanoparticles is aggregation-caused quenching (ACQ) – at high 

concentrations dyes tend to form non-fluorescent aggregates inside nanoparticles, 

which strongly decreases their brightness. 

A new method of fighting ACQ was recently introduced5,6, which consisted of 

adding bulky counterions to cationic dyes. When encapsulated inside polymer 

nanoparticles, such ion pairs demonstrate minimal self-quenching, making possible 

creation of fluorescent organic nanoparticles thousands times brighter than single 

fluorophores. Moreover, such nanoparticles start behaving like single fluorophores – 

they switch on and off (blink) upon irradiation, which was unprecedented for 

nanoparticles encapsulating hundreds of dyes. 

The aim of my PhD is to develop ultra-bright dye-loaded polymer nanoparticles 

with tuneable properties, based on the concept of using bulky counterions; to 

investigate and gain control of counterion-driven self-assembly of cationic dyes inside 
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polymer nanoparticles; to find new counterions that could prevent self-quenching of 

dyes inside nanoparticles.  

 

Enhancing emission of cyanine dyes 

 

As the counterion-enhanced emission approach was validated only for 

rhodamine B derivative, it was important to show that system works for different dyes. 

We chose five cyanine dyes, emitting from green to near-infrared, and tested their ion 

pairs with four different counterions (Fig. 1A) in PLGA (poly(lactide-co-glycolide)) 

nanoparticles at different dye loadings (5, 20 and 50 mM). 

It was found that with increasing size and hydrophobicity of the counterion, 

quantum yields of fluorescent nanoparticles increase independently on the cyanine 

dye, and the most performant counterion is F12 (Fig. 1B). Size of the nanoparticles is 

also affected by counterion nature, in line with previous results: derivatives of 

tetraphenylborate enable encapsulation of dyes inside nanoparticles without changing 

their size (40-50 nm). By contrast, chloride/perchlorate counterions give nanoparticles 

of several hundreds nanometres, that are not colloidally stable. Independently of dye 

and counterion, quantum yield drops upon increasing dye loading, however in case of 

bulky F5 and F12 counterions this drop is not as dramatic, as in case of 

chloride/perchlorate. Drop of quantum yield is also observed upon increasing the 

conjugation length of the cyanine (Fig. 1B) independently on the counterion.  
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Figure 1. (A) Chemical structures of dyes and counterions used in this study. (B) 

Quantum yields of 50 mM-loaded nanoparticles of different dyes with different counterions. 

(C) Confocal image of a mixture of seven cell populations of different colors four days after 

labelling. (D) Confocal image of six cell types (HeLa, KB, 293T, U87, RBL, and CHO) mixed 

and co-cultured for 24 h. Each cell type was labeled with an RGB color code (orange, cyan, 

green, red, magenta, and blue, respectively), also shown separately in the smaller images. 

 

Based on the obtained data, we chose DiO, DiI and DiD dyes with F12 

counterion at 20 mM loading to develop a colour coding system for long-term tracking 

of living cells. By mixing these 3 types of particles in different proportions, it was 

possible to create up to 13 colour codes (seven are presented in Fig. 1C) for cell 

labelling. The technique was validated on 6 cell lines (Fig. 1D), that could be 

distinguished by colour code even after 24 hrs of co-incubation. Developed method 

was further applied for tracking of tumour cells in a living zebrafish embryo (in 

collaboration with Jacky GOETZ) and cell tracking in the developing zebrafish embryo 

(4 or 8-cell stage, in collaboration with Nadine PEYRIÉRAS). Results of the project 

were published in Small. 
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Counterion-enhanced encapsulation and emission of cationic 

dyes in polymeric nanoparticles: the role of counterion nature. 

 

To further investigate the influence of a counterion on nanoparticles properties, 

we designed a project where ten counterions of different size and hydrophobicity (Fig. 

2A) were encapsulated with octadecylrhodamine B (R18) inside PLGA nanoparticles. 

