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ABSTRACT 

Amphiphilic block copolymers are versatile building blocks for the construction of self-

assembled, well-defined nanostructured materials, because of the high level of variability of 

chemical composition, chain length, and functional groups. Furthermore, polymeric self-

assemblies allow additional control over their physical-chemical traits, such as size, shape, 

morphology, and surface chemistry, through varying the nanoparticle fabrication process (for 

instance, solvents, temperatures, pH and salt); a pre-requisite in the engineering of 

nanoparticles for biomedical applications.  Recently, significant attention has been given to 

the chemical composition of such polymeric nanomedicine architectures – converging on the 

use of biodegradable polymers to generate systems that will more readily be applied in a 

nanomedicine field. In this chapter, nanoparticle physical-chemical traits with its application 

potential in nanomedicine will be discussed. The focus will be on polymer assemblies 

composed of biodegradable polymer building blocks. 
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1. Introduction into nanomedicine particles 

Nanomedicines, referring to diagnostics and/or therapeutics on the nanoscale, have in 

general a tripartite composition, featuring a core constituent material, an active payload, and 

(biological) surface modifiers (Figure 1a).[1] The first generation of nanomedicine particles in 

disease therapy (such as cancer) was mainly developed to overcome some of the 

physicochemical barriers of the cargoes, including pharmacokinetic limitations resulting from 

poor drug solubility in aqueous media, and passive diffusion to the external fluidic 

environment, which caused side-effects to healthy cells/tissues.[2] Nanomedicine has the 

potential to enable enhanced specific transport, delivery, and release of larger amounts of 

active species to the desired site of action.[3] This can be achieved by prolonging the circulation 

time of small molecular drugs, providing protection of active agents from enzymatic or 

environmental degradation, and circumventing biological barriers, such as the high interstitial 

fluid pressure in tumor lesions resulting in outward convection of the active moiety.[4]  

An additional advantage of anticancer nanoparticle-based drug delivery systems is the 

so-called “Enhanced Permeation and Retention” (EPR) effect, in which the extensive vascular 

permeability and insufficient lymphatic drainage in the solid tumor result in increased 

accumulation and retention of nanoparticles (Figure 1b).[5] Although this phenomenon is not 

as general as once thought, with such EPR effect, nanomedicine delivery systems enable the 

preferential delivery/accumulation of active cargoes to tumor sites rather than normal tissues, 

resulting in a more profound delivery outcome and safer treatment with minimized adverse 

systemic toxicities.[1b] A challenge regarding the usage of nanoparticles is that after 

administration in the blood they are subjected to clearance and destabilization by kidney, 

spleen, and liver, as well as opsonization and clearance by the mononuclear phagocytic 

system. During circulation in the blood, nanoparticles can extravasate or distribute into various 

body tissues and organs. Taking into account the complexity of the biological fluids and distinct 

microenvironments in pathological tissues, extracellular and down to sub-cellular levels, 

nanomedicine researchers have focused on manipulating nanoparticles to exhibit deliberate 

nanoparticle-cell/tissue interactions during their transport, delivery and activation processes.[1d, 

6] The ability to engineer nanoparticle parameters, including morphology, stiffness and 

diffusivity, as well as their surface characteristics like PEGylation for stealth properties, surface 

charge and the incorporation of targeting ligands has been recognized as critical to attaining 

desirable behavior and function in vivo, both concerning biodistribution and cellular uptake.[7]  

Scientists are thus placing increasing emphasis on determining the physicochemical traits 

of nanomedicine particles as key factors leading to biological efficacy.[8] For instance, inspired 

by erythrocytes whose non-spherical morphology facilitates their rapid diffusion in the 

bloodstream, particles were designed with high-aspect-ratio that demonstrated an enhanced 
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blood circulation time and tumor accumulation, as well as displayed a greater therapeutic 

efficacy compared to their spherical counterparts.[9] It is therefore of critical importance that 

the chemical basis of nanoparticle development should be highly versatile to allow to exploit 

and control the morphological features of increasingly effective nano-medical formulations, 

which is the main focus of this chapter.  

 

Figure 1. a) A general overview of multifunctional nanomedicine particles. Adapted from reference 2b; 

b) Timeline of major developments in nanomedicine for cancer therapy. Nab: albumin-based 

nanoparticles, PRINT: Particle Replication In non-wetting Template. Adapted from reference 4c. 

