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Nanoparticles based on Fluorene Polymers and Oligomers 

for Imaging and Sensing Applications 

 

Abstract. An overview is presented over the recent advances of nanoparticles in water based 

on π-conjugated polymers and oligomers. These are two different classes of fluorene based 

systems that have attracted considerable interest over the last few years. A variety of fluorene 

based polymers and oligomers have been reported that self-assemble into highly fluorescent 

nanoparticles in water. In the first part of this chapter, the general properties of nanoparticles 

based on fluorene polymers and its applications in biosensing and imaging will be discussed. 

In the second part, the characteristics of nanoparticles based on fluorene oligomers will be 

described. As can be concluded from this overview, despite numerous challenges, fluorescent 

nanoparticles based on π-conjugated polymers and oligomers are promising candidates for 

sensing and imaging applications. Finally, the aim and outline of this thesis are formulated. 

 

 

 

 

 

 

 

 

 

 

 

This work has been published: Fischer, I.; Schenning, A.P.H.J. In Organic Electronics; 
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1.1 Introduction 

Nanoparticles based on π-conjugated polymers and oligomers have received 

considerable attention for biological applications due to their small size, simple preparation 

method and their tunable and exceptional fluorescent properties.1–7 Nanoparticles are 

attractive for imaging and sensing, showing excellent fluorescence brightness, high 

absorption cross-sections and high effective chromophore density.1–5 In addition, such 

particles are appealing for optoelectronic devices such as organic light emitting diodes 

(OLEDs),8,9 organic photovoltaic devices (OPVs)10 and organic field effect transistors 

(OFETs) 11  to gain control over the morphology of the active layer which plays a crucial role 

in the device performance.   

This chapter presents an overview of the recent advances in the field of 

nanoparticles for sensing and imaging applications. Excellent reviews exist in the literature1,12 

on organic nanoparticles. While only nanoparticles based on fluorene oligomers and 

polymers are presented here, their properties are generally applicable to all organic particles. 

The fluorene moiety is a very favorable building block for π-conjugated systems because of 

its high and tunable fluorescence, high-charge carrier mobility and good solubility in organic 

solvents.13–17 The fluorene molecule consists of two benzene rings connected by a direct 

carbon-carbon bond and an adjacent methylene bridge. Polyfluorenes are synthesized 

primarily by metal catalyzed aryl-aryl coupling.14,15 Good solubility in organic solvents is 

attained by attaching alkyl side chains.18 To span the entire visible spectra the band gap of 

poly- and oligofluorenes can be varied by incorporation of other aromatic units.14,15 

In the first part of this chapter, nanoparticles based on fluorene polymers and their 

application in biosensing and imaging will be discussed. In the second part, nanoparticles 

based on fluorene oligomers will be described. The use of nanoparticles for optoelectronic 

devices, water-soluble fluorene based polyelectrolytes19–22 and so-called hybrid 

nanoparticles23,24 are beyond the scope of this chapter. 
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1.2 Nanoparticles based on Fluorene Polymers 

Nanoparticles for imaging and sensing applications are mostly prepared by the 

reprecipitation method in which a π-conjugated polymer dissolved in THF solution is rapidly 

injected into water, and subsequently sonicated (Figure 1.1).25–27 During the injection of the 

molecular dissolved polymer into water a competition exists between aggregation and 

collapse of the polymer chains. Therefore, the size of the nanoparticles, from a few nm (a 

single, collapsed conjugated polymer chain) to 50 nm, can be controlled by the polymer 

concentration in THF solution.28 For example, poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-

(benzo(2,1,3)thiadiazol-4,8-diyl)] (F8BT, Figure 1.2) nanoparticles posses a diameter of 

around 10 nm after injection of a diluted stock solution and around 25 nm after injection of a 

concentrated stock solution.29  

 

 

Figure 1.1 Schematic representation of the preparation of the nanoparticles by using the re-

precipitation method. 

 

The absorption of the nanoparticles is usually blue-shifted compared to a solution of 

the polymer in a good solvent due to an overall decrease in conjugation length upon 

nanoparticle formation (Figure 1.2). The fluorescence spectra of the nanoparticles exhibit 

mainly a red-shift and a long red-tail because of interchain interaction due to the chain 

collapse of the π-conjugated polymer.29 The nanoparticles exhibit an excellent photostability 

and extraordinary fluorescent brightness in comparison to organic dyes, quantum dots or dye-

loaded particles.29 An estimate of the fluorescent brightness is given by the product of the 

peak absorption cross-section and the fluorescence quantum yield. The quantum yield of 

poly(9,9-dioctyl)fluorene (PFO) nanoparticles is up to 40 % and for F8BT nanoparticles, 



Chapter 1 

4 

7 % with an absorption cross-section 10 – 100 times larger than that of CdSe quantum dots.29 

π-Conjugated polymer nanoparticles have also the largest two-photon action cross-section 

reported for particles of comparable size representing their potential for multiphoton 

fluorescence microscopy.28 In addition, intracellular particle tracking is demonstrated for 

F8BT showing the capability of nanoparticles to measure the nanoscale motion of individual 

biomolecules.30 In case of PFO nanoparticles the addition of organic solvent led to solvent 

induced swelling. A phase transition from a glassy phase, which is kinetically trapped during 

nanoparticles formation, to the β-phase, takes place. The β-phase exhibits a red-shifted 

fluorescence and increased quantum yield.31,32 In order to control the supramolecular 

organization in fluorene based nanoparticles, block-copolymers and amphiphilic polymers 

have also been synthesized.33–41 

Energy transfer (ET) in nanoparticles is an important tool to tune their colors5,42,43 

and exploit them for sensing applications.44,45 For an efficient energy transfer process the 

emission spectrum of the donor should overlap with the absorption spectrum of the acceptor. 

The donor and acceptor need to be in close proximity, as this process highly depends on the 

distance between the donor and acceptor (Equation 1.1).46 
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Figure 1.2 a) AFM image of F8BT nanoparticles. b) The absorption and emission (λexc = 475 nm) 

spectra of F8BT nanoparticles suspended in water. The inset shows the nanoparticles suspended in 

water under daily light and UV light illumination. Reprinted with permission from reference 30. 

Copyright 2009 American Chemical Society. c) Differential interference contrast (DIC) image (top), 

and fluorescence image (bottom) of macrophage cells visualized with F8BT. Reprinted with 

permission from reference 29. Copyright 2008 American Chemical Society. d) Chemical structures of 

PFO and F8BT. 

 

 

Equation 1.1 The Förster energy transfer rate kDA for an individual donor-acceptor pair separated by a 

distance R, where R0 is the Förster radius and τD the natural lifetime of the donor in absence of 

acceptors. 

 

McNeill et al. prepared polymer nanoparticle blends of the blue-emitting poly(9,9-

dihexyl)fluorene (PF) doped with green-, yellow-, and red-emitting polymers, poly[(9,9-

dioctyl-2,7-divinylenefluorenylene)alt-co-(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene)] 

(PFPV), F8BT, and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-

PPV), respectively (Figure 1.3a).47 These particles containing a blend of two polymers were 

d)

PFO F8BT
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prepared by adding a mixture of the two polymers dissolved in THF into water yielding 

mixed particles with a size around 25 nm. The donor emission of PF is almost completely 

quenched by an acceptor incorporation of 6 wt% revealing high energy transfer efficiencies. 

Furthermore, this indicates a uniform blend mixture in the nanoparticles, which could be due 

to kinetic trapping during nanoparticle formation.47 McNeill et al. also reported fluorescent 

dye-doped nanoparticles.48 PF nanoparticles were doped with blue- (Perylene), green- 

(Coumarin 6), orange- (Nile red) and red-emitting (TPP) dyes (Figure 1.3b). The emission of 

PF nanoparticles is almost completely quenched after incorporation of a low percentage of 

dye (2 – 5 wt%).48 In addition, near infrared emitting nanoparticle were developed by using 

intraparticle49 and intramolecular energy transfer.50–52 The near-infrared region is ideal for 

cellular imaging allowing for improved photon penetration through tissue and minimizing the 

effects of tissue autofluorescence.53 All dye-doped nanoparticles show a much higher 

photostability and better fluorescence brightness than single dyes in solution which points out 

the potential of these nanoparticles in bioimaging and sensing applications.  

Photoswitchable fluorescent nanoparticles can be created by using energy transfer 

from the conjugated polymer PFPV or MEH-PPV to a photochromic diarylethene dye.54 The 

photochromic dye has no effect on the nanoparticle emission in its closed form, but quenches 

the emission of the nanoparticle in its open form after switching with UV light. A given 

fluorophore can be localized with high precision if neighboring fluorophores are switched 

“off” at the time of the imaging. Therefore, photoswitchable fluorescent nanoparticles hold 

great promise in super-resolution fluorescence imaging.54,55 
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Figure 1.3 a) Photographs of fluorescence emission from aqueous solution of PF nanoparticles doped 

with PFPV, F8BT and MEH-PPV (from left to right) taken under a UV lamp (365 nm) and the 

chemical structures of the polymers (bottom). Reprinted with permission from reference 47. 

Copyright 2006 American Chemical Society. b) Photographs of fluorescence emission from aqueous 

solution of PF nanoparticles doped with Perylene, Coumarine 6, Nile red and TPP (from left to right) 

taken under a UV lamp (365 nm) and the chemical structures of the dyes (bottom). Reprinted with 

permission from reference 48. Copyright 2008 American Chemical Society.  

 

Energy transfer processes in conjugated polymer nanoparticles can also be exploited 

to develop oxygen and temperature sensors for biological imaging (Figure 1.4).44,45 Oxygen 

sensing in living cells is highly relevant in biology and medicine as the oxygen level in cells 

varies with respect to various diseases, e.g. cancer.56,57 The π-conjugated polymer 

nanoparticles containing PF or PFO were doped with an oxygen sensitive phosphorescent 
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dye [Platinum(II) octaethylporphine (PtOEP)].44 The phosphorescence from PtOEP is very 

sensitive to oxygen and therefore quenched in an oxygen saturated solution. Upon 

incorporation of 10 wt% PtOEP into PF or PFO, the nanoparticles exhibit significantly 

reduced donor fluorescence and a strong red emission from PtOEP, revealing energy transfer 

from the fluorene polymer to PtOEP (Figure 1.4a). The nanoparticles show 1000-times 

higher brightness than conventional oxygen dyes due to both efficient light harvesting by the 

polymer nanoparticles and efficient energy transfer from the polymer to the dye. The dye-

doped nanoparticles were taken up by macrophage cells and showed no cytotoxity or 

phototoxicity during incubating and imaging indicating their potential for quantitative 

mapping of local molecular oxygen levels in living cells.44 In a next step, a local temperature 

sensor in living cells based on F8BT and PFPV nanoparticles doped with a temperature 

sensitive dye was developed (Figure 1.4b).45 Cancer cells can be at higher temperatures 

compared to healthy cells due to different cellular metabolism, and so the development of 

temperature sensors in cells is interesting.58 The temperature sensitive dye Rhodamine B 

(RhB) was attached to polystyrene, and the resulting polymer mixed with F8BT or PFPV 

and dispersed into water, yielding stable, bright and temperature sensitive nanoparticles 

(F8BT-RhB or PFPV-RhB). Efficient energy transfer was observed from F8BT or PFPV to 

RhB, whose emission intensity decreased linearly with increasing temperature in the 

physiologically relevant range. Furthermore, the nanoparticles were successfully taken up by 

cells showing lower red fluorescence intensity at 36.5 ˚C than at 13.5 ˚C indicating their 

potential for highly parallelized and spatiotemporally resolved temperature measurements in 

cells.45 In another study, π-conjugated polymer nanoparticles could be exploited in chemical 

sensing using a solid film of separate MEH-PPV and PFO nanoparticles.59 Free hydroxyl 

radicals and sulfate anion radicals could be detected by a change in PFO solid state 

fluorescence. Solid state detection is highly desirable for off-site laboratory detection since 

solid state samples are easy to store, handle and transport.59 
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Figure 1.4 a) Schematic illustration of polymer nanoparticles for oxygen sensing (left). Oxygen 

dependant emission spectra of the 10% PtOEP-doped PF dots (right). Reprinted with permission 

from reference 44. b) Schematic illustration of the polymer nanoparticles (F8BT-RhB or PFPV-RhB) 

for temperature sensing (left). Temperature dependent emission spectra of F8BT-RhB nanoparticles 

(right). Reprinted with permission from reference 45. Copyright 2011 American Chemical Society.   

 

In the first reports of π-conjugated polymer nanoparticles, it was shown that these 

particles are nonspecifically taken up via endocytosis by the cell.29 In contrast, for targeted 

bioimaging with nanoparticles control over surface chemistry and conjugation to ligands or 

biomolecules is crucial.4 The functionalization of fluorene based nanoparticles for 

bioimaging is challenging. Nanoparticles prepared by in situ polymerization in water with the 

miniemulsion method are also compatible with living cells and suitable as ultra bright probes 

for cellular imaging. This opens an approach for accessing structured nanoparticles, e.g. with 

a functional interior or exterior.60–62 Moreover, functionalization and stabilization of 

π-conjugated polymers can be achieved by applying the click reaction in water with azide 

functionalized fluorene polymers.63 Another potential route to bio-functionalization was 
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demonstrated by capping or entwining fluorene based nanoparticles with poly(ethylene 

glycol) (PEG).64–67 PEG is an important agent for biological applications of nanoparticles as 

it is non-toxic, approved for human use and significantly reduces nonspecific binding to 

biomacromolecules.68,69 Another strategy to reach surface functionalized polymer 

nanoparticles was shown by encapsulation of the nanoparticles into PEG lipids.70,71 As PEG 

lipids are commercially available, surface modification of π-conjugated polymer 

nanoparticles with functionalized PEG lipids is a feasible method to create hydrophilic 

biocompatible nanoparticle. This strategy was further used to synthesize magnetic-fluorescent 

nanoparticles by encapsulation of π-conjugated polymer nanoparticles and superparamagnetic 

iron oxides into PEG lipid micelles.72 Furthermore, the π-conjugated polymer nanoparticles 

can be encapsulated into silica allowing the attachment of functional groups for 

bioconjugation at the silica surface.25,73 

The incorporation of different polymeric matrices during the nanoparticle 

preparation is an efficient and feasible method to synthesize nanoparticles with functional 

groups on their surface.74–76 These biocompatible and surface functionalized nanoparticles 

were specifically taken up by cells via receptor-mediated endocytosis.74–76 This method was 

exploited by Chiu et al. leading to in vitro specific cellular targeting and in vivo tumor 

targeting (Figure 1.5).77–80 Mixing F8BT with an amphiphilic polymer (poly(styrene-co-

maleic anhydride), PSMA) yielded bright nanoparticles with carboxyl groups on the surface 

which can be used for further surface functionalization (Figure 1.5a).77 In a first approach, 

small ligands such as amino-azide, amino-alkyne or amino-PEG were attached to the surface 

(Figure 1.5b). The surface functionalized nanoparticles revealed a similar diameter than 

F8BT nanoparticles and could be employed in specific cellular labeling. The cells were 

metabolically labeled with an azido or alkyne-bearing artificial amino acids.  Click-chemistry 

could be successfully exploited to observe a bright fluorescence of the labeled cell membrane 

at very low concentrations of nanoparticles (Figure 1.5c).77 Similar surface carboxylated 

nanoparticles, using a polystyrene polymer PS-PEG-COOH and F8BT, were used to 

covalently link biomolecules such as streptavidin and immunoglobulin (IgG) to the 

fluorescent particles (Figure 1.5c).78 These surface functionalized nanoparticles were 

exploited to specifically and effectively label cellular targets such as cell surface marker in 

breast cancer cells with no unspecific binding. Furthermore, the nanoparticles showed much 

higher fluorescence brightness than commonly used dyes or quantum dots. These results 
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show that successful functionalization with small ligands and biomolecules opens a variety of 

fluorescence-based biological application for these bright nanoparticles. Furthermore, 

carboxyl functionalized F8BT nanoparticles could be used as a fluorescent probe for 

sensitive Cu2+ and Fe2+ detection.81 These ions were chelated by the carboxyl moieties and 

therefore, aggregation and quenching of the F8BT nanoparticles was observed.  

To apply fluorescent polymer nanoparticles for in vivo targeting, high fluorescence 

brightness in the near infra-red region needs to be achieved to overcome scattering, 

absorption and auto-fluorescence from tissues. Secondly, nanoparticles must be specifically 

delivered to the diseased tissue in vivo. Based on F8BT nanoparticles doped with an efficient 

red-emitting polymer, a fluorescent probe which is 15 times brighter than commercial 

quantum dots in the near infra-red was developed.79 The polymer blend had a high absorption 

cross-section in the visible range and a high quantum yield (56 %) in the deep-red emission 

region (λem = 650 nm). The nanoparticles were functionalized with PSMA to generate surface 

carboxyl groups to covalently attach a tumor-specific targeting peptide ligand (CTX). After 

injection in the tail vein of a mouse, the nanoparticle-CTX conjugate successfully traversed 

the blood-brain barrier and specifically targeted a mouse brain tumor as shown by biphotonic 

imaging, biodistribution and histological analyses (Figure 1.5d).79 
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Figure 1.5 a) Schematic representation of the preparation of carboxyl functionalized polymer 

nanoparticles. Reprinted with permission from reference 78. Copyright 2010 American Chemical 

Society. b) Bioorthogonal labeling of cellular targets using polymer nanoparticles and click chemistry. 

Reproduced with permission from reference 77. c) Polymer nanoparticle bioconjugates for specific 

cellular targeting. Reprinted with permission from reference 78. Copyright 2010 American Chemical 

Society. d) Polymer nanoparticle bioconjugates for in vivo tumor targeting. Reproduced with 

permission from reference 79.  
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1.3 Nanoparticles based on Fluorene Oligomers  

Fluorene based oligomers are also capable of forming spherical assemblies. 

Nanoparticles based on oligofluorenes with water-soluble side chains were first prepared by 

Tagawa82 et al. (Figure 1.6a).  When the oligofluorene in THF was added to water the blue 

emission around 400 nm was quenched and another strong, pure, green emission band around 

540 nm appeared. AFM images revealed spherical aggregates with radii of 20 – 100 nm. The 

radius could be controlled by changing the concentration of the solution.82 Also, Yang83 et al. 

reported an amphiphilic oligofluorene forming nanoparticles in a THF/water mixture (Figure 

1.6b). Upon nanoparticle formation they observed an aggregation-induced blue shift of the 

emission of the oligofluorene. These optical properties maybe applied in sensing systems.83 

 

Figure 1.6 a) Chemical structure of the oligofluorene utilized by Tagawa82 et al. and b) by Yang83 et 

al. to generate oligomer-based nanoparticles. 

  

In another approach, vesicle-like nanospheres around 200 – 600 nm in diameter 

were observed when drop casting oligofluorenes from THF solution.84 The self-assembly to 

hollow nanospheres was driven by complementary hydrogen bonding (Figure 1.7). The 

compounds were mixed in different ratios without affecting the nanosphere morphology. As 

the nanospheres allowed mixing of all three different chromophores a variety of emissive 

colors including white was accomplished by simply mixing.84   
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Figure 1.7 a) Chemical structures of the oligofluorene derivatives 1-3 which form vesicles. b) Energy 

migration in tri-component spherical aggregates allows a large fraction of the visible spectrum to be 

covered. Open circles correspond to the chromatic coordinates of the emission from the vesicles and 

define a gamut (dashed line) of available colors. Filled circles represent the color obtained by doping 

the vesicles. For comparison, the gamut of a standard RGB display is also shown (solid lines). 

c) Emission spectrum of a single vesicle-like aggregate emitting white light. Reproduced with 

permission from reference 84. 

 

Moreover, white-light emitting nanoparticles in aqueous solution have been reported 

that are fabricated by the re-precipitation method.85,86 Oligofluorene derivatives (OF2) were 

molecularly dissolved in THF and self-assembled to stable nanoparticles with a controlled 

diameter between 70 and 180 nm upon injection this THF solution into water, producing a 

blue emission (Figure 1.8). By simply mixing with a red-orange emitting dye (DCM) in THF, 

energy transfer was observed in water generating white emissive oligomer nanoparticles. The 

supramolecular arrangement of the nanoparticle assembly of the donor fluorene derivative 

played an important role in the FRET and the color tuning.86 Modulation of nanoparticle 

properties was achieved by changing the amount of hydrogen bonding sites in the molecule 

having zero, one, two and three hydrogen bonding sites.87 These studies revealed that the 

strength of the hydrogen bonding units has an effect on the oligofluorene interactions within 

the nanoparticle assembly showing that with increasing number of hydrogen bonding sites the 

size of the nanoparticles decreased. Furthermore, for oligofluorenes with hydrogen bonding 

end groups efficient energy transfer was observed.87  
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Figure 1.8 Chemical structures of oligofluorenes utilized to generate nanoparticles. The influence of 

he amount of hydrogen bonding sites in the molecule on nanoparticle properties was shown.87 

 

Moreover, the synthesis of an oligomer consisting of two benzothiadiazole and 

triphenylamine groups at the ends bridged by a fluorene moiety has been reported 

(Figure 1.9).88 Small and stable nanoparticles in water with a size of around 16 nm were 

observed. Azide groups were attached on the fluorene moiety, which may be useful for 

further functionalization with a variety of ligands by click chemistry.88  

 

 

Figure 1.9 Chemical structure of a fluorene oligomer functionalized with azide groups for further 

functionalization.88 

 

Recently, bola-amphiphile fluorene oligomers forming fluorescent organic 

nanoparticles with emission wavelengths spanning the entire visible spectrum, showing also 

white emission were synthesized (Figure 1.10).85 The π-conjugated oligomer is built up of 

two fluorene moieties connected by different aromatic cores. The particles show excellent 

quantum yields in water, up to 70 % for the benzothiadiazole core containing derivative. 

