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Polymersomes with Aggregation-Induced Emission: Synthesis, 
Self-assembly, and Biomedical Applications
Yubin Pu,a Hao Han,a Siyu Song,* b and Shoupeng Cao* a

Polymeric vesicles, also known as polymersomes, are self-assembled nanostructures typically from amphiphilic block 
copolymers. They have been regarded as versatile platforms with broad biomedical applications owing to their facile ability 
to modulate their chemical structure, tunable membrane properties, and high cargo-loading capacity. The integration of 
aggregation-induced emission (AIE) luminogens into polymersomes has emerged as a powerful strategy to overcome the 
disadvantageous effects of conventional fluorophores, such as aggregation-induced quenching and photobleaching. This 
enables AIE-active polymersomes to exhibit bright fluorescence, enhanced photostability, and multifunctionality in complex 
biological environments. In this review, we discuss recent advances in AIE-active polymersomes, with an emphasis on their 
molecular design, self-assembly behaviors, and biomedical applications. We highlight how precise control over polymer 
composition, block architecture, and AIEgen incorporation governs vesicle formation, size, morphology, membrane 
properties, and function. The emerging biomedical applications of AIE-active polymersomes are then summarized, including 
bioimaging, catalytic, drug delivery, photodynamic therapy, and theranostics, highlighting the synergistic integration of 
imaging and therapeutic functions. Finally, current challenges and future perspectives are discussed, particularly regarding 
biodegradability and stimulus responsiveness of next-generation AIE-active polymersomes for advanced biomedical 
applications and clinical translation. 

 
Introduction
Inspired by the hierarchical organization and 
compartmentalization in natural systems, the self-assembly of 
amphiphilic block copolymers (BCPs) has emerged as a powerful 
and versatile strategy for constructing functional 
nanomaterials.1-5 Over the past decades, remarkable advances 
in molecular design and controlled polymerization techniques—
such as reversible addition–fragmentation chain transfer 
(RAFT), atom transfer radical polymerization (ATRP), and ring-
opening polymerization (ROP)—have enabled unprecedented 
control over polymer composition, molecular weight, block 
ratio, and architecture.6-10 These developments allow 
amphiphilic block copolymers to be precisely tailored at the 
molecular level, providing a robust toolbox for the rational 
design of nanoscale assemblies with predictable structures and 
properties. Fine-tuning parameters, including polymer 
composition, molecular weight, amphiphilicity, charge density, 
and polydispersity index, enables the facile formation of a wide 
range of polymeric nano-architectures.11, 12 These include 
spherical micelles, cylindrical or worm-like micelles, lamellae, 
bilayer vesicles, and inverse mesophases, each exhibiting 
distinct structural and functional characteristics.13-16 
Importantly, the physical and chemical properties of BCP-based 

assemblies—such as size, morphology, mechanical stability, 
surface chemistry, membrane flexibility, and responsiveness to 
environmental stimuli—can be readily adjusted to meet the 
requirements of diverse technological and biomedical 
applications.17-21 This structural diversity, combined with 
superior stability compared to small-molecule surfactant 
systems, has positioned polymeric self-assemblies as a 
cornerstone of modern soft matter and nanomedicine 
research.22-24

Among the polymeric assemblies, polymersomes attract 
enormous interest from the scientific community due to their 
unique bilayer membrane architecture that closely resembles 
biological compartments25. Polymersomes typically exhibit sizes 
in the nanometer range (approximately 30–1000 nm), making 
them well-suited for nanoscale biomedical applications.22, 26-28 
Notably, by adjusting polymer composition, molecular weight, 
and assembly conditions, polymersomes with micrometer-scale 
dimensions (1–100 μm), comparable to living cells, can also be 
obtained.29, 30 This size tunability, together with their robust 
membrane structure, enables polymersomes to serve as 
versatile platforms for mimicking biological compartments and 
constructing cell-like systems.31 One of the most attractive 
features of polymersomes lies in their intrinsic 
compartmentalization capability. Their hydrophobic bilayer 
membrane can accommodate hydrophobic species such as 
emissive agents, photosensitizers, and small-molecule drugs, 
while the aqueous lumen provides a confined environment for 
encapsulating hydrophilic cargoes, including enzymes, proteins, 
DNA, and RNA. This dual-loading capacity, combined with 
enhanced mechanical stability, has enabled polymersomes to 
find widespread applications across physics, materials science, 
and nanomedicine.32-35 From an optical perspective, the 
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polymersomes can serve as versatile platforms for fluorescence 
imaging, sensing, and light-harvesting by embedding 
chromophores or fluorescent polymers within their membranes 
or cavities36. In addition, polymer vesicles can also be 
engineered to participate in photochemical (such as 
photocatalysis and light-triggered release) and photothermal 
processes, through the integration of photosensitive or catalytic 
moieties.37-39 And in biomedical contexts, polymersomes have 
been extensively explored as carriers for drug delivery, 
platforms for artificial cells, nanoreactors for biocatalysis, and 
multifunctional theranostic agents.40-44 In these applications, 
fluorescence imaging plays an indispensable role.45, 46 
Fluorescent labelling enables real-time visualization of 
polymersome formation, tracking of their biodistribution, 
monitoring of cellular uptake and intracellular trafficking, and 
evaluation of therapeutic responses in vitro and in vivo. 47, 48 
However, conventional imaging agents, including small-
molecule organic dyes, fluorescent proteins, and inorganic 
nanoprobes such as quantum dots, often suffer from inherent 
limitations when applied in polymeric assemblies. Organic dyes 
typically exhibit aggregation-caused quenching (ACQ), leading 
to severe fluorescence loss when confined within polymer 
membranes or loaded at high concentrations.49-51 Fluorescent 
proteins face issues related to limited photostability and 
sensitivity to environmental conditions, while inorganic probes 
may introduce concerns regarding cytotoxicity, long-term 
biocompatibility, and complex surface modification.52-54 These 
drawbacks significantly restrict the performance and reliability 
of traditional fluorophores in polymersome-based biomedical 
systems.

To overcome these challenges, the concept of aggregation-
induced emission (AIE) has emerged as a paradigm-shifting 
strategy in the field of luminescent materials.55 In contrast to 
conventional fluorophores, AIE-active molecules are weakly 
emissive or non-emissive in dilute solution but exhibit intense 
fluorescence upon aggregation or confinement.56, 57 This unique 
behavior is generally attributed to the restriction of 
intramolecular motions, which suppresses non-radiative decay 
pathways in the aggregated state.58, 59 As a result, AIE 
luminogens (AIEgens) display several key merits, including high 
fluorescence brightness in condensed phases, excellent 
photostability, large Stokes shifts, and resistance to self-
quenching. These features make AIEgens particularly attractive 
for biological imaging, where fluorophores frequently operate 
in crowded, heterogeneous, and dynamically changing 
environments.60-62 The smart integration of AIE with 
polymersomes offers a compelling solution to the longstanding 
challenges associated with fluorescence imaging in polymeric 
vesicle systems.63 By leveraging the aggregation-tolerant 
emission behavior of AIEgens and the structural confinement 
provided by polymersomes, it becomes possible to construct 
highly emissive, stable, and multifunctional nanostructures. 
Importantly, polymersomes provide an ideal platform for 
activating AIE behavior, as the hydrophobic membrane or 
confined interior naturally promotes aggregation or restriction 
of molecular motion, thereby enhancing emission efficiency.64

Various design strategies have been explored to integrate 
aggregation-induced emission (AIE) functionality into 
polymersomes, among which chemical conjugation of AIE 
luminogens (AIEgens) with polymeric systems has emerged as 
the most robust and versatile approach.65 In this strategy, 
AIEgens are covalently tethered to polymer backbones or side 
chains, or incorporated as integral segments within amphiphilic 
block copolymers that subsequently self-assemble into 
vesicular architectures. Compared with physical encapsulation 
methods—which often suffer from dye leakage, limited loading 
stability, and poor control over spatial distribution—chemical 
conjugation ensures precise localization of AIEgens within the 
polymersome membrane, enhanced structural stability, and 
long-term retention of emissive functionality.66 Moreover, the 
molecular integration of AIEgens enables fine regulation of 
emission behavior through polymer composition, block 
architecture, and self-assembly conditions. Beyond 
fluorescence imaging, covalently incorporated AIEgens can 
impart additional functionalities, including stimulus-responsive 
fluorescence modulation, efficient reactive oxygen species 
generation for photodynamic therapy, and tightly coupled 
imaging–therapy integration.67-69 Through rational molecular 
design and controlled self-assembly, chemically AIE-
functionalized polymersomes allow precise control over vesicle 
size, morphology, membrane permeability, and photophysical 
properties, thereby significantly expanding the functional scope 
of polymersomes for advanced biomedical applications.

