
Advanced Drug Delivery Reviews 143 (2019) 161–176

Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews

j ourna l homepage: www.e lsev ie r .com/ locate /addr
Aggregation-induced emission (AIE) fluorophores as imaging tools to
trace the biological fate of nano-based drug delivery systems
Yufei Wang a,b, Yuxuan Zhang a,b, Jinjin Wang a,b, Xing-Jie Liang a,b,⁎
a CAS Center for Excellence in Nanoscience, CAS Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety, Chinese Academy of Sciences, National Center for Nanoscience and Tech-
nology of China, Beijing, 100190, China
b University of Chinese Academy of Sciences, Beijing, 100049, China
⁎ Correspondence author at: CAS Center for Excelle
Laboratory for Biomedical Effects of Nanomaterials and N
Sciences, National Center forNanoscience and Technology

E-mail address: liangxj@nanoctr.cn (X.-J. Liang).

https://doi.org/10.1016/j.addr.2018.12.004
0169-409X/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 August 2018
Received in revised form 18 October 2018
Accepted 3 December 2018
Available online 6 December 2018
The vigorous development of nanotechnology has been accompanied by an equally strong interest and research
efforts in nano-based drug delivery systems (NDDSs). However, only a few NDDSs have been translated into
clinic thus far. One of the important hurdles is the lack of tools to comprehensively and directly trace the biolog-
ical fate of NDDSs. Recently, aggregation-induced emission (AIE) fluorophores have emerged as attractive
bioimaging tools due to flexible controllability, negligible toxicity and superior photostability. Herein,we recapit-
ulate the current advances in the application of AIE fluorophores to monitor NDDSs both in vitro and in vivo. Par-
ticularly, we discuss the cellular fates of self-indicating and stimuli-responsive NDDSs with AIE fluorophores.
Moreover, we highlight the in vivo application of AIE agents on the long-term tracking of therapeutics and the
multi-modal monitoring of diagnostics in NDDSs. Challenges and opportunities in AIE-guided exploration of
NDDSs are also discussed in detail.
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1. Introduction

Over the past decades, rapid development of nanotechnology has
transformed many areas of biomedical research, including tissue engi-
neering, pharmaceutical discovery and disease diagnosis [1–6]. Notably,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2018.12.004&domain=pdf
https://doi.org/10.1016/j.addr.2018.12.004
liangxj@nanoctr.cn
https://doi.org/10.1016/j.addr.2018.12.004
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/addr


162 Y. Wang et al. / Advanced Drug Delivery Reviews 143 (2019) 161–176
there has been a remarkable surge in the development and exploitation
of nano-based drug delivery systems (NDDSs). For instance, in 1995,
Doxil®, the first anticancer NDDS, was approved by the US Food and
Drug Administration (FDA), and became a blockbuster oncotherapy
[7]. Ten years later, the first protein-based NDDS, termed Abraxane®,
got approval by the FDA. This albumin-coatedpaclitaxel delivery system
has been widely utilized in oncological treatment, especially for breast
cancer and pancreatic cancer [8]. Recently, in August 2018, Onpattro™,
the FDA-approved lipid nanocomplex, became thefirst small interfering
ribonucleic acid (siRNA) NDDS in the world [9]. Over the years, many
types of NDDSs, such as those based on nanocrystals, micelles, nanopar-
ticles, liposomes and nanoemulsions, became available to patients in
preclinical and clinical trials.

Unlike traditional pharmaceuticals, NDDSs comprise an exquisite as-
sembly of organic/inorganic nanomaterials and bioactive agents (chem-
ical compounds, nucleotide fragments, peptides, etc.), translating into
unique advantages. Firstly, the delivery of hydrophobic pharmaceuticals
via NDDSs could enhance the solubility, leading to a sharp elevation of
drug loading and bioavailability [4,10,11]. Secondly, NDDSs could per-
form targeted delivery of therapeutic agents. The main mechanisms
can be concluded as active and passive targeting effects. After delicate
surface modification of ligands (antibodies, peptides, aptamers, etc.),
NDDSs can actively accumulate in biotargets through specific recogni-
tion between ligands and substrates [12–14]. In addition, as for the pas-
sive targeting effect, preferential tumor accumulation could be realized
because of the enhanced permeability and retention (EPR) effect
[15–17]. Both of these targeting actions – active and passive – can im-
prove therapeutic effects and reduce adverse reactions in patients.
Furthermore, the emergence of multi-functional NDDSs enables simul-
taneous diagnosis and therapy, resulting in timely and accurate disease
control at the early stages [18,19]. Moreover, NDDSs may bring out im-
provements of pharmacokinetic (PK) properties, such as prolonged
blood circulation and controllable biodistribution,which can benefit pa-
tients from lower dosages and longer dosing intervals [20–22]. Hence, it
is possible for tailored NDDSs to be designed for the prevention, diagno-
sis and treatment of many different diseases.

The research and development of NDDSs attract global attention.
The National Cancer Institute, part of the National Institutes of Health
in the US, carried on an annual investment about $150 million
for exploiting new NDDSs [23]. Also, the European Union proposed
“the European Commission's Sixth Framework Programme” for
nanomedicine and €650 million has been invested for preclinical
and clinical trials [24]. However, only a few of such systems have
been translated from benchside to bedside. Up to 2014, just 175
nanodrug products were approved by the FDA and the European
Medicines Agency [25]. This disproportionally low-efficiency clinical
transition might result from insufficient PK studies of NDDSs. Indeed,
the absorption, distribution, metabolism, excretion and toxicity
(ADMET) properties of NDDSs still remain elusive both in vitro and
in vivo because conventional PK methods are not always suitable
for investigating NDDSs. For instance, chromatographic detection,
such as gas chromatography and high-performance liquid chroma-
tography, performs high sensitivity and superb isolation efficacy
but lacks the appropriate qualitative capability that is needed for an-
alyzing multi-component living samples [26]. Furthermore, capillary
electrophoresis relies on very small sample volumes so it is prone to
cause low signal stability and poor sensitivity [27]. In addition, while
immunoassays have high specificity and superior sensitivity, they
can fail in a large-scale screening due to sophisticated operation
and associated high cost [28]. More importantly, these analytical
methods could only provide indirect measurements instead of direct
visualization. Given to the fact that NDDSs structurally and function-
ally differ from traditional pharmaceuticals, it is necessary to imple-
ment dynamic and real-time visualization of nanocarriers and
payloads. Thus, there still exists a need to develop imaging methods
for exploration of NDDSs' biological fate.
In the past few years, the growing interest in monitoring the biolog-
ical fate of NDDSs with diverse imaging tools has resulted in several im-
portant developments. In the search for better imaging quality in living
systems, scientists are inclined to exploit fluorescent agents [29,30]. No-
tably, the team of Tang reported novel fluorophores with aggregation-
induced emission (AIE) properties [31].When reaching a high local con-
centration in solution and forming aggregates, both conventional
fluorescein-based fluorophores and novel fluorescent nanomaterials
are likely to suffer strong π-π stack, inducing a huge drop in fluores-
cence intensity in the process called “aggregation-caused quenching”
(ACQ) [32,33]. On the other hand, AIE luminescent materials – or
luminogens – emit stronger fluorescence when forming aggregates.
Other properties of these fluorophores include flexible controllability,
excellent photostability, high sensitivity and high selectivity [34].