Separate particles could be observed by fluorescence microscopy while mixed particles 

showed very efficient energy transfer and appropriate mixing resulted in a white emission 

spectrum. The absence of exchange of molecules between particles, good stability, variability 

of emission and high quantum yields provide the possibilty of these particles to be employed 

in sensing and imaging applications. 
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Figure 1.10 a) Chemical structure of bola-amphiphilic fluorene derivatives (PEG = tetraethylene 

glycol). b) Photoluminescence spectra in water of the fluorene based bola-amphiphiles. 85  – 

Reproduced by permission of The Royal Society of Chemistry. 
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1.4 Aim and Outline of this Thesis  

As can be concluded from this chapter, fluorene based nanoparticles are attractive 

systems for sensing and bioimaging applications. A variety of fluorene based polymers and 

oligomers have been reported that self-assemble into highly fluorescent nanoparticles in 

water. Nanoparticles based on fluorenes show an extraordinary brightness and excellent 

photostability compared to single dyes and inorganic nanoparticles. The emission wavelength 

of the nanoparticles can be easily controlled by the chemical structure of the π-conjugated 

segment and (partial) energy transfer can also be exploited to reach even white emission. 

Stable nanoparticles can be prepared by a simple preparation method. These nanoparticles are 

attractive probes for sensing, and cellular and in vivo imaging. Nanoparticles based on 

fluorene polymers can be successfully functionalized with bioligands and have been 

successfully applied to live cell imaging. On the other hand, functionalization with bioligands 

has not been reported to date for nanoparticles based on oligofluorenes. In addition, 

nanoparticles based on oligomers are likely adaptive to environmental changes similar to 

natural membranes, which show lateral diffusion for receptor clustering and enhanced 

receptor/ligand interactions. Because these nanoparticles are likely adaptive, they are 

excellent candidates to study dynamic processes. In this thesis the generation, 

functionalization and application of fluorescent organic self-assembled nanoparticles were 

explored using fluorene based oligomers as a scaffold. 

Until now, both emerging classes of fluorescent nanoparticles based on both 

π-conjugated oligomers, also called small molecules, and polymers have only been studied 

separately showing no clear difference in their properties. In Chapter 2, a comparison 

between these nanoparticles based on a fluorene co-polymer and its corresponding small 

molecule is presented. Both systems formed nanoparticles with the same diameter while the 

fluorescent properties as well as the encapsulation and release behavior of the nanoparticle 

clearly differed. This insight may have implications for the design of fluorescent and adaptive 

nanoparticles.   

To develop fluorescent self-assembled nanoparticles with tailored properties, full 

control over the size, fluorescence, stability, dynamics and supramolecular organization of 

these particles is crucial. In Chapter 3, the design and characterization of twelve nonionic 

fluorene co-oligomers that form self-assembled fluorescent nanoparticles in water is 
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presented. These results show that the stability, fluorescence, dynamics and self-sorting 

properties of the nanoparticles can be controlled by simply changing the nature of the side 

chains of the π-conjugated oligomers.  

In Chapter 4, a fluorene amphiphile was functionalized with different receptor 

molecules in order to make them suitable for biosensing and imaging applications. Thereby, a 

pre- and postfunctionalization approach was explored. The successfully combined pre- and 

post-functionalization of fluorescent oligomer nanoparticles represents a novel opportunity to 

apply these versatile nanoparticles with readily tailored optical properties for imaging and 

sensing applications.  

In Chapter 5, self-assembled fluorescent organic nanoparticles that are cell-

permeable have been applied for one- and two-photon imaging of living cells. The 

introduction of an amine functionality at the periphery of the fluorene oligomers leads to 

endocytotic cellular uptake of these nanoparticles without the inhibition of cell viability. 

Flow cytometry experiments revealed efficient cellular uptake even at nanomolar 

concentration. 

In the last chapter, the technology assessment of fluorescent nanoparticles is 

presented. Thereby, a distinction is drawn of the features of self-assembled nanoparticles 

from other nanoparticles, such as quantum dots, polymer dots, silica nanoparticles and 

liposomes. Also recommendations for further research are given towards applying these 

particles in sensing, cell imaging and drug delivery. 
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Fluorescent π-Conjugated Polymer Dots versus  

Self-Assembled Small Molecule Nanoparticles:  

What´s the Difference? 

 

Abstract. Fluorescent nanoparticles based on π-conjugated polymers and small molecules are 

two different classes of π-conjugated systems that have attracted much interest. To date, both 

emerging classes have only been studied separately and showed no clear differences in their 

properties. In this chapter nanoparticles on the basis of a fluorene co-polymer and its 

corresponding small molecule are compared. Both systems formed nanoparticles with the 

same diameter, whereas the fluorescent properties clearly differed. In case of the polymer the 

fluorescence diminished, whereas for the small molecules the fluorescence increased. In 

addition, the capability of encapsulation and release of a hydrophobic dye from the 

fluorescent nanoparticles was studied. For the polymer system, encapsulation was highly 

efficient and no release was observed, while for the small molecule system the encapsulation 

was less efficient and release of the dye was observed. These studies show a clear difference 

between small molecules and polymers which has important implications for the design of 

fluorescent nanoparticles. 

 

 

 

 

 

 

 

 

This work has been published: Fischer, I.; Kaeser, A.; Peters-Gumbs, M.A.M.; Schenning, 

A.P.H.J. Chem Eur. J 2013, 19, 10928-10934. 
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2.1 Introduction 

Fluorescent nanoparticles based on π-conjugated polymers and small molecules are 

two different classes of π-conjugated  systems that have attracted much interest due to their 

small size, high fluorescence and photochemical stability, which make them appealing as 

bioprobes for sensing and imaging applications.1–6 Fluorescent π-conjugated polymer 

nanoparticles, also called polymer dots (Pdots), show outstanding optical properties such as a 

large absorption cross-section, a good quantum yield and an excellent fluorescence 

brightness.7 Pdots doped with small dyes have also been prepared8–10 to tune the emission 

color and to create, for example, an oxygen11 and a temperature12 sensor. By introducing 

functionalized ethylene glycol side chains or co-precipitation with a second polar polymer 

bearing functional groups, cell-permability,13,14 specific cellular labeling15,16 and in vivo 

tumor targeting17 could be achieved.  

Self-assembled fluorescent nanoparticles based on π-conjugated small molecules18 

have also been developed.19–26 Generally, these nanoparticles exhibit excellent optical 

properties such as a high fluorescence quantum yield and good stability. Dyes have been 

incorporated to tune the emission color of the particles by (partial) energy transfer.27,28 

π-Conjugated small molecules have been functionalized with ethylene glycol side chains and 

receptor molecules in order to tune the dynamics within the nanoparticles and to make them 

suitable for biosensing and imaging applications.29–31 At the moment no major differences 

between the properties of nanoparticles based on small molecules and polymers have been 

found. 

In organic electronics, these two different classes of π-conjugated systems co-exist, 

and each has both advantages and disadvantages. For example, advantages of small 

molecules are their well-defined molecular structure, defined molecular weight and the high 

purity without batch to batch variation,32–34 while π-conjugated polymers have the advantage 

of solution processing.35,36 This distinction stimulated us to investigate the properties of 

nanoparticles based on small molecules and polymers in a comparative fashion. For the 

π-conjugated systems a fluorene co-polymer (PFB) and the corresponding small molecule 

(OFB) bearing ethylene glycol side chains for optimal biocompatibility were chosen (Scheme 

2.1). The size, absorption and emission properties were compared upon nanoparticle 

formation. In the next step, the capability of dye encapsulation was investigated by intra-
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particle energy transfer (ET). Finally, the release of this hydrophobic dye was studied to 

explore their potential in drug delivery applications.37,38 Our study revealed clear differences 

between nanoparticles based on π-conjugated polymers and small molecules. 

 

Scheme 2.1 Chemical structures of the fluorene based polymer (PFB) and the corresponding small 

molecule (OFB). 
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2.2 Results and Discussion 

2.2.1 Molecular Design and Synthesis 

For comparison, a polymer and a small molecule were synthesized based on fluorene 

and benzothiadiazole units, two building blocks often used in π-conjugated systems.39–41 The 

polymer (PFB) has a hydrophobic π-conjugated core in which a fluorene moiety is connected 

to a benzothiadiazole linker (Scheme 2.1). Hydrophilic ethylene glycol units are attached to 

the π-conjugated core because of their excellent hydrophilicity, biocompatibility and 

resistance to nonspecific absorption of biomolecules.42–44 The small molecule (OFB) is built 

from two fluorene moieties connected by a benzothiadiazole linkers. Similar hydrophilic 

ethylene glycol units are also attached to the hydrophobic core of OFB to give a slightly 

higher hydrophilic/hydrophobic ratio than the corresponding polymer PFB. The polymer was 

synthesized by Suzuki polycondensation of the fluorene bis(boronic ester) and dibromo 

benzothiadiazole (Scheme 2.2). Polymer PFB was characterized by gel permeation 

chromatography (GPC), which revealed a molecular weight of Mw = 28700 (polydispersity 

index (PDI) = 2.5). The corresponding small-molecule compound OFB was synthesized by 

Suzuki coupling of dibromo benzothiadiazole with a fluorene mono-boronic ester (Scheme 

2.2), purified and fully characterized. In tetrahydrofuran (THF) both systems were 

molecularly dissolved and the absorption spectra showed absorption maxima at λ = 319 and 

450 nm for PFB and at λ = 318 and 415 nm for OFB (Figure 2.1). The fluorescence spectra 

gave fluorescence maxima at λem = 537 nm (quantum yield (QY) = 55%) and λem = 533 nm 

(QY = 85%) for PFB and OFB, respectively.   
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Scheme 2.2 Synthesis pathway for (a) the polymer (PFB) and (b) the small molecule (OFB). 

 

 

 

2.2.2 Formation and Characterization of the Self-Assembled Nanoparticles  

The formation to nanoparticles was successfully achieved by injection of 15 μL of 

1 mM THF OFB stock solution into 5 mL of water, resulting in a 3 μM nanoparticle solution. 

The nanoparticles of PFB were prepared in the same way yielding nanoparticles of PFB in 

which the repeating monomer mass used to obtain the same concentration. The absorption 

spectra of samples prepared in this way differ from those solution measured in THF revealing 

a red shift and a decrease in extinction coefficient with absorption maxima around 320 nm 

and 455/427 nm for the PFB and OFB nanoparticles (Figure 2.1 and Table 2.1). The 

emission spectrum of PFB exhibits a red shift from 537 nm to 551 nm while the OFB 

particles show a blue shift from 533 to 522 nm upon nanoparticle formation. The 

fluorescence spectra of the Pdots exhibit mainly a red-shift and a long red-tail probably 

because of interchain interactions, stemming from the chain collapse of the π-conjugated 

polymer.7 Furthermore, previous studies revealed that the emission of fluorene-

benzothiadiazole co-polymers is sensitive to the polarity of its environment, resulting in a red 

shift and a decrease in emission intensity as the environment becomes more hydrophilic.45  
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Table 2.1 Absorption and emission characteristics of the PFB and OFB solutions in THF and water 

(T = 20 ˚C; c = 3 µM, in case of PFB based on the fluorene-benzothiadiazole monomer unit). 

UV-vis adsorption Photoluminescence 

 λmax/nm (log(ε)/M-1 cm-1) λmax/nm (ϕPL(%))a 

 THF Water THF Water 

PFB 319 (5.84), 450 (5.86) 323 (5.63), 455 (5.52) 537 (55) 551 (5) 

OFB 318 (4.69), 415 (4.32) 320 (4.49), 427 (4.25) 533 (85) 522 (90) 

aReference compound is N,N’-bis(pentylhexyl) perylene bisimide in dichloromethane. 

 

 

Figure 2.1 a) Absorption (solid lines) and emission spectra (dotted lines) of PFB molecularly 

dissolved in THF (black line) and nanoparticles in water (grey line). b) Absorption (solid lines) and 

emission spectra (dotted lines) of OFB molecularly dissolved in THF (black line) and nanoparticles in 

water (grey line, λexc = 340 nm). Concentration for all samples was 3 µM (in case of PFB based on the 

fluorene-benzothiadiazole monomer unit). 

 

Remarkably, the quantum yield of the polymer drops to 5 % upon nanoparticle 

formation. Similar quantum yields for Pdots have been observed by others.7 Conversely, the 

quantum yield of the small molecules based nanoparticles increases slightly to 90 % upon 

nanoparticle formation (Figure 2.2). The enhancement is probably caused by planarization of 

the benzothiadiazole-fluorene π-conjugated core31 leading to lower non-radiative 

recombination rates, while in case of the polymer dots aggregation-induced quenching 

dominates. 
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Figure 2.2 Photographs of PFB (a) and OFB (b) molecularly dissolved in THF and nanoparticles in 

water (c = 3 µM, in case of PFB based on the fluorene-benzothiadiazole monomer unit). 

 

PFB and OFB showed similar radii as determined by dynamic light scattering 

(DLS) with an average hydrodynamic radius of 56 nm and 76 nm, respectively. Visualization 

of the nanoparticles generated of PFB and OFB was achieved by transmission electron 

microscopy (TEM). The images obtained from these samples showed smaller spherical 

objects with an average radius of 27 nm for PFB and 28 nm for OFB nanoparticles. The 

discrepancy between the hydrodynamic radius determined by DLS in solution and the radius 

determined by TEM on a surface might be due to drying effects46 and the solvation sphere 

observed in solution.47 The relative large particle size in comparison with reported 

PDots7, 11, 15 might be due to the hydrophilic ethylene glycol side chains present in PFB.13 
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Figure 2.3 a) TEM image of PFB nanoparticles drop-casted from an aqueous solution. b) TEM image 

of OFB nanoparticles drop-casted from an aqueous solution. c) Hydrodynamic diameter of PFB and 

OFB nanoparticles achieved via cumulant fit of 82° correlation function. Concentration for all 

samples was 3 µM (in case of PFB based on the fluorene-benzothiadiazole monomer unit). 

 

The absorption cross-section describes the probability of an absorption process, 

which can be determined from absorption spectra and the size of the particles.5 Similar 

absorption cross-sections were revealed after analysis of the absorption spectra and sizes of 

the particles, namely 3*10-12 cm2 for PFB and 6*10-12 cm2 for OFB particles. An estimate of 

the fluorescence brightness is given by the product of absorption cross-section and quantum 

yield. The OFB particles are approximately 36 times brighter than the corresponding PFB 

particles.  

The stability of the nanoparticles upon dilution was measured by determining the 

critical aggregation concentration (CAC) using nanoparticles containing Nile red as an 

energy acceptor (vide infra). Upon dilution, the energy transfer efficiency was measured. At a 

certain point an increase of the yellow donor emission relative to the red acceptor emission 

was observed, revealing that the nanoparticles started to disassemble, reflecting the CAC 

(Figure 2.4 and Table 2.2). The CAC is below 0.03 µM for PFB while OFB has a CAC of 

0.6 µM. The CAC for OFB is slightly higher than previously found for nanoparticles based 

on bolamphiphiles,27 but lower than the CAC for non-ionic surfactants.48 This behavior 

shows that the polymer particles are more stable, probably due to their strong interchain 

interactions, stemming from the chain collapse of the π-conjugated polymer while OFB 

nanoparticles act more as classical surfactant bearing a CAC. To determine photostability, 

both the PFB and OFB particle fluorescence was measured for 15 h at 20 ˚C revealing no 

changes, suggesting photostable particles (Figure 2.5). 
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Figure 2.4 a) Concentration dependent fluorescence emission intensity of PFB nanoparticles with 

1% Nile red encapsulated (λexc = 427 nm, T = 20 ˚C). b) Concentration dependence of the ratio of 

donor to acceptor emission intensity of these mixed nanoparticles. c) Concentration dependent 

fluorescence emission intensity of OFB nanoparticles with 1% Nile red encapsulated (λexc = 427 nm, 

T = 20 ˚C). d) Concentration dependence of the ratio of donor to acceptor emission intensity of these 

mixed nanoparticles. 

 

The polymer PFB and the corresponding small molecule OFB thus self-assemble 

into spherical nanoparticles with similar size. Both PFB and OFB particles hold large 

absorption cross-sections that are approximately 100 times larger than CdSe quantum dots49 

and approximately 1000 times larger than usual organic dyes. Due to the much lower 

quantum yield of PFB particles than of OFB particles, much less brighter PFB particles are 

found. 
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Table 2.2. Summary of the properties of self-assembled π-conjugated polymer PFB and its 

corresponding small molecule nanoparticles OFB. 

 PFB NPs OFB NPs 

Radius (TEM) 28 nm 27 nm 

absorption cross-section 3*10-12 cm2 6*10-12 cm2 

quantum yield 5 % 90 % 

CAC < 0.03 µM 0.6 µM 

ET ratio 10 0.4 

guest release no yes 

 

 

Figure 2.5 Stability of PFB and OFB nanoparticles at 20 ˚C, monitored by the fluorescence emission 

intensity at 551 nm for PFB nanoparticles and at 511 nm for OFB nanoparticles (λexc = 427 nm, 

c = 3 µM, in case of PFB based on the fluorene-benzothiadiazole monomer unit). 
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2.2.3 Capability of Encapsulation and Release of a Hydrophobic Dye from the 

Fluorescent Nanoparticles 

In the next step, PFB and OFB nanoparticles were loaded with a hydrophobic guest 

molecule to compare their potential to modulate the fluorescence properties of nanoparticles. 

Nile red was chosen as a guest molecule because its encapsulation and its release can be 

monitored by fluorescent energy transfer studies (ET). The emission spectra of both 

nanoparticles (donor) overlap well with the absorption spectra of the Nile red (acceptor, 

Figure 2.6).  

 

 

Figure 2.6 Spectral overlap between the normalized emission spectrum of  PFB nanoparticles (a) and 

OFB nanoparticles (b, donor, black dotted line) and the normalized absorption spectrum of Nile Red 

(acceptor, grey line). 

 

Absorption of the Nile red (acceptor) at the nanoparticle (donor) excitation 

wavelength (λexc = 427 nm) was negligible, especially at low acceptor concentrations, which 

ruled out the possibility for direct excitation of the acceptor on excitation of the donor. To 

prove the importance of the self-assembled state on the energy transfer, fluorescence studies 

were done in the molecularly dissolved state. No acceptor emission was observed for both 

systems when exciting the fluorene benzothiadiazole donor, indicating that energy transfer 

was absent in THF solution (Figure 2.7).  
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Figure 2.7 Fluorescence emission intensity of PFB (a) and OFB (b) with 1%, 5% and 10% Nile red 

molecularly dissolved in THF (λexc = 427 nm; T = 20 ˚C; c = 3 µM, in case of PFB based on the 

fluorene-benzothiadiazole monomer unit). 

 

Nile red was encapsulated into the nanoparticles by dissolving small quantities of 

Nile red in the PFB or OFB stock solution, followed by an injection of 15 µL THF mixture 

into water. No changes in the size or shape of the nanoparticles were observed after 

encapsulation of the guest molecule (Figure 2.8). 

 

 

Figure 2.8 TEM images of PFB (a) and OFB (b) nanoparticles with 1% Nile red encapsulated 

(c = 3 µM, in case of PFB based on the fluorene-benzothiadiazole monomer unit). 

 

For 0.5 mol% and 1 mol% Nile red containing polymer nanoparticles, energy 

transfer was observed (Figure 2.9) with ET ratios of 6 and 10, respectively. By further 

increasing the amount of Nile red, a decrease in donor and acceptor emission was found. The 

acceptor emission wavelength showed a red-shift from 625 nm to 645 nm suggesting 

a) b)

200 nm 200 nm
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aggregation of Nile red in the polymer nanoparticles. The Stern-Volmer plot indicated that 

approximately 17 polymer chains can be quenched by a single Nile red molecule. The 

observation that a single dye molecule can quench one or more polymer chains is supported 

by other reports which show that energy diffusion via rapid intrachain energy transfer is an 

important factor in determining energy transfer efficiency to acceptor dyes.8,50 To compare 

the energy transfer efficiency between self-assembled nanoparticles formed from 

π-conjugated polymers and small molecules, Nile red was also included in small quantities 

(0.5 mol% - 10 mol%) into the OFB particles (Figure 2.9). For 0.5 mol% and 1 mol% 

encapsulated Nile red, much smaller increases in acceptor emission were observed providing 

very low ET ratios of 0.2 and 0.4, respectively. For higher amounts of encapsulated Nile red 

(10 mol%) no further changes in ET ratio were observed although the absorption spectra 

show an increased amount of encapsulated Nile red (Figure 2.10). These experiments show 

that both nanoparticle matrixes are able of encapsulating up to 10 mol% of the hydrophobic 

guest compound. The much higher ET efficiency of PFB particles may be due to strong 

interchain interactions, stemming from the chain collapse of the π-conjugated polymer, 

leading to efficient encapsulation of Nile red. 

  

 

Figure 2.9 Fluorescence emission intensity for PFB (a) and OFB (b) nanoparticles with 0.5 mol%, 

1 mol%, 3 mol%, 5 mol% and 10 mol% Nile red encapsulated (λexc = 427 nm). c) Schematic 

illustration of the encapsulation of Nile red (red dots) into the fluorescent particles (yellow sphere) 

and the resulting wavelength tuning (arrows indicate ET). Concentration for all samples was 3 µM (in 

case of PFB based on the fluorene-benzothiadiazole monomer unit). 
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Figure 2.10 Absorption intensity of PFB (a) and OFB (b) nanoparticles with 0.5%, 1%, 3%, 5% and 

10% Nile red encapsulated (T = 20 ˚C, c = 3 µM, in case of PFB based on the fluorene-

benzothiadiazole monomer unit). 

 

To study the release of the hydrophobic guest molecules, nanoparticles with 1 mol% 

of encapsulated Nile red were chosen, as partial energy transfer allows monitoring precisely 

the evolution of the system. First, the release of Nile red at elevated temperatures was 

investigated. The PFB nanoparticles with 1% Nile red encapsulated showed a decrease in 

acceptor emission and an increase in donor emission at elevated temperatures (Figure 2.11a). 

As reported earlier,51 a thermochromic shift of the Nile red fluorescence was observed. 

Cooling back to 20 ˚C revealed a similar spectrum as before heating indicating that the guest 

molecule is not released even upon heating to 90 ˚C. In contrast, OFB nanoparticles with 1% 

Nile red encapsulated revealed different spectra before and after heating (Figure 2.11b). 

Before heating, energy transfer is observed showing Nile red is encapsulated in the particle. 

After heating, no ET is observed, that is, Nile red is released at elevated temperatures. 

