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  1.     Introduction 

 Extensive research efforts on self-organised architectures 
have led to the development of well-defi ned supramolec-
ular nanostructures [ 1–3 ]  probing a variety of applications 
in e.g. optoelectronics, [ 4–6 ]  polyelectrolytes [ 7,8 ]  as well as 
biology. [ 9–11 ]  In the latter, self-assemblies have received 

 Since the development of supramolecular chemical biology, self-organised nano-architectures 
have been widely explored in a variety of biomedical applications. Functionalized synthetic 
molecules with the ability of non-covalent assembly in an aqueous environment are typi-
cally able to interact with biological systems and are therefore espe-
cially interesting for their use in theranostics. Nanostructures based 
on π-conjugated oligomers are particularly promising as theranostic 
platforms as they bear outstanding photophysical properties as well 
as drug loading capabilities. This Feature Article provides an overview 
on the recent advances in the self-assembly of intrinsically fl uorescent 
nanoparticles from π-conjugated small molecules such as fl uorene or 
perylene based chromophores for biomedical applications.    
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much attention over the last decade, especially towards 
various theranostic applications, in which targeted 
imaging and drug-delivery is combined. [ 12–15 ]  Among ther-
anostic platforms, supramolecular assemblies have gained 
remarkable interest due to several advantageous proper-
ties: i) a prolonged systemic circulation; ii) an easy extrava-
sation in tumour vasculature; iii) a large surface to volume 
ratio; iv) their ability to host a large variety of ligand and 
drug moieties via both surface functionalization and 
encapsulation as well as v) their adaptive and responsive 
properties. [ 16–19 ]  Using the powerful and elegant approach 
of self-assembly, many differently shaped nanoparticles 
have been prepared and explored by altering the prepa-
ration method as well as the chemical structure of the 
organic building blocks ( Table 1 ). [ 20 ]  

 Lipidic nanoparticles are supramolecular architec-
tures self-assembled in aqueous solution into mono- or 
bilayers that consist of naturally occurring phospholipids 
or closely related synthetic amphiphiles. [ 21,22 ]  Due to their 
modular preparation, narrow and controllable size dis-
tribution, [ 23,24 ]  and their ability of guest encapsulation, 
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these nanoparticles have been widely explored and have 
also proven their value in various applications. [ 25–27 ]  
However, functionalization with targeting ligands as 
well as imaging agents is essential for probing thera-
nostic applications using lipid-based nanostructures. [ 28 ]  
Closely related to lipidic nanoparticles are structures that 
combine the features of amphiphilic surfactants with 
the functions of bioactive peptides. Peptide amphiphiles 
consist of an alkyl chain linked to a peptidic structuring 
element followed by charged amino acids and fi nally 
a bioactive epitope. [ 29 ]  These amphiphiles are reported 
to self-assemble into a variety of nano-architectures, 
predominantly into cylindrical nanofi bers which are 
explored in the fi eld of regenerative medicine. [ 30–32 ]  

 Although the aforementioned nanostructures hold 
great promise, the ability to detect nanoparticles via an 
intrinsic property instead of by functionalization with 
detectable ligands is often desirable. Magnetic nano-
particles have therefore been explored as they can be 
detected using non-optical techniques based on magnetic 
resonance. [ 33–35 ]  Nano-architectures composed of iron, 
metallic iron and copper as well as a number of different 
alloys have demonstrated to possess useful magnetic 
properties ranging from ferromagnetic nanoparticles, 
predominantly used in bioanalytical applications, [ 36 ]  to 
superparamagnetic architectures, which demonstrated 
to be powerful in contrast enhancement in non-invasive 
magnetic resonance imaging (MRI). [ 37 ]  

 Another example of intrinsically detectable nanostruc-
tures are semiconducting inorganic nanoparticles, also 
known as quantum dots, which generally exhibit out-
standing optical properties as well as good chemical sta-
bility which makes them attractive for a variety of appli-
cations. [ 38–41 ]  Their core is, however, typically composed of 
heavy metal atoms, which has to be coated with an inert 
or biocompatible layer to anticipate toxicity issues. [ 42,43 ]  
Moreover, these layers are needed for ligand immobiliza-
tion in order to probe biomedical applications as biomol-
ecule recognition, [ 44 ]  in vivo targeted imaging, [ 45,46 ]  and 
theranostics. [ 47 ]  

 Over the last decade, the aforementioned nano-archi-
tectures have allowed the investigation of fundamental 
processes in the life sciences as well as probed targeted 
drug-delivery applications. In this fi eld, imaging and 
sensing will become even more important in the near 
future, especially in biomedicine where, in combination 
with therapeutics, multimodality allows the development 
of theranostics. [ 48,49 ]  Optical fl uorescence is one of the 
major modalities used in targeted bioimaging. [ 50,51 ]  There-
fore, there is a need for fl uorescent nanoparticles which 
bear outstanding optical properties suitable for a wide 
range of applications. A promising strategy for generating 
bright fl uorescent biosensors is based on the develop-
ment of highly fl uorescent conjugated polymers. [ 52–56 ]  The 
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formation of polymer nanoparticles initially developed 
for optoelectronics [ 57,58 ]  has attracted considerable atten-
tion in the fi eld of biomedical applications. [ 59–62 ]  Recent 
research efforts have demonstrated that these so-called 
polymer dots exhibit excellent optical properties [ 63–65 ]  as 
a high absorption cross section, fl uorescence brightness, 
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photostability, and non-blinking behaviour as well as fea-
ture non-toxicity, [ 66 ]  nano-encapsulation [ 67 ]  and ligand 
ligation abilities [ 68,69 ]  showing their potential in biology, 
particularly in bio-imaging [ 70 ]  and theranostics. [ 71 ]  How-
ever, despite many research advances, control over their 
surface chemistry still remains a challenge which has 
prevented their widespread usage in various applica-
tions. [ 62,72 ]  Additionally, the rigidity of polymer dots may 
be disadvantageous regarding the interaction with highly 
dynamic systems present in biology and tuning of prop-
erties requires the synthesis of new polymers for each 
desired modifi cation. 