The results have shown that counterions of higher hydrophobicity encapsulate 

R18 in nanoparticles much better than their hydrophilic rivals (>98% encapsulation for 

R18/F12-TPB vs ~50% for R18/ClO4). This higher degree of encapsulation also 

results in decrease of nanoparticles size from ~300 nm (R18/ClO4) to ~45 nm 

(R18/F12-TPB), because the adsorption of R18 at the nanoparticle surface is 

prevented. Importantly, all studied bulky hydrophobic counterions B21H18, F5-TPB, F6-

TPB and F12-TPB (“hydrophobic group”) produced particles with similar high quantum 

yield (~50%) at 50 mM dye loading. More hydrophilic counterions, like ClO4, BF4, PF6 

and B(CN)4 (“hydrophilic group”) show lower quantum yields (~7%) at these 

conditions.  

One of the ways to study communication of dyes inside nanoparticles is 

fluorescence anisotropy measurements – when the dyes have efficient energy 

transfer, anisotropy decreases comparing to the case without communication. 

Anisotropy measurements suggest that “hydrophobic group” enables strong 

interfluorophore communication, while “hydrophilic group” does not. R18/B(CF3)4 and 

R18/F5-3PB-OH, despite having higher hydrophobicity and quantum yields than 

“hydrophilic group”, demonstrate poor dye communication. The results, obtained from 

anisotropy data, are confirmed during single particle microscopy, showing that all 

“hydrophobic group” demonstrates on/off switching of the whole particle, whereas 

R18/B(CF3)4 and R18/F5-3PB-OH do not (Fig. 2B). As for single particle brightness, 

50 mM-loaded R18/F5-TPB, for example, are ~44 times brighter than quantum dots 

QD585 at the same laser wavelength (532 nm) and excitation power (0.08 W/cm2). 
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Figure 2. (A) Chemical structures of dyes and counterions used in this study, schematic 

representation of nanoprecipitation process. (B) Representative single-particle traces of 

50mM NPs loaded with R18 and various counterions recorded under wide-field microscope. 

Excitation power density at 532 nm was 0.08 W cm-2. (C) Proposed models of dyes 

organisation inside PLGA nanoparticles for hydrophilic (a) and hydrophobic (b) counterions. 

 

Cell labelling was performed by incubating KB cells with nanoparticles, diluted in 

medium, during 3 hours. Afterwards, confocal microscopy reveals that all studied 

hydrophilic counterions show strong dye leaching inside the cells, whereas 

hydrophobic counterions prevent effectively this dye leaching.  

The obtained results allow us to propose two models of dye organisation inside 

polymer nanoparticles depending on the counterion type. In the “hydrophilic group” 

single dyes and non-fluorescent dye aggregates are more or less homogeneously 

distributed inside polymer nanoparticle, with significant amount of dye being adsorbed 

on the nanoparticles surface (Fig. 2C(a)). In the case of “hydrophobic group”, dyes are 

assembled by the counterion inside the hydrophobic core, while polymer forms a shell 

around it (Fig. 2C(b)). Results of the project will be submitted to Chemical Science. 
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Aluminium-based fluorinated counterion for enhanced 

encapsulation and emission of dyes in biodegradable polymer 

nanoparticles 

 

Despite high performance of fluorinated derivatives of tetraphenylborates in 

counterion-enhanced encapsulation and emission approach, it is of high interest to 

substitute them with other counterions, which are simpler in synthesis, cheaper and 

more bio- and eco-friendly. However, they also must have sufficiently high 

hydrophobicity and large size to ensure efficient encapsulation of dyes inside 

nanoparticles and prevent ACQ. 

One of the promising candidates is tetrakis[perfluoro-tert-butoxy]aluminate 

(noted F9-Al) (Fig. 3A), which is highly hydrophobic and has similar size with F5-TPB. 

It was synthesized in one step according to a known protocol7 from inexpensive lithium 

aluminium hydride and perfluorinated tert-butanol. After comparison of nanoparticles, 

loaded with R18/F9-Al, with the ones, loaded with R18/F5-TPB, it is found that they 

have similar size (Fig. 3B), quantum yields (Fig. 3C), absorption and florescence 

bands, fluorescence anisotropy (Fig. 3D), single particle brightness and they both blink 

under laser illumination. The only significant difference was observed in encapsulation 

efficiency of the two ion pairs inside nanoparticles - ~96% for R18/F9-Al versus ~92% 

for R18/F5-TPB. This difference becomes important during cell labelling: even at 50 

mM loading, particles, loaded with R18/F9-Al, demonstrate no dye leaching inside the 

cells (Fig. 3F), while their R18/F5-TPB rivals do show some leaching (Fig. 3E).  
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Figure 3. (A) Chemical structures and molecular models of counterions used in this 

study to encapsulate R18 inside polymer nanoparticles. (B) Hydrodynamic diameter of NPs. 

