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Abstract 

Perylene bisimides (PBIs) possess characteristics such as high chemical and photophysical 

stability, outstanding fluorescence properties, and availability of monofunctionalized 

derivatives. These features make them ideal candidates for an application as fluorescent 

label. However, their insolubility in water and the resulting aggregation tendency leading to 

fluorescence quenching have limited the full potential of these functional dyes. To overcome 

these limitations, several polyglycerol- (PG) dendronized monofunctionalized PBIs are 

presented as site-specific labels for cellular bioimaging. The general structure of the biolabels 

consists of a hydrophilic and sterically demanding PG dendron, the fluorescent PBI core, 

and a linker with a functional group. The PG dendron introduces water solubility and 

suppresses the aggregation tendency of the fluorophores. The monofunctional linker serves 

as a coupling-active unit for the site-specific conjugation of biomolecules or other 

components. To study the effect of steric shielding, the PBI labels were synthesized in 

different dendron generations ([Glow] vs. [Ghigh]). To additionally evaluate the impact of 

electrostatic shielding, the hydroxylated dendron headgroups of the labels were modified 

with ionically charged sulfate groups (OH vs. SO4
-).  

In the first project, a series of hydroxylated and sulfated [G1]- to [G3]-dendronized 

PBIs with a poly(ethylene glycol) (PEG) linker was synthesized, optically characterized, 

and studied as site-specific labels by conjugation to an antibody. The photophysical 

properties of the labels could be improved by increasing the steric bulk and amount of charge 

of the attached dendron, resulting in highly fluorescent PBIs with fluorescence quantum 

yields (FQYs) up to 100%. Receptor-binding, cytotoxicity, and cellular uptake studies 

confirmed the suitability of the PBIs as site-specific labels. In the second project, [G1]- to 

[G3]-dendronized PBIs were used for the synthesis of fluorescent polymer nanoparticles 

consisting of linear dendronized polyols (LDPs). The enhanced dendritic shielding effect of 

the various [Gn]-PBIs was evidenced by an increase in FQY of their respective LDPs from 

7.8 to 23%. The incorporation of two different fluorophores into one polymer backbone led 

to large Stokes shifts caused by the occurrence of Förster resonance energy transfer (FRET). 

The fluorophore-conjugated LDPs showed no cytotoxic side effects and were successfully 

employed in cellular bioimaging studies. In the third project, single-walled carbon nanotubes 

(SWNTs) were functionalized with linear polymers equipped with neutral or charged [G2]-

dendronized PBIs, leading to fluorescent polymer-SWNT complexes. The polymer wrapping 

improved the cytocompatibility of the nanotubes and enabled the direct imaging of their 

cellular uptake via the PBI and SWNT emission using the 1st and 2nd optical windows. 

Charged complexes showed superior SWNT dispersibility, intracellular fluorescence 

intensity, and cellular uptake over their neutral counterparts. A final complementary study 
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affirmed the concept of dendritic site isolation of fluorophores using the example of a PG-

dendronized near-infrared (NIR) cyanine derivative. The dye exhibited a pH-driven turn-

on/turn-off fluorescence mechanism and showed good staining properties in the imaging of 

macrophages.  

In summary, the introduction of (charged) sterically demanding PG dendrons and 

monofunctionalized linkers on core-unsubstituted PBIs led to water-soluble, highly 

fluorescent, and site-specific biolabels. These results demonstrate the versatile potential of 

dendronized PBIs as fluorescent labels and promise their diverse application in future 

bioimaging studies. 

 

 

 
 
Overview of the four projects included in this thesis. The color highlighting of the structures corresponds 
to the wavelength of their emission maxima (R = OH or SO4

-). 
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Kurzzusammenfassung 

Perylenbisimide (PBIs) besitzen Merkmale wie hohe chemische und photophysikalische 

Stabilität, hervorragende Fluoreszenzeigenschaften und Verfügbarkeit von monofunk-

tionalisierten Derivaten. Diese Eigenschaften machen sie zu idealen Kandidaten für eine 

Anwendung als Fluoreszenzlabel. Das volle Potential dieser funktionellen Farbstoffe wird 

jedoch durch ihre Wasserunlöslichkeit und die daraus resultierende fluoreszenzlöschende 

Aggregationsneigung beeinträchtigt. Um diese Limitation zu überwinden, werden 

verschiedene Polyglycerol- (PG) dendronisierte monofunktionalisierte PBIs als 

regiospezifische Labels für zelluläre Biobildgebung vorgestellt. Der allgemeine Aufbau der 

Biolabels besteht aus einem hydrophilen und sterisch anspruchsvollen PG Dendron, dem 

fluoreszenten PBI-Kern und einem Linker mit einer funktionellen Gruppe. Das PG Dendron 

erhöht die Wasserlöslichkeit und unterdrückt die Aggregationsneigung der Fluorophore. Der 

monofunktionelle Linker dient als kupplungsaktive Einheit für die regiospezifische 

Konjugation von Biomolekülen oder anderen Komponenten. Um den Effekt von sterischer 

Abschirmung zu untersuchen, wurden die PBI-Labels in verschiedenen Dendrongenerationen 

synthetisiert ([Gniedrig] vs. [Ghoch]). Um außerdem die Auswirkung von elektrostatischer 

Abschirmung zu beurteilen, wurden die hydroxylierten Dendrongruppen der Labels mit 

ionisch geladenen Sulfatgruppen modifiziert (OH vs. SO4
-).  

Im ersten Projekt wurde eine Reihe von hydroxylierten und sulfatierten [G1] - bis 

[G3]-dendronisierten PBIs mit einem Polyethylenglykol (PEG) Linker synthetisiert, optisch 

charakterisiert und als regiospezifische Labels durch Konjugation an einen Antikörper 

untersucht. Die photophysikalischen Eigenschaften der Labels konnten durch Erhöhung des 

sterischen Anspruchs und der Ladungsmenge des eingeführten Dendrons verbessert werden, 

was zu hoch fluoreszenten PBIs mit Fluoreszenzquantenausbeuten (FQAs) bis zu 100% 

führte. Rezeptorbindungs-, Zytotoxizitäts- und zelluläre Aufnahmestudien bestätigten die 

Eignung der PBIs als regiospezifische Labels. Im zweiten Projekt wurden [G1]- bis [G3]-

dendronisierte PBIs für die Synthese von fluoreszenten Polymernanopartikeln bestehend aus 

linear dendronisierten Polyolen (LDPs) eingesetzt. Der verstärkte dendritische 

Abschirmungseffekt der verschiedenen [Gn]-PBIs wurde durch den Anstieg der FQAs ihrer 

jeweiligen LDPs von 7,8 auf 23% ersichtlich. Die Einführung von zwei verschiedenen 

Fluorophoren in ein Polymerrückgrat führte zu großen Stokes-Verschiebungen, die durch 

das Auftreten von Förster-Resonanzenergietransfer (FRET) verursacht wurden. Die 

fluorophorkonjugierten LDPs zeigten keine zytotoxischen Nebenwirkungen und wurden 

erfolgreich in zellulären Biobildgebungsstudien eingesetzt. Im dritten Projekt wurden 

einwandige Kohlenstoffnanoröhren (EWNRs) mit linearen Polymeren funktionalisiert, die 

mit neutralen oder geladenen [G2]-dendronisierten PBIs ausgestattet waren, was zu 



Kurzzusammenfassung 

xii 

fluoreszenten Polymer-EWNR-Komplexen führte. Die Polymerumhüllung verbesserte die 

Zytokompatibilität der Nanoröhren und ermöglichte die direkte Abbildung ihrer zellulären 

Aufnahme über die PBI- und EWNR-Emission unter Verwendung des 1. und 2. optischen 

Fensters. Dabei zeigten geladene Komplexe eine überlegene Dispergierbarkeit von EWNR, 

intrazelluläre Fluoreszenzintensität und zelluläre Aufnahme gegenüber ihren neutralen 

Gegenstücken. Eine abschließende Nebenstudie bestätigte das Konzept der dendritischen 

Seitenisolierung von Fluorophoren am Beispiel eines PG-dendronisierten Nahinfrarot- (NIR) 

Cyaninderivates. Der Farbstoff wies einen pH-gesteuerten Anschalt-/Abschalt-Fluoreszenz-

mechanismus auf und zeigte gute Färbeeigenschaften bei der Bildgebung von Makrophagen. 

Zusammenfassend führte die Einführung von (geladenen) sterisch anspruchsvollen PG 

Dendrons und monofunktionalisierten Linkern an kernunsubstituierten PBIs zu wasser-

löslichen, hoch fluoreszenten und regiospezifischen Biolabels. Diese Ergebnisse zeigen das 

vielseitige Potential dendronisierter PBIs als Fluoreszenzlabels und versprechen deren 

vielfältige Anwendung in zukünftigen Biobildgebungsstudien. 
 

 
Übersicht über die vier in dieser Arbeit enthaltenen Projekte. Die Farbhervorhebung der Strukturen 
entspricht der Wellenlänge ihrer Emissionsmaxima (R = OH oder SO4

-). 
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1 Introduction 

Dyes and pigments are an integral part of our daily lives that impart color to the 

environment and make it look more appealing. In prehistorical times natural colorants were 

used to color caves, fabrics, and pottery (Figure 1.1a).[1] Nowadays colorants cover a broad 

range of applications from textile, pharmaceutical, food, cosmetics, plastics, paint, and paper 

industry (Figure 1.1b).[2] The major difference between dyes and pigments is their solubility.  

Dyes are mostly organic substances that dissolve in the used medium and adhere to 

the applied material through the formation of covalent bonds and noncovalent interactions.[3] 

According to a dye theory by O. N. Witt in 1876,[4] an organic dye consists of three 

components: the i) chromogen, ii) chromophore, and iii) auxochrome (Figure 1.2). The 

chromogen is a colored or colorless conjugated compound (e.g., one or more benzene rings), 

which can be rendered colored by the attachment of suitable substituents. One of these 

substituents is a chromophore, which is an unsaturated, usually electron-withdrawing group 

(e.g., -N=N-, -C=O) bearing the color. The other one is an auxochrome or antiauxochrome 

which is an electron-donating (e.g., -OH, -NH2) or -accepting group (e.g., -NO2, -C=O), 

respectively, intensifying the color of the chromophore.[2] Mesomeric interactions between 

auxochromic and antiauxochromic groups via the conjugated π-system have a bathochromic 

effect on the absorption maximum of the dye. In addition, these groups endow the dye with 

solubility and support the dye-substrate affinity.[5] Some common chromophores present in 

organic dyes are azo, anthraquinone, phthalocyanine, nitro, methin, or nitroso groups.[2]  

Pigments are colored, colorless, or fluorescent finely ground solid particles or crystals 

of organic or inorganic nature.[2] They are insoluble materials that need to be dispersed in a 

carrier or binder, also called vehicle, for an application to the substrate. After the substrate 

treatment, the binder dries out and attaches a fine layer of pigments to the material. Due 

to their insolubility pigments remain physically and chemically unaffected by the  

 

 

Figure 1.1. a) Ancient cave paintings of a bison painted with natural dyes and pigments. Reprinted with 
permission from Ref. [6] (© 2014 The Royal Chemical Society). b) Dye powders for textiles in various 
colors at a market stall. Reprinted with permission from Ref. [7] (© 2018 The Royal Society of Chemistry).  
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incorporated vehicle. While dyes impart color solely by selective light absorption, pigments 

can impart color by selective light absorption and reemission via light scattering or reflection 

of certain wavelengths. Generally, dyes are more widely applicable than pigments due to a 

higher substrate compatibility, color brilliance, and color strength, but are also more 

susceptible towards photobleaching, heat exposure, and chemical agents. Therefore, dyes are 

typically used for coloring textiles, paper, and foodstuffs, whereas pigments are used for 

paints, plastics, and cosmetics. Dyes and pigments can be divided into natural colorants 

obtained from plants, animals, or minerals and synthetic colorants generated by chemical 

processes.  

 

 

Figure 1.2. Chemical structure of an organic dye molecule consisting of a conjugated chromogen (benzene 
rings), a color-bearing chromophore (azo group), and two color-influencing groups, the auxochrome 
(dimethylamine group) and antiauxochrome (nitro group), shown as an example of 4-nitro-4'-(N,N-
dimethylamino)-azobenzene. Adapted with permission from Ref. [5] (© 2003 Wiley-VCH Verlag GmbH 
& Co. KGaA, Weinheim). 
 

Ever since prehistorical times, mankind has utilized natural dyes like red iron oxide 

obtained from red soil, sepia derived from cuttlefish, or Indian yellow generated from the 

urine of cows.[8] Some of the natural dyes were hard to obtain or expensive to produce. 

Tyrian purple also referred to as royal purple is gained from the sea snail Murex brandaris. 

An amount of 12,000 snails was required to obtain approximately 1.4 g of the dye, which is 

why only eminent royal and church dignitaries could afford this color.[9] A revolution in 

colorant history began with the discovery of synthetic dyes like Berlin Blue produced by J. 

J. Diesbach in 1706,[10] mauveine produced by W. H. Perkin in 1856,[11] or synthetic indigo 

produced by A. Baeyer in 1878.[12] Besides their conventional use as coloring agents, dyes 

and pigments are nowadays used for their technological function, which opened up the new 

class of functional dyes and pigments.[13] 
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2 Theoretical Background 

2.1 Functional Dyes and Pigments 

Functional dyes are not utilized for their aesthetic coloration but for their functional activity 

determined by the physical, chemical, and electronic properties of the chromophore. They 

can be classified by five features or activities, including light absorption or emission, 

photochemical or photoelectric activity, and light-induced polarization.[13] The design of 

these functional dyes allows them to interact with electromagnetic radiation, pH, electricity, 

heat, pressure, and frictional forces.[14] Since the color of functional dyes is not of primary 

importance, they cover a broad range of wavelengths from 300 to 1,500 nm extending from 

the near ultraviolet (NUV, < 400) via the visible (Vis, 400-700 nm) to the near infrared 

(NIR, > 700 nm) region of the electromagnetic spectrum.[14] Therefore, colorless molecules 

that absorb in the NUV or NIR not visible to the human eye are also assigned to this dye 

class. They are used for specific applications in areas such as high-tech electronics, photo-

reprography, laser technology, biochemical analytics, and medical diagnostics.[13] 

One of the most important functional pigments found in nature is chlorophyll shown 

in Figure 2.1a. It converts light energy into chemical energy stored in molecular bonds of 

carbohydrates to fuel the plants’ biological processes. During photosynthesis, carbon dioxide 

and water are rearranged to carbohydrates (e.g., sugars) and oxygen with the help of 

sunlight (bottom in Figure 2.1a). Therefore, chlorophyll regulates the atmospheric oxygen 

level and supplies plants and organisms with the energy necessary for their lives.[15] Another 

class of functional pigments are carotenoids, which are used as colorants in foodstuffs. They 

absorb light energy for photosynthesis in plants and protect chlorophyll from photodamage; 

β-carotenes also act as antioxidants and precursors of vitamin A in living organisms.[16] 

 

 

Figure 2.1. Photochemically active functional dyes and pigments. a) Structure of leaf pigment chlorophyll 
b, which converts light energy into chemical energy during photosynthesis. Bottom: reaction of 
photosynthesis, which converts carbon dioxide and water into sugar and oxygen, promoted by sunlight. 
Leaf background from Ref. [17] (© 2018 Pixabay). b) Structure of the functional dye rhodamine 6G and 
its applications. c) Photochromic functional dye based on a spiropyran system for high-tech applications. 
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A common synthetic functional dye is rhodamine 6G depicted in Figure 2.1b. Due to its 

emitting properties and photostability, it is used as dye or gain medium in lasers,[18] 

fluorescent marker in microscopy studies,[19] and tracer dye of waters in float tracing 

methods.[20] An example for a functional dye with photochromic activity is spiropyran shown 

in Figure 2.1c. Spiropyran is an UV-absorbing, colorless compound, that becomes intensively 

colored by light absorption and regenerates thermally in the absence of light. Its reversible 

turn-on/turn-off mechanism based on an electrocyclic reaction by UV photoexcitation makes 

the dye popular in light filters, window panes, sunglasses, and light monitors.[13] 

The class of functional pigments includes colored or colorless as well as pearlescent, 

luminescent, or phosphorescent particulate compounds of organic or inorganic nature with 

anti-corrosive, electrically or thermally conductive, or special effect features.[21] The most 

significant applications for functional pigments are surface coatings followed by plastics, 

inks, and cosmetics. Particularly in automotive industry, special effect pigments with 

thermochromic, photochromic, or fluorescent properties are popular due to their infinitive 

array of colors and light effects. Typically, functional dyes and pigments consist of 

polyunsaturated or polycyclic aromatic compounds, such as perylene dyes, which have 

become an emerging research topic in recent decades. 