 The development of supramolecular chemistry has 
brought forward the design of dynamic and func-
tional materials, based on self-assembly of well-defi ned 
π-conjugated small molecule or oligomeric chemical 
structures. [ 73 ]  The non-covalent assemblies provide tun-
able strength and directionality amongst molecular 
units while probing well-defi ned, though dynamic, 
structures that still bear the key properties of covalent 
polymers. [ 73,74 ]  The fi eld of material sciences developing 
supramolecular nanomaterials extensively explored 
π-conjugated segments due to their outstanding optical 
properties as well as their ability of multiple interactions 
and hence collective response. [ 59 ]  In biology, research 
towards supramolecular fl uorescent architectures has 
especially been focused on the development of amphi-
philic π-conjugated systems.  

  2.     Nanoparticles Based on Self-Assembled 
π-Conjugated Small Molecules 

 In the last decade, fl uorescent π-conjugated systems have 
received considerable attention in targeted imaging, 
sensing applications, and drug-delivery. [ 59,62,75,76 ]  This is 
mostly due to their well-defi ned size and shape as well 
as their attractive photophysical properties. Moreover, 
the rigidity of the aromatic segment enhances aggrega-
tion stability in water during the self-assembling pro-
cess, most likely due to secondary interactions as π−π 
stacking and the hydrophobic effect. [ 20 ]  Since the aro-
matic core of π-conjugated building blocks is hydrophobic, 
often hydrophilic side chains are introduced in order to 
obtain amphiphilic characteristics and hence confer self-
assembly in aqueous solution. The vast majority of self-
assembled fl uorescent π-conjugated nanostructures for 
biomedical applications are either based on fl uorene or 
perylene moieties, which have, besides an obvious struc-
tural difference, both very distinct properties in terms 
of size, shape, stability, and photophysics. Moreover, the 
use of these moieties as chromophores have shown to be 
advantageous as the emission colour of fl uorene deriva-
tives can be readily tuned and the synthesis of perylene 
derivatives has shown to be rather straightforward. While 
key properties are typically applicable to all π-conjugated 
organic nanoparticles, self-assembled fl uorescent nano-
particles from chromophores based on other building 

  Table 1.    Overview of the key properties of polymer dots, liposomes, quantum dots, and self-assembled small molecule nanoparticles as 
discussed in this Feature Article.  

        

 Polymer Dots  Liposomes  Quantum Dots  Small molecule NPs 

 High Quantum Yield + – + +

 High Absorption + – + +

 NIR-emission + + + n.d.*

 Non-blinking + + – +

 Good Stability + – + +

 Non-Photobleaching + – + n.d.*

 Cytotoxicity + + – +

 Modular – + – +

 Adaptive – + – +

   * not determined   
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blocks [ 11,77 ]  such as boron-dipyrromethenes (BODIPY)s [ 78–80 ]  
squaraines  [ 81,82 ]  are outside the scope of this Feature 
Article. [ 59,60 ]  

  2.1.     Fluorene Based Architectures 

 The fl uorene moiety consists of two benzene rings which 
are connected by a direct carbon-carbon bond and an 
adjacent methylene bridge ( 1 ,  Figure    1  ). This moiety is 
extremely favourable for fl uorescence applications, due to 
its high fl uorescence quantum yield, high photostability, 
and good solubility in organic solvents. [ 83 ]  However, for 
applications concerning aqueous solutions, good or partial 
solubility has to be obtained by attaching hydrophilic side 
chains. [ 84 ]    

 Tagawa et al. were the first reporting a fluorene 
based oligomer functionalized with alkyl and ethylene 
glycol side chains which was able to self-assemble 
in aqueous solution ( 2 ,  Figure    2  ). [ 85 ]  By simply adding 
the oligofluorene dissolved in THF to water, spherical 
nanoparticles with radii of 20−100 nm were observed 
by AFM. Moreover, the nanoparticle size could be 
controlled by the oligofluorene concentration of the 
organic stock solution. Interestingly, intrinsic blue 
emission around 400 nm in THF was quenched in 
aqueous solution, while a green emission band around 
540 nm appeared attributed to the excitation of steady 
state molecular aggregates.  

 Based on these oligofl uorene moieties, Yang et al. [ 86 ]  
substituted the short ethylene glycol side chain by a sub-
stituted aniline ( 3 , Figure  2 ) resulting in a red-shifted 
emission peak in THF. Self-assembly of this material in 
aqueous solution resulted in an aggregation-induced 
blue shift of the emission, while similar particle sizes 
were observed. These results bring forward that the spec-
tral properties are frequently not only dependent on the 
aggregation state of the oligomers but that there is also 
a key infl uence of the side-chain functionalization on the 
resulting materials properties. 