Scheme1. Schematic illustration of engineering active 
polymersomes with aggregation-induced emission.

In this review, we provide a comprehensive overview of 
recent advances in polymersomes integrated with aggregation-
induced emission (Scheme 1). We first summarize the molecular 
design principles and synthetic strategies for constructing AIE-
active amphiphilic block copolymers and their self-assembly 
into vesicular nanostructures. We then discuss how polymer 
composition, architecture, and assembly conditions influence 
the structural and photophysical properties of AIE-
functionalized polymersomes. Subsequently, we highlight 
representative biomedical applications, including fluorescence 
imaging, controlled drug delivery, photodynamic therapy, and 
multifunctional theranostics. Finally, we discuss current 
challenges and future perspectives, with a focus on 
biodegradability, stimulus responsiveness, mechanistic 
understanding, and translational potential. Through this review, 
we aim to provide design guidelines and conceptual insights 
that will inspire the development of next-generation AIE-based 
polymersomes for advanced biomedical applications.
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Construction of AIE-active polymersomes
Synthetic approach of AIE-active polymersomes

Most AIE-active polymersomes reported to date are 
constructed from the self-assembly of amphiphilic block 
copolymers, in which incorporation of AIE luminogens 
represents the essential prerequisite for building 
multifunctional polymeric vesicles.70 Several controlled 
polymerization strategies have proven particularly effective for 
preparing AIE-containing amphiphilic block copolymers, most 
notably RAFT (reversible addition–fragmentation chain-transfer 
polymerization), ATRP (atom-transfer radical polymerization), 
and metal-free ROP (ring-opening polymerization) of aliphatic 
polycarbonates.71 Each route offers distinct advantages in terms 
of monomer scope, architectural complexity, and polymer chain 
precision, enabling tailored access to functional block 
copolymers for diverse applications

Fig. 1. a) The scheme of synthesizing the AIEgenic copolymer (PNMPx-
b-P(LMAy-co-TPEz)) via RAFT polymerization and the summary of 
molecular weight and PDI of these block copolymers; b) The synthetic 
route of the PEG-TS polymers via RAFT polymerization, the self-
assembly results (via the TEM), and the AIE phenomenon of this 
copolymer.

Among these methods, RAFT polymerization stands out as a 
highly versatile platform for constructing amphiphilic block 
polymers with well-defined molecular weights and narrow 
dispersities.72-74 Owing to its broad monomer tolerance and 
compatibility with functional groups, RAFT facilitates the 
modular incorporation of various AIE luminogens into block 
architectures. For example, He et al. reported the synthesis of 
poly(N-(2-methacryloyloxyethyl)-pyrrolidone)-b-poly(lauryl 
methacrylate-co-1-ethenyl-4-(1,2,2-triphenylethenyl)benzene) 
via a two-step RAFT process, which enabled the ordered 
distribution of hydrophilic (NMP, N-(2-meth 
acryloyloxyethyl)pyrrolidone) and hydrophobic (LMA, lauryl 

methacrylate /TPE, 1,1,2,2-Tetraphenylethylene) segments 
with narrow dispersities (PDI ~ 1.10, Fig. 1a).75 Notably, precise 
control over the hydrophobic block length allowed the authors 
to modulate the resulting self-assembly morphology from 
spherical nanoparticles to worm-like structures, highlighting the 
sensitivity of AIE polymersome morphology to the 
hydrophilic/hydrophobic balance. Beyond block architectures, 
RAFT polymerization also enables the generation of random 
amphiphilic copolymers featuring intrinsic fluorescence. Wei et 
al. synthesized PEG-based methacrylate copolymers bearing 
TPE moieties in a single-step RAFT process using a carboxyl-
terminated chain transfer agent (CTA) and 2,2'-Azobis(2-
methylpropionitrile) (AIBN) initiator, affording polymers with 
narrow dispersities (PDI~1.26, Fig. 1b).76 These examples 
underscore that RAFT polymerization, through its ability to 
regulate block composition, chain length, and monomer 
sequence, provides a powerful handle to dissect the structure–
assembly relationships governing AIE-active amphiphilic 
polymers and their vesicular morphologies.

In addition to RAFT strategies, atom transfer radical 
polymerization (ATRP) represents another widely employed 
route for synthesizing well-defined AIE-active amphiphilic 
copolymers.77, 78 A notable example was reported by Wei et al., 
who prepared AIE-containing copolymers via metal-free photo-
mediated ATRP under 380 nm irradiation using 2-
methacryloyloxyethyl phosphorylcholine (MPC) and benzyl 
methacrylate (BzMA) as monomers (Fig. 2a).79 In contrast to 
conventional ATRP, the system employed 10-
phenylphenothiazine (PTH) as a photocatalytic chain-transfer 
agent, enabling reversible activation–deactivation cycles 
without the need for metal catalysts. The room-temperature, 
metal-free conditions greatly simplify post-polymerization 
purification and reduce environmental burdens associated with 
metal residues and heating. The resulting amphiphilic 
copolymers exhibited dispersities of 1.52 and 1.48 for PTH-
P(BzMA-MPC)-20 and PTH-P(BzMA-MPC)-40, respectively, and 
formed nanoparticles with sizes dependent on the 
hydrophilic/hydrophobic segment ratio. Although the obtained 
dispersities were relatively broad, this work highlights a 
convenient and environmentally benign pathway for 
constructing AIE-active amphiphilic copolymers with intrinsic 
fluorescence.

For biological applications of AIE-active polymeric 
assemblies, a key requirement lies in achieving biocompatibility 
and non-toxic degradation under physiological conditions.80, 81 
This has motivated increasing interest in amphiphilic block 
copolymers based on degradable carbonate backbones. 
Poly(ethylene glycol)-block-poly(trimethylene carbonate) (PEG-
PTMC) represents a representative platform, offering 
biodegradability, modular composition, and facile 
functionalization.82, 83 Importantly, unlike polyester analogues, 
PTMC degrades via surface erosion without generating acidic 
byproducts or relying on enzymatic catalysis—properties that 
are advantageous for biomedical deployment. Controlled ring-
opening polymerization (ROP) of trimethylene carbonate (TMC) 
enables the synthesis of PTMC-based copolymers with precise 
molecular weights, tailored hydrophilic/hydrophobic ratios, and 
well-defined end-group chemistry using organometallic or 
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organic catalytic systems. Li et al. provided a representative 
example by constructing a family of AIE-active amphiphilic block 
copolymers through organocatalytic ROP (Fig. 2b).84 PEG45-OH 
served as a macro-initiator, while a tetra-phenyl-ethylene-
functionalized cyclic carbonate (TPE-TMC) monomer was 
polymerized in the presence of N-(3,5-
bis(trifluoromethyl)phenyl)-N’-cyclohexylthiourea (TU) and 1,8-
diazabicyclo [5.4.0]undec-7-ene (DBU). The resulting 
copolymers displayed well-controlled molecular characteristics 
and pronounced AIE behavior, as the emission was quenched in 
pure THF or dioxane and significantly enhanced upon water 
addition. Solvent-switch assembly yielded fluorescent 
polymersomes in aqueous media, where vesicle formation 
restricted intramolecular rotations of the pendant TPE groups. 
Notably, decreasing the hydrophobic block length reduced the 
vesicle size from approximately 450 nm to 70 nm, illustrating 
how the precision of ROP enables systematic control over self-
assembly dimensions. The combination of biodegradability, 
biocompatibility, and tunable nanoscale morphology renders 
carbonate-based AIE polymersomes promising candidates for 
biomedical applications. 