Herein, we review the recent advances of the application of AIE
fluorophores in both in vivo and in vitro imaging of NDDSs (Fig. 1).
From the perspective of the in vitro fate, we describe AIE-guided cellular
observations of both self-indicating and stimuli-responsive NDDSs.
Concerning the in vivo fate, we highlight the long-term imaging of ther-
apeutics and the multi-modal tracking of diagnostics in AIE-based
NDDSs. Finally, potential obstacles and future perspectives of AIE-
based biological imaging of NDDSs are also discussed.

2. Fundamentals of exploring the biological fate of NDDSs using AIE
fluorophores

Since the discovery of AIE effects in 2001, great efforts have been
made to utilize AIE-active materials in biological research. In this sec-
tion, a brief overview of the development of AIE fluorophores is pro-
vided. Additionally, the properties and advantages of AIE-guided
NDDS biological explorations are also discussed.

2.1. Discovery and development of AIE fluorophores

Numerous organic and nanomaterial-based fluorophores possess
excellent fluorescent properties when dispersed in solution. However,
aggregation of these materials is likely to result in fluorescent
quenching due to the ACQ effect, which is largely responsible for non-
radiative energy transfer induced by strong π-π stack. AIE agents, on
the other hand, exhibit weak or no fluorescence in dispersion but emit
strong fluorescence signals upon formation of aggregates (Fig. 2)
[33,35–37]. Research on AIE phenomenon has gradually gained much
popularity. From the Web of Science Database, the annual number of
publications with the subject of AIE has exceeded 1000 since 2016.
The inception of AIE fluorophores actually dates back to 2001 when
Tang's group observed unusual fluorescence emission from silole mole-
cules in different water-ethanol solutions [31]. When dispersing in eth-
anol and other preferred solvents, silole molecules are non-emissive
because of nonradiative decay. However, in poor solvents like water,
they may form aggregates, resulting in radiative decay and strong fluo-
rescent emission. In water-ethanol mixed solution, as the fraction of
water was elevated to 90%, the photoluminescence quantum yield of
silole molecules exhibits a remarkable rise to 0.21, which is 333-times
higher than that in ethanol. This fluorescence enhancement is due to
the AIE phenomenon, which mechanism is largely attributed to the re-
striction of intramolecular motion (RIM). It is well accepted that the
RIM process mainly includes the restriction of intramolecular rotation
(RIR) and the restriction of intramolecular vibration (RIV) [38,39]. As
for silole molecules, when dispersing in good solvents, the phenyl pe-
ripheries could perform free rotation around the central silole core.
Once forming closely-packed aggregates, they undergo the RIR process,
and the resulting radiative decay triggers strong excimer fluorescence.
Besides, in shell-shaped molecules, such as 10,10′,11,11′-tetrahydro-
5,5′-bidibenzo[a,d][7]annulenylidene (THBA), the RIV mechanism is
the main cause of the AIE phenomenon [40]. The flexible phenyl rings
of THBA exhibit dynamic vibration in solution. On the aggregate state,



Fig. 1.A schematic representation of AIE-basedNDDSs. The diversity of NDDSsmainly stems from loaded cargos, and nanocarriers. AIEfluorophores can be introduced into NDDSs through
covalent or non-covalent connections. Then, the behaviors of nanocarriers or integral NDDSs (in vitro and in vivo fate) can be traced by the fluorescent signals of AIE fluorophores.

163Y. Wang et al. / Advanced Drug Delivery Reviews 143 (2019) 161–176
its intramolecular vibration is considerably restricted due to the steric
hindrance. Thus, the radiative decay pathway is opened and allows
THBA highly emissive. Apart from the RIMmechanism, J-aggregate for-
mation, conformational planarization, and excited-state intramolecular
proton transfer (ESIPT) also account for the AIE behavior [34,39,41].
Most organic fluorophores with coplanar structures are prone to form
H-aggregates in the face-to-face parallel alignment due to strong π-π
stack,which results influorescence quenching. However, if the intermo-
lecular distance is extended to form slanted stacks as J-aggregates,
fluorophores may render enhanced emissions. It is evident that J-
aggregate formation can be observed in several AIE molecules [42–44].
Besides, conformational planarization relies on twisted-coplanar struc-
tural changes to preclude π-π stack and activate radiative decay [45].
Moreover, ESIPT, a process of energy relaxation via keto-enol
tautomerization, is also reported in many AIE behaviors [46–48].

As a result of their tunable fluorescent properties, AIE agents have
found increasing use in biological research. Themain four AIE backbone
structures and examples of their applications are shown in Fig. 3 and
Table 1. Most AIE molecules comprise polycyclic and heteroaromatic
structures. Tetraphenylene (TPE) is one of the most widely used AIE
agents in biological studies. Upon aggregation of these molecules, steric
hindrance of the peripheral phenyl rings leads to nonplanar and
Fig. 2. Fluorescence emission changes resulting from solution-aggregation transitions due
to theACQ and AIE effects. Top panel: CdSe quantumdots of different sizes and fluorescein
undergo fluorescence quenching in the aggregated state. Lower panel: tetraphenylene
(TPE) derivatives and complexes exhibit strong fluorescence emission when forming
aggregates. Adapted with permission from [33,35–37]. Copyright 2010 Elsevier, 2016
Royal Society of Chemistry, 2012 American Chemical Society and 2015 John Wiley and
Sons, respectively.
propeller-like conformation, which can leads to the RIR process and
trigger the AIE effect [49]. Due to its facile synthesis, TPE can be
employed as a flexible building block in the construction of AIE-based
nanostructures for bioimaging. Other AIE backbones include
cyano-substituted stilbene, triphenylamine (TPA) derivatives and
tetraphenylsilole. Park et al. reported AIE-exhibiting cyano-substituted
stilbene agents (CN-MBE) in 2002 [45]. When forming aggregates, CN-
MBE could emit almost 700-time stronger fluorescent signals than in di-
lute solution. The main mechanisms of their AIE properties can be as-
cribed to coplanarization and J-aggregate formation. NPAPF, one of
cyano-substituted stilbene molecules, has been employed in the study-
ing of targeted cell imaging and bio-nano interactions [50]. TPA shows
the ACQ effect in the aggregation state. However, through exquisite in-
troduction of peripheral groups around TPA cores, researchers synthe-
sized AIE-exhibiting TPA derivatives [51]. These derivatives can
possess broad-band fluorescence emission and are suitable for the visu-
alization of drug delivery and pathophysiological diagnosis. Tang's team
has contributed a lot in the optimization design of tetraphenylsilole-
based AIE molecules [52–54]. They synthesized a series of efficient
AIE molecules by changing silicon substituent groups. These
Fig. 3.Themost prominent AIE backbone structures commonlyused in biological research.



Table 1
The main biological applications of AIE-based nanostructures.