The self-assembly of molecular building blocks for the construction of complex 

supramolecular architectures is a practical and inspiring strategy to afford multifunctional 

nanostructures.[10] This inspiration has a natural origin, as most functional structures in biology 

are a result of directed self-assembly.  For instance, polypeptides fold and assemble into 

active proteins, which are subsequently able to specifically recognize and bind other 

biomolecules, forming a large biomolecular network which is essential for many cellular and 

subcellular functions.[11] Supramolecular chemistry has provided us over the years with a 

better understanding of these self-assembly processes, as well as with a toolbox containing a 

wide range of natural and synthetic building blocks.[12] Nanoparticles constructed from small 

molecules like drug conjugates and lipids have been investigated for decades.[13] Assemblies 
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based on amphiphilic block copolymers have been studied more recently and have drawn 

attention from the nanomedicine community as they have been found to exhibit higher stability 

(for instance a lower critical micelle concentration) and durability by merit of their mechanical 

and physical properties; their production can furthermore be scaled up effectively to meet the 

criteria for stable clinical performance.[14] Most importantly, the versatility provided by the 

polymer chemistry toolbox, a seemingly unlimited variety in molecular design is possible. 

Furthermore, by blending different building blocks via the self-assembly process the number 

of degrees of freedom in particle design is even increased further. [15] Tailor-made 

nanoparticles can thus be created concerning morphology, flexibility, surface chemistry (for 

instance charge and site-targeting ligands), and stability (including both disassembly kinetics 

and stimuli-responsive pathways). This allows finely tune nanoparticle behavior when exposed 

to the biological environment. [16]  

2. Polymeric self-assemblies 

Advances in controlled polymerization techniques, such as atom transfer radical 

polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT), and ring-

opening polymerization (ROP) have made it possible to prepare various types of amphiphilic 

block copolymers with controlled molecular weight, polydispersity index (Ð) and well-defined 

compositions.[17] Typically, the self-assembly of amphiphilic block copolymers in aqueous 

solutions is driven by hydration of the hydrophilic blocks and the interactions between the 

hydrophobic blocks to decrease the interfacial area to lower the interfacial free energy.[14b] 

Amphiphilic block copolymers can assemble into various well-defined architectures such as 

spherical micelles, cylindrical micelles, lamellae, bilayer vesicles, and inverse mesophases.[9, 

18] Both the size and morphology of the nanoparticles can be manipulated by the features of 

the block copolymer building blocks. The balance between the hydrophilic and hydrophobic 

domains determines the topological features of the block copolymer and its preferred 

assembly state.  Topology is best illustrated via the principle of Israelachvili’s packing 

parameter, p = v/al, derived for small molecule amphiphiles, where v is the volume of the 

hydrophobic segment, a is the contact area of the head group, and l is the length of the 

hydrophobic segment (Figure 2).[19] Generally, when p < 1/3, spherical micelles are more likely 

formed; cylinder-like structures are expected when 1/3 < p < 1/2; when 1/2 < p ≤ 1, bilayer 

vesicles are likely to be observed; When p > 1, 2D planar structures or inverse morphologies 

will be the resulting morphologies. For polymeric systems, the balance between hydrophilicity 

and lipophilicity has also been well documented for attaining morphology control where the 

hydrophilic volume fraction (fphilic) can be used as an easy and excellent basis to forecast the 

average molecular shape (Figure 2).[14b, 20] In general terms, where the molecular volume of 

a hydrophilic copolymer block increases to fphilic > 50% (e.g., due to increased molecular weight 
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or hydration), dynamic assembly tends to favour the (high surface curvature) spherical micelle 

phase. Under conditions where the hydrophilic volume decreases (or hydrophobic volume 

increases) with 40% < fphilic < 50%, lower surface curvature phases like elongated worms are 

favored. With a further decrease of hydrophilic volume to fphilic <40%, high ordered bilayer 

vesicular structures like polymeric vesicles (polymersomes) are expected. 

 

Figure 2.  Top: Schematic outlining the relationship between block copolymer structures and resulting 

morphology. In particular, the packing parameter (P), which is the ratio between hydrophobic chain 

volume (V) and the product of the hydrophobic chain length (l) and the headgroup area (a), dictates 

whether spherical micelles, worm-like filomicelles or polymersomes are formed. Adapted from reference 

19a. Down: Schematics of block copolymer fractions with respective cryogenic transmission electron 

microscopy images showing vesicles, worm micelles, and spherical micelles. Adapted from reference 

21e. 

