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Abstract

Self-assembled fluorescent nanomaterials based on small-molecule organic dyes are gaining 

increasing popularity in imaging and sensing applications over the past decade. This is primarily 

due to their ability to combine spectral properties tunability and biocompatibility of small 

molecule organic fluorophores with brightness, chemical and colloidal stability of inorganic 

materials. Such a unique combination of features comes with rich versatility of dye-based 

nanomaterials: from aggregates of small molecules to sophisticated core-shell nanoarchitectures 

involving hyperbranched polymers. Along with the ongoing discovery of new materials and better 

ways of their synthesis, it is very important to continue systematic studies of fundamental factors 

that regulate the key properties of fluorescent nanomaterials: their size, polydispersity, colloidal 

stability, chemical stability, absorption and emission maxima, biocompatibility, and interactions 

with biological interfaces. In this review, we focus on the systematic description of various types 

of organic fluorescent nanomaterials, approaches to their synthesis, and ways to optimize and 

control their characteristics. The discussion is built on examples from reports on recent advances 

in the design and applications of such materials. Conclusions made from this analysis allow a 

perspective on future development of fluorescent nanomaterials design for biomedical and related 

applications.
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1. INTRODUCTION

Fluorescence remains one of the most sensitive, powerful and informative sources of data in 

various domains of chemical analysis and related fields. Along with widespread applications 
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of quantum dots - exceptionally bright and stable nanoparticles - major research efforts are 

focused on development of novel organic fluorescent nanomaterials. Besides being less 

toxic, nanoparticles composed of organic dyes, often in combination with other components 

such as polymers or inorganic nuclei/matrices, represent a number of useful properties, 

including tunability of their spectral properties, potential of being intrinsically responsive to 

various parameters of their microenvironment and possible multifunctionality, to name a few 

examples.

The main complexity of designing effective organic dye-based nanomaterials is that 

fluorescent molecules usually do not perform well even in highly concentrated solutions, 

and much less in aggregates. Due to reabsorption, energy transfer and other processes they 

are prone to self-quenching - an effect often referred to as aggregation-caused quenching 
(ACQ). Research in organic fluorescent nanomaterials experienced a rapid growth in the 

middle of 2000s (Fig. 1), with the discovery and further development of knowledge about 

aggregation-induced emission (AIE) [1]. As was shown by Tang et al., some molecules 

demonstrate a quite unconventional feature: they usually exhibit exceptionally weak 

emission in solutions, but possess rather bright fluorescence in solid state and/or in 

aggregates. This opened a wide range of possibilities for development of highly effective 

bright fluorescent nanomaterials based on organic dyes.

Research achievements of the past decade were thoroughly summarized and analyzed in 

detail in several recent reviews, highlighting current state of the art in synthetic approaches 

for the preparation of fluorescent nanoparticles [2], applications of nanomaterials for 

fluorescent sensing and imaging [3], and recent advances in the application of aggregation-

induced emission effects for nanomaterials based on carbohydrate polymers [4]. Significant 

attention has been focused on the development of polymeric structures for biomedical 

imaging [5,6], in particular in the context of leveraging the power of fluorescence for 

contrast enhancement in surgery and consequent improvement of cancer surgery outcomes 

[7]. Nanoparticle probes were also subject of active investigations as perspective agents for 

fluorescent detection of cancer biomarkers and cells [8].

In the present review, we offer a perspective on recent advances in the development of new 

fluorescent nanomaterials based on organic dyes. We explore the roles and significance of 

various structural features and particularities of synthetic processes for design of materials 

with desired set of properties. Each topic is reviewed in order of increasing complexity: from 

small molecule aggregates to complex supramolecular structures; from analysis of ions and 

small molecules to biosensing of microorganisms and multifunctional applications; and from 

tuning spectral properties to taking control over intermolecular and interparticle interactions 

for improving colloidal stability. We conclude with an outlook on further research directions 

that will help advance knowledge and develop better nanomaterials for a wider spectrum of 

applications.

2. NAVIGATING THE ABUNDANCE

Depending on their composition, organic dye-based fluorescent nanomaterials come in 

various types that can be represented as a hierarchy stemming from small-molecule 
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aggregates to complex polymer-based nanoparticles or inorganic-organic nanocomposites. 

With every type of nanomaterials, its design is aimed to maximize the use of available 

effects, such as hydrophobic and electrostatic interactions, AIE, anti-ACQ, spectral shifts, 

etc to obtain optimal properties for intended applications. We hereby discuss the main types 

of organic and composite nanomaterials employing highly effective fluorophores and 

AIEgens (such as perylene diimide [9,10], fumaronitrile [11], carbazole [12], triphenylamine 

[13,14], and tetraphenylethene [15,16]) to achieve bright and stable emission, and a 

multitude of oligomeric and polymeric materials to improve solubility, colloidal stability and 

biocompatibility of the resulting nanoparticles.

2.1. Small-molecule Dye Based Self-assembled NPs

Small molecules, upon non-covalent interaction, can produce supramolecular structures of 

various shapes and sizes. Dye nanoaggregates, the nanostructures presenting the lowest level 

of organization, are the result of random association of the molecules attracted to each other 

by hydrophobic, π-π or electrostatic interactions. However simple their preparation, such 

colloidal systems are oftentimes quite irregular in shape and, consequently, rather 

polydisperse, and show relatively low colloidal stability.

The most straightforward and largely used method of synthesis of organic nanoaggregates is 

solvent exchange, often referred to as reprecipitation or nanoprecipitation. A solution of the 

organic dye, having very limited solubility in water, is first prepared in an organic solvent 

that is miscible with water (tetrahydrofuran and 1,4-dioxane are most commonly used as 

they are volatile and thus easy to remove, but acetonitrile, acetone, methanol/ethanol or 

DMSO are also sometimes used) [17]. A small volume of this solution is then injected into 

water, thus dispersing the insoluble dye as a suspension in a larger volume. This procedure 

can be also performed with sonication, which may positively influence the dispersion 

process [18,19].

Among the fluorescent aggregates obtained through solvent exchange, most exhibit AIE 

properties. A recently reported fluorine-based dye bearing two tetra-phenylethylene (TPE) 

motifs, for example, demonstrates a remarkable 120-fold increase of fluorescence efficiency 

upon solvent exchange from methanol to water [20]. Combined with low toxicity, such 

aggregates are promising for cellular imaging. Interestingly, further fluorescence 

enhancement was observed upon addition of adenosine triphosphate (ATP), which is 

ascribed to additional charge-driven aggregation of the cationic dye in presence of phosphate 

anions of ATP. Aggregates that are obtained through nanoprecipitation are explored not only 

as prospective imaging agents, but also as materials with dual applications. Thus, a highly 

emissive pyrene core, being combined with salicylic acid, provides an opportunity to deliver 

the latter, an effective antimicrobial agent, while retaining its original fluorescent properties 

[21]. The compound, being formulated in the nanoaggregates with the average particle size 

of less than 100 nm, is able to penetrate into bacterial cells, as described using P. aeruginosa 
as an example. Visible light triggers photocleavage of the ester bond with subsequent release 

of salicylic acid. Additionally, the pyrene moiety provides imaging capabilities as a visual 

control of delivery of the antimicrobial agent. Sensing applications of small-molecule dye 

nanoaggregates go beyond tracking of drug delivery. A series of phenothiazine derivatives 
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prepared using a one-step coupling method were demonstrated to dramatically change their 

spectral properties upon deprotonation [22]. This feature is also exhibited by their 

aggregates, thus providing an opportunity for sensing of the pH of their microenvironment.