(C) Quantum yield of NPs. (D) Anisotropy of NPs. (E,F) Confocal images of HeLa cells, 

incubated with R18/F5-TPB, and R18/F9-Al loaded nanoparticles, respectively. Dye loading 

was 50 mM. 

 

Taking to account all the aforementioned, we can conclude that counterion-

enhanced encapsulation and emission approach is not limited only to derivatives of 

fluorinated tetraphenylborate, but can be extended to other types of anions that can 

even exceed them in properties. Results of the project were published in Materials 

Chemistry Frontiers. 

 

Bulky hydrophobic barbiturates for enhanced encapsulation 

and emission of cationic dyes inside polymer nanoparticles 

 

Finally, after it was proven that the scope of counterions for counterion-enhanced 

emission approach is not limited only to fluorinated tetraphenylaborates, the next 

challenge was to find an easily customisable organic scaffold for creating finely 

tuneable counterions. C-Acylated barbiturates were considered good candidates, as 

they have several sites for modification, which allows making them enough bulky and 

hydrophobic, and attaching groups for covalent conjugation. Moreover, negative 

charge of such barbiturate would be delocalised over multiple electron-withdrawing 

groups of the barbituric core.  
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Therefore, a series of barbiturates was synthesized (Fig. 4A) and an attempt was 

made to form ion pairs of the corresponding barbiturates with R18 dye. From the first 

set of tested barbiturates (compounds 1, 2 and BarC6) only BarC6 could form stable 

ion pairs with R18, most likely due to additional electron-withdrawing effect of 

pentafluorophenyl ring. Quantum yields tests have shown, that BarC6 can decrease 

ACQ of R18 inside PLGA nanoparticles (Fig. 4B), but less efficiently than F5-TPB or 

F9-Al. Probable reason of such underperformance could be insufficient bulk of BarC6. 

Therefore, much bulkier barbituric derivative, BarPh2, was synthesized (Fig. 4A), its 

ion pair with R18 was successfully formed, and the quantum yield of 50 mM-loaded 

PLGA NPs has reached ~52% (Fig. 4B).  

 

 

 

Figure 4. (A) Scheme of synthesis of the target barbiturates. (B) Quantum yield of NPs. 

(C,D,E) Confocal images of HeLa cells, incubated with R18/F5-TPB, R18/ BarC6 and 

R18/BarPh2 loaded nanoparticles, respectively. Dye loading was 50 mM. 
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Moreover, R18/BarPh2 NPs blink under laser illumination and even outperform 

R18/F5-TPB and R18/BarC6 NPs in cell labelling. Indeed, R18/BarPh2 NPs show no 

dye leaching in the cells (Fig. 4E), being localised in endosomes and appearing as 

bright dots, whereas R18/F5-TPB and R18/BarC6 (Fig. 4C and 4D, respectively) 

demonstrate some dye leakage and mitochondria staining. 

The obtained results show that creating tailor-made counterions based on 

barbiturate scaffold can not only substitute fluorinated tetraphenylborates in 

counterion-enhanced emission approach, but also opens path for endless variations 

of customisable counterions. The manuscript is under preparation. 

 

Conclusions 

 

Summing up more than 3 years of research, several key points about counterion-

enhanced emission approach should be highlighted: 

1. Hydrophobic cationic dyes of different colours are eligible for the approach, 

however quantum yield is strongly dependent on the dye (the smaller conjugation – 

the better) and the counterion (the larger – the better). 

2. Counterion size and hydrophobicity strongly affect self-assembly during 

nanoprecipitation, therefore only the most hydrophobic ones form a dye-counterion 

cores inside nanoparticles, inducing high cooperativity of dyes, while large size of the 

counterion is essential to prevent ACQ.  

