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Preface

Fluorescent organic nanoparticles (FONs) are a very interesting class of materials
with diverse analytical and biomedical applications. Several FONs have been
reported as attractive agents for cell imaging applications. Over the last few dec-
ades, several bioprobes, e.g. organic dyes, fluorescent proteins and fluorescent
inorganic/organic nanoparticles, have been reported for biomedical applications.
FONs are thought as more promising agents for biomedical applications owing to
their possibility of diverse designs and biodegradability properties. Drug delivery
systems have brought about a great revolution in the pharmaceutical field. The use
of drug delivery systems can help in avoiding some of the inherent drawbacks
of the commonly used drugs, such as low solubility in physiological systems,
leaching, lower activity, unwanted interactions with different biological macro-
molecules other than the target ones, toxicity, and decomposition. Photoresponsive
nanoparticles have been the preferred choice for drug delivery applications owing
to their ability to control the release of pharmacologically important drugs via
externally regulated stimulation of light. In the light of these facts, FONs have also
been extensively studied as sensors in drug delivery systems and for other appli-
cations like photodynamic therapy and apoptosis inducers of cancer cells.

Nowadays, design and development of highly sensitive and selective fluorescent
probes for sensing biologically important analytes in aqueous or cellular environ-
ments is an active area of research. Several types of fluorescent materials, such as
small organic dyes conjugated with polymers, organic nanoparticles, inorganic
quantum dots, metallic nanoclusters and upconversion nanoparticles, have been
used for sensing different types of analytes including cationic and anionic ones.

The recent research carried out on the design and development of aggregation-
induced emission (AIE) nanoparticles is a promising stimulation towards the
development of highly fluorescent nanoparticles as the natural aggregation is kept
busy in increasing the fluorescence of the nanoparticles. AIE is therefore truly a
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novel finding of this subject. The encapsulation of an emitter into different matrices
affects their aggregation, molecular packing and distribution in the nanoparticles.
Thus, care is needed while selecting the polymeric matrix and the emitter-to-matrix
ratio, which may help in the tuning of nanoparticle size, brightness and stability.
Several reports have been published with polymer-encapsulated emitters having
sizes ranging from few to several hundred nanometres. Such nanoparticles have
versatile surface functional groups that have been tailored to provide space for
different imaging needs, for example imaging of cellular organelles, targeted
in vitro and in vivo imaging of tumours, tracing of cancer cells, and imaging of
blood vessels and specific chemical and biomolecular species.

The recent exploration of the cell imaging, chemosensing and drug delivery
applications of FONs has brought about a great revolution. This is very important
and interesting from the materials point of view. Nevertheless, there has been a
good deal of work in the development of highly fluorescent nanoparticles for cell
imaging, sensing and drug delivery applications; several existing FONs are not very
emissive in the aggregated states. Thus, FONs with strong near-infrared (NIR)
absorption and active non-radiative emission are the materials of choice at the
moment. The non-radiative pathway is generally associated with heat production,
and thus, such FONs might have great potential for use in photothermal therapy,
wherein highly specific, non-toxic and non-invasive treatments of cancers may be
carried out. It is of great interest that several FONs have also been tried as agents for
photodynamic therapy of cancers; however, this field of research is at an early stage
as the principles of design of such FONs and their action mechanisms are not fully
established. However, such nanoparticulate systems have successfully confirmed
their promise for the deep in vivo tumour imaging and photodynamic therapeutic
uses with minimum or no side effects on normal cells and tissues. The future
research on FONs needs to be focused on the design and development of smart
stimuli-responsive sensing, imaging and drug delivery systems. Besides, the future
work must focus on developing FONs and AIE fluorogens with far red/near-
infrared (FR/NIR) emitters displaying narrow band emission for specific analytical
and biomedical applications.

In this book, attempts have been made to address the advances made in the devel-
opment of FONs as materials of choice for the design and fabrication of sensors,
bioimaging agents anddrug delivery systems.Basically, four importantmethods, namely
self-assembly, polymerization, emulsification and nanoprecipitation/reprecipitation,
have been used for the preparation of FONs with diverse applications in analytical and
biomedical sciences. Out of these techniques, nanoprecipitation is the simplest and the
mostwidelyused technique.This technique enables the transformationof soluble organic
molecules into nanoparticles in the aqueous media and later ensures their fast screening
for various analytical and biomedical applications. We have also tried our best to throw
light on the outlooks of the research and development in FONs as smart materials with
various possible applications. In the context offluorescence-based sensing, drug delivery
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and cell imaging, the properties of FONs that are of major importance include their
stability, brightness, toxicity and biodegradability. Overall, FONs represent a very
interesting field of research with promise for varied applications in analytical and
biomedical sciences.

Tral, India Dr. Waseem A. Wani
Glasgow, UK Dr. Mohammad Shahid
Riyadh, Saudi Arabia Dr. Afzal Hussain
Riyadh, Saudi Arabia Dr. Mohamed Fahad AlAjmi
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Chapter 1
Introduction—Fluorescence in Organic
Nanoparticles

The noticeable advantages of the readiness of biologically compatible imaging
agents, pilotable instruments and high progressive resolution with good sensitiv-
ity have made the applications of fluorescence imaging techniques very interesting
[1–3]. For obtaining preferred signal output and high signal-to-noise ratio, several
discrete molecules and colloidal nanoparticles have been used as fluorescent probes.
Fluorescent organic nanoparticles (FONs) are a very important class of materials;
composed of small organic molecules with emissive properties comparable to those
of semi-conjugated polymer dots [4].

Generally, FONs contain a high number of photo-active self-assembled units
(commonly greater than 105 per FON). Besides, there are no stabilizing surfactants
or dopingmatriceswithin the structures of FONs,which helps them to avoid the unde-
sirable interventions of non-active matter with living organisms. These nanoparticles
show intense brightness upon one- or two-photon excitation,which helps in achieving
reduced excitation fluence and tissue auto-fluorescence [5, 6]. It is due to the peculiar
features of FONs (good photostability and facile surface functionalization) that have
made them attractive agents in biomedical research [7]. Several classes of organic
and inorganic nanomaterials and some organic-inorganic hybrids have been explored
as fluorescent probes for applications in in vitro and in vivo sensing and imaging
[8–14]. Out of the several classes of materials developed so far, organic nanoparti-
cles containing organic emitters as fluorescent cores have been thought as promising
probes for in vivo applications due to their high photoluminescence, biodegradability
and flexible synthetic approaches [15, 16]. The broad range of applications such as in
opto-electronic nanodevices, bio- and chemical sensing, drug delivery and monitor-
ing systems, diagnostics, immunofluorescent labelling and in vitro/in vivo imaging
of FONs has made their design and development as one of the rapidly growing fields
of organic nanochemistry [17–22]. Easy cellular uptake [23], size-dependence of
fluorescent properties [15] and longer fluorescence lifetimes [24] are some of the
most exciting features of FONs.

From the literature updates, it can be seen that several FONs, e.g. fluorescent con-
jugated polymers [25–33], self-assembled fluorescent nanoparticles [33–36], poly-
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2 1 Introduction—Fluorescence in Organic Nanoparticles

dopamine nanoparticles and aggregation-induced-emission (AIE) or aggregation-
induced emission enhancement (AIEE) nanoparticles have been reported recently
[37–39]. Importantly, AIE or AIEE FONs have shown amazing anti-aggregation-
caused quenching (anti-ACQ) in comparison to the traditional organic dyes. Besides,
several AIE or AIEE moieties including siloles [40], cyano-substituted diarylethene
[18, 41], tetraphenylethene [42–44], triphenylethene [45, 46] and distyrylanthracene
derivatives [47–49] have been explored for bio-imaging and chemosensing appli-
cations. FONs are more promising for biomedical applications than fluorescent
inorganic nanoparticles owing to their flexible design and biodegradability. One of
the most applicable approaches for the fabrication of FONs is the controlled self-
assembly of monodisperse π-conjugated oligomers or chromophores [34, 50, 51].
Nowadays, FONs are being explored as chemical sensors, biosensors, photosensi-
tizers and cell imaging agents in aqueous media [52–57]. Due to the appreciable
stability of FONs in aqueous medium, these materials provide convenient routes for
chemical and biological investigations in aqueous solutions [58, 59].

An exhaustive literature search through SciFinder indicated around 206 research
papers on “fluorescent organic nanoparticles”with applications in cell imaging, sens-
ing and drug delivery, among others. An observation of the available literature on
FONs indicated that interest in the research on organic nanoparticles with fluores-
cence properties has increased steadily during the last two decades owing to their
applications in different analytical techniques and healthcare systems. The increas-
ing research interest in this field can be seen from Fig. 1.1, which indicates that the
number of research papers published annually is continuously increasing from 2006.
Also to our observations, no review/book is available in the literature on FONs. There
is only one partially relevant review by Li and Liu [60], wherein the authors have dis-
cussed advances in fluorescence and photo-acoustic imaging applications of organic
nanoparticles encapsulated in polymers. Till date, there is no reference material on
the advances in FONs with applications in sensing, cell imaging and drug delivery.
Therefore, this book has been written to address the advances in the development
of FONs as sensing and cell imaging agents and drug delivery agents. This book is
expected to become a useful and informative reference material for researchers and
academics involved in the research and development of novel materials based on
FONs.

1.1 Fluorescence in Organic Nanoparticles

The presence of weak interactions like Van der Waals forces and hydrogen bonding
between organic molecules differentiates between their properties and those of inor-
ganic nanostructures [61, 62]. The fascination of researchers towards nanoparticles
is because they show interesting optical properties such as size-dependent absorp-
tion, emission spectra [63–66], piezochromic luminescence [67] and AIE [68–72].
Excitation-dependent fluorescence (EDF) is another interesting property of organic
nanoparticles [73–75]. EDF has been reported in some inorganic [76–79] and organic
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Fig. 1.1 A histogram representation of the increasing attention towards research in FONs

nanostructures [80] with applications in opto-electronics, biosensing and chemical
sensing devices. Nanoparticle EDF is an unusual phenomenon as it violates Kasha’s
rule [81]. Several mechanisms such as incomplete solvation [76], size distribution of
nanostructures, [73, 78, 82] and contamination of ions [83] have been put forward
to explain nanoparticle EDF. The research on FONs was stimulated by Kasai et al.
in 1999 [63, 84]. They found that perylene and phthalocyanine nanoparticles exhib-
ited different and size-dependent fluorescence properties with respect to their bulk
samples. Recently, Yao et al. reported similar results with pyrazoline nanoparticles
[15]. It also has been known that there is a decrease in fluorescence and photo-
chemical stability of nanoparticles formed by aggregation of fluorescent organic
molecules. The decrease in fluorescence and photochemical stability has been pri-
marily attributed to the self-quenching aspect of the individual molecules within the
nanoparticle [85–87]. However, it was recently observed that aggregation-induced
emission enhancement (AIEE) may be a result of a decrease in fluorescence quench-
ing at high concentrations of fluorophore [88, 89]. Generally, AIEE is known to
occur when fluorescent materials emit intensely in their aggregated or solid state
with very weak emission in the solution phase. AIEE was reported in molecules
with rotor structures, and thus, it is suggested that the attachment of such structures
to fluorescent molecules might be a strategy to convert them into AIEE molecules
[90–93].