Near-infrared (NIR) fluorescent materials are gaining popularity as imaging agents due to 

their absorption maxima being located within the so-called tissue optical windows, which 

allows for better imaging depth and reduces the risk of light-induced tissue damage. Various 

synthetic and formulation approaches are being actively explored to develop new fluorescent 

materials with emissions in both NIR-I (700–900 nm) and NIR-II (1000–1700 nm) windows 

[23]. To achieve this, for example, push-pull molecules are often used, like a recently 

reported anthraquinone-based dye with a diphenylamine donor moiety [24]. In addition to its 

electronic properties, the di- and triphenylamine units are widely used for their AIEgenic 

properties. The aggregates of the resulting compound, obtained through reprecipitation from 

THF, emit bright NIR fluorescence with a quite large Stokes shift. The aggregates are non-

toxic, rather stable at various pH and under continuous light exposure, and have been shown 

to remain in the cells for more than two weeks and through six generations. This makes 

them promising for longterm cellular imaging and tracking.

Two-photon absorption has become another soughtfor feature of the fluorophores targeted 

for bioimaging applications, as it allows excitation of a very limited and precisely defined 

volume of the samples [25]. An example of a nanomaterial exhibiting this feature was 

described by Amro et al. [26] using the triphenylamine fragment as an electron donor. By 

expanding the conjugated system and using a bithiophene fragment bearing a carbonyl group 

as an acceptor, the authors were able to obtain orange-emitting nanoaggregates with 

relatively high brightness and excellent two-photon absorption in the 700–1000 nm range. 

Borondifluoride curcuminoids are among other organic molecules recently studied as 

prospective NIR fluorophores, although they show somewhat smaller fluorescence 

brightness and two-photon cross-sections compared to the previous example [27]. From the 

materials design perspective, the authors’ conclusion about the role of aromatic end groups 

in controlling a number of parameters of the product compounds and their nanoaggregates 

(specifically, their sizes and spectral properties) are of particular interest. To render AIE 

properties to the borondifluoride moiety, Zhang et al. coupled it with a diphenylamine 

fragment, which also serves as an electron donor to promote the intramolecular charge 

transfer (ICT) [28]. While the dye’s solvatochromism shifts its emission into the red part of 

the spectrum in polar solvents, the nanoaggregates exhibit green fluorescence due to their 

lower internal polarity. To enhance cellular uptake and increase the biocompatibility, the 

aggregates were also prepared using a bovine serum albumin matrix.

Ionic self-assembly is another approach for preparing organic dye colloids from molecules 

bearing a nonzero charge. One of its significant advantages is much greater control over the 

self-assembly process to produce nanoparticles with more regular structures. For example, 

non-fluorescent anions can be used to drive self-assembly of cationic cyanine amphiphiles, 

as described by Shulov et al. [29]. The authors show that this approach affords stable 

fluorescent nanoparticles <10 nm in diameter that are >40-fold brighter than a single dye 

molecule (Fig. 2). An important extension of charge-driven nanoassembly is the possibility 

of co-self-assembly process of several different molecules, resulting in mixed 
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supramolecular architectures. A good illustration of such an approach is the use of three 

component dyes with fluorescence colors reproducing the RGB scheme: by controlling their 

proportions during the solution-phase co-assembly, the authors demonstrated the ability to 

control the emission color of the resulting nanoaggregates, eventually leading to highly 

fluorescent white-light emitting nanomaterial [30]. Inspired by ionic liquids, a new type of 

nanomaterials was proposed by Bwambok et al. [31]. The authors used NIR organic cationic 

dyes in combination with anionic surfactants to obtain fluorescent salts in organic phase, 

followed by solvent-exchange ultrasound-assisted preparation of the nanoaggregates. The 

results show that the obtained aggregates are uniform, stable both thermally and colloidally, 

and are readily uptaken by the cells. Interestingly, variation of the counterion 

hydrophobicity, size, and steric properties leads to changes in properties of obtained 

aggregates. The authors attribute such changes, in particular, to different packing of the 

aggregates - for example, the anion structure affects the ratio of H- and J-aggregates present 

in the obtained nanomaterials, which influences their spectral properties.

When it comes to imaging applications, the ability to target specific parts of the object under 

study often becomes a priority. To directly address this need, nanoaggregates are prepared 

from functionalized precursors that contain targeting moieties. However, co-assembly allows 

obtaining more versatile materials and brings their design onto a higher level of control. By 

attaching an active group (e.g. azide) to the end of the ethylene glycol side of amphiphilic 

dye oligomers, post-modification of the resulting nanoparticles has been demonstrated [32]. 

Further, these active surface groups can interact with click-compatible targeting ligands, 

which dramatically increases the potential for application of such nanoparticles (Fig. 3). The 

described experiments show that the density of ligands can be readily controlled by varying 

the ratio of respective amphiphiles during their co-assembly. The authors also discuss the 

combination of pre- and post-modification approaches as a way to expand the ligand 

diversity.

2.2. Dye-polymer Composite NPs

In fluorescent nanomaterials design, polymers are increasingly used in combination with 

small molecule fluorophores to improve solubility, colloidal stability, and enhance their 

biocompatibility. Even noncovalent co-assembly of organic dyes with polymers used as 

matrices usually provides noticeable advantages. This was particularly exemplified by 

encapsulating AIE bis-thienylbenzodithiophene-based organic dyes into Pluronic F127 

triblock copolymer, which led to formation of relatively monodisperse nontoxic 

nanoparticles that emit bright red fluorescence [33]. The results show that nanoparticle 

emissions are redshifted with respect to the fluorescence of the respective dyes in the bulk 

THF solutions. The authors discuss this observation as an argument for effective J-aggregate 

formation. The team further modified the dye by adding a TPE fragment to enhance its AIE 

functionality, and followed a similar approach using lecithin to stabilize the dye aggregates 

[34]. Supporting previous findings with their new results, the authors also report an increase 

of the fluorescence efficiency of the resulting nanoparticles in comparison to the earlier 

analogs, which suggests improved anti-ACQ properties. The same effect is achieved with 

Pluronic F127 used to stabilize the nanoparticles [35].
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An alternative way to produce dye-polymer composite nanoparticles is to covalently link 

both components. This approach, often more elaborate than hydrophobic interaction-based 

non-covalent co-assembly, potentially offers better stability of the nanoconstructs. Various 

approaches are used to attach fluorophores with polymers, which can be generally divided 

into two groups: conjugation of a small molecule with a polymeric backbone, or using the 

small molecules as a base to perform polymerization reaction. The latter approach was used 

with a TPE derivative as an initiator for the atom transfer radical polymerization, leading to 

the synthesis of the AIEgenic conjugate with poly(N-isopropylacrylamide), PNIPAM [36]. 

Being dispersed in water, which is a “bad solvent” for the TPE fragments, they self-assemble 

through hydrophobic interactions and π-π stacking, giving rise to bright blue fluorescence. 

The hydrophilic polymer, in its turn, envelops the aggregates and improves their solubility, 

stability and biocompatibility. Typically for polyaromatic AIEgens, the authors report 

remarkable photostability of the resulting fluorescent nanoparticles. With PNI-PAM being a 

well-known temperature-responsive polymer, the authors also discuss the ability to tune the 

nanoparticles size with temperature, although potential applications to fluorescent imaging 

are not revealed. Interestingly, the TPE-PNIPAM nanoparticles were shown to be retained by 

the cells for rather prolonged period of time, with over 40% of the initial fluorescence 

intensity still measured after 7 passages.

Various polymers used as backbones are excellent substrates to prepare fluorescent materials 

through their conjugation with small-molecule dyes, and different chemical strategies are 

used to make this process simple and efficient. New one-pot methods help optimizing the 

synthetic procedures. They do not require multiple isolation steps, which usually are the 

main reasons for loss of material and thus lower yields. Long et al. have used the 

mercaptoacetic acid locking imine reaction to conjugate an amine-terminated PEG derivative 

with an anthracene-based AIE dye under mild conditions, although using inert atmosphere 

[37]. The authors suggest this one-pot procedure performs better than most multi-step 

approaches, whereas the actual yield of the final product is not reported. The authors show 

that the amphiphilic product readily self-assembles into fairly large spherical nanoparticles 

that exhibit yellow fluorescence with the quantum yield of almost 9%. A similar one-pot 

strategy was reported by the same team employing a conjugation between the phenylboronic 

acid and diols [38]. In this case, the authors used a hyperbranched polyester dendrimer 

Boltorn H40 in conjugation with a phenothiazine-based AIE dye. The synthesis was 

followed by self-assembly into orange-emitting nearly spherical nanoparticles that showed 

excellent photostability during 2 hour-long UV irradiation at 365 nm. Other types of 

branched polymers can be used as basis for dye-conjugated fluorescent nanoarchitectures. 