3. The approach is not limited only to fluorinated tetraphenylborates, as they can 

be successfully substituted by fluorinated alkoxyaluminates or derivatives of barbituric 

acid. The latter are especially interesting, as they have several sites for modifications 

and covalent conjugation to dyes, polymers, etc. 
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5. Résumé de these en Français 

 

Introduction 

 

L'imagerie de fluorescence est une méthode très efficace à l’heure actuelle pour 

la recherche en biologie, étant rapide, non invasive et pouvant être utilisée à la fois in 

vitro et in vivo. Cette technique utilise différents objets luminescents, comme les 

fluorophores organiques1, les protéines fluorescentes2 ou les nanoparticules 

fluorescentes/luminescentes3. Ces dernières sont généralement beaucoup plus 

brillantes et significativement de plus grande taille que les simples fluorophores 

organiques, ce qui les rend plus intéressantes quand une luminosité plus élevée 

s’avère importante et qu’une petite taille du fluorophore n'est pas cruciale. 

Les nanoparticules inorganiques, comme les clusters métalliques, les quantum 

dots, les carbon dots ou les nanoparticules de silice ne sont pas biodégradables, de 

plus certains d'entre eux comportent des éléments toxiques. Une solution de 

substitution attrayante pourrait être les nanoparticules organiques4. Celles-ci peuvent 

être constituées de polymères biodégradables et l'encapsulation de différents 

fluorophores peut leur procurer toute couleur de fluorescence souhaitée, 

indépendamment de leur taille (contrairement aux quantum dots et clusters 

métalliques). Cependant, l'un des problèmes majeurs de ces nanoparticules chargées 

de colorants fluorescents est l'inhibition de fluorescence causée par l’agrégation (ICA) 

- à des concentrations élevées, les colorants tendent à former des agrégats non 

fluorescents à l'intérieur des nanoparticules, ce qui diminue fortement leur luminosité. 

Une nouvelle méthode pour empêcher l’ICA a été récemment introduite5,6, 

consistant à ajouter des contre-ions à fort encombrement stérique aux colorants 

cationiques. Encapsulées à l'intérieur de nanoparticules de polymère, de telles paires 

d'ions présentent une auto-inhibition minimale, rendant possible la création de 

nanoparticules organiques fluorescentes mille fois plus brillantes que les fluorophores 

uniques. En outre, ces nanoparticules commencent à se comporter comme de simples 

fluorophores : elles s'allument et s'éteignent (clignotent) lors de l'irradiation, ce qui 

n’était jamais le cas pour les nanoparticules encapsulant des centaines de colorants. 
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L'objectif de ma thèse est de développer des nanoparticules de polymère 

chargées en colorants, ultra-lumineuses, dont les propriétés puissent être modulées 

en se basant sur l' utilisation des contre-ions volumineux; d'étudier et de contrôler 

l'auto-assemblage des colorants cationiques par les contre-ions à l'intérieur de ces 

nanoparticules; de trouver de nouveaux contre-ions pouvant empêcher l'auto-

inhibition des colorants à l'intérieur des nanoparticules. 

Amélioration de l'émission de colorants cyanines 

 

Comme l'approche de l’émission stimulée via le contre-ion n’a été validée que 

pour les dérivés de la rhodamine B, il était important de montrer que le système 

fonctionne pour différents autres colorants. Nous avons choisi cinq colorants cyanine, 

émettant du vert à l'infrarouge proche et avons testé leurs paires d'ions avec quatre 

contre-ions différents    (Fig. 1A) dans des nanoparticules de PLGA [poly (lactide-co-

glycolide)] à différentes charges de colorant (5, 20 et 50 mM). 

Nous avons montré qu’en augmentant la taille et l'hydrophobicité du contre-ion, 

les rendements quantiques des nanoparticules fluorescentes augmentent de façon 

indépendamment du colorant cyanine et que F12 s’avère le contre-ion le plus 

performant (Fig. 1B). La taille des nanoparticules est également affectée par la nature 

du contre-ion, en accord avec les résultats précédents. Ainsi les dérivés du 

tétraphénylborate permettent l'encapsulation des colorants à l'intérieur des 

nanoparticules sans changer leur taille (40-50 nm), alors que les contre-ions 

chlorure/perchlorate donnent des nanoparticules de plusieurs centaines de 

nanométres, non colloïdalement stables. Indépendamment du colorant et du contre-

ion, le rendement quantique chute lors de l'augmentation de charge du colorant, mais 

pour des contre-ions volumineux (F5 et F12), cette baisse n’est pas aussi dramatique, 

ainsi dans le cas chlorure/perchlorate. On observe également une chute du 

rendement quantique en augmentant la longueur de conjugaison de la cyanine 

(Fig.1B) indépendamment du contre-ion. 
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Figure 1. (A) : Structures chimiques des colorants et des contre-ions utilisés dans cette 

