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Abstract: Polymer encapsulated organic nanoparticles have recently attracted increasing 

attention in the biomedical field because of their unique optical properties, easy fabrication and 

outstanding performance as imaging and therapeutic agents. Of particular importance is the 

polymer encapsulated nanoparticles containing conjugated polymers (CP) or fluorogens with 

aggregation induced emission (AIE) characteristics as the core, which have shown significant 

advantages in terms of tunable brightness, superb photo- and physical stability, good 

biocompatibility, potential biodegradability and facile surface functionalization. In this review, 

we summarize the latest advances in the development of polymer encapsulated CP and AIE 

fluorogen nanoparticles, including preparation methods, materials design and matrix selection, 

nanoparticle fabrication and surface functionalization for fluorescence and photoacoustic 

imaging. We also discuss their specific applications in cell labeling, targeted in vitro and in vivo 

imaging, blood vessel imaging, cell tracing, inflammation monitoring and molecular imaging. 

We specially focus on strategies to fine-tune the nanoparticle property (e.g. size and fluorescence 

quantum yield) through precise engineering of the organic cores and careful selection of polymer 

matrices. The review also highlights the merits and limitations of these nanoparticles as well as 

strategies used to overcome the limitations. The challenges and perspectives for the future 

development of polymer encapsulated organic nanoparticles are also discussed. 
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1. Introduction 

Fluorescence imaging techniques have attracted great attention due to their distinguished 

advantages in terms of the availability of biocompatible imaging agents, maneuverable 

instruments, and high temporal resolution with good sensitivity.1,2,3 To achieve desired signal 

output and high signal-to-noise ratio, a variety of fluorescent probes based on both discrete 

molecules and colloidal nanoparticles have been explored. While discrete small molecules (e.g. 

fluorescent proteins and organic dyes) have good biocompatibility and small sizes that are ideal 

for intracellular target labeling, 4 , 5  fluorescent nanoparticles have advantages of good 

photostability and easy surface functionalization, which have attracted increasing attention in 

biomedical research. 6  To date, a variety of fluorescent probes based on inorganic, organic 

nanomaterials and organic/inorganic hybrid systems have been developed for in vitro/in vivo 

sensing and imaging.7,8,9,10,11,12,13 Each class of these fluorescent nanomaterials have shown their 

distinct advantages. For instance, inorganic quantum dots have excellent photostability with 

narrow emission, which are ideal candidates for multiplex imaging.8 Metallic nanoclusters have 

subnanometer dimensions and low cytotoxicity,9,14 while up-conversion nanoparticles produce 

visible emission upon excitation with near-infrared (NIR) laser that benefits deep tissue 

imaging.10 For organic nanomaterials, carbonaceous dots are toxic-free and are promising 

alternatives to traditional inorganic quantum dots.11 Combination of organic and inorganic 

components, such as dye-doped or dye-decorated silica nanoparticles often show improved 

photostability and higher brightness as compared to discrete dye molecules.12,15 As fluorescent 

nanomaterials containing inorganic elements face the challenge of non-biodegradability in living 

bodies, organic nanoparticles with organic emitters as the fluorescent core and 
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biocompatible/biodegradable polymers as the encapsulation matrix have emerged as a new 

generation of promising probes for in vivo applications. 

To date, the most popular organic emitters are small molecule dyes that are rich in variety.16,17 

The emission of these dyes, however, is often weakened or even annihilated in aggregates, which 

is known as aggregation-caused quenching (ACQ).18 This phenomenon is even more serious for 

dyes with emission in the far red/near-infrared (FR/NIR) tissue-transparency window. The 

elongated conjugation with large aromatic rings favors strong π-π interaction to quench the 

fluorescence.19 Using 3,3’-diethylthiadicarbocyanine iodide and Nile Red as the examples, the 

fluorescence of dye loaded nanoparticles could be significantly reduced to almost zero at high 

dye loading.20  In addition to the ACQ effect, dye loaded nanoparticles also share the same 

shortcoming of small Stokes shifts with their isolated dye molecules,21,22 which is unfavorable 

for in vivo imaging.  

The discovery of fluorogens with aggregation-induced emission (AIE) characteristics offers a 

straightforward solution to the ACQ problem.23 The AIE phenomenon is generally observed in 

molecules that contain rotor structures (e.g., phenyl groups) to promote fast discrete diffusion. 

The rotor-containing fluorogens exhibit low frequency vibrational modes in dilute solutions, 

which induce very fast non-radiative decay of the excited singlet states to emit faint fluorescence. 

In the aggregation state, these modes are eliminated by intermolecular steric interactions, which 

activate the radiative pathway. The fascinating features (e.g. low fluorescence as molecular 

species, high brightness in aggregates and large Stokes shifts) of AIE fluorogens led to booming 

development of polymer encapsulated AIE nanoparticles in the past two years, making them a 

new promising tool for imaging.  
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Conjugated polymers (CPs) represent the macromolecular emitters. Due to their highly 

delocalized π-conjugated backbones,24 CPs show distinguished advantages over small organic 

dyes in terms of higher absorptivity, better photostability, larger Stokes shift, and stronger 

interaction with the encapsulation matrices. In addition, the optical properties of CPs can be 

feasibly customized through backbone and side-chain modifications. 25  To apply CPs in 

bioimaging, water dispersibility is the prerequisite condition, which can be endowed through 

either chemical modification to introduce hydrophilic side chains to afford conjugated 

polyelectrolytes (CPEs)26,27,28,29,30 or fabrication of CP nanoparticles.31,32,33 Earlier studies have 

shown that self-assembled water-soluble polymers are ideal for sensing, imaging, drug delivery 

and photodynamic therapy.27,34,35 However, it is time-consuming to design and modify each 

polymer to endow them with water-solubility.  

The fascinating properties of CPs and CPEs have motivated researchers to look for simple 

strategies to bring them into aqueous media for fast screening of all the existing CPs and new 

ones to be developed for more specific applications. Previous reviews from several groups have 

discussed the synthesis and characterization of CP nanoparticles through various synthetic 

techniques, including polymerization, emulsion and nanoprecipitation. 36 , 37  As compared to 

specific structural modification to synthesize each CPE, 38 , 39  encapsulation of CPs using 

biocompatible polymers emerges as one of the most convenient strategies to transform neutral 

CPs into aqueous media.31,32,40,41 The marriage between biocompatible polymer matrices and 

functional CPs or AIE fluorogens thus offers new insights into the development of highly 

fluorescent polymer encapsulated organic nanoparticles with unprecedented brightness for 

bioimaging.31,42 
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Different from fluorescence imaging which requires probes with bright fluorescence, recent 

discovery reveals that low fluorescence CP nanoparticles with NIR absorption are ideal probes 

for photoacoustic (PA) imaging. It is generally considered that large absorption coefficient at 

long wavelength and high nonradiative quantum yields are two dominant factors to yield strong 

PA signals for organic materials.43 This offers new opportunities for many weakly fluorescent 

organic fluorogens and polymers, which has further expended the horizon of CPs in biomedical 

research. As PA imaging is able to provide centimeter penetration depth with micrometer 

resolution, it is able to directly address the limited penetration depth for fluorescence imaging 

(e.g. tens to hundreds of micrometers). Due to the rapid development in the design and 

fabrication of polymer encapsulated AIE and CP nanoparticles for advanced biological 

applications, we believe that it is timely and necessary to summarize the recent progress in this 

area.  

In this review, we summarize the latest advances on the development of polymer encapsulated 

CP and AIE fluorogens for fluorescence and photoacoustic imaging. We limit the scope to the 

work published in the past three years, with focus on strategies for fine tuning the nanoparticle 

size and brightness through precise design of light emitters and careful selection of polymer 

matrices. Firstly, we summarize the methods used for the formation of polymer encapsulated 

organic nanoparticles. We then discuss the current status of polymer-encapsulated nanoparticles 

based on CPs and AIE fluorogens to reveal how the interplay between light emitters and matrices 

is able to control the nanoparticle size and brightness for in vitro/in vivo fluorescence and 

photoacoustic imaging. While significant attention has been focused on how to produce highly 

fluorescent CP and AIE nanoparticles, the emerging of dark CP nanoparticles for PA imaging 

should stimulate further research interest and inspire more exciting research on organic 
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nanoparticles. Finally, perspectives for the future development of organic nanoparticles for 

imaging and therapy are discussed. 

2. Synthesis of polymer-encapsulated organic nanoparticles 

In the following discussion, “organic emitter” is used to represent all the organic fluorescent 

materials, including traditional dyes, CPs and AIE fluorogens. Several methods to prepare 

polymer-encapsulated organic nanoparticles have been developed, which include self-assembly, 

polymerization, macro-/micro-/miniemulsion and nanoprecipitation. The nanoparticle sizes are 

sensitive to several parameters used during nanoparticle preparation, such as amphiphilicity and 

molecular weight of encapsulation matrices, initial concentration of emitters and the miscibility 

of the emitter-containing organic solvents to aqueous media. For example, Christensen and co-

workers have reported that increasing the starting concentration of poly(fluorene-alt-

benzothiadiazole) (PFBT) to >500 ppm can obviously induce the size increase of CP 

nanoparticles prepared from nanoprecipitation. 44  On the other hand, Feng and co-workers 

reported that the poly(lactic acid)-d-α-tocopheryl polyethylene glycol 1000 succinate (PLA-

TPGS) encapsulated nanoparticles showed an average size of ~200 nm when water-miscible 

tetrahydrofuran (THF) was used as the organic solvent, which was smaller than that prepared 

using water-immiscible dichloromethane (DCM) as the solvent (~300 nm).45,46  

2.1. Self-assembly  

Due to the unique chemical structures, amphiphilic polymers tend to self-assemble into nano-

aggregates in aqueous solution.47,48  When the mixture of amphiphilic polymers and organic 

emitters dissolved in a “good” solvent is quickly added to an excess amount of “poor” solvent, 

the hydrophobic segments tend to aggregate and encapsulate organic emitters in the core while 

the hydrophilic chains act as a shell to stabilize the obtained nanoparticles. On the other hand, 
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upon conjugating organic emitters to the hydrophobic termini or side chains of amphiphilic 

polymers, the obtained polymer-emitter conjugates will form fluorescent nanoparticles with 

organic emitters embedded in the polymer matrix (Scheme 1). In addition, the hydrophilic 

segments could be decorated with functional groups for further conjugation with specific 

targeting moieties to cater to versatile biological tasks. 

Self-assembly

+

or

or

Polymer Emitter

 

Scheme 1. Schematic illustration of polymer-encapsulated organic nanoparticles preparation 

from self-assembly. 

2.2. Polymerization 

In a typical polymerization method, the organic solvent containing monomers and organic 

emitters is uniformly dispersed into stable and small oil droplets in the presence of emulsifier in 

aqueous solution through ultrasonification. The polymerization of monomers in oil droplets starts 

with the addition of initiators into the emulsion to yield organic nanoparticle dispersions 

(Scheme 2).49, 50 Further solvent evaporation affords the well-dispersed polymeric nanoparticles. 

In this method, the emitters can be either reactive or non-reactive to the monomers during 

polymerization.51,52  

Monomers Emitters

+ i); ii); iii)
i); ii); iii)
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Scheme 2. Schematic illustration of polymer-encapsulated organic nanoparticles preparation 

from in-situ polymerization. i) Addition of monomers and emitters in water containing emulsifier; 

ii) Dispersion of monomers and emitters with sonication; iii) Addition of initiator to initiate the 

monomer polymerization to yield emitter-loaded polymer nanoparticles. 

2.3. Emulsion 

Emulsions can be generally classified into three types based on the sizes of the droplets, which 

are macroemulsion, miniemulsion and microemulsion.53 Miniemulsion and microemulsion are 

always employed to produce nanoparticles with sizes less than 500 nm, while the size of droplets 

in macroemulsion is larger than 1 µm.52 In a typical emulsion process, the emitters are dissolved 

in an organic solvent together with the polymer matrix to obtain a homogeneous solution. The 

organic solvent used in emulsion is immiscible with water (e.g., dichloromethane). When the 

solvent is added into emulsifier-containing aqueous solution under ultrasonification or vigorous 

stirring, small organic droplets are stabilized by the emulsifier to generate a homogeneous “oil-

in-water” emulsion. After organic solvent evaporation, stable suspension of polymer 

encapsulated nanoparticles in water is obtained and the surface of these nanoparticles can be 

used for further functionalization (Scheme 3). 