Attachment of a TPE core to polyethyleneimine (PEI) through Michael addition [39] is one 

of a variety of examples where PEI is used. For these blue-emitting nanoparticles, the 

authors report a fluorescence quantum yield over 25%, which corresponds to high emission 

efficiency of TPE and its analogs.

Solvent-free reactions can be viewed as a next step in optimization of synthetic procedures 

on the way to simplify the preparation of the nanoparticles precursor. A solvent- and 

catalysis-free Kabachnik-Fields reaction procedure was reported to produce a PEI conjugate 

with an alkylated phenothiazine derivative [40]. The authors also used ultrasonic radiation to 

decrease the reaction time and make the synthesis more efficient. Although the exact 
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mechanism of ultrasonic effect on chemical reactions remains unrevealed, many of them are 

reported to proceed faster or under milder conditions [41,42].

Polymer generation in situ can be effectively combined with the dye conjugation and further 

crosslinking to facilitate formation of the nanoparticle precursors. For example, a one-pot 

strategy described to obtain bis-cyanophenylethene-substituted phenothiazine-based 

fluorescent nanoparticles employs the ringopening polymerization of 4,4’-oxydiphthalic 

anhydride at room temperature in air, with further addition of polylysine as a linker [43]. 

Similarly, polylysine can be substituted with glucosamine to obtain glycosylated 

nanoparticles [44]. In both cases, the resulting materials are characterized with low 

polydispersity, high stability and low toxicity, and emit red fluorescence.

Various intrinsically hydrophilic natural polymers, particularly polysaccharides, are 

important alternatives to PEG and similar motifs on the way to solubilize and stabilize the 

nanoparticles, and improve their biocompatibility. Such polymers can be used as coatings for 

various nanostructures [45,46]. Alternatively, natural polysaccharides can be modified to 

self-assemble into polymeric nanoparticles. To achieve this, hydrophobic fragments should 

be conjugated to the polymer backbone, which will then drive self-assembly in aqueous 

solutions. Additionally, such nanoparticles can entrap hydrophobic small molecules and 

serve as delivery vehicles for various cargo, such as drugs or contrast agents. For example, 

an FDA-approved NIR dye indocyanine green has been reported to effectively load into 

nanoparticles based on hyaluronic acid (HA) that was modified with N-propyl 

pyrenebutanamide or N-propyl 5-β-cholanamide hydrophobic side fragments [47]. Due to 

preferential targeting of the CD44 receptor, commonly overexpressed in cancer tissue, such 

HA-based nanoparticles demonstrated their potential as contrast agents for fluorescence 

image-guided tumor surgery. This approach was later expanded to include other dyes, as 

well as perform their covalent conjugation to a wider range of HA-derived polymers with 

different molecular weights [48,49]. For example, Cy7.5 conjugated to the HA backbone 

was demonstrated to be hydrophobic enough to drive self-assembly itself. Co-assembly of 

polymers, similarly to the approach described above for small molecules and their 

oligomers, also leads to richer versatility of functional nanomaterials. Thus, mixing two 

conjugates of hydrophobically modified HA - with Cy7.5 and with Gd3+-DTPA complex - in 

different proportions allows to control the relative intensities of NIR and MRI signals [50] 

for multimodal imaging applications - preoperative MRI and intraoperative fluorescent 

cancer detection. The described materials allow detection of NIR signal in tissue phantoms 

at the depths of over 5 mm (Fig. 4).

Similarly, another dye, IR1061, which exhibits fluorescence in the NIR-II window, was 

loaded into the PEGylated nanoparticles and further used for in vivo imaging [51]. The 

authors discuss high photostability and efficient emission of the obtained nanoparticles. The 

same dye was further employed as a core for layer-by-layer assembly of multifunctional 

nanoparticles with potential for payload delivery [52]. Hyaluronic acid was used as the 

outermost coating layer to achieve CD44 targeting.
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2.3. Fluorescent Polymer-based NPs

The nanomaterial precursors hierarchy comes to polymers consisting entirely of fluorescent 

monomers. The so-called polymer dots described by Wu et al. [53] are based on squaraine 

and fluorene copolymers and demonstrate large Stokes shifts together with narrow emission 

bands in the NIR region. Being excited at 405 nm, the polymers exhibit two emission peaks 

corresponding to fluorene (~420 nm) and squaraine (~700 nm) monomers. The ratio of 

intensities of the NIR peak to the blue one increases with the increase of the squaraine vs. 
fluorene content in the polymer. Interestingly, however, the quantum yield of the NIR 

emission dramatically decreases at the same time. The same effect is observed for the 

resulting Pdots. The intriguing fact is that the NIR emission is observed under UV 

excitation, even with almost no spectral overlap between the energy donor (polyfluorene) 

and acceptor (squaraine). The authors explain the observed effect by the energy transfer 

through exciton diffusion along the polymer backbone. Remarkably, the resulting Pdots 

demonstrate a twice narrower emission bandwidth compared to the Qdot705, with the 

average per-particle brightness ~6 times higher than that of Qdot705.

A combination of an electron-rich benzodifuran and electron-deficient fluorinated thieno-

thiophene monomers leads to a fluorescent polymer with a relatively strong emission in the 

NIR-II window [54]. The authors demonstrate tunable emission in the range of 1050–1350 

nm, and successful application of the noncovalently PEGylated nanoparticles for in vitro and 

in vivo bioimaging.

Similarly to the constructs discussed above that make use of polyethyleneimine as a basis for 

dye conjugation, it can be also employed as a linker. For example, hydrothermal treatment of 

starch with polyethyleneimine leads to formation of fairly polydisperse fluorescent NPs 

[55]. The authors used the same approach to obtain somewhat smaller fluorescent 

nanoparticles by conjugating polyethyleneimine with sucrose [56] and dopamine with 

polyethylene glycol methyl ether methacrylate. Mercaptoacetic acid locking imine reaction 

discussed above was used in the latter case [57]. In all cases the results show that the 

obtained nanoparticles exhibit fairly bright fluorescence with quantum yields of up to 15%, 

which is also dependent on the excitation wavelength. However, neither the origin of the 

nanoparticles emission, nor the mechanism underlying the excitation wavelength 

dependence, were discussed. The main advantages of this approach are the use of relatively 

cheap non-toxic precursors and simple eco-friendly preparation procedure. On the other 

hand, the notable limitation of such materials for further use in biomedical applications is 

their rather short-wavelength fluorescence. As a branched polymer, PEI has been shown as 

an efficient base for nanogels synthesis that can be used for drug delivery. Alginate 

copolymer with hydrophobically modified PEI was shown to readily encapsulate 

doxorubicin, and the release is dependent on the environment pH and redox nature [58]. The 

obtained nanogels are also fluorescent, which adds another function of tracking the drug 

delivery. An interesting observation was made by the authors on the emission intensity 

dependence on the pH, which may help shedding more light on the fluorescence mechanism 

of such polymers in the future.
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2.4. Dye-decorated Inorganic NPs

Inorganic nanoparticles can also be combined with organic fluorescent dyes to render them 

emissive properties. Past decade has seen a notable progress in design of dye-decorated 

noble metal nanoparticles. In particular, gold and silver nanoparticles attracted much 

attention of researchers leveraging the advantages of the metal-enhanced fluorescence 

effects [59].