The impact of the effect of aggregation in organic nanoparticles may be either
similar to or quite different than what we generally observe in bulk organic materials.
The spectral features of organic nanoparticles are generally interpreted in terms of
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understanding of the effect of molecular aggregation on electronic absorption and
emission spectral properties. The relative orientation of the aggregating molecules
and hence their resultant transition dipoles have significant effects on the spectral
properties of organic nanoparticles. As shown by the excitons coupling mode, a
side-by-side arrangement of the transition dipoles (H-aggregate) causes blue shift
in absorption with diminished emission intensity. On the other hand, a head-to-
tail alignment (J-aggregate) causes a red shift of absorption along with enhanced
emission intensity [94].
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Chapter 2
Preparation of Fluorescent Organic
Nanoparticles

Several methods have been developed from time to time to ensure facile preparation
of organic nanoparticles. The sizes of nanoparticles depend on several parameters,
viz. amphiphilicity and molecular weight of the discrete organic molecules, the ini-
tial concentrations of organic molecule containing solutions and the miscibility of
organic solvents containing organic molecules with aqueous media. The commonly
used methods of the synthesis of FONs are self-assembly, polymerization, nanopre-
cipitation and emulsion.

2.1 Self-assembly

Basically, self-assembly is the spontaneous organization of molecules into well-
defined and stable structures by the involvement of weak and noncovalent forces of
attraction. Self-assembly generally occurs under equilibrium thermodynamic condi-
tions. This process is one of themost known approaches for the synthesis ofmolecular
nanoparticles [1]. Several fluorescent organic nanoparticles have been synthesized
by following self-assembly approach with minor modifications wherever possible
[2].

Amphiphilic polymers self-assemble into nano-aggregates in aqueous solutions
owing to their distinctive chemistry [3, 4]. Generally, the mixture of amphiphilic
polymeric and that of organic emitters dissolved in a friendly solvent is rapidly added
to a poor solvent in excess amount. Organic emitters in the core get encapsulated by
the aggregation of the hydrophobic segments. The hydrophilic chains on the same
time behave like shells to ensure the stabilization of the obtained nanoparticles.
Alternatively, conjugation of organic emitters to the hydrophobic ends (side chains)
of amphiphilic polymers will generate fluorescent nanoparticles wherein organic
emitters remain embedded within the polymeric matrix (Fig. 2.1). Additionally, the
hydrophilic ends can be suitably decked with chemical functionalities for further
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Fig. 2.1 Diagrammatic representation of polymer-encapsulated organic nanoparticle preparation
via self-assembly

conjugation with specific targeting agents to make them eligible for multipurpose
biological applications.

2.2 Polymerization

In polymerization strategies for nanoparticle preparation, the mixture of organic sol-
vent containing bothmonomers and organic emitters is homogeneously disseminated
into small and stable oil droplets. This is done in aqueous solution by using an emul-
sifier concomitantly via ultrasonification. Monomers are polymerized in oil droplets
that generally start on the addition of initiators into the emulsion yielding organic
nanoparticle dispersions (Fig. 2.2) [5, 6]. The solvent evaporation produces dispersed
polymeric nanoparticles. It must be noted that emitters in this process may be either
reactive or non-reactive towards monomers during polymerization [7, 8].

2.3 Emulsification

On the basis of the size of droplets, emulsions are generally classified into macro-
emulsions, mini-emulsions and micro-emulsions [9]. More often, mini- and micro-
emulsions are always used to form nanoparticles with small sizes (less than 500 nm).
On the other hand, the droplets in macro-emulsions are sized larger than 1 mm
[8]. In an emulsification process for nanoparticle synthesis, the emitters along with
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Fig. 2.2 Diagrammatic overview of in situ polymer-encapsulated organic nanoparticle preparation.
(i) Monomers and emitters are added to water containing an emulsifier, (ii) monomers and emitters
are dispersed via sonication and (iii) initiator is added for initiating monomer polymerization in
order to yield emitter-loaded polymeric nanoparticles
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Fig. 2.3 Diagrammatic overview of polymer-encapsulated organic nanoparticle preparation from
emulsion

the polymeric matrix are dissolved in an organic solvent, and a homogeneous solu-
tion is obtained. It is important to note that the organic solvent should be immis-
cible with water (e.g. dichloromethane). The addition of solvent into emulsifier-
containing aqueous solution is done under vigorous stirring or ultrasonification. The
small organic droplets formed are then stabilized by the use of an emulsifier in
order to generate a homogeneous “oil-in-water” emulsion. After the evaporation of
the organic solvent, stable suspensions of polymer-encapsulated nanoparticles are
obtained in water. The surface of the so-produced nanoparticles can then be used for
further functionalization strategies (Fig. 2.3).
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Fig. 2.4 Diagrammatic overview of the preparation of polymer-encapsulated organic nanoparticles
via nanoprecipitation

2.4 Nanoprecipitation/Reprecipitation

Nakanishi and coworkers were the first to use nanoprecipitation approach for
nanoparticle synthesis [10, 11]. This is a simple, useful and one of themost commonly
used approaches for the preparation of molecular nanoparticles [1]. Nanoprecipita-
tion significantly differs from emulsification process of nanoparticle preparation. In
this process, the solvent used is always miscible with water and no emulsifier is used
[12]. The solution of emitters and the encapsulation matrix is taken in an organic sol-
vent (e.g. chloroform) and then fast added into an excess aqueousmediumunder ultra-
sonification or vigorous stirring. The instantaneous decrease in solvent hydrophobic-
ity causes the aggregation of emitters and hydrophobic moieties of the encapsulation
matrix to form nanoparticles. Besides, the orientation of the hydrophilic chains of
the polymeric matrix towards water further facilitates the functionalization of the
so-formed nanoparticles (Fig. 2.4). Several organic nanoparticles with fluorescence
properties have been fabricated through the reprecipitation process [13–20].

A critical evaluation of the literature updates on the techniques (self-assembly,
polymerization, emulsification and nanoprecipitation/reprecipitation) of organic
nanoparticle preparation indicates that nanoprecipitation is the simplest and the most
widely used techniques. Nanoprecipitation ensures transformation of soluble organic
molecules into nanoparticles in the aqueous media and later ensures their fast screen-
ing for various analytical and biomedical applications.
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Chapter 3
Applications of Fluorescent Organic
Nanoparticles

FONs are a very interesting class of materials with diverse analytical and biomedical
applications. FONs have been highly attractive for cell imaging, chemosensing and
drug delivery applications among others. Several polyethylene glycolated (PEGy-
lated) AIE-based, biocompatible polydopamine, cross-linkable chitosan-based AIE
dye, AIE dye-based, self-assembled π-conjugated and self-assembled amphiphilic
fluorene oligomeric FONs have been studied for cell imaging applications [1–6].
FONs have also been extensively studied as sensors [7], drug delivery systems [8]
and for other applications like photodynamic therapy [9] and apoptosis inducers of
cancer cells [10].

3.1 Cell Imaging

Cell imaging agents are molecular species with ability to visualize cellular functions
and follow-up the molecular process in living cells without disturbing them. These
agents help in the diagnosis of several complicated diseases like cancer and neuro-
logical and cardiovascular diseases. Thus, it is very important to design and develop
biocompatible and water-soluble bioprobes for the diagnosis and treatment of vari-
ous diseases [11–14]. Over the last few decades, several bioprobes, e.g. organic dyes,
fluorescent proteins and fluorescent inorganic/organic nanoparticles among others,
have been reported for biomedical applications [2, 15–27]. Despite the fact that some
of the above-mentioned fluorescent materials have been commercialized, some of
them have certain drawbacks as far as bioimaging applications are concerned [28].
As an example, most of the organic dyes have the drawbacks of hydrophobicity
and water insolubility. These drawbacks hindered their use in biological systems.
The incorporation of ionic moieties into the structures of organic dyes was tried
for improving their water dispersibility; however, fluorescence quenching and toxi-
city increase were the negative consequences [29]. Later, fluorescent proteins with
good water solubility and biocompatibility were proved as promising materials for
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Fig. 3.1 Chemical structure of strongly solvatochromic fluorophores 1 and 2 containing long alkyl
chains, 19 and 45 units long, respectively

bioimaging applications; however, certain drawbacks such as photobleaching and
tough synthetic procedures hampered their development [30]. Several classes of flu-
orescent inorganic nanoparticles like semiconductor quantum dots, silica quantum
dots, metal nanoclusters, and carbon dots with facile preparation routes and amazing
optical properties were supposed to overcome the above-stated limitations of organic
dyes and fluorescent proteins [30–33]. Sadly, it was their accumulation in reticuloen-
dothelial system (RES) and non-biodegradability that raised safety issues related to
their long-term administration. Thus, the design and development of cell imaging
agents/bioprobes that exhibit effective renal clearance along with biodegradability
properties is a very important field of research [34–37]. FONs are thought as more
promising agents for biomedical applications owing to their possibility for diverse
designs and biodegradability properties. Faucon et al. [38] developed strongly solva-
tochromic fluorophores containing alkyl chains (Fig. 3.1; 1 and 2) that self-assembled
into very bright FONs in water. The alkyl chains were observed to impart strongly
hydrophobic surroundings to each fluorophore, enabling distinct emission colours
between FONs where the fluorophores are associated, and their disassembled state.
These colour changes were suitably harnessed for the assessment of the long-term
fate of FONs in cancer cells and monocytes/macrophages. The disintegration of the
FONs by monocytes/macrophages made them emit orange light, which indicated the
formation of micrometer green-yellowish emitting vesicles. No significant toxicity
was seen in either case that suggested the FONs as valued bioimaging agents for cell
tracking with low risks of deleterious accumulation and low degradation rate.