 
 
 

2.2 Perylene Dyes and Pigments 

Perylenes are planar, polycyclic, aromatic hydrocarbons based on the framework of two 

naphthalene units linked in the peri positions (Figure 2.2a). They were first isolated by R. 

Scholl in 1910[22] and represent the smallest member in the family of rylene dyes. Rylenes 

dyes are naphthalene oligomers, also referred to as poly(peri naphthalene)s (PPNs, Figure 

2.2b). In the homologous series of rylenes, additional naphthalene units are added to the 

perylene scaffold (n = 0) along the long molecular axis resulting in the higher rylene 

homologs termed terrylene (n = 1), quaterrylene (n = 2), pentarylene (n = 3), and 

hexarylene (n = 4). The highest rylene homolog that has been synthesized to date is the 

octarylene bisimide.[23, 24] The absorption and emission properties of rylenes correlate to the 

size of the dye scaffold with longer wavelengths for higher rylene homologs (Figure 2.2c).[25, 

26] In contrast, the fluorescence quantum yields (FQYs) drastically decrease from 94 to 5% 

from perylene to quaterrylene due to the enhanced π-stacking of the extended aromatic core 

system. Derivatives of terrylene (TBI) or quarterrylene (QBI) have been used as key 

fluorophores in single-molecule studies or as NIR absorbers in laser marking technologies 

due to their red-shifted absorption.[27-29] A striking achievement by Müllen et al. was the  



2.2 Perylene Dyes and Pigments 

5 

 
Figure 2.2. a) Structure and substitution patterns of perylene. b) Rylene scaffold and the corresponding 
denotation of higher rylene homologs determined by the number n of naphthalene units. c) Higher rylene 
homologs and their absorption and emission maxima covering a range of ≈ 220 nm as well as their FQYs.[25] 

 

preparation of highly fluorescent nanoparticles by surface decoration of polyphenylene 

dendrimers with rylene derivatives.[30-33] Depending on the chromophoric alignment, the 

particles could serve as single-photon sources; additional introduction of donor and acceptor 

dyes into the particles led to light-harvesting complexes. 

Perylene dyes possess outstanding chemical, thermal, and photochemical stability and 

are available in large scale for low costs. The major drawback of perylenes, however, is their 

poor solubility, which has hampered them from extensive use. Owing to the ability to 

functionalize the dye in various positions, a variety of highly soluble perylene-based 

derivatives has been developed. The three common substitution patterns of the perylene 

scaffold include the outer peri positions (3, 4, 9, 10), bay positions (1, 6, 7, 12), and ortho 

positions (2, 5, 8, 11), as depicted in Figure 2.2a. The substitution at the peri positions with 

imide functions gives the respective perylene mono- or bisimides, which possess an increased 

photostability due to the electron withdrawing character of the imides.[34]  

 

 

 

2.2.1 Perylene Bisimides 

The leading representative among the perylene derivatives is perylene-3,4,9,10-

tetracarboxylic bisimide (PBI). Initially, PBIs were applied as high-performance pigments 

in the coloration of automotive paints, synthetic fibers, and engineering resins due to their 

insolubility but variety of colors in a solid state.[21, 35] PBI pigments hold a pronounced 

crystallochromic behavior that is caused by the correlation of crystal packing and absorption 

maximum (color) in the solid state. The various structures of the imide substituents in the 

PBI periphery lead to a different crystal packing, which in turn affects the degree of orbital 

overlap of adjacent molecules. A better orbital overlap results in a bigger bathochromic shift 
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in absorption, yielding a wide palette of pigment 

colors between black and red (right side in Scheme 

2.1).[35-37] 

The first technical synthesis of PBI pigments 

was patented by M. Kardos in 1913.[38, 39] Since then, 

the manufacturing process of PBI pigments 

remained almost unchanged as shown in Scheme 

2.1.[21] First, 1,8-ethylenenaphthalene 1 is oxidized to 

naphthalene-1,8-dicarboxylic anhydride 2 under 

catalysis of vanadiumpentoxid. Subsequent imidization of 2 with ammonia gives 

naphthalene-1,8-dicarboxylic imide 3, which is dimerized via an oxidative coupling to 

perylene-3,4,9,10-tetracarboxylic bisimide (PBI) 4 in the presence of molten alkali at high 

temperatures over 200 °C. Hydrolysis of PBI 4 with sulfuric acid yields perylene-3,4,9,10-

tetracarboxylic bisanhydride (PBA) 5, which undergoes a condensation reaction with 

primary aminated aliphatic or aromatic substituents to give the corresponding organo-

soluble imide-functionalized PBIs 6. The poor solubility of PBIs is caused by the strong 

aggregation tendency of the aromatic core via intermolecular π-π stacking interactions. By 

specific substitution in the imide or core positions of the dye framework, the solubility 

behavior as well as the optical properties including the absorption and emission maximum 

can be controlled (Figure 2.3). The availability of highly soluble PBIs has extended their 

application to fields such as laser dyes,[40, 41] photovoltaic cells,[42] fluorescent solar 

collectors,[43] or organic light-emitting devices (OLEDs).[44] The versatile synthetic 

modifiability of these functional dyes has led to extensive research on PBIs in scientific fields 

such as supramolecular chemistry,[45] organic electronics,[46] and cellular research.[47]  

 

 

Scheme 2.1. Technical synthesis and color index of commercially available pigments based on PBA 5 
and PBIs 6 including their colors.

Figure 2.3. Chemical structure of PBI 
with different substitution patterns 
controlling the properties of the dye. 
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2.2.1.1 Imide-Substituted PBIs 

The first organo-soluble PBIs pioneered by Langhals et al. in the 1980s were archived by 

introducing sterically demanding linear or cyclic alkyl substituents or ortho-substituted aryl 

substituents in the imide positions (Figure 2.4a).[48-50] Particularly the so-called “swallowtail” 

substituted PBI 7 (see insert in Figure 2.4b) with secondary branched 1-hexylheptyl residues 

offered excellent solubility (> 100 g/L), fluorescence properties, and photostability in 

common organic solvents.[48] These features made them suitable compounds for applications 

as laser dyes[40] or reference standards in relative FQY measurements.[51] The absorption and 

emission spectra of swallowtail PBI 7 represent the characteristic band shape typically 

obtained for imide-substituted PBIs (Figure 2.4b). The absorption spectrum shows a 

vibronic fine structure with three major absorption bands belonging to the stated electronic 

transitions and a high molar absorption coefficient of around 90,000 M-1 cm-1.[51] The 

corresponding emission spectrum is nearly a perfect mirror image of the absorption with a 

small Stokes shift of 9 nm and a FQY of unity in common organic solvents.[50-55] The spectral 

similarity among imide-substituted PBIs is due to the electronic decoupling of the imide 

 

 
Figure 2.4. a) Sterically demanding imide substituents of organo-soluble PBIs. b) Absorption (red) and 
normalized emission (blue) spectra of swallowtail PBI 7 at 1 µM in DCM. Absorption maxima belonging 
to the stated vibronic transitions and optical properties including emission maxima, peak ratio A0-1/0-2, 
Stokes shift, and FQY. c) Frontier orbitals of N,N′-dimethyl PBI according to DFT calculations. The 
arrows indicate the orientation of the S0 → S1 transition dipole moment along the long molecular axis. 
Adapted with permission from Ref. [46] (© 2011 American Chemical Society). d) Electrostatic potential 
surface of N,N′-dimethyl PBI from DFT calculations indicating electron-deficient (blue) and  
-rich (red) areas. Adapted with permission from Ref. [56] (© 2009 The Royal Society of Chemistry). 
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substituents from the π-conjugated system of the chromophore. The decoupling is caused by 

orbital knots at the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) in both imide nitrogens. The orbital knots are represented by 

the frontier orbitals for the electronic transition between the ground state (S0) and first 

excited state (S1) in Figure 2.4c.[57] The symmetry of the molecular orbitals suggests a dipole 

moment of the S0 → S1 transition polarized along the long molecular axis.[36, 58] The influence 

of imide substituents on the frontier orbital energies of the PBI is limited to inductive effects 

that cause only small spectral shifts in absorption and emission (< 5 nm).[59] Therefore, 

imide substituents are mainly utilized to introduce moieties that provide solubility,[48, 50] 

suppress aggregation,[52, 60] or tune the functional properties of the condensed matter.[45, 56] 

The solubility and aggregation behavior can be controlled by the type and size of the 

substituents. 

However, there are two examples in which imide substituents exert an influence on 

the optical properties of the chromophore. While the HOMO-LUMO band gap remains 

unchanged by imide substitution,[57] the energy of both frontier orbitals increases with the 

electron-donating effect of the substituents. When the orbitals of the substituents are located 

above the electronic ground state of the PBI, a photoinduced electron transfer (PET) from 

the electron-rich substituent to the electron-deficient PBI might occur involving fluorescence 

quenching effects.[61, 62] Also aryl-substituted PBIs exhibit fluorescence quenching, when the 

substituents in the imide positions are not fixed in an orthogonal conformation with, e.g., 

iso-propyl or tert-butyl groups in the ortho positions of the substituent. The resulting non-

radiative deactivation process was attributed to a torsional vibration of the aryl group 

around the R-N bond described as “loose bolt effect”.[50, 53] Due to these effects, only moderate 

FQYs have been reported for electron-rich phenoxylated PBIs[53, 61] (< 5%) and simple 

phenylated PBIs[58] (70%), whereas, for example, 2,4-di-tert-butylpheny substituted PBIs 

showed an excellent FQY of 100%.[53]  

The electrostatic potential surface of N,N′-dimethyl PBI shows a pronounced 

quadrupole moment with the highest electron density located at the four carbonyl oxygens 

and the lowest density in the bay regions (Figure 2.4d).[45] The resulting electron deficiency 

of the central PBI core creates a high electron affinity, which delivers an additional binding 

strength that can be used to assemble higher-order superstructures. The planar π-conjugated 

PBI surfaces can undergo strong Van der Waals interactions that lead to one-dimensional 

self-assembled stacks.[63] The optical properties of the π-π aggregates may differ widely as a 

consequence of individual intermolecular dye interactions (Figure 2.5a). Würthner et al. 
conducted extensive research on supramolecular PBI architectures.[45] They showed the 

correlation between the structural assembly and fluorescence properties for monomeric,  
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dimeric, and polymeric chirally substituted PBIs 8 in solution (Figure 2.5b).[45, 64] The chiral 

side chains influence the chemical equilibrium of the M/P aggregate conformations on a 

higher level of organization with left-handed (M) helices for dimeric and right-handed (P) 

helices for polymeric columnar stacks (Figure 2.5a). 

 

 

Figure 2.5. a) Aggregation equilibria of PBIs bearing alkylated phenyl substituents in both imide positions 
and their characteristic fluorescence in solution. Adapted with permission from Ref. [56] (© 2009 The 
Royal Society of Chemistry). b) Chemical structure of PBI 8 bearing phenyl substituents with chiral alkyl 
chains, which influence the chemical equilibrium of the aggregates. 
 
 

 

2.2.1.2 Bay-Substituted PBIs 

In contrast to the imide substituents, bay substituents can have a significant impact on the 

electronic, structural, and optical properties of PBIs. The bay substitution with electron-

donating or -withdrawing residues can vary the absorption maximum from the complete 

visible up to NIR region. This variation is caused by shifting the HOMO and LUMO of the 

fluorophore through interactions with the orbitals of the bay substituents. Π-donor 

substituents have a stabilizing effect on the HOMO and π-acceptor substituents a 

destabilizing effect on the LUMO. This effect is often associated with the loss of the vibronic 

fine structure and results in a bathochromic shift of the absorption and emission maxima. 

The substitution with electron withdrawing groups such as F, Cl, or Br results in a small 

bathochromic shift in absorption (< 5 nm) for analogous halogenated PBIs relative to their 

unsubstituted parent due to the weak π-donor strength of the halogens.[62] Electron-donating 

substituents such as phenoxy, pyrrolidino, or other cyclic amines raise the HOMO to a 

greater extent than the LUMO.[65-70] The resulting bathochromic shift in absorption and 

emission is proportional to the π-donor strength of the respective substituent. This effect is 

demonstrated by PBIs equipped with moderate donating phenoxy (10) and stronger 

donating methoxy groups (11) in respect to their unsubstituted parent 9 (Figure 2.6a). 

Substitution with a stronger π-donor like nitrogen yields an even bigger modulation of the 

electronic band gap, which leads to a bathochromic shift of up to 170 nm towards long 
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absorption wavelengths of about 700 nm. The dramatic red shift is caused by a quadrupolar 

charge transfer from the nitrogens to the perylene,[71-73] which results in a pronounced 

solvatochromism and a decrease in FQY in the case of pyrrolidino di-bay-substituted 

PBIs.[62] Also the substitution with carbon in form of aryl or alkynyl substituents through 

catalytic couplings yields a red shift in absorption due to the extension of the π-conjugated 

dye system.[74, 75] The extent of the shift depends on the character of the substituent bound 

to the carbon.  

In addition, bay substituents can cause a sterically induced twist of the two 

naphthalene moieties forcing the substituents out of the PBI plane. The torsional angle of 

the twist depends on the number and steric bulk of the substituents.[56, 69] For example, the 

torsional angle between the two naphthalene planes of tetramethoxy PBI 11 was determined 

with 31° (Figure 2.6b).[76] Although the twist of the PBI core potentially leads to a 

hypsochromic shift, the above mentioned effects leading to a bathochromic shift often 

dominate.[46] The twisted core and bulky substituents prohibit a tight molecular packing and 

thus strongly increase the solubility of the PBIs by lowering aggregation.[46, 77] Normally, 

bay-substituted PBIs mainly aggregate in dimers, which is why they are not suitable to 

form extended π-stacking architectures.[78] However, no distortion was observed for planar 

fluorine,[79, 80] cyanine,[81] or diphenylphenoxy[82] 1,7-substituted PBIs proving that bay 

substitution does not necessarily involve a core twist. 

 

 
Figure 2.6. a) Chemical structures of core-unsubstituted PBI 9 and core-substituted PBIs bearing four 
phenoxy (10) or methoxy substituents (11) in the bay positions as well as their corresponding absorption 
and emission maxima and FQYs. b) Schematic molecular structure of tetramethoxy-bay-substituted PBI 
11 twisted in the naphthalene units. Adapted with permission from Ref. [76] (© 2016 The Royal Society 
of Chemistry). 
 