Silica nanoparticles represent another type of materials with clear advantages, such as well-

defined structure, high stability and excellent monodispersity. Mesoporous silica has been 

actively considered as prospective drug carrier [60,61], thus its combination with fluorescent 

contrast will have another advantage of drug delivery imaging and tracking. In an attempt to 

construct such a dual-purpose system, a precipitation polymerization technique was 

described as a facile approach to cross-link the silica nanoshells with fluorescein via its co-

polymerization with hexachlorocyclo-triphosphazene [62]. The size and structure of the 

resulting nanoshells can be tuned by changing the ratio of SiO2 and the co-polymer 

precursors. The obtained nanoparticles showed high photostability and doxorubicin loading 

efficiency of over 25% with rather prolonged release period, which also turned out to be pH-

dependent.

Nanocrystalline apatites are regarded as promising cargo carriers, especially for various 

bone dysfunctions, due to their high resorbability. To assemble multifunctional nanoparticles 

that would combine therapeutic and imaging functions together with targeting ability, 

platelet-shaped biomimetic carbonated nanoapatites were labeled with fluorescein 

isothiocyanate and monoclonal antibody through isothermal adsorption [63]. Even such 

simple non-covalent labeling approach showed remarkable stability: the release studies of 

both organic molecules demonstrated that 91% of the initial amount of FITC and 89% of the 

initial amount of the antibody remained adsorbed after 4 days.

Organic dye aggregates, although being the simplest type of fluorescent nanomaterials in 

terms of preparation, usually represent rather polydisperse and less stable colloidal systems, 

thus limiting their applications. Small-molecule and oligomer amphiphiles provide better 

stability and more ways to control the properties of resulting nanoparticles. Polymer-based 

nanostructures and organic-inorganic architectures open new horizons for multimodal 

applications involving dual-mode imaging, drug delivery and theranostics. Co-assembly of 

both small molecule and polymeric amphiphiles allows achieving diversity and build 

nanoparticles with various functions.

3. APPLICATIONS OF FLUORESCENT NANOPARTICLES

As nanotechnology becomes more integrated into real-world applications, fluorescent 

nanomaterials development is increasingly focusing on searching better solutions, 

particularly, for sensing and bioimaging [64]. Results obtained by researchers over past 

years has led to formulation of desired characteristics, general requirements and limitations 

for a variety of materials applied for biomedical imaging [65]. Discussed below are 

illustrative examples of successful design solutions of supramolecular architectures for 

imaging and sensing of increasingly complex analytes of biological relevance.
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3.1. Biomedical Imaging

Paramagnetic iron oxide nanoparticles, widely investigated as MRI contrasts, can be readily 

combined with fluorescent motifs to obtain dual-mode imaging agents. For example, high-

density core-shell magneto-fluorescent nanoassemblies were prepared by nanoprecipitation 

[66] in two steps, by first generating the superparamagnetic iron oxide nanoparticles 

(SPIONs), followed by their in situ co-assembly with hydrophobic AIEgenic fluorescent dye 

to obtain the initial magnetofluorescent platform. On the second step, the latter was coated 

with various polyelectrolytes to solubilize and stabilize the colloids. This approach allowed 

to independently study the effect of polyelectrolyte coating on colloidal stability, revealing 

that long polyanionic chains or block-copolymers are ineffective due to interparticle 

bridging. In contrast, comb-like PMMA-based polyelectrolites made of relatively short main 

chains led to excellent stable colloidal systems. The obtained nanoparticles were 

successfully used for fluorescent and MRI imaging of cells. Using the same FON@mag 

magnetofluorescent platform, the authors also discussed the role of the stabilizing agents on 

the performance of the resulting nanoparticles after their internalization into cells [67]. The 

experiments show that the citrate-coated nanoparticles partially dissociate after crossing the 

cell membrane, whereas their polyacrylic-coated analogs remain intact after being 

endocytosed. In general, the magnetofluorescent architecture described above was reported 

to exhibit very insignificant fluorescence quenching by the iron oxide inclusions. Such 

morphology also improves the MRI contrast by creating an inhomogenous magnetic field 

via dispersion of small. SPION particles within the hydrophobic fluorescent core.

Fluorescent nanoparticles linked to targeting ligands become able to selectively image 

tissues, cells or subcellular features of interest. In a simple example, the pyrene fluorophore, 

well-known for its exceptional brightness and photostability, was conjugated to biologically 

active guanine analogs. Their aggregation in water led to a pronounced bathochromic shift 

and quenching of the observed emission. Interesting experiments were performed on isolated 

model fragments of one of the conjugates to evaluate their concentration-dependent spectral 

behavior and reveal their roles in the aggregation process. Results showed that the pyrene 

fragments play the key role in aggregation, most probably through π-π interactions [68]. 

Imaging capabilities of the obtained nanoparticles were tested with breast cancer cells and 

zebrafish embryos. In the latter case, zebrafish treated with both nanoparticles showed 

selective fluorescence of muscle fibers, and presented notable photostability.

Fluorescent motifs can also be used for imaging control of the targeted drug delivery. In the 

simplest case, the imaging and therapeutic components will be conjugated into single 

molecule with cleavable linker. An anticancer drug chlorambucil can be particularly 

conjugated to an acridine derivative through an ester bond that was shown to be 

photocleavable [69]. Aggregates prepared by reprecipitation from acetone are readily 

internalized into cells, and preferentially accumulated in the cell nuclei due to specific 

targeting ability of the acridine fragment. Visible light triggers the cleavage of the ester bond 

and subsequent release of the drug, which was confirmed in vitro by means of HPLC-

controlled photolysis experiments and further demonstrated by significant increase of 

cytotoxicity of the photoresponsive material after irradiation. Another interesting effect has 

been observed with tetraethyl anthracene-9,10-dyil-9,10-bisphosphonate nanoaggregates 
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[70]. Beside the imaging capability due to presence of the anthracene fragment, they were 

shown to be potent as active agents for apoptosis-mediated cancer therapy. The authors show 

that the precursor molecules self-assemble into 30–40-nm nanoaggregates that specifically 

exhibit cytotoxicity towards human histocytic lymphoma cancer cells, and showed no 

particular interaction with other cancer cells.

3.2. Sensing and Theranostics

Sensing of a variety of analytes represents interest in terms of evaluation of mechanisms of 

biological processes, diagnosing diseases and searching for better treatments. When it comes 

to design, biologically-relevant ions can be considered among the easiest targets. However, 

providing relevant selectivity and specificity can be even more challenging than in the case 

of larger molecules, e.g. aminoacids or polypeptides.

There are multiple approaches for ion sensing. One of the recent examples describes a TPE-

based nanomaterial that readily co-assembles upon interaction with ATP [71]. The presursor 

molecule is hydrophilic as the TPE core is attached to two short PEG chains containing 

imidazolium cations. As the TPE moiety is a well-known AIEgen, the molecule itself 

displays rather weak fluorescence in solution. Due to its cationic nature, the compound 

undergoes charge-driven self-assembly with ATP that bears negatively-charged anions. The 

sizes of resulting nanoaggregates significantly depend on the concentration of ATP. As a 

consequence, a dramatic increase of fluorescence intensity is observed. The resulting 

aggregates, offering an abundance of coordination sites, were demonstated to have 

exceptional selectivity for Fe(III) ions (Fig. 5). The authors suggest that the observed 

quenching may be caused by iron ions coordination into imidazolium chelation cavities, 

which brings the former close to the TPE moieties and promotes the energy transfer through 

the metal center. It is worth noting that the authors carefully considered the possible effect of 

other anions on the precursor molecule self-assembly, and found that a few of the anions 

tested induced only a slight increase of emission, whereas more than 7-fold increase was 

observed in presence of ATP. As a result, the described nanoaggregates are capable of 

selective Fe(III) sensing with subnanomolar detection limit. Alternatively, the direct 

interaction of the chelator with the analyte can provide the analytical signal, as described for 

example in the case of N,N’-propylenebis(salycilimine)-based nanoaggregates sensitive to 

Al(III) ions content [72]. Another remarkable difference from the iron(III) sensor discussed 

above is that this probe provides a turn-on signal, compared to quenching-based turn-off 
principle mentioned previously. Usually, turn-on sensors are considered as those providing 

better contrast and higher accuracy of detection. In this case, chelation with Al(III) leads to 

restriction of intramolecular motions within the molecule and thus results in increase of the 

emission intensity. The authors demonstrate the application of their nanoaggregate for 

Al(III) content imaging in Staphylococcus aureus and Salmonella typhi. Very similar 

approach was used by the same team to develop a sensor nano-material for Zn(II) ions. The 

authors used a chelator based on bis-pyridine substituted ethylenediimine that formed 

nanoaggregates through nanoprecipitation from the THF solution [73]. Due to the presence 

of four tertiary nitrogens, the molecule readily forms chelate complexes with Zn(II) ions 

which leads to the increase of the aggregate’s emission intensity, as discussed above. 