Fig. 2. a) Schematic showing the synthesis of PTH-P(BzMA-MPC) via the 
ATRP, the size distribution and morphology (via DLS and TEM), followed 
by displaying the AIE phenomenon; b) Synthetic route of AIEgenic 
copolymer PEG45-b-P(TPE-TMC)n via ROP, self-assembly outcomes (via 
the TEM) and the AIE phenomenon of this copolymer.

In summary, the synthesis of AIE-active polymers for 
polymersomes has primarily focused on controlling block 
copolymer composition, functional group incorporation, and 
polymer chain length to tune self-assembly and photophysical 
properties. Moving forward, future efforts may involve the 
development of more versatile and modular synthetic 
strategies, enabling precise control over AIEgen placement, 

density, and responsive functionalities. Such advances are 
expected to facilitate more predictable structure–property 
relationships and expand the scope of optoelectronic and 
biomedical applications.

Self-assembly methods of the polymersomes with 
aggregation-induced emission 
A widely employed strategy for preparing nanoscale AIE-active 
polymersomes is the solvent-switch (nanoprecipitation) method, 
which leverages the limited water solubility of most
amphiphilic copolymers.70, 85, 86 In this approach, copolymers
are first dissolved in a polar organic solvent such as N,N-
dimethylformamide (DMF) or tetrahydrofuran (THF), followed by 
gradual addition of water as the selective solvent to induce 
copolymer self-assembly and vesicle formation. The process can also 
be performed inversely by adding the polymer solution to water. 
Subsequent dialysis is generally required to remove residual organic 
solvent, especially for biological applications. For example, Li et al. 
prepared AIE-active polymersomes through nanoprecipitation using 
DMF/water mixtures (Fig. 3a).87 A solution of AIE-bearing copolymer 
in DMF was combined with water at a controlled injection rate (2.5 
μL min⁻¹) followed by exhaustive dialysis, yielding polymersomes 
whose size distribution and morphology were characterized by DLS 
and cryo-EM. Although the solvent-switch method affords polymeric 
vesicles with well-defined dimensions and morphologies, its practical 
limitations—including the need for slow solvent exchange, dialysis, 
and relatively high solvent consumption—have motivated the 
development of more efficient in situ assembly strategies.

Polymerization-induced self-assembly (PISA) has emerged 
as a powerful alternative enabling the direct synthesis and 
assembly of amphiphilic block copolymers in a single step88, 89. 
Benefiting from controlled polymerization techniques 
described above, PISA enables high solids content, scalable 
production, and tunable nanoparticle morphologies, and has 
therefore attracted considerable interest for fabricating AIE-
active nanostructures.90, 91 In 2022, Pang et al. reported the 
preparation of AIE-active nanoparticles via photo-initiated PISA 
(Fig. 3b).92 A POEGA macro-CTA was first synthesized by RAFT 
polymerization using AIBN as initiator and CPADB as chain 
transfer agent. Subsequent dispersion polymerization in 
ethanol produced amphiphilic block copolymers bearing TPE-
based side groups, where the monomers remained soluble but 
the growing block phase-separated to drive in situ self-assembly 
under UV irradiation without additional initiator. Interestingly, 
the increase in monomer conversion correlated with enhanced 
fluorescence emission of the TPE moieties, reflecting 
progressively restricted intramolecular motion during 
nanoparticle growth. The fluorescence intensity and particle 
size scaled with conversion, illustrating that AIE provides an 
intrinsic and convenient signal to monitor PISA in real time. 
Compared with solvent-switch methods, PISA enables efficient, 
scalable, and high-solid-content preparation of AIE-active 
nanoparticles, making it particularly attractive for the mass 
production of functional fluorescent polymeric nanostructures.
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Fig. 3. a) Schematic diagram of the self-assembly of P(TPE-NAG)-b-PSar in 
aqueous solution, the AIE phenomenon of the polymersome dispersion and 
size distribution of these nanoparticles; b) Illustration of the evolution of self-
assembly morphologies and the increase of PL intensity during the RAFT-PISA 
process, followed by the TEM figure and DLS chart proving this variation.

Morphology control of AIE-active polymersomes 

Amphiphilic block copolymers readily self-assemble in aqueous 
media into a rich spectrum of morphologies—including 
spherical micelles, cylindrical micelles, vesicles, stomatocytes, 
and other higher-order structures—driven primarily by the 
interplay between hydrophilic solvation and hydrophobic 
association, which minimizes interfacial energy and system free 
energy.19, 93, 94 Accordingly, the relative volume fractions of the 
hydrophilic and hydrophobic segments represent an effective 
and widely adopted handle for morphology regulation.14, 95, 96  
Beyond the mechanistic understanding, controlling the 
morphology of polymersomes is of fundamental importance, as 
their shape and membrane structure play a crucial role in 
determining their physicochemical properties and potential 
applications. Li et al. synthesized poly(ethylene glycol 
monomethyl ether)-b-poly[(2-(diethylamino)ethyl 
methacrylate)-co-3-(4-(1,2,2-triphenylvinyl)phenoxy)propyl 
methacrylate)] (PEG-b-P(DEAEMA-co-TPEMA)) via RAFT 
polymerization and subsequently obtained CO₂-responsive AIE-
active vesicles through nanoprecipitation in THF/water and 
dioxane/water mixtures (Fig. 4a).97 In this copolymer, DEAEMA 
and TPEMA served as the hydrophobic components, whereas 
PEG constituted the hydrophilic block. Upon CO₂ bubbling, 
protonation of DEAEMA reversed its hydrophobicity, triggering 
a vesicle-to-micelle transition. Subsequent Ar bubbling restored 

the original hydrophobic/hydrophilic balance and induced 
micelle-to-vesicle reformation. This reversible morphology 
switching highlights the potential of AIE-active vesicles as 
dynamic nanostructures responsive to gaseous stimuli.

Fig. 4. a) The scheme of CO2 and Ar responsive self-assembly of copolymer 
PEG-b-P(DEAEMA-co-TPEMA) into AIE fluorescent polymersomes, and the 
Cryo-TEM image indicated the changes in morphology of these nano-
assemblies; b) The scheme of the light-gated nano-porous capsules from 
stereoisomer-directed self-assemblies.