 Schenning et al. [ 87 ]  synthesized fl uorene based oli-
gomers in order to prepare multicomponent nanoparti-
cles which could be used for imaging applications. Four 
different bola-amphiphilic fl uorene-based oligomers 
were prepared which could co-assemble into spherical 
nanoparticles in aqueous solution. The π-conjugated core 
consists of two fl uorene units linked by a central aro-
matic moiety. This aromatic moiety is varied by intro-
ducing naphthalene ( 4 , blue), quinoxaline ( 5 , green), 
benzothiadiazole ( 6 , yellow) or thienopyrazine ( 7 , red) 
in order to obtain different emission colours ( Figure    3  a). 
The nanoparticles fabricated by re-precipitation showed 
excellent quantum yields in aqueous solution, up to 70% 
for  6 , the benzothiadiazole core containing oligomer. The 
photoemission spectra of these different bola-amphiph-
ilic oligomers span the entire visible range (Figure  3 b) and 
the fl uorescence emission can be fi ne-tuned, including 
even white, by careful mixing of these fl uorene-based 
oligomers with only minor changes in the shape and 
size. [ 87,88 ]  Moreover, it was shown that the particles self-
assembled from these bola-amphiphilic oligomers did not 
exchange molecules upon time or heating and are thus 
highly stable. Separate particles could be observed by fl u-
orescence microscopy while effi cient energy transfer of 
the acceptor oligomer dispersed in the donor matrix was 
shown by appropriate mixing of bola-amphiphiles con-
taining different cores. [ 89 ]   

 Using a comparable approach of mixing π–conjugated 
compounds bearing different colours, Wong et al. [ 90 ]  
drop casted the oligofl uorenes  8−10  from THF solution 
to vesicle-like nanospheres of 200–600 nm in diameter 
( Figure    4  ). The aromatic core can undergo π-π-stacking as 
the hydrophilic side chains can undergo complementary 
hydrogen bonding resulting in nanospheres. By mixing 
the three different oligomers in different ratios, supramo-
lecular structures fl uorescing in a large spectral window 
(including pure white) could be obtained.  

 Another approach to fabricate white-emitting nano-
particles has been explored by Takeuchi et al. [ 91 ]  Oligofl u-
orenes bearing a variety of hydrogen bonding side chains 
( Figure    5  ) were intermixed with a red-orange emitting 
dye (DCM) in THF and then injected into water, creating 
spherical nanostructures of 70–180 nm in diameter. 
Interestingly, due to energy transfer from the intrinsi-

cally blue emitting oligofl uorenes to 
the intermixed dye, white light emis-
sive nanoparticles were generated. 
Thus, the importance of supramolecular 
self-assembly on fl uorescence energy 
transfer and hence colour tuning has 
been shown. Here, increasing hydrogen 
bonding sites in the oligomer were 
shown to decrease the nanoparticle 
size and to increase the energy transfer 
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 Figure 2.    Molecular structure of the oligofl uorene  2  by Tagawa et al. [ 85 ]  and  3  by Yang 
et al., [ 86 ]  which are able to self-assemble into nanoparticles in aqueous solution. 

 Figure 1.    Molecular structure of the fl uorene moiety. 
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effi ciency. [ 92 ]  This shows the importance of the chem-
ical structure of the oligomers on the supramolecular 
properties.  

 Since the molecular structure of the π-conjugated 
amphiphilic building blocks showed to be of great impor-
tance for the size and shape of the corresponding self-
assembled nanostructures, the nature of the side chains of 
oligofl uorenes was systematically changed. [ 84 ]  The infl u-
ence on stability, dynamics, fl uorescence, and self-sorting 
properties of nano-sized architectures, self-assembled 
from fl uorene co-oligomer derivatives in which the ratio 
of hydrophilic ethylene glycol and hydrophobic alkyl side 
chains are altered, was studied. Fluorene-based oligomers 
containing wedges and tails ranging from all nonpolar to 
all polar ( Figure    6  a) were synthesized and studied. It was 
concluded that all fl uorene-based oligomers formed self-
assembled fl uorescent nanoparticles in water. However, 
nanostructures self-assembled from oligomers containing 
polar side chains were more dynamic and larger in size 
compared to particles formed by oligomers containing 
nonpolar side chains. Moreover, nonpolar oligomers gen-
erally showed a higher fl uorescence quantum yield. It was 
also shown that fl uorene based oligomers containing a 
high degree of polar side chains were able to dynamically 

exchange between nanoparticles. Interestingly, oligomers 
containing the same side chains were shown to have 
affi nity for each other over derivatives bearing other side 
chains, providing opportunities for sensing and diagnos-
tics. This study elaborately shows the dynamics between 
nanostructures, within a single assembly and between 
the molecularly dissolved and the self-assembled state of 
the monomers (Figure  6 b).  

 In order to enable π-conjugated fl uorescent nanoparti-
cles to actively target specifi c receptors on the cell surface 
and thus creating probes or delivery vehicles for imaging 
and drug-delivery, oligomer functionalization is a prereq-
uisite. Nano-sized architectures typically require func-
tionalization with ligands on the nanoparticle surface. 
Fluorene-based oligomers were pre-functionalized with 
either an azide or a mannose functionality ( 25  and  26 , 
respectively,  Figure    7  ). [ 93 ]  In order to ensure an effi cient 
exposure of the ligands to the aqueous environment, 
they were introduced at the periphery of the hydrophilic 
ethylene glycol chains decorating the π-conjugated oli-
gomers. Nanoparticles self-assembled from these func-
tionalized oligomers showed to have similar sizes and 
optical properties as non-functionalized π-conjugated 
oligomers reported earlier. These fi ndings suggest that 

Macromol. Rapid Commun. 2015,  36,  1306−1321

 Figure 3.    a) Chemical structure of fl uorene-based bola-amphiphiles by Schenning et al. containing different central aromatic moieties ( 4−7 ) 
and b) their corresponding emission spectra. Reproduced by permission. [ 87 ]  Copyright 2009, The Royal Society of Chemistry.