étude. (B) : Rendements quantiques des nanoparticules chargées à 50 mM par différents 

colorants avec différents contre-ions. (C) : Image confocale d'un mélange de sept populations 

de cellules de différentes couleurs, quatre jours après le marquage. (D) : Image confocale de 

six types cellulaires (HeLa, KB, 293T, U87, RBL, et CHO) mélangés et co-cultivées pendant 

24 h. Chaque type de cellule a été étiqueté avec un code de couleur RVB (orange, cyan, vert, 

rouge, magenta et bleu, respectivement), également montré séparément dans les plus petites 

images. 

 

Sur la base des résultats obtenus, nous avons choisi les 

colorants DiO, Dil et DiD avec le contre-ion F12, chargés à 20 mM, pour développer 

un système de codage couleur pour la traçabilité à long terme des cellules 

vivantes. En mélangeant ces trois types de particules dans des proportions 

différentes, il a été possible de créer jusqu'à 13 codes couleur (sept sont présentés 

sur la Fig. 1C) pour l'étiquetage des cellules. La technique a été validée sur 6 lignées 

cellulaires (Fig. 1D), qui ont pu être distinguées par code couleur même après 24 h de 

co-incubation. La méthode ainsi développée a été appliquée pour la traçabilité des 

cellules tumorales dans l’embryon de poisson zèbre vivant (en collaboration avec 

Jacky GOETZ) et celle des cellules dans l'embryon de poisson-zèbre en 

développement (stade à 4 ou 8 cellules, en collaboration avec Nadine 

PEYRIÉRAS). Les résultats du projet ont été publiés à Small. 
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Encapsulation et émission de colorants cationiques améliorée 

par contre-ion dans des nanoparticules polymériques: le rôle de la 

nature de contre-ion. 

 

Pour étudier plus avant l'influence d'un contre-ion sur les propriétés des 

nanoparticules, nous avons conçu un projet où dix contre-ions de différentes tailles et 

hydrophobicité (Fig. 2A) ont été encapsulés avec de l’octadecylrhodamine B (R18) à 

l'intérieur de nanoparticules de PLGA. 

Les résultats ont montré que les contre-ions de plus grande hydrophobicité 

permettent d’encapsuler  R18  dans des nanoparticules beaucoup mieux que leurs 

rivaux hydrophiles (>98% d’encapsulation pour R18/F12-TPB vs ~50% 

pour R18/ClO4). Ce degré élevé d'encapsulation se traduit également par une 

diminution de la taille des nanoparticules de ~300 nm (R18/ClO4) jusqu’à ~45 

nm (R18/F12-TPB), car l'adsorption de R18 à la surface des nanoparticules est 

empêchée. Il est important de noter que tous les contre-ions hydrophobes étudiés, à 

fort encombrement stérique, B21H18, F5-TPB, F6-TPB et F12-TPB ("groupe 

hydrophobe") produisent des particules avec un rendement quantique identique élevé 

(~50%) pour une charge de colorant de 50 mM. Les contre-ions plus hydrophiles, 

comme ClO4, BF4, PF6 et B(CN)4 ("groupe hydrophile") montrent des rendements 

quantiques inférieurs (~7%) pour les mêmes conditions. 