Beyond segmental composition, alterations in molecular 
stereochemistry provide an orthogonal means to modulate the 
self-assembly behavior of AIE-bearing copolymers. In 2021, Li et 
al. reported stereoisomer-directed assemblies of UV-responsive, 
structure-inherent fluorescent AIE copolymers containing 
PEG550-TPE-cholesterol motifs (Fig. 4b).98 Strikingly, pure trans-
PEG550-TPE-Chol assembled into spherical vesicles, whereas 
the cis isomer formed cylindrical micelles; copolymers with
mixed stereoisomer composition (trans/cis ≈  60/40) yielded 
porous vesicles featuring membrane pores of 9–27 nm. 
Stereochemistry also affected emission behavior, with the cis 
isomer exhibiting stronger fluorescence intensity relative to the 
trans and mixed species. Photochemical cis↔trans 
interconversion could be induced under intense UV irradiation 
(15 mW cm⁻²), altering both self-assembly morphology and 
fluorescence output (apparently different PL intensity between 
trans and cis self-assemblies). In a theoretical perspective, 
membrane mechanical properties, such as flexibility and 
curvature, can influence the packing and mobility of embedded 
AIEgens, thereby affecting their emission behaviours through 
the restriction of intramolecular motion.58, 99 The light-induced 
conversion of trans-assemblies from classical vesicles to porous 
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vesicles offers intriguing opportunities for controlled 
permeability, drug release, and cargo transport, underscoring 
the potential of stereochemistry as a design element for 
functional AIE-active polymersomes. 

Applications of AIE-active polymersomes

Catalytic potential of AIE-active polymersomes
Aggregation-induced emission (AIE)-active polymersomes 
exhibit a unique combination of photophysical and 
supramolecular features that render them suitable for 
photochemical catalysis. A key characteristic of many AIE 
luminogens is their enhanced radiative and non-radiative decay 
channels in the aggregated state, which not only increases 
fluorescence but also facilitates intersystem crossing (ISC) to 
triplet excited states. These triplet states can participate in 
energy- or electron-transfer processes to molecular oxygen, 
generating reactive oxygen species (ROS) such as singlet oxygen 
and superoxide.100-102 While ROS generation has been primarily 
leveraged for photodynamic therapy, the underlying 
photoredox capability inherently positions AIEgens as 
photocatalytic units capable of mediating redox 
transformations under light irradiation.

Fig. 5. a) The Depiction of the chemical structure of TTMN-based AIE block 
copolymers and their self-assembled micelle and vesicle architectures, and 
the schematic of an aerobic photobiocatalytic tandem system in water, 
combining the micelle/vesicle photocatalyst with glucose 1-dehydrogenase; 
b) The NAD+ regeneration catalysed by polymeric vesicles or micelles.

The polymersome structure further amplifies this catalytic 
functionality by providing a nanoscale compartment with well-
defined hydrophobic/hydrophilic domains. When AIE 
luminogens are covalently embedded in the hydrophobic 
membrane or core, they maintain strong emission and ROS 
productivity even at high local concentrations, effectively 
circumventing the aggregation-caused quenching (ACQ) that 
hampers traditional aromatic photosensitizers. Meanwhile, the 
hydrated corona and membrane permeability permit selective 
diffusion of small molecular substrates while restricting or 
excluding larger macromolecules, giving rise to catalytic 
confinement effects analogous to artificial organelles.103 This 
combination of photochemical activity + confinement + 

selective permeability enables AIE-active polymersomes to 
operate as synthetic photocatalytic nanoreactors.

Photobiocatalysis has recently emerged as an attractive 
approach for green synthesis, integrating photocatalytic redox 
chemistry with enzymatic catalysis to achieve tandem 
transformations under mild conditions, often with solar or 
visible light as the sole energy input.104-107 In these systems, 
nicotinamide cofactors NADH and NAD⁺ function as molecular 
electron shuttles between photoactive units and enzymatic 
pathways, and their regeneration efficiency strongly dictates 
reaction turnover.108, 109 However, conventional photocatalysts 
generally produce ROS under aerobic conditions, which rapidly 
denature enzymes and severely restrict practical utility. 
Compartmentalization strategies—such as core–shell 
organosilica architectures—have been developed to physically 
isolate photocatalysis from enzymes, though such systems 
often rely on multi-step fabrication and lack modularity for 
scalable processing.29, 110, 111 Amphiphilic AIE-active block 
copolymers offer a compelling solution owing to their intrinsic 
ability to self-assemble into nanostructures such as micelles and 
vesicles and their capacity to encode photocatalytic AIEgens 
directly into the hydrophobic domains.112, 113

Fig. 6. a) The schematic depiction of the enzyme-powered cucurbit-shaped 
AIE-polymersome nanomotors.; b) The characterization of fluorescent 
polymersomes-based enzyme-driven AIE-nanomotors.

To illustrate this concept, Li et al. introduced aggregation-
induced emission (AIE)-active copolymer nanostructures as 
functional photobiocatalytic scaffolds (Fig. 5a).114 Using RAFT 
polymerization, a series of copolymers with hydrophobic AIE 
blocks of increasing length (degree of polymerization 8, 14, and 
21) were synthesized and assembled via nanoprecipitation into 
micelles or vesicles, with morphology governed by packing 
considerations. The AIE blocks served not only as fluorophores 
but also as photosensitizers that remained catalytically active in 
the aggregated state, thus circumventing ACQ. The hydrophobic 
core or membrane acted as a nanoreactor for photocatalytic NADH
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→NAD⁺ oxidation, while the hydrophilic corona excluded large 
enzyme molecules but permitted unhindered diffusion of the 
small nicotinamide cofactor (Fig. 5a). Owing to the short 
lifetime and diffusion radius of ROS, the hydrated shell 
effectively acted as a kinetic ROS barrier, intercepting and 
neutralizing ROS before they could reach the enzyme in bulk 
solution. This spatially decoupled design addressed the 
longstanding issue of enzyme deactivation in aerobic 
photobiocatalysis, enabling repeated cycling without significant 
performance loss. After ten operational cycles, the enzyme 
retained >70% of its initial activity, while the AIE micelles and 
vesicles preserved 85% and 98% of photocatalytic performance, 
respectively, indicating efficient and sustained NADH→NAD⁺ 
turnover (Fig. 5b). Such polymeric nanoreactors highlight how 
AIE chemistry—originally explored in optical materials—can be 
strategically repurposed to solve interfacial incompatibilities at 
the photocatalysis–biocatalysis boundary. The modularity, 
aqueous compatibility, and operational robustness of these 
systems position them as promising candidates for scale-up and 
potential industrial photobiocatalytic processes.

Nanomotor potential of AIE-active polymersomes

One of the major technological challenges in nanomedicine lies 
in constructing nanoscale carriers with autonomous, non-
Brownian motion to enhance deep tissue penetration and 
improve drug delivery efficiency.115-117 Nanomotors, which 
convert chemical, enzymatic, or physical stimuli into directed 
motion, have emerged as a versatile solution to this 
challenge.118, 119 Their propulsion typically arises from 
asymmetric catalytic reactions or gradients generated on the 
nanoparticle surface, resulting in phoretic forces that break 
symmetry at the nanoscale.120-122 Therefore, engineering 
nanoparticles with intrinsic morphological or chemical 
anisotropy has become a key strategy to design efficient 
nanomotor platforms. In this context, our group developed a 
series of Aggregation-Induced Emission (AIE) active 
polymersomes exhibiting intrinsically asymmetric 
morphologies.123 These asymmetric vesicles, reminiscent of 
cucurbit-shaped structures, were fabricated via the precise 
synthesis of AIE-containing block copolymers. Specifically, we 
synthesized amphiphilic deblock copolymers through the ring-
opening polymerization (ROP) of 1,3-dioxane-5-carboxylic acid, 
5-methyl-2-oxo-2,3,4,5,6-pentafluorophenyl ester (TMCP), 
followed by post-modification to introduce AIEgenic 
functionality.124 Owing to the high controllability of the ROP 
process, the ultimate morphology of the self-assembled 
polymersomes was finely regulated by tuning both the AIE block 
length and the ionic strength during dialysis (Fig. 6a). As the 
length of the hydrophobic AIE block increased from 5 to 14 
repeat units, the morphology evolved from spherical vesicles to 
cucurbit-shaped, then prolate, and ultimately tubular structures 
under a NaCl concentration of 50 mM. This morphology 
evolution can be understood from the energetic interplay 
between osmotic pressure and membrane bending mechanics. 
During dialysis, a large osmotic energy (E_osmotic ≫ E_bending) 
is generated across the polymersome membrane due to 

differential solute concentrations, driving rapid water efflux and 
substantial volume reduction. To accommodate this volume 
loss, the membrane undergoes deformation, selecting 
morphological pathways (prolate vs. oblate) based on the 
spontaneous curvature (C₀) of the bilayer. When the polymer 
composition imposes positive curvature, the system 
preferentially elongates toward tube-like or cucurbit-type 
structures, resulting in asymmetric vesicles with non-
centrosymmetric geometry.