The time dependence of the release of the hydrophobic guest molecule from the 

nanoparticles was also investigated. PFB nanoparticles with 1% Nile red encapsulated 

showed no change in its ET ratio over time at two different temperatures (20 ˚C and 35 ˚C) 

(Figure 2.11c and d) revealing that Nile red is not released. On the other hand, OFB 

nanoparticles with 1% Nile red encapsulated showed an increase in particle emission already 

at 20 ˚C and a decrease in Nile red emission revealing a very slow release of Nile red over 

60 hours (Figure 2.11c). At 30 ˚C, these nanoparticles quickly released Nile red within one 

hour (Figure 2.11d). No release of Nile red was observed for PFB particles due to strong 

encapsulation of Nile red. On the other hand, OFB nanoparticles exhibit weaker 

supramolecular interactions, which allow the release of Nile red from the nanoparticles. 
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Figure 2.11 Temperature dependent fluorescence emission intensity of PFB (a) and OFB (b) 

nanoparticles with 1 mol% Nile red encapsulated (λexc = 427 nm). Time dependent change in energy 

transfer (Δ ET) of PFB and OFB nanoparticles with 1 % Nile red encapsulated (λexc = 427 nm) at 

20 ˚C (c) and 35 ˚C / 30 ˚C (d). The inset (c) shows the fluorescence spectra of OFB nanoparticles 

with 1 % Nile red encapsulated (λexc = 427 nm) at 20 ˚C. The ET ratio was calculated by dividing the 

emission of the fluorescent PFB or OFB nanoparticle (at 550 nm or 510 nm) and the emission of Nile 

red at 625 nm, respectively. The change in ET ratio is defined as the difference between the ET ratio 

at a measuring point and the ET ratio at the start point of the measurement. Concentration for all 

samples was 3 µM (in case of PFB based on the fluorene-benzothiadiazole monomer unit). 
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2.3 Conclusion 

The properties of self-assembled fluorescent nanoparticles generated from either a 

fluorene co-polymer (PFB) or the corresponding small molecule (OFB) were investigated 

and compared.  

Co-polymer PFB self-assembles into very stable nanoparticles showing good optical 

properties with absorption cross-section of 10-12 cm2, but only a quantum yield of 5%. 

Encapsulation of a hydrophobic dye (Nile red) into the PFB nanoparticle was possible 

resulting into efficient energy transfer and therefore, easy tuning of the emission color. No 

release of Nile red was observed over time or at elevated temperature. These properties of 

PFB nanoparticles make them excellent candidates for sensing application with encapsulated 

dyes that are sensitive to an analyte and for imaging applications due to their good stability 

and high absorption cross-section. 

Compound OFB self-assembles into nanoparticles with a critical aggregation 

concentration of 0.6 µM. The OFB nanoparticles show good optical properties with 

absorption cross-section of 10-12 cm2 and a quantum yield of 90% and thus provide very 

bright probes for imaging applications. Encapsulation of a hydrophobic dye (Nile red) into 

the OFB nanoparticle was possible, but efficient energy transfer did not occur. Nevertheless, 

slow release of Nile red was observed over time and fast release at elevated temperature. 

These properties of OFB nanoparticles may be exploited in drug delivery and for imaging 

application due to their excellent optical properties.  

These results demonstrate clear differences between small molecules based particles 

and polymer dots. Such an insight is important for the design of fluorescent nanoparticles for 

sensing, imaging and drug releasing applications.  



Fluorescent π-Conjugated Polymer Dots versus Self-Assembled Small Molecule Nanoparticles 

39 

2.4 Experimental Section 

2.4.1 General Methods  

Materials and Instruments. All chemicals were purchased from Acros, Belgium 

unless stated otherwise. Concentrated hydrochloric acid was delivered by VWR International, 

Belgium. Na2SO4 and NaOH were obtained from Merck, Germany. Bispinacolatodiboron, 

2,1,3-benzothiadiazole and tetrakis(triphenylphosphino)palladium(0) were purchased from 

Aldrich. Silicagel (40 – 63 μm, 60 Ǻ) from Screening Devices, the Netherlands and Fluka, 

Germany. 1-Bromo-2-(2-methoxyethoxy)ethane, tech. 90%, stab. with sodium carbonate is 

obtained from alfa aeser. Non deuterated solvents were purchased from Biosolve, the 

Netherlands, except for heptane, which came from Chempropack, Belgium. All solvents and 

chemicals were used as received. Deuterated solvents came from Cambridge Isotope 

Laboratories, United States.  

All NMR measurements were conducted on a Varian Mercury NMR spectrometer at 

400 MHz for 1H or 100 MHz for 13C with chloroform as a solvent and tetramethylsilane 

(TMS) as the internal standard. The peaks are in ppm, relative to TMS at 0 ppm. IR was 

measured on a Perkin Elmer 1600 FT-IR. GPC column was done using Biobeads SX8 

column material bought from Bio Rad Laboratories U.S. with THF as an eluent. MALDI-

TOF mass spectra were measured on a Perseptive DE Voyager Mass spectrometer with a-

cyano-4-hydroxycinnamic acid as a matrix. An apparatus consisting of a Shimadzu LC-10AD 

VP Liquid Chromatograph, a Shimadzu SPD-10AV VP UV-vis detector and two JAIGEL 

columns (2.5 H and 2 H) from Japan Analytical Industry was used for recycling GPC with 

HPLC grade chloroform as the solvent and measured at a wavelength of 375 nm.  

Preparation of Nanoparticles. Injection of 15 μL of 1 mM THF OFB stock 

solution into 5 mL of water results in a 3 μM nanoparticle solution. The nanoparticles of PFB 

are prepared in the same way by using a stock solution (c = 1 mM, in case of PFB based on 

the fluorene-benzothiadiazole monomer unit, 503.9 g/mol) that yielded nanoparticles of PFB.  

Dynamic Light Scattering. DLS experiments were performed on an ALVCGS-3 

Compact Goniometer, in the angular range of 25 to 151 degrees. The incident beam was 

produced by a HeNe laser operating at 532 nm. The intensity signal was sent to an ALV5000 

digital correlator, using a typical acquisition time of 100 s for each angle. The nanoparticle 

solutions were prepared via the reprecipitation method as described before followed by a 
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filtration through a 0.2 µm pore size cellulose filter to remove dust particles. The calculation 

of the particle size distribution was performed using cumulant analysis.52  

Transmission Electron Microscopy. Visualization by TEM was done with a 

Technai G2 Sphera by FEI, working at a voltage of 200 kV on a CCD chip of 

1024 x 1024 pixels. Samples were prepared by dropcasting a 3 µM solution of nanoparticles 

on a carbon film on a 400 square mesh copper grid and dried for 1 min. 

Optical Characterization. UV-vis and PL were measured on a Jasco V-650 

spectrophometer and a Jasco FP-6500 spectrofluorometer, respectively. The optical density of 

the samples for fluorescence measurements was below 0.1. Solutions were measured in a 

liquid cell with a 1 cm path length. The absorption cross-section σ (σ = A/(l*N), whereby A 

is the absorption, l the path length and N the particle density) was calculated by assuming a 

particle density of 1 g/cm3.31 

Preparation of Nanoparticles Containing Nile Red. Small quantities of Nile red 

(0.5 mol% - 10 mol%, in case of PFB based on the fluorene-benzothiadiazole monomer unit) 

were dissolved in the THF stock solution of PFB or OFB, followed by an injection of 15 µL 

THF mixture into 5 mL water. 

 

2.4.2 Synthesis 

Polymer PFB. In a glove box, 2,2'-(9,9-bis(2-(2-methoxyethoxy)ethyl)-9H-

fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (0.172 g, 0.28 mmol, 1.00 eq.) 

and Br-B-Br (0.081 g, 0.28 mmol, 1.00 eq.) were both dissolved in 1.5 ml of toluene. The 

two solutions were mixed together and then Pd2(dba)3 (cat.) and P(Ph)3 (cocat.) were added. 

The solution was removed from the glove box followed by the addition of 

tetraethylammonium hydroxide (0.3 ml) and a previously prepared solution of 2M K2CO3 

(0.3 ml) through which argon was bubbled for one hour. The addition of each compound is 

followed by degassing of the system three times.  Toluene (2 ml) was added and the dark 

green mixture was left overnight under argon at 115 ˚C. The reaction was stopped and 

bromobenzene (<0.03 ml) was added, the mixture was then heated to 100 ˚C, degassed three 

times and left for 2.5 hours. The reaction was stopped once again and phenylboronic acid 

pinacolyl ester (<193 μg) was added. The mixture was then degassed three times, put at 

100 ˚C and left overnight. The reaction was stopped and a solution of 200 ml of 
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acetone/NH3(aq)/methanol (66.7 ml each) was added to the mixture. The precipitation that 

followed was filtrated using a vacuum pump and dissolved in 200 ml of chloroform. An 

EDTA solution in water (300 mg in 100 ml H2O) was stirred vigorously overnight at 60 ˚C. 

The reaction mixture was allowed to cool down and extracted with chloroform, dried over 

Na2SO4 and the solvent was evaporated, leaving behind 2 ml of solvent. The polymer was 

precipitated by addition of methanol (100 ml). The solids were collected by filtration and 

extracted in a Soxhlet setup with methanol overnight at 75 ˚C. This was repeated with 

acetone, hexane and chloroform. After the solvent was evaporated the polymer was obtained 

as an orange solid. 1H-NMR (CDCl3): δ 8.10 8.05 (m, 2H), 7.93 – 7.87 (m, 2H), 3.28 – 3.18 

(m, 14 H), 3.04 – 2.97 (m, 4H), 2.60 – 2.52 (m, 4H).App. Mn 11400, app. Mw 28700, PDI 

2.5 (anal. GPC, THF). 

OFB. Br-B-Br (0.075 g, 0.26 mmol, 1 eq.) and 2-(9,9-bis(2-(2-

methoxyethoxy)ethyl)-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.34 g, 

0.69 mmol, 2.7 eq.) were dissolved in a 15 ml solution of dioxane and water (2:1 v/v). 

Followed by the addition of Pd(PPh3)4 (cat.) and Na2CO3 (0.14 g, 1.3 mmol, 5 eq.), resulting 

in an orange solution. The solution was heated up to 100 ˚C under Argon and magnetically 

stirred for 6 hours. TLC (EtOAc/heptane 1:1) showed the reaction was complete. The 

reaction mixture was allowed to cool down to room temperature. The cooled mixture was 

poured into water and extracted with chloroform 3 times. The organic layer was then washed 

with brine, dried over Na2SO4 and the solvent was evaporated. The mixture was purified by 

column chromatography (SiO2, 0 to 10% MeOH in DCM), the remaining 

bis(pinacolato)diborane was removed by recycling GPC, resulting in a yellow solid (0.12 g, 

0.14 mmol, 55%). 1H-NMR (CDCl3): δ 8.08 (d, 3J = 8.0 Hz, 2H), 8.05 (s, 2H), 7.91 (s, 2H), 

7.87 (d, 3J = 8.0 Hz, 2H), 7.77 (d, 3J = 7.0 Hz, 2H), 7.48 (d, 3J = 7.0 Hz, 2H), 7.41-7.34 (m, 

4H), 3.33-3.30 (m, 8H), 3.27-3.23 (m, 20H), 2.97-2.84 (m, 8H), 2.58-2.44 (m, 8H). 13C-NMR 

(CDCl3): δ 154.20, 149.36, 149.28, 140.62, 140.00, 136.48, 133.28, 128.69, 127.94, 127.63, 

127.40, 123.98, 123.23, 120.06, 119.84, 71.71, 69.85, 67.17, 58.94, 51.34, 39.65. MALDI 

TOF MS: calc. [M+] 873.41, found 872.40. IR (cm-1): ν = 2884 (m), 1451 (m), 1098 (s), 744 

(s). 
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Side Chains Control Dynamics and Self-Sorting in 

Fluorescent Organic Nanoparticles 

 

Abstract. To develop fluorescent organic nanoparticles with tailored properties for imaging 

and sensing, full control over the size, fluorescence, stability, dynamics and supramolecular 

organization of these particles is crucial. Therefore, twelve nonionic fluorene co-oligomers in 

which the ratio of hydrophilic ethylene glycol and hydrophobic alkyl side chains was 

systematically altered were investigated. The nanoparticles consisting of π-conjugated 

oligomers containing polar ethylene glycol side chains were less stable and larger in size, 

while nanoparticles self-assembled from oligomers containing non-polar pendant chains were 

more stable, smaller and generally had a higher fluorescence quantum yield. Energy transfer 

studies between naphthalene and benzothiadiazole fluorene co-oligomers with the same side 

chains showed no exchange of molecules between the particles for the apolar molecules. For 

the more polar systems, exchange of molecules between nanoparticles took place at room 

temperature or after annealing. Self-assembled nanoparticles consisting of π-conjugated 

oligomers having different side chains caused self-sorting, resulting either in the formation of 

domains within particles or the formation of separate nanoparticles. The results show that the 

stability, fluorescence, dynamics and self-sorting properties of the nanoparticles were 

controlled by simply changing the nature of the side chains of the π-conjugated oligomers.  

 

 

 

 

 

 

This work has been published: Kaeser, A.; Fischer, I.; Abbel, R.; Besenius, P.; Dasgupta, D.; 

Gillisen, M.A.J.; Portale, G.; Stevens, A.L.; Herz, L.M.; Schenning, A.P.H.J. ACS Nano 

2013, 7, 408 – 416.  
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3.1 Introduction 

Fluorescent nanoparticles based on π-conjugated polymers and oligomers have 

attracted much interest lately due to their small size, high fluorescence and photochemical 

stability, which make them attractive candidates as bioprobes for sensing and imaging.1–5 In 

this class of fluorescent systems, the nature of the side chains, that are attached to the π-

conjugated backbone play a pivotal role. π-Conjugated polymers functionalized with 

hydrophobic aliphatic side chains fold into self-assembled static fluorescent nanoparticles 

(polymer dots),6–8 while polymers functionalized with hydrophilic or ionic side chains do not 

form particles but are molecularly dissolved in water.9–13 In the first case, rigid, stable 

particles suitable for imaging are formed, while in the latter case, dynamic polymer chains for 

sensing applications are present that can adapt to the analyte. π-Conjugated block-co-

polymers containing both polar and non-polar side chains that self-assemble into vesicles 

have been also reported.14,15  

For π-conjugated oligomers the situation is similar, as oligomers equipped with only 

non-polar alkyl tails form self-assembled nanoparticles,16–23 while oligomers having 

hydrophilic side chains are often molecularly dissolved in water.24–29 In addition, 

π-conjugated oligomers containing both hydrophilic and hydrophobic side chains have been 

made.30–36 Due to the amphiphilic nature of these molecules, nanoparticles are formed that, in 

few cases, have properties similar to membranes and vesicles.37–39  For example, vesicle-type 

nanoparticles could be deformed and also vesicle fusion40 has been found. In case of 

multicomponent particles, clustering40,41 and multivalency42 have both been observed.  

For imaging and sensing, full control over the stability, dynamics43–45 and 

supramolecular organization46–50 of the nanoparticles is highly desirable. For example, for 

imaging and sensing of cells, the dynamic properties within these self-assembled particles 

could mimic the lateral diffusion of lipids within membranes,51 thereby enhancing their 

binding to cells due to the multi-valency.52 However, self-assembled systems generally 

display equilibrium between monomer and supramolecular architectures53 and monomers in 

solution are usually undesirable for sensing and imaging applications. To date, the stability 

and dynamic behavior of the self-assembled aqueous structures have been rarely investigated, 

while it is clear that the side chains of the π-conjugated oligomers play a critical role in these 

properties.  
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Recently, the formation of nanoparticles composed of fluorene co-oligomers 

forming highly fluorescent nanoparticles has been reported.41 The emission wavelength of 

these multicomponent nanoparticles has been tuned by mixing naphthalene containing donor 

moieties and benzothiadiazole containing acceptor moieties molecules in one particle and 

energy transfer cold be achieved. It has also been showed that the morphology of 

nanoparticles has an impact on the energy transfer efficiencies. Under the fluorescence 

microscope, the individual particles were stable showing no exchange of molecules between 

particles.41  

Now, the nature of the side chains of fluorene co-oligomers have been 

systematically changed and its influence on the stability, dynamics, fluorescence and self-

sorting properties of the aqueous self-assembled mono- and bi-component nanoparticles 

investigated. Twelve non-ionic fluorene derivatives were designed in the ratio of hydrophilic 

ethylene glycol and hydrophobic alkyl side chains which have been systematically altered 

(Scheme 3.1). Naphthalene- and benzothiadiazole-fluorene co-oligomers were chosen to 

study the above mentioned properties by energy transfer. The results show that the stability, 

dynamics and self-sorting properties can be controlled by simply changing the nature of the 

side chains of the π-conjugated oligomers (Scheme 3.2). 

 

Scheme 3.1 Molecular structures of the twelve non-ionic fluorene based co-oligomers used for the 

formation of fluorescent nanoparticles in water. The bars represent the emission color of the 

π-conjugated core while the colors of the side chains refer to polarity. 
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Scheme 3.2 Different self-assembled states of bi-component nanoparticles, consisting of N and B 

derivatives (Scheme 3.1), which have been observed in this study. Equilibriums exist between these 

states and the two monomers, showing the dynamics between nanoparticles, within a particle and 

between particles and monomers. 
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3.2 Results and Discussion 

3.2.1 Molecular Design and Synthesis 

Two sets (naphthalene (N) and benzothiadiazole (B) derivatives) of six fluorene 

co-oligomers were successfully synthesized in which the number and the substitution pattern 

of the hydrophobic alkyl and the hydrophilic non-ionic side chains on the π-conjugated 

backbone has been systematically changed (Scheme 3.1, Apolar, Amp1, Amp2, Amp3, 

Bola1 and Bola2). For example, the Apolar derivatives contain only hydrophobic side 

chains, while the side chains of Bola2 derivatives are exclusively hydrophilic ethylene 

glycols. For the amphiphiles Amp1, Amp2 and Amp3 having one apolar and one polar 

wedge, the tails on the fluorene moieties were gradually altered from hydrophobic to 

hydrophilic. The wedges of the molecules Apolar, Amp1-3 and Bola1,2 change from two 

apolar, via one apolar and one polar, to two polar wedges in which the first one is named 

apolar, the second one amphiphilic and the latter one bolaamphiphilic molecules. The N and 

B derivatives act as energy donor and energy acceptor (Scheme 3.1), respectively, which 

display only minor changes in the shape and size of the π-conjugated molecule, allowing us 

to study the dynamic and self-sorting properties in these bi-component systems by photo-

induced energy transfer.41,54,55 The synthesis of the two sets of six fluorene derivatives has 

been described and was performed by dr. R. Abbel41,54 and Dr. A. Kaeser.56 All compounds 

have been extensively purified and fully characterized. In tetrahydrofuran (THF) all fluorene 

co-oligomers were molecularly dissolved and the absorption spectra showed absorption 

maxima at λ ≈ 340 nm for the naphthalene and maxima at λ ≈ 340 nm and 433 nm for the 

benzothiadiazole compounds. The fluorescence spectra gave fluorescence maxima at 

λem ≈ 524 nm (quantum yield (QY) ≈ 20 %) and λem ≈ 553 nm (QY ≈ 85 %) for naphthalene 

and benzothiadiazole fluorene oligomers, respectively.   
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3.2.2 Formation and Characterization of the Self-Assembled Nanoparticles  

Each molecule was injected into water according to the re-precipitation method, 

annealed at 90 ˚C for 10 minutes and analyzed at room temperature to investigate if they all 

form nanoparticles. In most cases, a decrease of the extinction coefficient and a blue shift of 

the absorption band were observed (Table 3.1) when compared with THF, with a maximal 

shift of 10 nm for Bola1-N and Bola1-B. It should be noted that the shift of the absorption 

maximum was different for each component reflecting the role of the side chains on 

aggregation. A pronounced difference could also be observed for the fluorescence properties 

of the molecules, with quantum yields ranging from 5 to 55 % and from 15 and 85 % for 

naphthalene N and benzothiadiazole B derivatives, respectively, with the lowest values found 

for the oligomers that had only polar ethylene glycol tails. The naphthalene compounds 

Apolar-N, Amp1-N, Amp3-N showed an enhanced quantum yield in water compared to 

THF, while for all benzothiadiazole derivatives a decrease was observed. The enhancement is 

probably caused by planarization of the naphthalene-fluorene π-conjugated core leading to 

lower non-radiative recombination rates while in case of the benzothiadiazole derivatives 

aggregation induced quenching dominates (vide infra).54,55 The emission maximum peak of 

the benzothiadiazole nanoparticles in water changed from 529 nm for the most non-polar 

oligomer (Apolar-B) to the red, 575 nm, for the most polar oligomer (Bola2-B). Previous 

studies revealed that the emission of fluorene-benzothiadiazole co-polymers is sensitive to 

the polarity of its environment, resulting in a red shift and a decrease in emission intensity as 

the environment becomes more hydrophilic.57 Most likely, nanoparticles self-assembled from 

oligomers that have polar ethylene glycol side chains, contain more water than nanoparticles 

self-assembled of oligomers that only contain non-polar side chains.  
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Table 3.1 Optical characteristics, hydrodynamic radius and critical aggregation concentration (CAC) 

of amphiphilic derivatives in water solution (c = 3 µM). 

aSee Scheme 3.1; bdata after annealing; cdata after annealing; for the naphthalene derivatives: 

excitation wavelength λexc = 340 nm, reference compound quinine bisulfate in 1 N H2SO4; for the 

benzothiadiazole derivatives: excitation wavelength λexc = 340 nm, reference compound 

N,N’-bis(pentylhexyl) perylene bisimide in dichloromethane; ddata before annealing; ethe 

nanoparticles formed by Amp2 and Amp3 in water show two populations. 