One of the most appropriate approaches for the synthesis of FONs involves the
controlled self-assembly of monodisperse π-conjugated oligomers or chromophores
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Fig. 3.2 Preparation and subsequent use of PDA-FONs as cell imaging agents in NIH-3T3 cells.
Reprinted with permission from [2], Copyright © 2012, Royal Society of Chemistry

[39–41]. However, the instability in water and the strong hydrophobic interactions
of FONs in aqueous media decreases their fluorescence quanta. These issues taken
together drastically limit the practical biomedical applications of self-assembled
structures [42]. Hence, it is the need of the hour to develop new methodologies for
the synthesis of FONs that can overcome these defects [43, 44]. Taking into con-
sideration the all-important issues of biocompatibility, Zhang et al. [2] reported cell
imaging properties of water-soluble and biocompatible FONs from polydopamine
(PDA-FONs) (Fig. 3.2) in mouse embryo fibroblast murine fibroblasts (NIH-3T3).
The cell-internalized PDA-FONs emitted fluoresced green and green-yellow wave-
lengths, when excited at 405 and 458 nm, respectively, by a laser. Interestingly, the
fluorescent areas were found to overlap at the locations of the cells, which indicated
the cellular uptake and accumulation of PDA-FONs. The PDA-FONswere efficiently
translocated into the cells and located mainly in the cytoplasm.

The same research group extended their work for the development of biocom-
patible FONs. polyethyleneimineglurtaraldehyde (PEI-Glu) FONs (Fig. 3.3) were
prepared from polyethylenimine (PEI) and glucose and investigated for cell imag-
ing at various fluorescent wavelengths. The FONs were reported to exhibit intense
fluorescence along with high water dispersibility. The FONs were highly biocom-
patible with adenocarcinomic human alveolar basal epithelial (A549) cells and also
showed considerable pH stability. Finally, the PEI-Glu FONs were effectively taken
by cells via endocytosis and located at cytoplasm. A critical analysis of this report
indicates a bright future of these FONs for biomedical applications. This work also
envisages the development of biocompatible FONs based on other carbohydrates,
biomolecules and polymers with amino groups for biomedical applications [45].

The preparation of water-soluble and biodegradable FONs has fascinated
researchers. This tempted Long et al. [46] to prepare AIE-active (PEG-PABA-An-
CHO FONs) (Fig. 3.4). The FONs displayed amphiphilic properties with outstand-
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Fig. 3.3 A schematic representation of the synthesis of PEI-Glu FONs from PEI and glucose for
cell imaging. Reprinted with permission from [45], Copyright © 2014 Elsevier B.V.
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Fig. 3.4 Chemical structure of PEG-PABA-An-CHO

ing water dispersibility, desired biodegradability and negative toxicity towards cells.
Besides, in aqueous solution, PEG-PABA-An-CHO FONs showed superior lumi-
nescence due to AIE. In addition, PEG-PABA-An-CHO FONs readily entered the
human cervical cancer (HeLa) cells and were mainly distributed into the cytoplasm.
However, PEG-PABA-An-CHO FONs could not enter into the cell nuclei because of
their larger size as compared to cellular nuclear pore. A critical analysis of this report
indicates that PEG-PABA-An-CHO FONs should serve as promising candidates for
cell imaging.

Among the various classes of dyes, organic dipolar chromophores with π-
conjugation have been quite interesting due to their ability of forming spherical
nanoparticles on spontaneous aggregation in water [47, 48]. Fischer et al. [6] devel-
oped cell-permeable FONs based on self-assembled π-conjugated oligomers having
high absorption cross sections and quantum yields. The nanoparticles had a tuneable
density of amino groups for charge-mediated cellular uptake by a straightforward
self-assembly protocol. It was shown that a single amino group per ten oligomers was
sufficient for effective cellular uptake. Overall, the non-toxic nanoparticles were suit-
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Fig. 3.5 Preparation of AIE dye-based FONs through RAFT and their cell imaging. Adapted with
permission from [3], Copyright © 2013, Royal Society of Chemistry

able for both one- and two-photon cellular imaging. Later on, Amro and co-workers
[49] used Suzuki-Miyaura cross-coupling protocol and efficiently prepared a dipolar
chromophore with an elongated π-conjugated system that displayed a red-shifted
emission. The bright orange light-emitting FONs were prepared from the naked
dipole. The FONs displayed red-shifted emission along with enhanced colloidal and
structural water stability and warranted bioimaging applications.

TheAIE phenomenonwas first reported by Tang and co-workers in 2001 [50], and
since then, a number ofAIEdyes based on tetraphenylethene [51–53], siloles [54, 55],
cyano-substituted diarylethene [56], triphenylethene [57, 58] and distyrylanthracene
[59, 60], and their derivatives have been reported for potential applications in biolog-
ical and chemical sensing, opto-electronic devices and bio-imaging agents [11, 12,
61–65]. The research group of Prof. Wei [3] incorporated a cross-linkable AIE dye
(Fig. 3.5) through reversible addition-fragmentation chain transfer polymerization
(RAFT) into polymer nanoparticles. The nanoparticles of the dye displayed uniform
size, sufficientwater dispersibility, strong red fluorescence and admirable biocompat-
ibility. These features made them promising materials for cell imaging applications.
The same research group extended their work on AIE FONs using a diversity of AIE
dyes such as carboxymethyl chitosan, tetraphenylethene, 9,10-distyrylanthracene,
phenylalanine, diarylethene derivate dye (C18-R), cyano-substituted diarylethene
derivatives, aniline, polylysine, tetraphenylethene acrylate. [1, 4, 66–73]. A critical
analysis of the research work carried out by Prof. Wei’s group on the development
of AIE dyes as cell imaging agents indicates a promising future of such materials
for use in biomedical applications. AIE dye nanoparticles have demonstrated strong
fluorescence properties, excellent water dispersibility, high cellular uptake and low
cytotoxicity. Besides, these nanoparticle systems provide opportunities to tune their
size. Additionally, these systems contain copolymers with several types of func-
tional groups that can react with other macromolecules and even can be changed to
ensure tissue and cell-specific delivery. Thus, AIE-active polymer nanoprobes have
promising future with diverse applications in nanomedicine.

The preparation of AIE FONs was carried out by other research groups as well
[74–80]. Tang et al. [81] prepared 4,4′-(2,7-bis [4-phenyl]-9H-fluorene-9,9-diyl) bis
(N ,N ,Ntrimethylbutan-1-minum) bromide (TPEFN) (Fig. 3.6), with AIEE effect.
The FONs of TPEFN were formed through molecular self-aggregation by gradual
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Fig. 3.6 Chemical structure of TPEN that was used for preparing nanoparticles with AIE effect

Fig. 3.7 A schematic representation of the preparation of nanoparticles from TPE-PNIPAM.
Reprinted with permission from [82], Copyright (2015) American Chemical Society

increase of the water fraction in TPEFN mixed solution (methanol/water). Interest-
ingly, a fluorescence enhancement of about 120-fold was observed upon nanoparticle
formation. Addition of adenosine triphosphate (ATP) yielded larger nanoparticles of
TPEFNwith further fluorescence enhancementwith an overall fluorescence enhance-
ment of 420-fold with respect to the TPEFN molecular solution. Very good biocom-
patibility was observed with both types of nanoparticles. The FONs were efficiently
internalized into cells. Overall, these FONs promise of their potential applications
in cellular imaging.

Recently, Wang and co-workers [82] were successful in self-assembling
temperature-sensitive organic nanoparticles based on TPE-PNIPAM (Fig. 3.7) that
displayed AIE effect with strong blue-green fluorescence. Variations in tempera-
ture were used for tuning the size and fluorescence of the nanoparticles. Besides,
the nanoparticles were easily internalized into HeLa. Additionally, the nanoparti-
cles showed no cytotoxicity and also enabled tracing of the stained cells for as long
as seven passages. A critical analysis of this report indicates a promising future of
TPE-PNIPAM in bioimaging.

The research group of Prof.Wei has done pioneeringwork on FONs, and they have
successfully developed FONs with promising features. In an effort to develop water
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Fig. 3.8 A schematic representation of the preparation of water-soluble FONs from cyano-
substituted diarylethene derivatives, and their utilization in cell imaging. Reprinted with permission
from [83]. Copyright © 2014 American Chemical Society

dispersible FONs, theWei research group preparedwater-soluble red FONs (Fig. 3.8)
from cyano-substituted diarylethene derivatives by using their hydrophobic inter-
actions with polyoxyethylene-polyoxypropylene-polyoxyethylene triblock copoly-
mer (Pluronic F127). The red FONs displayed appreciable antiaggregation-caused
quenching properties in addition to broad excitation wavelengths, excellent water
dispersibility and biocompatibility [83]. The same group advanced their work with
somemodifications, and reported red FONs based on a cyano-substituted diarylethy-
lene and tetraphenylethene derivative conjugated molecule (Fig. 3.9). The FONs
displayed antiaggregation-caused quenching property, high water dispersibility and
excellent biocompatibility [84]. A critical analysis of these two reports indicates a
promising future of FONs based on cyano-substituted diarylethene derivatives as cell
imaging agents.

In an effort to develop FONs with tunable luminescence, Prof. Wei and co-
workers [85] prepared FONs by hydrothermal treatment of PEI and maltose in water
(Fig. 3.10). The FONs showed strong and tunable luminescence, high water dis-
persibility and excellent biocompatibility. The more interesting features of the FONs
were that their surface could be easily functionalized by using various functional
agents like targeting agents, drugs and functional polymers. Hence, a possibility
of the fabrication of multifunctional imaging agents and theranostic systems based
on these FONs arises. The same group did some more work for the preparation of
FONs with tunable luminescence [86]. One-pot hydrothermal treatment of starch
with PEI was used to prepare FONs. The FONs displayed high water dispersibility
and strong excitation-dependent fluorescence. Besides, the FONs were biocompat-
ible with cells and were easily internalized within 3 h. An overall, observation of
these two research reports indicates a bright future of highly water-dispersible FONs
in various biomedical applications.