Classification AIE
backbone
structure

Nano structure λex

(nm)
λem

(nm)
Use type Biological application Reference

Tetraphenylene (TPE) TPE-MI TPE-MI-peptide complexes 355 445–500 In vitro Evaluation of proteostasis in Huntington's disease [55]
TPE-In TR4@siRNA@Tf

nanocomplexes
330 ~460 In vitro Intracellular gene delivery and evaluation of transfection

efficiency
[56]

TPEDC T-TPEDC nanodots 800 590–630 In
vitro/in vivo

Photodynamic therapy for precise blood vessel closure [57]

TPE-TETRAD TPE-TETRAD saponin
nanoparticles

488 600–750 In vitro Ultra-fast intracellular delivery [58]

TPEE-Rho TPEE-Rho dots 530 ~600 In
vitro/in vivo

Long-term imaging of tumor growth in mice [59]

TPECM TPECM-peptide complexes 405 560 In vitro Targeted photodynamic ablation of cancer cells [60]
TPE TR4 nanofibers 405 505 In vitro Detection of the integrity of cell membrane [61]
TPE-CHO DOX-loaded NDDS 405 450 In vitro Intracellular delivery of doxorubicin in pH-responsive

NDDS
[62]

TPE Biosensor with TPE and
protoporphyrin IX

405 ~450 In
vitro/in vivo

Photodynamic therapy and evaluation of matrix
metalloproteinase-2 expression

[63]

Cyano-substituted
stilbene

NPAPF BOSA–NPAPF nanoparticles 405 650 In vitro Targeted cancer cell imaging [64]
NPAPF Nanoparticles 405 420–480 In vitro Investigation of the influence of surface modification on

nanoparticle-cell interactions
[65]

Triphenylamine (TPA)
derivatives

CAPP CAPP saponin nanoparticles 488 600–700 In vitro Ultra-fast intracellular delivery [58]
TQ-BPN TQ-BPN nanodots 635 ~810 In

vitro/in vivo
Angiography of damaged blood brain barrier in mice [66]

TPA-BI TPA-BI nanoaggregations 840 450–550 In
vitro/in vivo

Imaging of lipid droplets [67]

Tetraphenylsilole Net-TPS-NCS Net-TPS-PEI-DMA
nanoparticles

405 505 In vitro pH-responsive imaging of targeted cancer cells [68]

BATPS TPS-2cRGD complexes 405 505–525 In vitro Quantitative imaging of integrin αvβ3 in cancer cells [69]
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tetraphenylsilole-based AIE molecules can be easily constructed into
multifunctional nanostructures for the qualitative and quantitative
detection of cancer cells and biomolecules.

2.2. AIE-guided biological evaluation of NDDSs

The ground-breaking development of NDDSs has attracted world-
wide attention. Many critical differences between traditional drugs
andNDDSs need to bementioned. Firstly, in termsof structure and com-
ponents, traditional pharmaceutical formulations mostly consist of a
single drug and biodegradable excipients, whereas NDDSs can be rather
described as “intricate combinations”. The bioactive components of
NDDSs, such as chemical compounds, peptides, antibodies and nucleo-
tide fractions, are usually encapsulated into nanocarriers through non-
covalent interactions [70–73]. Another common strategy is to cova-
lently conjugate bioactive agents with nanocarriers [74–76]. Thus, dif-
ferent from free drugs, NDDSs can perform precise and controllable
release of bioactive cargos due to their intricate nanostructures. Sec-
ondly, in terms of clinical function, traditional pharmaceuticals mainly
perform a single therapeutic function, whereas NDDSs can be multi-
functionalized to achieve disease prevention, diagnosis and treatment
at the same time. Notably, these structural and functional differences
could induce great changes in biological behaviors and ADMET proper-
ties. For example, upon entering a living body NDDSs may undergo
opsonization in the bloodstream. Some of these structures can be re-
moved by the reticuloendothelial system (RES), while the restmight ac-
cumulate in specific tissues and organs via passive/active targeting. At
the cellular level, following surface recognition and endocytosis,
NDDSs might undergo endo−/lysosomal escape in the cell and release
bioactive agents to reach subcellular targets. Finally, a proportion of
NDDSs and their metabolites would be excreted from the cell and
body. The general PK and pharmacodynamic (PD) analysis of NDDSs
has been previously investigated [77–83]. However, there still remains
the urgent need for realizing direct, dynamic and specific observations
of the fate of NDDSs in biological systems.

Recently, several researcher groups have been able to track in vitro
and in vivo fate of NDDSs by applying various imaging tools such as
computed tomography (CT), positron emission tomography (PET),
single photon emission computed tomography (SPECT), magnetic reso-
nance imaging (MRI) and fluorescence imaging [84–87]. Among these
imaging tools, CT, PET and SPECT are particularly suitable to analyze
metabolic processes, but low resolution, insufficient sensitivity and
complicated operation restrict their further application to monitor the
fate of NDDSs [88–90]. The bottlenecks in the application of MRI, on
the other hand, include low sensitivity, long scanning time and metal-
induced perturbations [91]. In contrast, high sensitivity, high resolution
and excellent imaging quality make fluorescence imaging a promising
tool for biological studies of NDDSs. The efficacy of fluorescent agents
is often the major determinant of imaging quality, and is thus the pre-
requisite in fluorescence imaging. Green fluorescent protein can exhibit
stable signals but the troublesome transfection makes it less practical
for multi-process monitoring of NDDSs, especially in low-pH environ-
ments [92]. As for small organic fluorophores, such as fluorescein iso-
thiocyanate, rhodamine and cyanine dyes, their poor photostability,
sophisticated synthesis and the ACQ effect aremajor obstacles that pre-
vent their usage to visualize the activation, biodistribution and degrada-
tion of NDDSs [32,93]. Despite the high potential of the more recently
developed fluorescence resonance energy transfer (FRET) fluorophores,
their application is hindered by complicated molecular design, photo-
bleaching and background interference [94,95]. In contrast, AIE
luminogens have provided novel opportunities for bioimaging by virtue
of facile synthesis and excellent biosafety [96–99]. More importantly,
little loss of the fluorescence intensity can be observed during cell incu-
bation and animal feeding, convincing the comparable photostability of
AIE molecules [100–102]. NDDSs' biological explorations with different
fluorophores (AIE, ACQ and FRET) are shown in Table 2. Through cova-
lent and non-covalent connections, AIEfluorophores can be successfully
integrated into diverse NDDSs. Due to the hydrophobicity of most AIE
fluorophores, researchers could assemble them with amphiphilic poly-
mers in solution [99]. Furthermore, researchers have also developed
non-covalent connections via electrostatic interactions [103]. These
physical fabrication methods seem simple but unstable in dynamic
biosystems. Therefore, covalent connections are regarded as another
common way to form AIE-based NDDSs. Direct covalent linkages rely
on specific chemical groups such as carboxyl, hydroxyl, aldehyde,
amino groups, and so on [61,62,104]. Besides, emulsion polymerization



Table 2
Comparison of AIE, ACQ and FRET and their biological explorations of NDDSs.

Type Phenomenon Photochemical
mechanism

In vitro exploration of NDDSs In vivo exploration of NDDSs

Fluorophores Exploration Reference Fluorophores Exploration Reference

AIE Weak or no emissions
in solution while strong
emissions in
aggregates.

In aggregates, the
restriction of
intramolecular
motion activates
radiative decay
pathway, resulting
in enhanced
fluorescence
emissions.