Bay-substituted PBIs are synthesized by nucleophilic substitution or transition metal-

catalyzed cross couplings of the halogenated PBI key intermediates as displayed in Scheme 

2.2. 1,6,7,12-tetrachloro (12) or 1,7-dibromo (13) PBIs are obtained by imidization of the 

corresponding halogenated PBA 5. Dibrominated PBI 13 is often obtained in a mixture of 
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1,7- (major) and 1,6-dibromo (minor, ca. 10-20%) regioisomers.[66, 83] Bay substitution was 

first accomplished by Seybold and coworkers at BASF in 1989 through nucleophilic 

displacement of chlorine by phenolate yielding tetraphenoxy PBI 14.[84] Straightforward 

nucleophilic substitution of 1,7-dibromo PBI 13 with fluoride,[79] phenol,[34] pyrrolidine,[71] or 

cyanide nucleophiles[81, 85] leads to the corresponding bay-substituted PBIs 15 to 18 with 

distinct optical and electronic properties. Palladium-catalyzed C-C couplings such as 

Sonogashira,[86, 87] Suzuki,[74, 88] and Stille[89, 90] reactions have also been employed to synthesize 

alkynyl- and aryl-functionalized PBIs 19 and 20, respectively.  

 

 
Scheme 2.2 Synthetic strategies towards various bay-substituted PBIs starting from dibromo PBI 13. 
 

Recently, Spenst and Würthner demonstrated an interesting turn-on/turn-off 

fluorescence mechanism using bay-phenoxylated PBIs (Figure 2.7a).[91] They prepared para-

xylylene-bridged PBI cyclophanes 21 as host molecules for the complexation of a series of 

electron-poor or -rich guests molecules shown in Figure 2.7b. The guest encapsulation into 

the rigid PBI cavity was carried out by the formation of a 1:1 arylene@PBI cyclophane 

complex. The resulting FQYs of the various arylene@PBI cyclophane complexes and the 

free host molecule PBI 21 are depicted in Figure 2.7b. It was found that the complexation 
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with electron-poor guests like anthraquinone, 9-fluorenone, or biphenyl resulted in an 

increased fluorescence intensity with FQYs up to 100%. In contrast, the complexation of 

electron-rich guests like pyrene, anthracene, or perylene led to a drastic fluorescence 

quenching with FQYs far below that of the uncomplexed host (Φf = 21%). The fluorescence 

increase was ascribed to a reduced electronic coupling of the two PBI chromophores by 

intercalation of the electron-poor guest molecule between their cofacial π-surfaces.[92] By 

contrast, the fluorescence quenching was attributed to an intermolecular charge-transfer 

(CT) process from the HOMO of the electron-rich guest molecule to the HOMO of the 

photoexcited PBI cyclophane as described in the insert of Figure 2.7b. Additionally, 

electron-rich host-guest complexes displayed a significant red-shifted emission of up to 60 

nm to a maximum of 690 nm, indicating emission originating from CT states. Thus, guests 

with an energetically lower-laying HOMO compared to that of host 21 boosted the emission 

by reduced PBI-PBI coupling, while guests with a higher-laying HOMO erased the emission 

by host-guest CT interactions. Therefore, these PBI cyclophanes could be applied as dual 

turn-on/turn-off fluorescent probes for the sensing of electron-poor and electron-rich guest 

molecules. 

 

 

Figure 2.7. a) Schematic illustration of the turn-on/turn-off fluorescence mechanism of PBI cyclophane 
21 upon complexation with electron-poor and electron-rich aromatic guests (top). Photograph of the turn-
on/turn-off fluorescence (bottom). Adapted with permission from Ref. [45] (© 2015 American Chemical 
Society). b) Plot of the FQYs of the different host-guest complexes. Electron-poor guests are depicted in 
red and electron-rich guests in blue, the free para-xylylene-bridged PBI cyclophane host molecule is shown 
in black. Inset: schematic illustration of the oxidative fluorescence quenching mechanism by formation of 
an arylene@PBI cyclophane complex with electron-rich guest molecules.  
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2.2.1.3 Ortho-Substituted PBIs 

In contrast to the classic functionalization patterns in the peri and/or bay positions of the 

PBI scaffold, which have been known since the 1980s, substitution in the ortho positions 

has only been explored in recent years. A substitution of the ortho over the more reactive 

bay positions was achieved by a C−H activation and addition strategy with transition metal 

catalysts that were ortho-directed by the carbonyl oxygens of the imides (Murai–Chatani–

Kakiuchi protocol).[93, 94]  

In 2009, Osuka et al. reported the direct ruthenium-catalyzed reaction of PBI with 

terminal alkenes or arylboronates resulting in alkyl[95] (22) or aryl[55] (23) 2,5,8,11-

tetrasubstituted PBIs (Scheme 2.3). Interestingly, alkyl and aryl ortho substituents showed 

different effects on the optical properties of the PBIs. Ortho-alkylated PBIs 22 exhibited 

optical properties similar to their unsubstituted precursor 6 with high FQYs up to 94%.[95] 

Also the absorption spectra of aryl-substituted PBIs 23 resembled the fine-vibronic structure 

of core-unsubstituted PBIs 6 with slightly blue-shifted maxima, due to the orthogonal tilt 

of the aryl groups to the PBI core. However, similar to bay substituents, electron-donating 

ortho substituents such as MeO-phenyl or bromo-phenyl led to fluorescence quenching of 

the dye with FQYs between 0 to 15%, whereas PBIs with electron-withdrawing substituents 

such as (trifluorometyl)phenyl exhibited high fluorescence properties with FQYs of 75%.[55] 

In comparison, the corresponding core-unsubstituted parent PBI 6 featured a FQY of 98%.  

 

 
Scheme 2.3. First synthetic pathways towards alkylated (22) and arylated (23) ortho-substituted PBIs. 
 

In 2011, Shinokubo et al. performed the iridium-catalyzed borylation of PBIs 6 that 

were post-functionalized to ortho-pyridinium (25) or ortho-hydroxylated (26) PBIs (Scheme 

2.4).[96] Tetrahydroxy PBIs 26 exhibited a 13 nm blue-shifted absorption maximum due to 

the formation of intramolecular hydrogen bonds between the carbonyl and hydroxyl groups. 

The hydrogen bonds increased the electron-withdrawing nature of the carbonyl groups, 

stabilizing the HOMO energy level and increasing the HOMO-LUMO band gap. At about 

the same time, Müllen et al. introduced the ruthenium-catalyzed borylation of PBIs. The 

resulting tetraboronate PBIs 24 were used as key intermediates for tetrasubstituted PBIs  
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bearing benzonitrile (27), or chloro (28), bromo (29), iodo (30), or cyano groups (31) in 

the ortho positions.[97] In 2017, the direct synthesis of tetraiodinated PBIs 30 was reported, 

thereby replacing the borylation step for the post-functionalization of PBIs. Similar to 

tetraboronate PBIs 24, tetraiodinated PBIs 30 served as significant precursors for a variety 

of ortho-tetrasubstituted PBIs bearing phenylacetylenes (32), phenyl groups bound directly 

(33) or via different heteroatoms (34), or alkylamines (35).[98, 99] The above-mentioned ortho-

substituted PBIs featured diverse absorption maxima in the visible range between 446 and 

555 nm and high FQY up to 95%.[95] It should be noted that while the bay substitution often 

involves a propeller-like twist of the PBI core due to the steric strain of the substituents, 

the ortho substitution retains a planar PBI scaffold due to the steric separation of the 

substituents. The planarity of ortho-functionalized PBIs makes them ideal building blocks 

for the construction of conjugated polymers. Starting from tetraiodinated PBI 30, two 

different types of microporous conjugated polymers were constructed based on the network 

of phenylacetylene or diphenylacetylene ortho-substituted PBIs.[99] 

 

 
Scheme 2.4. Tetraborylated (24) and tetraiodinated (30) ortho-substituted PBIs as precursors for a 
variety of post-functionalization. 
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2.3 Fluorescence and Phosphorescence 

Luminescence is the emission of light by a substrate in form of a body-cold radiation caused 

by chemical reactions, electrical or mechanical energy, or subatomic motions. Fluorescence 

and phosphorescence are photoluminescence phenomena emerging from the excitation and 

deactivation of electrons by photon absorption or emission. Emitted light typically has 

longer wavelengths and thus lower energy than absorbed light due to the partial dissipation 

of the absorbed energy, a phenomenon known as the Stokes rule.[5] The fluorescence spectrum 

is usually a reflection of the absorption spectrum, a fact known as the mirror image rule. 

The absorption of energy in form of photons leads to the excitation of electrons from 

the lowest vibrational level of the electronic ground state (S0) into any of the vibrational 

levels of the first or higher excited singlet states (S1, S2, S3, etc.). The photon energy is 

quantized, allowing the electrons to occupy only discrete energy levels. First, rapid collisions 

between the molecules in solution lead to relaxation into the vibrational ground state of the 

respective excited state. The transition from higher excited singlet states S2 or S3 into the 

S1 state usually occurs by non-radiative internal conversions due to the small energy gap 

between higher adjacent singlet states. The deactivation of the S1 state can proceed via 

several competing non-radiative or radiative pathways illustrated by the Jablonski diagram 

in Scheme 2.5.[100] Non-radiative deactivation mechanisms of excited state electrons include: 

i) vibrational relaxation (VR) by dissipation of the excitation energy through collisions with 

the surrounding molecules (heat), ii) internal conversion (IC) by vibrational coupling of a 

higher to a lower excited state with equal multiplicity, iii) intersystem crossing (ISC) to an 

excited state with a different spin multiplicity that subsequently leads to a radiative or 

secondary non-radiative deactivation process, or iv) external conversion (EC) by interaction 

with a quencher molecule absorbing the excitation energy.[101] Generally, emission occurs 

from the lowest vibrational level of the first excited state (S1 or T1) to any of the vibrational 

levels of the ground state and is therefore independent of the excitation wavelength (Kasha-

Vavilov rule1).[102] Radiative deactivation mechanisms comprise emission in form of: v) 

fluorescence by singlet-singlet (S1 → S0) transitions or vi) phosphorescence by triplet-singlet 

(T1 → S0) transitions of excited state electrons, in the latter case after prior ISC.  

The major difference between fluorescence and phosphorescence is the lifetime of their 

excited states determining the duration of emission. While fluorescent materials lose their 

emission relatively swiftly after excitation within nanoseconds, phosphorescent materials 

retain their emission for a longer period from milliseconds up to several hours. During the 

intersystem transition, a singlet state is converted to a triplet state (or vice versa). This 

                                        
1 Photon emission (luminescence) occurs in appreciable yield only from the lowest excited state of a given multiplicity 
(S1 or T1). The emission wavelength and luminescence quantum yield are thus independent of the excitation wavelength. 
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singlet-triplet transition involves a quantum mechanically forbidden spin exchange enabled 

by a spin-orbit coupling. The spin reversal necessary to deactivate the excited triplet state 

is less probable and the radiative decay is thus relatively slow. The reversed intersystem 

crossing from a triplet to singlet state (T1 → S1), caused by triplet-triplet annihilation2 (P-

type) or thermal activation (E-type), leads to emission of delayed fluorescence (DF) with 

lifetimes half as long or as long as observed in phosphorescence.[102] The efficiency of the 

fluorescence process can be defined by the FQY (Φf), which is the ratio of number of photons 

emitted to number of photons absorbed (Eq. 3.1).[100] The maximum FQY is equal to 1 

meaning that each photon absorbed leads to a photon emitted.  

Φf = 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

               (3.1) 

Fluorescence is a concentration-dependent process in which high concentrations 

increase the possibility of inner filter effects through reabsorption processes,3 the formation 

of non-fluorescent ground state dimers, and the emergence of fluorescent excited dimers 

(excimers4). The occurrence of fluorescence can be used as a nondestructive tool for in vitro 
and in vivo applications in life sciences. Fluorescent staining agents are used to image 

biological materials and fluorescent labels are applied to track biomolecules. Furthermore, 

fluorescence characteristics such as high sensitivity, spatial resolution, and local specificity 

provide the basis for steady state and time-resolved fluorescence spectroscopy and 

microscopy, which are used for sophisticated applications in genetics and cell biology.  
 

 
Scheme 2.5. Jablonski diagram (energy scheme) of a photoluminescent system describing the different 
relaxation mechanisms for excited state molecules. Solid arrows indicate radiative and wavy arrows non-
radiative electronic transitions; t states the excited state lifetimes belonging to the various electronic 
transitions. Adapted from Ref. [103] (© 2018 Olympus Corporation). 
                                        
2 The collision between two molecules in the T1 state produces an S0 and S1 singlet sate molecule. 
3 Reabsorption is a process in which the emitted radiation of a molecule is reabsorbed by another molecule extinguishing 
the short-wavelengths part of the spectrum. 
4 Excimers are formed by interaction of an excited monomer with a monomer in the ground state (M* + M → (MM)*) 
leading to a new emission band at longer wavelengths. 
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2.3.1 Förster Resonance Energy Transfer 

Förster resonance energy transfer (FRET), discovered by Theodor Förster in 1946, is a 

popular tool for probing intra- and intermolecular interactions over nanometer scale 

distances with applications in single-molecule experiments,[104] molecular motors,[105] 

biosensors,[106] and light-harvesting materials.[107] The phenomenon describes a non-radiative 

quantum mechanical process in which an electronically excited donor molecule transfers 

excitation energy to a nearby acceptor molecule via long-range dipole-dipole coupling 

interactions.[108] The non-radiative resonance energy transfer mechanism is demonstrated in 

the Jablonski diagram in Figure 2.8a. First, a donor molecule is excited by a photon and 

relaxes to the lowest vibrational level of the first excited singlet state (S1) according to the 

Kasha-Vavilov rule.[102] When the conditions for the occurrence of FRET are met, the events 

of donor fluorescence and energy transfer to the acceptor compete for the decay of the 

excitation energy. In case an acceptor molecule is located within a minimal spatial radius, 

the excited electron returns to the ground state in a non-radiative manner without the 

emission of a photon. The excited state energy of the donor is transferred to an acceptor 

molecule, whose electrons are excited to a higher electronic state. Upon return to the 

electronic ground state (S0), the acceptor emits a photon. This non-radiative energy transfer 

involving donor-acceptor dipole couplings is referred to as resonance. In the theory of 

resonance energy transfer, the excited donor fluorophore is treated as an oscillating dipole 

that can transfer energy to a second dipole having a similar resonant frequency resulting in 

coupled oscillators. The occurrence of FRET can be detected by quenching the donor 

fluorescence intensity (ID) and reducing its fluorescence lifetime, which is associated with an 

increasing acceptor fluorescence intensity (IA), also referred to as sensitized fluorescence.  
 

 
Figure 2.8. a) Jablonski diagram describing the FRET mechanism from a donor molecule to an acceptor 
molecule resulting in FRET. Solid arrows indicate radiative transitions, dashed arrows non-radiative 
coupled transitions, and wavy arrows non-radiative transitions. Adapted from Ref. [109] (© 2018 Olympus 
Corporation). b) Multi-chromophoric PBI-calix[4]arene array 36 displaying sequential FRET by excitation 
of the middle PBI yielding emission from the outer PBIs. Adapted with permission from Ref. [45] (© 
2015 American Chemical Society). 
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A large acceptor to donor intensity ratio (IA/ID) is indicative of a high FRET efficiency that 

can be associated to a closer proximity or more favorable orientation of the fluorophores. It 

is noteworthy that the occurrence of FRET is not restricted to fluorescence but can also 

occur in connection with phosphorescence.[110] 

The FRET efficiency (EFRET) is the quantum yield of the energy transfer transition, 

corresponding to the fraction of energy transfer events that occur per donor excitation event. 

The formula for the FRET efficiency involves the Förster distance (R0) of the donor-acceptor 

pair, which relates to the distance at which the energy transfer efficiency is 50%, and the 

actual donor-acceptor distance (r, see Eq. 3.2).  