 Figure 4.    Chemical structure of the π-conjugated oligomers  8−10  by Wong et al., [ 90 ]  which are able to self-assemble into vesicle-like supra-
molecular architectures. 
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the self-assembly of the π-conjugated oligomers and 
optical properties of the resulting nanoparticles are 
dominated by the core structure of the oligomers, and 
that the introduction of the ligands at the periphery of 
the PEG chains do not strongly perturb these properties. 
Both the mannose functionality, by binding E. coli bacte-
ria's FimH receptor and lectin concanavalin A (ConA), and 
the azide functionality, by post-functionalization via the 
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), 
were shown to be exposed to the aqueous solution and 
available for binding. The accessibility of the ligand at 
the periphery of the nanostructure was also validated 
by nanoparticles formed from biotin functionalized oli-
gomers which could be extracted from solution using 
magnetic streptavidin coated beads. Interestingly, multi-
valent nanoparticles bearing two different ligands were 
prepared by combining pre- and post-functionalization 
in order to enable dual targeting. Comparable binding 
behaviour proved effective introduction and availability 
of both ligands via both functionalization approaches.  

 Bard et al. [ 94 ]  similarly reported stable nanoparticles 
with a diameter of 16 nm bearing azide functionalities, 
however positioned at the center of the molecule and 
connected via hydrophobic spacers. Two benzothiadia-
zole units, fl anked with triphenylamine groups, were 
bridged by a fl uorene unit, which was substituted by 
two alkyl linkers bearing an azide moiety ( 27 ,  Figure    8  ). 
While only the optoelectronical properties were explored 
until now, these azide bearing oligofl uorenes may be 
useful for further functionalization with bioactive 
ligands and hence be explored in the fi elds of diagnostics 
and imaging.  

 The cellular uptake and localization properties as well 
as potential toxicity of fl uorene-based π-conjugated oli-
gomers were evaluated for fl uorene-based oligomers as 
well. [ 95 ]  Since it is known that amines facilitate cellular 
uptake, oligomers were pre-functionalized with a single 
amino group ( Figure    9  a). These oligomers showed sim-
ilar behaviour as the ones functionalized with mannose 
and azide in terms of optical properties. However, the 
size of these co-assembled nanostructures was strongly 
dependent on the percentage of amine-functionalized 
oligomer in the nanoparticle. It was discussed that the 
amino group might be protonated in water, which then 
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 Figure 5.    Chemical structure of oligofl uorene derivatives  11−14  by 
Takeuchi et al., [ 92 ]  which highlights the importance of the chem-
ical structure on the nanostructure properties. 

 Figure 6.    a) Molecular structures of fl uorene based co-oligomers 
used to study the infl uence of hydrophobicity of the side chains 
on stability, dynamics, fl uorescence, and self-sorting properties of 
nanoparticles. The colours of the side chains refer to polarity as 
red represents hydrophobic and blue hydrophilic residues. b) Dif-
ferent states of nanostructures showing their dynamics. Repro-
duced with permission. [ 84 ]  Copyright 2012, American Chemical 
Society.
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affects the hydrophilic/hydrophobic ratio and hence the 
nanoparticle size. Remarkably, by premixing oligomers 
 18  and  28  it was shown that only 10% of amine decora-
tion was suffi cient to promote effi cient cellular uptake 
(Figure  9 b). In contrast to covalent assemblies, [ 96 ]  these 
fi ndings indicate that the dynamic nature of supramo-
lecular structures allows effi cient clustering surface func-
tionalities highlighting the importance of supramolec-
ular effects of self-assembly. While this charge mediated 
cellular uptake was shown to be rapid, it was also shown 
that none of the amine-bearing nanoparticles affected 
the cell viability up to a concentration of 0.9 μM. Rapid 
cellular internalization and biocompatibility was also 
shown for other cationic side chain bearing oligomers. [ 97 ]  
Moreover, the preparation of nanoparticles with a 

different composition in terms of surface functionaliza-
tion by simple intermixing of differently functionalized 
oligomers hold great promise in the fi eld of multivalent 
theranostics.  

 In order to explore the encapsulation properties of fl u-
orene-based nanoparticles, release studies were performed 
on guest molecule loaded nanostructures ( Figure    10  a). [ 98 ]  
Nile Red was chosen as hydrophobic guest as its absorp-
tion spectrum overlaps with the emission spectrum of 
the nanoparticles, and thus fl uorescence energy transfer 
could be used to monitor the release by dividing the 
emission intensity of the nanoparticle (at 510 nm) 
and Nile red (at 625 nm), respectively. While up to 10 mol% 
of Nile Red was encapsulated, moderate energy transfer 
was observed. However, slow release of the guest mol-
ecule was observed over time as a fast release profi le was 
shown at elevated temperatures (Figure  10 b,c). These 
results suggest that these fl uorene-based nanostructures 
could be used as encapsulating vehicles that allow release 
of the guest molecule which might be interesting in the 
fi eld of drug-delivery.  