Fig. 7. a) Design of synergistic AIE-transduced phototherapeutic nanomotors; 
b) The characterization of the motility of the AIEgenic nanomotor and 
biological performance of this nanomotor in cancer cells.

Leveraging this intrinsic morphological anisotropy, our 
group further exploited these cucurbit-like AIE-polymersomes 
as nanomotor scaffolds by immobilizing urease selectively on 
their surfaces. Urease catalyzes the hydrolysis of urea to 
generate ammonia and carbon dioxide, producing local 
chemical gradients around the polymersome. Due to the 
asymmetric distribution of urease, these gradients are stronger 
on one side of the vesicle, creating unbalanced diffusion-
phoretic forces that drive autonomous propulsion. As 
demonstrated in mean squared displacement (MSD) analysis, 
cucurbit-like polymersomes exhibited significantly higher 
motility compared to their spherical counterparts (Fig. 6a), 
confirming the role of morphology-induced asymmetry in 
enhancing nanomotor performance. Overall, the integration of 
AIE-active segments, osmotic-pressure-guided morphological 
programming, and enzymatic propulsion illustrates a 
conceptual framework for constructing functional, anisotropic 
nanomotors. This system not only expands the application 
scope of AIEgenic polymersomes beyond imaging and therapy 
but also highlights their potential in active drug delivery, 
biosensing, and other biologically relevant microenvironments.

Besides utilizing biochemical reactions for propulsion, 
physical stimuli present another major driving mechanism for 
achieving autonomous nanoscale motion. In particular, external 
electromagnetic fields, light, or thermal gradients can generate 
localized asymmetries on nanocarriers to induce motion 

Page 7 of 18 RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

9:
59

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6LP00044D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00044d


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

through phoretic mechanisms. Building on this concept, our 
group developed a series of biocompatible AIEgenic 
polycarbonate-based amphiphilic copolymers with tunable 
hydrophobic segment lengths via ROP and post-modification, 
followed by nanoprecipitation to yield well-defined 
polymersomes (Fig. 7a).125 To impart photocatalytic 
functionality with enhanced reactive oxygen species (ROS) 
production and a large two-photon absorption cross section, 
the tetraphenylethylene–dicyanovinyl (TPEDC) moiety was 
introduced as an AIEgenic side group. To enable motion, a thin 
gold (Au) coating was selectively deposited onto one 
hemisphere of the polymersomes, giving rise to a Janus 
configuration capable of asymmetric heat generation upon two-
photon near-infrared (TP-NIR) excitation. Under 760 nm TP-NIR 
irradiation, the hemispherical Au layer acted as a photothermal 
transducer, while the underlying TPEDC segments could also 
absorb at ∼380 nm (via two-photon excitation) to further 
contribute to heat generation through energy transfer to the Au 
layer (Fig. 7b). This dual excitation route significantly enhanced 
the thermal gradient across the nanomotor surface. MSD 
tracking confirmed that the AIE/Au Janus polymersomes 
displayed higher motility relative to Au-only nanomotors, 
validating that the energy transduction pathway amplified 
propulsion performance (Fig. 7b). The thermal gradient 
produced across the asymmetric nanomotor surface generated 
thermophoretic forces, which enabled phototactic cell 
percolation. In vitro penetration studies demonstrated that Au-
coated polymersomes under NIR irradiation permeated 
significantly deeper into cellular clusters compared to control 
groups (AIE polymersomes + irradiation and Au-coated 
polymersomes – irradiation), as quantified through intracellular 
DCFDA fluorescence, indicative of ROS accumulation (Fig. 7b). 
Once internalized, TP-NIR irradiation of the AIEgenic 
nanomotors triggered substantial intracellular ROS production 
due to the TPEDC moieties, resulting in oxidative stress-induced 
apoptosis. Calcein-AM staining confirmed rapid cell death, 
while propidium iodide (PI) assays revealed strong fluorescence 
localization in irradiated regions, evidencing spatially selective 
and light-controllable cytotoxicity (Fig. 7b). Taken together, this 
work represents a unique integration of AIE-active 
photodynamic elements with Janus thermophoretic 
nanomotion, yielding a multifunctional nanomotor platform 
with imaging, propulsion, and therapeutic capabilities. The 
successful realization of two-photon-triggered phototactic 
percolation followed by targeted photodynamic therapy 
highlights the potential of AIEgenic Janus nanomotors to 
overcome diffusion-limited transport barriers in tissues and 
opens new avenues in active nanomedicine.

Fig. 8. a) Illustration of the responsive process of PTPE-b-PAD-b-PEO with CO2 
and N2; b) the mechanism for cell imaging and the performance of the 
AIEgenic polymersomes for cell imaging via CLSM