L’une des façons d'étudier la communication des colorants à l'intérieur des 

nanoparticules est de mesurer leur anisotropie de fluorescence - lorsque les colorants 

présentent un transfert d'énergie efficace, l'anisotropie diminue en comparant au cas 

sans communication. Les mesures d'anisotropie suggèrent que le "groupe 

hydrophobe" permet une communication interfluorophore forte, alors que le "groupe 

hydrophile" ne le permet pas. R18/B(CF3)4 et R18/F5-3PB-OH, en dépit de leurs 

hydrophobie et rendement quantique supérieurs au "groupe hydrophile", démontrer 

une communication limitée des colorants. Les résultats obtenus à partir de données 

d'anisotropie sont confirmés par la microscopie à particule unique, montrant que tout 

"groupe hydrophobe" déclenche la commutation on/off de toute la particule, alors 

que ce n’est pas le cas de R18/B(CF3)4 et R18/F5-3PB-OH (Fig. 2B). S’agissant de la 

luminosité de la particule, par exemple R18 / F5-TPB chargés à 50 mM, elles sont ~ 
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44 fois plus brillantes que les quantum dots QD585 à longueur d'onde laser (532 nm) 

et puissance d'excitation (0,08 W/cm2) identiques. 

 

 

Figure 2. (A) : Structures chimiques des colorants et des contre-ions utilisés dans cette 

étude, avec représentation schématique du processus de nanoprécipitation. (B) : Tracés 

représentatifs de particules uniques pour des NPs chargés à 50 mM de R18 et différents 

contre-ions, enregistrés sous microscope à champ large. Puissance d'excitation à 532 nm : 

0.08 W/cm2. (C) : Modèles proposés pour l’organisation des colorants à 

l'intérieur de nanoparticules  de PLGA pour des contre-ions hydrophiles (a) et hydrophobes 

(b). 

 

L'étiquetage cellulaire a été réalisé en incubant des cellules KB avec des 

nanoparticules, diluées dans du milieu, pendant 3 heures. Ensuite, la microscopie 

confocale révèle que tous les contre-ions hydrophiles étudiés présentent une fuite 

importante des colorants de l'intérieur des cellules, alors que les contre-ions 

hydrophobes empêchent efficacement cette fuite de colorants. 
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Les résultats obtenus nous permettent de proposer deux modèles d'organisation 

des colorants à l'intérieur des nanoparticules de polymères en fonction du type de 

contre-ion. Dans le "groupe hydrophile", les molécules de colorants et les agrégats de 

colorants non fluorescents sont répartis de façon plus ou moins homogène à l'intérieur 

de ces nanoparticules, une quantité importante de colorant étant adsorbée sur la 

surface des nanoparticules (figure 2C (a)). Dans le cas du "groupe hydrophobe", les 

colorants sont assemblés par le contre-ion à l'intérieur du coeur hydrophobe, tandis 

que le polymère forme une coquille autour de celui-ci (figure 2C (b)). Les résultats de 

l’étude seront soumis à Chemical Science. 

 

Contre-ion fluoré à base d'aluminium pour une encapsulation et 

une émission améliorée de colorants dans des nanoparticules de 

polymères biodégradables 

 

Malgré la haute efficacité des dérivés fluorés de tétraphénylborate dans une 

approche  de l'encapsulation et  de l’émission améliorées par contre-ion, il est d'un 

grand intérêt de les remplacer par d'autres contre-ions, présentant une synthèse plus 

simple, moins chère et davantage bio- et eco-compatibles. Cependant, ils doivent 

également présenter une forte hydrophobicité et une taille suffisamment grande 

permettant une encapsulation efficace des colorants à l'intérieur des nanoparticules 

et empêchant l'ICA. 

L'un des candidats prometteur est le tétrakis[perfluoro-tert-butoxy]aluminate 

(noté F9-Al) (Fig. 3A), qui est très hydrophobe, avec une taille similaire à F5-TPB. Il a 

été synthétisé en une seule étape selon un protocole connu7, à partir d’hydrure de 

lithium et d'aluminium peu couteux et de tert-butanol perfluoré. Après comparaison 

des nanoparticules chargées avec R18/F9-Al avec celles chargés avec R18/F5-

TPB, l’on constate qu'elles présentent des tailles (Fig. 3B), des rendements 

quantiques (Fig. 3C), une absorption, une fluorescence, une anisotropie de 

fluorescence (Fig. 3D) et une brillance en particule unique similaires, et que les deux 

types clignotent sous illumination laser. La seule différence significative a été 

observée dans le rendement d'encapsulation des deux paires d'ions à l'intérieur des 

nanoparticules : ~96% pour R18/F9-Al vs ~92% pour R18/F5-TPB. Cette différence 
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devient importante au cours du marquage cellulaire: même chargées à 50 mM, les 

particules contenant R18/F9-Al ne montrent aucune perte en colorant à l'intérieur des 

cellules (Fig. 3F), alors que celles contenant R18/F5-TPB montrent une fuite en 

colorant (Fig. 3E). 