 Combining fl uorescence imaging, encapsulation of 
hydrophobic guest molecules, and drug delivery, Tuncel 
et al. [ 99 ]  reported on fl uorene-based nanoparticles which 

Macromol. Rapid Commun. 2015,  36,  1306−1321

 Figure 7.    Chemical structures of oligofl uorenes used to study ligand functionalization. (i) Generation of nanoparticles pre-functionalized 
with mannose. (ii) Generation of nanoparticles pre-functionalized with azides and subsequent post-functionalization via copper catalysed 
azide alkyne cycloaddition with alkyne derivatives of either mannose or biotin. (iii) Generation of bifunctional nanoparticles containing 
azides and mannose and subsequent post-functionalization via copper catalysed azide-alkyne cycloaddition with alkyne derived biotin 
yielding mannose and biotin labelled nanoparticles. Adapted with permission. [ 93 ]  Copyright 2011, American Chemical Society.

 Figure 8.    Chemical structure of an oligofl uorene derivative  27  by 
Bard et al., [ 94 ]  which may be useful for further functionalization. 
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encapsulate a drug and emit fl uorescence in the red 
region tailing to infrared ( Figure    11  ). The two fl uorene 
units, both bearing two amine substituted side chains, 
are bridged by a central divinyl benzothiadiazole moiety, 
resulting in an oligomer bearing a hydrophobic backbone 
and hydrophilic side chains. In water,  29  self-assembles 

into spherical nanostructures of 50 nm in diameter. Due 
to the hydrophobic nature of the nanoparticle core, Camp-
tothecin, an anticancer drug, could be encapsulated. In an 
acidic environment, disassembly of nanoparticles due to 
repulsive forces of the formed ammonium ion resulted 
in the release of Camptothecin. In order to avoid nonspe-

Macromol. Rapid Commun. 2015,  36,  1306−1321

 Figure 10.    a) Overview of the encapsulation of Nile Red into fl uorene-based nanostructures and the resulting fl uorescence energy transfer. 
The time dependent change in fl uorescence energy transfer of the nanostructure to 1 mol% of encapsulated Nile Red at b) 20°C and c) 30 °C 
and (b, inset) the fl uorescence spectrum of nanostructures encapsulating 1 mol% Nile Red in time show a slow time dependent and fast 
temperature dependent release profi le. Adapted with permission. [ 98 ] 

 Figure 9.    a) Molecular structure of oligofl uorene  28  pre-functionalized with an amino group. b) Nanoparticles with different composition 
by premixing of oligomers  18  and  28 , generating unfunctionalized nanoparticles of  18  alone (NP) and amine-functionalized nanoparticles 
with 10% (amine-10-NP), 50% (amine-50-NP) and 90% (amine-90-NP) of  28 . Two-photon micrograph of live HeLa cells incubated for 2 h 
with the aforementioned nanoparticles. Adapted with permission. [ 95 ] 
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cifi c absorption of biomolecules to the amine functional-
ized surface, the amines were capped with cucurbit[7]uril 
(CB7). Besides preventing nonspecifi c absorption of pro-
teins, CB7-capped nanoparticles also showed higher sta-
bility in physiological pH compared to bare nanoparticles. 
These stable pH-responsive CB7-capped nanoparticles 
enable a sustained drug release at physiological pH and 
a fast release at low pH. Together with effi cient cellular 
uptake and a reduced cytotoxicity due to CB7-capping, 
these fl uorene based architectures are envisioned to have 
great potential in theranostic applications.  

 Self-assembly in aqueous solution, tuneable emis-
sion colours spanning the entire visible range, the capa-
bility to encapsulate hydrophobic guest molecules, and 
the ability to functionalize the nanoparticle surface 
without affecting its properties makes fl uorene-based 
nanoparticles appealing for imaging and drug-delivery 
applications.  

  2.2.     Perylene Based Architectures 

 The perylene moiety consists of two naphthalene sub-
units which are connected by a carbon-carbon bond 
at position 1 and 8 on both molecules ( 30 ,  Figure    12  ). For 
biological applications, most often perylene bisimides (PBI 
 31 , Figure  12 ) are used. It has already been known for dec-
ades that water-soluble PBIs with substituents at the imide 
position show excellent photophysical properties with 
extremely high quantum yields as well as stability. [ 100 ]  PBIs 
have extensively been studied for their potential in pro-
tein labelling and as probes for single-molecule spectros-
copy. [ 101 ]  For these applications, especially substituting the 
bay position has been explored as this introduction effec-
tively prevents aggregation through electrostatic shielding 

and steric hindrance resulting in strongly emitting water-
soluble probes. [ 102,103 ]  Despite a lot of work on PBIs is com-
mitted to water-soluble probes, only recently the potential 
of perylene-based supramolecular architectures for bio-
medical purposes has been evaluated. The introduction of 
hydrophilic substituents at the imide moiety in combina-
tion with a strong π-π-stacking of the PBIs core typically 
results in the formation of supramolecular aggregates in 
water. [ 104,105 ]   