𝐸𝐸FRET = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 =  1

1+� 𝑟𝑟
𝑅𝑅0
�
6             (3.2) 

The FRET efficiency of the donor-acceptor energy transfer depends on the following criteria: 

i) the distance between the donor and the acceptor molecules located within 1 to 10 nm 

spacing, ii) the spectral overlap integral (J(λ)) between the donor emission spectrum and 

the acceptor absorption spectrum, iii) the relative orientation of the transition dipole 

moments of the donor emission and the acceptor absorption spectrum (preferably parallel), 

and iv) the FQY of the donor in the absence of the acceptor.[111] At distances below 1 nm 

other possible modes of energy or electron transfer might occur, which is why resonance 

energy transfer is limited to a 1 to 10 nm distance of two interacting molecules. Differently 

to Dexter energy transfer, which is based on the collisional exchange of electrons between 

two molecules separated in the range of a 1 nm distance, Förster energy transfer does not 

require a collision. FRET efficiency measurements can be utilized to determine if two 

fluorophores are located within a nanoscale distance to each other. There are three common 

ways of inferring the FRET efficiency, by measuring either the acceptor emission intensity 

over time or the donor fluorescence intensity (I) and donor fluorescence lifetime (τ), 
respectively, in the presence (IDA or τDA) and absence (ID or τD) of the acceptor (Eq. 3.3).  

𝐸𝐸FRET = 1 − 𝐼𝐼DA
𝐼𝐼D

 =  1 − 𝜏𝜏DA
𝜏𝜏D

              (3.3) 

The transfer efficiency is inversely proportional to the sixth power of the donor-

acceptor distance (see Eq. 3.2), which makes FRET highly sensitive to even small changes 

in distance.[112] The distance dependency provides an ideal method to quantify molecular 

dynamics and conformational changes of intrinsically or labeled fluorescent proteins.[113] By 

labeling sub-cellular structures with individual fluorophores, FRET can also be employed to 

examine the proximity of the labeled molecules within a living cell. An interesting case of a 

sequential FRET was observed for the multi-chromophoric PBI-calix[4]arene array 36 with 

five co-facially aligned PBIs in a row, where the excitation of the middle PBI (yellow, λex= 

490 nm) led to the emission of the outer PBIs (green , λem= 739 nm; Figure 2.8b).[114, 115] 
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2.4 Fluorescence Bioimaging 

Fluorescence bioimaging has become a virtually indispensable tool for medical, 

pharmaceutical, and biochemical research. It relates to noninvasive methods to detect and 

visualize biological molecules, materials, and processes (in vitro and in vivo) with the help 

of appropriate fluorescent labels and staining agents. The imaging methods aim to interfere 

as little as possible with the biomolecule or process observed. The types of specimen that 

can be observed range from single biomolecules, such as proteins, antibodies, DNA, and 

virions over subcellular structures, and individual cells, up to tissues and entire multicellular 

organisms.[116] Fluorescent labeling of intracellular components like nuclei, mitochondria, 

cytoskeleton, and membranes enables the live-cell imaging of their localization within fixed 

and living preparations.[117] The current potential of fluorescence bioimaging of cells is shown 

in the microscopic image in Figure 2.9a. The illustrated bovine pulmonary artery endothelial 

cell (BPAE) was stained with various fluorescent probes to individually visualize its different 

cellular components such as mitochondria, cytoskeleton, and cell nuclei.  

Recent progress in the field of optical microscopy opened up the possibility of real-

time, 3-dimensional, and high-resolution imaging methods on a single-molecular level that 

helped uncover fundamental biological processes difficult to obtain from ensemble 

measurements.[118] Typical high-resolution imaging techniques are based on confocal laser 

scanning microscopy (CLSM) or total internal reflection fluorescence (TIRF) microscopy, 

which provide a resolution limit of approximately up to 0.2 µm.[118, 119] The method of choice 

for deep-tissue imaging is two-photon excitation (2PE) microscopy, which enables imaging 

down to 1 mm depth due to greatly reduced light scattering in biological tissue by 

multiphoton excitation.[120] If more detail is required, super-resolution techniques, such as 

structured illumination microscopy (SIM) or stimulated emission depletion (STED) 

microscopy, allow imaging of a magnitude in the range of 10 to 20 nm with a spatial  
 

 
Figure 2.9. a) Microscopy image of BPAE cells, mitochondria stained with mitotracker red CMXros (red), 
filamentous actin with alexa fluor 488 (green), and nuclear DNA with DAPI (blue). Adapted from Ref. 
[121] (© 1995-2017 Michael W. Davidson and The Florida State University). b) Electromagnetic spectrum 
and relative wavelengths of the corresponding electromagnetic waves as well as spectral location of the 
first and second optical windows. Adapted from Ref. [122] (© 2007-2016 PennWell Corporation). 
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resolution far below the diffraction limit of light.[123] These new imaging techniques helped 

to examine a multitude of complex in vivo biological processes, including changes in receptor 

kinetics,[124] molecular or cellular signaling[125] and interactions,[126] as well as movements of 

molecules through membranes.[127] However, these methods place high requirements on the 

fluorophores used in terms of photostability or the number of photons emitted, which limits 

the appropriate fluorophores to a small amount. Fluorescent labels and staining agents that 

are commonly applied in bioimaging are mostly of organic nature with their fluorescence 

emission usually located in the visible region or in the first optical transparency window of 

tissue ranging from the red up to the NIR area (650-950 nm, Figure 2.9b).[128] New 

developments in the area of nanomaterials, including nanoparticles, -diamonds, -clusters, -

wires, -graphenes, and -tubes, have revealed the potential of nanostructures as fluorescence 

probes for bioimaging in the second optical window (1,000-1,350 nm) located in the extend 

NIR region.[129, 130] NIR light (700-2,500 nm) is able to penetrate biological tissues, such as 

skin and blood, more efficiently than visible light, as these tissues scatter and absorb less 

light at longer wavelengths.[128] Therefore, NIR fluorescent probes are particularly valuable 

for bioimaging as they allow deep photon penetration into the tissue, minimize photodamage 

of biological specimen, and produce low autofluorescence from cell components.[131] 

 

 

 

2.4.1 Fluorescent Organic Nanoprobes in Bioimaging 

Over the past decades, fluorescent organic nanoprobes have emerged as novel imaging tools 

for monitoring biological processes in cells and organisms. Due to their diverse chemical 

structures, simple modification, and high FQYs, they have been intensively studied in 

biosciences as drug carriers and theranostic agents.[129] Modern fluorescent nanoprobes have 

even been used in complex up-conversion,[132] multiplex,[133] or two-photon emission[134] 

techniques. The focus of this work rests on photoluminescent single-walled carbon nanotubes 

(SWNTs) and fluorescent polymer nanoparticles (PNPs) as bioimaging probes. 

 
 

2.4.1.1 Single-Walled Carbon Nanotubes in Bioimaging 

SWNTs are nanoscale cylinders that consist of a sp2-hybridized lattice of carbon atoms. 

They possess characteristics such as high mechanical robustness, outstanding thermal and 

electronic conductivity, as well as long emission wavelengths in the NIR.[135] These unique 

features make them popular materials in biomedical fields, e.g., as diagnostics and 

therapeutics or in tissue engineering and biosensing.[135] Their NIR emission and absorption 
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render them useful fluorescent[136] or photoacoustic[137] imaging agents, as shown in in vivo 

experiments with mice. SWNTs are excellent Raman probes because of their strong 

resonance Raman scattering and large scattering cross-section, which can be used to sense[138] 

and image[133] biological samples. The hollow structure and large aspect ratio of the tubes 

provide a suitable platform for the encapsulation[139] and surface immobilization[140] of drug 

molecules. The great potential of SWNT as theranostic agents has recently been 

demonstrated by McFadden et al. They reported triple-functionalized SWNTs with reporter 

molecules (monoclonal antibody), fluorescent markers (fluorescein), and medical drugs 

(doxorubicin) that enabled the detection, visualization, and treatment of cancer cells 

through the introduction of a single agent (Figure 2.10a).[141] The antibody- and fluorescein-

conjugated bovine serum albumin (BSA) proteins were covalently conjugated to carboxyl 

groups of the oxidized SWNTs, whereas the doxorubicin drug molecules were loaded onto 

the tube surface via π-stacking and hydrophobic interactions.  

Intensive studies on the biomedical suitability of SWNTs have revealed some adverse 

effects. The major drawbacks are due to the poor water solubility, cell permeability, 

biodistribution, and biocompatibility of SWNTs, thereby preventing the exploration of their 

full bioimaging potential. The toxicity of SWNTs is attributed, inter alia, to their large 

hydrophobic surface, aggregation tendency, and non-biodegradable nature.[142] The evoked 

toxic effects are primarily caused by membrane or DNA damage, oxidative stress, changes 

in mitochondrial activity, and altered intracellular metabolic pathways.[142] Surface 

passivation with polymers proved to be a suitable method to overcome these obstacles. The 

noncovalent functionalization of the nanotubes with phospholipid poly(ethylene glycol) (PL- 

PEG) improved the water solubility and biocompatibility of SWNTs (Figure 2.10b i).[143-145] 
 

 
Figure 2.10. a) Triple-functionalized SWNT complex with BSA-conjugated antibodies and dyes as well 
as immobilized drugs for targeted cancer therapy. Adapted with permission from Ref. [141] (© 2009 
Elsevier Ltd.). b) (i) Noncovalently PL-PEGylated SWNTs bearing branched or linear PEG chains. Adapted 
with permission from Ref. [144] (© 2008 The National Academy of Sciences of the USA). (ii) Covalently 
PEGylated SWNTs. Adapted with permission from Ref. [140] (© 2007 American Chemical Society).  
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The phospholipid binds to the nanotubes by virtue of hydrophobic interactions, and the 

PEG chains confer water solubility and biocompatibility. The PEG coating also reduces the 

non-specific binding of biomolecules to the tube surface, which alters their cellular 

interaction pathways and thus decreases cytotoxic effects. Noncovalent binding, however, 

might be sensitive to environmental factors, such as pH and salt concentration. As an 

alternative to noncovalently functionalized SWNTs, Dai et al. utilized covalently 

functionalized SWNTs with PEG chains conjugated to the sidewalls of the tubes (Figure 

2.10b ii). The PEGylated SWNTs were stable in buffer and serum solutions and have been 

successfully applied in drug loading studies with doxorubicin.[140] In 2009, Welsher et al. 
demonstrated the bioimaging potential of PL-PEGylated SWNTs, which afforded high 

FQYs of 84% relative to cholate-suspended SWNTs. The PL-PEG SWNTs enabled whole-

body in vivo imaging of mice as shown in Figure 2.11.[143] The NIR photoluminescence image 

taken 30 minutes after injection showed a clear staining of the vasculature beneath the skin 

as a result of SWNTs circulating in the blood (Figure 2.11c). The SWNTs also allowed deep-

tissue imaging, as evident by photoluminescence signals from deeper anatomical regions, 

likely due to strong uptake into the reticuloendothelial system.  

 

 

Figure 2.11. a) Nude mouse for in vivo treatment with PL-PEG SWNT complexes (insert). b) NIR image 
of an untreated mouse showing no autofluorescence. c) NIR image of a treated mouse showing strong 
photoluminescence from the PL-PEG SWNT complexes 30 min after injection. Adapted with permission 
from Ref. [143] (© 2009 Macmillan Publishers Limited).  
 

In order to use the NIR luminescence of SWNTs for bioimaging, they must be highly 

suspended in aqueous solution. The suspension with surfactants, such as sodium dodecyl 

sulfate (SDS) and Triton X-100, gives highly dispersed SWNTs but impairs their already 

low biocompatibility.[135, 146] Due to the high critical micelle concentration (CMC) of these 

amphiphiles, an excess of surfactant is required, which might lyse the cell membranes and 

denature proteins.[145] The polymer wrapping method is a common practice to circumvent 

this issue.[147, 148] Thereby, polymers wrap around the tubes through noncovalent interactions 

and introduce water solubility and biocompatibility, while preserving the SWNTs’ unique 

properties.[148] The polymer coating is stable even with changes in pH and other 

environmental effects. Recent studies showed that the combination of fluorescently labeled 
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polymers with fluorescein or cyanine dyes and intrinsically photoluminescent SWNTs leads 

to dual-fluorescent nanoprobes.[149-152] The concept of dual fluorescence could be used to 

create novel bioimaging probes with a broad optical readout for demanding imaging studies.  

 

 

 

2.4.1.2 Fluorescent Polymer Nanoparticles in Bioimaging 

In recent years, fluorescent polymer nanoparticles (PNPs) have attracted immense attention 

owing to their attractive characteristics for applications in bioimaging and -sensing as well 

as drug delivery.[153] Their large surface-to-volume ratio offers a suitable platform for surface 

modification with small organic dyes; the polymer matrix shields the fluorophores from their 

external environment, thereby preventing aggregation-induced quenching and photo-

bleaching.[154, 155] These novel nanomaterials, which were originally inspired by advanced 

fluorophores and polymeric drug delivery vehicles, combine superior brightness with 

biodegradability and low toxicity.[156] Moreover, surface bioconjugation with, e.g., biotin, 

antibodies, or antigenic peptides allows target-specific labeling of cells, tissues, and entire 

organisms.[157] Optimal PNPs for bioimaging applications feature relatively small diameters 

in the range of 5 to 50 nm, which can be achieved by techniques such as microfluidics[158] or 

laser ablation.[159] An alternative to these quite demanding methods is the preparation of 

PNPs by intramolecular crosslinking of the polymeric backbone, a common method applied 

to star,[160] hyperbranched,[161, 162] or linear polymers.[163] Figure 2.12 illustrates the ideal 

properties of PNPs including controllable 1) size, 2) hardness, 3) solubility, 4) external and 

5) internal functionality, 6) density/porosity, as well as their ability to be 7) scalable and 

8) biocompatible. The integration of a single 

reactive functional moiety into the nanoparticle 

would broaden their potential application to target-

specific bioconjugation[164] or controlled nanoscale 

assembly.[165] Typically, the main limitation of 

ONPs is their lack of water solubility and 

functionality for post-modification. 

Zimmerman et al. reported water-soluble 

organic polymer nanoparticles (ONPs) 41 with a 

single kind of reactive group prepared by simple 

crosslinking of linear polymer chains.[153] The ONPs 

were generated from functionalized norbornene 

monomers equipped with N-hydroxysuccinimide 

Figure 2.12. Schematic representation of 
an idealized polymer nanoparticle (PNP) 
and its desired properties. Reprinted with 
permission from Ref. [153] (© 2014 The 
Royal Society of Chemistry). 
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(NHS) esters and fluorescent dyes (Scheme 2.6a). The synthesis consisted of four steps, 

comprising ring-opening metathesis polymerization (ROMP), incorporation of a cross-

linkable tri-O-allyl-TRIS unit, ring-closing metathesis (RCM), and final dihydroxylation of 

the alkene groups to render the ONPs water-soluble. The resulting particles turned out 

roughly spherical with diameters ranging from 5 to 50 nm. The ONP scaffold provided a 

protective carrier for the built-in functionalities, which was exemplified by fluorescein dyes. 