 

 

 

Figure 3. (A) : Structures chimiques et modèles moléculaires des contre-ions utilisés dans 

cette étude pour encapsuler R18 à l'intérieur des nanoparticules de polymère. (B) : Diamètre 

hydrodynamique des NPs. (C) : Rendement quantique des NPs. (D) : Anisotropie de 

fluorescence des NPs. (E, F) : Images confocales de cellules HeLa, incubées avec 

des nanoparticules chargées respectivement avec  50 nm de R18/F5-TPB et R18/F9-Al.  

 

En tenant compte de tout ce qui précède, nous pouvons conclure que 

l’approche  de l'encapsulation et  de l’émission  améliorées par contre-ion ne se limite 

pas seulement aux dérivés fluorés de tétraphénylborate, mais peut être étendue à 

d'autres types d'anions qui peuvent se révéler à même d’améliorer leurs 

propriétés. Les résultats de l’étude ont été publiés à Materials Chemistry Frontiers. 
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Des barbiturates hydrophobes volumineux pour une 

encapsulation et une émission améliorée de colorants cationiques 

à l'intérieur de nanoparticules de polymère 

 

Enfin, après avoir prouvé que la gamme de contre-ions dans l' approche de 

l'encapsulation et  de l’émission  améliorées par contre-ion ne se limite pas seulement 

aux tetraphenylaborates fluorés, le prochain défi fût de trouver une matrice organique 

facilement modulable dans le but de créer des contre-ions adaptés. Les barbituriques 

C-acylés ont été considérés comme de bons candidats, car ils possédent plusieurs 

sites de modification, ce qui permet de les rendre suffisamment volumineux et 

hydrophobes, et de leur fixer des groupements en vue d’une conjugaison 

covalente. En outre, la charge négative de ces barbituriques serait délocalisée sur les 

multiples groupes électro-attracteurs de leur noyau. 

Par conséquent, une série de dérivés de barbituriques a été synthétisée (Fig. 

4A) et une tentative a été faite pour former des paires d'ions de ces dérivés avec le 

colorant R18. A partir de la première série de dérivés de barbituriques testés 

(composés 1, 2 et BarC6), seul BarC6 a pu former des paires d'ions stables 

avec R18, très probablement en raison de l'effet électro-attracteur supplémentaire du 

cycle pentafluorophényle. Les mesures de rendement quantique ont montré 

que BarC6 peut diminuer l’ICA de R18 à l'intérieur des nanoparticules de PLGA (Fig. 

4B), mais moins efficacement que F5-TPB ou  F9-Al. La raison probable de cette 

sous-performance pourrait être la taille insuffisante de BarC6. Par conséquent, un 

dérivé barbiturique beaucoup plus volumineux, BarPh2, a été synthétisé (Fig. 4A) ; la 

paire d'ions avec R18 s’est alors formée avec succès et le rendement quantique des 

NPs de PLGA chargées à 50 mM a atteint ~ 52% (Fig. 4B). 
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Figure 4. (A) : Schéma de synthèse des barbituriques cibles. (B) : Rendements quantiques 

des NPs. (C, D, E) : Images confocale de cellules HeLa incubées avec des NPs chargées 

respectivement en  R18 / F5-TPB, R18 / R18 BarC6 et / BarPh2, à 50 mM de charge. 

 

En outre, les NPs de R18/BarPh2 clignotent sous illumination laser et même 

surpassent en efficacité les NPs R18/F5-TPB et R18/BarC6 pour le marquage 

cellulaire. En effet, les NPs R18/BarPh2 ne montrent aucune fuite de colorant dans 

les cellules (Fig. 4E), étant localisées dans les endosomes et apparaissant comme 

des points lumineux, tandis que les NPs R18/F5-TPB et R18/BarC6 (respectivement 

Fig.4C et 4D) montrent une certaine  fuite des colorants et une coloration des 

mitochondries. 