TPE Lysosomal
escape and
nuclear
translocation of
DOX

[105] TPE
derivatives

Multimodal imaging of
fluorescent imaging,
dark-field microscopy
and computed
tomography

[106]

TPE Cellular delivery
and nuclear
translocation of
Tamoxifen

[107] TPE Long-term and
multimodal imaging of
fluorescent imaging and
magnetic resonance
imaging in rat liver

[108]

Cyano-substituted stilbene Mitochondrial
delivery of DOX

[109] TPE Multimodal analysis of
fluorescent imaging and
inductively-coupled
plasma mass
spectrometry in blood
brain barrier

[110]

ACQ Strong emissions in
solution while weak or
no emissions in
aggregates.

In aggregates,
intermolecular π-π
stack inhibits
radiative decay and
induced
non-radiative
relaxation,
resulting in loss of
fluorescence
emissions.

aza-BODIPY (P2) and aza-BODIPY
(P4) fluorophores

Size-dependent
trans-monolayer
transportation of
nanoemulsions

[111] aza-BODIPY
(P2) and
aza-BODIPY
(P4)
fluorophores

Size-dependent
digestion of
nanoemulsions in
gastrointestinal tract
through oral absorption

[111]

aza-BODIPY (P2) Evaluation of
lipolysis kinetic
parameters of
lipid-based
nanocarriers

[112] aza-BODIPY
(P2)

Preferential
biodistribution of
intravenous micelles in
rat extremities and vital
organs

[113]

FRET The emission spectrum
of a donor overlaps the
excitation spectrum of a
receptor. When they
are close enough (b10
nm), the donor
undergoes quenching
but the receptor emits
enhanced fluorescence.

Through
long-range
dipole-dipole
coupling, energy
transfer is
processed in
non-radiative way
from the donor to
the receptor.

The FRET pair of DOX and
7-hydroxycoumarin-3-carboxylate

Real-time
monitoring of
dual-drug
release in cancer
cells

[114] The FRET
pair of Cy7
and varying
tail
fluorophores

Influence of the
hydrophobicity and
miscibility of NDDSs'
cargos on tumor
accumulation

[115]

The FRET pair of BODIPY and
spiropyran

Quantitative
visualization of
drug release
from micelles

[116] The FRET
pair of DiI
and DiD

Formulation-dependent
biodistribution of
different micelles

[117]
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and ring-opening metathesis polymerization are also employed [99].
Hence, after integrated intoNDDSs, AIE agents could showup themove-
ments and behaviors of carriers or the integral NDDSs. It is possible to
obtain more targeted, complex, and comprehensive observations of
NDDSs' travel through the cell, tissue/organ or the whole body, which
can strongly facilitate the future development of NDDSs.

3. In vitro fate of NDDSs

To be successfully delivered into intracellular milieu and reach their
subcellular targets, NDDSs need to overcome several barriers and un-
dergo a series of cellular transports. After anchoring at cell surfaces,
NDDSs need to pass through the plasma membrane via endocytosis
and be sequestered into endo−/lysosomes. Most of NDDSs need to
achieve endo−/lysosomal escape so that bioactive agents could be re-
leased into the cytosol and then transported to the organelles, nucleus,
and other subcellular targets [118–120]. Obtaining dynamic visualiza-
tion is therefore the prerequisite for better analysis of the in vitro fate
of NDDSs.With the advantages of AIE luminogens, real-timemonitoring
of NDDSs in vitro behavior could be achieved. In this section, we mainly
focus on the application of AIE agents in cellular observations of self-
indicating and stimuli-responsive NDDSs.

3.1. Self-indicating NDDSs

To explore the cellular fate of NDDSs, fluorophores can be integrated
into these systems to endow them with self-indicating property, pro-
viding new opportunities to directly monitor the uptake, activation, re-
lease, transport and exocytosis of NDDSs. Traditional monomolecular
fluorophores such as 5-carboxyfluorescein, fluorescein isothiocyanate
and dansyl chloride typically require complex synthesis. Therefore,
there is still a need to exploit novel fluorescentmarkerswith lowermo-
lecular weights, facile synthesis, flexible bioconjugation and high bio-
compatibility. In the recent years, AIE molecules have been introduced
into NDDSs as self-indicating fluorescent labels. For example, Yu et al.
prepared a metallacage nanoparticle (MNP) containing TPE
fluorophores [121]. Within the tetragonal structure of MNPs, the re-
searchers incorporated TPE as the vertices and the bioactive Pt(II)
cargo as metal nodes. Additionally, they also introduced biotin into
the “arms” or extensions of these MNPs to achieve biotin-mediated
targeting to cancer cells. The closely-packed prism of these MNP struc-
tures largely restricted intramolecular ring rotation of TPE, leading to
strong fluorescence emissions for bioimaging. The in vitro behavior of
theMNPs was investigated in HeLa and HepG2 cancer cells which over-
express biotin receptors. After 0.5 h of incubation, a little fluorescence
was observed, suggesting the incipient endocytosis of MNPs. When
the incubation time increased to 2 h and 4 h, the green signals of
MNPs co-localized with the nuclei. Thus, MNPs enabled the delivery of
Pt(II) into the nuclei of the targeted cells to act as anticancer agents.

Apart from covalent conjugation, AIE agents can also be integrated
into NDDSs through non-covalent, physical interactions. Using high-
speed stirring and precipitation, Gao et al. prepared TPE-mixed pacli-
taxel (PTX) nanocrystals (PTX/TPE NCs) [122]. After incubating these
NCs with KB and HT-29 cells for the indicated times (Fig. 4), the
researchers labeled the cell membranes with DiI dyes to analyze the en-
docytosis, dissolution and exocytosis of PTX/TPE NCs. After 1 h of incu-
bation, PTX/TPE NCs entered the cells as observed by the blue emission
inside the cell membranes. As the incubation was prolonged to 3 h and
7 h, cellular blue signals of PTX/TPE NCswere firstly getting stronger but
then began to weaken, which is attributed to the slow dissolution of
PTX/TPE NCs. Additionally, to investigate the exocytosis, the researchers
treated cells with PTX/TPE NCs for 3 h and incubated them in fresh



Fig. 4. Cellular observations of self-indicating PTX/TPE nanocrystals (NCs). (A) Different fluorescence emissions of PTX/TPE NCs inwater-ethanol solventmixtures. Confocal laser scanning
microscopy (CLSM) images of KB cells (B) andHT-29 cells (C) co-culturedwith PTX/TPE NCs for 1, 3, 7 h or another 2, 8, 24 h incubationwith freshmedium after the 3-h treatment. (Blue:
PTX/TPE NCs; Red: cell membranes; Scale bar: 20 μm). Adapted with permission from [122]. Copyright 2017 Elsevier.

166 Y. Wang et al. / Advanced Drug Delivery Reviews 143 (2019) 161–176
medium for different times. The results verified that blue fluorescence
signals appeared both in the cytosol and outside the cell membranes.
Therefore, a portion of intracellular PTX/TPE NCs might remain in the
cytoplasm while some might be translocated back to cell surfaces and
the extracellular milieu.