Fluorescein-conjugated ONPs showed significantly enhanced photostability over the free 

dyes and proved to be good imaging agents on HeLa cells with increased uptake into 

lysosomes. In a toxicity study, ONPs with smaller particles sizes (≈15 nm) showed improved 

cell viability compared to ONPs with larger particles sizes (≈47 nm). In a follow-up study, 

an advanced type of ONPs based on crosslinked dendronized polyols (CDPs) 46 was 

introduced.[166] CDPs were synthesized in a similar manner to ONPs but did not require the 

dihydroxylation step due to the use of PG dendrons (Scheme 2.6b).[166] The elimination of 

the dihydroxylation step using toxic potassium osmate renders CDPs more environmentally 

friendly and biocompatible imaging agents than ONPs. To verify the shielding effect of 

CDPs, they were synthesized with a variety of fluorophores, including coumarin, fluorescein, 

 

 
Scheme 2.6. Synthesis of fluorescent PNPs with fluorescein dyes (green) reported by Zimmerman et al. 
a) Organic nanoparticles (ONPs) 41 and b) crosslinked dendronized polyols (CDPs) 46 synthesized though 
several steps, including 1) ROMP, 2) introduction of a crosslinkable unit, 3) RCM, and 4) dihydroxylation 
(in ONPs) or acid-catalyzed hydrolysis (in CDPs). Adapted with permission from a) Ref. [153] (© 2014 
The Royal Society of Chemistry) and b) Ref. [166] (© 2016 The Royal Society of Chemistry).  
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bodipy, PBI, and rhodamine. The polyol scaffold tremendously improved the brightness and 

photostability of the dyes, as shown in photobleaching studies between the CDPs and the 

free dyes. FQYs between 5 and 71% substantiate adequate dye shielding by the LDP 

scaffold. The various CDPs showed no cytotoxic effects in a cell viability assay and have 

been successfully applied as fluorescent imaging agents on HeLa cells. The good cell viability 

resulted from the small particle diameter (≈6 nm) and cytocompatible dendritic scaffold of 

the CDPs. These examples demonstrate that dye-conjugated polymers with internal 

crosslinkable units lead to bright PNPs suitable for cellular bioimaging studies. 

Another type of PNPs applicable for bioimaging studies are highly fluorescent π-

conjugated polymers.[167] McNeill et al. reported conjugated polymers based on polyfluorene 

(PF), poly(phenylene ethynylene) (PPE), and phenylenevinylene (PPV) with particle sizes 

in the range of 5 to 15 nm and FQYs between 1 and 40% (Figure 2.13a).[168, 169] These so-

called conjugated polymer dots (CPdots) were available in a variety of colors, which opened 

up the possibility of multicolor fluorescence cell staining performed on macrophages (Figure 

2.13b). The large number of tightly packed chromophores resulted in high emission rates 

and minimal photoblinking in single-particle imaging, which indicates the potential of 

CPdots for demanding bioimaging applications. However, a drawback that occurs with most 

conjugated polymers is their lack of hydrophilicity and the accruing poor bioavailability. In 

this regard, dendritic polyol-based PNP architectures are a good alternative because they 

are water-soluble and biocompatible.[170]  

Besides the covalent conjugation of dyes on the particle surface, fluorescent PNPs can 

also be synthesized by noncovalent encapsulation of dyes into the particles.[171] Although the 

encapsulation method provides an easy procedure, it might result in undesirable dye 

leaching. Covalent linkage can resolve this problem but requires prior functionalization of 

the dyes with reactive or polymerizable groups.[156] The high brightness and photostability, 

abundant surface modification, and, most notably, low toxicity of fluorescent PNPs render 

them excellent fluorescent probes for demanding imaging techniques in biosciences. 

 

 
Figure 2.13. a) Chemical structures of fluorescent conjugated polymer dots (CPdots) in the colors of 
their emission wavelengths. B) Live-cell imaging of macrophages labeled with indicated CPdots. Brightfield 
channel (top) and fluorescence channel (bottom). Adapted with permission form Ref. [168] (© 2008 
American Chemical Society). 
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2.4.2 Fluorescent Labels and Staining Agents in Bioimaging 

In order to visualize selected biomolecules and subcellular structures, a fluorescent label or 

staining agent is required. Although there is a wide variety of fluorescent labels and agents 

available nowadays, advanced bioimaging techniques created the demand for novel high-

performance fluorescent probes. An adequate fluorescent label ideally features the following 

characteristics: i) water solubility, ii) high brightness,5 iii) high photophysical and chemical 

stability, iv) biocompatibility, v) absorption and emission maxima above 500 nm to 

minimize the autofluorescence of the cells and background noise of fluorescent impurities,[172] 

and vi) the availability of conjugatable monofunctionalized derivatives.[173] In addition, the 

label should not influence the structure and function of the biomolecule of interest.[174] 

Conventional organic fluorescent dyes often suffer from limitations such as poor 

hydrophilicity and photostability (photobleaching and -blinking), low brightness and 

quantum yield, insufficient stability in biological systems, and low detection sensitivity.[175] 

For example, xanthene dyes like fluorescein[176] and rhodamine[177] tend to turn into their 

non-fluorescent leuco-form via undesired alkylation or acylation, which ultimately leads to 

photobleaching.  

The origin of fluorophore instability can be explained by the photophysical processes, 

which a fluorophore undergoes. A fluorophore in its first excited singlet state usually rapidly 

circles between the S0 and S1 states, which results in fluorescence emission (for more detail 

see Chapter 2.3). The fast time scale on the order of nanoseconds hardly allows reactions 

with quenchers such as oxygen.[178] A fluorophore in its T1 state has a significantly longer 

lifetime, which makes it more vulnerable towards oxidative and reductive degradation 

processes. These processes can be mediated by solvent impurities (e.g., metal ions), 

molecular oxygen (O2), compounds belonging to the attached biomolecule, or even by 

another fluorophore.[178] These oxidative or reductive electron transfer processes result in the 

formation of non-fluorescent cationic or anionic radical species of the fluorophore (R·+ and 

R·-).[179] Molecular oxygen, whose ground state is a triplet state (3O2), is an effective 

quenching agent for triplet state fluorophores and a damaging reactant for biological 

specimen.[180] Electron transfer from a triplet fluorophore to molecular oxygen generates a 

superoxide radical (O2·-) and a non-fluorescent cationic form of the fluorophore (R·+). Energy 

transfer from a triplet fluorophore to molecular oxygen generates excited singlet oxygen 

(1O2), a strong oxidizing agent (Scheme 2.7a). Reactions with superoxide radicals and singlet 

oxygen, alongside other forms of reactive oxygen species (ROS), involving the hydroxyl 

radical (HO·), hydroperoxyl radical (HO2·), and hydrogen peroxide (H2O2), can lead to 

                                        
5 Product of the molar absorption coefficient ε and FQY Φf divided by 1,000.  
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photobleaching of fluorophores[181, 182] and phototoxic effects on biomolecules and cells.[183, 184] 

ROS are a natural byproduct of the cellular metabolism and are involved in the regulation 

of many physiological and pathological processes of the cell.[185] However, oxidative stress 

conditions, e.g., by UV light or heat exposure can increase the level of ROS and promote 

cellular proliferation and differentiation down to cell death.[186] To protect the fluorophores 

and biomolecules from irreversible damage by ROS, reducing anti-fading agents[187] or 

oxygen-scavenging enzymes[188] are added to the imaging solution during cell experiments. 

Scheme 2.7b provides a simplified diagram for three different kinetic regimes that bias 

the performance of a fluorophore. In air-saturated solutions, reactions between molecular 

oxygen and T1 are rapid, which results in considerable ROS formation and fast 

photobleaching (Regime 1). When no molecular oxygen is present, radical states of the 

fluorophore can be rapidly formed through electron transfer with its surrounding (Regime 

2). The R·+ and R·- radicals are non-emissive and can be long-lived resulting in pronounced 

photoblinking and -bleaching. Triplet state quenchers (TSQ) and reducing and oxidizing 

agents (ROX) can quench T1 and radical states of the fluorophore and restore its ground 

state. When such quenching processes occur rapidly, triplet and radical states are short, 

which results in nonblinking and long-lasting fluorescence (Regime 3). 

 

 
Scheme 2.7. a) Diagram describing the nature of fluorophore instabilities. b) Corresponding kinetic 
regimes showing the fluorescence intensity over time. TSQ: triplet state quencher; ROX and ROX′: 
reducing or oxidizing agents. In Regime 1, the fluorophore photobleaches quickly. In Regime 2, the 
fluorophore blinks frequently. In Regime 3, the fluorophore rarely blinks and lasts long. Adapted with 
permission from Ref. [178] (© 2014 The Royal Society of Chemistry). 
 

Figure 2.14 gives an overview of classical fluorescent dyes covering the visible to the 

far-red range of the electromagnetic spectrum with wavelengths between 400 and 770 nm. 

Fluorophores employed in single-molecule[189] or super-resolution[190, 191] microscopy studies 

are predominantly based on rhodamine, fluorescein, oxazine, cyanine, BODIPY, or DCDHF 

(2-dicyanomethylene-3-cyano-2,5-dihydrofuran) dyes (see grey boxes in Figure 2.14). Those 

fluorophores are typical imaging agents for cells, tissues, and animals with fluorescence 

emission in the first optical window located at wavelengths between 650 and 950 nm.[128] 

Current trends in fluorescence probe technology aim to extend the emission of fluorescent 

probes into the far-red and near-infrared due to higher penetration depth, better image 
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contrast, and reduced photobleaching and -toxicity by longer wavelengths.[174] Owing to their 

long emission wavelengths, high photostability, and good biocompatibility, PBIs are ideal 

systems as fluorescent labels, which led to research on water-soluble PBI derivatives.  
 

 
Figure 2.14. Common fluorescent probes for bioimaging studies covering the visible to the far-red range 
of the electromagnetic spectrum (bottom). The gray boxes highlight the key structures of the dyes. 
 

 

 

2.4.3 Water-Soluble PBIs 

The introduction of water solubility onto PBIs is a critical issue due to their strong tendency 

of aggregation, which is additionally enhanced in an aqueous environment by the 

hydrophobic effect.[192] In recent years, considerable progress has been made by introducing 

solubilizing substituents in the imide and/or bay positions of the hydrophobic dye core.  

The very first approaches towards water-soluble PBIs were achieved by the 

introduction of charged or uncharged residues symmetrically attached in both sides of the 

imide positions on core-unsubstituted PBIs. In the late 1980s and early 1990s, Langhals et 
al., Ford et al., and Schnurpfeil et al. used small ionic aliphatic or aromatic residues such 

as aromatic sulfonate 47,[193] potassium carboxylate 48,[194] and quaternized nitrogens 49[195] 

as solubilizing imide groups. Later on, a number of other PBIs with temporary or reversibly 

charged substituents was published, including phosphate tensides 50,[196] spermine residues 

51,[197] guanidinium moieties 52,[198] Newkome-type carboxylates 53,[199] quaternized TRIS 
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amines 54 and 55,[200] and sulfated polyglycerol (PG) dendrons 56 (Figure 2.15a).[201] Besides 

the utilization of charged imide substituents, a range of polar uncharged imide substituents 

was introduced as solubilizing agents. These polar uncharged substitutes include 

poly(ethylene glycol) chains 57–60,[202-205] crown ethers 61,[206] cyclodextrins 62,[207] amide 

swallowtails 63,[208] TRIS amine residues 64,[209] mannose grafted dendrimers 65,[210] and PG 

dendrons 66[211] (Figure 2.15b). Although the mentioned substituents could render PBIs 

water soluble, many of them failed to sufficiently suppress the aggregate formation of the 

respective PBIs to maintain the optical properties of the monomeric dyes. Apart from these 

approaches, water-soluble PBIs have been archived by encapsulation with large dendritic 

structures of higher generations to give PBI-cored dendritic star polymers or high molecular 

weight PBI dendrimers in different core-shell architectures and charge densities variants.[212]  

 

 

Figure 2.15. Typical a) temporary or reversibly ionically charged and b) polar uncharged imide 
substituents introduced symmetrically on both sides of the dye core to yield water-soluble PBIs. 
 

Haag et al. showed that PBIs retain their outstanding FQYs in water, when 

aggregation is efficiently suppressed by sterically demanding PG dendrons in both imide 

positions of the PBI core (67, Figure 2.16a). The FQYs of the dendronized PBIs improved 

with increasing dendron generation from [G1] to [G4] from 33 to 98% (Figure 2.16b).[211] The 

FQYs of lower-generation dendronized PBIs could be further improved by introducing ionic 

sulfate groups into the dendron periphery (68), resulting in a steric and electrostatic 
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shielding effect; a powerful combination as evident by high FQYs between 92 and 99%.[201] 

For molecular bioimaging studies, however, small-size and low-weight fluorescent labels are 

required, which do not affect the function and shape of the biomolecule after conjugation.[213] 

 

 

Figure 2.16. a) Structures of neutral hydroxylated (67) and charged sulfated (68) dendronized PBIs 
exemplarily shown for [G2]. b) Corresponding relative FQYs of neutral and charged PBIs from [G1] to 
[G4] measured in water. Adapted with permission from Ref. [211] (© 2010 The Royal Society of 
Chemistry) and Ref. [201] (© 2016 American Chemical Society).  
 

The above-mentioned works pioneered by the groups of Würthner, Hirsch, and Haag, 

to name a few, were reported in the years between 2005 and 2016. Beforehand in 2004, 

Müllen et al. reported highly water-soluble PBIs by introducing ionic aromatic residues of 

low molecular weight including phenoxy substituents with carboxylate residues 69, sulfonic 

acid residues 70, pyridinium salts 71, or quaternary ammonium salts 72 at the bay positions 

(Figure 2.17).[214, 215] The resulting PBIs revealed moderate to high FQYs in aqueous solution 

between 7 and 98%, which for the first time enabled an application of PBIs as fluorescent 

labels. Later developed PBI-based fluorescent labels were commonly based on the motive of 

tetraphenoxylated PBI 70 or tetrapyridinium PBI 71b modified with a monofunctional 

group in the imide position for site-specific labeling. Indeed, 71b was the first PBI used as 

a cellular staining agent, as demonstrated on cardiac fibroblast cells.[173] The high FQYs of 

these bay-functionalized PBIs are the result of a reduced π-stacking tendency due to the 

distortion of the PBI core induced by the phenoxy substitutes along with the Coulombic 

repulsion forces of the charged groups (also see Chapter 2.2.1.2). Although PBIs 70 and 

71b are mostly present as dimers, and thus not molecularly dissolved, the geometry of their 

aggregates induces only minimal fluorescence quenching, which manifests in high FQYs.[216] 

These works demonstrate that the introduction of dendritic substituents in the imide 

positions or small ionic substituents in the bay positions leads to highly fluorescent water-

soluble PBIs. These findings paved the way for an application of PBIs as fluorescent probes. 
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Figure 2.17. Structures of water-soluble PBIs with small ionically charged substituents in the bay 
positions. Note that PBI 71 exists in a disubstituted (71a) and tetrasubstituted (71b) version. 
 