Appropriate competitive binding studies have been performed with other cations and anions, 
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and no significant interference was detected. The applicability of the obtained 

nanoaggregates was exemplified by analysis of Zn(II) content in multivitamin formulation 

samples with the errors less than 5% compared to the reported values. Another example of 

displacementbased sensing has been reported by Kaur et al. [74] using nanoaggregates based 

on pyrene-substituted derivatives of dihydropyrimidone. One-pot multicomponent Biginelli 

reaction strategy was used to prepare the precursor fluorescent molecules, and the aggregates 

were obtained using the reprecipitation method from the dye solution in methanol. Metal 

complexation properties were studied for all aggregates, and sulfur-containing derivatives 

were shown to be selectively responsive to Hg(II) ions, in good accordance with the HSAB 

principle, with one of them exhibiting notable enhancement of the monomer fluorescence 

upon interaction. Competitive binding studies showed no significant interference from other 

metal cations and most of anions. However, the presence of iodide anion led to decrease of 

fluorescence intensity with good linearity with respect to the anion concentration. To 

demonstrate the potential of the discovered sensor for analysis of real samples, the authors 

performed analysis of iodide content in tap water, urine and blood serum, which 

demonstrated high accuracy with subnanomolar detection limit.

Apart from the traditional approach when a reporter is designed to specifically respond to a 

particular analyte, selectivity can be also achieved by combining non-specific responses 

from multiple reporters. This approach, often referred to as chemical nose, has been gaining 

much popularity primarily for small molecule sensing. However, in a report by You at al. the 

authors employed non-covalent conjugates of gold nanoparticles (AuNPs) with a fluorescent 

polymer to demonstrate the performance of this approach for protein identification [75]. 

Upon interaction with different proteins, six fluorescent polymers, initially quenched by 

their proximity to the gold nanoparticles, demonstrate various patterns of fluorescence 

recovery based on their binding affinities to the AuNPs compared to the competing proteins. 

This way, a unique bar code-like combination of spectral response can be obtained for each 

protein, providing the identification accuracy of almost 95%. With many advantages of this 

method, its only notable weakness is the need to control the concentration of the protein 

samples.

Using highly solvatochromic push-pull chromophores allows tracking the dynamics of the 

fluorescent nanoparticles upon their interaction with the biological systems. Organic dyes 

based on diphenylamine and cyanophenylethylene as donor and acceptor, respectively, have 

been reported to exhibit significant hypsochromic emission shift upon their self-assembly, 

compared to their orange-red fluorescence in bulk solutions in polar organic solvents [76]. 

The emission further shifts towards short wavelengths upon the aggregates disassembly and 

the dye localization into less polar environments. Fluorescent microscopy was used to show 

that the aggregates are rapidly dissociated by the macrophages, whereas they remain intact 

longer in the cancer cells. Earlier the same team used a similar dye, but without alkyl 

substitution, to demonstrate the aggregates dynamics after their cellular uptake, including 

the initial formation of membrane vesicles enveloping the nanoaggregates, and further 

release of the dissociated molecules into the cytoplasm [77]. It is noteworthy that the 

reported dyes exhibit both efficient one- and two-photon excitation. Understanding of the 

behavior of nanoparticles of different composition and morphology after their uptake into 

cells is of great importance. The authors of a recent study [78] used a combination of 
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analytical methods such as electron and fluorescent microscopy, light scattering, FASC, 

surface-enhanced Raman scattering, etc. Experiments were focused on investigating the 

stability of ATTO590-decorated gold nanoparticles in lysosomes. They conclude that 

fluorescence-based analytical methods are prone to a number of sources of potential 

inaccuracies like bleaching, dye leakage and quenching, that may significantly influence the 

results. In particular, it was shown that stability and integrity of the polymer-grafted 

nanoparticles with incorporated fluorophores are significantly influenced by the lysosomal 

environment, leading to their aggregation and loss of fluorescence.

A variety of nanomaterial-based sensors have been described for detection, monitoring and 

imaging of biogenic thiols. Employing the displacement-based technique, the complex 

aggregates of a naphthalene derivative with Fe(III) ions was described to have a selective 

spectral response to 4,5-diamino-6-hydroxy2-mercaptopyrimidine [79]. The most relevant 

explanation of the emission enhancement upon increasing concentration of the analyte is the 

decomplexation of Fe(III) ions that can act as quenchers. Interestingly, the same complex 

aggregate also showed selective response to tyramine, which makes it a multianalyte sensor. 

The reported detection limits are within the nanomolar concentration range. Another 

aggregated complex, containing ions of Hg(II) chelated with a rhodamine-based fluorescent 

dye, was earlier shown to effectively detect 3-mercaptopropionic acid [80]. Competition 

studies have been performed with a series of anions, biologically relevant thiols and acids, 

and no significant interference was observed. Similarly to earlier strategies of coupling 

excited-state proton transfer (ESIPT) cores with highly emissive motifs to obtain bright 

fluorophores with dual emission [81,8], 2 a hydroxyphenyl-benzthiophene core was 

combined with the TPE AIEgenic moiety to combine both features in one compound [83]. 

While in organic solvents the product exhibits dual-band emission, only the phototautomer 

fluorescence is observed from its aggregates in water. Upon protecting the hydroxyl group, 

the fluorescence is quenched due to hindrance of ESIPT. Reaction with a thiol allows 

removing the protective fragment and restores the intramolecular H-bond, giving rise to 

ESIPT emission (Fig. 6). A multiplex approach using multiple binding site probes has been 

applied to detect and differentiate between a variety of biogenic thiols [84]. This method not 

only allows distinguishing between various biothiols (namely cysteine, homocysteine and 

glutathione), but can also enable their simultaneous monitoring. A more complex approach 

to imaging the reductive environments in living cells was proposed using Rhodamine B 

doped silica nanoparticles. They were subsequently coated with Pluronic F127 pre-

functionalized with Black Hole Quencher - 2 (BHQ-2) molecules through disulfide linkers. 

These can be cleaved upon reduction, thus allowing for recovery of fluorescence with the 

decrease of FRET efficiency [85]. Fluorescence lifetime imaging (FLIM) was demonstrated 

to be a valuable complementary technique to conventional intensometric measurements.

Charge-driven response was employed for D-penicillinamine sensing. The nanoaggregates 

were prepared using the reprecipitation method from a bisnaphthalene-2-ol Schiff base 

derivative and subsequently stabilized with CTAB. The resulting nanomaterial emits yellow 

fluorescence and bears a positive surface charge due to the nature of the stabilizing 

surfactant [86]. In expectation of favorable interaction with negatively charged analytes, 

fluorescence measurements were performed for the nanoaggregates upon interaction with 

various aminoacids and other biologically-relevant molecules. Parallel competition 
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measurements were made with metal cations - however, almost no data on possible 

interference from anions is reported. The aggregates selectively turn off the fluorescence in 

the presence of D-penicillinamine with rather low detection limit of 0.02 ppm. Dopamine 

sensing was achieved with TPA-based dye nanoprecipitated with Pluronic F127 [87]. The 

nanoparticles exhibit strong fluorescence with the maximum around 560 nm. However, the 

emission is efficiently quenched in the presence of dopamine. To reveal the quenching 

mechanism, the authors performed experiments with free do-pamine and polydopamine in 

solution, and concluded that the decrease in fluorescence is due to the charge transfer 

between the organic dye and the polydopamine layer that envelops the nanoparticles upon 

the dopamine self-polymerization. Their report contains detailed discussion of the sensing 

conditions optimization, as well as describe the exemplary analysis of dopamine in blood 

serum samples.