In addition to drug delivery, AIE fluorophores can also be applied to
visualize gene delivery viaNDDSs. As shown in Fig. 5, the research team
of Liang developed a self-indicating nanofiber containing plasmid DNA
(pDNA) [123]. They used a TPE-based vector to encapsulate pDNA and
finally prepared pDNA@TR4 nanofibers. The researchers were then
able to track cellular behaviors through different fluorescence signals
as the green emission of vectors and the red emission of Cy-5-labeled
pDNA merged to be purple signals of pDNA@TR4 nanofibers. After 4 h
of co-culture, pDNA@TR4 nanofibers were observed on the surface of
HeLa cells, while at 24 h of incubation the purple fluorescence could
be observed inside the cells, implying that pDNA@TR4 nanofibers en-
tered into the cytosol. Meanwhile, some red signals appeared and
showed little co-localization with the lysosomes, suggesting that a



Fig. 5. Cellular observations of self-indicating pDNA@TR4 nanofibers containing TPE-based vectors. (A) TPE moieties were conjugated to TR4 vectors followed by plasmid DNA encapsu-
lation to produce self-indicating nanofibers. The subcellular distribution could be observed due to the different fluorescence signals. (B) CLSM images of HeLa cells after the treatmentwith
pDNA@TR4 for 4 h and 24h. (Blue: TPE-conjugated TR4vectors; Red: Cy5-labeled plasmidDNA;Green: lysosomes; Scale bar: 20 μm). Adaptedwith permission from [123]. Copyright 2017
American Chemical Society.
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part of pDNA was detached from the pDNA@TR4 nanofibers and re-
leased from the lysosomes into the cytoplasm. With a better under-
standing of when and where pDNA gained liberation from the vectors,
researchers could design tailored NDDSs for higher gene releasing and
transfection efficiency.

3.2. Stimuli-responsive NDDSs

Unsatisfactory solubility, poor specificity and low bioavailability are
the major obstacles in drug discovery with traditional pharmaceuticals
[124]. NDDSs offer a potential solution to these problems. For example,
stimuli-responsive NDDSs have gained great attention for their superior
target specificity. When exposed to various stimuli (temperature, light,
electric pulse, magnetic field, enzyme, pH, redox, etc.), they can react
readily through specific changes in their structures and properties, fi-
nally triggering the release of bioactive agents. In 1978, Blumenthal's
group found that the release ratio of neomycin-loaded liposomes at 44
°C was 100 times higher than that at 37 °C, which can be considered
as the first stimuli-responsive NDDS [125]. Since then, researchers
have taken enormous efforts to design stimuli-responsive NDDSs with
high sensitivity, good stability and flexible controllability [126–129].
However, it is difficult to directly monitor intracellular changes of
NDDSs with external stimuli. Fortunately, AIE fluorophores could
perform these dynamic processes by their aggregation-induced fluores-
cent changes. Thus, relying on the “on/off switch” scenario of AIE
fluorophores, in vitro fate of stimuli-responsive NDDSs can be moni-
tored to obtain detailed information on drug-target interactions.

3.2.1. pH-responsive NDDSs
Upon entering the cytoplasm through endocytosis, NDDSs are prone

to being engulfed into endo−/lysosomes, which triggers their degrada-
tion and deactivation of bioactive agents. Endosomes and lysosomes are
rather acidic environments with pH 5–6.5 and 4–5, respectively,
whereas the pH value of cytoplasm fluctuates between 6.8 and 7.4
[130]. This intracellular pH gradient can be an impactful tactic to design
endo−/lysosomal escape for efficient drug releasing. So far, diverse pH-
responsive NDDSs have been designed to afford controllable release of
loaded cargos (pharmaceuticals, peptides, nucleotide fragmentations,
etc.) [131–134].

To monitor the cellular fate of pH-responsive NDDSs in real-time,
Xue et al. combined TPE-COOHand doxorubicin (DOX) through electro-
static interactions to thus finally construct AIE-based pH-responsive
TPE-DOX nanoparticles (TD NPs) (Fig. 6) [103]. At neutral pH of 7.4,
TPE agents in TD NPs showed a decreased emission due to the energy
transfer toward DOX. Despite receiving extra energy from TPE, DOX in
TD NPs did not produce strong red signals due to the intramolecular



Fig. 6. Cellular tracing of pH-responsive TPE-DOXnanoparticles (TDNPs). (A) Changes in the fluorescence of TPE, DOX and complete TDNPs can elucidate the processes of endocytosis and
intracellular breakdown of TDNPs. The different termini of DOX and TPE carriers could also be traced in cells. (B) CLSM images ofMCF-7 cells incubatedwith TD NPs for 2 h and 4 h. (Blue:
TPE carriers; Red: DOX cargo; Purple: TD NPs; Green: lysosomes). Adapted with permission from [103]. Copyright 2013 JohnWiley and Sons.
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“π-π stacking”. Hence, the fluorescence emissions of TPE and DOX in TD
NPs were both weakened at neutral pH. In contrast, with the exposure
to acidic environments such as lysosomes, TD NPs could break up to re-
lease TPE carriers and DOXmolecules, leading to acid-sensitive drug re-
lease and largely enhanced fluorescence signals of TPE and DOX. To
further evaluate cellular behaviors of TD NPs, the research team incu-
bated MCF-7s cells with these nanoparticles and compared their confo-
cal laser scanning images. They found that after endocytosis TD NPs
could be disassembled in response to the low pH in lysosomes. Finally,
the red signals appeared in the nucleus, suggesting that DOXmolecules
were successfully transported into the nucleus, where the drug could
exert its anticancer effects. In contrast, the TPE carriers largely stayed
in the cytoplasm. Therefore, through analyzing the spatio-temporal dis-
tributions of different fluorescence signals, the researchers were able to
monitor the breakdown of pH-sensitive NDDS structures and trace
in vitro behaviors of bioactive agents and carriers. Additionally, the
same research team also constructed TPE-DOX NDDSs with cleavable
hydrazone bonds and prepared another pH-responsive NDDS termed
THyD NPs [104]. In this work, THyD NPs showed weak or no fluores-
cence at neutral pH due to the ACQ effect, whereas in acidic lysosomes
the hydrazone bonds were ruptured and the released DOX could emit
strong red fluorescence. Hence, the researchers could monitor the
“unpacking” process of THyD NPs. In MCF-7 cells incubated with THyD
NPs, TPE and DOX showed no fluorescence at first, which demonstrates
that THyD NPs were potentially taken up into cells and did not begin to
hydrolyze. Afterwards, purple signals appeared in the lysosomes, sug-
gesting that hydrazone bonds of THyD NPs broke in response to the
drop in pH. Following the bond breaking event, the released DOX and
TPE molecules showed strong and different fluorescence emissions.
Similar to TD NPs, most DOX in THyD NPs was released and finally
translocated into the nuclei, while the TPE carriers remained largely in
the cytosol. Importantly, the researchers verified that although TD-
and THyD-based NPs showed similar release behaviors in response to
intracellular pH gradients, the rates of their release were very different.
Thus, after 3 h of treatmentwith TDNPs,most DOX co-localizedwith ly-
sosomes, but many red signals appeared in the nucleus. After 6 h, most
DOX translocated into the nucleus, indicating the end of rapid drug re-
lease in TD NPs. On the other hand, in cells treated with THyD NPs, in
the first 12 h of incubation, the intracellular distributions of DOX and
TPE showed no sharp increases. After a 24-hour treatment, many DOX
signals localized at perinuclear and nuclear sites. Hence, THyD NPs are
characterized by a slower, sustained release of the cargo. These different
release rates can be attributed to the underlying interactions between
TPE and DOX. Compared with electrostatic forces, hydrazone bonds
are stronger and less likely to disrupt, and thus THyD NPs showed a
sustained release. Therefore, with the assistance of AIE molecules, it is
possible to evaluate ADMET properties of different pH-sensitive
NDDSs in detail.