Organic solution containing emitters

and polymeric matrix

Aqueous solution containing 

emulsifier/stabilizer

Sonication

Solvent evaporation

Surface-amendable 

nanoparticles
 

Scheme 3. Schematic illustration of the preparation of polymer-encapsulated organic 

nanoparticles from emulsion. 
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2.4. Nanoprecipitation 

Nanoprecipitation differs from emulsion in the organic solvents used for nanoparticle formation. 

Nanoprecipitation requires the solvent to be miscible with water and there is no emulsifier 

presented in the aqueous phase.54 In a typical nanoprecipitation process, the solution of emitters 

and encapsulation matrix in an organic solvent (e.g., THF) is rapidly added to an excess of water 

under ultrasonification. The sudden decrease of solvent hydrophobicity leads to aggregation of 

emitters and hydrophobic segments of the encapsulation matrix to yield nanoparticles. The 

hydrophilic chains of polymeric matrix orient into the aqueous phase to facilitate further 

functionalization.  

Sonication

Solvent evaporation

Organic solution containing 

emitters and polymeric matrix

Water Surface-amendable

nanoparticles
 

Scheme 4. Schematic illustration of the preparation of polymer-encapsulated organic 

nanoparticles from nanoprecipitation. 

3. Fluorescence imaging 

3.1. Polymer encapsulated conjugated polymer nanoparticles 

For fluorescence imaging, brightness is highly desirable for good sensitivity at low dosage of 

contrast agent with reduced side effect. One main obstacle to obtain highly emissive CP 

nanoparticles is that neutral CPs often have reduced fluorescence when aggregated.55,56 Different 

strategies have been developed to overcome the intrinsic quenching effect of CPs in aggregates, 

such as through CP design, matrix selection and nanoparticle preparation. So far, CP 
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nanoparticles with tunable size, brightness and surface properties have been customized to meet 

versatile requirements in in vitro and in vivo studies.  

3.1.1. Conjugated polymer design 

To date, a number of CPs with different backbone structures, including poly(fluorene) (PF), 

poly(para-phenylene) (PPP), poly(p-phenyleneethynylene) (PPE), poly(p-phenylenevinylene) 

(PPV), poly(thiophene) (PT) and their derivatives, have been synthesized through different 

polymerization methods (e.g., Suzuki coupling, Heck coupling, Sonogashira coupling and 

oxidative polymerization, etc.). The chemical structures of several typical CPs are shown in Fig. 

1. In the past, several strategies, such as using bulky monomers,57 introducing bulky groups (e.g. 

dendrion, or polyhedral oligomeric silsesquioxane, POSS)58,59,60 to the polymer side chain or as 

end-cappers, designing polymers with intramolecular donor-acceptor architectures,61and using 

polymer-small molecule blends62 have been proved effective in mitigating polymer aggregation, 

leading to bright fluorescence in films.  

 

Fig. 1. Chemical structures of PF, PPP, PPE, PPV and PT. 

It has been generally observed that CPs with short wavelength emission show higher 

fluorescence quantum yields than those with longer emission in both solution and solid state. 

This potentially poses new challenges as the increasing interests in in vivo fluorescence imaging 

studies require advanced probes with FR/NIR emission, due to minimized photodamage to 

biological substrates, low background auto-fluorescence and deep tissue penetration in this 

wavelength range.63 Despite of the large amount of CPs developed, bright FR/NIR fluorescent 
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CPs remain very rare.64 Introducing donor-acceptor structures into CP backbones65 is the most 

widely used strategy to realize FR/NIR emission. These CPs suffer from significantly reduced 

fluorescence quantum yields in aqueous media, due to severe aggregation and charge transfer 

induced fluorescence quenching.66 Several strategies have been reported to optimize the FR/NIR 

CPs. For instance, a small amount of narrow-band-gap moieties as energy acceptors can be 

introduced into the CP backbones to facilitate intra- and interchain energy transfer in aggregated 

state, which ensures both high absorptivity from the donor part and bright fluorescence from the 

acceptor units. Additionally, bulky pendants, such as POSS, can be incorporated into the FR/NIR 

CP backbone or side chain to effectively prevent close packing of the CPs to block energy 

transfer to low energy defects.60 Considering the fact that CPs are excellent light absorbers, they 

are ideal energy donors that could be used to blend with NIR emitters (e.g. organic dyes, QDs or 

acceptor CPs)67,68 for amplified NIR fluorescence in nanoparticles.  

3.1.2. Nanoparticle formulation 

In 2008, McNeill and co-workers reported the synthesis of bare CP nanoparticles through 

nanoprecipitation for non-specific cellular imaging.69 The lack of functional groups on bare CP 

nanoparticles is a great hamper for specific modification to realize targeted imaging. 

Additionally, the colloidal and fluorescence stabilities of bare CP nanoparticles remain 

susceptible to external environment. Polymer-encapsulated CP nanoparticles thus offer new 

opportunities to overcome these limitations. To date, several biocompatible polymers with 

versatile functional groups have been applied for CP nanoparticle preparation, which include 

poly(DL-lactide-co-glycolide) (PLGA), 70  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(polyethylene glycol) (DSPE-PEG), polystyrene-block copolymer (PS-PEG/PSMA) and their 

derivatives with terminal functionality. 71  It is found that polymeric matrices with higher 
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amphiphilicity and lower molecular weight can yield CP nanoparticles with smaller sizes, e.g. 

the sizes of the nanoparticles generally follow the order: PLGA > DSPE-PEG > PS-PEG/PSMA. 

Moreover, amphiphilic polymers with more hydrophobic segments are beneficial to increase the 

quantum yields of CP nanoparticles. This is because the highly hydrophobic segments in 

matrices intend to form more compact cores that effectively minimize the contact between CPs 

and oxygen or water for fluorescence quenching. For instance, the reported sizes and quantum 

yields of PFBT nanoparticles are highly dependent on encapsulation matrices. When PLGA was 

employed as the matrix, the size and quantum yield of PFBT nanoparticles were ~243 nm and 

5%, respectively.70 The sizes were decreased to ~55 nm and ~7 nm using DSPE-PEG and PS-

PEG as the polymeric matrices, and the corresponding quantum yields were improved to 18% 

and 75%, respectively.44,72 The absorption and emission maxima, the sizes, colloidal stability and 

quantum yields of the reported polymer encapsulated CP nanoparticles together with their 

matrices and applications are summarized in Table 1.  

Table 1. Summary of polymer encapsulated CP nanoparticles for fluorescence imaging 

applications. 

CPs Matrix 
Size

a
 

(nm) 
λex 

(nm) 
λem 

(nm) 
QY 

(%) 

Colloidal 

Stability 

Targeting 

Ligands 
Application 

CP1 PLGA/PLGA-
PEG-NH2 

~250 411 479 19 - Trastuzumab 
In vitro targeted cell 

imaging77 
CP2 DSPE-PEG-

Maleimide 
28 528 686 14 - Affibody 

In vitro targeted cell 
imaging60

 

CP3 

PLGA-COOH 
235 434 481 11 - Affibody In vitro targeted cell 

imaging in a mixture 
(single laser excitation)81 

CP4 
193 436 622 19 - RGD 

CP5 PLGA/PLGA-
PEG-Folate 

180 516 636 7 - Folate 
In vivo Dual-modality 

tumor imaging 
(fluorescence, MRI)86 

CP6 DSPE-PEG-
Biotin 

55 460 545 18 - Biotin 
In vitro targeted cell 

imaging44 

CP7 DSPE-PEG 
DSPE-PEG-

80 550 698 27 c Folate 
In vitro/in vivo targeted 

cell/tumor imaging94
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Folate 
CP8 

DSPE-PEG 36 461 582 32 d Tat peptide 
In vitro long-term cell 

tracing95 
CP9/ 

IR775 
DSPE-PEG     - No In vivo RON imaging96 

CP6 

PSMA 
15 - - 28 e No 

In vitro bioorthogonal 
labeling of cellular 

targets97
 

CP10 
10 - 580 60 - Streptavidin 

Intracellular microtubule 
targeting99 

CP11 

PS-PEG-COOH 
 

16 - 540 18 - Streptavidin 
In vitro photoswitching 

imaging111
 

CP6/ 

CP12 
 - 650 55 - Chlorotoxin 

In vivo brain tumor 
targeting;112 

In vitro racking IGF1R113
 

CP4/ 

NIR 

775/ 

Luc8 

40 - 778 - - RGD 

Bioluminescence 
resonance energy transfer 
for in vivo tumor targeted 

imaging116
 

CP6 PS-PEG-
COOH/PIMA 

7 460 540 75 f Streptavidin 
Protein location and 

orientation72 
CP6 

PFBT F127/silica 12
b
 460 545 

70-
75 

g No 
In vivo brain vascular 

imaging119 

aThe sizes of nanoparticles were determined by dynamic light scattering (DLS) unless otherwise specified. bThe 

sizes of nanoparticles were determined by TEM. cThe size remains the same upon incubation in PBS buffer at 37 °C 

for 7 days. dNo precipitation observed upon storing at 4 ºC for 3 months. eThe size increased from ~15 nm to >2000 

nm in the presence of 1 mM Cu2+ in water. fThe size remains stable for months at 4 ºC. gNo obvious size variation 

observed in 10 days. 

3.1.2.1. Poly(DL-lactide-co-glycolide) nanoparticles 

As a Food and Drug Administration approved polymer, biocompatible poly(DL-lactide-co-

Glycolide) (PLGA) has been actively used as a carrier for drug delivery. 73 , 74 , 75  PLGA-

encapsulated CP nanoparticles with sizes of 240-270 nm and ~190 nm could be synthesized 

through microemulsion and nanoprecipitation methods, respectively. The terminal carboxyl 

groups of PLGA allow further conjugation of functional moieties before or after nanoparticle 

formulation. Liu and co-workers developed a general strategy through a single emulsion method 

to fabricate a series of CP-loaded PLGA nanoparticles with emission covering the range from 

400 to 700 nm.70 Although the CP nanoparticles were effective in targeted cellular imaging, the 

quantum yields of the as-prepared CP nanoparticles were 4-25 fold lower than CPs in 
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tetrahydrofuran (THF) solutions, due to extensive CP aggregation in nanoparticles that promotes 

non-radiative decay.76 To reduce the close-packing of CP molecules upon nanoparticle formation, 

attaching POSS as an end-capper to poly(fluorenevinylene) led to CP1, and the CP1-loaded 

PLGA nanoparticles showed an improved quantum yield of 19% relative to 11% for 

poly(fluorenevinylene).77 The surface carboxyl groups of PLGA nanoparticles allowed further 

conjugation with trastuzumab through 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-

mediated coupling reaction. The trastuzumab-functionalized CP1-loaded nanoparticles were then 

successfully used for specific discrimination of SK-BR-3 cells from MCF-7 and NIH/3T3 cells. 

In addition to end chain modification, POSS has also been incorporated into the side chains of a 

polyfluorene derivative containing the narrow-band-gap moiety, 4,7-di(thiophen-2-yl)-2,1,3-

benzothiadiazole (DBT) to yield CP2 with bright FR/NIR emission in aggregates.60 CP2-based 

nanoparticles have a fluorescence quantum yield of 13.6% in water, which is ~7-fold higher than 

that of the nanoparticles prepared using the counterpart without POSS attachment. Further 

surface immobilization with thiol-containing anti-HER2 affibody facilitated in vitro targeted 

imaging of HER2-overexpressed SK-BR-3 breast cancer cells. Noteworthy is that the higher 

quantum yield of CP2 nanoparticles ensures dramatically improved fluorescence contrast during 

confocal imaging (Fig. 2). 
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Fig. 2 Chemical structures of CP1 and CP2. Confocal images of fixed SK-BR-3 breast cancer 

cells incubated with (a) Affibody-functionalized CP2 nanoparticles and (b) Affibody-

functionalized nanoparticles prepared from the counterpart of CP2 without POSS. The images 

were taken under the same experimental conditions (reprinted with permission from ref. 60, 

Copyright 2013 Royal Society of Chemistry). 