 

Multi-angle dynamic light scattering (DLS) showed that all fluorene derivatives 

formed self-assembled nanoparticles in which, in general, the diameter increased going from 

the apolar to the polar derivatives (for example Apolar-N Rh = 54 nm and Bola2-N 

Rh = 80 nm; Table 3.1). DLS data sets for Apolar, Amp1, Bola1 and Bola2 derivatives were 

fitted best with a first order exponential decay, attesting the existence of a single population 

 wedgesa tailsa UV-vis absorptionb PLc Radiusb CACd 

 

 
R1 R4 R2 R3 λ/nm (log(ε)/M-1cm-1) 

λmax/nm 

(ϕPL(%)) 
Rh/nm M-1 

Apolar-N a a a a 344 (4.82) 422 (60) 54 10-10 

Amp1-N a b a a 338 (4.63) 421 (50) 40 10-9 

Amp2-N a b a b 334 (4.80) 423 (25) 70; 20e 10-9 

Amp3-N a b b b 335 (4.78) 429 (30) 78; 15e 10-8 

Bola1-N b b a a 331 (4.77) 425 (7) 40 10-9 

Bola2-N b b b b 344 (4.88) 426 (6) 80 10-7 

Apolar-B a a a a 338 (4.74); 431 (4.36) 527 (40) 55  

Amp1-B a b a a 335 (4.76); 430 (4.35) 528 (85) 39  

Amp2-B a b a b 332 (4.74); 432 (4.27) 551 (70) 74; 12e  

Amp3-B a b b b 334 (4.71); 429 (4.27) 568 (50) 81; 16e  

Bola1-B b b a a 322 (4.73); 429(4.23) 550 (70) 40  

Bola2-B b b b b 337 (4.80); 421 (4.40) 578 (15) 81  
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of nanoparticles. For Amp2 and Amp3 nanoparticles in solution, the DLS data show the 

presence of two populations reflected by the second order exponential decay and the two 

resulting diffusive processes. It should be noted that Bola2 containing only ethylene glycol 

side chains still formed self-assembled nanoparticles (Figure 3.1, see also Chapter 2). The 

polymer analogous, on contrary, are molecularly dissolved in water.58–60  

 

 

Figure 3.1 TEM images of Bola2-B. The scale bars represent a) 200 nm and b) 500 nm. 

 

Some nanoparticles were further characterized by transmission electron microscopy 

(TEM) which revealed a comparable diameter as observed by DLS (Table 3.1; an example is 

given for Amp1-B in Figure 3.2). Small size differences between DLS and TEM, i.e. 10 nm 

for Amp2-B, reflect the possible collapse of the nanoparticles deposited on the carbon 

substrate for TEM analysis, and thus expansion of the observed object.61,62 The stability of 

the nanoparticles, measured by determining the critical aggregation concentration (CAC), 

decreased upon going to nanoparticles from oligomers containing more polar ethylene glycol 

side chains (Table 3.1). These results show that all fluorene single component systems 

formed stable self-assembled fluorescent nanoparticles in water. The self-assembly of the 

nanoparticles was strongly influenced by the nature of side chains of the π-conjugated 

oligomers. The nanoparticles which were self-assembled from oligomers containing polar 

ethylene glycol side chains were less stable and larger in size. In contrast, the nanoparticles 

which self-assembled from oligomers containing non-polar side chains were more stable, 

smaller and had in general a higher fluorescence quantum yield. 

a) b)

200 nm 500 nm
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Figure 3.2 a) Absorption and emission spectra of self-assembled nanoparticles Amp1-N (blue, 

λexc = 340 nm) and Amp1-B (orange, λexc = 340 nm). b) Hydrodynamic radius of Amp1-B 

nanoparticles achieved via CONTIN fit of 150° correlation function and single exponential fit of 

angular data (inset). c) TEM image of Amp1-B nanoparticles. The scale bar represents 200 nm. 

Concentration in all cases is c = 3 µM. 
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3.2.3 Dynamics and Self-Sorting Properties of Self-Assembled Nanoparticles of Two 

Chromophores with Similar Side Chains  

Since all fluorene co-oligomers form particles, the dynamic and self-sorting 

behavior between the self-assembled aqueous nanoparticles have been investigated by mixing 

two aqueous solutions of both compounds with similar side chains and subsequent annealing 

at 90 oC for 10 min (Scheme 3.3, method A).55  

 

Scheme 3.3 Schematic illustration of different sample preparation methods to study the dynamics and 

self-sorting properties of nanoparticles. 

 

 

The photoluminescence (PL) spectra of the Amp1-B and Amp1-N mixtures in 

which the ratio between these two molecules has been systematically varied, revealed that the 

intensity of the donor and acceptor emission is just a sum of the two components (Figure 

3.3a). Furthermore, an isosbestic point was found showing the presence of only species 

composed of either Amp1-B or Amp1-N particles. Plotting the intensity of the donor 

emission of Amp1-N for different N-B mixtures revealed a straight line (Figure 3.3b) 

indicating the absence of energy transfer.55,63 Similar  behavior was also found for Apolar, 

Amp2 and Bola1 (Figure 3.3b) showing no exchange of molecules between the nanoparticles 

in solution, and disclosed the formation of separate, stable particles, as already found earlier 

for Bola1.41 In contrast, the Amp3 system showed no energy transfer for the fresh aqueous 

solution but energy transfer was observed after annealing. After annealing, the donor 

emission is halved for the 90 : 10 (Amp3-N : Amp3-B) mixture pointing to the formation of 

mixed nanoparticles (vide infra). In case of Bola2-B/Bola2-N energy transfer is already 

observed before annealing showing already exchange of molecules between particles at room 

temperature (Figure 3.3). Overall, these data reveal that the more apolar systems remain self-
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sorted after annealing while the polar ones (three out of four side chains are polar, 

Scheme 3.1) show exchange of molecules between the self-assembled particles (Table 3.2). 

Since the radius of these particles is not changing after annealing this process most likely 

occurs via exchange of monomers (Figure 3.4 and Scheme 3.2).40  

 

 

Figure 3.3 The dynamic and self-sorting of nanoparticles prepared by method A. a) Emission spectra 

of separate Amp1-N and Amp1-B nanoparticles in water (100% Amp1-N, blue curve, 

Amp1-N : Amp1-B: 90 : 10, green curve, 75 : 25, 50 : 50, 25 : 75, 10 : 90, grey curves and 100% 

Amp1-B, orange curve), after annealing. The inset shows a photograph of the blue fluorescence of a 

solution of separate nanoparticles (95 : 5, Amp1-N : Amp1-B). b) The naphthalene N donor emission 

intensity (normalized, at λem = 424 nm) for different N/B mixtures (λexc = 340 nm, total concentration 

is always 3 µM). 

 

 

Figure 3.4 Hydrodynamic radius of Apolar-N/Apolar-B (a) and Amp3-B/Amp3-N (b, 

50/50 mixtures prepared with method B) nanoparticles achieved via CONTIN fit of 150° correlation 

function, showing before and after annealing a similar hydrodynamic radius. For Amp3-B/Amp3-N 

the fit was performed assuming one nanoparticle population, resulting in a slight variation to the 

values given in Table 3.1. 
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To study the dynamics and self-sorting within a single particle, nanoparticles were 

prepared by mixing N and B derivatives with similar side chains in THF before injection into 

water and subsequent annealing (Scheme 3, method B).55 Energy transfer occurred in all 

cases (Figure 3.5 and Table 3.2). A representative evolution of the fluorescence spectra of 

mixed nanoparticles of Amp1 by changing the ratio between donor and acceptor is given in 

Figure 3.5a. At already a low concentration of acceptor molecules, a pronounced decrease of 

Amp1-N emission (donor) took place, while simultaneously the emission of Amp1-B 

(acceptor) was enhanced. For all systems the energy transfer in the mixed nanoparticles 

resulted in an enhancement of the fluorescence of the B acceptor molecule at low 

incorporation ratios, more than doubling the emission compared to pure benzothiadiazole 

nanoparticles (Bola2-B). Most likely the enhancement is caused by energy transfer from the 

naphthalene donors to isolated benzothiadiazole acceptors while for higher percentages of 

acceptors aggregation (i.e. self-sorting) takes places and therefore quenching occurs.55 A 

gradual red shift of about 12 nm in the acceptor emission was observed with increasing 

concentration of Amp1-B, indicating aggregation. Time-resolved photoluminescence 

measurements for the two-component nanoparticles Amp1-N/Amp1-B demonstrated that the 

morphology of the molecules in the nanoparticles has a clear impact on energy transfer 

efficiencies that are efficient for very low incorporated acceptor fractions, in which acceptors 

are evenly dispersed in a donor matrix.55 With higher acceptor concentrations an increased 

clustering of the acceptor molecules into domains was observed leading to less efficient 

energy transfer and red shift in the acceptor emission.55 Although the N and B derivatives 

display only minor changes in size and shape self-sorting always takes place which might be 

due to the difference in torsion angle between the fluorene and the central aromatic core N 

(71˚) and B (40˚).54 Remarkably, for the polar Bola2 nanoparticles the same decrease in 

donor emission intensity independent from the preparation method was observed revealing 

that highly dynamic self-assembled particles are formed at room temperature and that the 

final outcome of the self-assembly process is determined by thermodynamic parameters 

(Scheme 3.2).  

These results show that with method A, there was no exchange of molecules 

between the particles for the systems Apolar, Amp1, Amp2 and Bola1 (Scheme 3.2) while 

Bola2 and Amp3 nanoparticles behaved differently, as they were dynamic and the exchange 

of molecules between particles took place. This behavior indicates that so-called kinetic self-
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sorted48,49 particles were formed for the more apolar systems (Apolar, Amp1, Amp2 and 

Bola1). For the polar Bola2 nanoparticles the same decrease in donor emission intensity 

independent from the preparation method was observed. Further, Amp3 showed exchange of 

monomers between particles after annealing, revealing for both, Bola2 and Amp3, dynamic 

nanoparticles (Scheme 3.2). The fluorescence data obtained by method B suggest the 

formation of mixed particle with a certain degree of self-sorting.55 It appears that small 

differences in the design of amphiphilic molecules can result in tremendous differences in the 

stability, dynamic and the self-sorting properties of the fluorescent nanoparticles.  

 

 

Figure 3.5 The dynamic and self-sorting of nanoparticles prepared by method B. a) Emission spectra 

of mixed Amp1-N/Amp1-B nanoparticles in water as pure Amp1-N (blue curve) followed by 0.5 % 

Amp1-B, 1 % Amp1-B, 2 % Amp1-B (black curves), 10 % Amp1-B (green curve), 25 % Amp1-B 

(black curve) mixtures and pure Amp1-B (orange curve), after annealing. The inset shows a 

photograph of the yellow fluorescence of a solution of mixed nanoparticles (95 : 5, Amp1-N : 

Amp1-B). b) The naphthalene donor emission intensity (normalized, at λ = 424 nm) for different N/B 

mixtures (λexc = 340 nm, total concentration is always 3 µM). 

 

 

3.2.4 Dynamics and Self-Sorting Properties of Self-Assembled Nanoparticles of Two 

Chromophores with Distinct Side Chains  

The dynamic and self-sorting behavior of the self-assembled aqueous nanoparticles 

with bi-component nanoparticle consisting of N and B derivatives containing different tails 

and wedges (Scheme 3.1) has also been investigated. Remarkably, separate donor N and 

acceptor B nanoparticles in water were formed by injecting a mixed THF solution containing 
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Bola1-B/Bola2-N (Scheme 3.3, method B). The fluorescence intensity showed a linear 

dependence as the donor and acceptor ratio was altered (Figure 3.6a), revealing that no 

energy transfer occurs. Remarkably, although the nanoparticles are prepared by method B 

(Scheme 3.3, mixed THF stock solution) separate nanoparticles were formed (Figure 3.6d). 

This self-sorting between particles is likely a result of the dynamic behavior of the polar 

Bola2-N at room temperature. Since Bola1-B and Bola2-N have different tails the degree of 

self-sorting is more pronounced in comparison with N - B systems that have similar side 

chains, leading to separate N and B particles. By using the same method, the acceptor 

Bola1-B with donor Amp1-N and Apolar-N were also mixed, which have similar tails but 

different wedges. After annealing a non-linear decrease in intensity of the donor N emission 

for both mixtures was observed in which the decrease was less pronounced than for the 

Bola1-B/Bola1-N nanoparticles having the same side chains (Figure 3.6b). Furthermore, a 

red shift in the acceptor Bola1-B emission was already found at low percentages of acceptor 

which is caused by aggregation of Bola1-B resulting in a less efficient energy transfer 

process (Figure 3.6d). Interestingly, the normalized donor N emission intensity decreases less 

for Bola1-B/Apolar-N compared to Bola1-B/Amp1-N indicating that the degree of self-

sorting of Bola1-B is higher in the Apolar-N particles in which the differences in polarity of 

the wedges is totally altered (Scheme 3.1 and Table 3.2).  

The amphiphilic Amp1-B into Amp2-N and Amp3-N compounds were mixed, 

which have the same wedges but different tails on the fluorene moieties. The data also 

indicate mixed particles in which the degree of self-sorting within the particles can be 

controlled by the nature of the tails (if the number of different tails is higher, the degree of 

self-sorting is also higher, Figure 3.6c and Figure 3.6d). The self-assembly of nanoparticles 

consisting of π-conjugated oligomers having different side chains caused self-sorting, 

resulting either in the formation of domains within particles or in the formation of separate 

nanoparticles depending on the dynamic behavior of the self-assembled π-conjugated 

oligomers (Scheme 3.2). 
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Figure 3.6 a) Emission spectra of mixtures with different ratio of Bola1-B (green curve) and Bola2-N 

(magenta curve); the inset shows a nearly linear decrease of the emission intensity of donor (magenta 

triangles) and an linear increase of the emission intensity of the acceptor (green triangles) as function 

of acceptor percentage, revealing self-sorting. b) and c) The two component nanoparticles were self-

assembled of two chromophores with distinct pendant side chains ((b) Bola1-B/Bola2-N; Bola1-

B/Bola1-N; Bola1-B/Amp1-N and Bola1-B/Apolar-N; (c) Amp1-B/Amp1-N; Amp1-B/Amp2-N 

and Amp1-B/Amp3-N) and annealed (excitation wavelength λexc = 340 nm). The intensity 

(normalized) of donor emission as a function of acceptor percentage decreased non-linearly revealing 

energy transfer. The inset displays the shift of emission maxima that showed a red shift at low 

acceptor concentration for the nanoparticles self-assembled from two chromophores with distinct 

pendant tails indicating clustering of the acceptor molecules within a particle. d) Schematic 

illustration of (i) the self-sorting between particles for Bola1-B in Bola2-N and (ii) self-sorting within 

a particle for Bola1-B in Amp1-N and Apolar-N as well as Amp1-B in Amp2-N and Amp3-N. 
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Table 3.2 Summary of the donor intensity of nanoparticles in water composed of 90 % donor and 

10 % acceptor non-ionic fluorene based co-oligomers. Donor intensities close to one reveal separate 

particles while donor intensities much smaller than one reveal mixed particles. 

aSee Scheme 3.1; bsee Scheme 3.3; cthe donor intensity is corrected for the dilution of the donor with 

the acceptor (total concentration is always 3 µM). 

  

Donora Acceptora Method Ab Method Bb 

  Donor intensityc Donor intensityc 

Similar wedges and similar tailsa 

Apolar-N Apolar-B 1 0.01 

Amp1-N  Amp1-B 0.9 0.01 

Amp2-N  Amp2-B 1 0.04 

(fresh) Amp3-N  Amp3-B 1  - 

(ann.) Amp3-N  Amp3-B 0.3 0.08 

Bola1-N Bola1-B 1 0.1 

Bola2-N Bola2-B 0.5 0.5 

Similar wedges and distinct tailsa 

Amp2-B Amp1-B - 0.09 

Amp3-B Amp1-B - 0.4 

Distinct wedges and similar tailsa 

Apolar-N Bola1-B - 0.5 

Amp1-N Bola1-B - 0.3 

Distinct wedges and distinct tailsa 

Bola2-N Bola1-B - 0.9 
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3.3 Conclusion 

Twelve rod-coil fluorescent oligomers were designed, synthesized and fully 

characterized that vary in polarity via non-polar, amphiphilic, bola-amphiphilic to polar 

containing either a naphthalene or a benzothiadiazole aromatic core. It has been demonstrated 

that the side chains of π-conjugated oligomers play a key role in the size, stability, 

fluorescence, dynamic and self-sorting properties of self-assembled nanoparticles. In general, 

the fluorescent quantum yield and stability decreased while the dynamics increases when 

using more polar fluorene derivatives. In case of bi-component systems, exchange of 

molecules took place between particles only for the more polar fluorene oligomers. 

Furthermore, depending on the preparation method, separate particles or more randomly 

mixed particles could be produced in fluorene derivatives having the same side chains. In 

case of oligomers having different side chains, self sorting took place either between particles 

or within a single particle in which the degree of self-sorting can be controlled by the number 

of different side chains. In general the final properties of the nanoparticles depend highly on 

the preparation protocol in cases where the dynamics between and within particles is slow.  

The represented data clearly reveal that small changes in the design of amphiphilic 

π-conjugated oligomers dramatically influence the properties of self-assembled nanoparticles. 

It shows that it is possible to construct stable, adaptive, highly fluorescent nanoparticles that 

are appealing for sensing and imaging applications. Such findings are not only important for 

the preparation of nanoparticles but also give general guidelines to prepare well-defined 

supramolecular multicomponent functional materials.64 
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3.4 Experimental Section 

Synthesis. The fluorene co-oligomers were synthesized by dr. R. Abbel41,54 and Dr. 

A. Kaeser.56 

Preparation of Nanoparticles. The nanoparticles were prepared by injecting 15 µL 

of 1 mM THF stock solution into 5 mL of water, which results in a 3 µM nanoparticle 

solution. Annealing was performed by heating the sample to 90 ˚C and cooling down to 

20 ˚C.  

Optical Characterization. UV-vis and PL measurements were performed on a 

Jasco V-650 spectrophometer and a Jasco FP-6500 spectrofluorometer, respectively. The 

optical density of the samples for fluorescence measurements was below 0.1. Solutions were 

measured in a liquid cell with a 1 cm path length for UV-vis and 1 mm path length for 

fluorescence at room temperature.  

Dynamic Light Scattering. DLS experiments were performed on an ALVCGS-3 

Compact Goniometer, in the angular range of 25 to 151 degrees. The incident beam was 

produced by a HeNe laser operating at 532 nm. The intensity signal was sent to an ALV5000 

digital correlator, using a typical acquisition time of 100 s for each angle. The nanoparticle 

solutions were prepared via the reprecipitation method as described before followed by a 

filtration via a 0.4 µm pore size cellulose filter to remove dust particles. The calculation of 

the particle size distribution for all nanoparticles was performed using CONTIN fits.65  

Transmission Electron Microscopy. Visualization by TEM was done with a 

Technai G2 Sphera by FEI, working at a voltage of 200 kV on a CCD chip of 1024 x 1024 

pixels. Samples were prepared by dropcasting a 3 µM solution of nanoparticles on a carbon 

film on a 400 square mesh copper grid for 2 min.  

Critical Aggregation Concentration. The CAC of the particles was determined by 

a previous reported method41 using nanoparticles in water containing both a naphthalene 

derivative, as an energy donor and benzothiadiazole, as an energy acceptor in a ratio of 95 : 5. 

Upon dilution, the energy transfer efficiency was measured. At a certain point an increase of 

the blue donor emission relative to the yellow acceptor emission was observed, revealing that 

the nanoparticles started to disassemble, reflecting the CAC.  
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Preparation and Characterization of Self-Assembled Nanoparticles of Two 

Chromophores. Energy transfer studies were done using naphthalene derivatives as energy 

donor and benzothiadiazole as acceptor molecules. Nanoparticles were prepared in two 

different ways (Scheme 3.3). In the first method, two THF stock solutions of both compounds 

were injected into water and the resulting aqueous solutions were mixed (method A) and 

second, a premixed THF stock solution containing both oligomers was injected into water 

(method B). The total chromophore concentration remained constant in both cases and the 

solutions were annealed.  
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Pre- and Postfunctionalized Self-Assembled π-Conjugated 

Fluorescent Nanoparticles for Dual Targeting 

 

Abstract. There is currently a high demand for novel approaches to engineer fluorescent 

nanoparticles with precise surface properties suitable for various applications, including 

imaging and sensing. A facile and highly reproducible one-step method is reported for 

generating functionalized fluorescent organic nanoparticles via self-assembly of pre-

functionalized π-conjugated oligomers. The engineered design of the nonionic amphiphilic 

oligomers enables the introduction of different ligands (at the extremities of inert ethylene 

glycol side-chains) without interfering with the self-assembly process. The intrinsic 

fluorescence of the nanoparticles permits the measurement of their surface properties and 

binding to dye labeled target molecules via Förster resonance energy transfer (FRET). Co-

assembly of differently functionalized oligomers is also demonstrated, which enables the 

tuning of ligand composition and density. Furthermore, nanoparticle pre-functionalization has 

been combined with subsequent post-modification of azide-bearing oligomers via click 

chemistry. This allows for expanding ligand diversity at two independent stages in the 

nanoparticle fabrication process. The practicability of the different methods enables greater 

control over surface functionality. Through labeling with different ligands, selective binding 

of proteins, bacteria and functionalized beads to the nanoparticles has been achieved. This, in 

combination with the absence of unspecific adsorption, clearly demonstrates the broad 

potential of these nanoparticles for selective targeting and sequestration. Therefore, 

controlled bi-functionalization of fluorescent π-conjugated oligomer nanoparticles represents 

a novel approach with high applicability to multi-targeted imaging and sensing in biology and 

medicine. 

 

 

This work has been published: Petkau, K., Kaeser, A; Fischer, I; Brunsveld, L; Schenning, 

A.P.H.J. J. Am. Chem. Soc., 2011, 133, 17063 – 17071.  
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4.1 Introduction 

The ability to actively target specific receptors and, as a result, cells is a prerequisite 

for the use of fluorescent nanoparticles as molecular imaging probes, diagnostics, and 

therapeutic delivery vehicles.1–4 Targeting is typically achieved through surface 

functionalization of the nanoparticles with high affinity ligands, such as small molecules, 

peptides, and antibodies. Multiple ligands can be attached leading to high binding affinities 

due to multivalent interactions, which are necessary to achieve maximal selectivity in 

diagnostics.5,6 This at the same time requires chemical control over the ligand 

functionalization of nanoparticle surfaces via pre- or post-functionalization.  

Several classes of nanoparticles have been developed in the last few decades starting 

from the first liposomes in 1960s7  via inorganic quantum dots,8 to organic nanoparticles.9–14 

Because of their intrinsic fluorescence with high quantum yields, especially quantum dots are 

currently widely used as fluorescent imaging probes.15 Having no intrinsic aqueous solubility, 

these inorganic nanoparticles require a relatively thick encapsulation layer to ensure 

biocompatibility and stability. These so-called caps not only solubilize and protect the 

inorganic core, but also carry reactive groups, which serve as points of covalent attachment 

for biomolecules via post-functionalization.15 Liposomes, which are based on self-assembled 

lipid amphiphiles, are prepared from pre-functionalized building blocks.16 However, sensitive 

targeting ligands like proteins are attached to liposomes via post-functionalization.17  

Recently, self-assembled fluorescent nanoparticles based on π-conjugated fluorene 

oligomers in water were reported.18–20 Via the co-assembly of the different fluorene based 

amphiphiles, fluorescent nanoparticles with tunable emission colors covering the entire 

visible range (including white)21  were obtained. Here, a facile and flexible approach is 

reported to prepare (multi)functional fluorescent organic nanoparticles for targeted imaging. 