3.2.2. Light-responsive NDDSs
With the advantages of non-invasiveness, spatial precision and re-

mote control, light-responsive NDDSs, which undergo efficient and pre-
cise drug release when exposed to specific light irradiation, have gained
much popularity [135–138]. Conventional strategies in light-triggered
drug release rely on such processes as trans-cis isomerization,
spiropyran-mero-cyanine isomerization, host-guest recognition and
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dehybridization-hybridization transition [137,139–141]. Recently, sev-
eral photosensitizers that are able to generate non-lethal amounts of re-
active oxygen species (ROS) upon specific light exposure have been
used in the construction of NDDSs to enhance the permeability of
endo−/lysosomal membranes and facilitate the release of bioactive
agents [142,143]. As many of AIE fluorophores can also induce ROS pro-
duction, it is likely that such AIE agents can serve not only as fluorescent
labels, but also as efficient photosensitizers for light-induced NDDS dis-
assembly and drug release. For instance, Yuan et al. developed a light-
responsive NDDS to elevate the delivery efficacy of DOX (Fig. 7) [144].
TPETP, a derivative of TPE, was conjugated to polyethylene glycol
(PEG) chain via an ROS-sensitive thioketal (TK) linker. The amphiphilic
TPETP-TK-PEG construct could encapsulate DOX to generate a AIE-NPs/
DOX delivery system. As part of this system, both TPETP andDOXexhib-
ited weak emissions because of mutual fluorescence quenching. Once
exposed to light irradiation, the rapidly generated ROS could break the
TK linkers, inducing the release of DOX, allowing both TPETP carriers
and DOX compounds to exhibit strong fluorescence signals. The
in vitro fate of AIE-NPs/DOX in DOX-resistant MDA-MB-231 cells was
then investigated. In the absence of light irradiation, the red signals of
Fig. 7. In vitro tracking of the light-responsive AIE-NPs/DOX system. (A) A dual-function polyme
self-assembled to construct AIE-NPs/DOX nanosystems that could undergo light-induced drug
DOX for 2 h and incubated for another 2 h in freshmedium. (Blue: cell nuclei; Green: DOX; Red:
of Chemistry.
TPETP carriers almost completely co-localized with the green ones of
DOX in the lysosomes, implying that AIE-NPs/DOX were engulfed into
lysosomes after endocytosis. Significantly, given to the fact that red
emissions of DOX showed no obvious overlay with the nuclei, the re-
searchers verified that the drug release was not initiated in the absence
of light exposure. The AIE-NPs/DOX-treated cells were then irradiated
with white light (0.1 W/cm2, 2 min) and incubated in fresh medium
for another 2 h. As a result, strong cyan signals, as the overlay of the
blue emissions from the Hoechst reagent and the red emissions from
DOX, appeared in the nucleus sites, implying that DOX was rapidly re-
leased from the lysosomes and diffused into the nucleus. Contrarily,
the red signals of TPETP carriers were still dispersed in the cytosol, indi-
cating that TPETP was not transported into the nucleus. Overall, it was
possible to monitor the process of light-responsive breakdown of
NDDS constructs and the subsequent lysosomal escape, and compare
the intracellular distribution of both the cargo and carrier molecules.

Light-responsive NDDSs are utilized to deliver not only pharmaceu-
ticals, but also nucleic acids to the desired target sites. For nucleotide-
loadedNDDSs, the endo−/lysosomal entrapment and low-efficiency re-
lease become tough hurdles. Fortunately, it has been shown that light-
r, consisting of TPETP and PEG tethered through a light-sensitive TK linker, and DOXwere
release. (B) CLSM observations of DOX-resistant MDA-MB-231 cells treated with AIE-NPs/
TPETP-based carriers). Adaptedwith permission from [144]. Copyright 2016 Royal Society
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triggered ROS-mediated disruption of NDDSs can promote endo−/lyso-
somal escape and facilitate the unpacking and translocation of DNA
fragments [145]. The research team of Liu synthesized a light-
responsive DNA-encapsulating nanosystem, termed S-NPs/DNA [146].
Similar to the aforementioned AIE NPs/DOX, another TPE derivative–
TPECM, served both as a fluorescent label and photosensitizer.
S-NPs nanovectors were generated by tethering TPECM and
oligoethylenimine (OEI) through ROS-sensitive aminoacrylate linkers
[147]. Due to excellent DNA-binding properties of OEI, S-NPs could en-
capsulate DNA via electrostatic interactions and form S-NPs/DNA nano-
systems [148]. Next, the researchers labeled DNA with green
fluorescent agent YOYO-1, and incubated HeLa cells with S-NPs/
YOYO-1-DNA for 4 h to evaluate the delivery and releasing capability
of the system. The results showed that without the light exposure, the
red signals from S-NPs largely overlaid with the green signals from
YOYO-1-DNA, demonstrating that intracellular S-NPs colocalized with
DNA in lysosomes. After light irradiation, the red and greenfluorescence
signals gradually separated, and thefluorescence colocalization ratios of
S-NPs and YOYO-1-DNA decreased significantly, demonstrating a light-
induced DNA release. To further trace the process of DNA uptake into
the nuclei, HeLa cells were incubated in normal medium for another
4 h and the nuclei were labeled by DRAQ5. It is found that the treatment
of S-NPs/YOYO-1-DNA togetherwith light exposure resulted in success-
ful intranuclear transportation of DNA, while S-NPs nanovectors were
observed to be dispersed throughout the cytoplasm. In conclusion, cer-
tain AIE molecules are potent photosensitizers and can therefore act as
“on/off switches” for facilitating and monitoring cellular fates of light-
responsive NDDSs.
3.2.3. Redox-responsive NDDSs
Redox-response NDDSs mainly depend on the glutathione (GSH)

concentration gradient, which varies from 2-10 μM outside the cell to
2–10mM in the cellularmilieus [128,129]. As one of the common tactics
to achieve intracellular redox response, disulfide linkages stay stable
when the concentration of GSH is relatively low, but are cleaved rapidly
in GSH-rich environments. This feature of disulfide bridges has been
employed in the design of various redox-responsive NDDSs for control-
lable drug release [149–151]. To better monitor the in vitro fate of such
NDDSs, Hu et al. developed AIE-based DOX-loaded redox-controllable
micelles [152]. In this work, the disulfide bonds were employed as the
junction between polymer matrix and TPE molecules. The resulting
AIE-based vector was used to encapsulate DOX through self-assembly,
and finally formed spherical micelles with the diameter of ~123 nm.
Once the high concentration of GSH induced the damage of disulfide
bonds, the micelle structures broke up, triggering the release of DOX
into the cytosol. Next, the research team analyzed the cellular behaviors
of these systems in 4T1 cells. After treatment with micelles for 1 h, red
fluorescence signals of DOX and blue signals from TPE could be clearly
observed in the cytosol. As the co-culture time was prolonged to 3 and
5 h, the intensity of the two signals increased sharply, suggesting the
continuous uptakemicelles into the cells. After incubation for 7 h, a por-
tion of DOX appeared in the nucleus, whereas the TPE fluorescence was
observed throughout the cytoplasm. Thus, with the assistance of AIE
agents, researchers are capable of visualizing efficient delivery of
drugs carried by NDDSs in response to a change in intracellular GSH
concentration.