Through introducing a small portion of energy acceptors into CP backbones, efficient energy 

transfer from donor to acceptor could be triggered in the aggregate state,78 ,79 , 80  leading to 

amplified acceptor emission at the expense of the donor fluorescence. As such, CPs with energy 

donor-acceptor design are ideal to yield fluorescent nanoparticles with different emission colors 

upon single wavelength excitation at the same donor absorption maximum. CP3 is an analogue 

to CP1 with green fluorescence. Introducing a small portion of 2,1,3-benzothiadiazole (BT) units 

into CP3 backbone led to CP4 with significantly red-shifted emission in aggregates because of 

aggregation enhanced energy transfer from the fluorenevinylene segments to the electron-

deficient BT units.81 PLGA-encapsulated green and red nanoparticles with an average size of 

~190 nm and surface carboxyl groups were then synthesized through a single emulsion method. 
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The obtained CP3 and CP4 nanoparticles have similar absorption maxima (434 nm and 436 nm) 

while their emission spectra are well-separated with maxima at 483 nm and 622 nm, respectively 

(Fig. 3a). The CP3 and CP4 nanoparticles were subsequently modified with anti-HER2 affibody 

and RGD peptide, which are specific targeting ligands to HER2 and integrin receptor, 

respectively. Thanks to the specificity of targeting biomolecules and the distinct emission spectra, 

the well-separated fluorescence signals from Affibody-CP3 and RGD-CP4 nanoparticles at the 

surface of SK-BR-3 cells and HT-29 cells allow simultaneous differentiation of the two cancer 

cell lines in a living cell mixture (Fig. 3b). As compared to single target detection, simultaneous 

identification of multiplex targets under single laser excitation has several advantages such as 

minimum instrument requirement, short testing time, reduced sample consumption and low 

overall cost.82 
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Fig. 3. Chemical structures of CP3 and CP4. (a) UV-Vis and PL spectra of CP3 (black) and 

CP4 (red) nanoparticles. (b) Confocal images of a mixture of suspended living SK-BR-3 cells 

(green) and HT-29 cells (red) stained with Affibody-CP3 and RGD-CP4 nanoparticles at 4 °C 

(λex = 405 nm) (reprinted with permission from ref. 81, Copyright 2011 American Chemical 

Society). 
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As compared to CP nanoparticles with single modality, dual-modality nanoparticles offer great 

potentials to satisfy the increasing requirements in advanced bioimaging applications through 

detection in both modes.83  In this regard, Green and co-workers reported the fabrication of 

fluorescent-magnetic nanoparticles through co-encapsulation of CPs and iron oxides (IOs) for 

cell imaging. 84  The magnetic property was well preserved and the nanoparticles could be 

internalized by living SH-SY5Y cells for fluorescence imaging. However, the fluorescence of 

CPs was significantly sacrificed due to the quenching of CP fluorescence by IOs.85 To solve this 

problem, Liu and co-workers developed a facile strategy to synthesize similar nanoparticles with 

minimized fluorescence quenching by co-encapsulation of CP5 and lipid-coated IOs into a 

mixture of PLGA and PLGA-PEG-folate through a solvent extraction emulsion method (Fig. 

4a). 86  The yielded nanoparticles show super-paramagnetic properties with a saturated 

magnetization value of 3.42 emu/g without sacrificing the fluorescence, due to the lipid coating 

on iron oxides that acts as an effective barrier to minimize interaction between CP5 and IOs. The 

resulted dual-modality nanoparticles have an average size of ~180 nm and are able to be readily 

internalized by MCF-7 cells without obvious cytotoxicity. The emission maximum locates at 636 

nm with a large Stokes shift of 120 nm, which favors in vivo fluorescence imaging with high 

contrast (Fig. 4b).87 Additionally, a T2-weighted magnetic resonance (MR) signal is observed at 

the tumor site, which is in good accordance with the fluorescence imaging study (Fig. 4c). The 

prominent tumor uptake of nanoparticles could be attributed to the combined passive targeting 

and folate receptor-mediated active targeting effect. Later, the same group reported the 

application of ~5 nm Au dots and CP5 co-loaded nanoparticles for fluorescence and dark field 

dual-modal in vitro targeted cancer cell imaging.88  TEM results showed that Au dots were 

eccentrically located at one side of the nanoparticles due to evaporation-induced phase separation 
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between Au dots and polymer matrix,89 which minimized the fluorescence quenching of CPs by 

Au dots. As a result, CPs have great potentials in the construction of multi-modality nanoprobes 

for versatile in vitro and in vivo applications.  

PLGA-PEG-FOL

Ion Oxides

CP8

RR n

N(CH3)2R =

N
S

N

CP8

a)

PLGA-PEG-Folate

Iron Oxides

CP5

0 h                                        5 h

1 h 6 h 18 h b)

c)

 

Fig. 4. Chemical structure of CP5. (a) Schematic illustration of CP5-based dual-modality 

nanoparticles with surface folate groups. (b) Representative in vivo fluorescence images of 

mouse injected with CP5 nanoparticles acquired at 1 h, 6 h and 18 h post-injection. (c) MR 

images of the mouse treated with CP5 nanoparticles at 0 and 5 h post-injection. Red circles in (c) 

indicate the tumor region (reprinted with permission from ref. 86, Copyright 2012 Wiley-VCH). 

Based on the several examples discussed above, it is obvious that the CP nanoparticles with 

PLGA matrix often have sizes around 200 nm with medium to low fluorescence quantum yields. 

The high loading capacity of PLGA nanoparticles is ideal for co-encapsulation of several 

Page 19 of 79 Chemical Society Reviews



20 

 

imaging or therapeutic agents with CPs to yield multimodality probes for imaging and 

therapy.86,90 However, PLGA based nanoparticles suffer from obvious shortcomings, e.g. the 

long-term colloidal stability is not ideal due to their large sizes and fast biodegradability. The 

excess of carboxyl groups on the nanoparticle surface also make them vulnerable to aggregation 

in the presence of divalent metal ions. 

3.1.2.2. DSPE-PEG nanoparticles 

As amphiphilic macromolecules with favorable biocompatibility, DSPE-PEG derivatives are 

ideal matrices to encapsulate hydrophobic components to yield nanoparticles with small size (< 

100 nm) and excellent colloidal stability due to the presence of surface PEG. In addition, the 

utilization of different DSPE-PEG derivatives can afford nanoparticles born with surface 

targeting ligands or functional groups with tunable densities for post-functionalization.91 , 92 

Christensen and co-workers prepared a series of DSPE-PEG-encapsulated CP nanoparticles with 

average sizes of 55-83 nm in water, determined by DLS.44 Using CP6 as an example, DSPE-

PEG encapsulated fluorescent nanoparticles with tunable surface groups (e.g., carboxyl group, 

biotin) showed similar sizes (~55−58 nm) and quantum yields (~17−19%). In addition, Biotin-

CP6 nanoparticles were able to specifically image surface receptor CD16/32 of J774A cells 

using biotinylated anti-CD 16/32 monoclonal antibody as a primary binding element and 

streptavidin as a linker in a sandwich format (Fig. 5). 
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b)a)

25 µm

  

Fig. 5. Chemical structure of CP6. Confocal (a) bright field and (b) fluorescence images of 

J774A cells labeled with biotinylated DSPE-PEG-encapsulated CP6 nanoparticles (reprinted 

with permission from ref. 44, Copyright 2011 Royal Society of Chemistry). 

 To further develop bright CP nanoparticles with FR/NIR emission, a series of CPs were 

designed to contain narrow-band-gap energy acceptors in CP backbones. The design takes 

advantages of intra- and interchain energy transfer in nanoparticles with minimized fluorescence 

quenching due to acceptor dilution.93 A successful example is CP7, which contains two narrow 

bandgap moieties at a ratio of 80 (donor) to 20 (acceptor) in the backbone.94 When the donor 

segment was excited at 457 or 488 nm, efficient energy transfer occurred to facilitate FR/NIR 

emission. Using the mixture of DSPE-PEG and DSPE-PEG-folate as matrix, the obtained folate-

CP7 nanoparticles have an average size of ~77 nm in water while the excitation and emission 

peaks are located at 465 nm and 698 nm, respectively. The fluorescence quantum yield of CP7 

nanoparticles is ~27% in water, which is among the highest for single component CP 

nanoparticles with FR/NIR emission. In vitro and in vivo studies reveal that the folate-

functionalized nanoparticles have good targeting ability to folate receptor-overexpressed cancer 

cells and tumor tissues with low cytotoxicity and good biocompatibility. Obvious fluorescence 

signals were also observed in tumor, liver and spleen tissues at 24 h post-injection. Fig. 6 shows 
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the semiquantitative biodistribution analysis, which suggests that the ratio of average 

fluorescence in tumor tissue to that in liver is 1.7 for folate-CP7 nanoparticle-treated mice. In 

addition, the fluorescence from the tumor in mice treated with folate-CP7 is ~1.9-fold brighter 

than that for CP7 nanoparticle-treated ones, indicating the obvious targeting effect due to folate 

functionalization. Further in vivo experiments using tumor-free or H22 tumor-bearing ICR mice 

revealed that the folate-CP7 nanoparticles have no obvious in vivo toxicity. These results clearly 

indicate that CP nanoparticles can serve as an effective FR/NIR fluorescent probe for targeted in 

vivo fluorescence imaging and cancer diagnosis. 
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Fig. 6. Chemical structure of CP7 and semiquantitative biodistribution analysis of folate-CP7 

nanoparticles and CP7 nanoparticles in H22 tumor-bearing mice at 24 h post-injection (reprinted 

with permission from ref. 94, Copyright 2013 Wiley-VCH). 

Besides chemical modification of CPs, fine-tuning the size and morphologies of CP molecules 

in nanoparticles is another effective strategy to optimize their brightness and fluorescence 

quantum yields.95 Using DSPE-PEG as the encapsulation matrix, the initial feed concentration of 

CP8 in THF has a significant impact on the internal morphologies of CP molecules although the 
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average sizes of the obtained nanoparticles are similar (~36 nm). For instance, the higher initial 

CP8 concentration at 1.00 mg/mL led to nanoparticles with a typical core-shell structure and a 

fluorescence quantum yield of 17% (Fig. 7a). As the initial CP concentration decreased, the core-

shell structure was transformed into dark dot embedded nanoparticles. At the initial CP8 

concentration of 0.25 mg/mL, single-chain CP dots (~2-3 nm) embedded nanoparticles were 

obtained with a fluorescence quantum yield of 32%. This is due to the reduced non-radiative 

recombination from inter- and/or intra-chain interactions in the single-chain morphology, as 

evidenced by the lifetime results. The CP8 nanoparticles showed similar sizes (~30 nm by DLS) 

in water when fabricated using either DSPE-PEG-COOH, DSPE-PEG-NH2 or DSPE-PEG-

Maleimide as the encapsulation matrix. Further conjugation with a cell penetrating trans-

activator of transcription (Tat) peptide, Tat (RKKRRQRRRC) was achieved via carbodiimide-

mediated coupling reaction for carboxyl- and amine-terminated nanoparticles or through click 

reaction between maleimide-terminated nanoparticles and thiol-labeled Tat. All three groups of 

Tat-functionalized nanoparticles showed better long-term cell tracing ability than the commercial 

Qtracker 585 labeling kit. The Tat-CP8 nanoparticles prepared using DSPE-PEG-Maleimide 

matrix have the highest cell internalization efficiency (99.97%) and the best cell tracing 

performance of up to nine generations by confocal microscope (Fig. 7b and 7c). 
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Fig. 7. Chemical structure of CP8 and (a) TEM images of the nanoparticles prepared from 

different concentrations of CP8 at the feed: 1.00, 0.50 and 0.25 mg/mL (from left to right) using 

DSPE-PEG as the matrix. Confocal images of MCF-7 cancer cells labeled with 2 nM (b) Tat-

CP8 nanoparticles prepared using DSPE-PEG-maleimide matrix or (c) Qtracker 585, after 

subculturing for different generations (G). All images in (b) and (c) share the same scale bar of 

30 µm (reprinted with permission from ref. 95, Copyright 2013 Wiley-VCH). 

In addition to cellular imaging, Rao and co-workers reported the synthesis of CP based dual 

color nanoparticles for in vivo imaging of reactive oxygen and nitrogen species (RONs) in 

inflammatory microenvironments in living mice.96 CP9 was first encapsulated in DSPE-PEG and 

DSPE-PEG-NH2 to yield NIR emissive nanoparticles with an emission maximum at 678 nm and 

a fluorescence quantum yield of 18%. The surface amine groups facilitated subsequent 

conjugation of carboxyl-terminated IR775 (IR775COOH) onto the nanoparticle surface. Upon 

excitation of CP9, the nanoparticles exhibited two emission peaks at 678 and 818 nm due to 
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incomplete Förster resonance energy transfer (FRET) from CP9 to IR775, resulting in 

significantly reduced quantum yield from 18% to 3%. Upon gradual addition of RONs such as 

ONOO- to the nanoparticle solution, the emission peak at 678 nm increases with the concurrent 

loss of emission at 818 nm. This was due to the rapid oxidative cleavage of the oligomethine 

moiety of the IR775, which diminished FRET and recovered the donor fluorescence at 678 nm. 