More complex sensing architectures are being developed not only for sensing of particular 

properties of the microenvironment or concentrations of a particular analyte, but to enable 

monitoring of important processes in cells. For example, endosomal escape is of ultimate 

importance for improving drug efficacy. To achieve this, a PDMA-based block copolymer 

was designed containing two dyes on its backbone - a pH-sensitive coumarin and pH-

insensitive rhodamine [88]. The polymeric nanoparticles were prepared using the solvent 

exchange method, where the water-DMF polymer-containing solution is dialyzed against 

water to remove DMF and promote self-assembly. Importantly, the block copolymer is also 

pH-responsive, allowing the nanoparticles disassembly upon endocytosis. Consequently, the 

blue emission of coumarin is quenched in the acidic organelles, and only rhodamine’s red 

emission is detected. As a result of endosomal escape, the polymer enters the cytosol, where 

coumarin’s emission is restored under near-neutral pH of the environment. Such ratiometric 

construct enables effective monitoring and mapping of the intracellular pH in a rather wide 

range (Fig. 7).

Dye-based nanomaterials also enable detection of microorganisms. A pyrimidine-based 

fluorescent dye aggregates obtained through nanoprecipitation from its solution in DMSO 

demonstrated selective sensitivity to Pseudomonas aeruginosa bacterial species, as reported 

by Kaur et al [89]. Parallel experiments were performed to assess the response of the sensor 

to the presence of other Gram-positive and Gram-negative microorganisms and even a few 

fungi, but no notable interference was observed. The sensor was further tested on 

environmental samples and proved to give very similar results to those obtained with the 

plate count method. The detection limit was determined at the level of 46 CFU.

As previously mentioned, fluorescent motifs often become part of multifunctional 

nanomaterials. In particular, their imaging and diagnostic functions can be combined with 

drug delivery or other therapeutic applications. Similarly to an earlier discussed 

photoresponsive pyrene-salicylic acid conjugates [21], perylene-based conjugate with 

chlorambucil forms nanoaggregates that act as delivery vehicles with release tracking ability 

[90]. The initial nanoaggregates exhibit red fluorescence, and the ester bond between the 

drug and the fluorophore is cleaved by visible light. Inspired by these promising results, the 

authors further developed this platform to add another function. They reported creating a 

nanoparticle based on a branched PEG, which was functionalized with biotin to increase the 
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specificity of anticancer drug delivery. This intermediate was consequently functionalized 

with the coumarin-chlorambucil conjugate [91]. While chlorambucil’s function is clear, the 

authors used coumarin not only as an imaging motif, but also as an active agent for 

photodynamic therapy (PDT, a 37% singlet oxygen quantum yield is reported).

An alternative nanomaterial for PDT applications was proposed by Chang et al. [92]. The 

authors used a dipyridyl-carbazole derivative, BMVC, conjugated to a porphyrin derivative 

as a photosensitizer. From one to four BMVC fragments were attached to the porphyrin 

core, and the resulting molecules were self-assembled into red-emitting fluorescent 

nanoaggregates. Beside its main role as a FRET donor, BMVC also acts as the targeting 

moiety: the authors describe preferential accumulation of the aggregate in the cancer cells. 

FRET singlet oxygen generation was dependent on the number of BMVC antennae present 

in the molecule, while almost no dark toxicity was observed. The authors of a recent report 

[93] explored the potential of poly(3-hexylthiophene-2,5-diyl), P3HT, a polymer that is 

largely used in optoelectronic devices, as an agent for PDT. P3HT was mixed with PSMA, 

an amphiphilic block copolymer, to obtain water-dispersible core particles using the 

reprecipitation method. A red-emitting fluorescent dye, a derivative of 

dicyanomethylene-4H-pyran, was conjugated with galactose and mannose. The latter acted 

as targeting moieties for the corresponding receptors in hepathic and breast cancer cells, 

respectively. The polymeric cores were noncovalently coated with the dye-saccharide 

conjugates. Selective activity of the obtained PDT agents was demonstrated against hepathic 

(Hep-G2) and breast (MDA-MB-231) cancer cell lines, and minimal phototoxicity was 

observed in case of HeLa cells.

Dye-based nanomaterials are applied for a wide spectrum of imaging and sensing 

applications. This includes detection of important ions, small and large biomolecules, and 

microorganisms in model systems, biological fluids and other natural samples. Sensing 

nanomaterials have been developed for analysis of different parameters of their 

microenvironment, such as pH gradients with subcellular resolution. This provides unique 

information for further development of our knowledge about fundamental biological 

processes. Strategies for synthesis of multifunctional nanomaterials, such as co-assembly, 

present new avenues for creation of materials capable of performing numerous functions, for 

example, multimodal imaging or theranostics agents. Design of imaging and sensing 

nanomaterials often relies on conservation of the initial properties of small molecules used. 

However, smart combination of their individual features can lead to new capabilities at the 

supramolecular level.

4. PERFORMANCE OPTIMIZATION

Multiple factors combine together to determine a whole spectrum of chemical, colloidal and 

photophysical properties of fluorescent nanomaterials. In order to efficiently design 

materials with desired properties, it is thus very important to apply systematic knowledge on 

structure-properties relationships in small molecule components, as well as their interplay 

with interactions at supramolecular level [94]. Using various theoretical instruments and 

synthetic approaches, better solubility, stability, brightness, etc. can be achieved for 

nanomaterials [95].
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4.1. Absorption and Emission

Having control over the absorption and emission wavelengths of fluorescent nanomaterials 

pursues one or more of the three main goals: being able to shift the absorption and emission 

maxima to develop a palette of colors for simultaneous multicolor imaging; creating 

nanomaterials with narrow absorption and emission spectra to enable better selectivity in 

excitation of a particular fluorophore (alternatively - seeking for wide absorption spectra for 

easier or more effective excitation); and designing new long-wavelength fluorescent 

materials for NIR imaging that would be free of traditional flaws of the dyes in this spectral 

range - relatively low quantum yields and photostability.

The most common ways to achieve a bathochromic shift of both absorption and emission for 

a particular compound is to expand its conjugated system and enhance the intramolecular 

charge transfer. A systematic demonstration of this approach was described by Genin et al. 
[96], where the authors designed a triarylamine-based push-pull fluorophore with 

thiobarbituric acid as an electron acceptor and bis-thiophene linker between them. 

Additionally, bulky tert-butyl substituents were introduced to hinder the tight antiparallel 

packing of the molecules upon aggregation, which is one of the main reasons for low 

efficiency of emission. While the emission maximum of the dye in bulk solutions varied 

from 600 to 900 nm, its aggregate in water exhibited fluorescence peaking at 800 nm. 

Importantly, exceptional brightness was also achieved, indirectly estimated to surpass the 

typical NIR dyes by several orders of magnitude.

To complement and extend the capabilities beyond the coarse tuning of absorption and 

emission wavelengths discussed above, an elegant example of fine tuning of spectral 

properties of organic fluorescent dyes was recently reported using rhodamine derivatives as 

an example [97]. The authors achieved slight shifts in the absorption and emission in small 

molecules using inductive electronic effects of substituents. They showed excellent 

correlation of the observed absorption maxima with both theoretically calculated values, as 

well as with inductive Hammett constants of the respective substituents, and the observed 

effects were shown to be additive. In addition, influence of the substituent’s electronic 

nature was found to influence the lactone-zwitterion equilibrium that regulates the emission 

efficiency of the chromophore.