The tuning of the colour and photostability of FONs has been an interesting chal-
lenge for the development of cell imaging agents. Besides, there is a great need to
develop biodegradable substitutes of otherwise non-biodegradable quantum dots. In
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Fig. 3.9 Chemical structure of the conjugate of cyano-substituted diarylethylene and
tetraphenylethene derivative

Fig. 3.10 A schematic overview of the preparation and cell imaging applications of PEI-Maltose
FONs. Reprinted with permission from [85], Copyright © 2014, Royal Society of Chemistry

this direction, Trofymchuk et al. [87] encapsulated perylene diimide derivatives [one
bearing bulky hydrophobic groups at the imides and the other substituted in both
imide and bay regions (Lumogen Red)] (Fig. 3.11) into poly(lactic-co-glycolic acid)
(PLGA). The encapsulation of the first perylene derivative resulted in aggregation
and consequent emission colour change from green to red. Besides, a decrease in
fluorescence quantum yield and photostability was observed. On the other hand,
no aggregation was observed in Lumogen Red inside polymer nanoparticles. Addi-
tionally, a high quantum yield and photostability of Lumogen Red was reported.
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Fig. 3.12 Preparation of FONs of TPAAQ by reprecipitation and their cellular imaging. Adapted
with permission from [92], Copyright © 2015, American Chemical Society

The Lumogen Red nanoparticles were more than tenfold brighter than quantum dots
(QD-585). More importantly, the nanoparticles showed stability in biological media,
including serum, and entered into HeLa cells spontaneously by endocytosis with no
cytotoxicity. Owing to their excellent photostability, the Lumogen Red nanoparticles
were thought as biodegradable substitutes of quantum dots in bioimaging.

There have been much scientific efforts for the development of near-infrared
(NIR) FONs. The advantages of NIR FONs might include minimum photodamage
to living cells, deep penetration into tissues and reduction of interference from the
autofluorescence in the background [88–91]. Recently, Zhang et al. [92] prepared
highly stable NIR FONs from an anthraquinone derivate (TPAAQ) with strong AIE
(Fig. 3.12). The FONs showed high fluorescent brightness, low cytotoxicity, good
pH stability and remarkable resistance against photodegradation and photobleaching.
The FONs showed strong red fluorescence in A549 cells even after incubation for six
generations over 15 days. It can be inferred from this research report that these NIR
FONs are ideal probes for non-invasive and long-term cellular tracing and imaging.

The name cancer is associated with a huge sense of terror [93]. In terms of the
number of patient deaths, cancer is ranked at second position after cardiovascular
diseases [94]. Despite the availability of several classes of anticancer drugs, it is a
major killer worldwide [95]. The poor diagnosis of cancer is what makes it a deadly
fatal disease. Therefore, it is very important to develop methods and protocols for the
diagnosis of cancer and the monitoring of tumour growth. In order to develop probes
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for the monitoring of cancer, Faucon and co-workers [96] developed bioconjugated
FONs targeting epidermal growth factor receptor (EGFR)-overexpressing cancer
cells. The authors combined a magnetic shell with an EGF ligand. The establishment
of covalent binding between FONs and EGF at sub-nanomolar concentrations was
confirmed from the results of dual colour fluorescence correlation spectroscopy and
immunofluorescence. A strong asymmetric clustering of the EGF-conjugated FONs
was seen at themembrane of humanbreast cancer (MDA-MB-468) cells overexpress-
ing EGF receptors. The high recruitment of EGF-conjugated FONs was due to the
EGF multivalency (4.7 EGF per FON) of the FONs, which enabled efficient EGFR
activation and subsequent phosphorylation. Due to the large hydrodynamic diameter
(~301 nm) of EGF-conjugated FONs, the immediate engulfment of the sequestered
receptors was prevented. This provided very bright and localized spots in less than
30 min. Thus, the authors proved that the EGF-conjugated FONs may serve as ultra-
bright probes of breast cancer cells with EGFR-overexpression. Recently, Xia et al.
[97] developed AIE-active NIR FONs (Fig. 3.13; TPFE-Rho dots) and used them for
long term in vitro cell tracking and in vivo monitoring of tumour growth. TPFE-Rho
dots showed the merits of NIR fluorescent emission, large Stokes shift (~180 nm),
high photostability and good biocompatibility. It was shown by in vitro cell trac-
ing studies that TPFE-Rho dots can track human liver adenocarcinoma (SK-Hep-1)
cells over 11 generations. Besides, the TPFE-Rho dots were able to monitor tumour
growth for more than 19 days in a real-time manner, which was confirmed by in vivo
optical imaging. A critical analysis of this report indicates that TPFE-Rho dots may
be used as NIR fluorescent probes for real-time and long-term in situ and in vivo
monitoring of tumour growth.

3.2 Chemosensing

Basically, a sensor detects changes or events in its environment. Originally, sensor is
a transducer that may provide different forms of output, but more often uses optical
or electrical signals. On stimulation by energy, a sensor alters its own state and conse-
quently its one or more features [98]. Such changes are used to analyse the stimulant
in both qualitative and quantitative limits. The more valuable changes that can be fol-
lowed in this regard are the optical and photo-physical changes in amolecule. Specific
transduction procedures are used by chemical sensors for providing the information
about analytes. Optical absorption, luminescence, redox potential, etc., are generally
the most commonly used techniques in chemical sensors [99]. Nowadays, design
and development of highly sensitive and selective fluorescent probes for sensing
biologically important analytes in aqueous or cellular environment is an active area
of research [100–103]. Several types of fluorescent materials, such as small organic
dyes [91], conjugated polymers [104, 105], organic nanoparticles [106, 107], inor-
ganic quantum dots [108], metallic nanoclusters [109] and up-conversion nanoparti-
cles have been used for sensing different types of analytes [110]. The chemosensing
applications of FONs are discussed in the following sub-sections.
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Fig. 3.13 A schematic overview of the preparation of TPFE-Rho dots for long-term monitoring
of tumour growth. Reprinted with permission from [97], Copyright © 2018, American Chemical
Society

3.2.1 Cation Sensing

Contamination of water resources due to chemical species in cationic states includ-
ing both representative element cations and heavy metal ions poses significant risks
to environmental systems and human health. Heavy metals have high density and
show toxicity even at low concentrations [111]. Generally, the term heavy met-
als are used for the group of metals and metalloids which have atomic density
greater than 4 g/cm3 [112]. The common heavy metals are lead, cadmium, zinc,
mercury, arsenic, silver, chromium, copper, iron and the platinum group elements.
The general toxicities due to the exposure of lead, cadmium,mercury, arsenic, copper,
zinc and aluminium include diarrhoea, gastrointestinal disorders, tremor, stomatitis,
hemoglobinuria, paralysis, ataxia, depression, vomiting, convulsion and pneumonia
[113].

The presence of aluminium ions inwater is highly toxic to human beings and other
aquatic forms of life. Drinking water contaminated with Al3+ ions has been known
to cause damage to several types of human cells and tissues. Consumption of water
contaminated with Al3+ ions has been reported to cause Alzheimer’s and Parkinson’s
diseases and amyotrophic lateral sclerosis [114–116]. In order to minimize the effect
of Al3+ ions on human health, its detection and removal is very important. How-
ever, the detection of aqueous Al3+ ions is comparatively difficult due to the poor
coordination power, strong hydration ability and the lack of suitable spectroscopic
transitions for Al3+ ions [117–119]. In this context, Huerta-Aguilar et al. [120] devel-
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oped FONs of a Schiff’s base, N ,N ′-propylenebis(salicylimine) (salpn) (Fig. 3.14)
for the detection of Al3+ ions. Al3+ ions were comfortably detected with a detection
limit as low as 1.24 × 10−3 mM. The fluorescence intensity increased on increasing
Al3+ ion concentration in the presence of the salpn-organic nanoparticles. Besides,
salpn-organic nanoparticles efficiently detected Al3+ ions out of several co-existent
metal ions, such asMn2+, Mg2+, Co2+, Fe3+, Ni2+, Zn2+, Sr2+, Ag+, Sm3+, Al3+, Cd2+,
Ba2+, Na+ andK+. Additionally, the efficiency of salpn as a fluorescent probe for Al3+

ions was investigated in Gram-negative and Gram-positive bacteria, confirming that
this chemosensor efficiently detected Al3+ ion in Staphylococcus aureus enclosed by
a single membrane.

The sensing studies on Al3+ ions were also carried out by Kaur and co-workers
[121], who reported excellent Al3+ ion chemosensing properties of FONs of (1,2-
bis[4-oxo-4H-1-benzopyran-3-ylmethylenamino]-ethane) (Fig. 3.15) in an aqueous
medium. The FONs displayed a detection limit of 100 nM for Al3+ ions, and the
stoichiometry of the complex formation between the FON and Al3+ was 1:1.

The contamination of foodstuffs and water resources with mercury ions has been
known to causes several hazards to human life. Exposure to elemental mercury
causes blockage of blood vessels. It causes several serious toxic effects like damage
to brain, kidneys and lungs [122]. Besides, mercury poisoning can result in several
diseases such as acrodynia (pink disease) [123], Hunter-Russell syndrome [124] and
Minamata disease [125]. Therefore, the detection and removal of mercuric ions from
water is very important. In this direction, Singh et al. [7] reported three Biginelli-
based molecules and their fluorescent nanoparticle-based chemosensors. Out of the
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Fig. 3.16 Chemical
structure of the chemosensor
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N

N

N

S

C2H5O

O

OO

N
N

OO

Cl

N
N

OO

Cl

Chemosensor 4: ortho-substituted

Chemosensor 5: meta-substituted

Ag(I)

Ag(I)

(i)

(ii)

Fig. 3.17 (i) Chemical structure of the chemosensors (4 and 5); (ii) Mechanism of Ag+1 binding
with the

three nanoparticulate chemosensors, the chemosensor 3,(Fig. 3.16) displayed excel-
lent sensitivity and selectivity for Hg2+ ions in aqueous medium. The chemosensor
detected Hg2+ ions up to 1 nM concentrations. Additionally, it was observed that the
resultant chemosensor-mercury complex detected micro-level concentrations of Cl−
ions in aqueous medium through counterion displacement mechanism.

The exposure of elemental silver or silver dust has been reported to cause Argyria
or argyrosis in which skin turns blue or bluish-grey. This disease may later become
generalized argyria or local argyria [126]. Thus, in order to detect silver in aqueous
media, Sharma and co-workers [127] prepared FONs with an imine-linked 1, 8-
naphthalimide-based dipodal chemosensor (Fig. 3.17) for the sensing of Ag+1 ions.
The FONs were successfully used for the detection of Ag+1 ions in aqueous solutions
in nanomolar concentrations. In addition, the chemosensor selectively sensed Ag+1

in a concentration range of 15–65 nMwith a detection limit of 15.5 nM. The sensing
experiments showed that the binding site of Ag+1 ions with the chemosensor consists
of (–CH=N–) imine linkage along with the naphthalimide moiety (Fig. 3.17).