Polymersomes, [21] are recognized as attractive candidates for application in drug delivery 

systems, nano-reactors, and artificial organelles (Figure 3).[22] Compared with other 

macromolecular self-assembled structures such as micelles, nanoworms, and nanogels,  

polymersomes have a significant advantage in their ability to encapsulate and protect both 

hydrophilic components (such as proteins, RNAs and enzymes) and hydrophobic cargoes 
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(such as emissive agents and chemotherapeutic drugs).[23] Also, compared with the low 

molecular weight vesicular analog liposomes which typically have a membrane thickness of 

4~5 nm, polymersomes are promising because of the enhanced toughness and reduced 

permeability of the membranes due to the increased length of the polymer chains (Figure 

3a).[24] [25] Besides, the rich diversity of block copolymer chemistries (molecular weights, block 

fraction, block architecture) affords control over the membrane and structural properties, for 

example, through selective cross-linking of block copolymer chains to achieve membrane 

permeability control.[26] Furthermore, polymersomes can be obtained with responsive features 

by integrating stimulus responsive or trigger moieties toward temperature,[27] pH,[28] light,[29] 

electricity,[30] redox,[31] oxidation[32] and enzymes[33]. As a further step, polymersome shape 

transformations, which are normally achieved via physical out-of-equilibrium processing or 

chemical cross-linking approaches, allow scientists to extend the versatility of this vesicular 

system towards different morphologies including tubes, disks, and bowl-shaped vesicles 

termed stomatocytes as advanced nanoparticle systems for targeted drug delivery (Figure 

3c).[34]  

 

Figure 3. a) Schematic of a polymersome self-assembled from amphiphilic block-co-polymers. Adapted 

from reference 22c. b) cryo-TEM image of ∼100 nm polymersomes, scale bar = 50 nm. Adapted from 

reference 21a. c) Schematic depiction of the cross-linker-induced sphere-to tube shape transformation 

strategy (left) and typical cryo-TEM image of nanotubes (right) after shape transformation of 

polymersomes of PEG-PS block-co-polymers, scale bars = 200 nm. Adapted from reference 34d. 

With the features described above, polymersomes can be employed as a well-defined 

nano-platform for biomimetic and biomedical research.[7b] Polymersomes are mostly widely 
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fabricated in aqueous solutions through self-assembly of amphiphilic copolymers which 

consist of a hydrophilic block such as poly(acrylic acid), poly(ethylene oxide), poly(ethylene 

glycol) and poly(2-methyl oxazoline), and a hydrophobic block such as polystyrene, 

poly(butadiene) and poly(dimethylsiloxane). Recently, biodegradable polymersomes with 

hydrophobic blocks such as aliphatic polyesters, polyamides, and polycarbonates are 

emerging as a desirable class of materials to be used in medical devices and drug delivery 

system in vivo, because of their inherent low toxicity and biodegradability, in combination with 

being a versatile tool and structural basis for engineering functional polymersomes.[18c, 23a, 35] 

[36] [37] [38].In the next section, special attention will be given to polycarbonate based block 

copolymers, due to their synthetic versatility and interesting physicochemical features, which 

make them highly suited for applications in nanomedicine. 

3. Polycarbonate nanoparticles for nanomedicine applications 

Aliphatic polycarbonates, such as flexible poly(trimethylene carbonate) (PTMC) and its 

copolymers, are a class of attractive biocompatible, degradable and resorbable materials for 

the development of nanomedicines.[39] Typically, PTMC block-co-polymers can be prepared 

via ring-opening polymerization (ROP) procedures of trimethylene carbonate (TMC) and its 

derivatives using either conventional organometallic catalysts or organic (acid/base) catalysts 

with a high level of control over polymer molecular weight, dispersity, and end-group 

functionality.[17e, 40] PTMC is a hydrophobic non-crystalline polymer with a glass transition 

temperature (Tg) of around −20 °C, which has found widespread biomedical application, for 

instance as a soft scaffold for tissue regeneration, and as hydrophobic block combined with 

hydrophilic poly(ethylene glycol) (PEG) in amphiphilic block copolymer assemblies for 

nanomedicine delivery. In contrast to conventional polyesters which are prone to display bulk 

degradation behavior and yield acidic by-product after hydrolysis, PTMC is characterized by 

a unique degradation behavior including resistance to non-enzymatic hydrolysis, non-acidic 

degradation by-products and a degradation mechanism based on surface enzymatic erosion. 