Biomedical imaging utility of AIE-active polymersomes

A key advantage of aggregation-induced emission (AIE) 
luminogens lies in their enhanced fluorescence in the 
aggregated state, which fundamentally differentiates them 
from conventional ACQ-prone fluorophores.126, 127 This intrinsic 
photophysical feature makes AIEgenic polymeric vesicles and 
nanoparticles particularly attractive for biomedical imaging, 
where dense packing and nanoconfinement are 
unavoidable.128-130 Besides the outstanding photophysical 
features of the polymersomes, the metabolic fate of the AIE 
polymersomes also matters a lot, when it comes to the 
biomedical applications. For most of the polymeric vesicles, 
they typically first undergo blood circulation and rapidly absorb 
plasma proteins to form a protein corona, which are often then 
recognized and cleared by the mononuclear phagocyte system, 
particularly in the liver and spleen.131, 132 For the biodegradable 
polymeric vesicles, intracellular disassembly can gradually occur 
under acidic, enzymatic, or redox-responsive conditions, 
followed ultimately by elimination through the renal or 
hepatobiliary pathways.133, 134 The in vivo metabolic fate of AIE 
segments is likewise governed by their molecular size, 
aggregation state, and surface characteristics.135 Small-
molecule probes are more likely to undergo hepatic and renal 
metabolism, whereas nanoaggregates tend to accumulate more 
readily in organs such as the liver and spleen before being 
gradually cleared.136, 137 Leveraging the properties mentioned 
above, Wang et al. synthesized a CO₂-responsive triblock 
copolymer poly(4-undecoxy tetraphenyl ethylene 
methacrylate)-b-poly((N-amidino)-(2,3-dihydro-1,4-methyl-
1,2,3-triazole)-(ethenyl benzene))-b-poly(ethylene oxide) 
(PTPE-b-PAD-b-PEO) via RAFT polymerization and subsequently 
fabricated fluorescent vesicles through nanoprecipitation (Fig. 
8a).138 In this design, the PAD middle block served as a 
chemoresponsive CO₂-recognition unit capable of undergoing 
reversible protonation in the presence of CO₂. This protonation 
converted the PAD block from hydrophobic to hydrophilic, 
altering the packing parameter of the amphiphile and 
perturbing vesicle morphology as well as the aggregation state 
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of the TPE segments. Under continuous bubbling of CO₂, the 
fluorescence intensity of the vesicles initially increased due to 
tighter restriction of intramolecular motions in the TPE 
domains, and eventually reached a plateau. Upon bubbling N₂, 
the system was deprotonated and both fluorescence intensity 
and vesicle size reverted to the original state, demonstrating 
the reversibility of the CO₂-switchable AIE response. 
Importantly, tumor microenvironments typically exhibit 
elevated CO₂ levels due to accelerated glycolysis and high 
metabolic turnover in malignant tissues. Capitalizing on this 
physiological cue, Wang et al. evaluated the imaging capability 
of the CO₂-responsive AIE polymersomes across multiple cancer 
cell lines using CLSM (Fig. 8b). Minimal fluorescence was 
observed in normal epithelial cells (16HBE and GSE-1), while 
pronounced emission appeared in HeLa cervical cancer cells, 5-
8F and CNE1 nasopharyngeal carcinoma cells, reflecting 
differential metabolic CO₂ profiles. These findings underscore 
the potential of CO₂-responsive AIE vesicles as tumor-selective 
bioimaging probes and provide a blueprint for exploiting 
metabolic signatures for cancer diagnostics. Beyond static 
bioimaging, AIE-active polymersomes can function as self-
reporting nanocarriers for intracellular drug delivery due to 
their intrinsic fluorescence, capacity to encapsulate both 
hydrophilic and hydrophobic cargos, and compatibility with 
multiple stimulus-responsive mechanisms. An elegant example 
was demonstrated by Jayakannan et al., who developed 
enzymatically degradable AIE polysaccharide-based 
polymersomes composed of a hydrophilic dextran backbone 
and hydrophobic TPE and 3-pentadecyl phenol (PDP) 
substituents grafted via ester linkages.139 Two model 
fluorescent dyes—Rose Bengal (hydrophilic) and Nile Red 
(hydrophobic)—were co-loaded to mimic multi-modal drug 
cargoes. Within cells, specific esterases cleaved the ester bonds 
linking the hydrophobic blocks to the backbone, triggering 
disassembly of the vesicles and release of the payload (Fig. 9a). 
Importantly, cleavage of the hydrophobic substituents 
disrupted the nanoscale proximity between dye molecules and 
AIE cores, leading to a measurable decline in fluorescence 
resonance energy transfer (FRET). CLSM results confirmed a 
substantial reduction in FRET signals within 3 h of cellular 
incubation (Fig. 9b), validating intracellular enzymatic activation 
and cargo liberation. This strategy highlights dual functionality: 
polymersomes serve as drug carriers while simultaneously 
acting as optical reporters for release dynamics, enabling 
visualization of intracellular pharmacokinetics in real time. Such 
AIE-active vesicular systems illustrate the promise of integrating 
therapy, imaging, and stimulus-responsiveness into modular 
nanoplatforms, thereby advancing the design of next-
generation nano-medicine and bioimaging agents. Furthermore, 
the integration of AIE-based fluorescence imaging with other 
clinical modalities, such as MRI, PET, and ultrasound, offers a 
powerful strategy to overcome the intrinsic limitations of single-
mode imaging.140, 141 Such multimodal platforms can provide 
complementary information, combining high sensitivity, deep 
tissue penetration, and quantitative capability, thereby 
enabling more reliable and real-time diagnostic feedback.142, 143 
This synergistic approach is anticipated to further advance the 

biomedical applicability and clinical translation of AIE-active 
polymersomes.

Fig. 9. a) The scheme of the AIEgenic polymersomes and their enzyme-
responsive FRET fluorescent probes for monitoring intracellular delivery in 
live cells; b) The performance of polymersomes monitoring the intracellular 
delivery in live cells (via CLSM image).

Biomedical delivery potential of AIE-active 
polymersomes

The AIEgenic polymeric vesicles inherently possess the ability to 
encapsulate both hydrophilic molecules in their aqueous lumen 
and hydrophobic cargos within their membrane, making them 
particularly attractive as delivery vesicles in nanomedicine.62, 80, 

144 Beyond loading capacity, the chemical modularity of the 
AIEgenic copolymers—e.g., tunable side-chain functionality and 
programmable hydrophilic–hydrophobic block ratios—enables 
precise regulation over vesicle size, membrane thickness, 
morphology, and molecular packing.145-147 This design flexibility 
further allows surface engineering with targeting ligands, 
peptides, or responsive motifs, expanding their applicability to 
tumor-selective drug delivery and theranostics.

Huang et al. developed a highly emissive supramolecular brush 
polymer nanoparticle system assembled through host–guest 
molecular recognition between a hydrophobic polystyrene-based 
AIE block (PTE) and a hydrophilic PEG-biotin block (P5-PEG-Biotin), 
the latter serving as a cancer-targeting ligand (Fig. 10a).148 The 
resulting supramolecular brush polymers (SBPs) possessed low 
critical aggregation concentrations and a unique topological 
architecture conducive to stable self-assembly in aqueous media. 
Importantly, π–π and aromatic interactions between the TPE units 
and the anticancer drug doxorubicin (DOX) enhanced loading 
efficiency within the hydrophobic core. The system also exhibited 
fluorescence resonance energy transfer (FRET) between the AIE 
donors and DOX acceptors, allowing FRET modulation to serve as an 
optical readout of drug release. In vitro and in vivo studies revealed 
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improved tumor inhibition and cell viability outcomes for DOX-
loaded AIE nanoparticles relative to free DOX·HCl or PBS controls, 
highlighting the therapeutic promise of AIE-enabled supramolecular 
carriers.

Fig. 10. a) Schematic illustration of the formation of SNPs self-
assembled from the amphiphilic supramolecular brush copolymer P5-
PEG-Biotin-PTPE and its use as a drug delivery vehicle. b) The illustration 
of the biodegradable AIEgenic polymersomes via salt-induced self-
assembly process toward mitochondria-targeted photo-dynamic 
therapy and the performance of the polymersomes loaded with DOX 
applied in the PDT.

Beyond cargo-dependent chemotherapy, AIEgenic 
polymersomes are also promising for photodynamic therapy 
(PDT), where cell ablation is driven by reactive oxygen species 
(ROS) generated from photosensitizers under light 
irradiation.149 In conventional PDT, the photosensitizer must 
accumulate at the diseased tissue and organelle level, which is 
often hindered by poor targeting, photobleaching, or 
aggregation-caused quenching (ACQ).150, 151 The AIE framework 
offers clear advantages due to its enhanced emission and ROS 
generation in the aggregated state. Jan et al. reported AIEgenic 
polymersomes based on biodegradable PEG-b-
poly(caprolactone-gradient-trimethylene carbonate) (PEG-
P(CLgTMC)) modified with tetraphenylethylene-pyridinium-
TMC (PAIE) via ROP and post-functionalization (Fig. 10b).152 
Introduction of positively charged pyridinium side groups not 
only enhanced mitochondrial targeting through electrostatic 

interactions with the negatively charged mitochondrial 
membrane but also promoted efficient cellular uptake, aided by 
the nano-sized dimension (~120 nm). CLSM imaging confirmed 
robust internalization and indicated high cellular compatibility 
of the unloaded carriers.