Caesium is a water-soluble radioactive element. Generally, it enters human body
via contaminated water and gets uniformly distributed all over the body, with the
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Fig. 3.18 Anoverviewof the chemical structure of chemosensor (6). The encircled regions (dashed)
are the imine and amide linkages that served as the receptor pseudocavity and the binding site for
Cs+ ions, respectively

maximum concentrations in soft tissues. It has been reported to cause leukaemia
on long-term exposure [128], thereby making its sensing and detection a very cru-
cial task for analytical scientists. Chopra et al. were the first to report a FON-based
chemosensor for the detection of Cs+ [129]. They prepared a nanoparticle sensor
containing mixed imine and amide linkages (Fig. 3.18; chemosensor 6). The amide
linkages defined the receptor pseudocavity, whereas the imine linkages acted as bind-
ing site and fluorescent signalling sub-unit. The nanoparticulate chemosensor was
investigated for sensing in different solvents and showed selective binding for Cs+

cations. The FONs of the chemosensor showedAIE in aqueousmediumwith fluores-
cence intensity enhancement at λmax of 412 nm. Certain changes in the fluorescence
emission profiles of the chemosensor were observed in low and high pH ranges; how-
ever, it was stable in 4–9 pH range. This stability made the developed chemosensor
appropriate for use in environmental and biological matrices. A critical analysis of
this report indicates the possibility of the use of organic dyes as sensors in aqueous
media.

Water-insoluble chromium(III) species and chromium metal are not listed among
the hazardous chemical agents. Nevertheless, the toxicity and carcinogenicity of
chromium(VI) has been known from a long time [130]. High chromium(III) con-
centrations in cells have been associated with cellular DNA damage [131]. Once
chromium reaches the bloodstream, it causes damage to blood cells by oxidative
processes in addition to haemolysis, and kidney and liver failure. Chromium salts
have also been known for their allergic reactions in certain people leading to skin
ulceration [132, 133]. All these facts tempted Kaur and co-workers [134] to prepare
glutathione-based tripeptide and imine-linked fluorescent sensor 7 (Fig. 3.19) for the
detection of Cr3+ ions in aqueous medium. The FONs showed appreciable binding
for Cr3+ ions in aqueous medium; with excited-state intramolecular proton trans-
fer (ESIPT) featuring two emission bands, and performed as a highly sensitive and
selective sensor for Cr3+. Thus, such types of FONs have a bright future for sensing
applications in biological and environmental matrices.

Iron poisoning has been known to cause stomach pain, nausea and bloody vomit-
ing. Usually, the stomach pain halts after 24 h until iron passes deeper into the body,
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which results in metabolic acidosis. Metabolic acidosis in turn damages internal
organs such as brain and liver. These facts inspired Yang and co-workers [135] to pre-
pare FONS via self-assembly of tetraphenylethene-bis-imidazolium-oligo(ethylene
glycol) (TPE-BIMEG) (Fig. 3.20) with ATP molecules in aqueous medium; for the
sensing of Fe3+ ions. The FONs showed high selectivity and sensitivity for Fe3+

ions with a detection limit of 0.1 nM. Interestingly, the FONs were also capable of
sensing Fe3+ ions in cellular environments via fluorescence quenching. This report
clearly indicates the potential of organic nanoparticles based on tetraphenylethene,
bis-imidazolium and oligo(ethylene glycol) for the detection and quantification of
Fe3+ ions in cellular and environmental matrices.

Recently, Azadbakht et al. [136] reported a highly stable and fluorescent macro-
cyclic organic nanochemosensor, which exhibited very high selectivity and sensitiv-
ity towards Fe3+ ions over several other cationic species like Na+, K+, Cs+, Mg2+,
Ca2+, Ba2+, Al3+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ag+, Hg2+ and Pb2+ in
buffered aqueous solutions. The macrocyclic chemosensor contains two naphthalene
fluorophores (Fig. 3.21). A critical evaluation of these two research reports indicates
a precise level of sensitivity with FONs that can be achieved while dealing with
different kinds of biological and environmental matrices in the context of detection
of iron contaminations.

Doubtlessly, cobalt is one of the essential trace elements for the sustenance of
life. Approximately, 150–500 mg/kg is the median lethal dose (LD50) for soluble



30 3 Applications of Fluorescent Organic Nanoparticles

Fig. 3.21 Chemical
structure of macrocyclic
N2O2 chemosensor for the
selective detection of Fe3+

ions
NHN NH

O O

Napthalene fluorophores

Fig. 3.22 Chemical
structure of
4,4′-{benzene-1,4-diylbis-
[(Z)methylylidenenitrilo]}dibenzoic
acid (BMBA)

N

N

COOH

COOH

cobalt salts [137]. At doses that are far less than the lethal dose, chronic ingestion of
cobalt has been reported to cause serious health problems. In Canada, the addition
of cobalt salts to stabilize beer foam resulted in a peculiar form of toxin-induced
cardiomyopathy called beer drinker’s cardiomyopathy [138, 139]. The toxic effects
of cobalt include several respiratory and skin problems (contact dermatitis) [140].
Therefore, the detection of cobalt ions forms a very important task for the scien-
tists. In this context, Mahajan and co-workers [141] documented a modest, selective
and sensitive method for the detection of Co2+ ions using FONs of 4,4′-{benzene-
1,4-diylbis-[(Z)methylylidenenitrilo]}dibenzoic acid (BMBA) (Fig. 3.22). Selective
fluorescence quenching of the FONs of BMBAwas observed on the addition of Co2+

ions, which was not affected by the presence of other co-existing ions in the matrix.
A critical analysis of this finding indicates that the developed FONs of BMBA could
be used in a simple way to selectively and sensitively estimate and determine Co2+

ions in environmental and biological samples.
It has been known that gram quantities of various copper salts produce several

kinds of acute toxicities in humans. The causes of the toxicities are believed to be
due to redox cycling and generation of reactive oxygen species that exhibit DNA
damaging effects [142, 143]. Generally, humans are less prone to chronic copper
toxicity due to the regulation of absorption and excretion by the transport systems.
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However, several autosomal recessive mutations in copper transport proteins can
inactivate these regulatory systems, which can lead to Wilson’s disease and cirrhosis
of liver [132]. Additionally, increased copper levels in humans are also known to
worsen the symptoms of Alzheimer’s disease [144, 145]. Thus, it becomes very
important to have analytical procedures for the detection of copper ions in biological
and environmental matrices. In this direction, Bhardwaj et al. [146] demonstrated
the use of water-soluble 3-formyl chromone-(Fig. 3.23) based FONs for the in situ
sensing of Cu2+ ions in aqueous and biological matrices. A blue shift in absorption
wavelength and efficient quenching of the emission intensity at 517 nmwas observed
in the presence of Cu2+ ions. The method demonstrates the analysis of ultra-trace
amounts of Cu2+, which is evident from the low limit of detection (12.3 nM) and the
limit of quantification (40.59 nM). The further beauty of the nanoparticulate system
was reflected from the fact that in situ formed 3-formyl chromone based FONs-Cu2+

assembly worked as a secondary sensor for CN− ions. A critical analysis of this
work indicates that the developed FONs can be successfully used for the detection
and quantification of Cu2+ and CN− ions in diverse kinds of water samples such as
tap water and river water, in addition to their uses in intracellular recognition of Cu2+

and CN− ions in certain cellular systems.
Lithium compounds are used in psychiatric medications. Major depressive disor-

der and bipolar disorders are treated by lithium compounds [147]. However, certain
side effects, for example, frequent urination, shakiness of hands and increased thirst
are common with the ingestion of lithium ions. Additionally, incidences of hypothy-
roidism, diabetes insipidus have also been observed with lithium toxicity. Thus, it
becomes very important to detect lithium in biological and environmental matrices.
In this direction, Kaur et al. [142] prepared FONs based on Biginelli (Fig. 3.24;
chemosensor 8) for the selective recognition of lithium(I) ions in aqueous medium.
The FONs showed selectivity towards Li (I) ions via a “fluorescence turn-on” mech-
anism with a limit of detection of 122 nM. Besides, the FONs were not responsive to
interfering cations like Na+, K+, Mg2+ and Ca2+. Additionally, the chemosensor was
found to work independently of any variations in pH, which indicates its possible
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Fig. 3.24 Chemical
structure of Biginelli-based
chemosensor (8) used for the
selective recognition of
lithium (I) ions in aqueous
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use in biological and environmental samples of varied pH ranges for the sensing of
lithium and other alkali metals.

Zinc poisoning has been associated with several risks in human beings. Nau-
sea, vomiting, pain, cramps and diarrhoea are some of the common symptoms of
zinc exposure [143]. In some cases, “zinc shakes” or “zinc chills” has also been
reported due to zinc oxide inhalation [148]. In order to sense and detect zinc con-
tamination, Huerta-Aguilar et al. [149] reported FONs of N ,N ′-bis(pyridyl-2yl-
methyl)ethylenediimine (PMEDI) (Fig. 3.25) for the selective sensing and recog-
nition of Zn2+ ions. The FONs detected Zn2+ ions at a low concentration in aqueous
medium. Besides, the FONs were capable for the selective and quantitative determi-
nation of Zn2+ ions in multi-vitamin formulations even in presence of other nutri-
ent metal ions. A critical analysis of this report indicates that such nanoparticulate
systems can be used for checking the presence of any harmful ingredients in multi-
vitamin formulations in addition to the checkup of the essential ingredients.

The contamination of water resources with cationic polyelectrolytes has been
known to have adverse health effects on humans and aquatic life [150]. The polyelec-
trolytesmay formundesirable by-products by reactingwith other treatment chemicals
added from water treatment processes like ozonation and chlorination [144]. Thus, it
becomes important to design strategies for the determination of polyelectrolyte con-
tamination in biological and environmental samples.Wu et al. [106] prepared a binary
nanoparticle system based on the concept of fluorescence resonance energy transfer
(FRET). The authors used poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO; as energy
donor) and poly [2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV; as energy acceptor) for the preparation of the binary nanoparticle system. The
monitoring of the FRET efficiency from PFO to MEH-PPV nanoparticles and the
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change in the fluorescence colours of the nanoparticle solutions were used to inves-
tigate the response of the binary nanoparticle system to cationic polyelectrolytes.
Besides, the binary nanoparticle system pretreated with cationic polyelectrolyte was
used to detect DNA by desorption of nanoparticles from the polyelectrolyte’s chains
with the detection concentration as down as 10–14M. An analysis of this report indi-
cates that this binary nanoparticle system has great promise in chemico-biological
sensing applications.