The slow degradation of PTMC polymers, therefore, allows to maintain the mechanical 

properties for prolonged periods and reduces the risk of possible side reactions to living 

tissues in vivo. [41] 

The physical properties of poly(carbonate)s derived from TMC can easily be adjusted via 

for instance copolymerization and blending procedures with other biodegradable polymers, 

like polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA) and poly(DL-lactide) 

(PDLLA), which makes them attractive for a broad range of potential applications, ranging 

from degradable plastics to tissue engineering and nanotherapeutic delivery vehicles.  

Functional end-groups can also be effectively introduced. A unique advantage offered by 

polycarbonates over polyesters is the wide range of pendant groups that can be chemically 
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accessed by using an appropriately functionalized monomer or by facile post-polymerization 

functionalization (Figure 4a).[17d, 40] Precise control over the physical properties or the addition 

of biologically active molecules to the poly(carbonate) structure is best to be achieved by co-

polymerization of TMC monomer derivatives and/or post-polymerization of pendant 

functionalities in the polymer backbone.[42] For example, in a recent report, Wooley and co-

workers demonstrated the synthesis of sugar moieties containing polycarbonates with narrow 

molecular weight distributions, displaying amorphous character and allowing the possibility to 

modulate the polycarbonate glass transition temperatures Tg (over the range 33 – 123 oC) to 

a level significantly higher than common aliphatic polycarbonates.[43] By simple molecular 

engineering and post-polymerization, they were also able to load an anti-cancer drug (i.e. 

paclitaxel) in carbohydrate-derived polycarbonate nanomedicine particles with pre-designed 

size and surface charge (Figure 4b).[44] The particles exhibited effective tumor penetration 

and significant inhibition of tumor cell growth with minimal side effects both in vitro and in vivo.  

Utilizing the chemical versatility of PTMC copolymers, numerous bio-functional 

nanomedicine systems have been reported. For example, Zhong and co-workers prepared 

dithiolane trimethylene carbonate (DTC) integrated amphiphilic polycarbonates to obtain 

glutathione (GSH) (abundant in the tumor microenvironment) sensitive degradable sub-100 

nm polymeric micellar or vesicular nanostructures.[45] Their results showed that the DTC bond 

in the polycarbonate nanomedicine particles was prone to fast cleavage in tumor cells; the 

hydrophobic DTC block was hydrolyzed into hydrophilic components, resulting in enhanced 

cargo release in tumor cells. This platform was further applied for drug delivery, siRNA 

delivery, and targeting protein therapy via crossing the blood−brain barrier in vivo (Figure 

4d).[46] Wender and co-workers designed and synthesized guanidinium-rich amphipathic 

oligocarbonate molecular transporters.[47] Their amphipathic co-oligomers could not only non-

covalently complex, deliver, and release siRNA into cells, resulting in up to 90% knockdown 

of a selected target gene, but were also able to electrostatically complex inorganic 

polyphosphate multiple lengths, forming discrete nanoparticles that were resistant to 

phosphatase degradation and that readily entered multiple cell types (Figure 4c).[48] Other 

polycarbonate nanomedicine architectures have also been reported with favorable properties 

and functions in vivo, with careful examination of their behavior highlighting that certain types 

of particles with pre-designed traits (size, shape, surface chemistry, porosity, elasticity, and 

many others) strongly influence their biological identity, which in presence of biological in vivo 

barriers, could significantly modulate the cargo therapeutic index and alter the desired 

outcome.[49]  
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Figure 4. a) General synthesis route towards functional cyclic carbonates derived from 2,2-bis-

hydroxy(methyl)propionic acid. Adapted from reference 40. b) A carbohydrate derived biodegradable 

polycarbonates that allow facile post-polymerization with click chemistry and effectively load with a 

hydrophobic prodrug. Adapted from reference 44.  c)  Delivery of inorganic polyphosphate into cells 

using amphipathic oligocarbonate transporters, which allows robust cellular uptake, efficient cytosolic, 

and nuclear release. Adapted from reference 48b. d) Targeted siRNA delivery nano-platform based on 

reversibly crosslinked chimaeric polymersomes. Adapted from reference 45b. 