Thereby, the FRET nanoparticle has a sensitive spectral change from a dual-peak profile to a 

single one upon RON activation. The performance of CP9/IR775 nanoparticles in in vitro RONs 

imaging was carried out in RAW264.7 cell line. As shown in Fig. 8b, only weak fluorescence 

from the cells was observed upon incubation with the nanoparticles. On the contrary, cells pre-

treated with bacterial cell wall lipopolysaccharide (LPS) and phorbol 12-myristate 13-acetate 

(PMA) that could elicit the production of RONs showed strong fluorescence, indicating the 

recovery of CP9 fluorescence activated by RONs under the mimic inflammatory condition. The 

cell fluorescence remains low in the presence of N-acetylcysteine (NAC), a general antioxidant 

that can effectively block the oxidative cleavage of IR775. The FRET nanoparticles also showed 

specific RON detection ability at inflammation sites in living bodies. 
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Fig. 8. Chemical structures of CP9 and IR775COOH. (a) Schematic illustration of RONs 

detection using CP9/IR775 FRET nanoparticles. (b) Fluorescence images of live murine 

macrophages (RAW 264.7) incubated with CP9/IR775 nanoparticles. From left to right: 

untreated cells, cells successively treated with LPS and PMA, and cells pre-treated with NAC 

before incubation with LPS and PMA, followed by NAC treatment. All the images share the 

same scale bar of 20 µm (reprinted with permission from ref. 96, Copyright 2013 Wiley-VCH). 

As discussed above, the nanoparticles made from DSPE-PEG have sizes in the range of 30-90 

nm, which are smaller than those with PLGA because of the higher amphiphilicity and lower 

molecular weights of DSPE-PEG. As shown in Table 1, DSPE-PEG encapsulated CP 

nanoparticles also show good colloidal stability in aqueous media. More importantly, the 

versatile surface functional groups (e.g., carboxyl, amine, maleimide, biotin) of DSPE-PEG 

derivatives provide more opportunities for further surface functionalization. The surface PEG 

segments are also able to prolong the circulation time of DSPE-PEG nanoparticles in blood, 

which is highly desired in living animal studies. 97  As a consequence, the DSPE-PEG 
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encapsulated CP nanoparticles have been involved in a wide range of imaging applications, 

including in vitro/in vivo targeted imaging, long-term cell tracing and in vivo detection of 

reactive oxygen and nitrogen species, as summarized in Table 1. 

3.1.2.3. Polystyrene block copolymer nanoparticles 

Polystyrene (PS) based block copolymers were primarily used in Chiu’s group to produce CP 

dots with very small sizes (< 20 nm) for cellular imaging applications.31 They recently reviewed 

CP dots with fine-tuned surface properties for specific in vitro and in vivo targeted imaging and 

sensing of intracellular species (e.g., oxygen, pH and temperature).31 In this section, only the 

latest progress is summarized while specific examples are selected to highlight the impact of 

polymer matrix selection on nanoparticle fluorescence. 

Considering the ultra-hydrophobicity of PS backbones, PS-containing amphiphilic block 

copolymers are promising choices to encapsulate CPs to form compact cores with very small 

sizes (7−15 nm). In 2011, Chiu’s group reported the synthesis of CP6 based nanoparticles in the 

presence of poly(styrene-co-maleic anhydride) (PSMA).98 The obtained nanoparticles have an 

average diameter of ~15 nm in water with abundant surface carboxyl groups to facilitate further 

functionalization. Of particular significance is that the small size of as-prepared nanoparticles is 

highly desirable for subcellular imaging, which is able to avoid the problems encountered by 

large-sized particles, such as poor mass transfer and non-specific adsorption. The same group 

further explored the application of streptavidin-tagged CP10 based nanoparticles (~12 nm in 

water) for imaging microtubules in Hela cells.99 The streptavidin on the nanoparticle surface 

allowed them to specifically bind to subcellular microtubules in the presence of biotinylated 

monoclonal anti-α-tubulin antibody (Fig. 9). 
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Fig. 9. Chemical structure of CP10. (a) Surface functionalization of CP10 based nanoparticles 

and subsequent streptavidin bioconjugation via EDC-mediated coupling reaction. (b) Confocal 

images of microtubules in HeLa cells labeled with streptavidin-functionalized CP10 

nanoparticles (reprinted with permission from ref. 99, Copyright 2012 Royal Society of 

Chemistry). 

The same group subsequently reported that using PS-PEG-COOH as the polymer matrix was 

able to yield CP6 nanoparticles with excellent colloidal stability with sizes of ~15 nm.71 Further 

adding a dodecylamine-grafted poly(isobutylenealt-maleic anhydride) (PIMA) as the co-

encapsulation matrix and using a low concentration of CP6 at the feed yielded very small 

nanoparticles (7 nm in diameter) with up to 75% fluorescence quantum yield in water.72 Careful 

investigation of the huge improvement in quantum yield revealed that the low mass ratio of CP6 

to encapsulation matrix (1:45) played an essential role. On average, each nanoparticle contains 

one CP6 chain, which significantly minimizes the fluorescence quenching through CP molecule 

aggregation. 100  Single particle imaging results suggested that the brightness of individual 

nanoparticle was nearly identical to that of Qdot 525 upon excitation at 488 nm. Further 
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conjugation of the CP6 nanoparticles with streptavidin facilitated their application in monitoring 

both protein location and the changes in protein orientation upon excitation with a polarized light. 
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Fig. 10. Chemical structure of CP11 and TEM image of CP11 nanoparticles using PS-PEG-

COOH as the encapsulation matrix (reprinted with permission from ref. 111, Copyright 2012 

American Chemical Society).  

On the other hand, the large extinction coefficient and highly delocalized backbone structure 

make CPs excellent candidates as energy donors to construct fluorescent probes based on 

FRET.101 By incorporating energy acceptors with versatile optical properties to CPs through 

either a non-covalent or covalent approach, nanoparticles with photoswitchable fluorescence, 

NIR emission and amplified acceptor signals have been developed for oxygen sensing, 

intracellular pH/temperature sensing, etc.102,103,104,105 Taking fluorescence photoswitching probes 

as an example, they have become increasingly important in super resolution imaging, in vivo 

protein concentration determination and protein trafficking in living cells. 106 , 107 , 108  The 

photoswitchable probes have been realized through co-loading CP and a photochromic molecule 

(e.g., diarylethene) into polymer matrices.109,110 In addition, covalent attachment of spiropyran to 

the side chain of a copolymer led to CP11, which upon encapsulation with PS-PEG-COOH, 

yielded CP11 nanoparticles with an average size of ~16 nm by DLS (Fig. 10).111 The repeatable 

modulation of fluorescence was achieved by UV irradiation that could convert spiropyran into its 

visible-absorbing merocyanine form, which can efficiently quench the fluorescence of CP11 via 
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FRET. On the other hand, exposure under visible light recovered the spiropyran, which resulted 

in fluorescence regeneration. As compared to co-loaded CP/photochromic molecule 

nanoparticles, the molar ratio of CP to photochromic molecule is well-controlled in CP11, so 

that batch-to-batch variation in nanoparticles generated from the non-covalent blending approach 

can be avoided. 

Energy donor-acceptor based nanoparticles have also been prepared by simultaneous 

encapsulation of two different CPs into the same polymer matrix to result in large absorption 

cross-sections in the visible range and high quantum yields in FR/NIR emission.112 Howarth and 

co-workers reported that CP6/CP12 hybrid nanoparticles can be prepared through encapsulation 

with PS-PEG-OH or PS-PEG-COOH, which led to hydroxy- and carboxy-CP6/CP12 

nanoparticles with the same emission maximum at 635 nm. The nanoparticles with PS-PEG-OH 

matrix showed dramatically reduced non-specific cell binding as compared to those based on PS-

PEG-COOH matrix.113 For example, nonspecific binding to mammalian cells and glass coverslip 

of carboxy-CP6/CP12 nanoparticles was obvious in the presence of 100 nM Ca2+ in the 

extracellular medium. On the contrary, only minimal nonspecific binding of hydroxy-CP6/CP12 

nanoparticles to cells and coverslip was observed (Fig. 11). Thanks to the low nonspecific 

binding of the hydroxy-CP6/CP12-streptavidin nanoparticles, they have been successfully used 

to track the dynamic of Type I insulin-like growth factor receptor (IGF1R) on breast cancer cells.  
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Fig. 11. Chemical structure of CP12. Bright-field and fluorescence image of MCF-7 cancer cells 

incubated with different concentrations of (a) hydroxyl-CP6/CP12 nanoparticles and (b) 

carboxy-CP6/CP12 nanoparticles for 10 min in the presence of different concentrations of Ca2+ 

in extracellular media. All images share the same scale bar of 10 µm (reprinted with permission 

from ref. 113, Copyright 2013 American Chemical Society). 

For fluorescence imaging, the light penetration often limits the imaging depth, due to the 

absorption and scattering of optical photons in tissues.114 To address this challenge, the concept 

of self-luminescing hybrid probes based on the principle of bioluminescence resonance energy 

transfer (BRET) from a bioluminescent protein to QDs offers new research opportunities.115 Rao 

and co-workers designed self-luminescing NIR nanoparticles by integrating BRET and FRET in 

an energy transfer relay. 116  The self-luminescing NIR nanoparticles were prepared from 

nanoprecipitation using CP13 and NIR775 as the emitters and PS-PEG-COOH as the matrix, 
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followed by conjugation with a bioluminescent eight-mutation variant of R. reniformis luciferase 

(Luc8) and RGD peptide (Fig. 12). Three emission peaks from Luc8, CP13 and NIR775 are 

located at 480, 594 and 778 nm, respectively, indicating efficient BRET from Luc8 to CP13, 

followed by FRET from CP13 to NIR775. Upon intravenous administration of the nanoparticles 

into mice, strong NIR fluorescence signal was observed from the lymphatic networks, including 

neck lymph nodes, axillary lymph nodes, inguinal lymph nodes and lateral thoracic lymph nodes. 

Comparison between the bioluminescence imaging and fluorescence imaging (λex = 465 nm) was 

conducted by intravenous injection of the self-luminescing nanoparticles into mice bearing 

exnografted tumors. It was found that the signal ratio between the tumor and background from 

bioluminescence imaging was ~10-50 fold higher than that from fluorescence imaging at each 

time point post-injection. The novel self-luminescing nanoparticles provided highly improved 

sensitivity through bioluminescence imaging in in vivo studies. 
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Fig. 12. Chemical structures of CP13 and NIR775. Schematic illustration of self-luminescing 

BRET-FRET NIR polymeric nanoparticles (reprinted with permission from ref. 116, Copyright 

2012 Nature Publishing Group). 

As compared to PLGA and DSPE-PEG derivatives, PS-containing copolymers are likely to 

form more compact hydrophobic cores during self-assembly due to the high hydrophobicity of 

PS. The compact hydrophobic cores are beneficial to reduce the contact of encapsulated CP 

molecules with water, leading to high fluorescence quantum yields. In addition, PS-containing 

block copolymers can afford very small size nanoparticles in water due to the low molecular 

weight and ultra-hydrophobic PS segments. The small sizes (~15 nm) of PSMA/PS-PEG 

nanoparticles make them promising in intracellular microtubule labelling, in vitro membrane 

receptor tracking and in vivo brain tumor imaging. However, the PSMA-encapsulated 

nanoparticles suffer from poor colloidal stability in aqueous media that have either high ionic 

strength or bivalent metal ions, which can be improved using polyelectrolyte coating.117  Of 

significant interest is the CP6 based PS-PEG-COOH nanoparticles, which show much higher 

brightness as compared to IgG-Alexa 488 and Qdot 565 in single particle imaging (Fig. 13a-c). 

Statistical analysis reveals that the CP6 nanoparticles exhibit an order-of magnitude 

improvement in signal-to-background ratio (Fig. 13d-e). More importantly, the pronounced 

fluorescence intermittency of QDs, referred as blinking, is absent in CP6 nanoparticles, but is 

obvious for Qdot 565 (Fig. 13f). Flow cytometry data suggest that the average brightness of CP6 

nanoparticle-labeled cells is ~25-fold and ~18-fold higher than that of the cells labeled with Qdot 

565-IgG and Alexa-IgG, respectively. In addition, the CP6 nanoparticles also show good 

colloidal stability, which can be kept for over 6 months. Indeed, CP6 and PFBT are the most 
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widely used CPs for nanoparticle fabrication, which have been widely used for targeted cellular 

imaging,44 protein location detection72 and in vivo vascular imaging. 118 
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Fig. 13. Single-particle fluorescence images of (a) CP6 nanoparticles, (b) IgG-Alexa 488, and (c) 

Qdot 565 obtained under identical conditions. (d) Signal and background ratios for single CP6 

nanoparticle, single IgG-Alexa 488 and single Qdot 565. (e) Intensity distributions of single-

particle fluorescence for the three probes under an excitation power of 4 mW. (f) Single-particle 

photobleaching trajectories. (a), (b) and (c) share the same scale bar of 5 µm (reprinted with 

permission from ref. 71, Copyright 2010 American Chemical Society). 