Via the co-assembly of synthetically accessible pre-functionalized π-conjugated oligomers a 

library of functionalized nanoparticles was generated. The amphiphilic oligomers were on 

one hand pre-functionalized with ligands for biological targeting, such as mannose and biotin, 

and on the other with azides to allow post-functionalization of pre-formed nanoparticles 

(Scheme 4.1). The binding behavior of these nanoparticles has been evaluated using Förster 

resonance energy transfer (FRET) between nanoparticles and fluorescently labeled proteins 

that target the introduced ligands. These results show that the self-assembly of pre-
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functionalized amphiphiles enabled the reliable tuning of ligand density at the nanoparticle 

surface. Via copper catalyzed azide-alkyne cycloaddition (CuAAC) ligands were as well 

successfully introduced at the nanoparticle surface after nanoparticle formation. Multi-

targeting of the fluorescent organic nanoparticles was demonstrated through functionalization 

of the same nanoparticle with different ligands, which were recognized by their 

corresponding protein partners. The nanoparticles were capable of selective binding to 

bacteria and to magnetic beads, which led to nanoparticle-target clustering and, in the case of 

magnetic beads, to complete removal from solution. These results reveal synthetic pathways 

and self-assembly protocols to prepare tunable functionalized fluorescent multivalent 

nanoparticles for biological multi-target imaging applications. 
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Scheme 4.1 a) Chemical structures of Amp1-B and the functionalized amphiphiles 2, 3 and 4.             

b) i) Preparation of the pre-functionalized Mannose-NPs by mixing Amp1-B and amphiphile 2.       

ii) Preparation of the pre-functionalized Biotin-NPs by mixing Amp1-B and amphiphile 3.              

iii) Preparation of the pre-functionalized Azide-NPs by mixing Amp1-B and amphiphile 4 and further 

post-functionalization via copper catalyzed azide-alkyne cycloaddition with alkyne derivatives of 

either mannose or biotin leading to Mannose-NPs or Biotin-NPs. 
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4.2 Results and Discussion 

4.2.1 Molecular Design 

Three derivatives of the fluorene co-oligomer Amp1-B were successfully 

synthesized in which the amphiphile was functionalized with a mannose, a biotin or an azide 

ligand. The synthesis of the amphiphilic derivatives has been described and was performed 

by Dr. A. Kaeser and dr. K. Petkau-Milroy.22 Amp1-B consists of two fluorene units 

connected by a benzothiadiazole linker whereby the hydrophobic core has been decorated 

with one apolar wedge and one polar wedge. The polar ethylene glycol wedge should prevent 

unspecific adsorption of biological matter to the surface of the nanoparticles23 and provide a 

low toxicity of the nanoparticles (see Chapter 5).24 To ensure the exposure of the ligands to 

the aqueous environment around the nanoparticles the ethylene glycol wedge of Amp1-B was 

chosen to be functionalized (Scheme 4.1). Three different ligands, mannose, biotin and azide, 

were introduced to form amphiphile 2, 3 and 4. A mixture of amphiphile 2 and Amp1-B gave 

access to the pre-functionalized nanoparticles containing mannose (Mannose-NPs) that were 

used to evaluate the binding of those nanoparticles to biological structures such as 

Escherichia coli bacteria and the lectin concanavalin A (ConA). A mixture of amphiphile 3 

and Amp1-B gave access to the pre-functionalized nanoparticles containing biotin 

(Biotin-NPs) that were used to evaluate the binding of those nanoparticles to streptavidin 

(SA). A mixture of amphiphile 4 and Amp1-B gave access to pre-functionalized 

nanoparticles containing azides (Azide-NPs) which could be post-functionalized via the 

copper catalyzed azide-alkyne cycloaddition reaction. 

In tetrahydrofuran (THF) all amphiphilic derivatives were molecularly dissolved and 

the absorption spectra showed absorption maxima around λ ≈ 340 nm and 435 nm. The 

fluorescence spectra gave fluorescence maxima around λem ≈ 553 nm (quantum yield around 

(QY) ≈ 80 %). 
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4.2.2 Formation and Characterization of Pre-functionalized Nanoparticles  

The self-assembly to nanoparticles was successfully achieved by injection of 15 μL 

of 1 mM THF stock solution of the oligomer or a mixture of amphiphiles into 5 mL of water, 

resulting in a 3 μM nanoparticle solution. In this way, by premixing know volumes of THF 

stock solutions of Amp1-B and the amphiphile 2-4, control over the composition of the 

nanoparticle, and therefore control over the amount of functional groups on the nanoparticles 

is achieved. Table 4.1 summarizes all nanoparticles and their composition which are studied 

in Chapter 4.  

 

Table 4.1 Optical characteristics and hydrodynamic radius of amphiphilic derivatives in water 

solution (c = 3 µM). 

aExcitation wavelength λexc = 340 nm, reference compound N,N’-bis(pentylhexyl) perylene bisimide 

in dichloromethane.  

 

 

    UV-vis absorption PLa Radius 

 
Amp1 2 3 4 λ/nm (log(ε)/M-1cm-1) 

λmax/nm 

(ϕPL(%)) 
Rh/nm 

NP 100% – – – 335 (4.76); 430 (4.35) 528 (85) 39 

Mannose-10-NP 90% 10% – – 333 (4.78); 431 (4.37) 544 (–) 53 

Mannose-25-NP 75% 25% – – 333 (4.79); 430 (4.38) 539 (80) 45 

Mannose-50-NP 50% 50% – – 333 (4.79); 429 (4.37) 546 (80) 35 

Mannose-75-NP 25% 75% – – 334 (4.79); 428 (4.37) 546 (90) 43 

Mannose-90-NP 10% 90% – – 334 (4.82); 428 (4.41) 542 (75) 38 

Biotin-50-NP 50% – 50% – 334 (4.71); 426 (4.33) 538 (–) – 

Azide-50-NP 50% – – 50% 335 (4.72); 429 (4.31) 541 (90) 50 

Bi-functional-NP – 50% – 50% 334 (4.73); 429 (4.32) 545 (75) 87 
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The absorption and emission spectra of all nanoparticles compared to molecularly 

dissolved amphiphiles in good solvent (THF) reveal a blue shift and a decrease in extinction 

coefficient with absorption maxima around 334 nm and 430 nm and an emission maximum at 

542 nm (Figure 4.1). In addition, no change in absorption or emission spectra was observed 

for nanoparticles with mannose, biotin or azide ligands attached compared to the previously 

studied Amp1-B nanoparticles (Chapter 3). Also, no change in absorption and emission 

spectra was detected by changing the ligand density in Mannose-NPs from 10 % to 90 %. 

Additionally, all the different nanoparticles had high quantum yields between 75 and 90 % 

(Table 4.1). 

 

 

Figure 4.1 a) Absorption and emission spectra of self-assembled NP, Mannose-50-NP, Biotin-50-

NP and Azide-50-NP in water and of molecularly dissolved Amp1-B in THF. b) Absorption and 

emission spectra of Mannose-10-NP, Mannose-25-NP, Mannose-50-NP and Mannose-75-NP and 

of molecularly dissolved Mannose-10-NP in THF (c = 3 µM for absorption and c = 1.5 µM for 

emission measurements, λexc = 340 nm). 

 

Dynamic light scattering (DLS) measurements showed for all nanoparticles a similar 

average hydrodynamic radius of 40 – 50 nm (Figure 4.2). No significant change of the radius 

was observed upon introduction of mannose or azide ligand compared to the previously 

studied NPs (Chapter 3). In addition, no change in radius was detected by changing the ligand 

density in Mannose-NPs from 10 % to 90 %. The hydrodynamic radius determined by DLS 

is in good agreement with the size of the spherical nanoparticles observed with transmission 

electron microscopy (TEM, Figure 4.3). The amphiphiles thus self-assemble into spherical 

nanoparticles, and the TEM images suggest an amorphous internal morphology. These results 
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further show that the introduction of mannose, biotin and azide functionalities into the 

π-conjugated amphiphiles does not alter the size and optical properties of the self-assembled 

nanoparticles. Most likely the self-assembly and the optical properties are dominated by the 

core structure of the amphiphiles, which is not influenced by the introduced functionalities. 

  

 

Figure 4.2 a) Hydrodynamic diameter of NP, Mannose-50-NP and Azide-50-NP in water. 

b) Hydrodynamic diameter of Mannose-10-NP, Mannose-25-NP, Mannose-50-NP and 

Mannose-75-NP measured by dynamic light scattering achieved via cumulant fit of 82° correlation 

function (c = 0.3 µM). 

 

 

Figure 4.3 TEM images of Mannose-10-NP (a) Mannose-50-NPs (b) and Azide-50-NPs (c). The 

scale bare represents 200 nm in all images (c = 1.5 µM).  

 

 

 

c)b)a)

200 nm 200 nm200 nm
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4.2.3 Evaluation of the Binding of Pre-functionalized Nanoparticles 

In the next step, the availability of the introduced ligands for binding to biological 

structures such as Escherichia coli bacteria and the lectin concanavalin A (ConA) was 

investigated. The FimH receptor at the end of the bacterial pilli from E. coli has a binding site 

for mannose. Therefore, nanoparticles which contain mannose ligands should bind to E. coli. 

In contrast, the nanoparticles which do not contain mannose are not expected to bind to the 

bacteria. The overnight culture of BL21 E. coli was incubated with Mannose-50-NPs and 

with Azide-50-NPs (Figure 4.4). After the washing procedure only the E. coli bacteria which 

were incubated with nanoparticles containing mannose showed a yellow fluorescence under 

UV light revealing that the nanoparticles which contain mannose ligands are binding to E. 

coli. Simultaneously, after the incubation of E.coli bacteria with Azide-50-NPs no yellow 

fluorescent bacteria pellet was observed showing no unspecific binding of the nanoparticles 

to E.coli bacteria.  

 

 

Figure 4.4 a) Photograph of washed E.coli bacteria under UV illumination after incubation with (left) 

Azide-50-NPs and (right) Mannose-50-NPs (c = 3 µM). b) Schematic representation of the binding 

of Mannose-50-NPs to E.coli bacteria. 

 

The availability of the mannose ligands for binding to biological structures was 

further evaluated by adding concanavalin (ConA). ConA binds selectively to 

α-mannopyranosyl and α-glucopyranosyl and is often used as a model protein to study sugar-

protein interaction.25–27 The hydrodynamic diameter measured by using DLS showed a 

significant increase after the addition of 1 µM ConA to Mannose-50-NPs, presumably via 

the cross-linking of the nanoparticles upon binding the tetrameric lectin (Figure 4.5). At the 
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same time, no increase of the hydrodynamic diameter was observed after the addition of 

1.5 µM ConA to Azide-50-NPs, indicating that the nanoparticles do not unspecific bind to 

ConA. 

  

 

Figure 4.5 a) Hydrodynamic radius of Mannose-50-NPs and b) of Azide-50-NPs before and after the 

addition of ConA (1.0 µM and 1.5 µM, respectively) measured by DLS in phosphate buffer (with 

0.1 mM CaCl2 and 0.1 mM MnCl2 at pH = 7, nanoparticles concentration c = 0.3 µM). c) Schematic 

representation of the clustering of Mannose-50-NPs upon ConA addition.  

 

In the next step, the binding of biological structures to the biotin functionalized 

nanoparticles was evaluated using Förster resonance energy transfer (FRET) between the 

fluorescent nanoparticle and Alexa Fluor 633 labeled streptavidin (SA-AF633). The 

streptavidin-biotin recognition system has been widely studied and used as a model system 

for biosensing applications.28,29 The binding of SA to the surface of the nanoparticle is 

expected to induce close proximity of the Alexa Fluor 633 dye (AF633) and the nanoparticles 

enabling energy transfer from the fluorene benzothiadiazole donor chromophore to the 

acceptor dye AF633 (Figure 4.6). AF633was the dye of choice, as its absorbance spectrum 

overlaps well with the emission spectra of the nanoparticles. 30 In Figure 4.6, it is shown that 

upon addition of SA-AF633 indeed a decrease in the emission of Biotin-50-NPs 
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(λ = 537 nm) and an appearance of AF633 acceptor emission (λ = 649 nm) is observed. To 

show that non-specific binding of the nanoparticles to the protein does not occur, a control 

experiment was performed by adding dye-labeled ConA to the Biotin-50-NPs. The addition 

of the lectin ConA-AF633 did not lead to energy transfer, suggesting that nonspecific binding 

does not occur.22 At the same time, also no energy transfer is observed when adding SA-

AF633 to Azide-50-NPs revealing that the biotin molecules attached to the nanoparticles are 

crucial to bind to SA.  
 

 

Figure 4.6 a) Schematic representation of the yellow emission of Biotin-50-NPs which changes upon 

addition of Alexa Fluor 633 labeled streptavidin (SA-AF633) due to energy transfer from the 

nanoparticle to the bound SA-AF633. b) Change in emission spectra of Biotin-50-NPs upon addition 

of SA-AF633 caused by energy transfer from the nanoparticles to the dye-labeled SA (40 nM). c) No 

change in emission spectra of Azide-50-NPs upon addition of SA-AF633 (40 nM). Spectra were 

measured in phosphate buffer (pH = 7) using a nanoparticle concentration of c = 0.75 µM and an 

excitation wavelength of λexc = 350 nm. 

 

These results demonstrate that targeted organic nanoparticles can be prepared via a 

simple co-assembly process. Targeting is solely induced through the appending ligands, and 

unspecific absorption is prevented by the shielding ethylene glycol chains. 
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4.2.4 Tuning of the Binding of Pre-functionalized Mannose Nanoparticles 

An important feature of nanoparticles generated via self-assembly of pre-

functionalized amphiphiles should be the facile and reproducible control over ligand 

density.31 To evaluate the effect of nanoparticle ligand density on protein binding 

nanoparticles with 10 % Mannose (Mannose-10-NPs), 50 % Mannose (Mannose-50-NPs) 

and 75 % Mannose (Mannose-75-NPs) were prepared. To determine the influence of ligand 

density on protein binding, FRET studies between the fluorescent nanoparticle and 

AlexaFluor633 labeled ConA (ConA-AF633) were performed (Figure 4.7). Indeed, a 

decrease in nanoparticle fluorescence and an appearance of the AF633 fluorescence was 

observed in the spectrum. To investigate that there is no unspecific adsorption, titrations of 

SA-AF633 to Mannose-50-NPs were performed showing no energy transfer. 

Simultaneously, no energy transfer was detected after adding AF633-labeled ConA to 

Azide-50-NPs.22 The change in FRET ratio (643 nm / 539 nm) upon addition of ConA-

AF633 was plotted against the protein concentration to quantify the effect, which can be seen 

in Figure 4.7. Interestingly, a clear correlation between the energy transfer and the percentage 

of mannose amphiphile 2 incorporated into the nanoparticle could be established, with the 

highest FRET ratio in the case of Mannose-75-NPs. A higher mannose density leads to 

higher recruitment of proteins to the nanoparticle surface, resulting in an increase in FRET.32 

The tuning of the ligand density during the nanoparticle preparation therefore modulates the 

extent of protein binding to the nanoparticles. 
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Figure 4.7 a) Generation of pre-functionalized Mannose-NPs with different densities of mannose 

ligands on the nanoparticles surface using mixtures of Amp1-B and amphiphile 2. b) Change in 

emission spectra of Mannose-50-NPs upon addition of ConA-AF633 caused by energy transfer from 

the nanoparticles to the dye-labeled ConA. c) Change in FRET ratio for Mannose-10-NPs, Mannose-

50-NPs Mannose-75-NPs and Azide-50-NPs upon addition of ConA-AF633 shown as the mean 

value of at least three measurements. All spectra were measured in phosphate buffer (with 0.1 mM 

CaCl2 and 0.1 mM MnCl2 at pH = 7) using a nanoparticle concentration of c = 0.3 µM and an 

excitation wavelength of λexc = 350 nm. 
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4.2.5 Utilizing the Binding of Pre-functionalized Mannose Nanoparticles to Probe 

Morphology Alterations 

The binding of ConA might cause a change in the morphology of the nanoparticles. 

The nanoparticle morphology can be monitored by intra-particle energy transfer (see 

Chapter 3). In this study non-functionalized naphthalene and benzothiadiazole amphiphilic 

derivatives (Amp1-N and Amp1-B) blended with mannose functionalized amphiphile 2 were 

used to generate pre-functionalized nanoparticles (Figure 4.8). It was demonstrated that for 

the two-component nanoparticles Amp1-N/Amp1-B the morphology of the molecules in the 

nanoparticles has a clear impact on energy transfer between these two components (see 

Chapter 3). With higher acceptor concentrations an increased clustering of the acceptor 

molecules into domains was observed.  

Here, similar emission spectrum was obtained for Amp1-N/Amp1-B-Mannose 9/1 

nanoparticles compared to the previously studied Amp1-N/Amp1-B 9/1 nanoparticles 

(Figure 4.8). The Amp1-N donor emission is almost completely quenched while the acceptor 

emission suggests aggregation (see Chapter 3). This result illustrates that the introduction of 

the mannose functionality into the nanoparticle does not alter the intra-particle energy 

transfer properties suggesting similar nanoparticle morphology.  

Upon adding dye-labeled ConA to Amp1-N/Amp1-B-Mannose 9/1 nanoparticles 

no change in intra-particle energy transfer could be observed by monitoring the naphthalene 

emission (Figure 4.9). This suggests no alteration in the nanoparticle morphology upon 

protein binding. The energy transfer ratio from the particle to the dye-labeled protein is 

comparable with the changes observed for the Mannose-10-NPs (Figure 4.10), where most 

likely a homogeneous distribution of the mannose amphiphile 2 in the Amp-1 particles is 

present. This data shows that the nanoparticle morphology might not be changed by the 

binding of ConA. 
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Figure 4.8 a) Chemical structure of Amp1-B, Amp1-N and the functionalized amphiphile 2. 

b) Emission spectra of self-assembled Amp1-N/Amp1-B 9/1, Amp1-N/Amp1-B-Mannose 9/1 

nanoparticles (c = 3 µM). 

 

 

Figure 4.9 Change in emission spectra of Amp1-N/Amp1-B 9/1 (a), Amp1-N/Amp1-B-Mannose 

9/1 (b) upon addition of ConA-AF633 caused by energy transfer from the nanoparticles to the dye-

labeled ConA (20 nM) using a nanoparticle concentration c = 0.75 µM. 
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4.2.6 Post-functionalization via Azide-Alkyne Cycloaddition 

Nanoparticles with surface accessible azides enable the introduction of diverse 

ligands via the copper(I)-catalyzed azide-alkyne cycloaddition reaction after nanoparticle 

formation, by the so-called post-functionalization. In the first step, Azide-50-NPs were 

reacted with mannose-alkyne in order to compare the degree of functionalization of the pre- 

and post-functionalization methods (Figure 4.10a). The click reaction was performed with 

copper(II) sulfate, sodium ascorbate and bathophenanthroline33 under inert gas conditions.  

The copper salt did not cause any significant quenching of the nanoparticle fluorescence. The 

functionalized nanoparticles were purified with a Sephadex desalting column to remove the 

excess of the cytotoxic copper sulfate and sodium ascorbate. The functionalization was 

confirmed by mass spectrometry (MALDI-ToF), where in addition to the mass of the azide 

amphiphile 4, the mass of the mannose-functionalized amphiphile 2 could be detected (Figure 

4.10b). The evaluation of the click reaction on the particle was investigated using FRET 

measurements between the fluorescent nanoparticle and AlexaFluor633 labeled ConA. The 

post-functionalization was successful as energy transfer from the nanoparticle to ConA-

AF633 was detected. Compared to the pre-functionalized Mannose-NPs much lower energy 

transfer was observed for the post-functionalized nanoparticles, less than 10% of the azide 

moieties in the Azide-50-NPs were functionalized with mannose (Figure 4.10c). The lower 

degree of functionalization via the post-functionalization method compared to the pre-

functionalization method is not surprising, as the accessibility and therefore the degree of 

amphiphile functionalization will be significantly lower for post-functionalized nanoparticles. 
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Figure 4.10 a) Schematic representation of generating Mannose-50-NPs via pre- and post-

functionalization. b) MALDI-ToF spectra of the azide amphiphile 4 after the cycloaddition reaction in 

water with mannose alkyne yielding amphiphile 2 ([M]+) via post-functionalization. c) Changes in 

FRET ratio upon addition of ConA-AF633 to pre-functionalized Mannose-50-NPs, Azide-50-NPs 

and Azide-50-NPs post-functionalized with mannose. All spectra were measured in phosphate buffer 

(with 0.1 mM CaCl2 and 0.1 mM MnCl2 at pH = 7) using a nanoparticle concentration of c = 0.3 µM 

and an excitation wavelength of λexc = 350 nm. 

 

Subsequently, biotin was chosen as a second biomolecule to investigate the post-

functionalization of Azide-100-NPs. Biotin-alkyne was clicked to these nanoparticles in 

order to achieve biotin functionalized particles (Biotin-NPs). The functionalization was 

confirmed by mass spectrometry (MALDI-ToF), where in addition to the mass of the azide 

amphiphile 4, the mass of the biotin-functionalized amphiphile 3 was detected (Figure 4.11a). 

Furthermore, DLS and TEM measurements showed no significant changes in the size and 

shape of the post-functionalized Biotin-NPs compared with the Azide-50-NPs, as still 

spherical particles with a somewhat larger hydrodynamic radius of 60 nm were observed 

(Figure 4.11b and c). The evaluation of the click reaction on the particle was investigated 

using FRET between the fluorescent nanoparticle and SA-AF633. Upon addition of labeled 
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SA-AF633 to the biotin functionalized nanoparticles a decrease in donor emission and an 

increase in acceptor emission could be observed (Figure 4.11d). 