Fig. 11. a) Illustration of the self-assembly process of the PEG45-b-P(CN-
NAG)7 in different solution conditions; b) The PDT outcomes of the AIEgenic 
polymersomes in the cancer cells

To enable efficient ROS generation in the mitochondria, Jan 
et al. encapsulated hydrophobic BODIPY photosensitizers 
within the AIEgenic vesicles, resulting in an intrinsic FRET 
pathway between TPE donors and BODIPY acceptors.125 Upon 
NIR excitation, the nanocarriers produced abundant ROS locally 
within mitochondria, leading to mitochondrial disruption and 
apoptotic cell death. In vivo studies further demonstrated that 
BODIPY-loaded AIE polymersomes not only suppressed tumor 
progression under NIR irradiation, maintaining low tumor 
volume indices, but also enabled real-time fluorescence 
tracking of biodistribution and tumor uptake due to their 
intrinsic emission. This dual-function design—combining 
imaging, targeting, and enhanced PDT—exemplifies the 
powerful potential of AIE polymersomes as next-generation 
theranostic nanoplatforms.

In recent years, an increasing number of studies have shifted 
toward employing nanoparticles as carriers for photosensitizers 
(PSs) in photodynamic therapy (PDT).153-155 This strategy 
effectively overcomes several intrinsic limitations of small-
molecule PSs, such as poor aqueous solubility, non-specific 
biodistribution, and rapid systemic clearance. Conventional 
physical encapsulation of PSs into nanocarriers via hydrophobic 
interactions or van der Waals forces, however, still encounters 
several bottlenecks, including low drug-loading efficiency, burst 
leakage during circulation, and dilution-induced disassembly in 
vivo. To address these challenges, covalent conjugation of PSs 
to polymer scaffolds has emerged as a promising approach, 
enabling significantly enhanced loading capacity, minimized 
uncontrolled leakage, and improved formulation stability under 
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physiological conditions. Despite these advances, most 
traditional PS-loaded nanoparticles suffer from low 
photodynamic efficiency due to aggregation-caused quenching 
(ACQ) of the photosensitizing moieties. Dense packing of planar 
aromatic chromophores in the hydrophobic core suppresses 
exciton diffusion and intersystem crossing, thereby reducing 
reactive oxygen species (ROS) generation—ultimately 
restricting the efficacy of PDT in cellular and in vivo settings. The 
emergence of aggregation-induced emission (AIE) 
photosensitizers offers a powerful solution to circumvent ACQ. 
Upon aggregation, AIEgens undergo restriction of 
intramolecular motions that boost fluorescence and enhance 
ROS generation, making them particularly attractive for 
constructing next-generation phototherapeutic nanoplatforms. 
Li et al. reported one representative example of AIEgenic 
vesicles formed from an amphiphilic block copolymer 
comprising a biodegradable poly(amino acid) backbone, 
hydrophilic polypropylene glycol, and hydrophobic AIE-active 
moieties (Fig. 11a).156 In this design, the poly(amino acid) 
segments served not only as a structural bridge but also 
imparted excellent biocompatibility, reduced cytotoxicity, and 
favorable biodegradability under physiological environments—
properties favorable for PDT applications both in vitro and in 
vivo. They further confirmed efficient fluorescence activation of 
the polymersome assemblies via Hoechst 33342 staining and 
confocal imaging. Interestingly, however, no significant 
cytotoxicity difference was observed between illuminated and 
non-illuminated AIEgenic polymersomes, as shown in Fig. 11b. 
This outcome indicated insufficient PDT efficacy despite the AIE-
active photophysical behavior. Mechanistic analysis suggested 
that the lack of cellular internalization was the primary limiting 
factor; only minimal amounts of polymersomes were 
internalized into cancer cells, preventing effective ROS-
mediated apoptosis. Li’s group proposed that incorporating 
cationic residues, peptide ligands, or tumor-targeting moieties 
into the hydrophilic corona could significantly enhance 
endocytosis and improve PDT performance. Although the 
observed therapeutic outcome did not meet expectations, this 
study provided an important proof-of-concept 
demonstration—highlighting the feasibility and advantages of 
integrating AIE photosensitizers into polymersome 
nanocarriers. More importantly, it revealed key design criteria 
for future AIEgenic polymersomes for PDT, including (i) 
enhanced cellular uptake, (ii) efficient lysosomal/endosomal 
escape, (iii) optimized ROS generation, and (iv) tumor-targeted 
accumulation. With rational molecular engineering, AIEgenic 
polymersome platforms are expected to evolve into highly 
potent nano-phototherapeutics with broader translational 
potential.

Fig. 12. a) The illustration of the cellular uptake of DOX-loaded 
nanostructures self-assembled from Pt-PAZMB-b-POEGMA; b) The 
antitumor performance of the polymersomes loaded with DOX in vivo 
and vitro.

Biomedical theranostics of polymersomes with 
aggregation-induced emission

Aggregation-induced emission (AIE)-active amphiphilic block 
copolymers have recently attracted considerable attention as 
multifunctional building blocks for theranostic 
nanoplatforms.157-159 Their intrinsic fluorescence enables real-
time tracking, while their hydrophobic domains allow efficient 
loading of photosensitizers or chemotherapeutics.160, 161 Such 
AIEgenic polymersomes therefore represent a promising class 
of nanocarriers for biomedical imaging and therapy.162, 163 Peter 
et al. reported one representative system in which an 
amphiphilic block copolymer, Pt-PAZMB-b-POEGMA, was 
synthesized via  RAFT polymerization and subsequently 
conjugated with a metallacycle core (M) through an amination 
reaction (Fig. 12a).164 In this design, the metallacycle M served 
as a highly emissive AIE-active scaffold, while the glutathione 
(GSH)-responsive Pt-PAZMB arms endowed the resulting 
supramolecular assembly with redox-triggered disassembly. 
Due to their amphiphilic nature, the deblock copolymers self-
assembled into nanoparticles (NP1 and NP2) or vesicles (VC) 
using reprecipitation, dialysis, and double-emulsion techniques, 
respectively. The size and morphology of these nanostructures 
markedly influenced cellular internalization efficiency, 
intracellular trafficking, and cytotoxicity toward HeLa cells. 
These results suggested that endocytic pathways are highly 
sensitive to the geometric configuration of nanocarriers. 
Leveraging the intrinsic emission of the AIEgenic assemblies, the 
authors evaluated cellular uptake pathways without additional 
dyes. Uptake of all nanostructures was confirmed to be energy 
dependent (Fig. 12b), and small nanoparticles were primarily 
internalized through a clathrin-mediated pathway, undergoing 
endo-/lysosomal trafficking. In contrast, vesicles predominantly 
entered cells via macropinocytosis, which was verified through 
fluorescence colocalization between the AIEgenic vesicles and 
LysoTracker Red in confocal microscopy images.

An additional observation highlighted a major practical 
advantage of using AIE fluorophores in biological applications. 

Page 11 of 18 RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

9:
59

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6LP00044D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00044d


ARTICLE Journal Name

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Compared with conventional fluorescent dyes that suffer from 
photobleaching and aggregation-induced quenching, the AIE-
active supramolecular assemblies exhibited significantly 
superior photostability, suggesting strong potential as next-
generation fluorescent probes for long-term cellular imaging 
and diagnostic monitoring.  Beyond diagnosis, the incorporation 
of GSH-responsive linkages endowed the nanocarriers with 
tumor-relevant stimulus-triggered drug release behavior. Upon 
exposure to intracellular GSH, the Pt-PAZMB segments 
underwent elimination reactions, leading to the release of 
encapsulated doxorubicin (DOX). In vivo studies demonstrated 
pronounced tumor growth inhibition in mice treated with DOX-
loaded AIEgenic nanocarriers compared to the control groups 
(Fig. 12b), confirming their therapeutic potential in tumor 
suppression. Collectively, this work highlights a valuable 
molecular blueprint for constructing supramolecular AIEgenic 
nanocarriers for theranostic applications. By integrating self-
assembly, AIE-based fluorescence, redox-responsive drug 
release, and morphology-dependent cellular uptake, Peter et al. 
provided new insights and methodologies for the rational 
design of next-generation drug delivery systems (DDSs) and 
paved the way for future biomedical applications of AIEgenic 
polymersomes.