3.1.2.4. F127 nanoparticles 

F127 is a biocompatible triblock copolymer composed of a central hydrophobic chain of 

poly(propylene oxide) (PPO) connected with two hydrophilic chains of PEG. Due to the long 

hydrophobic PPO segments and amphiphilic property, F127 can efficiently encapsulate 

hydrophobic agents with a compact core to efficiently prevent contact of CP molecules with 
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oxygen and water to reduce the quenching effect.119 Liu and co-workers reported the synthesis of 

PFBT-loaded F127 micelles with a size of ~10 nm in water. The PFBT used in this study is an 

analogue of CP6 with six carbons in the side chains. At a matrix to PFBT weight ratio of 200:1, 

the quantum yield of the obtained F127 nanoparticles was 70%, which is much higher than that 

for PFBT-loaded DSPE-PEG nanoparticles (40%) prepared under the same conditions. As 

compared to DSPE-PEG, the more hydrophobic PPO segments in F127 molecules can entangle 

with PFBT backbones more efficiently to isolate CP molecules in the matrix, leading to reduced 

interchain interaction with fluorescence quantum yield enhancement.120 Further coating the F127 

micelles with a silica layer resulted in nanoparticles with excellent photostability and an 

improved quantum yield of 75%. Single particle imaging studies (Fig. 14) suggest that on 

average, each silica-coated F127-PFBT nanoparticle (~12 nm) emits a similar total number of 

photons as compared to that for DSPE-PEG-PFBT nanoparticle (~30 nm). The silica-coated 

F127-PFBT nanoparticles also showed a large two-photon absorption action cross-section value 

of 814 GM at 810 nm based on CP chain concentrations. After intravenous injection of the 

nanoparticles, the major blood vessels and microvasculature deep in the brain that lies beyond 

the pia matter (500 µm) could be clearly visualized upon 800 nm excitation. In addition, no large 

aggregates were observed in brain blood vessels, due to the surface protection of PEG segments. 

Although the fluorescence quantum yield of F127 encapsulated nanoparticles is very high, the 

brightness in each nanoparticle is limited by the total numbers of emitters encapsulated.  
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Fig. 14. Histograms of the total number of photons collected for (a) silica-coated F127-PFBT 

nanoparticles and (b) DSPE-PEG-PFBT nanoparticles. λex = 488 nm. Insets show the TEM 

images of (a) and (b), respectively. 

3.2. AIE fluorogen based nanoparticles  

As aggregation of organic emitters is a natural process during nanoparticle synthesis, 

fluorogens with AIE characteristics are ideal to construct highly fluorescent nanoparticles. The 

development of various AIE fluorogens, the RIR mechanism together with their potential 

applications has been discussed in details in the previous reviews.121, 122,123 This part only covers 

the recent progress in AIE nanoparticles, with a special focus on creating long wavelength 

emissive AIE nanoparticles for bioimaging applications. The general strategies to yield 

fluorogens with long wavelength emission are to increase their conjugation length or through 

introducing donor-acceptor structures.124 These fluorogens often show low fluorescence in solid 

state, due to strong π-π interactions.125 Tang et. al. discovered that conjugation between a typical 

AIE unit (e.g. tetraphenylethylene (TPE)) and conventional ACQ molecules (AIE + ACQ) could 

effectively transform them into AIE fluorogens with red-shifted emission. For example, as 
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shown in Fig. 15a, A1 was obtained through attachment of two TPE pendants to perylene-

3,4:9,10-tetracarboxylic bisimide with ACQ characteristics.126 A1 shows typical AIE signature: 

the fluorescence of A1 in THF solution is very faint, but it steadily increases upon addition of 

water into THF due to the formation of aggregates. This simple molecular transformation 

strategy has also been successfully employed in the synthesis of FR/NIR AIE fluorogens through 

conjugation of TPE with other AIE units (AIE + AIE) or fluorogens with twisted intramolecular 

charge transfer (TITC) characteristics (AIE + TITC). As an example, fluorogen A2 was 

synthesized by attaching two TPE units to a well-known red emitter, 2-{2,6-bis[(E)-4-

(diphenylamino)styryl]-4H-pyran-4-ylidene}malononitrile, which has both TITC and ACQ 

features.127  A2 shows typical TITC and AIE properties, and the fluorescence of A2-loaded 

nanoparticles is almost linearly intensified as the amount of encapsulated A2 increases within the 

studied concentration range (Fig. 15b). The high brightness of AIE fluorogens in the solid state 

and the distinct feature that AIE fluorogens become stronger emitters at higher concentrations 

make them promising candidates for the development of organic nanoparticles. So far, several 

strategies, such as polymer conjugation, polymer matrix encapsulation and in-situ polymerization 

have been used to form AIE nanoparticles for in vitro and in vivo applications. The absorption 

and emission maxima, the sizes and quantum yields of the reported polymer encapsulated AIE 

nanoparticles together with their matrices and applications are summarized in Table 2. 
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Fig. 15. (a) A typical AIE phenomenon: Plot of I/I0-1 as a function of water fraction in THF-

water mixtures, I and I0 are the fluorescence intensities of A1 in THF-water mixtures in the 

presence and absence of water, respectively (reprinted with permission from ref. 126, Copyright 

2012 Royal Society of Chemistry). (b) Plot of the fluorescence intensity versus the weight ratio 

of A2 in BSA nanoparticles (reprinted with permission from ref. 127, Copyright 2012 Wiley-

VCH). 

Table 2. Summary of polymer encapsulated AIE nanoparticles for fluorescence imaging 

applications 

AIE 

Fluorogen 
Matrix 

Size
a
 

(nm) 
λex 

(nm) 
λem 

(nm) 
QY 

(%) 

Colloidal 

Stability 

Targeting 

Ligands 
Application 

A1 

DSPE-
PEG-
Folate 

57 514 680 8 
- 

Folate 
In vitro targeted cell 

tracing126 

A2 BSA 148 505 668 12 
- 

No In vivo cell imaging127 

A3 

Chitosan 
- - - - 

- 
No In vitro cell tracing128 

A4 200-
400b  

- - 25 
- 

No In vitro cell imaging129 

A5 

DSPE-
PEG 

derivative
s 

<30b 435 577 - 
- 

RGD peptide 
In vivo SLN mapping and 
targeted tumor imaging24 

A6 
30 511 671 24 

e 
Tat peptide 

In vitro/in vivo cell 
tracing132,134 

In vivo vascular 
imaging133 

 
A7 

33 423 539 58 
f 

Tat peptide 
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A8 
36 480 619 55 

g 
NLS Tat 
peptide In vitro cell tracing and 

nucleus imaging136 A9 
38 480 617 67 

NLS Tat 
peptide 

A6/NIR 

775 
30b - - 9 - No In vivo imaging140 

A10 C18PMH
-PEG 

70 475 650 14.9 
h 

Folate 
In vivo targeted tumor 

imaging142
 

A11 

PS-
PMAA 

68 365 486 62.1 
- 

No 
In vitro cell imaging143

 
A10 

- 489 610 22.3 
- 

No 

A6 

PLGA/ 
PLGA-
PEG-
Folate 

202c 515 670 30 
- 

Folate In vitro cell imaging141 
177d 515 670 17 

- 

A12 

In-situ 
polymer-
ization 

120 - 612 - 
- 

No 

In vitro cell 
imaging146,147,148,150

 

A13 
303 470 607 - 

- 
No 

A14 
472 - 578 - 

- 
No 

A15 
25 410 518 40 

- 
No 

 aThe sizes of nanoparticles were determined by DLS unless otherwise specified; bThe sizes of nanoparticles were 

determined by TEM; c
A6-PLGA nanoparticles with eccentric loading of AIE fluorogens; d

A6-PLGA nanoparticles 

with homogeneous loading of AIE fluorogens. eNo obvious precipitation upon storage at 4 °C for 3 months. fSame 

size after 10 days incubation in PBS buffer at 37 °C. gNo obvious precipitation upon storage at 4 °C for months. 
hStable size in PBS buffer and in water over wide pH range of 4-10. 

3.2.1. Chitosan nanoparticles 

Direct conjugation of AIE fluorogens to biocompatible polymers (e.g., chitosan) could yield 

AIE-polymer conjugates that could be self-assembled into nanoparticles.128 ,129  For example, 

Tang and co-workers reported a TPE-chitosan conjugate through coupling between an 

isothiocyanate-containing TPE derivative and chitosan.128 The resulted A3-chitosan conjugate 

shows typical AIE behavior and the fluorescence of the conjugate is intensified with the 

increased amount of A3 attached. The high labeling rate is beneficial to afford highly fluorescent 

conjugates, which is an obstacle encountered by traditional ACQ fluorogens.130 The A3-chitosan 

conjugates were able to be internalized into Hela cells and trace the cells for 15 passages (Fig. 

16). The extraordinary long-term cell tracing ability was attributed to the fact that the 
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internalized AIE aggregates were preserved in one cell, instead of being averaged to two 

daughter cells in each cell division cycle. Meanwhile, Wei and co-workers reported the synthesis 

of TPE derivative-decorated amphiphilic A4-chitosan conjugates through coupling between the 

aldehyde groups of A4 and the amine groups of chitosan under an alkaline environment in the 

presence of NaBH4.
129 The A4-chitosan conjugates were able to self-assemble into nanoparticles 

with sizes in the range of 200 to 400 nm in water. The obtained nanoparticles showed low 

cytotoxicity and efficient living cell internalization.  

1P                                 3P                                5P         

6P                                  8P                              15P         

 

Fig. 16. Chemical structures of A3 and A4. Fluorescent images of HeLa cells stained by A3-

chitosan conjugates at different passages (P) (reprinted with permission from ref. 128, Copyright 

2013 American Chemical Society). 

As compared to many reported fluorescent dye-polymer conjugates, conjugation of AIE 

fluorogens to polymers yielded highly fluorescent polymers. It is also interesting to note that the 

polymer fluorescence will intensify with the increased amount of AIE fluorogens conjugated to 

the polymer. AIE fluorogens bearing aldehyde groups could be conjugated to natural 

polysaccharide, chitosan, etc., to afford self-assembled nanoparticles with good living cell 

Page 40 of 79Chemical Society Reviews



41 

 

internalization efficiency and excellent biocompatibility for long-term cell tracing.128 Further 

development of FR/NIR AIE fluorogens will likely to yield highly fluorescent biocompatible 

polymers for practical applications. Despite a useful strategy, it requires specific modification of 

each AIE fluorogen prior to polymer conjugation and nanoparticle formation. 

3.2.2. DSPE-PEG nanoparticles 

Besides chemical conjugation, direct encapsulation of hydrophobic AIE fluorogens using 

biocompatible polymers offers a more direct and feasible strategy for AIE nanoparticle synthesis. 

We recently developed a nanoprecipitation strategy using folate-functionalized 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-poly(ethylene glycol) (DSPE-PEG5000-folate) as 

encapsulation matrix. The folate density can be adjusted by varying the feed ratio of DSPE-

PEG5000-folate to DSPE-PEG2000 for AIE nanoparticle preparation.131 The nanoparticles showed 

good selectivity between MCF-7 and NIH/3T3 cells due to the specific folate receptor-mediated 

endocytosis for MCF-7 cells and the presence of long PEG chains which suppressed nonspecific 

cellular uptake of the nanoparticles. Later, He and co-workers reported the fabrication of DSPE-

PEG encapsulated A5 nanoparticles with an emission maximum at 577 nm for in vivo sentinel 

lymph node (SLN) mapping.24 The average size of the nanoparticles is less than 30 nm by TEM 

(Fig. 17a). When DSPE-PEG-maleimide was used as the matrix, feasible functionalization with 

thiol-RGD was realized to endow nanoparticles with tumor targeting ability. The RGD-

functionalized A5 nanoparticles were also used for targeted xenografted tumor imaging in mice. 

However, the signal-to-background ratio is not very satisfactory, as the nanoparticle fluorescence 

is orange (Fig. 16b).  
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a)                                     b) 

50 nm

 

Fig. 17. Chemical structure of A5 and (a) TEM image of the A5 nanoparticles and (b) In vivo 

fluorescence image of mice bearing subcutaneous tumor xenografts upon injection of A5 

nanoparticles (top) and RGD-A5 nanoparticles (bottom) (reprinted with permission from ref. 24, 

Copyright 2011 Elsevier B.V.). 