Tuning the emission of the fluorescent nanoparticles can be achieved even without changing 

the spectral properties of the components, as demonstrated with using FRET [98]. The 

approach is based on doping of the nanoaggregates of 1,4-dimethoxy-2,5-bis(4chlorostyryl) 

benzene (DCSB) - a blue-emitting dye with a strong two-photon absorption cross-section. 

Combined with a few commercially available dyes - coumarin 6 (green emission), rubrene 

(yellow emission) and DCM (orange emission) - the DCSB matrix absorbs the excitation 

and transfers the energy to the dopants that consequently emit fluorescence of corresponding 

color. Mixed aggregates with the dopant content of up to 10% were obtained using the 

modified reprecipitation method. Thus, close proximity of the dyes inside such mixed 

aggregates ensure high FRET efficiency.

The concept of size-dependent emission wavelength is very well known for quantum dots. 

Intriguingly, there are examples among the organic fluorescent nanomaterials when particles 
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of different sizes will have different spectral properties. Thus, controlling the time of the 

polymerization reaction allows for obtaining polydopamine nanoparticles with tunable 

emission [99]. The main drawback of polydopamine nanostructures - their polydispersity 

and relatively low stability - has been overcome by using carbon dots as seeds for dopamine 

self-polymerization. Upon increase of the polymerization time, a rise of a long-wavelength 

emission band is observed, causing the apparent bathochromic shift of fluorescence. The 

authors ascribe the effect to FRET from the carbon dots to polydopamine. Size-dependent 

emission was also described for a number of pyrazoline derivatives [100].

FRET is only one of the avenues to control the emission characteristics of the nanomaterials 

through intermolecular interactions inside the supramolecular structure. Formation of 

molecular aggregates of different types, namely J- and H-aggregates, influences the spectral 

properties of the resulting nanomaterial. For example, carbocyanine ionic dyes can form 

salts with various organic anions through ion exchange reaction, and can be further 

dispersed in water using the reprecipitation method [101]. The results show that various 

anions can favor formation of either J- or H-aggregates, thus the counterion-controlled J/H 

ratios is demonstrated to determine the spectral properties of the resulting nanoaggregates.

A different approach can be taken while using organic or inorganic matrices to produce dye-

doped nanoparticles. Encapsulating single dyes in such nanocages was reported to prevent 

them from self-quenching even at high effective concentrations, as each “guest” dye 

molecule is effectively isolated from the neighbors inside the zeolite-like hydrogen bond 

framework consisting of tris(guanidinium) nitrate and hexa(4-sulfonatophenyl)benzene 

fragments [102]. Moreover, the choice of the dyes can serve as a simple way to control the 

emission color of the obtained nanomaterial.

4.2. Brightness and Chemical Stability

The nature of intermolecular association not only influences the emission maxima, but also 

plays a vital role in fluorescence efficiency of the dye aggregates. Excessive formation of 

“dark” excimers can be particularly addressed by preventing antiparallel association through 

steric hindrance [96]. Alternatively, the shortrange ordering of the ionic rhodamine-based 

dye aggregates was controlled through the fluorination of the hydrophobic tetraphenylborate 

counterion [103]. Results showed that gradual fluorination led to decrease in the H-

aggregation of the dyes, and resulted in dramatic improvement of the nanoaggregates 

brightness. The particles obtained using the most fluorinated tetrakis-(3,5-bis-(1,1,1,3,3,3-

hexafluoro-2-methoxyisopropyl) phenylborate counterion showed a ~100-fold quantum 

yield improvement compared with those co-assembled with tetraphenylborate. A systematic 

study was performed to explore the interplay between the aggregation-caused quenching 

(ACQ) and aggregation-induced emission (AIE) processed in a series of different TPA-based 

dyes in THF/water binary solvent systems [104]. The authors investigated the photophysical 

properties of the dyes solutions, aqueous aggregate suspensions, films and crystals. 

Crystallographic experiments were especially helpful in revealing some important trends. 

The results demonstrated that in general, formation of smaller and more uniform 

nanoaggregates favor more efficient emission. Close interactions such as π-π stacking 

favored the formation of excimers and had negative effects on fluorescence, whereas C-H…
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π, C-H…N, CH…O and several other intra- and intermolecular interactions restrict the 

intramolecular motions and prevent the nonradiative processes. Overall it was demonstrated 

that even small structural changes in dye molecules can have a sensible effect on their 

molecular packing and thus photophysical properties of their aggregates.

Studies of various derivatives of perylene diimide (PDI) loaded into the polymeric PLGA 

nanoparticles also evidence for potentially negative effects of aggregation not only on the 

emission intensity, but also on photostability of the dye inside the nanomaterial [105]. The 

authors showed that a more substituted derivative, having bulky hydrophobic moieties in 

both imide and bay regions, showed almost no aggregation inside the polymer and possessed 

exceptionally high quantum yield and photostability. Side chains that regulate and alter the 

self-assembly of oligomers and polymers are also among the influencing factors that affect 

the nanoparticles photophysical properties. A study of a series of fluorene co-oligomers with 

naphthalene and benzothiadiazole substituted with hydrophobic alkyl and hydrophilic PEG 

side chains revealed that oligomers containing nonpolar chains formed smaller and more 

stable nanoparticles that generally had higher quantum yields of fluorescence [106]. The 

authors make an interesting observation that the emission efficacy can be affected by the 

interparticle material exchange, as more polar PEG-substituted nanoparticles showed lower 

stability and more intensive dynamics.

As the properties of the small molecule components can often translate to the characteristics 

of the supramolecular constructs, it is interesting to discuss another strategy that was 

recently reported for flavylium polymethine fluorophores [107]. By introducing conjugated 

heterocycles with dimethylamino electron donor groups to the sides of the polymethine 

chain, and a cyclohexene ring in the chain to reduce intramolecular motions, it was possible 

to achieve remarkable brightness and stability in the NIR and short wavelength infrared 

regions.

4.3. Size and Colloidal Stability

As part of the reprecipitation method, the compound’s solution in a “good” solvent is poured 

into a larger volume of a “bad” solvent, where the compound is nearly insoluble. This leads 

to rapid association of the hydrophobic or amphiphilic molecules that tend to decrease their 

overall surface area. It is intuitive to assume that the higher initial concentration of the 

compound is, the faster the nucleation and growth processes will proceed on the early stages, 

which will lead to larger nanoaggregates, as was observed in particular by Breton et al. [77] 

as well as in many other reports. Lower concentrations of the injected solutions can also lead 

to better monodispersity of the resulting nanoaggregates [108]. The authors also evidence 

that introducing of the alkyl hydrophobic moieties to the dye molecules improves 

monodispersity and colloidal stability of the aggregates.

Oftentimes the nanoprecipitation is performed in combination with sonication, which 

arguably improves the dispersity of the obtained nanoparticles. Size control can be also 

achieved by sonication at different regimes or without the latter, as illustrated using TPE-

based dye loaded into polymeric phosphoethanolamine-modified PEG nanoparticles using 

coprecipitation method [109]. Nanoparticles of various sizes were successfully obtained 

using the polymer stock solution of different concentrations, as well as sonication at various 
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power output and different time. The obtained nanoparticles were used to test the integrity of 

blood-brain barrier in vivo. Polymers are often used to improve solubility and stability of 

nanoaggregates. Using charged polymers for encapsulation of ionic aggregates allows to 

effectively control the size of nanoparticles obtained using the co-precipitation method 

[110]. Introducing just a few charged side- or end-groups, bearing either a negative or a 

positive charge, onto the polymer backbone can significantly decrease the nanoparticle size, 

and also plays the role in controlling the particle’s zeta-potential. Further decrease of the 

particles sizes can be achieved by decreasing the concentration of the polymer solution used 

for nanoprecipitation. Similarly, variation in anion concentration, as well as concentration of 

the stabilizing neutral polymer during ion-association synthesis is reported to allow 

controlling the size of obtained carbocyanine-based nanoaggregates [111]. The size of 

obtained nanoaggregates also affects their spectral properties.