 

 

2.4.3.1 Aggregation Patterns of PBIs 

The increased aggregation tendency of PBIs in aqueous solution leads to drastic changes in 

the spectral features of the dye.[45] The theory of molecular excitons, published by M. Kasha 

in 1963, describes the excitonic interactions of the transition dipole moments of 

chromophores with respect to their geometrical arrangement upon photoexcitation.[217] The 

theory differentiates between two types of aggregates, J-aggregates and H-aggregates, which 

lead to different spectral shifts.[218] J-aggregates, named after their discoverer E. E. Jelley in 

1936,[219] exhibit a bathochromic shift (red shift) of the absorption band with respect to that 

of the monomer. They are also referred to as Scheibe-aggregates, as G. Scheibe 

independently reported on this topic in 1937.[220, 221] By contrast, H-aggregates, named after 

the term “hypsochromic”, exhibit a hypsochromic shift (blue shift) of the absorption band 

with respect to that of the monomer. The formation of J- and H-aggregates is caused by 

different arrangements of adjacent molecules within an aggregate, which in turn leads to 

different interactions of their transition dipole moments.[218, 222] While most J-aggregates are 

highly fluorescent, H-aggregates are predominantly low or non-fluorescent. Depending on 

the substitution pattern, PBIs can take on either of the aggregation types, whereas their 

aggregates generally have lower FQYs than their monomers.[223, 224] The spectral changes 

observed for H- and J-type assemblies can be explained by Kasha’s theory for the simple 

case of a PBI-PBI dimer (Figure 2.18a). In a dimer aggregate, the energy of the excited 

state is reduced relative to that of the monomers due to the energy gained by the Van der 

Waals interaction (ΔEVdW). Dipole couplings of the dye units yield an energetic splitting 

(Δε, Davydov splitting) of the dimers’ excited singlet state in two different excitonic states,  
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one of higher and one of lower energy.[45, 225] Depending on the spatial arrangement (slip 

angle Θ) between the transition dipole moments, the photoexcitation from the ground state 

is allowed into only one of the excitonic dimer states. In J-aggregates, the transition dipole 

moments are arranged in a collinear manner (Θ < 54.7°), which only allows the transition 

to the lower energy state involving a bathochromic shift of the absorption band (to lower 

energies) with respect to the monomer. In H-aggregates, the transition dipole moments are 

stacked in a parallel manner (Θ > 54.7°), which only allows the transition to the higher 

energy state leading to a hypsochromically shifted absorption band (to higher energies) with 

respect to the monomer. In the latter case, the transition to the allowed state, which is 

higher in energy than the forbidden state, shows no fluorescence due to rapid internal 

conversion processes to the non-emitting lower state in which the radiative decay is 

forbidden.[226] An alignment of the dipole moments at the so-called magic angle (Θ = 54.7°) 

does not involve an energetic splitting of the dimers’ excited state, and indeed the spectra 

of these dimers are indistinguishable from those of their monomers.[45] 

 

 

Figure 2.18. a) Schematic energy diagram for a PBI dimer system with coplanar transition dipoles leading 
to J- or H-aggregates. Transition dipole moments are depicted as black, solid double arrows; solid arrows 
indicate allowed transitions and dashed arrows indicate forbidden transitions. Adapted with permission 
from Ref. [45] (© 2015 American Chemical Society) b) Molecular stacking of non-fluorescent H- and 
highly fluorescent J-aggregates. Adapted with permission from Ref. [227] (© 2010 The Royal Society of 
Chemistry). 
 

The different molecular stacking behavior of H- and J-aggregates is depicted in Figure 

2.18b. In H-aggregates, the molecules form untilted stacks or stacks with a small tilt angle 

arranged in a face-to-face manner. In J-aggregates, the molecules are stacked in an offset 

end-to-end arrangement resulting in significantly tilted aggregates. A tilted stack is a 

compromise between the maximum overlap of π–π systems and the repulsive electrostatic 

forces of partial charges in the molecular orbitals. The crucial angle at which end-to-end 

interactions dominate over face-to-face interactions is 54.7°.[227] 
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2.4.3.2 Water-Soluble PBIs as Site-Specific Biolabels 

Various water-soluble PBI-based fluorescent probes have been reported that function as 

non-covalently bound staining agents by cellular uptake,[228-231] charge interactions,[232] 

hydrophobic assembly,[233] hydrogen bonds,[234] or binding affinity.[207] Merely a few among 

the reported PBIs to date function as covalently bound labels using a single monofunctional 

group for target-specific bioconjugation. However, to explore biomolecular activities on a 

single-molecule level, the introduction of target-specific fluorescent reporters at specific sites 

of a biomolecule is of crucial importance.  

Since the early 2000s, several monofunctionalized PBI-based fluorescent labels have 

been developed for site-specific labeling of proteins, enzymes, DNA, and steroids. Most of 

them are Müllen-like core-substituted PBIs bearing tetraphenoxy substituents with charged 

sulfonate or pyridinium groups (Figure 2.19a and b). These labels possess moderate FQYs 

between 15 and 58% in aqueous solution and have been successfully applied in bioimaging. 

For example, PBI 73 with a maleimide and PBI 74 with an NHS ester function were applied 

for labeling thiol and amine groups of phospholipases (PLA1), respectively, to track single-

enzyme activities on native substrates.[235] In a different study, the activated acid function 

of PBI 74 was attached to a single-stranded DNA (ssDNA).[236] Here, the fluorescence of 

 

 
Figure 2.19. Water-soluble monofunctionalized PBIs for biolabeling of a) enzymes and ssDNA, b) 
estrogen hormone 17β-estradiol (red) and c) BSA, CoA, as well as bacterial and mammalian cell surfaces 
via biotin-streptavidin (biotin in blue) or CoA-ACP binding, respectively. 
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PBIs could be controlled through photoinduced electron transfer upon addition of reductants 

and oxidants, resulting in either photoblinking or stable emission of the dyes. Monofunc-

tionalized PBIs with a nitrotriacetic acid moiety 75[237] and thioester functional group 76[238] 

were employed for site-selective labeling of histidine-tagged ATP synthase and cysteine-

containing proteins in light-harvesting complex II (LHCII), respectively. Positively charged 

PBI 77 was labeled with an entire 17β-estradiol unit to serve as receptor-directed biolabels 

for determining the presence of estrogen receptors in any kind of cell (Figure 2.19b).[239] 

In addition to the charged labels, Zimmerman et al. reported the first uncharged labels 

78-80, which possess FQYs from 57 to 58% (Figure 2.19c). The site-isolated PG-dendronized 

PBI 78 bears a single reactive azide group that can be click-coupled to yield biotin and 

maleimide derivatives 79 and 80.[240] Biotinylated PBI 79 served as label on the surface of 

living bacterial cells (E. coli) through biotin-streptavidin linkage with extracellular λ 

receptor proteins. After preincubation with streptavidin, highly target-specific staining was 

observed on the bacterial surface, whereas in the absence of streptavidin no detectable 

staining occurred (Figure 2.20a and b). In control experiments, extracellular labeling with 

the ionic PBI-biotinylated analog 81 (Figure 2.20e) revealed unselective staining of the 

bacteria, both with and without streptavidin preincubation (Figure 2.20c and d). These 

results underscore the importance of neutral labels for target-specific binding studies. 

Maleimide PBI 80 was used to conjugate Cys-carrying bovine serum albumin (BSA) and 

coenzyme A (CoA). The latter was used to label ACP-tagged fusion proteins on the surface 

of living mammalian cells (HeLa), which can be enzymatically conjugated to CoA via acyl 

carrier proteins (ACP). These examples demonstrate the potential of monofunctionalized 

PBIs as site-specific labels for targeted imaging of various biomolecules. 

 

 

Figure 2.20. Fluorescent labeling of λ receptors on the surface of E. coli bacteria cells stained with PBI 
79 a) with and b) without streptavidin preincubation. The white box in the middle panel was enlarged in 
the right panel, which shows the helical pattern of surface-bound λ receptors for one bacterial cell. As a 
control, cells were labeled with ionic PBI 81 c) with and d) without streptavidin preincubation, revealing 
unspecific binding. Adapted with permission from Ref. [240] (© 2011 American Chemical Society). e) 
Ionic non-dendronized PBI 81 with a biotin group (blue) for control experiments.
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These bay-substituted labels were successfully applied in bioimaging studies. However, 

the bay positions are those that enable fine-tuning of the optical properties of PBI dyes. By 

using the bay substitution pattern for aggregate suppression, the broad spectrum of 

accessible wavelengths that can be achieved with PBIs is narrowed. A substituent in the 

imide position that introduces water solubility and simultaneously suppresses the 

aggregation tendency would be ideal since the optical properties remain unaffected and can 

be individually fine-tuned. As mentioned, polymeric architectures like dendrons and 

dendrimers constitute suitable compounds for the encapsulation of fluorophores to enhance 

their performance. 

 

 

 

2.5 Dendritic Site Isolation of Fluorophores 

Dendrimers are roughly spherical, three-dimensional, well-defined architectures that consist 

of highly ordered oligomeric or polymeric branches, so-called dendrons, with numerous 

peripheral end groups.[241] Dendrimeric architectures offer desirable molecular properties such 

as uniform size and shape (monodispersity) as well as variable functionalization and 

controllable density of surface groups (multivalency). Due to their excellent properties, 

dendritic molecules are used in various scientific fields such as catalysis, optoelectronics, as 

well as medical diagnostics and therapeutics.[242] Although most dendrimers and dendrons 

consist of a hydrophobic backbone, they can be easily rendered water-soluble by surface 

functionalization with hydrophilic peripheric groups such as sugars,[243] oligo-[244] or 

poly(ethylene glycols),[245] hydroxyl groups,[246] or charged residues.[247] Polyglycerol- (PG) 

based dendrimers and dendrons are particularly suitable compounds for biological 

applications as they offer good biocompatibility and high drug-loading capacities.[248]  

The increasing importance of highly fluorescent probes has led to the application of 

dendritic structures as solubilizing agents and aggregation suppressors for the site-isolation 

of dyes.[212] These, dendronized fluorophores are defined by three segments: i) a central 

fluorophore core, ii) an interior dendritic structure built up by the dendron branches, and 

iii) a peripheric surface with numerous functional groups.[249] The resulting dendronized 

fluorophores are core-shell architectures with a hydrophobic dye core and hydrophilic 

dendritic shell. Efforts have been made to improve the water solubility of fluorophores such 

as squaraines 82,[250] monomeric 83[251] or polymeric 84[252] fluorenes, and metalloporphyrins 

coordinated with palladium 85[253] or zinc 86.[254] Figures 2.21 and 2.22 provide an overview 

of these [G0]- to [G4]-dendronized fluorophores and their FQYs measured in aqueous 

solution or, in case of Zn porphyrins, their reduction potentials Ered measured in THF.  
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Figure 2.21. Squaraine rotaxanes with [G0] - [G2] dendritic polyamine substituents and their corresponding 
FQYs in aqueous solution.  
 

The squaraine dye in Figure 2.21 is part of a rotaxane scaffold. Therefore, the dendritic 

polyamines serve not only as encapsulating units but also as stoppers to keep the squaraine 

axis within the macrocycle, resulting in squaraine rotaxanes 82.[250] Fluorenes 83 gave an 

impressive example of water-soluble, two-photon-active fluorescent probes encapsulated 

within shielding layers of phosphorus-based dendrimers (Figure 2.22).[251] The [G2]-

derivatized fluorene was successfully applied in bioimaging studies of vascular tissue of rats. 

Pd-tetrabenzoporphyrin complexes 84 with polyglutamate dendrons were reported as NIR 

probes for in vivo oxygen imaging of tissue by a phosphorescence-quenching mechanism.[253] 

The importance of dendronization became obvious on polyfluorenes 85 bearing phenylene-

based dendrons with peripheral cationic amino groups exhibiting stunning FQYs of up to 

94%.[252] Apart from biasing the luminescence performance, dendritic encapsulation also has 

an impact on the electrochemical properties of a dye. Redox-active porphyrin metal 

complexes such as the naturally occurring heme complex are part of cytochrome c that plays 

an important role in the electron transport chain between different protein complexes. The 

redox properties of porphyrin dyes were manifold investigated by Diederich et al., who 

encapsulated the dye into a dendritic microenvironment of Newkome poly(ether amide) 

dendrons in different generations.[254-257] They found that the reduction potential of Zn 

porphyrin 86 became more negative as the generation of the attached dendrons increased 

from [G1] (Ered = -1.69 V) to [G3] (Ered = -1.9 V).[254] The diminished potential was attributed 

to the increased influence of the Newkome dendrons, which enhanced the electron density 

around the central porphyrin core and impeded the addition of electrons.  

These examples show that the dendronization of dyes significantly improves their 

water solubility and optical performance as evidenced by retained or improved FQYs and 

modified reduction potentials. This opens a new generation of highly fluorescent probes with 

a multivalent periphery, which may be modified with cellular receptors, therapeutic agents, 

or targeting groups or ligands for sophisticated biological studies in the future. Moreover, 

dendritic fluorophores represent a good alternative to commonly used semiconductor 

quantum dots (QD) because of their versatile surface modification and scalable size.  
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Figure 2.22. Dendronized fluorophores with [G0] - [G4] dendrons and their FQYs Φf or redox energies Ered. 
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3 Motivation and Objectives 

Perylene bisimides represent an extraordinary class of functional dyes with excellent 

photophysical properties including outstanding FQYs, high photochemical stability, and 

long emission wavelengths. These features along with their good biocompatibility and simple 

chemical modifiability make them ideal fluorescent probes for bioimaging applications. 

Although many PBIs have been reported for a variety of applications, the synthesis of water-

soluble, highly fluorescent, and monofunctionalized PBIs applicable as biolabels still poses 

a challenging task. The major drawback of PBIs is their pronounced aggregation tendency 

in aqueous media that leads to fluorescence quenching of the dyes and thus hampers their 

widespread application in bioimaging studies. To overcome this obstacle, the site isolation 

with sterically demanding groups represents a promising strategy for suppressing their 

aggregate formation. Multi-branched polyglycerol (PG) dendrons offer good 

biocompatibility, rapid cellular uptake, and easy modifiability of their hydrophilic 

headgroups.[248] Therefore, these bulky structures are ideal systems for the solubilization and 

site isolation of hydrophobic dyes as demonstrated on both-sided PG-dendronized PBIs.[211] 

 
In order to establish new concepts for the construction of PBI-based fluorescent 

labels, the following objectives shall be pursued in this thesis: 

 

1) Synthesis, photophysical characterization, and biological evaluation of water-soluble, 

highly fluorescent, monofunctionalized PBIs as target-specific labels for biomolecules.  

 

2) Synthesis of dendronized PBI monomers for the incorporation into water-soluble, 

biocompatible polymer nanoparticles in form of linear dendronized polyols (LDPs), 

which are applicable as fluorescent bioimaging agents.  

 

3) Noncovalent functionalization of single-walled carbon nanotubes (SWNTs) with water-

soluble PBI-conjugated polymers to form supramolecular polymer-SWNT complexes for 

fluorescence bioimaging studies in two optical windows.  

 

The general structure of the targeted PBIs can be divided into three components, 

whereas each component fulfills a certain purpose for the functionality of the respective label 

(Figure 3.1a). The main component is the core-unsubstituted PBI chromophore imparting 

fluorescence and color to the labels. The chromophore scaffold shall be unsymmetrically 

substituted with a PG dendron on one side and a linker with a monofunctional group on 

the other side of the imide positions. The dendron serves a two-fold purpose by introducing 
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water solubility through its multiple hydrophilic headgroups and suppressing aggregation 

due to its sterically demanding structure. To further suppress the aggregation tendency of 

the labels, the PG dendron shall be modified with ionic sulfate groups. The third component 

is a linker with a single reactive group serving as a coupling-active moiety for the conjugation 

of biomolecules or other components such as linear polymers. As conjugatable groups an 

activated acid function for target-specific bioconjugation, an exo-norbornene unit for 

polymerization, and a propargyl group for click coupling shall be introduced (Figure 3.1b). 

 

 

Figure 3.1. a) General structure of PG-dendronized PBI labels with various linker functions, exemplarily 
shown for [G3]. b) Cartoonlike illustration of the targeted coupling reactions. 
 