In 2013, Tang et. al. reported the synthesis of an FR/NIR emissive AIE fluorogen via AIE + 

AIE approach. A6 was obtained by conjugating TPE with an AIE active molecule of 2,3-bis[4-

(diphenylamino)phenyl]fumaronitrile. 132  Such conjugation not only maintained the AIE 

characteristics of the molecule, but also led to FR/NIR emission for A6. Encapsulation of A6 

with a mixture of DSPE-PEG and DSPE-PEG-NH2 yielded A6-based nanoparticles with a 

uniform average size of ~30 nm in water and a fluorescence quantum yield of 24%. Due to their 

small and uniform sizes, these AIE nanoparticles were also termed as AIE dots. The dots showed 

absorption and emission maxima at 511 and 671 nm. Further functionalization of the dots with 

Tat (RKKRRQRRRC) peptide afforded Tat-AIE dots that are over 10-fold brighter than the 

commercial Qtracker® 655 in single nanoparticle imaging analysis. Noteworthy is that the 

notorious blinking behavior of QDs is absent in these Tat-AIE dots. In vitro and in vivo studies 

suggested that Tat-AIE dots were able to trace MCF-7 cells up to 12 passages and C6 cells up to 

21 days. Upon subcutaneous injection in living mice, the fluorescence from cells treated with 
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Tat-A6 dots remained very high at day 12 post-injection while that from cells treated with 

Qtracker® 655 vanished at day 7 (Fig. 18). The high quantum yield and FR/NIR emission of A6 

dots ensured in vivo tracing of the labeled cells with high contrast. The A6 dots have also been 

reported to be an effective contrast agent for in vivo two photon fluorescence imaging.132,133  
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Fig. 18. Representative in vivo fluorescence imaging of the mouse subcutaneously injected with 

1 × 106 of C6 glioma cells labeled with (a) Tat-A6 dots and (b) Qtracker® 655. The images were 

taken on designated days post cell injection. ROI: region of interest (reprinted with permission 

from ref. 132, Copyright 2013 Nature Publishing Group). 

The A6 dots together with their green fluorescent analogues have been further used to 

monitor the migration behaviors and interactions between two populations of cancer cells.134 The 

A6 and A7 AIE dots were prepared from nanoprecipitation using DSPE-PEG-maleimide as the 
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polymer matrix, followed by surface functionalization with thiol-decorated Tat peptide through 

thiol-maleimide coupling reaction. Both dots show large Stokes shifts and have an intense 

absorption intersection at 455 nm with a high extinction coefficient of ~4 × 107 M-1 cm-1. Due to 

their distinct emission peaks at 539 and 670 nm with minimal spectral overlap (Fig. 19), the Tat 

functionalized A6 and A7 dots were further employed to label and track the interaction between 

two groups of highly motile HT1080 cells. Ex vivo imaging of the lung tissues from the mouse 

injected with the mixture of cells separately labeled with these dots revealed no fluorescence 

signal interference. Dual-modality AIE dots with both fluorescent and magnetic properties were 

further obtained through surface attachment of diethylenetriaminepentaacetic (DTPA)-

gadolinium(III) on A6 Tat-AIE dots, which allowed accurate analysis of the biodistribution of 

labeled cells through gadolinium(III) ion quantification. 135 The excellent performance of these 

AIE dots makes it possible to monitor cell interaction and migration during metastasis using a 

mice model. 
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c)                                                     

   

Fig. 19. Chemical structure of A7. The absorption (solid line) and emission (dashed line) spectra 

of A6 (red) and A7 (green) dots in water (reprinted with permission from ref. 134, Copyright 
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2013 American Chemical Society).  

The versatile surface functionalities make DSPE-PEG encapsulated AIE dots suitable for 

diverse bioconjugation. Based on the TICT + AIE strategy, Tang and co-workers synthesized 

two new fluorogens (A8 and A9) that showed both TICT and AIE features (Fig. 20a). 136 

Conjugation of A8 and A9 AIE dots with a nuclear localization signal (NLS) Tat sequence 

(YGRKKRRQRRRC) yielded NLS Tat-AIE dots, which exhibited certain permeability to 

cellular nucleus (Fig. 20b). Noteworthy is that the A8 and A9 AIE dots have fluorescence 

quantum yields as high as 55% and 67% in water, respectively, ensuring high contrast in cell 

imaging. The ultrahigh brightness, good photostability and low cytotoxicity of these NLS Tat-

AIE dots enable them to trace MCF-7 cancer cells up to 7 days.  
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Fig. 20. Chemical structures of A8 and A9. (a) Plot of PL intensity versus water fraction in the 

THF/water mixture of fluorogen A8. (b) Confocal images of C6 cells labeled with A8 NLS-AIE 
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dots (reprinted with permission from ref. 136, Copyright 2013 Wiley-VCH). 

In addition to cell tracking, the bright AIE dots have also been used for in vivo two-photon 

fluorescence imaging of intravital blood vessels.137 The A7 dots have a small size of ~33 nm 

with a high quantum yield of 62%, a large two photon absorption action cross section value of 

6.3 × 104 GM (810 nm) based on dot concentration, and low in vivo toxicity. Upon intravenous 

injection, the major blood vessels, the smaller capillaries in the pia matter as well as the 

microvasculature deep in brain that lies beyond the pia mater were clearly visualized with 

imaging depth up to 500 µm and resolution up to few micrometers (Figure 21a). The vasculature 

systems in skull bone marrow and skin were also imaged to demonstrate the in vivo two photo 

fluorescence imaging ability of AIE dots (Fig. 21b and 21c). Similar results have also been 

observed for DSPE-PEG encapsulated A6 dots,133 which indicate that AIE dots with good 

photostability provide a novel platform to visualize blood vessels in vivo for better understanding 

of biological processes, such as angiogenesis and vascular leakage. These studies also offered 

fundamental guidelines for future design of novel AIE probes with two-photon excited 

fluorescence imaging capability for potential clinical translation. 

a)                                                      b)                                                    c)

20 µm
 

Fig. 21. 3D reconstructed two-photon fluorescence images of blood vessels in (a) brain (0−425 

µm), (b) bone marrow (0−108 µm), and (c) mouse ear skin (0−132 µm) from the mouse injected 

with A7 AIE dots. All images share the same scale bar of 20 µm (reprinted with permission from 

ref. 137, Copyright 2013 Wiley-VCH). 
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One of the intrinsic limitations for the currently available AIE dots is their broad emission 

spectra, which limit their application in multiplexing. This is due to the large conformational 

difference in the ground state and the first singlet excited state as well as the abundant vibration 

energy levels of the torsional molecule structures for AIE fluorogens.138 Due to good spectral 

overlap between A6 emission and NIR775 absorption, co-encapsulation of A6 and NIR775 in 

DSPE-PEG yielded fluorescent nanoparticles with narrow NIR emission.139  With increasing 

NIR775 mass ratios from 0.5% to 1.5%, the A6 emission from 550 to 750 nm was greatly 

quenched while the NIR775 emission band from 750 to 900 nm increased gradually upon 

excitation of A6 at 510 nm. Further increase the NIR775 concentration up to 4% resulted in 

reduced NIR emission intensity caused by self-quenching of NIR775. With 1.5% mass ratio at 

the feed, the emission intensity of NIR775 upon excitation at 510 nm was ~47-fold higher than 

that upon direct excitation of NIR775 at 760 nm. Additionally, the A6/NIR775 nanoparticles 

showed a band width of only 20 nm with a fluorescence quantum yield of ~7%. In vivo imaging 

study revealed that the intravenously-injected A6/NIR775 nanoparticles were able to provide 

5.2-fold higher fluorescence contrast in live animals upon excitation at 523 nm vs 704 nm. As a 

result, the FRET strategy offers new opportunities to synthesize AIE dots with high brightness 

and narrow emission, simply by selecting suitable donor-acceptor pairs. 

So far, most of the AIE nanoparticles were fabricated using DSPE-PEG as the matrix due to 

their simple process. These nanoparticles, especially the A6 based ones, generally have a much 

smaller size (30-50 nm) as compared to those obtained via AIE fluorogen-polymer conjugate 

self-assembly. Due to their small size and very good photo- and colloidal stability, these 

nanoparticles have been widely used for in vitro and in vivo cell tracing,126-129 targeted tumor 

imaging142 and in vivo SLN mapping (Table 2).24 Of significant interest is Tat functionalized and 
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DSPE-PEG encapsulated A6 dots, which showed superior performance over commercial 

Qtracker® 655 in both in vitro and in vivo cancer cell tracing. As most FR/NIR AIE fluorogens 

contain donor-acceptor structures, the reported AIE dots are also two-photon active, enabling 

them to be used for two-photon fluorescence imaging with a higher penetration depth than the 

commonly used one-photon fluorescence imaging.133,137 The reported AIE/NIR dye co-

encapsulation strategy successfully addressed the disadvantage of the broad emission spectra for 

AIE dots,139 which opens new opportunities for potential AIE dots based multiplexing.  

3.2.3. PLGA nanoparticles 

Based on the RIR mechanism of AIE fluorogens, it was hypothesized that the differences in 

packing of AIE fluorogns in nanoparticles could affect their quantum yields and brightness.140 

Both eccentrically and homogeneously loaded A7 nanoparticles were prepared through single 

emulsion using a mixture of PLGA/PLGA-PEG-folate as encapsulation matrix in the presence of 

different amounts of polyvinyl alcohol (PVA) as the emulsifier.141 With 0.5% PVA solution, A7 

fluorogens were found to be eccentrically localized at one side of nanoparticles due to 

evaporation induced phase separation between A7 and the PLGA matrix. When the emulsifier 

was changed to 2.5%, A7 fluorogens were almost homogeneously distributed in the PLGA 

matrix, indicating that the high PVA concentration helped to homogenize A7 molecules with 

PLGA matrix. For the same feed amount of A7, the quantum yield of eccentrically loaded PLGA 

nanoparticles (size of ~202 nm) is 30%, which is ~1.8-fold higher than that of the 

homogeneously loaded ones (size of ~177 nm). This could be attributed to the fact that the 

eccentric pattern resulted in more compact aggregation of the AIE fluorogens that could more 

effectively restrict the intramolecular rotation of phenyl rings and populate the radiative decay 

channels. The study thus offered new insight into the development of bright AIE nanoparticles 
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by controlling internal architectures of the loaded fluorogens through careful selection of 

polymer matrices. 

3.2.4. Other amphiphilic block co-polymer based nanoparticles 

By taking advantage of self-aggregation of hydrophobic AIE fluorogens in aqueous media, 

Zhang and co-workers synthesized A10 based polymeric nanoparticles through a two-step 

method for targeted cell imaging. 142  The hydrophobic A10 was dissolved in THF and the 

solution was quickly mixed with water under vigorous stirring to yield bare nanoparticle 

suspension, which was followed by addition of an aqueous solution of amphipathic poly(maleic 

anhydride-alt-1-octadecene)-polyethylene glycol (C18PMH-PEG) under ultrasonification to 

render the A10 nanoparticles with surface coating (Fig. 22). The nanoparticles have a quantum 

yield of 14.9% with an average size of ~70 nm in water. The nanoparticles have excitation and 

emission maxima at 475 and 650 nm, respectively, with low cytotoxicity and robust 

photostability. C18PMH-PEG-folate was also used for surface coating to yield nanoparticles 

with abundant folate for in vitro targeted KB cell imaging, and in vivo tumor imaging. These 

nanoparticles have a blood circulation half-life of ~3 h and could preferentially accumulate in 

tumor and liver of the mice. 

Solvent exchange

C18PMH-PEG C18PMH-PEG

-folate
 

Fig. 22. Chemical structure of A10 and schematic illustration of the synthesis of A10 

nanoparticles coated with C18PMH-PEG and C18PMH-PEG-folate (reprinted with permission 
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from ref. 142, Copyright 2012 Elsevier B.V.). 