A classic example of controlling the size of the nanoparticles was described by Zhang et al. 
[112]. By introducing the hydrophobic and hydrophilic substituents of various sizes to the 

imide region of PDI, the curvature of the self-assembled micellar nanoparticles was 

gradually changed. This allowed to obtain a variety of co-assembled nanoparticles of 

different sizes. Similarly, co-assembly of two different organic fluorescent oligomers 

allowed controlling not only the sizes, but also surface charge - and thus cellular uptake - of 

the nanoparticles [113].

Both nature and concentration of the stabilizing surfactant can play a significant role in the 

self-assembly process, and thus in determining the size and stability of the nanoparticles 

[114]. It was shown that using anionic and cationic surfactants, or no surfactant at all, leads 

to obtaining the nanoparticles of different size and spectral properties. The work is also 

noteworthy for the example of fast solventless dye synthesis via Schiff condensation.

Nanoparticle size variation can be observed when polymers of different molecular weight 

are used for preparation. Nature and quantity of hydrophobic side chains also affect the size 

of nanoparticles prepared from amphiphilic polymers, such as hyaluronic acid modified with 

5-β-cholanamide or pyrenebutanamide fragments (Fig. 8) [48]. The effects of nature of the 

hydrophobic side chains were studied in detail using a combination of computational and 

experimental methods [115]. In both cases the increasing hydrophobicity of the side 

fragment and use of shorter polymer chains usually led to smaller nanoparticles.

Properties of fluorescent nanomaterials are mostly determined by the properties of 

respective components, although their combination can sometimes lead to emergence of 

features that are otherwise impossible to obtain (Fig. 9). Tuning spectral properties, as well 

as brightness and stability of organic nanoparticles is usually achieved through changing of 

these properties for the precursor organic dyes. However, using multicomponent systems, 

controlling the self-assembly process, intermolecular and interparticle interactions can give a 

certain degree of control over these properties at a supramolecular level. Most commonly 

used approaches to control the sizes and improve colloidal stability of various nanoparticles 

are based on conditions used to prepare the nanomaterials. Particularities of the components, 

meanwhile, can also play a significant role in preparation of colloidal systems with desired 

properties.
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CONCLUSIONS AND OUTLOOK

A rich variety of organic fluorescent supramolecular systems for various sensing and 

imaging applications were described, following the hierarchy of their increasing complexity 

- from small-molecule noncovalent aggregates to co-assembled core-shell nanoparticles. 

This perspective was logically built around common traits and differences in design 

approaches to preparation and modification of nanomaterials on the way to targeted 

synthesis of materials with predefined spectral and colloidal properties. To maintain the 

integrity of such approach, several types of bioinspired fluorescent macromolecules and 

nanoarchitectures, such as fluorescent proteins or DNA origami-based nanomaterials, were 

left beyond the scope of this review.

Several distinct current trends can be noted in the field of fluorescent nanomaterials 

research. The choice of fluorophores used to create fluorescent nanomaterials, both solely 

based on small molecules and combined with polymers or inorganic matrices, narrows to 

several leading classes, with AIEgenic compounds being of primary interest. Development 

of new precursors is mostly focused on modification or combination of well-known motifs. 

However, steps are made to explore their core modifications. Fundamental knowledge 

gained about intra- and intermolecular interactions being primary factors determining 

nanomaterials properties are leading these efforts. Additional studies will also help 

researchers shedding light onto a multitude of questions that still remain unanswered, such 

as nature of emission (and its excitation wavelength dependence) in carbohydrate-derived 

fluorescent polymers or behavior of nanomaterials of different levels of complexity at the 

nano-biointerface.

Analysis of past achievements and current trends allows to conclude that in the coming 

future, substantial research will be focused on advancing the field of smart and stimuli-

responsive nanomaterials involving imaging and sensing modalities. Theoretical methods 

will become able to predict properties and behavior of complex systems based on knowledge 

about their components with increasing reliability, thus giving more weight to the computer-

assisted design of nanomaterials. Flow chemistry will see wider applications for preparation 

of complex supramolecular systems, well beyond simple metal and polymeric nanoparticles. 

Development of flow reactors with feedback control will allow simpler and faster synthesis 

of uniform nanomaterials with high reproducibility.
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Fig. (1). 
Number of publications mentioning fluorescent organic nanoparticles by year (based on data 

obtained from SciFinder).
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Fig. (2). 
Cyanine dyes and their expected assembly into micelles in the presence of non-coordinating 

ions (reproduced with permission from Shulov et al. [29] Copyright © The Royal Society of 

Chemistry, 2016).
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Fig. (3). 
(a) Chemical structures of amphiphiles and a photograph of a 0.3 μM nanoparticle solution 

under UV light (360 nm). (b)(i) Generation of nanoparticles prefunctionalized with mannose 

using mixtures of 1 and 2. (ii) Generation of nanoparticles prefunctionalized with azides 

using mixtures of 1 and 3 and their subsequent postfunctionalization via copper catalyzed 

azide-alkyne cycloaddition with alkyne derivatives of either mannose or biotin. (iii) 

Generation of bifunctional nanoparticles containing azides and mannose using mixtures of 2 
and 3 and their subsequent postfunctionalization via copper catalyzed azide-alkyne 

cycloaddition with alkyne derived biotin yielding dual targeting mannose and biotin labeled 

nanoparticles (reproduced with permission from Petkau et al. [32] Copyright © American 

Chemical Society, 2011).
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Fig. (4). 
In vitro studies of depth detection and cellular uptake of self-assembled multimodal imaging 

nanoparticles. Fluorescence contrast in three different simulated tissue phantom models 

demonstrates viability as a contrast agent in a variety of tissue types, showing the contrast 

fluorescence image of tumor-like inclusions embedded into (a) adipose, (b) muscle and (c) 

liver tissue phantoms (adapted from Payne et al. [50] Copyright © William M. Payne et al., 
2017).
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Fig. (5). 
Fluorescence changes from the photographs of TPE-BIMEG/ATP dispersions in the 

presence of various metal ions (1 mM) under a hand-held UV lamp illumination at 365 nm 

(reproduced with permission from Yang et al. [71]. Copyright © American Chemical 

Society, 2016).
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Fig. (6). 
(a) Proposed sensing mechanism for TPE-3 and biothiols. (b) Fluorescence spectra of TPE-3 

(10 μM) upon addition of Cys (0–50 μM) in PBS buffer (10 mM, pH = 7.4, containing 45% 

DMSO). (c) Fluorescence response of TPE-3 at 589 nm to Cys concentration (0 – 50 μM). 

Inset: linear range for Cys detection. Spectra were recorded after incubation with different 

concentrations of Cys for 15 min, λex = 370 nm. (d) Fluorescent photographs of TPE-3 

deposited on test papers after immersed into buffer solutions (10 mM, pH = 7.4) with 

different concentrations of Cys under a UV lamp (365 nm) (reproduced with permission 

from Chen et al. [83] Copyright © The Royal Society of Chemistry, 2017).
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Fig. (7). 
Incubation duration-dependent confocal laser scanning microscopy images of live HepG2 

cells when culturing with BP6 copolymer at 37 °C (adapted with permission from Hu et al. 
[88] Copyright © American Chemical Society, 2014).
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Fig. (8). 
Transmission electron microscopy images of HA-based NPs that were derived from 10 kDa 

or 100 kDa HA, using either PBA or 5βCA as hydrophobic substituents to drive self-

assembly (scale bars = 100 nm). The subscript “100” or “10” refers to 100 or 10 kDa HA, 

respectively. “H”, “L”, and “Ø” refer to high, low, or no hydrophobic ligand conjugation to 

HA. (adapted from Hill et al. [48] Copyright © Ivyspring International Publisher, 2016).
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Fig. (9). 
A broad spectrum of factors, internal and external, affect the properties of fluorescent 

nanomaterials. Selecting an optimal combination of intrinsic properties of the components 

and the preparation procedure is of great importance for obtaining the nanomaterial with 

desired properties.
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