 In order to study the aggregation behaviour of imide 
substituted perylene derivatives, Haag et al. [ 106 ]  synthe-
sized dendron-functionalized perylene bisimides. Genera-
tion 1 (G1) to 4 (G4) hydrophilic polyglycerol dendrons ( 32  
and  33 , respectively) were attached to the imide nitrogen 
prior to injection into water ( Figure    13  ). Photophysical 
measurements revealed that G1-dendronized PBIs aggre-
gate in water over a large concentration range and as a 
result broadening of the absorption spectrum occurs as 
well as a drop to 33% quantum yield. However, dendrons 
of the third and fourth generation do not show aggrega-
tion as the hydrophobic PBI core seemed to be suffi ciently 
shielded and hence 100% quantum yield is regained. Spec-
tral changes such as a broader and less structured absorp-
tion spectrum as well as a reduced absorption coeffi cient 
upon aggregation are due to strong excitonic interactions 
between the PBI chromophores. [ 107 ]  Supressing aggrega-
tion of perylene derivatives by shielding the PBI chromo-
phore, however, can result in comparable fl uorescence 
quantum yields in water and organic solvents. [ 108,109 ]  
Similar behaviour was observed for Newkome den-
dronized perylene derivatives ( 34 ) by Hirsch et al. [ 110 ] ; fi rst 
generation Newkome dendronized PBIs aggregated into 
irregular architectures and second and larger generation 
PBIs dissolved molecularly. Moreover, chiral alanine and 
lysine residues were used as linker between the PBI core 
and the Newkome dendrons to direct the aggregation 
to helical architectures. [ 111 ]  These dendronized perylene 
bisimide derivatives are also used to disperse poorly 
soluble materials as carbon nanotubes through π-π-
interactions and are envisioned to have potential in the 
fi eld of medicine as solubilizing agent. [ 112,113 ]   
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 Figure 11.    Overview of CB-capped drug loaded nanoparticles, which enable a pH-triggered drug release mechanism. Adapted with permis-
sion. [ 99 ]  Copyright 2014, American Chemical Society.

 Figure 12.    Chemical structure of the perylene moiety ( 30 ) as well 
as of perylene bisimide (PBI) ( 31 ).
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 Sun et al. [ 114 ]  prepared symmetrically trialkylammo-
nium substituted PBIs ( 35 ,  Figure    14  ) which self-assem-
bled into one-dimensional nanotubes and nanorods 
depending on the solvent the oligomer was dissolved in. 
Interestingly, as these structures were explored as amine 
sensors, hollow nanotubes showed to be more effec-
tive for the detection of amines than rod-like structures, 
showing that the supramolecular architecture is indeed a 
key feature for its application. The aggregation behaviour 
of bolaamphiphiles has also been explored using PBIs 
substituted with multiply charged ionic side chains ( 36 , 
Figure  14 ). [ 115 ]  PBI  36  is molecularly dissolved in water at 
low concentrations and bears a high quantum yield at a 
nearly neutral pH. However, upon increasing concentra-
tion, the formation of aggregates is accompanied by a 
decreasing pH. Protons from the side chain, which cause a 
positive charge and hence repulsion at low concentrations, 
may be transferred to the surrounding water leading to 
neutral PBI derivatives, which are able to aggregate into 
rod-like structures. Positively charged ammonium groups 
and neutral amines might even facilitate π-π-stacking of 
the perylene core. Similar behaviour has been observed 
for PBIs substituted with β-cyclodextrin ( 37 , Figure  14 ). [ 116 ]  
As the fl uorescence quantum yield for these charged 

ionic PBIs also decreases upon aggrega-
tion, they may be suitable as pH sen-
sors. Interestingly, cationic PBIs have 
also shown to have potential for the 
stabilization of G-quadruplex DNA by 
stacking in and with DNA, [ 117,118 ]  which 
have eventually led to self-organised 
PBIs as DNA/RNA sensitive probes. [ 119 ]  
Recently, Hirsch et al. [ 120 ]  reported EDTA 
functionalized PBI  38 , which bears a 
high affi nity for heavy trivalent metal 
ions as well as lanthanide cations and 
is envisioned as heavy metal imaging 
agent in aqueous environment.  

 PBI substituents as well as solvent 
interactions have a strong infl uence on various properties 
of the supramolecular architecture. To study the aggrega-
tion behaviour in more detail, Liu et al. [ 121 ]  extended the 
work on cyclodextrin substituted perylene derivatives 
by synthesizing PBI  39  bearing an amphiphilic character 
( Figure    15  a). Although the supramolecular architecture is 
still dependent on the solvent composition, PBI  39  is more 
prone to aggregate in aqueous solution than PBI  36  due 
to the hydrophobic alkyl residues. Starting from nanorods 
in methanol in which PBI  39  is rather randomly stacked, 
PBI  39  self-assembles into well-defi ned vesicular struc-
tures in a 9:1 mixture of water and methanol (Figure  15 b). 
Faul et al. [ 122 ]  simplifi ed the latter PBI design and reported 
galactosyl substituted PBI  40 , which aggregates into right-
handed superhelical architectures of 100 nm in diameter 
in an aqueous THF mixture (1:1 v/v ratio). This super-
helix is composed of multiple helical fi bres that are self-
assembled via hydrogen bonding of the galactosyl group. 
In order to create transport vehicles as well as membrane 
labels, Hirsch et al. [ 110 ]  explored amphiphilic Newkome 
dendronized PBI  41 . Compared to the aforementioned 
double Newkome dendronized PBI  34  derivative, PBI 
 41  bears besides a single Newkome dendron, a dodecyl 
chain, which makes this PBI derivative more prone to 
aggregate into spherical nanostructures in water. Second 
generation amphiphiles showed a pronounced aggrega-
tion behaviour into regularly shaped micelles of 16 nm in 
diameter, as the peripheral Newkome dendrons interact 
with the aqueous environment and the dodecyl chains 
form the hydrophobic interior.  