To further enhance the fluorescence of AIE nanoparticles, Jen and co-workers demonstrated 

an elegant FRET strategy, and showed that the selection of amphiphilic encapsulation matrices 

could affect the quantum yields of the final AIE nanoparticles.143  Three block copolymers, 

including poly(ε-caprolactone)-b-poly(ethylene glycol) (PCL-PEG), PS-PEG, and poly(styrene)-

b-poly(methacrylic acid) (PS-PMAA), have been used to encapsulate two AIE fluorogens: red 

emissive A10 and green emissive A11. Both PS-PMAA and PS-PEG encapsulated A11 

nanoparticles showed higher fluorescence quantum yields and smaller sizes than PCL-PEG 

encapsulated ones at the same emitter loading ratios. The average sizes of PS-PMAA 

encapsulated nanoparticles were found to increase from ~61 to ~68 nm upon increasing A11 

loading ratio from 0 to 20%, while the sizes of PS-PEG and PCL-PEG nanoparticles were in the 

range of 72-90 and 67-91 nm, respectively. The PS-PMAA nanoparticles gave the highest 

quantum yields of 62.1% for A11 (20% loading ratio) and 22.3% for A10 (5% loading ratio) 

among nanoparticles prepared using the three encapsulation matrices. For A11 at 20% loading 

ratio, the longer lifetimes for PS-PMAA (8.41 ns) and PS-PEG (7.22 ns) nanoparticles than the 

PCL-PEG nanoparticles (4.83 ns) suggest that PS core is the most efficient in promoting 

radiative decay of AIE fluorogens. Further co-encapsulation of A10 and A11 into PS-PMAA 

yielded FRET nanoparticles with A11 as the energy donor and A10 as the energy acceptor. 

Efficient energy transfer (99%) and amplification of A10 emission (~8-fold higher than A10 

alone) were achieved. Upon incubation with RAW cells, intense green fluorescence is observed 

from cells treated with A11 nanoparticles while almost no red fluorescence is detectable from 

cells incubated with A10 nanoparticles (Fig. 23a and 23b). Under the same experimental 

conditions, for A10/A11 co-encapsulated nanoparticle treated cells, the green fluorescence is 
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greatly suppressed while intense red fluorescence is observed (Fig. 23c and 23d). In addition to 

the AIE-AIE donor-acceptor pairs, Liu and co-workers also reported that the fluorescence from 

A2 nanoparticles could be further intensified by over 5-fold via FRET from CP3 to A2 once they 

are co-encapsulation into Bovine Serum Albumin (BSA).144 These results clearly indicate that 

FRET is an efficient strategy to further increase the brightness of AIE nanoparticles.  

a)                                       b)

c)                                       d)

 

Fig. 23. Chemical structure of A11. The confocal images of RAW cells incubated with PS-

PMAA encapsulated (a) A11 nanoparticle, (b) A10 nanoparticles and (c, d) A10/A11 co-loaded 

nanoparticles. The images from left column were obtained using green fluorescence channel 

while the images from right column were obtained using red fluorescence channel under the 

same experimental conditions (reprinted with permission from ref. 143, Copyright 2010 Wiley-

VCH). 

The studies in different groups clearly revealed that the structure and amphiphilicity of the 

block copolymers have a significant impact on the brightness, stability and brightness of the AIE 

nanoparticles. The lengths of the hydrophobic and hydrophilic components not only affect the 

nanoparticle size, but also their contact with AIE fluorogens. As compared to DSPE-PEG, the 
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customized block copolymers offer tunable hydrophobic segments, which can entangle with the 

AIE fluorogens rather than through physical adsorption to yield more stable nanoparticles. As 

compared to AIE fluorogen-polymer conjugate self-assembly, the encapsulation strategy also 

promotes well-controlled feeding ratio of AIE fluorogens to polymer matrices to yield optimized 

quantum yields in water. Amphiphilic polymers with better biocompatibility and different 

functional groups are expected to offer more choices for AIE nanoparticle fabrication. 

3.2.5. In-situ polymerized nanoparticles 

In-situ polymerization is an effective methodology to covalently incorporate reactive AIE 

fluorogens into polymeric nanoparticles. 145  Different from physical encapsulation, in-situ 

polymerization could yield polymeric nanoparticles with AIE fluorogens covalently bonded, 

which have advantages in terms of compact structure without dye leakage or surface coating 

detachment in harsh biological environments. Wei and co-workers reported the synthesis of AIE 

nanoparticles containing cross-linkable AIE fluorogens (A12, A13 and A14) through reversible 

addition-fragmentation chain transfer (RAFT) polymerization,146 ring-opening polymerization147 

and emulsion polymerization.148 The obtained nanoparticles showed low cytotoxicity and desired 

internalization efficiency upon incubation with A549 cells, suggesting their potential use in 

fluorescence imaging. Taking A12 as an example, upon RAFT polymerization of poly(ethylene 

glycol) monomethyl ether methacrylate (PEGMA) and A12, the yielded polymers were 

amphiphilic and were able to self-assemble into nanoparticles in water. TEM image suggested 

that the polymerized conjugates formed nanoparticles with a spherical shape (Fig. 24a). DLS 

results suggested that the sizes of the obtained A12 nanoparticles decreased from 290 nm to 120 

nm with increased degree of polymerization of PEGMA from 20 to 40. However, the emission 

maximum in water remained at 612 nm, which was size independent. In another example, A13 
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bearing two reactive primary amine groups was used to react with 4,4’-oxydiphthalic anhydride 

via anhydride ring-opening polymerization to yield AIE nanoparticles in water. The 

nanoparticles had an average size of ~303 nm by DLS with an emission maximum at 607 nm. 

The group further reported the synthesis of AIE nanoparticles with core-shell structures through 

emulsion polymerization of A14, styrene and acrylic acid in the presence of sodium dodecyl 

benzene sulfonate as the emulsifier. During polymerization, A14 molecules aggregated in the 

hydrophobic core of polystyrene, while the hydrophilic poly(acrylic acid) served as a hydrophilic 

shell. The obtained A14 nanoparticles showed an average diameter of ~472 nm in water by DLS 

with an emission maximum at 578 nm. Noteworthy is that all these nanoparticles were found to 

have spherical shapes with sizes in the range of 100 to 200 nm under TEM (Fig. 24).149  

a)

b)

c)

1 µm

1 µm

200 nm

 

Fig. 24. Chemical structures of A12, A13 and A14. TEM images of (a) A12, (b) A13 and (c) 

A14 nanoparticles prepared from RAFT, ring-opening polymerization and emulsion 

polymerization (reprinted with permission from ref. 146, 147 and 148, Copyright 2013, 2014 and 

2014 Royal Society of Chemistry). 

Tian and co-workers also reported the synthesis of amphiphilic polymers with AIE fluorogens 
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at the side chain to facilitate self-assembly into nanoparticles for fluorescence imaging.150 The 

amphiphilic A15-containing polymers were obtained through polymerization among monomeric 

A15, N-(2-hydroxypropyl) methacrylamide (HPMA), [2-

(methacryloyloxy)ethyl]trimethylammonium chloride (MATMA), and/or 2,2,2-trifluoroethyl 

methacrylate (TFEMA), as shown in Fig. 25. In water, the copolymers without TFEMA 

segments self-assembled into nanoparticles with average sizes of 7-9 nm, while the TFEMA-

containing polymers led to AIE nanoparticles with average sizes of 21- 25 nm by DLS. In the 

absence of TFEMA, the quantum yields of A15 nanoparticles were increased from 2% to 10% 

when the molar percentage of A15 in the copolymers was increased from 1 to 12 mol%. The 

presence of hydrophobic TFEMA in polymer backbone significantly improved the quantum 

yield to 40%, once 1 mol% of A15 and 42.5 mol% of TFEMA were used for polymerization. 

This was due to the enhanced hydrophobicity of TFEMA-containing polymer, which promoted 

compact aggregation of A15 in the core. Due to the presence of 19F in TFEMA, the AIE 

nanoparticles have great potentials in dual-modality imaging applications. As such, in-situ 

polymerization represents a general strategy to customize AIE nanoparticles with versatile 

functionalities through incorporation of desired reactive monomers. 

DMF/AIBN

65 °C
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Fig. 25. Synthetic route to the representative A15-containing amphiphilic polymer (reprinted 

with permission from ref. 150, Copyright 2012 Royal Society of Chemistry). 

    AIE fluorogens with polymerizable functional groups (e.g. vinyl or bis-amine groups) could 

be used as monomers to yield AIE nanoparticles with large sizes in water (200-400 nm) through 

in-situ polymerization with other encapsulation matrix precursors. The strategy is able to yield 

very stable nanoparticles and the content of AIE fluorogens in each nanoparticle could be fine-

tuned by adjusting the AIE monomers at the feed. However, multiple synthetic steps are required 

for modifying each AIE fluorogen before polymerization, which adds the complexity and cost to 

the AIE nanoparticle production. The size distribution and the surface of these nanoparticles also 

require further optimization before they could be used for more specific applications.  

4. Photoacoustic imaging 

Although fluorescence imaging has shown high resolution and sensitivity, they lack good spatial 

resolution in in vivo applications due to limited penetration depth in animals. One solution is to 

develop multi-modal imaging probes through incorporation of other imaging modalities (such as 

MRI and radioactive agents) to the organic fluorescent probes. The alternative strategy is to 

explore new imaging modalities, such as photoacoustic (PA) imaging. Recently, PA imaging 

technology has emerged as a novel method that allows the visualization of optical reporter agents 

with never-seen-before performance. In particular, multispectral PA technology endows highly 

specific molecular imaging through several millimetres to centimetres of tissue with resolutions 

in the 20−200 µm range.151,152 The mechanism of PA imaging is based on the generation of 

acoustic waves following the absorption of light pulses of ultrashort duration. After the tissue is 

illuminated with light pulses, the fast absorption of light pulses by PA contrast agents in tissue 

enables the absorbed energy to undergo a thermoelastic expansion that emits mechanical waves 
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at ultrasonic frequencies. These waves can subsequently be detected by acoustic detectors close 

to the illuminated tissue, which is followed by reconstructing images of absorbed energy in 

analogy to the formation of ultrasound images using appropriate mathematical methods.153,154 

To date, the most widely used PA contrast agents are gold nanomaterials including nanorods, 

nanocages and nanoshells. 155,156,157,158In addition, several reports have also utilized carbonous 

nanomaterials (such as carbon nanotubes and polyhydroxy fullerenes).159,160 The recent research 

interest in PA probe design has been extended to NIR dyes and organic nanoparticles due to their 

benign biocompatibility. 161 , 162 , 163 , 164 , 165  As large NIR absorption coefficients and high 

nonradiative quantum yields are key features for organic materials to yield strong PA signals, 

efforts have been made to look for or design organic emitters with long wavelength absorption 

and maximized non-radiative pathways to achieve high non-radiative quantum yields for PA 

imaging.  

Recently, CPs have emerged as a new class of organic agents for PA imaging. Initial studies 

were focused on polypyrrole (PPy) as the PA agent. PPy is an non-soluble CP with intense NIR 

absorption that has been widely used for organic electronics 166 , 167  and biological 

applications.168,169,170 In 2013, Dai and co-workers reported the application of PPy nanoparticles 

(CP14) for brain vasculature imaging in living mouse model. The PPy nanoparticles were 

synthesized by aqueous phase polymerization using PVA as the stabilizing agent and FeCl3 as an 

oxidation catalyst.171 Due to the surface PVA molecules and their small size (diameter of ~46 nm 

in water), the PPy nanoparticles were well dispersed in water with strong absorption in 700-900 

nm region. Upon illumination with an 808 nm pulse laser, the PA signals increased linearly with 

increasing concentrations of nanoparticles in water. Intravenous administration of PPy 

nanoparticles allowed imaging of the cerebral cortex of the mouse brain vasculature with greater 
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clarity than the intrinsic signal from hemoglobin in blood. At 1 h post-injection, the PA signal 

remained essentially intense, indicating that a sufficient amount of PPy nanoparticles has long-

circulating ability in blood (Fig. 26). Moreover, no acute toxicity to the vital organs (e.g., heart, 

liver, lung, spleen and kidney) was observed at 15 day post-injection, suggesting good 

biocompatibility of the PPy-PVA nanoparticles. 

10

5

-5

-10
-10         -5           0           5         10  

0

(mm)

(m
m

)

10

5

-5

-10
-10         -5           0           5         10  

0

(mm)

(m
m

)

b)                                              c) 

a)

 

Fig. 26. Chemical structures of CP14 and CP15. (a) Photograph of the mouse brain obtained 

before the data acquisition for PAT. Non-invasive PAT imaging of a mouse brain in vivo at 5 

min (b) and 60 min (c) post-injection of CP14 nanoparticles upon excitation at 808 nm (reprinted 

with permission from ref. 171, Copyright 2013 Royal Society of Chemistry). 