Although an extensive chemistry toolbox has become available, it is still not 

straightforward to design the optimal nanoparticle for a specific biomedical application. It is 

necessary to carefully engineer synthetic polymeric nanoparticles, paying attention to all of 

the physicochemical characteristics of the resulting structure (size, shape, stiffness, 

temperature/ pH/salt behavior, concentration-dependence, surface chemistry, etc.).[1d, 37, 38c] 

For example, small changes in either the chemical composition (building components and 

units) or nanoparticle fabrication process (solvents, temperatures, pH, salt, conditions, etc.) 

can have dramatic effects upon the physical-chemical traits of the resultant nanostructure, 

which can, in turn, can dramatically affect and alternate theirs in vitro/in vivo performance.[37, 
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50] In the next section, several physicochemical features will be discussed in more detail. 

4. Size effects 

4.1. Size affects circulation, cellular uptake, and tumor accumulation 

A successful drug delivering system in cancer nanomedicine usually involves several 

essential and critical steps, including circulation in the blood compartments, accumulation in 

the tumor region, migration to and contact with deeper tumor tissue cells, subsequent 

internalization by tumor cells, and/or intracellular drug release, and finally exerting its function 

(whether imaging, diagnostic, or therapeutic).[1d, 4c] It is nowadays well recognized that 

nanoparticle size plays a critical role in this entire process. There are many processes in vivo 

affected by particle size, including cellular uptake, circulation times, extravasation, targeting, 

immunogenicity, degradation, flow properties, and clearance.[7c, 51]  

 

Figure 5. Illustration of extracellular uptake mechanisms via endocytosis in a typical eukaryotic cell. 

Adapted from reference 52. 

For instance, particles less than 5 nm are rapidly cleared from the circulation through 

extravasation or renal clearance. Micro-sized particles are usually captured in the liver or 

physically trapped in the capillary beds, and particles with a size range from 10 nm to around 

10 μm accumulate primarily in the liver, the spleen, and the bone marrow. Particulate matters 

with a size larger than ~15 μm are removed from the circulation by mechanical filtration in 

capillaries and can be lethal depending on the dose. Also, particle size is also known to 

strongly influence the cellular internalization mechanism, dynamics, and pathways including 
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phagocytosis, macropinocytosis, caveolae-mediated endocytosis, and clathrin-mediated 

endocytosis (Figure 5).[3c, 7b, 52] For instance, particles larger than 500 nm are often 

phagocytosed and cleared from the blood by macrophages, and particles with a smaller size 

can be endocytosed by professionally phagocytic or non-phagocytic cells.  

Size also plays an important role in tumor accumulation. For instance, in a report by 

Cheng and co-workers, they prepared three distinct sized (20, 50, and 200 nm) monodisperse 

drug–silica nanoconjugates while keeping other physiochemical properties identical (Figure 

6a).[53] Their studies showed that the 50-nm delivery system displayed the highest tumor tissue 

retention over time, resulting in the highest therapeutic efficacy in vivo, thereby outperforming 

its smaller (20 nm) and larger (200 nm) analogs. This is the collective outcome of their 

biological responses, including circulation, accumulation, deep tumor tissue penetration, 

efficient cancer cell internalization, and slow tumor clearance. In another example, Song et al. 

developed different sized cationic micellar nanoparticles (40, 90, 130, and 180 nm) using a 

mixture of poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-b-PCL), poly(ε-caprolactone)-b-

poly(2-aminoethyl ethylene phosphate) (PCL-b-PPEEA) and PCL homopolymer with similar 

siRNA binding efficacy, surface charge, and surface PEGylation (Figure 6b).[54] Examination 

of pharmacokinetics and bio-distribution of these siRNA delivery systems showed an evident 

size-dependence of clearance and accumulation. The larger sized 130 nm and 180 nm 

complexes possessed a blood circulation half-time t1/2: 17 h and t1/2: 19 h, respectively, which 

were cleared away more rapidly compared to the 40 nm and 90 nm particles, with t1/2: 47 h 

and t1/2: 29 h, respectively. This size-dependent clearance may be due to increased uptake by 

macrophages. The 90 nm particles showed the highest accumulation in tumors at all time 

points investigated (12, 24 and 48 h), whereas the 40 nm particles were taken up least 

effectively by tumor cells, but rather were subsequently eliminated by the lymphatic system. 