It has been reported that the substitution with charge-neutral PG dendrons in only 

one side of the imide positions is not sufficient to completely suppress the aggregation of 

perylenes in an aqueous environment.[258] However, the combination of steric hindrance and 

ionic charge proved to be an effective tool to retain the fluorescence properties of PBIs in 

aqueous media. This was demonstrated by the introduction of charged sulfate groups in the 

periphery of both-sided dendronized PBIs, which led to highly fluorescent labels even in case 

of lower-generation dendronized PBIs.[201] Taking these findings into account, it shall be 

investigated whether the introduction of ionic sulfate groups in the dendron periphery can 

also prevent the aggregation of mono-dendronized PBIs. In all three cases, a clear correlation 

between the fluorescence properties of the dendronized PBIs and their dendron generation 

or extent of charge shall be established. In addition, not only the influence of charge on the 

optical properties, but also on the biological environment shall be examined. In summary, 

the main objectives of this work shall be the chemical synthesis, optical characterization, 

and biological analysis of neutral and charged PG-dendronized PBIs for bioimaging studies. 
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Figure 4.1. Chemical structures of the two sets of PG-dendronized monofunctionalized PBIs from dendron 
generation [G1] to [G3] in a noncharged hydroxylated (left) and charged sulfated (right) version as site-
specific fluorescent labels for an antibody. Sulfated labels feature improved optical properties and higher 
intracellular staining efficiencies than their hydroxylated analogs due to an additional electrostatic shielding 
by the Coulombic repulsion forces of the ionically charged dendron. Graphical abstract adapted with 
permission from Ref. [259] (© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). 
 

 

  

https://onlinelibrary.wiley.com/doi/abs/10.1002/chem.201605847
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The PG-dendronized monofunctionalized PBI labels and antibody conjugates were 

synthesized, characterized, and photophysically evaluated by me. The basic concept of this 

project with dendronized PBIs as fluorescent labels for the antibody cetuximab was provided 

by Timm Heek. The purification of the PBI-antibody conjugates and examination of 
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Katharina Achazi, and Paul Hillmann, respectively. Leonhard H. Urner conducted the 

customized MS analysis of the polycharged labels. Kevin Pagel contributed to the final 

version of the manuscript by some corrections and content-related details. The project was 

supervised by Rainer Haag, who provided scientific guidelines and suggestions to this 

project. The data analysis and evaluation as well as the manuscript writing were conducted 

by me. All coauthors corrected and proofread the manuscript and contributed to its final 

version.
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Figure 4.2. Properties of the fluorescent polymer nanoparticles based on linear PG-dendronized polyols 
(LDPs) applicable for bioimaging studies. The polymer scaffold protects the covalently attached 
fluorophores from photobleaching and improves their optical performance. Benefiting from the modular 
system of the LDPs, their optical properties can be fine-tuned by incorporating different combinations of 
dendron and fluorophore monomers. Graphical abstract adapted with permission from Ref. [260] (© 2018 
The Royal Chemical Society). 
 

  

https://pubs.rsc.org/en/content/articlelanding/2018/py/c8py00193f#!divAbstract
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4.2.1 Author Contributions 

I synthesized the imide-substituted acetal-protected PG-dendronized PBIs in three 

generations from [G1] to [G3], which were used as precursors for the advanced PBI 

fluorophore monomers. Ying Li provided the concept of this project and performed the 

majority of the monomer and polymer syntheses and characterization, optical 

measurements, and biological assays. Edzna S. Garcia helped with the dendron monomer 

synthesis, photostability studies, and manuscript editing. Benjamin J. Pedretti helped with 

the synthesis of the dendron monomers and photostability studies. Yugang Bai and 

Gretchen A. Vincil synthesized several fluorophore monomers. Data analysis and processing 

as well as manuscript writing were performed equally by both first authors, Ying Li and 

myself. The majority of data plotting as well as the creation of the schemes and figures was 

performed by me. The project was carried out under the supervision of Steven C. 

Zimmerman, who was involved in the concept development and manuscript writing of the 

project. Rainer Haag corrected the manuscript and contributed some content-related details. 

All coauthors proofread the manuscript and contributed to its final version. 

Please note that the counting method of the dendron generation [Gn] differs between 

the Zimmerman and Haag groups. In the Haag-way of counting, glycerol is considered [G0], 

whereas in the Zimmerman method it counts as [G1]. In the corresponding manuscript the 

Zimmerman counting method was utilized, while in the present thesis the Haag counting 

method was applied. 
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Figure 4.3. Schematic structure of the fluorescent polymer-SWNT complexes with neutral (R = OH) or 
charged (R = SO4

-) PG-dendronized PBIs for bioimaging studies in the 1st and 2nd optical transparency 
window of tissue. The dual-fluorescent complex allows the direct imaging of the SWNTs’ cellular uptake 
via the PBI and SWNT emission and strongly improves the cytocompatibility of the nanotubes. Graphical 
abstract adapted with permission from Ref. [261] (© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim).  
 
 
  

https://onlinelibrary.wiley.com/doi/abs/10.1002/smll.201800796
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I synthesized the free dyes consisting of PG-dendronized PBIs, the alkylated polymer, and 

the dye-polymers. Furthermore, I performed the characterization of the compounds and 

polymers as well as the photophysical investigation of the free dyes and dye-polymers. In 

addition, I provided several conceptual ideas to the project and guided it into a biological 

direction. Shiv Kumar synthesized the polymer backbone under supervision of Prof. Sunil 

K. Sharma. Mareen Gläske carried out the complex formation and the dispersibility study 

of the polymer-SWNT complexes; she also contributed several conceptual ideas to the 

project. Intracellular Raman and photoluminescence (PL) measurements were performed by 

Georgy Gordeev. Raúl Arenal conducted high resolution transmission electron microscopy 

(HRTEM) and electron energy loss spectroscopy (EELS) on the polymer-SWNT complexes. 

The biological studies were performed by Katharina Achazi and Eliza Quaas. The 

manuscript was written and prepared equally by both first authors, Mareen Gläske and 

myself. The project was supervised by Rainer Haag, Stephanie Reich, Mohsen Adeli, and 

Antonio Setaro, who provided scientific guidelines and suggestions. All coauthors corrected 

and proofread the manuscript and contributed to its final version. 
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Figure 4.4. The site-isolation of NIR-emitting cyanine derivatives with [G1]- or [G2]-oligoglycerol dendrons 
leads to enhanced water solubility and fluorescence properties. The phenolic structure of the dyes enables 
a pH-driven turn-on/turn-off fluorescence mechanism upon deprotonation to its phenolate/quinone form 
(left) or protonation to its phenol form (right). The resulting turn-on/turn-off fluorescence can be imaged 
with an NIR camera due to a color change from red to black. Graphical abstract adapted with permission 
from Ref. [262] (© 2015 The Royal Chemical Society). 
 

  

https://pubs.rsc.org/en/content/articlelanding/2015/ob/c5ob00299k#!divAbstract
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4.4.1 Author Contributions 

The second generation azidated [G2]-N3 acetal-protected oligoglycerol (OG) dendron was 

synthesized and characterized by me under supervision of Rainer Haag. Orit Redy-Keisar 

synthesized and optically characterized the OG-dendronized cyanine derivatives. The 

manuscript was written by Orit Redy-Keisar and proofread and corrected by me. Uwe Vogel 

conducted the uptake studies on macrophage cells under supervision of Bernd Lepenies and 

Peter H. Seeberger. Doron Shabat supervised the project and provided scientific guidelines 

and suggestions. All coauthors corrected and proofread the manuscript and contributed to 

its final version. 
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5 Summary and Conclusion 

This thesis presents new approaches for the construction of water-soluble, highly fluorescent, 

and site-specific PBI-based labels for bioimaging applications. The core-unsubstituted PBI 

labels are equipped with a PG dendron on one side and a coupling-active linker on the other 

side of the imide positions. The monofunctional linker bears a single reactive group that can 

easily be conjugated to biomolecules or other components such as linear polymers. Site 

isolation with PG dendrons is an effective tool to retain the outstanding fluorescence 

properties of PBIs in aqueous solution. Nevertheless, neutral hydroxylated PG dendrons can 

only mediate high FQYs if higher dendron generations (≥ [G3]) are used.[211] For biological 

studies, the molecular size and weight of a label is a crucial point.[175] Small-size and low-

weight fluorophores are of great interest since they are less likely to affect the structure and 

function of the labeled biomolecule. To make lower-generation dendronized PBIs (≤ [G2]) 

accessible for high FQYs in polar aqueous media, ionically charged sulfate groups were 

introduced on the dendron headgroups. However, the introduction of charge into biological 

systems is a critical issue, as it inevitably arouses the concern of nonspecific binding to cell 

components through attractive electrostatic interactions.[240] Molecular recognition, on the 

other hand, relies on target-specific attractive interactions between two partner molecules 

and may therefore be beneficial to, e.g., induce receptor-mediated cellular uptake.[263] In this 

thesis, the various projects on PBI-based: 1) biolabels, 2) polymer nanoparticles, and 3) 

polymer-SWNT complexes as well as an example of the dendritic site isolation of an NIR 

fluorophore are discussed. 

The first project is concerned with the synthesis, optical characterization, and 

biological analysis of a series of [G1]- to [G3]-dendronized PBI biolabels equipped with a 

coupling-active PEG linker bearing an activated acid function in form of an NHS ester (see 

Chapter 4.1). The dendronized and monofunctionalized labels were prepared in a 

straightforward six-step synthesis. To further suppress the aggregation behavior of the 

neutral hydroxylated labels, the dendron headgroups were modified with charged sulfate 

groups. While HO-[G1]- and HO-[G2]-PBIs were only partially soluble in water, higher-

generation HO-[G3]-PBI and the entire series of -O4S-[Gn]-PBIs (n = 1-3) were very soluble. 

To find the best candidate for biolabeling, the aggregation behavior of the neutral and 

charged PBI labels was compared by means of concentration-dependent absorption and 

emission measurements in water. Hydroxylated PBIs exhibited a concentration-dependent 

absorption behavior with a transition from strongly aggregated to more disaggregated PBIs 

upon dilution with FQYs between 12 and 73%. In contrast, sulfated PBIs showed a mostly 

concentration-independent monomeric absorption behavior with FQYs between 81 and 
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100%. Since the labels should be used in a biological environment, their optical performance 

was additionally examined in PBS (phosphate-buffered saline) as a physiological solvent. 

The optical properties in PBS gave the same trend observed in water with reduced molar 

absorption coefficients, A0-0/0-1 peak ratios, and FQYs due to the higher ionic strengths of 

the buffer solution. The reduction was a result of charge screening effects that led to contact 

ion pairing, which reduced the Coulombic repulsion forces among the PBIs and thus restored 

their aggregate formation. The combination of steric and electrostatic shielding proved to 

be a powerful tool for suppressing the H-type aggregation of PBIs, as evident by 100% FQY 

of the sulfated [G2]- and [G3]-labels in both solvents, PBS and water. The effective aggregate 

suppression by the multiple sulfate groups (≥ 8) allowed for the reduction of one dendron 

generation from [G3] to [G2], while retaining the PBIs’ excellent 100% FQY. This finding 

reduces the synthetic effort necessary to generate highly fluorescent monomerized PBIs in 

water. The biological performance of the labels was probed upon bioconjugation to the 

therapeutic antibody cetuximab via an amide bond coupling to lysine side chains (Figure 

5.1a). An optical comparison study between the free dyes and the dye-cetuximab conjugates 

revealed an increased aggregation tendency of the dyes after bioconjugation as obvious by 

strongly aggregated absorption patterns and reduced FQYs. Despite the partial quenching, 

hydroxylated and sulfated [G3]-PBI-cetuximab still exhibited FQYs of 55 or 66%, 

respectively, which were more than sufficient for the targeted bioimaging studies. The 

biological suitability of the dye-cetuximab conjugates was evaluated by in vitro binding, 

toxicity, and uptake studies. Receptor-binding studies showed an unaffected target-

recognition of the antibody after labeling. A cytotoxicity assay confirmed the good 

cytocompatibility of the dye labels. Cellular uptake studies and flow cytometry analysis 

revealed two key findings: first, higher-generation dendronized PBIs showed superior 

 

 
Figure 5.1. First project about noncharged and charged PBIs as target-specific fluorescent labels. a) 
Bioconjugation reaction of an antibody with PBI-[Gn]-OR (n = 1-3), exemplarily shown for [G2]. b) 
Cellular uptake study of PBIs (red) into HER14 cells; cell nuclei are stained in blue.



 

91 

intracellular fluorescence signals over lower-generation dendronized PBIs ([Ghigh] > [Glow]) 

and, second, sulfated PBIs exhibited superior intracellular fluorescence intensities over 

hydroxylated PBIs (-O4S > OH, Figure 5.1b). The good cytocompatibility and bioimaging 

performance render the highly fluorescent, dendronized, monofunctionalized PBI labels 

suitable candidates for target-specific labeling of biomolecules. 

In the second project, dendronized PBIs were incorporated into polymer nanoparticles 

consisting of linear dendronized polyols (LDPs), which were applied as fluorescent staining 

agents in cellular studies (see Chapter 4.2). To investigate the impact of enhanced 

dendronization, hydroxylated PBI monomers P[Gn] (n = 1-3) in three different generations 

were prepared. The dendronized PBI monomers were equipped with an exo-norbornene 

linker, which allowed their incorporation into a polymer backbone (left side in Figure 5.2a). 

The polymer synthesis between dendron and fluorophore monomers was conducted in two 

steps, comprising ring-opening metathesis polymerization (ROMP) and acid-catalyzed 

hydrolysis of the acetal protecting groups. The resulting water-soluble, fluorescent, 

polymeric LDPs were small in diameter (< 6 nm), which is beneficial for cellular studies. 

The polymers were synthesized with a molar feed ratio of dendron monomer [G2] and 

dendronized PBI monomer P[Gn] of 20 : 2. Despite the 10-fold excess of dendron monomers 

over fluorophore monomers, the FQYs of the resulting LDPs-P[Gn] could be improved by 

a factor of ≈ 8 with increasing generation of the dendronized PBIs from [G1] (Φf = 7.8%) to 

[G3] (Φf = 23%). This result shows the importance of covalent dendritic site isolation since 

the mere dendritic environment of the LDP scaffold was not sufficient to prevent 

fluorescence quenching of the dyes. In addition to LDPs containing one fluorophore, LDPs 

with two different fluorophores were prepared to achieve new photophysical properties and 

probe the modularity of the polymer platform (Figure 5.2a). The resulting bi-fluorophoric 

LDPs6 afforded large Stokes shifts caused by the occurrence of FRET. As FRET pairs, 

fluorophore monomer P[G3] and one out of three donor fluorophores including Coumarin, 

Fluorescein, and Bodipy were used. The FRET efficiency between the two fluorophores was 

determined by the ratio of the acceptor and donor emission intensities (IA/ID), with a higher 

emission ratio indicating a higher FRET efficiency. The highest FRET efficiency among 

LDP-P[G3]C (EFRET = 0.27), LDP-P[G3]F (EFRET = 0.61), and LDP-P[G3]B (EFRET = 

0.93) was observed for the PBI-bodipy pair (Figure 5.2b). Bodipy is a rather small molecule 

compared to coumarin and fluorescein, which might have enabled a closer proximity of the 

acceptor and donor fluorophores, resulting in higher FRET efficiency. The bi-fluorophoric 

LDP of PBI and fluorescein was also prepared in a block-copolymerized version7 synthesized  

                                        
6 Feed ratio of bi-fluorophoric LDPs: 20 [G2], 2 P[G3], and 2 C, F, or B.  
7 Feed order and ratios of LDP-P[G3]F-block: i) 5 [G2], ii) 10 [G2], 2 P[G3], 2 F, and iii) 5 [G2]. 
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Figure 5.2. Second project about linear dendronized polyols (LDPs). a) Synthesis of mono- or bi-
fluorophoric LDPs containing PBI-[Gn] (n = 1-3). The second fluorophore Y shown in dark green is either 
Coumarin, Fluorescein, or Bodipy and was exclusively introduced for the FRET study. b) FRET efficiency 
of bi-fluorophoric LDPs and LDP-block with acceptor P[Gn] and donor C, F, or B. c) Cellular uptake 
study of LDP-P[G3] (red) into HeLa cells; cell nuclei are stained in blue. 
 

with the same monomers and feed ratios as regular LDPs but with a different monomer feed 

order. Interestingly, LDP-P[G3]F-block (EFRET = 0.93) provided a higher FRET efficiency 

than regular LDP-P[G3]F (EFRET = 0.61). The increase in FRET efficiency suggests a more 

compact structure of LDP-block, allowing for a closer proximity of the two kinds of 

fluorophores within the polymer backbone. A cytotoxicity study of LDP-P[G3] confirmed 

the good cytocompatibility of the PBI-conjugated polyols; a cellular uptake study performed 

on HeLa cells showed a bright intracellular staining pattern of the fluorescent LDPs 

predominantly localized around the cell nucleus (Figure 5.2c). The good cytocompatibility 

and intracellular staining efficiency render the water-soluble, FRET-capable LDPs suitable 

fluorescent staining agents for bioimaging studies. In addition, the large Stokes shift of bi-

fluorophoric LDPs reduced spectral overlap between absorption and emission, allowing 

accurate fluorescence detection with reduced background interference. Compared to 

previously published ONPs[153] and CDPs[166] (see Chapter 2.4.1.2), LDPs required less 

synthetic effort and toxic ruthenium catalyst due to the elimination of the crosslinking step. 