3.2.2 Anion Sensing

The diverse and complex shapes, dependence on pH, and competition due to water
in hydrogen-bonding interactions of anionic species make their host–guest chem-
istry very complicated [145, 151]. There are only a few reports of anion sensing in
aqueous media as compared to the number of reports on cation sensing [152–154].
Therefore, design and fabrication of supra-molecules for anion quantification is a
promising and challenging field of research. For the development of chemosensors
for detecting anions, the binding site and the signalling subunit of the chemosensor
are coupled, wherein each is destined to carry out a pre-defined function. The binding
site ensures coordination with a specific anion, and the signalling unit brings changes
in some photo-physical characteristics like colour or fluorescence upon anion inter-
action via coordination. Particularly, neutral receptors for sensing anions contain
–NH fragments, which act as hydrogen-bond donors to the anion. The directional
nature of the hydrogen bonds makes the receptors to distinguish between different
geometries of anions; e.g. urea and thiourea act as efficient coordinating groups for
anions [155, 156]. Thus, the design and development of chemosensors with high
selectivity and sensitivity for the detection and monitoring of anions by using sim-
ple responses in aqueous media even with weakly coordinating anions is in high
demands [145]. These demands are further enhanced by the deleterious effects of
several anionic species on human health; e.g. excessive fluoride consumption leads
to fluorosis [157]; hypoxia is often observed due to excessive cyanide levels, and
the exposure to higher sulphide concentrations leads to several physiological and
biochemical problems [158]. Hydrogen sulphate (HSO4

−) anions are known to dis-
sociate at high pH values. Their dissociation leads to the generation of toxic sulphate
SO42− anions, which cause serious irritation of skin and eyes, and even paralysis
of the respiratory system [159–161]. For the sensing of HSO4

− anions in aqueous
medium, Chopra et al. [162] prepared FONs of a tripodal framework (Fig. 3.26; 9)
containing mixed donor sites for their sensing. The FONs displayed selective recog-
nition of HSO4

− in aqueous medium with a linear range of 0–65 mM. Besides, the
FONs had the ability to detect even the lower concentrations of the analyte as the
detection limit for HSO4

− anions was 1.12 mM in a broad pH range. This report
shows the potential of tripodal FONs as appropriate systems for applications in envi-
ronmental or biological samples.
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Fig. 3.26 Chemical
structure of tripodal sensor
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Fig. 3.27 Chemical structures of the chemosensors, 10–13

Iodine is an essential mineral and is required in adequate amount by our body.
However, overdosage of iodine is toxic and may cause burning of mouth, throat and
stomach. Fever, vomiting, diarrhoea, nausea, weak pulse, cyanosis and coma are the
other symptoms of iodine overdose. Besides, the radioactive isotope of iodine is a
known carcinogen [163]. In order to sense and detect iodide anions, Kaur and co-
workers [164] prepared FONs of dihydropyrimidone derivatives (Fig. 3.27; 10–13)
for the selective recognition of iodide anions. After addingmercury, the nanoparticles
of 12 displayed enhancement in monomer peaks of the pyrene moiety. However,
the FONs of 13 showed quenching of intensity upon Hg2+ addition. Interestingly,
no sensing potential was observed for the nanoparticles of 10 and 11. In addition,
the mercury complex of 12 FONs sensed iodide anions by exhibiting quenching
in monomer and excimer emission with a detection limit of 0.2 nM in aqueous
medium. On the other hand, the mercury complex of 13 FONs showed no anion
sensing activity. Overall, the mercury complex of 12 FONs was highly sensitive and
selective towards I− anions. This nanoparticulate sensor successfully monitored the
iodide content of tap water, urine and blood serum. Thus, it may be inferred from
this report that chemosensors based on dihydropyrimidone derivatives are a novel
step towards the sensing and detection of anionic species in varied biological and
environmental conditions.
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3.2.3 Sensing of Other Species

This sub-section highlights the development of chemosensors based on FONs for
the sensing of organic and biological species in different environments. Chopra et al.
[165] reported a fluorescent nanoparticulate chemosensor (Fig. 3.28; 14) for the
selective detection of spermidine. The tripodal framework of the nanoparticle-based
chemosensor displayed remarkable fluorescence quenching for Fe3+ ions from amix-
ture of nineteenmetal ionswhichwas attributed to the formationof chemosensor-Fe3+

complex. The nanoparticulate chemosensor detected Fe3+ ions in as low as 1.66 mM
concentration. However, the addition of spermidine increased the fluorescence inten-
sity of the complex aqueous solution with a detection limit of 3.68 mM, which indi-
cated the displacement of Fe3+ ions from the chemosensor-Fe3+ complex by spermi-
dine. Interestingly, the spermidine recognition was selective and involved no inter-
ference from other biogenic amines like spermine, tyramine, 2-phenylethylamine,
histamine, 1,2-diaminopropane, 1,4-diaminobutane and 1,5-diaminopentane. This
report indicated the enormous potential of chemosensor-Fe3+ complex acts as a sen-
sor for spermidine detection through a cation displacement assay.

The same research group [166] prepared a chemosensor based on iron complex of
FONs of new receptor (Fig. 3.29; 15) for the sensing of tyramine and 4,6-diamino-
2-mercaptopyrimidine. The nanoparticulate chemosensor sensed tyramine and 4,6-
diamino-2-mercaptopyrimidine with detection limits as low as 4.95 and 3.02 nM,
respectively. Besides, no interference from any other biogenic amines or biothiols
was observed.

Recently, the same research group did further in this direction and reported a
tetrapodal receptor (Fig. 3.30), which was further processed into FONs for the



36 3 Applications of Fluorescent Organic Nanoparticles

Fig. 3.30 Chemical
structure of the tetrapodal
receptor

N
N

O NH

OHN

OH

OH

determination of different biogenic amines including tyramine in aqueous medium.
The processed FONs showed good affinity towards Fe3+ ions, and thus, the Fe3+-
complex of FONs was prepared and tried for the determination of different biogenic
amines including tyramine. No changes in the fluorescence emission profiles of Fe3+-
complex of FONs was reported in the wide pH range, which indicated their potential
for utility in different kinds of biological and environmental matrices. The detection
of tyramine was found to be linearly proportional in response with a detection limit
of 377 nM [167].

Bhardwaj et al. [168] developed FONs of dipodal rhodamine-based mercury
complex (Fig. 3.31) for the selective sensing of 3-mercaptopropionic acid. The
nanoparticulate chemosensor detected 3-mercaptopropionic acid in buffered aqueous
medium with a detection limit of 60 nM. The overall observations were supportive
of the fact that the nanoparticulate chemosensor can be of potential use for various
applications in toxicology and environmental sciences.

Dopamine is an important neurotransmitter in renal, cardiovascular, central ner-
vous and hormonal systems of the human body [169]. Dopamine can be used as a
biomarker for various kinds of disorders of the central nervous system, such asParkin-
son’s disease, schizophrenia and anorexia [170, 171]. This makes the detection and
quantification of dopamine an important practice. Recently, Ding and co-workers
[172] reported FONs (Fig. 3.32; C2-F127 FONs) of Pluronic F127 that encapsulated
a hydrophobic fluorescent dye C2. C2-F127 FONs had a uniform morphology with
around 300 nm diameter. The FONs showed a strong orange fluorescence with an
emission maximum at 561 nm. Besides, the C2-F127 FONs showed a significant
quenching of fluorescence upon interaction with a dopamine. The quenching in flu-
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Fig. 3.31 Chemical structure of the dipodal rhodamine-based mercury complex

orescence was due to the coating of polydopamine on the surfaces of the FONs. The
polydopamine coating has been assumed to bring the photo-induced charge trans-
fer with organic dye molecules. The beauty of the FONs was that they were highly
selective and sensitive to dopamine over other analytes such as uric acid, glucose,
ascorbic acid, epinephrine and levodopa (l-DOPA). Owing to the appreciable disper-
sion and high stability of C2-F127 FONs in biological media, they were further used
as label-free biosensors for the detection of dopamine in 10% serum. A remarkable
sensitivity and selectivity was achieved. A critical analysis of this research report
indicates that C2-F127 FONs have a bright future as sensors for the selective and
sensitive detection of dopamine in biological and environmental matrices.

Penicillamine (PA) has both d- and l-enantiomeric forms (d-PA and l-PA). It is
interesting to note that l-PA acts as a toxin with some toxic effects such as neuritis
and osteomyelitis. However, d-PA works as a drug for the diagnosis of Wilson’s dis-
ease [173]. d-PA also forms as ingredient of several medicines. Despite the important
medicinal uses of d-PA, it is known to exhibit some adverse effects such as rashes
on skin, oral ulceration and loss of taste [174, 175]. Thus, it is important to develop
methods and protocols for the quantitative estimation and determination of d-PA in
pharmaceuticals and biomedical samples.All these facts temptedMahajan et al. [176]
to prepare 1,1′-[(1E,2E)-hydrazine-1,2-diylidenedi(E)methylylidene]-dinaphthalen-
2-ol (HN) (Fig. 3.33). The FONs of HN displayed red-shifted AIEE with respect to
acetone solution of HN. The FONs of HN showed selective fluorescence quench-
ing by d-PA among other analytes. Besides, the HNFONs were insensitive towards
other co-existing analytes such as Cu2+, Fe3+, Fe2+, Zn2+, Ni2+, Ca2+, Mg2+, Na+,
Al3+, HCO3

−, erythromycin, dopamine, l-penicillamine, methionine, l-cysteine and
thiamine hydrochloride. HNFONs were proved to bind d-PA on account of electro-



38 3 Applications of Fluorescent Organic Nanoparticles

Fig. 3.32 A schematic representation of the preparation of C2-F127 FONs. Reprinted with per-
mission from [172], Copyright © 2017, Royal Society of Chemistry

static and adsorption interactions (Fig. 3.33). Overall, the reported method showed
extremely low LOD of 0.021 ppm, which is a very significant value as compared
to some reported methods. Therefore, HNFONs can be successfully used for the
quantitative determination of d-PA from pharmaceutical products.