The 90 nm particles after intravenous injection were ultimately found to display the most 

significant antitumor efficacy in a MDA-MB-231 xenograft murine model due to the highest 

siRNA retention and best gene silencing efficacy. This research provides a critical indication 

of the optimal sized delivery system that has to find a balance between the cellular uptake of 

the different sized particles and their blood circulation for excellent nano-therapeutic 

performance. 
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Figure 6. a) The treatment with nanoconjugates ≤ 50 nm resulted in a significantly reduced proliferation 

index and an increased apoptosis index compared with 200 and 20 nm nanoconjugates. Adapted from 

reference 53. b)  Scheme illustration of a siRNA delivery system from a cationic amphiphilic block 

copolymer, in which 90 nm particles is the optimal size to make a balance between the cellular uptake 

and their circulation, with the highest accumulation in the tumor area. Adapted from reference 54. 

Accumulation and penetration of sub-100 nm polymeric micelles in poorly permeable 

tumors largely depends on the size.[4c, 6a, 55] Typically, the nanoparticles with a diameter range 

of 100 to 160 nm could effectively take advantage of the EPR effect and were retained in the 

tumor region.[56] However, the much higher tumor accumulation of the large micelles (100 nm) 

usually result compromised therapeutic index, because the large micelles are largely trapped 

in high interstitial fluid pressure and a dense extracellular matrix, displayed a lower delivery 

efficiency and poorer tumor penetration compared with the smaller ones (<30 nm).[57] On the 

contrary, nanomedicines particles with a smaller size (<30 nm) demonstrated much better 

tumor penetration performance because of the physically reduced diffusional hindrance, but 

suffer from rapid clearance by renal filtration, inferior circulating half-life time and inefficient 

tumor accumulation/retention because of their active ability to re-enter into the bloodstream.[53] 

Until now, however, few nanoparticles with immutable structures could meet the contradictory 

requirements for both enhanced tumor accumulation/retention and deeper penetration. 
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Kataoka et al. compared the accumulation and effectiveness of different sizes of long-

circulating, drug-loaded polymeric micelles (with diameters of 30, 50, 70 and 100 nm) from 

PEG–b-poly(glutamic acid) copolymer and the poly(glutamic acid) homopolymer in both highly 

and poorly permeable tumors.[51c] All the polymer micellar nanomedicines showed no size-

dependent restrictions on extravasation and penetration in hypervascular tumors with a highly 

permeable structure. However, only particles smaller than 50 nm were able to penetrate poorly 

permeable hypovascular tumors to exert their anti-tumor efficacy. Generally, nanoparticles 

around or smaller than 100 nm leave the blood vessels through fenestrations in the endothelial 

lining. 

An optimal size that balances drug accumulation and penetration in tumors is critical for 

improving the therapeutic efficacy of nanomedicine particles.[58] A recent example was 

reported by Shen and co-workers, in which they synthesized amphiphilic block copolymers 

containing the prodrug 7-ethyl-10-hydroxy camptothecin (SN38) and fabricated micelles with 

sizes ranging from 20 to 300 nm, to investigate the effect of size on tumor treatment efficacy. 

A diameter range of 100 to 160 nm was optimal for the micelle's blood circulation time and 

tumor accumulation. However, although the large micelles displayed much higher tumor 

accumulation, they did not result in significantly improved therapeutic efficacy, because the 

large micelles had poorer tumor penetration than the smaller ones (30 nm). Thus, it is critical 

to attaining an optimal size that balances drug accumulation and penetration in tumors for 

improving the therapeutic efficacy of nanomedicine delivery systems. 

4.2 Nanomedicine particles with adaptive size 

A desirable nanomedicine particle for disease treatment, especially cancer therapy, 

needs to remain relatively stable during blood circulation with minimized systemic toxicity. 

Upon entering into the target diseased tissue area, the nanomedicine particles should have 

the ability to effectively accumulate in the area, penetrate the deep tumor tissue, enter the 

cells, and exert their therapeutic function.[3c] To achieve a higher level of precision control, one 

possible solution is to locally apply (noninvasive) physical strategies to enhance the 

therapeutic efficacy by manipulating particle physical.[16d, 59] Another approach is to use the 

unique tumor tissue microenvironment to exploit more sophisticated designs of responsive 

and transformable delivery platforms, an approach that is receiving an increasing amount of 

attention.[60] This concept requires an in-depth understanding of the interactions of 

nanostructures with biological systems. 