 Würthner et al. reported substituted dumbbell-
like PBIs of which the side chains were systematically 
changed ( Figure    16  a). It was shown that dumbbell-like 
PBI  42  bearing apolar side chains is able to self-assemble 
into columnar stacks in organic solvents [ 123 ]  as similar 
aggregation behaviour was obtained for bolaamphi-
philic PBI  43  in aqueous solution. [ 124 ]  The π-π-stacking 
of the PBI  43  core in water was so pronounced that 
almost complete aggregation was observed even at 
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 Figure 14.    Charged ionic bolaamphiphilic PBI  35 ,  36 ,  37  and  38  by 
Sun et al., [ 114 ]  Würthner et al., [ 115 ]  Liu et al. [ 116 ]  and Hirsch et al., [ 120 ]  
respectively, which are able to aggregate into rod-like structures. 

 Figure 13.    Chemical structure of polyglycerol dendronized PBI  32  and  33  by Haag et al. [ 106 ]  
and Newkome dendronized PBI  34  by Hirsch et al., [ 110 ]  which aggregate or molecularly 
dissolve in water depending on the dendron generation. 
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nanomolar concentrations. [ 125 ]  Wedge-shaped PBI  42  
showed micellar aggregation in particles with a 4–6 nm 
diameter, which is in accordance with fi ndings on PBI 
 41 . However, when PBI  44  is coaggregated with PBI  45  
(8:1 molar ratio), vesicular architectures bearing a bilayer 
membrane are formed with a diameter of 100 nm and a 
membrane thickness of 7–8 nm. Moreover, the surface 
curvature of the bilayer bearing vesicles, and hence the 
diameter, can be tuned by varying the oligomer ratio. 
Increasing the hydrophobic ratio leads to an overall 
decrease in surface curvature and thus a larger particle 
diameter. Therefore, maximum surface curvature has 
been observed for particles consisting of only PBI  44  as 
the supramolecular architectures become larger upon 
increasing amount of coaggregated PBI  45  (Figure  16 b). 
Additional stability in terms of size and shape was 
obtained by photopolymerization of the acrylate moie-
ties of PBI  44  in the self-assembled state. Moreover, these 
spherical architectures could be loaded with dyes that 
show fl uorescence resonance energy transfer to the pho-
toactive exterior and hence could be explored as supra-
molecular sensors. [ 126,127 ]   

 In another approach, Rybtchinski et al. studied the 
aggregation behaviour of PBIs by modifying its bay 

positions. Multiple PBI designs showed 
that bay PEGylated PDIs are excel-
lent building blocks for self-assembly 
in aqueous solution. [ 128–132 ]  However, 
only recently bay PEGylated PBIs were 
explored for biological applications. 
Bay position substituted PBI  46  ( Figure  
  17  ) consists of two PBI units which are 
bridged by a bipyridyl linker and was 
developed into supramolecular mem-
branes which could be used for separa-
tion of nanoparticles [ 133 ]  as well as for 
the immobilization and biocatalytic uti-
lization of proteins. [ 134 ]  Moreover, large 
proteins such as enzymes can be depos-
ited on the membrane which may allow 
the development of enzyme-based 
sensors.  

 While substantial effort has 
been made to prevent fl uorescence 
quenching by shielding the PBI 
chromophore using various appro-
aches, Genovese et al. [ 135 ]  reported 
a perylene-based imaging agent which 
actually makes use of fl uorescence 
quenching. Self-assembly of PBI  47  
into supramolecular nanospheres 
leads to almost complete fl uorescence 
quenching ( Figure    18  a). However, cel-
lular uptake causes disaggregation 

of the nanospheres resulting in fl uorescence recovery. 
Due to this dissociation of the aggregates, cells become 
green or red fl uorescent, depending on the concentra-
tion of PBI  47 . More in particular, multicolour fl uores-
cence imaging can be envisioned using a photo-tuning 
process. Specifi c cellular compartments can be given a 
specifi c photo-tuned emission as they respond differ-
ently to photo-activation.  

 Similarly, Haag et al. [ 136 ]  reported spherical micelles 
self-assembled from perylene imino diesters (PIDEs) 
bearing two alkyl chains and a polyglycerol dendron 
of which the fl uorescence quantum yield is extremely 
low (Figure  18 a,b). However, PIDE  48  recovers high 
fl uorescence in an lipophilic environment. It was shown 
that this system could be used as a fl uid phase marker for 
disordered domains in artifi cial membranes as well as a 
staining agent for the plasma membrane in living cells. 
As the dendron side is easy accessible for ligand function-
alization, PIDE  48  is envisioned to anchor and track bioac-
tive ligands in cellular membranes. 

 Besides imaging applications, perylene-based architec-
tures have also been explored as single component drug 
delivery systems. [ 137 ]  Therefore, an anticancer drug was 
conjugated to the perylene moiety yielding a photocaged 
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 Figure 15.    a) Chemical structure of amphiphilic PBI  39  by Liu et al., [ 121 ]  PBI  40  by Faul 
et al. [ 122 ]  and PBI  41  by Hirsch et al., [ 110 ]  which are able to form vesicular, helical and 
micellar architectures in aqueous solution, respectively. b) Self-assembly models of  39  
depending on the solvent polarity. Reprinted with permission. [ 121 ]  Copyright 2010, Amer-
ican Chemical Society.