These improvements also make them a more practical and biocompatible platform than 

these crosslinked nanoparticles. 

The third project dealt with the preparation and photophysical characterization of 

polymer-single-walled carbon nanotube (SWNT) complexes with dendronized PBIs for 

bioimaging studies in two optical windows (see Chapter 4.3). The supramolecular complexes 
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consisted of neutral hydroxylated or charged sulfated dendronized PBIs conjugated to 

alkylated polymers. The polymers noncovalently functionalized the SWNTs by wrapping 

around their scaffold. The design of the complexes consisted of several functional subunits, 

whereas each fulfilled a certain purpose: i) the hydroxylated or sulfated PG dendrons 

introduced hydrophilicity and prevented dye-quenching, ii) the PBIs served as fluorescent 

labels, iii) the alkyl chains ensured the hydrophobic attachment to the SWNTs, iv) the 

cytocompatible polymer solubilized and coated the tubes, and v) the SWNTs were the 

general immobilization platform. In addition to the alkylated dye-conjugated polymer, a 

simply alkylated polymer was prepared to enhance the coating of the tubes while keeping a 

constant dye concentration. The complexes were prepared by horn sonication of the two 

polymers and SWNTs in aqueous solution (Figure 5.3a). In absorption and emission 

measurements, sulfated complexes (Φf = 5.1%) showed superior optical properties over their 

neutral analogs (Φf = 4.3%). Photoluminescence excitation (PLE) measurements proved a 

high dispersibility of the SWNT complexes and no signs of energy transfer processes between 

the dyes and nanotubes. These two key findings excluded the undesired appearance of 

possible fluorescence quenching effects that are triggered by either aggregation or energy 

transfer processes. The biological suitability of the complexes was investigated by 

cytotoxicity and cellular uptake studies on HeLa cells. The cytocompatibility of the 

synthesized polymers towards commercial surfactants was assessed using sodium dodecyl 

sulfate (SDS) and Pluronic. The cytotoxicity assay revealed a good cell viability of the 

polymer-wrapped SWNT complexes and low viability up to cell death of surfactant-

solubilized or pristine SWNTs. In microscopy studies and flow cytometry analysis, the 

sulfated complexes showed an improved intracellular fluorescence signal over their 

hydroxylated analogs (Figure 5.3b). The higher staining efficiency was caused by two  

 

 
Figure 5.3. Third project about PBI-polymer-SWNT complexes. a) Preparation of the hydroxylated or 
sulfated complexes. b) Cellular uptake study of the complexes (red) into HeLa cells; cell nuclei are stained 
in blue. 
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factors: an enhanced shielding ability by the electrostatic repulsion forces of ionically charged 

complexes and an improved receptor-mediated uptake through scavenger receptors on the 

cell surface.[263] However, the bright intracellular staining signals only confirmed the uptake 

of the PBIs, as the spectral range and resolution scale of the microscope only allowed for 

the detection of the PBI emission. To ensure that the observed intercellular fluorescence 

originated from the unperturbed polymer-SWNT complexes, Raman spectroscopy in 

combination with photoluminescence (PL) measurements was performed on cellular 

internalized complexes. The PL signals of both, the PBI and SWNT emission, along with 

the spatial distribution of the SWNT Raman G band, closely resembled the shape of the 

cell under study. This discovery confirmed the successful cellular internalization of the entire 

polymer-SWNT complexes via the PBI and SWNT emission using the 1st and 2nd optical 

windows. Consequently, the complexes allowed for the direct imaging of the SWNTs’ cellular 

uptake through a broad readout in two optical windows. The combination of nanometer 

size, dual fluorescence, and high cytocompatibility makes these polymer-SWNT complexes 

valuable systems for a variety of bioimaging studies. 

Inspired by the reduced aggregation tendency of PG-dendronized PBIs, Shabat and 

coworkers tested the effect of dendronization on NIR-emitting cyanine derivatives 

synthesized in a [G1] and [G2] version (see Chapter 4.4). In the fourth project, the 

dendronized dyes were optically characterized at different pH values, and their photo-

stability verified upon internalization into macrophages. The cyanine derivatives were based 

on a donor-two-acceptor π-electron system consisting of a phenol group (latent donor) and 

two pyridinium groups (acceptors, also termed picolinium groups). The deprotonation of 

the phenol led to the formation of a phenolate or quinone form (active donor), that was able 

to donate a π-electron pair to one of the two pyridinium acceptors via charge transfer. While 

the phenol form of the dye is non-fluorescent, the phenolate form emanates strong NIR  

 

 

Figure 5.4. Fourth project about PG-dendronized cyanine derivatives. a) Structures of [G1]- and [G2]-
cyanine derivatives. b) Donor-two-acceptor π-electron system of the dye. 
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fluorescence. In optical measurements, the [G1]-cyanine derivative (Φf = 5.9%) suffered from 

poor water solubility leading to aggregation. By contrast, the [G2]-cyanine derivative (Φf = 

13%) showed good water solubility and enhanced fluorescence properties due to increased 

dendritic shielding (Figure 5.4a). The turn-on/turn-off fluorescence mechanism was 

demonstrated on the [G2]-cyanine derivative upon deprotonation of the phenol group by a 

change in pH. At acidic pH 2, the dye yielded no NIR emission and exhibited a blue-shifted 

absorption band, indicating the presence of its protonated form. At neutral pH 7.4, the dye 

exhibited a strong NIR emission and a red-shifted absorption emanating from its quinone 

form (Figure 5.4b). The appearance of NIR fluorescence was associated with a color change 

from black to red that could be visualized with an NIR camera. The large Stokes shift of 

the quinone of about 200 nm indicated a low potential for fluorescence self-quenching. In 

two different photostability studies, the [G2]-cyanine derivative outperformed conventional 

cy5 and cy7 dyes and exhibited good bioimaging potential in the staining of macrophages. 

The turn-on/turn-off fluorescence mechanism, large Stokes shift, and high photostability 

make the [G2]-dendronized cyanine derivative a suitable NIR fluorescent probe for biological 

assays. 

In summary, these studies showed that the site isolation of fluorophores with 

hydroxylated PG dendrons constitutes a promising way to introduce water solubility and 

reduce aggregate formation. The introduction of charged sulfate groups in the dendron 

periphery exerted a positive effect on the optical properties of the dyes. A comparative study 

between the neutral and charged PBIs revealed superior intracellular staining efficiencies of 

sulfated labels over their hydroxylated analogs. The charged labels featured a reinforced 

aggregate suppression and improved cellular uptake due to the ionic sulfate groups. The 

diminished aggregation is due to the Coulomb repulsion forces of the negatively charged 

sulfates, which prevent intermolecular π-π stacking of the dyes. The improved uptake relies 

on the ability of heparan sulfate mimics, such as dendritic PG sulfates (dPGS), to interact 

with cell surface-bound scavenger receptors that mediate the uptake of polyanionic 

ligands.[264] In comparison, neutral labels showed inferior intracellular fluorescence signals 

due to weaker shielding capacity in combination with poorer cellular uptake caused by their 

neutral charge, related protein-resistant properties, and weak nonspecific interactions with 

biological systems.[263] For this reason, charged labels provided a higher intracellular 

fluorescence intensity than their neutral counterparts. However, regardless of the state of 

charge (neutral or ionic), the cellular staining efficiency of the labels improved with 

increasing dendron generation. This finding indicates that the combination of steric and 

electrostatic shielding is an efficient tool for the site isolation of PBIs. Therefore, it is not 

surprising that in each of the projects, the best bioimaging candidate was the fluorophore 
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with the most sterically demanding and, in the case of charged labels, highly charged 

dendron species. The result of this dual shielding effect became evident by excellent FQYs 

of up to 100%. Remarkably, such high FQYs have not previously been reported for either 

core-substituted or core-unsubstituted neutral or charged PBIs in aqueous media. The 

biological suitability of the PBI labels was successfully demonstrated by fluorescence 

imaging studies on cells using PBI-conjugated: i) antibodies, ii) polymer nanoparticles, and 

iii) polymer-SWNT complexes. The neutral and charged labels were tolerated well by the 

utilized cell lines and showed no cytotoxic side effects. Adverse effects due to the use of 

sterically demanding and/or charged labels or could not be established in the studies carried 

out. 

In conclusion, it was demonstrated that the introduction of hydrophilic, sterically 

demanding PG dendrons and monofunctional linkers onto core-unsubstituted PBIs leads to 

water-soluble, highly fluorescent, site-specific dye labels suitable for bioimaging applications. 

In order to obtain high intracellular fluorescence signals and improved cellular uptake, the 

introduction of charged sulfate groups in the dendron periphery is mandatory. The presented 

PG-dendronized PBIs constitute a novel generation of labels and set new benchmarks for 

the design of future PBI-based fluorophores for bioimaging studies. 
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6 Future Perspectives 

The results of this work demonstrate the versatile bioimaging application of dendronized 

monofunctionalized PBIs. The biomarkers possess emission maxima located in the green 

range of the electromagnetic spectrum (544-552 nm). However, for bioimaging purposes an 

emission in the first optical window (650-1,350 nm) is of interest, where light has its 

maximum penetration depth. Bay substitution has proven to be a useful tool to shift the 

emission of PBIs into the far-red up to the NIR region.[235] Hence, the absorption and 

emission of the presented PBI labels could be red-shifted by introduction of sulfonyl phenoxy 

or pyridinium groups in the bay positions. 

The size of a label is an important criterion, as bulky fluorophores might influence the 

structure and function of the biomolecule after labeling. Other ways to generate water-

soluble, highly fluorescent, monofunctionalized PBIs could be investigated without the use 

of sterically demanding PG dendrons. For that purpose, hydrophilic groups like PEG chains, 

cyclodextrins, crown ethers, etc., could be tested to generate small-size and low-weight PBI 

biolabels (MW ≤ 1 kDa) for delicate biomolecules such as small peptides or nucleotides.  

Cetuximab offers multiple lysine residues per antibody that are able to undergo 

labeling. However, for single-molecule studies, mono-selective binding of one dye molecule 

per biomolecule is of interest. Blood plasma proteins like human serum albumin (HSA) or 

bovine serum albumin (BSA) exhibit a single reactive cysteine group (Cys34) that allows 

mono-selective labeling. In addition to albumin, recombinant proteins or defined cRGD 

(cyclic Arg-Gly-Asp) peptides could be applied in bioconjugation studies on a single-

molecule level. In addition to a linker with an NHS ester function, a linker with a maleimide 

function could be generated to label a variety of biomolecules containing Lys or Cys residues. 

 

 
Figure 6.1. Maleimide-functionalized PBI labels for a) direct labeling of Cys residues of blood protein 
human serum albumin (HAS) or b) indirect labeling of Lys residues of antibody cetuximab (ctx) by means 
of Traut’s reagent. HAS protein reprinted from Ref. [265] (© 2018 FineArtAmerica.com). 



6 Future Perspectives 

98 

In fact, the maleimide function would offer the advantage of being able to bind Cys and Lys 

residues, the latter by means of Traut's reagent (2-iminothiolane, see Figure 6.1). 

Charge plays an important role in the cellular uptake and biodistribution of a label. 

The use of sulfated dendronized PBIs was inspired by polyanionic dendritic polyglycerol 

sulfates (dPGS). Manifold sulfated compounds such as dPGS are highly water-soluble 

multivalent systems that exert an intrinsic anti-inflammatory effect on sore tissue by 

reducing the inflammatory response.[266] Polycationic systems, on the other hand, bearing 

protonated amine groups have a strong affinity for negatively charged cell membranes. This 

binding affinity results in high cellular uptake[267] and allows for noncovalent binding of 

negatively charged polyelectrolytes such as DNA or nuclear proteins.[47] Comparative studies 

between positively and negatively charged ionic compounds revealed a charge-dependent 

cellular uptake and metabolism for oppositely charged species.[263] However, the use of 

charged labels entails the risk of non-specific binding interactions with cell components. A 

profound comparative study between positively, neutrally, and negatively charged PBIs 

could reveal the best candidate, which could be chosen as a benchmark label for future 

bioimaging studies.  

Dendronized dialkylated perylene-based dyes have shown great potential as markers 

of the disordered lipid domains of cellular membranes.[258] The incorporation of an alkyl-

cholesterol anchor unit in the linker position of mono-dendronized PBIs should generate 

amphiphilic dyes that might be able to reach the liquid-ordered domains in the lower lying 

part of the membrane. These so-called lipid raft domains influence the membrane fluidity 

and play an important role in fundamental cellular surface processes like membrane protein 

and receptor trafficking.[268] These lipid rafts, which naturally contain cholesterol, are more 

ordered and tightly packed than the surrounding bilayers. The incorporation of steroidal 

PBIs into the lipid raft domains could enable a firmer and deeper anchorage of the labels 

into the more rigid part of the membrane (Figure 6.2b). Since the plasma membrane is 

highly negatively charged, it would be interesting to test the effect of positively, neutrally, 

and negatively charged dendronized PBIs (Figure 6.2a). The penetration of the membrane 

with these dendronized steroidal PBIs could be monitored by time-resolved fluorescence 

spectroscopy and would most likely result in membrane and vesicle staining by virtue of 

highly fluorescent single-embedded PBIs. 

Furthermore, the polar hydroxylated headgroups and hydrophobic tail of these 

amphiphilic PBIs could provide a suitable interior for the encapsulation of hydrophobic drug 

molecules, e.g., dexamethasone or doxorubicin in form of micelles. The resulting core-shell 

architectures could be probed as potential drug delivery systems by release studies on cells. 
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It can be assumed that the micelles break open on the cell surface, thereby releasing the 

active substances, which could then be absorbed into the cells. Due to the use of a dye-

based drug delivery system, the drug release could be monitored by membrane staining of 

the fluorescent PBI-makers. A comparative study of steroidal PBIs in different dendron 

generations could provide information on the degree of hydrophilicity needed to form stable 

micelles; the differently dendronized [Gn]-PBI-cholesterols (n = 1-3) could furthermore 

produce micelles of various sizes for the encapsulation of a wide range of molecules. 

 

 

Figure 6.2. a) Positively, neutrally, and negatively charged [G3]-dendronized PBI markers with an alkyl 
linker and cholesterol anchor unit for fixation in the lipid raft domains of cell membranes. b) Cartoonlike 
representation of the insertion of the fluorescent PBI marker into the lipid raft domains of the membrane, 
which naturally contain cholesterol (yellow). 
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