 

 

Figure 4.11 a) MALDI-ToF spectra of the azide amphiphile 4 after the cycloaddition reaction in 

water with biotin alkyne yielding amphiphile 3 ([M]+) via post-functionalization. b) TEM images of 

Biotin-NPs generated via post-functionalization. The scale bar represents 100 nm. c) Hydrodynamic 

diameter of Biotin-NPs generated via post-functionalization measured by dynamic light scattering 

achieved via cumulant fit of 82° correlation function. d) Change in emission spectra of post-

functionalized Biotin-NPs upon addition of 40 nM SA-AF633 caused by energy transfer from the 

nanoparticles to the dye-labeled SA. The insets show photographs of the corresponding nanoparticle 

solutions before (left) and after (right) the addition of 40 nM SA-AF633 under illumination with UV 

light (λexc = 360 nm). All spectra were measured in phosphate buffer (with 0.1 mM CaCl2 and 0.1 mM 

MnCl2 at pH = 7) using a nanoparticle concentration of c = 0.3 µM and an excitation wavelength of 

λexc = 350 nm. 
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The energy transfer efficiency was higher for the binding of SA-AF633 to Biotin-

NPs than for the binding of ConA to Mannose-NPs. This might be explained by the shorter 

distance between the Biotin-NP and the Alexa Fluor 633 dye attached to streptavidin, as SA 

is smaller than ConA and additionally possesses a stronger binding constant to biotin. 

Compared to the pre-functionalized Biotin-50-NPs better energy transfer was observed for 

the post-functionalized nanoparticles (Azide-100-NPs), so most likely more than 50 % of the 

azide moieties in the Azide-100-NPs were functionalized with biotin (Figure 4.6 versus 

Figure 4.11).  

The isolation of self-assembled post-functionalized Biotin-NPs by magnetic 

streptavidin beads was also investigated.34 After incubation with these beads and subsequent 

extraction using a magnet, the solution of Azide-50-NPs remained yellow fluorescent, 

suggesting no unspecific binding to the beads (Figure 4.12). In contrast, the yellow 

fluorescence of the Biotin-NPs was not visible in solution anymore, indicating that the 

nanoparticles are effectively sequestered from solution. The lack of fluorescence in solution 

simultaneously underlines the stability of these self-assembled nanoparticles. This result 

shows the ability to extract nanoparticles from solution by magnetic beads and this should 

enable the simple separation of specifically modified nanoparticles in solution.  

 

 

Figure 4.12 Photographs of Azide-50-NPs, Biotin-NPs and Biotin-NPs with SA under visible light 

(a) and UV light (b, λexc = 350 nm) after incubation with 150 µL of magnetic streptavidin beads 

followed by magnetic separation after 40 min of incubation. 
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4.2.7 Dual-Targeting Nanoparticles 

The self-assembly of π-conjugated amphiphiles enables the direct access to bi-

functional nanoparticles, that can be applied for dual targeting. For this purpose, we 

combined the pre- and post-functionalization strategies. First, nanoparticles containing 50 % 

azide and 50 % mannose (Bi-functional NPs) were generated followed by the cycloaddition 

reaction with biotin-alkyne, to evaluate the surface availability of azides for subsequent 

bioconjugation, yielding Dual-targeting NPs (Figure 4.13a). Energy transfer studies with 

ConA-AF633 and SA-AF633 were used to investigate if both ligands are still available for 

binding to biological structures (Figure 4.13b and c). These FRET studies showed that the 

Dual-targeting NPs bind to both, ConA and SA. When compared with the pure Biotin-NPs 

and Mannose-50-NPs, a similar binding behavior was observed, proving the same effective 

introduction and availability of the targeting ligands. These results show that a portfolio of 

pre- and post-functionalization strategies significantly broadens the flexibility of these 

nanoparticles in terms of ligand modification and in multi-targeting application. 
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Figure 4.13 a) Generation of bifunctional nanoparticles containing azides and mannose using 

mixtures of amphiphile 2 and 4 and subsequent post-functionalization via copper catalyzed azide-

alkyne cycloaddition with alkyne derived biotin yielding dual targeting mannose and biotin labeled 

nanoparticles. b) and c) Emission spectra of Dual-targeting NPs upon addition of 5 nM SA-AF633 

(b) and of 15 nM ConA-AF633 (c). All spectra were measured in phosphate buffer (with 0.1 mM 

CaCl2 and 0.1 mM MnCl2 at pH = 7) using a nanoparticle concentration of c = 0.3 µM and an 

excitation wavelength of λexc = 350 nm. 
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4.3 Conclusion 

A facile method was demonstrated to generate (multi)targeted fluorescent 

nanoparticles based on the self-assembly of π–conjugated amphiphilic oligomers in water. 

Azide and mannose groups were introduced at the periphery of the ethylene glycol chains of 

the amphiphile. Using these building blocks a library of differently pre-functionalized 

nanoparticles was generated. Additionally, the nanoparticle pre-functionalization was 

combined with subsequent post-functionalization of azide bearing nanoparticles via the 

copper catalyzed azide-alkyne cycloaddition (CuAAC) reaction, thus expanding the ligand 

diversity at two independent stages in the nanoparticle fabrication process. The intrinsic 

fluorescence of these organic nanoparticles enables the simple evaluation of recognition 

events and surface properties via FRET, showing, for example, their capability and potential 

for multi-targeting. Decoration of nanoparticles with specific ligands induced the selective 

binding of proteins, bacteria and magnetic beads to the nanoparticles, which, in combination 

with the absence of unspecific adsorption and their stability, proves their broad potential as 

selective biological targeting tools. The successfully combined pre- and post-

functionalization of fluorescent oligomer nanoparticles represents a novel opportunity to 

apply these versatile nanoparticles with readily tailored optical properties to imaging 

applications in biology and medicine.  
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4.4 Experimental Section 

Synthesis. The amphiphilic derivatives were synthesized and fully characterized by 

Dr. A. Kaeser and dr. K. Petkau-Milroy.22  

Preparation of Nanoparticles. The nanoparticles were prepared by injecting 15 µL 

of 1 mM THF stock solution into 5 mL of water, which results in a 3 µM nanoparticle 

solution.  

Optical Characterization. UV-vis was measured on a Jasco V-650 

spectrophotometer. Fluorescence spectra were recorded on a Varian Cary Eclipse 

fluorescence spectrophotometer equipped with a Perkin–Elmer PTP-1 Peltier temperature 

control system. The optical density of the samples for fluorescence measurements was below 

0.1. Solutions were measured in a quartz cuvette with a 1 cm path length (Hellma) and 2 mL 

minimal volume at 20 °C. All fluorescence measurements for biological binding studies were 

performed in phosphate buffer (10 mM, pH 7.0 containing 0.1 mM CaCl2 and 0.1 mM 

MnCl2). Nanoparticles were diluted ten folds to reach the final concentration of 0.3 µM and 

equilibrated in the spectrophotometer at 20 ˚C for 30 minutes before titration. Protein 

concentrations were determined using NanoDrop V3.5.2 by measuring the absorbance at 280 

nm using extinction coefficients (and molecular weight) of non-labeled proteins (streptavidin 

Mw = 53 kDa, ε = 200 M-1 cm-1, concanavalin A Mw tetramer = 110 kDa, E1% = 13.7 g-1 cm-1 L). 

The FRET ratio was calculated by dividing the emission of Alexa Fluor 633 at 648 nm and 

the emission of fluorescent nanoparticles at 542 nm, respectively. The change in FRET ratio 

is defined as the difference between the FRET ratio at a later measuring point and the FRET 

ratio before the addition of dye labeled protein.  

Dynamic Light Scattering. DLS experiments were performed on an ALVCGS-3 

Compact Goniometer, in the angular range of 25 to 151 degrees. The incident beam was 

produced by a HeNe laser operating at 532 nm. The intensity signal was sent to an ALV5000 

digital correlator, using a typical acquisition time of 100 s for each angle. The nanoparticle 

solutions were prepared via the reprecipitation method as described before followed by a 

filtration via a 0.2 µm pore size cellulose filter to remove dust particles. The calculation of 

the particle size distribution was performed using cumulant analysis.  

Transmission Electron Microscopy. Visualization by TEM was done with a 

Technai G2 Sphera by FEI, working at a voltage of 200 kV on a CCD chip of 
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1024 x 1024 pixels. Samples were prepared by dropcasting a 3 µM solution of nanoparticles 

on a carbon film on a 400 square mesh copper grid and dried for 1 min. 

CuAAC. Using degassed water 5 mL of a 3 µM stock solution were prepared as 

described previously. Subsequently, using 1 mM stock solutions, 5eq of biotin alkyne 

(75 µL) or propargyl mannose (75 µL), 4 eq of sodium ascorbate (60 µL) and 0.4 eq of 

copper (II) sulfate (6 µL) were added. In some cases, during the addition of reactants, 

aggregation occurred, which could be diminished via good stirring and bubbling of Argon 

through the solution during addition. If no aggregation occurred during addition, the reaction 

mixture did not aggregate during overnight reaction. After up to 24 hours at room 

temperature, the excess of alkyne ligand and the cytotoxic copper salts were removed using a 

PD-10 sephadex desalting column or via dialysis using a 3.5-5 kDa MWCO membrane. To 

increase the efficiency of a CuAAC reaction of propargyl mannose and Azide-NPs, several 

factors can usually be changed: concentration, solvent, temperature and addition of a copper 

(I) stabilizing ligand. Being restricted to pure water as solvent and as well to a 3 µM 

concentration, the post-functionalization of the nanoparticles was conducted in presence of 

copper (I) stabilizing ligand (bathophenanthrolinedisulfonic acid disodium salt trihydrate 

(0.4 eq)). Additionally, the CuAAC reaction has been conducted at 40 ˚C in presence and in 

absence of this copper (I) stabilizing ligand. None of the strategies enhanced the yields. 

Generally, for post-functionalization of nanoparticle surfaces an excess of ligand is necessary 

to drive the reaction, leading to batch to batch variations and making it difficult to adjust 

surface properties. Therefore, in cases where pre-functionalization is not possible, due to the 

poor solubility of ligands in organic solvents, the success of the bioconjugation via the 

CuAAC reaction needs to be controlled using binding assays. For matrix assisted laser 

desorption/ionization time of flight mass spectra (MALDI-ToF-MS) measurements, 

molecularly dissolved amphiphiles were achieved by dissolving the nanoparticles from 

several CuAAC reactions in THF after evaporation of water. MALDI-TOF-MS were 

measured on a PerSeptive Biosystems Voyager-DE PRO spectrometer with a 

Biospectrometry workstation using 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene] 

malononitrile (DCTB) as matrix material. 

Incubation with magnetic streptavidin beads. Dynabeads T1 were thoroughly 

vortexed and 500 µL of the beads suspension were washed three times with 500 µL 

phosphate buffer (containing 0.1 mM CaCl2 and 0.1 mM MnCl2) prior to use. In the end the 
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beads were resuspended in 600 µL buffer. After addition to nanoparticles, the magnetic beads 

were collected with a magnet after 40 minutes of incubation. 
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Self-Assembled Fluorescent Organic Nanoparticles for 

Live Cell Imaging

 

Abstract. Fluorescent cell-permeable organic nanoparticles based on self-assembled π-

conjugated oligomers with high absorption cross-sections and high quantum yields have been 

developed. The nanoparticles are generated with a tunable density of amine-groups for 

charge-mediated cellular uptake by a straightforward self-assembly protocol, allowing control 

over size and toxicity. These results show that only one amine functionality per ten oligomers 

is sufficient to achieve cellular uptake. The non-toxic nanoparticles are suitable for both one- 

and two-photon cellular imaging and flow cytometry, revealing very efficient cellular uptake. 
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5.1 Introduction 

Fluorescent nanoparticles have a great potential in fluorescent imaging of living 

cells since they overcome the limitations of organic dyes such as lower brightness and poor 

photostability.1–7 Fluorescent semiconductor nanoparticles, so-called quantum dots, with their 

unique optical properties such as narrow emission and broad absorption bands, high quantum 

yields and large absorption cross-sections are for example currently explored as fluorescent 

imaging probes.8,9 Nevertheless, for live cell imaging the dilemma of toxicity and blinking of 

such quantum dots still remain a crucial concern.10 Recently, fluorescent nanoparticles based 

on π-conjugated polymers and oligomers have attracted much interest. Their high 

fluorescence and photochemical stability as well as chemical accessibility, make them 

appealing probes for cellular imaging.1–7 π-Conjugated polymer-based nanoparticles (PDots) 

have been developed with good photostability, high absorption and two-photon action cross-

section and quantum yields up to 40%.11–14 However, endocytotic uptake of Pdots has rarely 

been reported.15 To attempt live cell imaging PDots were encapsulated in poly(DL-lactide-co-

glycolide)16 or in phospholipids17 to minimize unspecific interaction and toxicity of the 

hydrophobic polymer. Self-assembled fluorescent nanoparticles based on π-conjugated 

oligomers possess the advantage over quantum dots and PDots of easy incorporation of 

individual building blocks into the nanoparticle, thereby allowing full control over structure 

and function of the resulting self-assembled imaging probes.18–27 Recently, we have reported 

on self-assembled fluorescent nanoparticles composed of π-conjugated oligomers28,29 that 

were functionalized with different bio-ligands at the extremities of inert ethylene glycol side 

chains, for polarity and dual targeting.30 For several biomedical applications, such as 

imaging, delivery and targeting, there is a strong need to develop fluorescent nanoparticles 

based on π–conjugated oligomers that enable live cell imaging. Herein, self-assembled 

fluorescent organic nanoparticles with high absorption cross-sections and high quantum 

yields are introduced as cell-permeable one- and two-photon imaging probes. The tunable 

incorporation of oligomer building blocks with an amine functionality at the periphery leads 

to endocytotic cellular uptake of these nanoparticles without the inhibition of cell viability. 

Flow cytometry experiments revealed efficient cellular uptake even at nanomolar 

concentrations. 
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5.2 Results and Discussion 

5.2.1 Molecular Design and Synthesis 

First the self-assembly of the amphiphilic fluorene oligomers 1 and 2 to form 

fluorescent organic nanoparticles with tunable amine density was explored (Scheme 5.1). The 

oligomers 1 and 2 consist of a π-conjugated core of two fluorene units connected by a 

benzothiadiazole linker. The hydrophobic chromophore is linked to gallic acid derivatives 

bearing either alkyl tails or ethylene glycol chains. The hydrophilic ethylene glycol chains 

prevent unspecific adsorption of biological matter30 to the surface of the nanoparticles and 

should provide low toxicity31,32 of the nanoparticles. The amine functionality at the periphery 

of the hydrophilic ethylene glycol wedge was introduced to facilitate charge-mediated 

cellular uptake. 

  

 

Scheme 5.1 Chemical structures of the π-conjugated oligomers 1 and 2. Generation of nanoparticles 

with different amounts of amine functionalities via pre-mixing of oligomers 1 and 2: the 

nonfunctionalized nanoparticles (NP) of 1 only, the amine functionalized nanoparticles containing 

90 % of 1 and 10 % of 2 (amine-10-NP), 50 % 1 and 2 (amine-50-NP) and 10 % 1 and 90 % 2 

(amine-90-NP). 
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The synthesis of oligomer 1 has already been described18 while the synthesis of the 

novel fully characterized oligomer 2 is shown in Scheme 5.2. The boc-protected amine gallic 

acid derivative 5 was synthesized as described previously,33 activated by using 

O-benzotriazole-N,N,N,N-tetramethyl-uronium-hexafluoro-phosphate (HBTU) and coupled 

to 4. The boc-protecting group was removed by using trifluoroacetic acid (TFA) in 

dichloromethane yielding the amphiphilic derivative 2. 

 

 

Scheme 5.2 Synthesis pathway for amphiphile 2. 

 

 

5.2.2 Formation and Characterization of the Nanoparticles 

Nanoparticles were prepared using the reprecipitation method33 via rapid injection of 

15 µL of a 1 mM tetrahydrofuran (THF) stock solution of the π-conjugated oligomer, or 

mixtures of oligomers, into 5 mL of water or phosphate buffered saline (PBS). In this way, by 

premixing known volumes of THF stock solutions of the oligomers 1 and 2 before injection, 

nanoparticles with controlled and diverse amounts of amine functionalities were generated. 

Here, amine functionalized nanoparticles containing 90 % of 1 and 10 % of 2 (amine-10-NP) 

as well as nanoparticles containing 50 % oligomer 2 (amine-50-NP) and 90 % oligomer 2 

(amine-90-NP) have been made and analyzed (Scheme 5.1). The absorption and emission 

spectra of the amine-10-NP, amine-50-NP and amine-90-NP in THF showed the 
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characteristics of molecularly dissolved species (Figure 5.1) with absorption maxima at 

436 nm and 340 nm (ε = 1x105 M-1 cm-1). The emission maximum was observed at 555 nm 

with high quantum yields of around 80 %. Upon self-assembly in water or PBS the 

nanoparticles showed a typical decrease in extinction coefficient due to the aggregation of the 

fluorene chromophores. The absorption maxima were observed at around 430 nm and 335 nm 

(Figure 5.1 and Table 5.1) and a blue shifted emission maximum was present at 545 nm.  

 

Table 5.1 Optical characteristics of nanoparticles in water solution (c = 3 µM). 

aThe absorption cross-section σ was determined by assuming a density of 1 g cm-3 within the 

nanoparticles, breference compound N,N’-bis(pentylhexyl) perylene bisimide in dichloromethane 

(λexc = 450 nm, Φ = 1). 

 

Previous studies revealed that the emission of fluorene-benzothiadiazole co-polymers is 

sensitive to the polarity of its environment, resulting in a blue shift and an increase in 

emission intensity as the environment becomes more hydrophobic34 indicating aggregation of 

the oligomers in water. Small differences in extinction coefficients of nanoparticles in water 

and PBS were found, which are most likely due to the presence of ions in the PBS buffer 

which affects the polarity and supramolecular organization of the π-conjugated oligomers.35 

The quantum yield36 correlates with the amount of amine functionalities in the nanoparticles 

ranging from 75 % for amine-10-NPs to 35 % for amine-90-NPs.37 The lowest quantum 

yield of our nanoparticles series, which was observed for amine-90-NPs, is similar to 

quantum yields of 40 % reported for highly fluorescent PDots11 and quantum dots.38 

 

    UV-vis absorption PL 

 1 2 λ/nm (log(ε)/M-1cm-1) σa/cm2 λmax/nm (ϕPL
b(%)) 

NP 100% – 335 (4.8); 430 (4.3) 6.0*10-12 536 (85) 

amine-10-NP 90% 10% 336 (4.7); 432 (4.3) 5.4*10-12 544 (76) 

amine-50-NP 50% 50% 337 (4.6); 433 (4.2) 1.0*10-10 542 (45) 

amine-90-NP 10% 90% 337 (4.6); 433 (4.2) 7.9*10-13 546 (37) 
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Figure 5.1 Absorption (solid lines) and emission spectra (dashed lines) of amine-10-NPs (red), 

amine-50-NPs (green) and amine-90-NPs (blue). 

 

The nanoparticles were further characterized by transmission electron microscopy 

(TEM) revealing spherical particles with amorphous internal morphology (Figure 5.2). For 

the amine-10-NPs small particles with a diameter of 86 ± 24 nm were found with the 

occasional presence of large aggregates. For amine-50-NPs and amine-90-NPs only one 

population of nanoparticles was observed; particles with a diameter of 232 ± 81 nm in the 

case of amine-50-NPs and particles of 44 ± 10 nm in the case of amine-90-NPs.34 The radius 

of the nonfunctionalized nanoparticles NP was shown to be 40 nm.18 These results show that 

the introduction of the amine group modulates the size of the nanoparticles. In our earlier 

studies30, after introduction of the non-charged ligands mannose and biotin ligand at the 

periphery of the nanoparticles, no influence on the nanoparticles size and optical properties 

was observed.35 Moon and co-workers36 postulated that the nanoparticle formation of 

poly(phenyleneethylene) functionalized with an amine group (PPE-NH2) is not driven by 

aggregation and chain collapse of the polymer chain, therefore leading to hydrodynamic radii 

that are easily affected. Probably, the amine group is protonated in water and therefore, 

affects the hydrophilic/hydrophobic ratio. This ratio has, as shown earlier18, an effect on the 

nanoparticle size. 
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Figure 5.2 TEM images of amine-10-NP (a), amine-50-NP (b) and amine-90-NP (c). 

 

The absorption cross-section of a material describes the probability of an absorption 

process and can be determined from the absorption spectra and the size of the particles.12 The 

absorption spectra of amine-90-NPs revealed a large absorption cross-section of 8*10-13 cm2 

(Table 5.1), in the same range as polymer dots11 and approximately 100 times larger than 

CdSe quantum dots.37 An estimation of the fluorescence brightness is given by the product of 

absorption cross-section and quantum yield revealing that the fluorescent self-assembled 

nanoparticles feature a fluorescence brightness exceeding conventional organic dyes and 

quantum dots. This data shows that the nanoparticles formed have outstanding optical 

properties, which bodes well for cellular imaging applications. 

 

 

5.2.3 Cellular Studies 

Low cytotoxity of the self-assembled nanoparticles is crucial to explore their 

potential in the area of live cell imaging. To the best of our knowledge, the toxicity of 

nanoparticles consisting of π-conjugated oligomers has not been studied, yet. In the molecular 

design of the oligomers, ethylene glycol chains were attached to the π-conjugated oligomers 

to provide low toxicity of the nanoparticles.31,32 Low cytotoxity has been observed for π-

conjugated polymer nanoparticles only when coated with PEG,15 while in contrast PEG-

amine coated quantum dots exhibited significant cytotoxicity within 48 hours.38 The 

cytotoxity of NPs, amine-10-NPs, amine-50-NPs and amine-90-NPs was evaluated using a 

MTT assay (Figure 5.3). NPs, which are composed of oligomers containing only inert 

200 nm500 nm200 nm

a) b) c)
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ethylene glycol chains, showed no effect at all on the cell viability of HeLa cells at the 

concentrations evaluated. Also when exposed to culture medium containing amine 

nanoparticles (amine-10-NPs, amine-50-NPs and amine-90-NPs) up to a concentration of 

0.9 µM, HeLa cells grew as normally as in the control culture. A slight decrease in cell 

viability (below the generally acceptable value of 80%) is observed only at high 

concentrations of amine containing nanoparticles. Specifically, the nanoparticles containing 

10% of oligomer 2 (amine-10-NPs) showed increased toxicity at higher concentrations. This 

is probably due to the presence of the small number of large aggregates. However, at 

concentrations below 0.9 µM, as used for all further cellular imaging studies, none of the 

amine containing nanoparticles influenced the viability of HeLa cells.  