Riboflavin (vitamin B2) is one of themost important biological molecules inmed-
ical sciences. Riboflavin is a water-soluble vitamin and forms an essential nutritional
ingredient of human diet. Human diet if deficient in riboflavin leads to some health
effects like stomatitis, inflammation of mouth corners, red tongue with sore throat,
oily scaly skin rashes, itchy andwatery eyes, and nasolabial folds. Riboflavin exhibits
substantial fluorescence in the range of 500–600 nm with maximum wavelength at
525 nm [177]. Therefore, it is important to develop methods that can determine
riboflavin in biological and environmental matrices. All these facts tempted Maha-



3.2 Chemosensing 39

OH

N
N

HO

Reprecipita on 
method

SEM image of HNFONs
CTAB capped HNFONs

d-PA adsorbed 
electrosta cally 
on CTAB capped 

HNFONs

Selec ve 
fluorescence 
quenchingHN

Fig. 3.33 An overview of the chemical structure of 1,1′-[(1E,2E)-hydrazine-1,2-
diylidenedi(E)methylylidene]-dinaphthalen-2-ol (HN). Also shown are the SEM images of
HNFONs, CTAB capped HNFONs and the mechanism of the binding of d-PA on CTAB capped
HNFONs. Reprinted with permission from [176], Copyright © 2017, Springer Science Business
Media New York
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jan et al. [178] to prepare aqueous suspension of FONs of 9-anthradehdye derivative
(Fig. 3.34; AH). The reported FONs displayed significant fluorescence overlap with
the excitation spectrum of riboflavin, which led the authors to study the fluorescence
resonance energy transfer (FRET) between FONs and riboflavin in aqueous medium.
The FRET mechanism from FONs to riboflavin in the absence and presence of dif-
ferent concentrations of riboflavin to FONs was studied, and it was observed that the
LOD for riboflavin was 0.071 μM, which is considerably low as compared to the
methods available. Overall, this research report explored the potential of AHFONs
as novel nanoprobes for the quantitative determination of riboflavin in biological,
environmental and pharmaceutical samples.

Pseudomonas aeruginosa is an abundant Gram-negative bacterium. It colonizes
in diverse natural and artificial environments [179]. Owing to its ability of survival
on diverse nutritional sources and tolerance of various environmental conditions, it
is counted as an emerging opportunistic human pathogen. It colonizes surfaces with
moisture such as medical equipments like breathing machines, catheters. Thus, it is
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one of the leading causes of cross infections and that too in patients hospitalized for
more than a week [180–182]. This bacterium usually causes lung infections in cystic
fibrosis patients [183, 184], affects AIDS patients who have immunocompromised
host defence mechanisms [185]. Generally, it is very tough to curb these infections,
and therefore, they represent a big therapeutic challenge mainly due to their increas-
ing resistance against different antibiotics [186, 187]. Thus, the strategies that can
rapidly diagnose such pathogenic organisms would help the medical community for
treating various contagious diseases even before the infection becomes chronic. In
this direction, Kaur et al. [188] reported FONs of a pyrimidine-based chemosen-
sor (Fig. 3.35) for the detection of P. aeruginosa. The fluorescence intensity of the
FONs selectively enhanced in the presence of P. aeruginosawith a detection limit of
46 colony-forming unit (CFU). Besides, the nanoparticulate sensor displayed good
antibacterial properties over a period of time. Thus, it may be envisaged from this
report that the use FONs of pyrimidine derivativesmay paveway for the development
of other efficient biosensors for the sensing and detection of microbial pathogens in
different fields of biology and medicine.

3.3 Drug Delivery

Drug delivery systems (DDSs) have brought about a great revolution in the pharma-
ceutical field. The use of DDSs can help in avoiding some of the inherent drawbacks
of commonly used drugs, such as low solubility in physiological systems, leaching,
lower activity, unwanted interactions with different biological macromolecules other
than the target ones, toxicity, decomposition. [189, 190]. The initial studies of the
possibility of drug delivery by using FONs were done by Breton and co-workers
[191]. They synthesized some red light-emitting nanomaterials by the reprecipita-
tion method. The nanomaterials were characterized as non-doped nanospheres with
a remarkably low polydispersity. The internalization of the reported nanoparticles
was successful in NIH-3T3 cells and displayed normal toxicity effects after 48 h of
incubation.Dual emission of the nanoparticleswas observedwhich enabled the local-
ization of the nanoparticles within plasma membrane and cytoplasm. The potential
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of self-assembled FONs formed from hexa[p-(carbonyl glycin methyl ester) phe-
noxy] cyclotriphosphazene (HGPCP) as potent agents for drug-loading and tracer
drug delivery was realized recently [8].

Photoresponsive nanoparticles have been the preferred choice for drug delivery
applications owing to their ability of controlling the release of pharmacologically
important drugs via externally regulated stimulation of light [192]. More often, pho-
toresponsive nanoparticles that are used in DDSs are constituted by a biocompatible
nanocarrier and a “phototrigger”. Generally, phototrigger is acted upon by a small
organic molecule that helps in providing accurate control over the release of drugs
and also serves as a linker molecule between nanocarrier and drug. Jana et al. [193]
demonstrated the use of perylene-3-ylmethanol (Fig. 3.36) FONs as a drug delivery
system. It was exciting for the authors to observe the four important functions of
the perylene-3-ylmethanol nanoparticles, including acting as nanocarriers for drug
molecules, phototriggers for drug release (Fig. 3.36), fluorescent chromophores for
cell imaging and detectors for real-time monitoring of drug release. The perylene-
3-ylmethanol nanoparticles were reported to show good cellular uptake and bio-
compatibility in addition to the efficient photoregulated anticancer drug release for
killing HeLa cells by irradiation under visible light (≥410 nm). More importantly,
the loading and unloading of the anticancer drugs was shown by the changes in the
fluorescence colour of the perylene-3-ylmethanol nanoparticles.

The same research group extended their work towards the development of DDSs
using FONs [194]. A nucleus-targeting photoresponsive DDS based on acridin-9-
methanol (Fig. 3.37) FONs was explored for the regulated release of anticancer drug
chlorambucil. The acridin-9-methanol FONs successfully acted as nucleus-targeted
nanocarriers, phototrigger and as fluorescent chromophores for cell imaging. It was
revealed from the in vitro experiments that the acridin-9-methanol nanoparticles
of ~60 nm size were very efficient in leading to the delivery of chlorambucil to
the target nucleus (Fig. 3.37), and thereby killing HeLa cells upon visible light
(≥410 nm) irradiation. Overall, the targeted FONs possessed good cellular uptake
property, appreciable biocompatibility along with an efficient photoregulated drug
releasing ability, and therefore, are foreseen as materials of great interest in targeted
intracellular controlled drug release studies.

A critical evaluation of these reports highlights the enormous potential of
strongly fluorescent perylene- and acridine-based FONs as promising photorespon-
sive nanocarriers for use in drug delivery applications involving targeted delivery to
the nuclei of cancer cells.

The same research group further extended their work and reported single compo-
nent FONs based on amulti-arm PEG that was functionalized with biotin (a targeting
unit) and coumarin (a fluorophore). This was used to treat HeLa cells synergistically
in a site-specific and image-guided manner (Fig. 3.38). Coumarin released chlo-
rambucil photo-controllably and also generated singlet oxygen upon UV/vis light
(≥365 nm), irradiation. In addition, the polymeric organic nanoparticle containing
chlorambucil (PEG-Bio-Cou-Cbl) showed approximately ~5% reduction of cell via-
bility by a combined treatment of PDT and chemotherapy in comparison to the ~49%
cell viability by PDT [195].
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Fig. 3.36 A schematic overview of the photo-induced drug release by perylene-3-ylmethanol
FONs. Reprinted with permission from [193], Copyright © 2012, American Chemical Society

Fig. 3.37 A schematic overview of the photo-induced drug release by acridin-9-methanol FONs.
Reprinted with permission from [194], Copyright © 2013, American Chemical Society
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Fig. 3.38 A schematic overview of the synergic effect of PDT and chemotherapy from biotinylated
coumarin FONs based on star shaped 4-arm PEG. Reprinted with permission from [195], Copyright
© 2015, Royal Society of Chemistry

Recently, the same research group did a pioneering work as they reported the
AIE along with an excited-state intramolecular proton transfer assisted photorelease
of anticancer drugs (chlorambucil and ferulic acid) by a p-hydroxyphenacyl (pHP)
(Fig. 3.39) phototrigger with real-time monitoring. The reported photoresponsive
DDS was able to release two different drugs successively and thus may be used
efficiently in combination chemotherapy. Additionally, a uniform distribution of
nanoparticles of the DDS was found within the HeLa cells, which indicated their
good cellular internalization. Real-time monitoring of drug release by the nanopar-
ticulate DDS was studied through confocal microscopy wherein the cells showed
yellow fluorescence due to internalization of the DDS. Both yellow and blue fluo-
rescence was observed after 3 min of exposure to light, which indicated the partial
release of the drugs. A complete change in fluorescence colour from yellow to blue
was observed after 5 min of irradiation by visible light that suggested an increase in
the quantity of photoreleased drugs. A critical analysis of this research report indi-
cates that the reported FONs that are displaying excellent cellular uptake, substantial
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Fig. 3.39 Chemical structure of p-hydroxyphenacyl phototrigger

biocompatibility and pronounced spatiotemporal accuracy over drug release, must
serve as an excellent DDS for the delivery of single and multiple drugs in future.

Microbial infections have been a curse, and the formation of bacterial biofilms on
surgical devices is amajor problem.Once amedical device gets infectedwith biofilm,
the patients undergoing surgical treatment are treated with high antibiotic doses. In
order to avoid the deleterious side effects due to the use of antimicrobial drugs in
patients, Barman et al. [196] developed photoresponsive 1-acetylpyrene-salicylic
acid (AcPy-SA) nanoparticles for the regulated release of salicylic acid, a natural
antimicrobial. The phototriggering of AcPy-SA nanoparticles (Fig. 3.40) enabled
the effective release of salicylic acid. The photoregulated release was dependent on
the switching off and on of a visible light source. In vitro experiments showed that
AcPy-SA nanoparticles efficiently delivered salicylic acid into P. aeruginosa cells
(Fig. 3.40). The cells were potentially killed upon visible light (≥410 nm) exposure.
This report indicates that such photoresponsive FONs will be highly beneficial for
targeted and regulated drug delivery vehicles owing to their biocompatibility, light-
induced drug release property and efficient cellular uptake.