Although PPy nanoparticles have shown strong PA signals, PPy is not soluble in almost any 

organic solvent with very poor chemical processability. In addition, the PPy nanoparticles 

synthesized from in-situ polymerization do not allow feasible surface modification as there is no 

surface functional group exists. To overcome this limitation, Liu and co-workers developed 

processable CP15 with NIR absorption and fabricated DSPE-PEG encapsulated CP15 
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nanoparticles through nanoprecipitation.172 In the molecular structure of CP15, the electron-

deficient thiadiazoloquinoxaline acted as a good electron acceptor to ensure small band gap of 

the polymer with long wavelength absorption. The obtained CP15 nanoparticles have sizes of 

~50 nm under TEM, which showed strong absorbance in NIR region with a high non-radiative 

quantum yield of almost 100%, suggesting that most of the excited excitons returned to the 

ground state via non-radiative decay pathway. When CP15 nanoparticles were continuously 

irradiated with a fixed laser fluence of 15 mJ/cm2, no significant absorbance change was 

observed in 6 min. This compared favourably with Au nanorods, which showed ~60% decrease 

in absorbance within 5 seconds under the same laser irradiation. In vivo rat brain vascular 

imaging highlighted the good PA contrast of CP15 nanoparticles in blood, revealing that the PA 

intensity was improved by ~3-fold after nanoparticle injection as compared to the intrinsic signal 

upon excitation at 808 nm. Overall, the intense NIR absorption, high non-radiative quantum 

yield, excellent photostability and low cytotoxicity of CP15 nanoparticles highlight the great 

potential of processable CP nanoparticles for in vivo PA imaging. Further encapsulation of CP15 

with DSPE-PEG-folate as matrix yielded CP based PA probes for targeted tumor imaging and 

direct visualization of nanoparticle biodistribution in different organs. 
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Fig. 27. Chemical structures of CP16 and CP17. (a) Schematic illustration of the CP16/IR775 

nanoparticles for ROS detection. (b) Representative photoacoustic spectra of CP16/IR775 

nanoparticles in the absence and presence of ROS. (reprinted with permission from ref. 173, 

Copyright 2014 Nature Publishing Group). 

Rao and co-workers further developed activatable photoacoustic probes using CP16 for in 

vitro and in vivo imaging of reactive oxygen species (ROS).173 CP16 and CP17 nanoparticles 

were prepared through nanoprecipitation assisted by 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine, resulting in CP nanoparticles with average diameters of ~40 nm by TEM. As 

compared to CP17 nanoparticles, the narrower PA spectra and five-fold greater PA amplitude 

make CP16 nanoparticles a better PA imaging probe. On a per mass basis, the PA signal of 

CP16 nanoparticles in living mice was ~4.0 and 5.8 times higher than that of single-walled 

carbon nanotubes and gold nanorods upon excitation at 700 nm. Through co-precipitation of 

CP16 nanoparticles with IR775, the nanoparticles showed three maxima at 700, 735 and 820 nm 

in the photoacoustic spectrum with nearly the same amplitude (Fig. 27b). In the presence of 
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ONOO‾ and ClO‾, the photoacoustic peaks at 735 nm and 820 nm decreased significantly, while 

the peak at 700 nm remained nearly the same. The obvious change for the peak at 820 nm was 

attributed to the ROS-mediated rapid oxidative decomposition of IR775. As a result, the dual-

peak ratiometric changes (PA700/PA800) provided a clear signal for ONOO‾ and ClO‾ detection. 

The successful demonstration of ratiometric PA imaging of ROS in living mice offers new 

opportunities for advanced PA molecular imaging, which has great potential in preclinical 

investigation and clinical translation of physiological and pathological processes. 

Although it is at the initial stage, NIR absorbing CPs have been demonstrated to be a new 

class of promising agents for PA imaging with high signal output and good photostability. The 

chemical stability (e.g., stable PA signal in the presence of ROS) also inspires new research 

directions in CP nanoparticle based PA molecular imaging. As compared to traditional PA 

imaging agents with large NIR absorption (e.g., gold nanorods, gold cages), the feasible polymer 

encapsulation procedures can easily endow the CP nanoparticles with different surface 

functionality for targeted imaging. It is also important to note that simultaneous fluorescence and 

PA signals could be generated from a single CP based nanoparticles, which is useful for self-

validation in target sensing and imaging.180  

5. Concluding Remarks and Perspectives 

In this review, recent progress of polymer-encapsulated organic nanoparticles using CPs and AIE 

fluorogens as the emitters for fluorescence and photoacoustic imaging has been summarized. The 

polymer encapsulation strategy has been proved simple and effective in quickly transforming 

organic soluble molecules into aqueous media, and for fast screening them for various biological 

applications. For fluorescence imaging, the brightness, stability, toxicity, sizes and 

biodegradability (or body clearance) of the nanoparticles are of major concerns. Strategies such 
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as incorporating bulky groups to the polymer backbone and side chains, introducing moieties to 

induce intramolecular and intermolecular energy transfer and controlling the polymer self-

assembly in aggregates have been proved effective in reducing aggregation caused quenching for 

CP nanoparticles. In addition, recent advances in the development of AIE fluorogens show great 

potentials in constructing highly fluorescent nanoparticles as they take advantage of the natural 

aggregation process to increase the fluorescence. It has been reported that even for the same 

emitter, encapsulation them into different matrices can affect their molecular packing, 

aggregation, and distribution in the formed nanoparticles. Careful selection of the polymer 

matrix and fine-tune the matrix to emitter ratio thus not only affect sizes, but also brightness and 

stability of the nanoparticles. Polymer encapsulated nanoparticles with sizes from few to several 

hundreds of nanometers have been reported and versatile surface functional groups have been 

customized to cater to specific imaging tasks, such as organelle imaging, targeted in vitro and in 

vivo tumor imaging, cancer cell tracing, blood vessel imaging, and even specific chemical and 

biomolecular species imaging, etc. As shown in Table 3, single particle analysis for both CP and 

AIE nanoparticles reveals that they could be designed to have higher brightness than 

commercially available polymer encapsulated quantum dots with a similar dimension. In 

addition, most of the reported polymer encapsulated organic nanoparticles show good physical 

stability, which has been further improved when chemical bonds are introduced to cross link the 

matrices and the emitters either through post-modification or in-situ polymerization. Although 

the photostability of these nanoparticles is primarily determined by the emitters themselves, 

encapsulating them into the polymeric shells could obviously improve their stability against 

photobleaching. Additional advantages of these nanoparticles also include their excellent 

biocompatibility, good cellular permeability and low cytotoxicity, which have been demonstrated 
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for almost all the reported CP and AIE nanoparticles in vitro. However, systematic investigation 

of their in vivo toxicity, biodistribution and biodegradability remains to be explored.  

Table 3. Comparison of CP/AIE nanoparticles with other commercial and synthetic probes. 

NPsa 
Size 

(nm) Photostability Physical/Chemical 

Stability QYb Fluorescence or PA 

Signal Ref 

CP6 

PS-PEG ~15 Obvious fluorescence 

intermittence (blinking) for 

Qdot 565 and Alexa 488 

and stable emission for 

CP6 nanoparticles (λex = 

488 nm, 1 mW) 

Clear nanoparticles 

suspension after 6 

months storage 

0.3 

The single CP6 
nanoparticle was ~30 
times brighter than Qdot 
565 and Alexa 488 upon 
excitation at 488 nm (4 
mW) 

71 Qdot 

565 ~15 - 

0.3 
-0.5 

Alexa 

488 ~1 - 0.9 

CP6 

F127-
SiO2 

~12 
Better photostability for 
F127-SiO2 nanoparticles 
than DSPE-PEG 
encapsulated ones 

Stable emission in 
PBS buffer for 10 days 0.75 

Single CP6 nanoparticle 
emitted ~3.4 fold more 
photons compared to 
each Qdot 655  

119 CP6 

DSPE-
PEG 

~30  0.40 

Qdot 

655 -  0.15 

A6 

DSPE-
PEG 

~30 Comparable photostability 
for A6 nanoparticles and 
Qtracker 655 upon 
excitation at 514 nm (2 
mW) 

Constant emission 
intensity in DMEMd 
for 9 days 

0.24 The single A6 
nanoparticle was ~15-
fold brighter than 
Qtracker 655 upon 
excitation at 488 nm 

132 

QD 655 - 

The emission dropped 
to 30% of its initial 
intensity in DMEM for 
9 days 

0.15 

CP15 

DSPE-
PEG 

~80 
Upon continuous laser 
irradiation (15 mJ/cm2), no 
obvious absorbance change 
for CP15 nanoparticles in 6 
minutes while 60% drop of 
absorbance at 800 nm was 
observed for Au NRs 
within 5 seconds  

- < 
0.01 

A ~3-fold higher PA 
signal was observed in 
brain vascular upon 
CP15 nanoparticle 
injection (λex = 808 nm) 
 

172 
Au NRsc - - - 

CP16 

DSPE-
PEG 

~40 
Upon continuous laser 
irradiation at 9 mJ cm-2 
(700 nm), stable PA signal 
for CP16 nanoparticles and 
~30% decrease for PA 
signal for AuNRs within 
minutes 

Stable PA signal in the 
presence of ROS 

- 
CP16 nanoparticles in 
living mice showed ~4.0 
and 5.8 times higher PA 
signal as compared to 
SWNTs and Au NRs on 
a per mass basis, upon 
excitation at 700 nm 

173 Au NRs - - - 

SWNTse - - - 

a.NP: nanoparticles; b.QY: quantum yield; c.NR: nanorods; d.DMEM: Dulbecco's Modified Eagle Medium; e.SWNT: single wall 
nanotube 

 

The recent discovery that CPs are active agents in PA imaging has significantly broadened 

their biomedical applications. This is also very exciting from the materials point of view. Despite 

the fact that great efforts have been made to develop highly fluorescent CPs for sensing and 
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imaging application, many existing CPs, such as those with FR/NIR absorption are not very 

emissive, especially in the aggregated states. The emitters with strong NIR absorption and active 

non-radiative decay thus opened a new window for PA imaging. On a par mass basis, the PA 

signals from CP nanoparticles are even higher than those for the most widely used PA contrast 

agents, such as Au nanorods and single-walled carbon nanotubes (Table 3). In addition, as non-

radiative pathway is easily associated with heat generation, photoacoustic agents also have great 

potentials to be used for photothermal therapy (PTT), which is a highly specific, low toxic and 

noninvasive strategy for cancer and tumor ablation.174 Several CPs with FR/NIR absorption have 

also been demonstrated to be effective photothermal agents for imaging guided photothermal 

treatment of tumors. 175,176 As the application of CPs in PA imaging and photothermal treatment 

is at the very early stage, the design principles for such nanoparticles and their operation 

mechanisms are not fully established. Nonetheless, the reported few examples have successfully 

demonstrated that CP based polymeric nanoparticles are very promising for deep in vivo tumor 

imaging and PTT with minimized side effects to normal tissues.171-176 

Future work of polymer encapsulated organic nanoparticles will be directed toward the 

development of smart and stimuli responsive imaging and therapy systems. Further development 

of CP and AIE fluorogens for biomedical applications will be mainly focused on the FR/NIR 

emitters with narrow band emission. Various signal amplification strategies, such as FRET and 

metal-enhanced fluorescence could be used to further improve their brightness for fluorescence 

imaging. Similarly, further development of CP and AIE nanoparticle based multimodal probes 

will be ideal for in-vitro and in-vivo imaging applications, which will provide much higher 

sensitivity and accuracy with the complementary information provided by each imaging 

modality. In addition, when properly designed, a single emitter might be able to simultaneously 
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show capabilities of fluorescence imaging, PA imaging and PTT effect, which will provide 

unprecedented simplicity in designing a single component based multimodality imaging-guided 

therapy agent. To fine-tune the size and fluorescence of such nanoparticles, more functionalized 

biodegradable polymeric shells will be developed to help delivery the imaging and therapeutic 

agents. For example, light, enzyme or pH responsive polymeric shell will be developed for 

targeted and responsive tumor imaging, while cross-linkable polymer matrix will be synthesized 

to further improve the stability and photostability of these nanoparticles. As most of the polymer 

matrices used under current studies is from commercial sources, more synthetic biocompatible 

polymers with adjustable lengths of the hydrophobic and hydrophilic domains are expected to 

lead to better control of the sizes and stability of the nanoparticles. The progresses in molecular 

design, matrix selection, mechanism study, biological markers together with more detailed 

metabolic process and long term in vivo toxicity evaluation will provide more fundamental 

information and open new research opportunities for polymer encapsulated organic nanoparticles 

in biomedical applications and for potential clinical translation. . 
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Polymer encapsulated organic nanoparticles have recently attracted increasing attention in the 

biomedical field because of their unique optical properties, easy fabrication and outstanding 

performance as imaging and therapeutic agents. In this Critical Review, we summarize the 

latest advances in the development of polymer encapsulated nanoparticles based on 

conjugated polymers and fluorogens with aggregation induced emission (AIE) characteristics, 

elucidate the importance of matrix selection and structure-property relationship of these 

nanoparticles and discuss their applications in fluorescence and photoacoustic imaging.  
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