 

 

Figure 5.3 Viability of HeLa cells in presence of increasing concentrations of NP, amine-10-NPs, 

amine-50-NPs and amine-90-NPs determined using the MTT assay. All values are normalized to the 

PBS negative control, which is set to 100%. The arrow indicates the cell viability at 0.3 µM, the 

concentration used for all further cell studies. 

 

In the next step, NPs, amine-10-NPs, amine-50-NPs and amine-90-NPs were used 

to stain living cells to examine the cell permeability of the self-assembled fluorescent 

nanoparticles. HeLa cells were incubated for 1 h with different nanoparticles at 

submicromolar concentrations (0.3 µM) and imaged after washing. No cellular uptake was 

observed for NPs, again highlighting the inertness of this purely ethylene glycol coated 

scaffold.30 The incorporation of different amounts of 2 in all cases induced cellular uptake of 

the now partly amine decorated nanoparticles (amine-10-NPs, amine-50-NPs and 
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amine-90-NPs, Figure 5.4), which implies that the charged amine group is crucial for the 

cellular uptake. Remarkably, only one amine functionality per oligomer and a fraction of only 

10 percent thereof was sufficient to achieve cellular uptake of the nanoparticles, showing the 

strong functional supramolecular effect of the self-assembly. In earlier studies of 

supramolecular polymers at least three amine functionalities per molecule were necessary to 

reach cell permeability,39 while eight positive charges per molecule are required in non-

supramolecular assemblies40. This indicates that by virtue of tuneable self-assembly there is 

an efficient clustering of positive charges at the surface of nanoparticles, sufficient for 

cellular uptake. The cellular uptake, initiated through membrane binding, was rapid, since 

after 1 hour only fluorescence in the perinuclear region was detected. The intracellular 

nanoparticles were imaged not only using fluorescence microscopy, but as well using both 

confocal (λexc = 470 nm) and two-photon microscopy (Figure 5.4, λexc = 720 nm), showing 

the broad applicability of these nanoparticles as imaging tools. Two-photon microscopy, 

which is not applicable for every dye41, has the advantage of higher resolution, higher 

penetration depth in tissue and weak auto-fluorescence.42 

Flow cytometry measurements were performed to quantify the cellular uptake of the 

fluorescent nanoparticles. Therefore, HeLa cells were incubated for 2 hours at 37 ˚C with 

0.3 µM amine-90-NP. Consistent with the microscopy results, highly efficient cellular 

uptake of amine-90-NPs was observed, since no cells with low fluorescence intensity were 

detected. The cell fluorescence was measured and quantified, showing excellent separation 

between the non-labelled cells and those labelled with nanoparticles with nearly 300-fold 

higher fluorescence intensity (Figure 5.4).  
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Figure 5.4 a) Two-photon microscopy images of live HeLa cells incubated for 2 hours with NPs, 

amine-10-NPs, amine-50-NPs and amine-90-NPs (λexc = 720 nm, MP laser, c = 0.3 µM). b) Flow 

cytometry detection of amine-90-NPs labeled HeLa cells. Fluorescence intensity distribution of HeLa 

cells incubated for 2 hours with 0.3 μM amine-90-NPs (green) and of HeLa cells (gray) is shown 

(λexc = 405 nm, λem = 510/50 nm). In each sample 10000 cells were analyzed. The inset shows the 

mean fluorescence intensity values for each sample. 

 

 

 

a)

b)



Self-Assembled Fluorescent Organic Nanoparticles for Live Cell Imaging 

105 

5.3 Conclusion 

In conclusion, novel fluorescent organic nanoparticles based on self-assembled π-

conjugated oligomers were developed that feature high absorption cross-sections and high 

quantum yields and that are functionalized at the periphery for charge-mediated cellular 

uptake. We show for the first time that these nanoparticles are appealing probes for one- and 

two-photon cellular imaging and that they feature very efficient cellular uptake as confirmed 

by flow cytometry. Possessing a strong supramolecular effect, one amine functionality per 10 

oligomers was sufficient to achieve cellular uptake of the self-assembled nanoparticles. 

Additionally, the amine functionality provides an entry to be further exploited for conjugation 

with biomolecules and therefore, specific cellular targeting. Combined with the capability of 

encapsulating hydrophobic guest molecules20 these nanoparticles hold great promise for 

targeted drug delivery combined with molecular imaging. Moreover, the generation of 

nanoparticles with different compositions, causing changes in for example fluorescence color 

or ligand density, by simple intermixing of a variety of oligomers promises to lead to 

multifunctional supramolecular imaging probes. 
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5.4 Experimental Section 

5.4.4 General Methods 

Materials and Instruments. O-Benzotriazole-N,N,N,N’,N’-tetramethyl-uronium-

hexafluoro-phosphate (HBTU) and N,N’-diisopropylamine (DIPEA) were purchased from 

Biosolve. Dry N,N’-dimethylformamide (DMF) and dry triethylamine (TEA) were purchased 

from Sigma-Aldrich. Analytical thin layer chromatography (TLC) was carried out using 

Merck pre-coated silica gel plates (60F-254) using ultraviolet light irradiation at 254 or 

365 nm. Manual column chromatography was performed using Merck 60 Å pre size silica gel 

(particle size: 63-200 µm). Preparative recycling GPC was performed using a Shimadzu 

system equipped with a Shimadzu LC-10ADvp pump, a Jai-Gel 2.5 H and a Jai-Geld 2H 

column in series and a Shimadzu SPD-10Avvp UV/Vis detection system performing 

detection at 254 nm and 340 nm. HPLC grade chloroform was used as the eluent with a flow 

of 3.5 ml/min and manual injection was performed with a volume of 2 ml. One cycle trough 

the system took 1 hour. Matrix assisted laser desorption/ionization time of flight mass spectra 

(MALDI-TOF-MS) were measured using 2-[(2E)-3-(4-tert-butylphenyl)-methylprop-2-

enylidene] malononitrile (DCTB) as matrix material. M/z values are given in gram/mol. 
1H and 13C NMR spectra were recorded using a Varian Mercury Vx 400 mHz at 298 K. 

Chemical shifts are given in parts per million (ppm) and the spectra are calibrated to residual 

solvent signals of CDCl3 (7.26 ppm (1H) and 77.0 ppm (13C)). 

Preparation of Nanoparticles. Injection of 15 μL of 1 mM THF stock solution into 

5 mL of water results in a 3 μM nanoparticle solution. 

Optical Characterization. UV-Vis spectra were measured on a Jasco V-650 

spectrophometer. Fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence 

spectrophotometer equipped with a Perkin-Elmer PTP-1 Peltier temperature control system. 

All fluorescence measurements were performed in demineralized water in quartz cuvettes of 

10x2 mm light path (Hellma) and a volume of 700 µl. 

Transmission Electron Microscopy. Visualization by TEM was performed with a 

Technai G2 Sphera by FEI, working at a voltage of 200 kV on a CCD chip of 1024x1024 

pixels. Samples were prepared by drop-casting a 3 µM solution of nanoparticles on a carbon 

film on a 400 square mesh copper grid leaving the drop for approximately 1 min on the grid 

before removal of the fluid. 
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MTT Assay: Hela cells were seeded in 96 well plates (7500cells/well, Nunc 96 well 

Microwell plate) cultured in DMEM media supplemented with 10% FBS and 1% Pen/Strep 

at 37 ⁰C, 5% CO2 overnight. The assay was performed in a 96 wells plate on 70% confluent 

HeLa cells. Different concentrations of nanoparticles (0.15-2.7 µM) were generated by 

diluting the nanoparticles with DMEM media, a total volume of 100 µl/well was added to the 

cells. After an incubation time of 1 hour at 37 ⁰C, 5% CO2 the nanoparticle solution was 

removed and cells were washed 1 time with PBS. (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide)  (MTT) was dissolved in DMEM media without phenol red 

and added in a volume of 120 µl/well (0.83 mg/ml). HeLa cells were incubated for 3.5 hours 

at 37 ⁰C and 5% CO2. Media was removed carefully and MTT crystals were dissolved for 15 

minutes on a shaker, using 150 µl of DMSO per well. The absorbance was read out at 595 nm 

on a multiscan ascent plate reader from Thermo Electron Corporation.  

Confocal and Two-photon Microscopy: For microscopy, HeLa cells were seeded 

in 8 well uncoated glass bottom plates (30.000 cells/well) and cultured for 1 day in DMEM 

media supplemented with 10% FBS and 1% Pen/Strep at 37 ⁰C, 5% CO2. Nanoparticles were 

premixed with DMEM media to obtain different concentrations ranging from 1.5-0.2 µM. A 

total volume of 400 µl was added to the HeLa cells and then they were incubated for 

1.5 hours. Nanoparticle solution was removed and cells were washed 1x with PBS and fresh 

DMEM media was added. The cells were imaged on a Leica TCS SP5 AOBS equipped with 

an HCX PL APO CS x63/1.2 NA water immersion lens and a temperature controlled 

incubation chamber maintained at 37 ˚C. Nanoparticles were either excited using a 

Chameleon Multiphoton laser using 720 nm laser pulses or with the white light laser at 

470 nm. For multiphoton imaging the pinhole was fully opened whereas for the imaging with 

the white light laser, the pinhole was set to 1 airy unit. Detection range for the nanoparticles 

was 500-600 nm. Cells were imaged 1 hour after addition of nanoparticles.  

Flow Cytometry: For flow cytometry, HeLa cells were seeded in 6 well culture 

plates (20.000 cells/well) and cultured for 2 days in DMEM media supplemented with 

10% FBS and 1% Pen/Strep at 37 ⁰C, 5% CO2. Hela cells were washed 2x with PBS and a 

total volume of 2.5 mL of DMEM media pre-mixed with amine-nanoparticles (0.3 µM) was 

added per well to the HeLa cells. After 2 hours of incubation the nanoparticle containing 

media was removed, the cells were washed 2x with PBS and the cells were trypsinized 

(0.5 mL). After full detachment, 2 mL of DMEM media were added to each well and the cell 
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suspension was pelleted for 5 min at 1500 rpm. The media was removed and the pellet was 

resuspended in 300 µL of ice cold PBS and directly used for flow cytometry. Flow cytometry 

studies were performed with BD FACSAria III. For each experiment 10000 events were 

measured and analyzed using FACS Diva v.6.1.3. software. To detect the nanoparticle 

fluorescence the cells were excited with a 405 nm laser and the fluorescence was detected 

between 502-560 nm. 

 

5.4.5 Synthesis 

Compounds 11, 41 and 52 were synthesized according to literature. 

 

Compound 3. Compound 5 (15 mg, 8.8 µmol, 1 eq.) was pre-activated for ~20 

minutes at room temperature using HBTU (4 mg, 10 µmol, 1.2 eq.) and N,N-

diisopropylethylamine (DIPEA, 2.3 mg, 17.5 µmol, 2 eq.) in dimethylformamide (DMF, 

1 ml). Compound 4 (11.4 mg, 11.4 µmol, 1.3 eq.) was dissolved separately in DMF (0.5 ml), 

added to the pre-activated 5 and reacted 24 hours at 40 °C. Compound 3 was purified using 

silica chromatography yielding 19 mg (7.05 µmol, 80%). 1H NMR (400 MHz, Chloroform-d) 

δ 8.84 (s, 1H), 8.03 (dd, J = 8.1, 3.3 Hz, 2H), 7.93 (d, J = 3.9 Hz, 3H), 7.84 – 7.74 (m, 12H), 

7.43 – 7.35 (m, 4H), 7.31 (s, 2H), 7.11 (s, 2H), 5.10 (s, 1H), 4.35 – 4.20 (m, 7H), 4.05 (dt, J = 

12.0, 6.5 Hz, 6H), 3.89 (t, J = 4.4 Hz, 5H), 3.83 – 3.09 (m, 74H), 2.22 – 1.92 (m, 8H), 1.48 – 

10.68 (m, 173H). 13C NMR (100 MHz, Chloroform-d) δ 165.45, 165.22, 154.37, 153.26, 

152.56, 150.95, 141.56, 141.14, 137.53, 137.20, 133.60, 133.53, 130.07, 128.19, 127.75, 

123.83, 120.23, 114.68, 107.85, 105.90, 73.57, 72.40, 71.90, 70.70, 70.66, 70.64, 70.62, 

70.59, 70.55, 70.50, 70.23, 69.81, 69.53, 69.25, 58.99, 55.29, 55.24, 39.23, 36.80, 36.61, 

36.56, 33.08, 33.01, 32.96, 31.95, 31.93, 30.79, 30.35, 29.76, 29.74, 29.71, 29.67, 29.66, 

29.60, 29.42, 29.40, 29.38, 28.44, 27.91, 27.90, 26.10, 24.81, 24.72, 24.63, 24.60, 22.70, 

22.67, 22.65, 22.56, 22.53, 19.72, 19.69, 19.45, 19.40, 14.13. MALDI-TOF MS: calc. 

2696.86; found 2695.69 [M]+, 2718.67 [M+Na]+, 2734.65 [M+K]+. 

Compound 2. Compound 3 (12 mg, 4.6 µmol, 1 eq.) was dissolved in 

dichloromethane (DCM, 1 ml) and trifluoroactetic acid (TFA, 1ml) was added dropwise at 

room temperature. After 3 hours TFA was co-evaporated with toluene. Subsequently, the 

crude reaction mixture in toluene was neutralized with triethylamine (TEA). After extraction 
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with DCM and water, the organic phase was washed with brine and dried over magnesium 

sulfate.  The final compound 2 was purified using a silica column (2%-5% MeOH in DCM) 

to yield 11.5 mg (96 %, 4.4 µmol) of yellow solid. 1H NMR (400 MHz, CDCl3): δ = 9.53 (s, 

1H), 8.03 (ddd, J = 7.6, 6.1, 1.7 Hz, 3H), 7.92 (dd, J = 4.4, 1.4 Hz, 2H), 7.89 – 7.68 (m, 10H), 

7.65 (s, 1H), 7.59 – 7.50 (m, 2H), 7.44 (s, 2H), 7.11 (s, 2H),4.33-4.27 (m, 6) ,4.05 (dt, J = 

13.0, 6.5 Hz, 6H), 3.89 (dd, J = 5.8, 3.7 Hz, 4H), 3.84 – 3.78 (m, 2H), 3.77 – 3.38 (m, 52H), 

3.35 (s, 6H), 3.09 (t, J = 4.9 Hz, 1H), 2.22 – 1.94 (m, 8H), 1.91 – 0.40 (m, 171H). 13C NMR 

(100 MHz, CDCl3): δ = 165.42, 154.40, 154.38, 153.29, 152.58, 150.96, 141.60, 137.49, 

137.26, 135.93, 130.10, 127.80, 123.84, 120.33, 114.68, 107.62, 105.92, 103.35, 76.69, 

73.59, 71.88, 70.62, 70.55, 70.52, 70.48, 70.46, 70.42, 70.05, 69.80, 69.57, 58.98, 55.30, 

55.24, 39.26, 39.24, 39.22, 36.90, 36.81, 36.63, 36.57, 33.11, 33.01, 32.97, 31.96, 31.94, 

30.83, 30.35, 29.77, 29.75, 29.72, 29.68, 29.66, 29.61, 29.43, 29.41, 29.38, 27.92, 27.89, 

26.52, 26.11, 24.83, 24.73, 24.64, 24.62, 22.71, 22.69, 22.67, 22.65, 22.57, 22.54, 19.72, 

19.69, 19.46, 19.38, 14.13, 12.13, 7.86. MALDI-TOF MS: calc. 2596.75; found 2596.43 

[M]+. 
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Technology Assessment 

 

Abstract. Fluorene based nanoparticles are attractive systems for sensing and bioimaging 

applications. Here, the key features of the nanoparticles are presented in the context with 

other nanoparticles such as quantum dots, silica nanoparticles and liposomes which are 

widely studied in the literature. Optical properties, stability and adaptability of the 

nanoparticles based on fluorene oligomers are evaluated. Self-assembled nanoparticles posses 

a high absorption cross-section and a high quantum yield compared to other nanoparticles. 

No clustering and no photobleaching have been observed for the fluorescent nanoparticles, 

although a comparative study with established probes is missing. The adaptability of the 

nanoparticles is indicated in Chapter 3, making them excellent candidates to also study 

dynamic processes. Further research possibilities for sensing and imaging applications are 

discussed by using a modular approach and the adaptive properties of the nanoparticles. For 

sensing, functionalization of the nanoparticles is achieved and dye-labeled proteins could be 

sensed. For imaging, nonspecific endocytotic cellular uptake was reached with amine 

functionalized nanoparticles.  
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6.1 Introduction 

The aim of this thesis has been to investigate self-assembled fluorescent 

nanoparticles based on fluorene oligomers for sensing and imaging application. It was shown 

that we can control the properties of the self-assembled nanoparticles by changing the 

molecular weight or the hydrophilic/hydrophobic ratio of the π-conjugated scaffold. 

Functionalization of the nanoparticles via pre- or post-functionalization enables the 

application of these nanoparticles to explore their potential in sensing and imaging 

applications. This chapter considers to what extend this has been accomplished, thereby 

achievements made are presented in the context with other types of nanoparticles and some 

possibilities for future research are discussed.  
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6.2 Key Features of Self-Assembled Nanoparticles 

Our  fluorescent nanoparticles distinct themselves form a variety of nanoparticles 

that are known from literature studies such as quantum dots1, polymer dots2, silica 

nanoparticles3 and liposomes4 (Figure 6.1). Quantum dots consist of a core of fluorescent 

inorganic material. This core is coated with a shell for enhanced biocompatibility and 

solubility, on which also biomolecules can be attached via surface functionalization.1 

Polymer dots are made of semiconducting polymers that self-assemble by the reprecipitation 

method (see Chapter 1). Both quantum dots and polymer dots have unique optical properties 

such as a high quantum yield and a large absorption cross-section. Silica nanoparticles are 

non-fluorescent inorganic particles which posses a high surface area and pore sizes, that can 

entrap fluorescent dyes or biomolecules.3 Liposomes are lipid bilayers generated by the self-

assembly of phospholipids and cholesterol; labeling with dyes and biomolecules is achieved 

via surface functionalization.4  

 

Figure 6.1 Schematic illustration of the comparison of self-assembled fluorescent nanoparticles with 

quantum dots,1 polymer dots,2 silica nanoparticles3 and liposomes.4  

 



Chapter 6 

116 

For sensing and imaging applications the optical properties of nanoparticles play a 

crucial role. The fluorene moiety is a very favorable building block because of its high and 

tunable fluorescence and good solubility in organic solvents.5 Self-assembled nanoparticles 

based on fluorene oligomers feature a high absorption cross-section and a high quantum yield 

as shown in this thesis which makes them ideal candidates for further development in 

fluorescent applications. The absorption cross-section is approximately 100 times larger than 

that of quantum dots6 and approximately 1000 times larger than that of usual organic dyes. 

Usually, organic fluorescent dyes are used for encapsulation into silica nanoparticles or for 

surface functionalization of lipids (Table 6.1).  

 

Table 6.1 Overview over the key properties of liposomes, quantum dots (Qdots), polymer dots 

(Pdots), silica nanoparticles (silica NPs) and the nanoparticles studied in this thesis (self-assembled 

NPs). 

and is not determined. 

 

 

 

 Liposomes Qdots Pdots Silica NPs 
Self-Assembled 

NPs 

High Quantum Yield - + + - + 

High Absorption - + + - + 

NIR-emission + + + + nda 

No Blinking + - + + + 

Good Stability - + + + nda 

No Photobleaching - + + - nda 

Cytotoxicity + - + + + 

Modular + - - - + 

Adaptive + - - - + 
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In the area of imaging, the use of optical probes with near-infrared (NIR) 

fluorescence is of high significance allowing for improved photon penetration through the 

tissue and minimizing the effects of tissue autofluorescence.7 In this thesis mainly 

nanoparticles with a yellow-greenish fluorescence of around 550 nm have been studied. The 

wavelength of the self-assembled nanoparticles can be tuned by changing the molecular 

structure of the π-conjugated core or by intra-particle energy transfer to achieve a 

fluorescence maximum in the NIR-spectral region.  In preliminary results, it has been shown 

that encapsulation of Nile Red in the amine nanoparticles leads to stable nanoparticles as well 

as a color shift to the red spectral region (Figure 6.3).  The encapsulation of a dye which is 

able to shift the emission spectra of the nanoparticle into the NIR-region is an appealing next 

step. 

 

 

Figure 6.2 a) TEM image of amine nanoparticles with Nile red encapsulated. b) Change in emission 

spectrum, of amine-90-NPs (Chapter 5) upon encapsulating Nile red, caused by energy transfer from 

the nanoparticles to Nile red. The insets show photographs of the corresponding nanoparticles 

solutions before (left) and after (right) the encapsulation of Nile red by illumination with UV light 

(λexc = 360 nm). 

 

Furthermore, the colloidal stability as well as the photostability of the nanoparticle is 

critical. Up to now, no clustering and no photobleaching have been observed for the 

fluorescent nanoparticles, although a comparative study with established probes such as 

quantum dots or polymer dots is missing. The major drawback of liposomes8 is the chemical 

degradation of the nanoparticles, while quantum dots9, polymer dots2 and silica 

nanoparticles10 are stable (Table 6.1).  
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To create nanoparticles that are suitable for biosensing and imaging applications 

functionalization of these particles with (bio)ligands needs to be achieved by controlling the 

surface chemistry. In Chapter 4, a fluorene amphiphile was functionalized with different 

receptor molecules. Thereby, a pre- and post-functionalization approach was explored. The 

mannose pre-functionalized supramolecular nanoparticles were used to image E.coli bacteria. 

In a second approach, the click reaction was exploited to attach biotin to the organic 

nanoparticles. In contrast to reproducible ligand densities achieved via the pre-

functionalization approach, the reproducibility of ligand densities via the post-

functionalization approach was less. Furthermore, by utilizing the modular, pre-

functionalization approach the density of ligands on the nanoparticles can be selectively 

tuned by simply mixing functionalized and non-functionalized amphiphiles. For inorganic 

nanoparticles the more reliable pre-functionalization approach is not applicable. 