3.4 Miscellaneous Applications

This sub-sections focusses on the applications of FONs in photodynamic therapy, as
apoptosis inducers, and for the study of blood–brain barrier damage. Photodynamic
therapy is an effective treatment modality for cancers. This treatment procedure
involves the effects of the collective presence of light, oxygen and photosensitizing
drugs for achieving the required photocytotoxic effect [197–199]. Chang et al. [200]
reported a series of three binary molecule conjugates. The conjugates were prepared
by conjugation of a chromophore, (3,6-bis-(1-methyl-4-vinylpyridinium)-carbazole
diiodide, BMVC) (Fig. 3.41) with mono-, bis- and trishydroxyl photosensitizers.
BMVC plays the key roles for the recognition of cancer cells, generation of AIEE,
and as Fluorescence Resonance Energy Transfer (FRET) donor. These binary con-



3.4 Miscellaneous Applications 45

Fig. 3.40 Aschematic representation of the photoresponsive drug release of salicylic acid byAcPy-
SA nanoparticles. AcPy-SA nanoparticles efficiently delivered salicylic acid into Pseudomonas
aeruginosa cells. Adapted with permission from [196], Copyright © 2014, American Chemical
Society

jugates self-assembled into FONs with different degrees of AIEE. The so-formed
FONs were efficient FRET and singlet oxygen generators. These FONs displayed
higher phototoxicity to cancer cells than normal cells. The improved photodynamic
activity was thought to be due to the aggregation of compounds in the cancer cells
in the presence of light and thereby promoting PDT in cancer cells and not normal
cells. The FONs also showed insignificant dark toxicity. The authors suggested that
the intracellular fluorescent colour switching of the FONs upon photo-excitation
may be used for cell death biomarker applications. The same group later extended
their work and studied the aggregation-induced PDT enhancement due to the linear
and nonlinear excited FRET of FONs. The authors designed Zn-2BPs (Fig. 3.42)
for offering better FRET efficiency between BMVC and metalloporphyrin. The
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Fig. 3.41 Chemical structure of (3,6-bis-(1-methyl-4-vinylpyridinium)-carbazole diiodide

Zn-2BPs self-assembled and formed FONs that resulted in AIEE both in vitro
and in the cells. Subsequently, FRET arose from the aggregated BMVC to the
metalloporphyrin and additional singlet oxygen was generated for efficient PDT [9].
An observation of these two research reports indicates that the reported FONs may
act as effective agents for photodynamic therapy in cancer cells and tissues.

Basically, cancer involves the uncontrolled growth and metastasis of maligned
cells to virtually all over the human body. Several anticancer drugs involve apoptosis
induction in proliferating cancer cells as amechanism of their anticancer effects [201,
202]. Pramanik and co-workers [10] documented the use of fluorescent tetraethyl
anthracene-9,10-diyl-9,10-bis(phosphonate) [TEABP] (Fig. 3.43) nanoparticles as
selective apoptosis-inducing anticancer agents towards human histiocytic lymphoma
(U937) cells. The TEABP FONs showed an IC50 value of 4.79 ± 4.4 μM for U937
cells after 24 h treatment. Interestingly, the FONs were selectively active against
U937 cancer cells as no cytotoxicity was observed up to 30 μM concentration in
normal blood and peripheral blood mononuclear cells (PBMCs). A critical obser-
vation of this report indicates that TEABP FONs might act as selective anticancer
agents against U937 cells.

Blood–brain barrier (BBB) ensures stringent regulation of paracellular perme-
ability and facilitates the entry of blood-borne substances into the brain [203]. BBB
is disrupted during neurological pathologies such as ischemic stroke, which results
in serious repercussions such as the increase in the concentration of vascular-derived
substances into the brain [204, 205]. The size and extent of BBB damage is transient;
i.e. there is an increased damage in the hyperacute phase and a reduced damage in
the chronic phase [206]. The transient and widespread BBB damage forms a key to
therapeutic drug development for ischemia recovery. Additionally, certain evidences
have suggested that BBB injury is an important indicator of the extent of neurological
damage [207, 208]. Thus, the evaluation of BBB integrity, particularly in neurolog-
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ical pathologies for the assessment of injury and appraisal of therapeutics is very
important. In this direction, Cai et al. [209] made efforts and developed a sensitive
and selective optical imaging method that is based on AIEgen nanoparticles with
ability to precisely test BBB integrity and also map the vascular leakage in animal
models. The authors used 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl)phenyl)amino)-
phenyl)fumaronitrile (TPETPAFN) (Fig. 3.44), which works as an AIEgen with
bright red emission in the solid state. They further developed nanoparticles of TPET-
PAFN with sizes of 60, 30 and 10 nm [210]. Owing to the appreciable photostability
and biocompatibility of the FONs of TPETPAFN, they were in vivo investigated for
BBB. BBB damage was induced in a rat model of photothrombotic ischemia (PTI).
Ischemic stroke was induced precisely at a targeted single blood vessel with con-
trolled size and well-defined boundary [211, 212]. The integrity of BBB was deter-
mined using TPETPAFN FONs during the hyperacute phase of ischemia. Attempts
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Fig. 3.43 Tetraethyl anthracene-9,10-diyl-9,10-bis(phosphonate) [TEABP] FONs and their selec-
tive apoptosis inducing anticancer effects towards U937 cells. Adapted with permission from [10],
Copyright © 2013, Royal Society of Chemistry
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Fig. 3.44 Chemical structure of 2,3-bis (4-(phenyl(4-(1,2,2-triphenylvinyl)phenyl) amino)-
phenyl)fumaronitrile (TPETPAFN)

were made to evaluate the extent of the leakage of nanoparticles in various locations
of brain in response to BBB disruption after injection. It was observed that the 30 nm-
sized nanoparticles were the most sensitive and selective probes for BBB damage
evaluation. On the other hand, the 60 nm nanoparticles hardly passed through BBB.
Interestingly, the 10 nm-sized nanoparticles showed quite poor selectivity. Overall,
these results are in favour of the fact that the permeability of BBB after disruption in
the PTI model is size dependent, which may be different in BBB damage induced by
other neurological diseases. A critical analysis of this research report indicated that
the TPETPAFN FONs can be used as excellent selective probes for the determination
of BBB damage.
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Chapter 4
Conclusions and Future Outlook

The main focus of this book has been to highlight the recent progress in the applica-
tions of FONs as cell imaging and chemosensing agents and drug delivery systems.
Basically, four important methods including self-assembly, polymerization, emul-
sification and nanoprecipitation/reprecipitation have been used for the preparation
of FONs with diverse applications in analytical and biomedical sciences. Out of
these techniques, nanoprecipitation is the simplest and the most widely used tech-
nique. This technique enables the transformation of soluble organic molecules into
nanoparticles in the aqueous media and later ensures their fast screening for various
analytical and biomedical applications. In the context of fluorescence-based sensing,
drug delivery and cell imaging, the properties of FONs that are of major importance
are stability, brightness, toxicity and biodegradability.

The recent research carried out on the design and development of AIE nanopar-
ticles is a promising stimulation towards the development of highly fluorescent
nanoparticles as the natural aggregation is kept busy in increasing the fluorescence of
the nanoparticles. AIE is, therefore, truly a novel finding of this subject. The encap-
sulation of an emitter into different matrices affects their aggregation, molecular
packing and distribution in the nanoparticles. Thus, care is needed while selecting
the polymeric matrix and the emitter to matrix ratio (Fig. 4.1), which may help in
the tuning of nanoparticle size, brightness and stability. Several reports have been
published with polymer encapsulated emitters having sizes ranging from few to
several hundred nanometers. Such nanoparticles have versatile surface functional
groups that have been tailored to provide space for different imaging needs, for
example, imaging of cellular organelles, targeted in vitro and in vivo imaging of
tumours, tracing of cancer cells, and imaging of blood vessels and specific chemical
and biomolecular species. The photostability of FONs is mainly dependent on the
type of the emitter used. However, aggregation into nanoparticles regime improves
their stability in the context of photobleaching. The more important advantages of
FONs are their excellent biocompatibilities, enhanced cellular permeabilities and
low cytotoxicities in vitro. However, their systematic in vivo toxicity, biodistribution
and biodegradability is yet to be explored to arrive at solid conclusions (Fig. 4.1).
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Fig. 4.1 An overview of the challenges and future outlook of research in the development of FONs
for analytical and biomedical applications

The recent exploration of the cell imaging, chemosensing and drug delivery appli-
cations of FONs has brought about a great revolution. This is very important and
interesting from the materials point of view. Irrespective of the fact that there has
been a good deal of work for the development of highly fluorescent nanoparticles for
cell imaging, sensing and drug delivery applications, several existing FONs are not
very emissive in the aggregated states. Thus, FONs with strong NIR absorption and
active non-radiative emission are thematerials of choice at themoment (Fig. 4.1). The
non-radiative pathway is generally associated with heat production, and thus, such
FONs might have great potential for use in photothermal therapy (PTT), wherein
highly specific, non-toxic and non-invasive treatments of cancers may be carried
out [1]. It is of great interest that several FONs have also been tried as agents for
photodynamic therapy of cancers; however, this field of research is at an early stage
because the principles of design of such FONs and their action mechanisms are not
fully established (Fig. 4.1). Nevertheless, such nanoparticulate systems have suc-
cessfully confirmed their promise for the deep in vivo tumour imaging and PDTwith
minimum or no side effects on normal cells and tissues.

The future research on FONs needs to be focused on the design and development
of smart stimuli-responsive sensing, imaging and drug delivery systems (Fig. 4.1).
Besides, the future work must focus on developing FONs and AIE fluorogens with
FR/NIRemitters displaying narrowband emission for specific analytical and biomed-
ical applications (Fig. 4.1). Several strategies for signal amplification strategies
including FRET and metal-enhanced fluorescence can further improve brightness
for fluorescence imaging. On similar terms, the design and development of FONs
based multimodal probes will be perfect for imaging applications both in vitro and
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in vivo. This maymake accessible higher sensitivity and accuracy of the complemen-
tary information provided by each imaging modality. A focused and proper design
must give birth to single FONs with concerted ability for fluorescence imaging and
PDT effect. This must provide extraordinary benefits in creating single component
multimodality image-guided therapeutic agents. For the fine-tuning of the size and
fluorescence of such FONs, the structural features including molecular functionali-
ties and topology must be properly developed that might help in the delivery of the
imaging and therapeutic agents. As an example, FONs with the ability to sense an
analyte, bind/load or deliver a drug, and undergo fluorescence changes specific to
a cellular environment in the presence of light, enzyme or pH must be developed
for targeted and responsive sensing, drug delivery and cancer cell imaging applica-
tions, respectively. Overall, FONs represent a very interesting field of research with
promise for varied applications in analytical and biomedical sciences.
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