Fig. 13. a) The preparation scheme of the AIE vesicles based biomimetic 
vesicles (BV) and the mechanism of the BV’s tumor-targeting process; 
b) The distribution of BV and the antitumor performance of the AIE-
polymersomes in vivo.

Beyond photodynamic therapy (PDT), AIEgenic 
polymersomes can also mediate tumor suppression through 
photocatalytic disruption of cellular metabolism, achieving a 
distinct modality of theranostics.165-167 Li et al. developed a 
biomimetic AIE polymersome nanoenzyme (biomimetic 
vesicles, BV) by integrating AIE-active polymeric vesicles with 
red blood cell (RBC) membranes (Fig. 13a).168 The RBC 
membrane coating endowed the nanovesicles with superior 
biocompatibility, prolonged blood circulation, and reduced 
immune clearance, qualifying them for in vitro and in vivo tumor 
studies. Unlike PDT, which relies on oxygen-dependent ROS 
generation, BV exerted therapeutic effects via photocatalytic 
regulation of intracellular redox homeostasis. Mechanistically, 
under light irradiation, BV catalyzed the conversion of NADH to 
NAD⁺, thereby perturbing the NAD⁺/NADH balance, a central 

regulator of glycolysis and oxidative phosphorylation (OXPHOS). 
Disruption of this redox equilibrium inhibited both glycolytic 
flux and mitochondrial respiration, ultimately blocking ATP 
production and triggering apoptosis. Importantly, the 
photocatalytic NADH oxidation proceeded efficiently even 
under hypoxic environments, contrasting with conventional 
PDT, whose efficacy is severely compromised by oxygen 
deficiency in solid tumors. Consistently, NAD⁺ yield experiments 
revealed similar catalytic activity for BV under air and argon 
conditions, confirming oxygen-independent photocatalysis. To 
further evaluate metabolic consequences, cytotoxicity assays 
demonstrated that BV exhibited significantly enhanced cancer 
cell killing upon irradiation, as evidenced by a reduced IC₅₀. In 
parallel, intracellular ATP quantification showed a marked 
decrease in the ATP_light/ATP_dark ratio relative to controls, 
indicating severe impairment of cellular energy metabolism. 
Notably, the RBC membrane coating also improved cellular 
uptake and biosafety compared to bare AIE polymersomes, as 
reflected by stronger intracellular fluorescence signals in 4T1 
cells observed via confocal laser scanning microscopy (CLSM). In 
vivo fluorescence imaging revealed that BV preferentially 
accumulated in tumor tissues and liver following systemic 
administration (Fig. 13b). In a subcutaneous 4T1 tumor model, 
intravenously injected BV combined with irradiation 
significantly suppressed tumor growth, validating the 
therapeutic feasibility of metabolic intervention using metal-
free photocatalytic polymersomes (Fig. 13b). Taken together, 
this strategy represents a compelling complement to traditional 
PDT. Instead of relying on exogenous cytotoxic drugs or ROS-
mediated photodamage, the BV system selectively targets 
tumor bioenergetics by manipulating NAD⁺/NADH homeostasis. 
Their work expands the therapeutic landscape of AIEgenic 
polymersomes from photodynamic and drug-mediated therapy 
toward metabolic disruption-based oncotherapy, offering a 
new paradigm for light-controlled cancer theranostics. 

Despite the promising advances in AIE-active polymersomes 
for theranostic applications, their clinical translation still faces 
several challenges.169  Like other polymeric nanomedicines, 
issues related to large-scale reproducibility, long-term biosafety, 
pharmacokinetics, and batch-to-batch consistency remain 
critical concerns. In addition, regulatory approval requires 
rigorous evaluation of their complexity, stability, and in vivo 
behaviours.133, 170 To date, although several polymer-based 
nanocarriers have entered clinical trials, very few have achieved 
clinical approval, highlighting the gap between laboratory 
research and clinical application. Therefore, addressing these 
regulatory and translational barriers will be essential for the 
future development of AIE-based polymersomes.

Conclusion and Perspective
Aggregation-induced emission (AIE) has provided powerful new 
design principles for engineering emissive, multifunctional 
polymeric vesicles. By integrating AIE luminogens into the 
vesicular framework, AIE-active polymersomes overcome the 
aggregation-caused quenching (ACQ) that traditionally limits 
fluorescent polymer nanostructures, enabling robust emission 
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in confined and densely packed environments. The synergy 
between the vesicular topology, featuring 
compartmentalization, membrane tunability, and dual cargo 
encapsulation, and the aggregation-tolerant photophysics of 
AIEgens has led to the emergence of a versatile class of 
nanomaterials suitable for bioimaging, controlled delivery, 
photodynamic therapy, and integrated theranostic modalities. 
Recent advances in molecular engineering, supramolecular 
assembly, and polymer synthesis have further enabled precise 
control over polymersome size, morphology, membrane 
permeability, photophysical characteristics, and functional 
output, collectively illustrating the vast biomedical potential of 
AIE-functional polymersome systems. Despite these 
achievements, several key scientific and technological 
challenges remain before AIE-active polymersomes can 
transition from proof-of-concept demonstrations to clinically 
relevant tools. From a materials standpoint, the development 
of biodegradable, metabolizable, and immuno-stealth polymer 
backbones, alongside AIEgens with well-defined metabolic 
pathways and clearance behaviors, will be crucial for biological 
translation. The ability to achieve structural uniformity, scalable 
production, and long-term physicochemical stability remains 
limited, and regulatory-relevant parameters, such as batch 
reproducibility, pharmacokinetics, biodistribution, 
immunogenicity, and biosafety, have not yet been 
systematically evaluated. On a mechanistic level, a deeper 
understanding of AIE chromophore behavior within dynamic 
and heterogeneous polymer membranes, as well as the 
interplay between emission, membrane mechanics, and 
biological microenvironments, remains largely unexplored.

Looking ahead, we anticipate future progress to move 
beyond passive fluorescence toward adaptive, interactive, and 
intelligent polymersomes. Incorporation of stimulus-responsive 
elements (e.g., light, pH, redox, enzymatic cues, hypoxia, or 
mechanical stress) may enable spatiotemporal control over 
assembly, molecular diffusion, ROS output, or cargo release. 
The convergence of AIEgen-based polymersomes with 
emerging paradigms—such as artificial cells, biomimetic 
organelle engineering, immune-modulating nanomaterials, 
deep-tissue optical manipulation, metabolic intervention, and 
precision nanomedicine—may further broaden their functional 
landscape. Moreover, the integration of multimodal platforms 
that couple fluorescence with ultrasound, MRI, PET, or 
photoacoustic modalities could support real-time tracking and 
quantitative feedback, strengthening their role in clinical 
oncology and personalized treatment. Ultimately, the 
translation of AIE-active polymersomes into practical 
biomedical technologies will require close collaboration across 
polymer chemistry, photophysics, cell biology, immunology, 
and clinical medicine. With continued interdisciplinary efforts, 
we expect that AIE-enabled vesicular nanotechnology will not 
only address current limitations in fluorescence-based imaging 
and therapy, but also reshape the design logic of next-
generation functional biomaterials for diagnosis, therapeutic 
intervention, and beyond.
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