Les résultats obtenus montrent que les contre-ions conçus à partir d’une matrice 

de barbituriques peuvent non seulement remplacer les tétraphénylborates fluorés 

dans l'approche de l'encapsulation et  de l’émission  améliorées par contre-ion, mais 

ouvre également la voie à une variation quasi-infinies de contre-ions dédiés. Un 

manuscrit est en préparation. 
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Conclusions 

 

Pour résumer plus de 3 années de recherche, plusieurs points clés concernant 

l'approche de l'encapsulation et  de l’émission  améliorées par contre-ion doivent être 

mis en exergue: 

1. Les colorants cationiques hydrophobes de différentes couleurs sont éligibles 

à cette approche, cependant leur rendement quantique est fortement dépendant du 

colorant (la conjugaison plus petite étant la meilleure) et du contre-ion (la plus grande 

taille étant la meilleure). 

2. La taille et l'hydrophobicité du contre-ion affectent fortement l'auto-

assemblage pendant la nanoprécipitation, donc seuls les plus hydrophobes forment 

des coeurs de colorant/contre-ion à l'intérieur des nanoparticules, induisant une forte 

coopérativité des colorants, la grande taille du contre-ion étant tant qu’à elle 

essentielle pour prévenir l’ICA. 

3. L'approche ne se limite pas aux tétraphénylborates fluorés, car ils peuvent 

être substitués avec succès par des alkoxy-aluminates fluorés ou des dérivés de 

l'acide barbiturique. Ces derniers sont particulièrement intéressants, car ils possédent 

plusieurs sites pour des modifications et une conjugaison covalente à des colorants, 

des polymères, etc.   
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Résumé 

L’encapsulation dans des nanomatériaux de polymères de colorants ioniques à l’aide de contre-ions 

hydrophobes volumineux apparaît être une méthode très efficace pour générer des nanoparticules 

(NPs) fluorescentes ultra-brillantes pour la bioimagerie. Nous avons d’abord étendu cette approche 

par contre-ions aux colorants cyanine opérant dans la gamme du bleu au proche infra-rouge. A partir 

de NPs chargés en cyanines, une methode de code-barre multicolore pour le traçage cellulaire à long 

terme a été développé. Ensuite, le rôle des contre-ions hydrophobes volumineux dans l’auto-

assemblage des colorants cationiques à l’intérieur des NPs de polymères a été étudié en testant une 

large collection d’anions. Nous avons montré qu’une forte hydrophobicité du contre-ion augmente 

l’encapsulation du colorant, régule son clustering et empêche l’agrégation de nanoparticules, alors 

qu’une grande taille empêche l’auto-inhibition de fluorescence. Enfin,  nous avons introduit les contre-

ions à base d’aluminates et de barbiturates, qui sur-performent les tetraphénylborates fluorés. Ce 

travail procure une base solide au concept d’émission et d’encapsulation augmentées par contre-ions 

pour la préparation de NPs chargés en colorants fluorescents. 

Mots clefs : Nanoparticules polymeriques fluorescentes, encapsulation de colorants, inhibition de 

fluorescence par agrégation, émission augmentée par contre-ions. 

 

Résumé en anglais 

Encapsulation of ionic dyes with help of bulky hydrophobic counterions into polymer nanomaterials 

emerged as powerful method for generating ultrabright fluorescent nanoparticles (NPs) for bioimaging. 

Here, this counterion-based approach is extended to cyanine dyes, operating from blue to near-infrared 

range. Based on cyanine-loaded NPs, a multicolour cell barcoding method for long-term cell tracking 

is developed. Second, the role of bulky hydrophobic counterion in self-assembly of cationic dyes inside 

polymeric NPs is studied by testing a large library of anions. We show that high hydrophobicity of a 

counterion enhances dye encapsulation, prevents particle aggregation and tunes dye clustering, while 

large size prevents dyes from self-quenching. Third, counterions based on aluminates and barbiturates 

are shown to outperform fluorinated tetraphenylborates. This work provides a solid basis for counterion-

enhanced encapsulation and emission concept in preparation of dye-loaded fluorescent NPs. 

Keywords: fluorescent polymer nanoparticles, dye encapsulation, aggregation-caused fluorescence 

quenching, counterion-enhanced emission. 
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