Contrary to conventional “stealth nanoparticles”, transformable nanocarriers possess the 

ability to maintain a larger initial size and nearly neutral surface charge during blood circulation, 

but once they have reached the desired tissue, their adaptive behavior allows them to achieve 
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a tailored morphology transformation, surface charge reversal, and disruption of the 

nanocarriers to improve the accumulation and retention of the therapeutic compounds, which 

is especially relevant for the targeting of tumor tissue. Indeed, it is well-known that the 

vasculature pH and redox state of the tumor microenvironment are considerably different from 

healthy tissue.[46a, 60a, 61] Many research groups have developed strategies to build adaptive 

transformable nanocarriers (by responding to pH, light, temperature, etc.) to enhance the 

therapeutic efficacy of their carrier systems. The chemistry of such adaptive nanocarriers is 

programmed to achieve bond cleavage, protonation, or conformational changes in the 

diseased region, which would allow integrating unique features in nanocarriers such as 

precisely controlling their hydrophilic/hydrophobic properties, association/disassociation 

interactions, or reversal of their surface charges responding to tumor-specific extra/intra-

cellular triggers.[62] A range of different triggers is perused for selective and active 

responsiveness, such as spatially controlled external stimuli, tumor-associated abundant 

enzymes, the acidic pH and redox state of the tumor microenvironment to construct multistage 

delivery systems that combine both long circulation time and deep penetration into tumor 

tissue by adapting to the local microenvironment once they reach the desired targeted site.[62c, 

63]  

 External triggers such as ultrasound, magnetic field, light, and heat can be applied to 

induce the adaptive behavior of nanoparticles in vivo. For instance, nanoparticles can be 

spatiotemporally shrunken in size, which enables more effective tissue penetration and on-

demand delivery. In this respect, NIR laser-controlled delivery represents an anticancer 

strategy with facile control and practical efficacy, which does not require additional targeting 

moieties, as the control is achieved by the point source of the laser employed. A recent study 

by Ge and co-workers describes an interesting application of this methodology for the 

treatment of hypoxic tumors.[64] They constructed ROS cleavable polymeric vesicles that were 

loaded with photosensitizer-modified dendrimer clusters and hydrogen peroxide. Upon 

irradiation with a 660 nm laser, the singlet oxygen produced by the photosensitizer cleaved 

the copolymer of the vesicle carrier system. This resulted in the disruption of the polymeric 

vesicles and the release of the dendrimers, which enabled deeper penetration of the targeted 

tissue. Furthermore, the carriers also provided the vesicle with self-supplied oxygen produced 

by the thermal degradation of hydrogen peroxide upon irradiation with an 808 nm laser, which 

contributed to the total ablation of hypoxic hypo-permeable pancreatic tumors through 

photodynamic damage.  
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Figure 7. Schematic illustration showing the self-assembly of PEG-b-PAEMA-PAMAM/Pt into the pH-

sensitive cluster complex at neutral pH and the particle disintegration into small particles at tumor acidic 

pH.  In a poorly permeably pancreatic tumor model, the cluster nano-complex are superstructures are 

favorable for prolonged blood circulation, and increases the propensity of large nanoparticles to 

extravasate from leaky tumor vasculature to accumulate in the vicinity of blood vessels, while once 

deposited in the acidic tumor microenvironment (pH∼6.5−7.0), the cluster nano-complex 

instantaneously switch to small particles with a size less than 10 nm for deep tumor penetration. 

Adapted from reference 63a. 

The tumor microenvironment is characterized by its acidic pH due to the altered glucose 

metabolism known as the Warburg effect, which is considered as an appropriate internal 

trigger to achieve adaptive size behavior.[60a] Based on this principle, Wang et al. developed 

ultra-pH-sensitive cluster nanoparticles by rational self-assembly of poly(ethylene glycol)-b-

poly(2-azepane ethyl methacrylate)-modified PAMAM dendrimers, which were conjugated 

with a platinum prodrug (Figure 7).[63a] The designed self-assembled nanoparticle complexes 

attained a relatively large size around 80 nm at neutral pH. Upon accumulation/retention in 

the slightly acidic tumor microenvironment (pH ∼ 6.5), the poly(2-azepane ethyl methacrylate) 

blocks became hydrophilic due to their pH responsiveness and rapid protonation, which led to 

the instantaneous dissociation into small dendrimer building blocks, resulting in a sharp size 

transition to less than 10 nm. Upon disassembly, the covalently conjugated Pt prodrug was 



General Introduction - Nanomedicine Particles Engineering 

17 
 

reduced by intracellular abundant glutathione (GSH) to achieve a therapeutic effect. This rapid 

size-switching feature not only facilitated nanoparticle extravasation and accumulation via the 

enhanced permeability and retention effect but also allowed faster nanoparticle diffusion and 

more efficient tumor penetration, thereby contributing to more pronounced drug penetration 

and therapeutic efficacy in vivo with poorly permeable BxPC-3 pancreatic tumor models.  