In conclusion, AIE molecules can be flexibly introduced into NDDSs
to utilize their excellent fluorescent properties and capabilities, and
thus researchers enable to trace the processes of NDDS endocytosis,
breakdown, redistribution, transportation and exocytosis. With the
help of AIE-based systems, detailed in vitro observations of self-
indicating NDDSs have been obtained, and exquisite cellular control of
stimuli-responsiveNDDSs has been visualized. Further efforts on the ex-
ploration of AIE-guided cellular investigation would be required for the
design of tailored NDDSs.
4. In vivo fate of NDDSs imaged using AIE fluorophores

So far, the AIE-enabled imaging of NDDSs has beenmostly amenable
to small-scale samples, and has been typically applied to intracellular
observations. In vivo imaging is however equally important and highly
sought-after, as the complex interplay of NDDSs and the living body cor-
relates with therapeutic effect as well as adverse reactions to these sys-
tems, especially in repeated exposure to NDDSs [81,153]. In this section,
we review the recent advances in long-term observations of therapeu-
tics and their carriers. Moreover, we also focus on in vivo studying of
the diagnostic properties of AIE-based NDDSs. With the help of AIE
agents, it is possible to get thorough insights into the in vivo journey
of NDDSs to facilitate the development of therapeutic and diagnostic
applications of these systems.

4.1. AIE-based NDDSs for long-term tracking of therapeutics

In clinical practice, there is a continuous dilemma of administering
higher drug doses that could bring out better therapeutic effects but
are accompanied by stronger adverse reactions, especially for systemic
administration. Thus, monitoring in vivo drug release and distribution
to evaluate therapeutic efficacy and safety is highly desirable. Notably,
numerous reports have existed about NDDSs that enable the self-
indication of dynamic drug behavior in tissues and organs [154–157].
One of practicable tactics is to apply AIE agents to in vivo research of
NDDSs. Apart from superb photostability, excellent biocompatibility
and high sensitivity, AIE fluorophores can provide high-resolution and
long-term tracking, which makes them attractive candidates for living
body imaging.

DOX has been one of the most ubiquitously used chemotherapeutic
agents in clinical oncotherapy, especially for inoperable breast cancer
[158,159]. Since the success of Doxil®, there has been an ongoing inter-
est in the investigation of DOX-based NDDSs [7]. However, the grand
challenge on long-term visualization of in vivo delivery and degradation
of such systems still remains. In an attempt to overcome this obstacle,
the group of Loh prepared a DOX-loaded thermogel with AIE character-
istics [160]. As shown in Fig. 8, they synthesized a novel thermo-
sensitive nanostructure on the basis of TPE, PEG and poly(propylene
glycol) agents. In solution, the unique nanostructure enabled to transi-
tion from dispersive micelles into closely-packed gel aggregates at
15–45 °C. The unique micelle-gel transformation made it possible to
easily encapsulate DOX to fabricate novel sustained-release thermogels.
Furthermore, the micelle-gel transition further restricted intramolecu-
lar rotation of TPE molecules so that the thermogel featured exception-
ally strong fluorescence emission, useful for better self-indicating.
Importantly, fluorescence intensity of the thermogel exhibited a sharp
increase with decreasing DOX loading concentrations. Therefore, the
thermogel has great potential to reflect in vivo DOX release behaviors.
Using mice with HepG2 tumors, the research team compared in vivo
drug release of the thermogel NDDS and free DOX drug. In mice which
were intratumorally injected with saline DOX, red fluorescence DOX
signals appeared as a rapid diffusion into the whole tumor after 3 h.
After 24 h, no obvious DOX signals were observed, suggesting that little
or no effective DOX remained in the tumor locations. Hence, free DOX
underwent rapid diffusion and metabolism in vivo. On the contrary,
the thermogel DOX exhibited a sustained release, such that strong
DOX signals could still be observed even after 14 days. It is also note-
worthy that after 18 days, the fluorescence emission from the TPE car-
riers reduced sharply, which was attributed to the erosion of the
thermogel matrix. Therefore, by virtue of AIE fluorophores, researchers
could trace the release of drugs and the degradation of their carriers
over a long period. These long-term observations would facilitate
in vivo PK investigations of novel NDDSs to further improve formulation
of these agents and their adverse reaction surveillance.

AIE-based NDDSs have also been applied in the detection of in vivo
distribution of photosensitizers in photodynamic therapy (PDT).



Fig. 8. Long-term visualization of in vivo drug release of AIE-based thermogels. (A) AIE-based thermogels were prepared by micelle-gel transition under specific temperatures and
encapsulation of DOX. After intratumoral injection, these agents were traceable in vivo in mice. (B) Mice bearing HepG2 tumors were treated with free DOX or DOX encapsulated in
AIE-containing thermogel NDDSs. The sustained drug release of thermogel could be observed by long-term fluorescence imaging of AIE luminogens. Adapted with permission from
[160]. Copyright 2016 JohnWiley and Sons.
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Under specific irradiation exposure, photosensitizers could trigger the
rapid generation of ROS, potentially resulting in severe cellular damage
and even cell death [161]. Over the past century, PDT has become a po-
tent strategy for dermatologic treatment, antimicrobial therapy as well
as cancer intervention in the clinic [162,163]. Considering high ROS pro-
duction efficiency and effective fluorescence monitoring of AIE mole-
cules, researchers have been able to employ AIE-based NDDSs for both
PDT and in vivo tracing. For instance, Li et al. synthesized 40-nm
nanodots, termed T-TTD, containing red emissive AIE agents [164]. To
analyze the in vivo distribution of T-TTD nanodots in mice bearing
human cholangiocarcinoma QBC939 tumors, the researchers compared
the fluorescence intensity measured in main organs at 12 h post-
injection. The results confirmed that T-TTD nanodots concentrated in
mice liver and intestine.Meanwhile, strongfluorescence signals also ap-
peared around the tumor sites, revealing that T-TTD nanodots displayed
a tumor-selective accumulation. Furthermore, taking advantage of long-
term photostability of AIE agents, the research team could track the dif-
fusion of nanodots toward tumors. In the first 2 h after injection, T-TTD
dots showed a wide dispersion throughout the body. Then, they ap-
peared to accumulate preferentially in tumor locations as the emissions
from tumors showed a dramatic upsurge. Though the whole fluores-
cence emission underwent a gradual decline after 24 h post-injection,
its accumulative distribution in tumor vicinity could still be clearly ob-
served. Even after 48 h post-injection, emission from tumor sites
remained strong. Thus, T-TTD nanodots could exhibit a long-term
tumor targeting in mice.

In conclusion, AIE fluorophores could assist in unraveling dynamic
and long-term interplay between therapeutics and the living body, al-
though few reports of in vivo fate of pharmaceutical agents in AIE-
based NDDSs are available thus far. Determining how specific organs/
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tissues interact with NDDSswould be the key to the development of tai-
loredNDDSswith better in vivo therapeutic responses. Therefore, future
efforts should be taken in the body-level description of the behavior of
NDDSs comprising diverse AIE fluorophores.