Functionalization of these nanoparticles is based on the encapsulation or embedding to 

produce functional groups on the surface of the nanoparticles. Polymer dots have been 

encapsulated in materials such as silica,11 phospholipids12,13 and PLGA polymers.14 However, 

also here the post functionalization is the most common synthetic approach. 

A main advantage of fluorescent self-assembled nanoparticles over other fluorescent 

nanoparticles is their adaptive behavior, which is indicated in Chapter 3, making them 

excellent candidates to also study dynamic processes (Table 6.1). This provides the unique 

opportunity to combine these nanoparticles with biomolecules for the study and use of 

biological phenomena such as multivalency or receptor clustering.15 Furthermore, the 

adaptability to an external stimulus can be exploited to develop new sensing approaches (vide 

infra). 

Despite that a few properties, such as photostability, photobleaching and NIR-

emission were not studied in this thesis, we can conclude that self-assembled nanoparticles 

have unique features making them attractive for sensing and imaging applications. 
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6.3 Sensing Applications 

Sensing based on energy transfer has gained much attention in the last years. Energy 

transfer based sensing is utilized to study bio-molecular conformations and short range 

interactions between molecules.16 For example, by covalently attaching a dye or a quencher 

to the quantum dots17, polymer dots18 or silica nanoparticles19 enzyme activity can be sensed 

by cleaving a peptide linker resulting in a “turn-on” fluorescence response. In addition, 

polymer dots doped with small dyes have been prepared20–22 to tune the emission color and to 

create, for example, an oxygen23 and a temperature24 sensor (see Chapter 1).   

In Chapter 3, efficient energy transfer is observed for self-assembled nanoparticles 

consisting of oligofluorenes with a naphthalene core (donor) and a benzothiadiazole core 

(acceptor). Less efficient energy transfer was found in Chapter 2, whereby an acceptor dye 

was encapsulated into the self-assembled nanoparticles with oligofluorene consisting of 

benzothiadiazole core as a donor. Therefore, doping our nanoparticles with molecules with a 

sensing function as done for polymer dots might not be a promising approach. But, by 

exploiting the adaptive and modular features of the nanoparticles a sensor could be developed 

in the future. Although the adaptive properties to an external stimulus such as binding to a 

biomacromolecule have not been observed yet, it is likely to occur. Thereby, the dynamics 

between and within particles as studied in Chapter 3 will play an important role. In Chapter 4, 

the binding of a dye-labeled protein was studied. In the next step, the binding of an unlabeled 

protein could be studied by exploiting an alteration of the intra-particle energy transfer of 

these nanoparticles. For example, nanoparticles composed of 10% functionalized Bola1-B in 

Amp3-N matrix, similar to the studies in Chapter 3 (Figure 3.17b), could lead to a change in 

the degree of self-sorting upon protein binding. A change of the nanoparticle morphology 

will alter the intra-particle energy transfer and therefore, lead to a change in fluorescence 

color (Figure 6.3a). In a second approach, two separate particles might be fused upon binding 

a multivalent protein giving a change in fluorescence. Thereby, Amp3 nanoparticles are to 

consider as they exchange molecules upon heating (Figure 6.3b). This adaptive sensing is 

only possible with self-assembled nanoparticles exploiting dynamics within a particle, so 

impossible for quantum dots, polymer dots and silica nanoparticles.  
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Figure 6.3 Schematic illustration of possible sensing mechanism (a) morphology changes of the 

nanoparticles or (b) particle fusion upon protein binding. These alterations might lead to changes in 

the fluorescence of the bound nanoparticle.  
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6.4 Imaging Applications 

The good optical properties such as a high quantum yield and a large absorption 

cross-section feature the nanoparticles as promising materials for biological imaging 

applications. In Chapter 5, self-assembled fluorescent organic nanoparticles that are cell-

permeable have been applied for one- and two-photon imaging of living cells. The 

introduction of an amine functionality at the periphery of the fluorene oligomers leads to 

nonspecific endocytotic cellular uptake of these nanoparticles without the inhibition of cell 

viability. Flow cytometry experiments revealed efficient cellular uptake even at nanomolar 

concentrations. The nonspecific cellular labeling shows the potential of fluorescent self-

assembled nanoparticles in imaging application, but it lacks the specificity of established 

labeling methods with organic fluorophores and quantum dots. In the next step, the 

nanoparticles can be functionalized with peptides in order to image cancer cells via cell 

surface receptors. Nanoparticles with high binding affinity and target specificity can be 

synthesized by using the modular concept of self-assembled particles. 

A second, modular approach to generate a large variety of functionalized 

nanoparticles for targeted imaging is the encapsulation of functionalized lipids into the self-

assembled nanoparticles. In a first approach, it was shown that the bolaamphiphilic derivative 

(Bola1, Chapter 3) can be encapsulated into giant unilamellar vesicles composed of lipids 

that can be easily functionalized (GUV, Figure 6.4). 

 

 

Figure 6.4 a) Chemical structures of the lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

and 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE) and cholesterol used to 

form giant unilamellar vesicles (GUV). b) Optical microscope images of GUV ([Lipids] = 1 mM, 

[Bola1] = 0.25 µM). 
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In addition, the possibility to image cells and to encapsulate hydrophobic dyes into 

the nanoparticles can be exploited for targeted drug delivery. Therefore, a cancer drug such as 

doxorubicin could be encapsulated into the nanoparticles (Figure 6.5). The release of the drug 

could be triggered by temperature while the nanoparticles properties can be adjusted by 

changing the hydrophobic/hydrophilic ratio of the fluorene oligomer. As a start the 

temperature sensitivity of Amp3 nanoparticles should be further investigating as seen in 

Chapter 3. Thereby, the adaptive and modular features of the nanoparticles need to be applied 

in such a way that particles are able to encapsulate and release a hydrophobic drug.  

 

 

Figure 6.5 Chemical structure of doxorubicin. 

 

Furthermore, for fluorescent nanoparticles to be relevant for imaging, more control 

over macroscopic properties, such as particles with smaller size and other morphologies e.g. 

micelles or vesicles are desired. Fluorescent nanoparticles with larger size will cause 

hindrance that might influence the target specificity and binding affinity of the attached 

biomolecules.2 In this thesis, it was shown that we can control the properties of the self-

assembled nanoparticles by changing the molecular weight or the hydrophilic/hydrophobic 

ratio of the π-conjugated scaffold. From π-conjugated polymer nanoparticles it is well know 

that the size of the nanoparticles can also be tuned by changing the concentration of the stock 

solution before infection into water.25 This approach can be also studied for the fluorescent 

nanoparticles based on fluorene oligomers. Furthermore, exploiting different preparation 

methods such as liposome preparation techniques26 is an additional way to gain further 

control over the nanoparticle size. In addition, variations in the side chains attached to the 

hydrophobic π-conjugated core might lead to the assembly of micelles or vesicles. 
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6.5 Conclusion 

The results obtained in this thesis provide the possibilities in both sensing and 

imaging applications by using self-assembled nanoparticles. These nanoparticles show a high 

absorption cross-section and a high quantum yield compared to other nanoparticles such as 

quantum dots, polymer dots, silica nanoparticles and liposomes. Also, no clustering and no 

photobleaching have been observed for the fluorescent nanoparticles, although a comparative 

study with established probes is missing. The control the nanoparticle properties by changing 

the molecular weight or the hydrophilic/hydrophobic ratio of the π-conjugated scaffold was 

revealed. For sensing, functionalization of the nanoparticles is achieved by a modular 

approach. Dye-labeled proteins and bacteria could be detected. In the next step, sensing of 

unlabeled biomolecules with the nanoparticles is desirable to fully explore the modular and 

adaptive concept of the self-assembled nanoparticles. For imaging, nonspecific endocytotic 

cellular uptake was reached with amine functionalized nanoparticles. Further research efforts, 

should provide insight into specific cellular targeting and drug delivery.  
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Summary 

Fluorescent Self-Assembled Nanoparticles for Imaging and Sensing 

Applications

 

This thesis describes the preparation, characterization and possible applications of 

fluorescent nanoparticles that are generated from π-conjugated fluorene based oligomers. 

Chapter 1 represents an overview of the recent advances in fluorene oligomers and polymers 

based nanoparticles for sensing and imaging applications. To date, both emerging classes 

have only been studied separately showing no clear differences in their properties. In 

Chapter 2, a comparison is presented of these nanoparticles based on a fluorene co-polymer 

and its corresponding small molecule. Both systems formed nanoparticles with the same 

diameter while the fluorescent properties clearly differed. Nanoparticles based on self-

assembled π-conjugated oligomers show a large absorption cross-section and a high quantum 

yield. In addition, the capability of encapsulation and release of a hydrophobic dye from the 

fluorescent nanoparticles was studied. For the polymer system, encapsulation was highly 

efficient and no dye release was observed while for the small molecule system encapsulation 

was less efficient and release of the dye was observed. Such insight is important for the 

design of fluorescent nanoparticles for sensing, imaging and drug releasing applications. 

To develop fluorescent self-assembled nanoparticles with tailored properties for 

biological applications, full control over the size, fluorescence, stability, dynamics and 

supramolecular organization of these particles is crucial. In Chapter 3, the design and 

characterization of twelve nonionic fluorene co-oligomers that generate self-assembled 

fluorescent nanoparticles in water is presented. In these series of molecules, the ratio of 

hydrophilic ethylene glycol and hydrophobic alkyl side chains was systematically altered to 

investigate its role on the above-mentioned properties. The nanoparticles consisting of 

π-conjugated oligomers containing polar ethylene glycol side chains were less stable and 

larger in size, while nanoparticles self-assembled from oligomers containing non-polar 

pendant chains were more stable, smaller and generally had a higher fluorescence quantum 

yield. Self-assembled nanoparticles consisting of π-conjugated oligomers having different 

side chains caused self-sorting, resulting either in the formation of domains within particles 

or the formation of separate nanoparticles. The results reveal that small changes in the design 
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of amphiphilic π-conjugated oligomers dramatically influence the morphology and properties 

of self-assembled nanoparticles. This shows that it is possible to construct stable, adaptive, 

highly fluorescent nanoparticles that are appealing for sensing and imaging applications. 

To create nanoparticles that are suitable for biosensing and imaging applications 

functionalization with (bio)ligands needs to be achieved. In Chapter 4, a fluorene amphiphile 

was functionalized with different receptor molecules, such as mannose and biotin, exploring 

both pre- and postfunctionalization approaches. Using these building blocks, a library of 

differently pre-functionalized nanoparticles was generated. Additionally, the nanoparticle 

pre-functionalization was combined with subsequent post-functionalization, thus expanding 

the ligand diversity at two independent stages in the nanoparticle fabrication process. 

Through labeling with different ligands, selective binding of proteins, bacteria and 

functionalized beads to the nanoparticles has been achieved.  The combined pre- and post-

functionalization of fluorescent oligomer nanoparticles represents a novel opportunity to 

apply these versatile nanoparticles to biological applications. 

In the next step, fluorescent cell-permeable organic nanoparticles based on self-

assembled π-conjugated oligomers with high absorption cross-sections and high quantum 

yields have been developed (Chapter 5). The introduction of an amine functionality at the 

periphery of the fluorene oligomers leads to endocytotic cellular uptake of these nanoparticles 

without the inhibition of cell viability. Combined with the capability of encapsulating 

hydrophobic guest molecules, these nanoparticles hold great promise for targeted drug 

delivery with simultaneous molecular imaging.  

Overall, in this thesis it was shown that the features of self-assembled nanoparticles 

are distinct from other nanoparticles, such as quantum dots, polymer dots, silica nanoparticles 

and liposomes. The generation of nanoparticles with different compositions, causing changes 

in, for example, fluorescence color, ligand density or adaptability by simple intermixing of a 

variety of oligomers, promises to lead to multifunctional supramolecular probes. In the next 

step, sensing of unlabeled biomolecules with the nanoparticles is desirable to fully explore 

the modular and adaptive concept of the self-assembled nanoparticles. For imaging, further 

research efforts should provide insight into specific cellular targeting and drug delivery. 
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Samenvatting 

Fluorescerende Zelf-Geassembleerde Nanodeeltjes voor Visualisatie en 

Sensor Toepassingen  

 

Dit proefschrift beschrijft de synthese, karakterisering en mogelijke toepassingen 

van fluorescerende nanodeeltjes, gebaseerd op π-geconjugeerde fluoreen oligomeren. 

Hoofdstuk 1 geeft een overzicht van de recente ontwikkeling van fluoreen oligomeer en 

polymeer nanodeeltjes voor visualisatie- en sensor-toepassingen. Deze nanodeeltjes zijn 

afzonderlijk van elkaar onderzocht, er lijken geen verschillen tussen beide type nanodeeltjes 

te bestaan. In hoofdstuk 2 worden oligomeer en polymeer nanodeeltjes met gelijke 

afmetingen vergeleken. Hieruit blijkt dat deze deeltjes verschillende fluorescerende 

eigenschappen bezitten. Oligomeer nanodeeltjes hebben een hoge fluorescentie 

kwantumopbrengst en een grote absorptie dwarsdoorsnede. Wanneer een hydrofobe kleurstof 

is gebonden geven de polymeer nanodeeltjes deze kleurstof bovendien niet meer af, terwijl 

dat wel gebeurt in het geval van de oligomeer nanodeeltjes. Deze verschillen zijn interessant 

voor verdere ontwikkeling van deze deeltjes, voor bijvoorbeeld medicijnafgifte. 

Om fluorescerende nanodeeltjes geschikt te maken voor visualisatie en sensor 

toepassingen, is de controle over eigenschappen zoals afmeting, fluorescentie, stabiliteit, 

dynamiek en supramoleculaire organisatie van groot belang. In hoofdstuk 3 wordt het 

ontwerp en de karakterisering van twaalf fluoreen co-oligomeer nanodeeltjes in water 

beschreven. Bij deze moleculen is de verhouding tussen hydrofiele en hydrofobe zijketens 

systematisch veranderd om zo de invloed op de eigenschappen van de nanodeeltjes te 

onderzoeken. De nanodeeltjes, bestaande uit oligomeren met hydrofobe zijketens, zijn 

stabieler, kleiner en meer fluorescerend dan de hydrofiele varianten. Nanodeeltjes, die zijn 

gebaseerd op twee verschillende oligomeren geven fasescheiding in de nanodeeltjes of 

vormen aparte nanodeeltjes. Deze vindingen tonen aan dat kleine veranderingen in het 

moleculaire ontwerp een groot effect hebben op de morfologie en eigenschappen van de 

nanodeeltjes. Hierdoor is het mogelijk om stabiele en responsieve fluorescerende 

nanodeeltjes te construeren.  

Voor biomedische toepassingen van nanodeeltjes is het noodzakelijk om ze te 

voorzien van biomoleculen. In hoofdstuk 4 worden fluoreen oligomeren gefunctionaliseerd 



 

130 

met verschillende biomoleculen, zoals mannose en biotine. Met deze bouwstenen is een 

bibliotheek van nanodeeltjes met verschillende functionalisatiegraad gesynthetiseerd. Deze 

nanodeeltjes binden specifiek aan eiwitten en bacteriën. Verder kunnen verschillende 

functionalisatiemethodes gecombineerd worden om zo veelzijdige nanodeeltjes te creëren. 

In een volgende stap zijn fluorescerende cel-doordringende nanodeeltjes ontworpen 

(hoofdstuk 5). De introductie van een aminefunctionaliteit in de zijketens van de nanodeeltjes 

vormende oligomeren leidt tot de opname van deze nanodeeltjes in een cel zonder dat de 

levensvatbaarheid van de cellen wordt beïnvloed. Samen met de mogelijkheid om hydrofobe 

gastmoleculen op te nemen, zijn deze nanodeeltjes veelbelovend voor doelgerichte 

medicijnafgifte.  

In dit proefschrift zijn zelf-geassembleerde nanodeeltjes ontwikkeld die zich 

onderscheiden van andersoortige nanodeeltjes, zoals anorganische, polymeer en silica 

nanodeeltjes en liposomen. De gemakkelijke bereiding van nanodeeltjes met verschillende 

samenstelling en eigenschappen zoals fluorescerende kleur en biomoleculendichtheid is 

veelbelovend voor biomedische toepassingen. Voor de detectie van bijvoorbeeld eiwitten zijn 

gefunctionaliseerde nanodeeltjes ontwikkeld. In een vervolgstap moeten responsieve 

nanodeeltjes via een modulaire aanpak worden ontwikkeld, die van fluorescerende kleur 

veranderen na binding. Niet specifieke cellulaire opname van nanodeeltjes is van belang voor 

visualisatie-toepassingen. Verder onderzoek is nodig om inzicht te geven in specifieke 

celopname en doelgerichte medicijnafgifte.  
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Zusammenfassung 

Fluoreszierende Selbstorganisierte Nanopartikel für Sensoren und 

Fluoreszenzbildgebung 

 

Organische fluoreszierende Nanopartikel, welche von Oligomeren und Polymeren 

geformt werden, sind vielversprechend in ihren Eigenschaften für die Anwendung in der 

optischen Bildgebung und als Sensoren. Nanopartikel basierend auf π-konjugierten 

Polymeren wurden schon erfolgreich in der Biosensorik, Zellmarkierung und In-vivo-

Bildgebung angewandt. Bisher nicht für Anwendungen erforscht, wurden Nanopartikel 

basierend auf π-konjugierten Oligomeren. Folglich wird hier die Herstellung, 

Charakterisierung und mögliche Anwendungen von fluoreszierenden Nanopartikeln, die aus 

π-konjugierten Fluoren-basierten Oligomeren mit Hilfe des Wiederausfällungsverfahrens 

hergestellt werden, beschrieben. Bisher wurden beide Klassen von Nanopartikeln unabhängig 

voneinander untersucht und zeigten dabei keine großen Unterschiede in ihren Merkmalen. In 

Kapitel 2 wurden Oligomer- und Polymer-basierte Nanopartikel mit gleichem Durchmesser 

verglichen. Dabei kamen unterschiedliche photophysikalische Eigenschaften zum Vorschein, 

wobei Nanopartikel basierend auf Oligomeren eine hohe Emissionsquantenausbeute und 

einen großen Absorptionsquerschnitt besitzen. Die Abgabe eines vorher eingelagerten 

hydrophoben Farbstoffes wurde nur bei Oligomer-basierten Nanopartikeln beobachtet. Im 

Gegensatz dazu zeigten Polymer-basierte Nanopartikel dieses Verhalten nicht.  

Für potentielle Anwendungen ist die Entwicklung von fluoreszierenden 

Nanopartikeln mit maßgeschneiderten Eigenschaften notwendig. Dabei ist die Kontrolle über 

Größe, Fluoreszenz, Stabilität, Mobilität und supramolekularer Organisation bedeutungsvoll. 

In Kapitel 3 wurden zwölf nicht-ionische Fluoren-basierte Oligomere, die supramolekulare 

Nanopartikel in Wasser formen, entworfen und charakterisiert. In dieser Serie von Molekülen 

wurde systematisch das Verhältnis von hydrophilen Ethylenglykolseitenketten und 

hydrophoben Alkylseitenketten verändert, um ihren Einfluss auf die Eigenschaften der 

Nanopartikel zu untersuchen. Nanopartikel, die aus π-konjugierten Oligomeren mit polaren 

Seitenketten bestehen, waren weniger stabil und größer, als die unpolare Variante. 

Nanopartikel, die aus verschiedenen π-konjugierten Oligomeren mit polaren und unpolaren 

Seitenketten bestehen, ergeben in wässriger Lösung Phasentrennung mit selbstsortierten 
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Oligomeren. Die Phasentrennung erfolgte entweder innerhalb des Partikels oder es kam sogar 

zur Ausbildung separater Nanopartikel. Diese Ergebnisse zeigen, dass schon kleine 

Veränderungen im Design der amphiphilen π-konjugierten Oligomere die Morphologie und 

Eigenschaften der selbstorganisierten Nanopartikel deutlich beeinflussen.  

Um Nanopartikel als Biosensoren vielseitig einsetzen zu können, müssen diese mit 

verschiedenen Liganden funktionalisierbar sein. In Kapitel 4 wurde ein Fluorenamphiphil mit 

verschiedenen Liganden, wie Biotin und Mannose, mit Hilfe eines Pre- und 

Postfunktionalisierungsansatzes funktionalisiert. Mit diesen Bausteinen konnten Nanopartikel 

mit unterschiedlichem Funktionalisierungsgrad generiert werden. Zusätzlich wurde der 

Prefunktionalisierungs- mit dem Postfunktionalisierungsansatz vereint, um eine große 

Bibliothek von funktionalisierten Nanopartikeln aufbauen zu können. Durch das 

Funktionalisieren der Nanopartikel mit verschiedenen Liganden können sich diese selektiv an 

Proteine und Bakterien binden.  

Im nächsten Schritt wurden fluoreszierende Nanopartikel mit hoher 

Emissionsquantenausbeute und großem Absorptionsquerschnitt entwickelt, die auch von 

menschlichen Krebszellen (HeLa Zellen) aufgenommen werden können (Kapitel 5). Die 

Einführung eines Amins an den Seitenketten der Fluoren-basierten Oligomere führte 

erfolgreich zur Aufnahme der Nanopartikel in Zellen. Dabei wurde die 

Entwicklungsfähigkeit der Zellen nicht beeinflusst. Zusammen mit der Möglichkeit 

hydrophobe Gästmoleküle einzukapseln, bietet dies die Gelegenheit die Nanopartikel für 

kontrollierte Freisetzung von Medikamenten weiterzuentwickeln.   

Insgesamt wurde in dieser Arbeit gezeigt, dass sich selbstorganisierte Nanopartikel 

in ihren Merkmalen von anderen Nanopartikeln, wie z.B. Polymerpunkten, unterscheiden. 

Des Weiteren beeinflussten schon kleine Veränderungen im Design der Oligomere deutlich 

die Morphologie und Eigenschaften der selbstorganisierten Nanopartikel. Durch 

Funktionalisierung der Nanopartikel mit Liganden wurde die spezifische Bindung zu 

Proteinen und Bakterien sowie die Aufnahme in Zellen, für die Anwendung in 

Fluoreszenzbildgebung und Biosensorik, erreicht. Die einfache Herstellung von diesen 

Nanopartikeln nach dem Baukastenprinzip und die damit verbundenden unterschiedlichen 

Eigenschaften wie Farbe, Funktionalitätsgrad und Anpassbarkeit gibt die Möglichkeit diese 

als Sensoren sowie in der Fluoreszenzbildgebung weiterzuentwickeln. 
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