Macromolecular
Rapid CommunicationsSelf-Assembled Fluorescent Nanoparticles from π-Conjugated Small Molecules: En Route to Biological Applications

www.mrc-journal.de

 

www.MaterialsViews.com 1317© 2015  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim
Macromol. Rapid Commun. 2015,  36,  1306−1321

perylene-chlorambucil conjugate (Pe-Cbl  49 , Figure  18 a,c), 
which was able to self-assemble into spherical nano-
structures of 30 nm in diameter. Hela cells incubated for 
4 hours with Pe-Cbl nanospheres showed effi cient cel-
lular uptake, a uniform distribution inside the cell and 
no signifi cant change in cell viability. However, upon 
visible light irradiation, Pe-Cbl  49  showed an increasing 
cytotoxicity due to the photorelease of chlorambucil 
inside the cell. By varying the amount of substituents the 
emission properties of the nanoparticles could be tuned 
(Pe-Cbl  50 ). [ 138 ]  Moreover, the emission wavelength of the 

perylene derivative shifts towards smaller wavelengths 
upon photorelease of the drug. Therefore, this system is 
not only a versatile drug carrier and a photocaged com-
pound for the release of an anticancer drug, but also an 
imaging agent to monitor the drug release in real time.   

  3.     Conclusion and Outlook 

 Supramolecular architectures based on π-conjugated 
small molecules have emerged as versatile platforms for 
biological applications as their size and shape are well-
defi ned while bearing outstanding photophysical prop-
erties. Fluorene and perylene based building blocks have 
been widely explored in order to enable and tune the 
self-assembly in water as well as the interaction with bio-
logical matter. π-Conjugated small molecules bearing an 
amphiphilic character can form stable and well-defi ned 
supramolecular architectures in an aqueous environment. 
Decoration with bioactive ligands expands the function-
ality of the supramolecular nanoparticles, for example 
by providing them with the ability to induce cellular 
uptake and to specifi cally deliver cargo. Self-assembly of 
π-conjugated building blocks can also give rise to spectral 
changes. Fluorene-based oligomers have been reported to 

 Figure 17.    Bay position substituted PBI  46  by Rybtchinski 
et al., [ 133,134 ]  which is explored as building block for a supramo-
lecular membrane. 

 Figure 16.    a) Chemical structure of imide substituted dumbbell-like PBI  42  and  43 , which are able to self-assemble into columnar stacks 
in organic solvents [ 123 ]  and in aqueous solution, [ 124 ]  respectively, as well as amphiphilic PBI  44  and  45 , which are able to self-assemble into 
b) vesicle-like architectures in aqueous solution. [ 124 ]  The colour of the side chains refer to polarity as red represents hydrophobic and blue 
hydrophilic residues. Adapted with permission. [ 124 ]  Copyright 2007, American Chemical Society.
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bear an enhanced fl uorescence quantum yield upon self-
assembly in aqueous solution, which is in direct contrast 
to perylene-based oligomers which, upon aggregation, 
feature a broader and less structured absorption spec-
trum with a reduced absorption coeffi cient and concomi-
tant low fl uorescence quantum yield. As the fl uorescence 
quantum yield of perylene-based architectures is strongly 
dependent on strong excitonic interactions of its chromo-
phore, substantial effort has been made to shield the per-
ylene core while simultaneously allowing the shielding 
substituents to also direct the morphology of the supra-
molecular architecture. En contraire, the large difference 
in fl uorescence quantum yield between self-assembled 
and molecularly dissolved perylene-based oligomers could 
be of great value for sensing and imaging applications. 
While many research advances have already highlighted 
the potential of dynamic supramolecular architectures in 
biological applications, the number of studies showing 
their direct use in biomedicine is however limited. The 
major challenges lie in the synthesis of the small mol-
ecules as well as the functionalization and the dynamics 
of the supramolecular system. Although not discussed, 
it should be noted that in most cases the number of syn-
thetic steps to prepare the π-conjugated building blocks is 
rather high. From an application point of view it would be 

desirable to have a limited number of steps. At the same 
time that would allow readily tunable self-assembly prop-
erties. Moreover, knowledge on the functionalization of 
supramolecular architectures with bioactive ligands and 
especially their infl uence on the self-assembly behavior 
should be expanded in future studies. Deep understanding 
on the relationship between the amphiphilicity and the 
self-assembly could provide control over the dynamics 
of the supramolecular system and thus provide control 
over key properties as modularity and adaptivity. While 
extensive research efforts on the aforementioned issues 
are inevitable, we foresee that supramolecular architec-
tures based on π-conjugated small molecules will have 
a broad and lasting impact on applications in the fi elds of 
i) sensing and targeted imaging, for example, by intro-
ducing different targeting ligands that might induce 
synergistic binding effects; ii) therapeutics, e.g. drug-
delivery, and iii) theranostics when reporter systems and 
therapeutic cargoes are combined in a single dynamic 
architecture.  
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024.001.035).   

 Figure 18.    a) Chemical structure of PBI  47  by Genovese et al. [ 135 ]  and PIDE  48  used as b) a dye to stain membranes by Haag et al., [ 136 ]  as well 
as the chemical structure of Pe-Cbl  49  and  50  by Singh et al. [ 137 ]  and Zhao et al., [ 138 ]  respectively, which have been explored as c) single-
component perylene-based drug delivery system for photocontrolled delivery of an anticancer drug. b) Reproduced with permission. [ 136 ]  
Copyright 2013 ,  American Chemical Society. c) Reproduced with permission. [ 137 ]    Copyright 2012, American Chemical Society. 
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