4.2. AIE-based NDDSs for multi-modal monitoring of diagnostics

Aside from therapeutic substances, diagnosticmaterials such as con-
trast agents also require the elucidation of their in vivo fate. In the past
few decades, several research groups reported successful multi-modal
analysis with the combination of AIE-based fluorophores and othermo-
dality agents [108,110]. Thus, chances are that the complementary ef-
fects of diverse modalities would offer multi-dimensional observations
on the interplay of diagnostics and biosystems to improve the early-
stage disease diagnosis.

Using X-rays to scan living samples, deep-penetration and high-
resolution imaging of biosystems can be achievedwith CT. Since its con-
ception in the 1970s, CT imaging has been progressively employed in
clinical diagnosis, offering three-dimensional views of specific body
sites [90]. However, the lack of sensitivity has been considered as the
Achilles' heel of CT imaging. In addition, CT contrast agents such as
gold nanoparticles (Au NPs) are prone to induce strong fluorophore
quenching effects when introduced together with conventional fluores-
centmolecules, [165]. Hence, it is rather difficult to apply a combination
of fluorescence/CT imaging. Fortunately, with the advantage of high
sensitivity and unique fluorescence emissions, AIE-based imaging can
Fig. 9. Combined fluorescence/CT imaging of the in vivo distribution of M-NPAPF-Au
nanostructures. (A) The dual-modality NDDSs were constructed using NPAPF as AIE
fluorophores and Au NPs as CT contrast agents. (B) Fluorescence images and (C) CT
images of mice bearing CT26 tumors and their tissues and organs after injection of M-
NPAPF-Au. Tumor locations in mice were denoted with white arrows and the dissected
tumor tissues were indicated by red and white circles. High signal intensity in tumor
sites indicated the tumor-preferential accumulation of M-NPAPF-Au. Adapted with
permission from [166].
be used complementary to CT imaging. As shown in Fig. 9, Zhang et al.
employed Au NPs as CT contrast agents and bis(4-(N-(2-naphthyl)
phenylamino)phenyl)-fumaronitrile (NPAPF) as AIE fluorophores to
generate M-NPAPF-Au NDDSs [166]. They confirmed that M-NPAPF-
Au showed no obvious cytotoxicity in CT26, HepG2 and L02 cells. Mea-
suring the Hounsfield units, they also verified that M-NPAPF-Au could
serve as a superior tumor-targeting CT imaging agent in CT62 tumor-
bearing mice. Next, to investigate the in vivo behaviors of M-NPAPF-
Au, they compared fluorescence images of the mice bodies to those of
separated tissues and organs at different time points. The results
showed that at 24 h after injection, strongfluorescence signals appeared
in the tumor sites, showing that M-NPAPF-Au could successfully accu-
mulate in tumors due to the EPR effect. Furthermore, because of the up-
take capacity of RES, M-NAPAPF-Au also exhibited a dense distribution
in the liver and spleen. Therefore, M-NAPAPF-Au can be exploited as a
potent dual-mode fluorescence/micro CT diagnostics delivery system.
As the standard CT scans usually require large doses of contrast agents
as well as exposure to radiation, the synergistic action of CT technology
and fluorescent agents could also reduce the risks to patients.

Asmentioned above, the combination of AIE-based fluorescence im-
aging and other modalities could provide new opportunities for moni-
toring in vivo biodistribution of diagnostics and tracing their
elimination from a living body. With a better understanding of how di-
agnostics interact with biosystems, designer NDDSs can be produced for
multi-stage disease diagnosis with high accuracy, high sensitivity and
low toxicity.

5. Conclusion and perspectives

With unique physicochemical and biological properties, NDDSs have
attractedmuch attention in pharmaceutical and biological research. The
efficacy of these nanostructures mainly depends on their behaviors in
living environments. Therefore, it is of great importance to visualize
the biological itinerary of NDDSs with the assistance of imaging tools.
In this review, we highlight the investigations of NDDSs' biological fate
by the application of AIE fluorophores. As for the in vitro fate, we focus
on the AIE-guided tracing of self-indicating and stimuli-responsive
NDDSs. High-resolution, high-sensitivity and real-time imaging of AIE
agents enable researchers to get deeper insights into the processes of in-
tracellular activation, breakdown and distribution of NDDSs and their
carriers and cargos. Aside from cellular behaviors, we also review
in vivo distribution and degradation of NDDSs which are loaded with
therapeutic or diagnostic agents. Capable of long-term and multi-
modal tracking, AIE luminogens can be promising candidates in the
tracing of NDDSs' in vivo fate.

Despite the described advances, there still maintain rigorous chal-
lenges. Firstly,more efforts should be taken to elucidate thepotential in-
fluence of AIE modification on NDDSs. It is reported that several AIE
molecules enable to induce ROS generation in biological environments
[101,146,167]. Thus, their bioactivity may affect therapeutic actions of
NDDSs. In previous studies, simple quantitative parameters (half maxi-
mal inhibitory concentration, minimum inhibitory concentration, cell
viability, etc.), have been used to evaluate whether AIE molecules
would affect final therapeutic actions of NDDSs [103,37]. Nonetheless,
little is known whether the incorporation of AIE molecules into NDDSs
affects the pharmaceutical properties of the cargos, such as conforma-
tion of chemical structures, peptide folding and nucleotide stability. To
realize objective and reliable visualization about how NDDSs interact
with biosystems, researchers should exclude negative influences of
AIE agents onNDDSs. Secondly, it is necessary to investigate the stability
of AIE-based NDDSs in bioimaging. Unstable connections between AIE
molecules and NDDSs may induce unexpected disassembly of AIE
agents. Once the released AIE agents form aggregates, false fluorescent
emissions would cause unreliability. Thus, researchers should discrimi-
nate fluorescent signals of integral NDDSs from released AIE agents.
More strategies are needed to eliminate false positive signals. More
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importantly, the biosafety of AIE fluorophores, such as long-term toxic-
ity, genetic toxicity and immunogenicity, also remains to be assessed in
detail. Due to the complexity and disparity of experimental designs
(cell/animal models, growth conditions, administration routes, moni-
toring duration, etc.), it is difficult to carry out rational and systematic
comparisons between experiments. Thus, a clear emphasis lies in build-
ing up benchmarking guidelines on AIE-guided evaluation of NDDS bio-
logical behaviors. Such agreement could strongly accelerate the clinical
translation of NDDSs. Alongside these concerns, future work on visual-
izing the biological fate of NDDSs with AIE agents should be focused
on the following three aspects. The first is to propose AIE-based analysis
of different NDDS cellular behaviors in different cells, especially in
monocytes and Kupffer cells which are related to the clearance and ex-
cretion of NDDSs. Secondly, as for the in vivo fate, it is still unclear how
NDDSs cross physiological and pathological barriers, such as blood brain
barrier, placental barrier and tumor interstitium. Equally important is
the exploration of the interaction between NDDSs and the immune sys-
tem, as the breakup of immune balance could cause severe adverse re-
actions in the whole body. Moreover, to realize better in vivo imaging,
more efforts should be taken into the exploitation of AIE fluorophores
with near-infrared emissions. Overall, it has been shown that AIE
fluorophores offer flexible controllability, advantageous biocompatibil-
ity and superb imaging quality. These unique properties make them
promising candidates for visualizing both in vitro and in vivo fate of
NDDSs. We believe that the in-depth understanding of NDDS biological
fateswill facilitate the generation of effective and safe strategies for clin-
ical treatment and diagnosis.
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