In certain acidic tumor microenvironments, pH gradients can even reach values as low 

as 5.0−6.0 in the subcellular organelles. Additionally, the rapid growth and proliferation of 

tumors also lead to hypoxia and the production of abundant reactive oxygen species (ROS). 

Taking advantage of these unique characteristics of the tumor tissue, Tan et al. recently 

introduced a hydrophobic poly ferrocene block conjugated to a DNA aptamer sequence which 

initially self-assembled into 80 nm micelles assisted by the hydrophobic interaction of the 

ferrocene moieties.[62c] In the presence of oxidants under acidic conditions, the ferrocene 

moieties underwent the Fenton reaction and were rapidly oxidized into hydrophilic ferrocenium 

salts. The change of the hydrophilic/hydrophobic ratio led to a size decrease of the assemblies 

as they were rearranged into micelles of less than 10 nm in size, stabilized by the π−π stacking 

interaction of ferrocene with G-quadruplexes; this thereby improved the tumor penetration 

ability of the DNA polymer hybrid assembly. These nucleic acid assemblies could also release 

highly toxic hydroxyl radicals into the tumor microenvironment, achieving in vivo catalytic 

therapy for efficient cancer treatment.  

These novel strategies in the design of size changeable nanocarriers successfully 

integrate longer blood circulation, enhanced accumulation/retention, deeper tumor penetration 

as well as efficient cancer cell internalization into one single nano-platform. This allows nano-

therapeutics to overcome various biological barriers to yield more effective therapy 

performance, while simultaneously alleviating systemic toxicity. In this way, nanomedicine 

particles with adaptive size behavior provide an interesting approach in the field of cancer 

nanomedicine. 

5. Shape effects 

Biological structures including molecules, viruses, bacteria, and cells have evolved into 

precise shapes to mediate communication, interactions, and function.[11a, 65] Viruses are found 

in a range of different geometries, varying from icosahedral, bullet-shaped, to rod-shaped, 

which affects their ability to infect specific types of cells and alters their cellular residence 

time.[66] For bacteria, morphology is an essential part of their biological behavior.[51b] For 

instance, the various morphologies exhibited in bacteria affect nutrient transport in cells, 

diffusion, and bio-film formation. Besides, both smaller and elongated cells appear to 

circumvent cellular predation and clearance from the body.[67] Since object shape is crucial in 
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many natural communication/interaction processes, for instance, the non-spherical 

morphology of erythrocytes facilitates their rapid diffusion in the bloodstream, it is logical to 

expect that this also accounts for the interaction/communication of biological systems with 

synthetic particles.[68] While most nanomedicine particles in clinical trials or lab-scale studies 

are spherical, nanomedicine researchers have gained a greater understanding of the growth, 

pathways and mechanisms of polymeric self-assemblies as well as the basic principle in the 

synthesis of non-spherical shaped particles over the past two decades.[69] Learning from and 

mimicking natural adaptive behaviors, engineering well-defined polymeric self-assemblies 

with precise morphological characteristics are of particular interest towards related 

applications in biotechnology.[14d] Indeed, apart from the strong correlation of nanoparticle size 

with their biomedical performance, particle shape (or morphology) in drug delivery has also 

been recognized to affect several interactive and communication processes with cells, mainly 

including their cell internalization pathway, dynamics, and mechanisms.[70] For instance, 

compared to particles with spherical morphology of the same volume, polymeric assemblies 

with high-aspect-ratio displayed improved cellular internalization via distinct uptake 

mechanisms, which were similar to the uptake of rod-like bacteria by non-phagocytotic cells.[9] 

Particle aspect-ratios also showed an ability to modulate their blood circulation, nonspecific 

cell adhesion, and accumulation in the disease area, as well as negotiate the elimination by 

the immune system.[18b] Despite the current progress achieved, a more detailed and 

comprehensive understanding of the role and effect of particle shape on physical/biological 

behavior in vitro/in vivo is still required to precisely engineer particles that could yield optimal 

therapeutic efficacy.  

5.1. Shape affects circulation and uptake 

Asymmetric (i.e., non-spherical) nanoparticles are usually desirable in drug delivery due 

to the advantageous effects that shape has on especially vascular dynamics and cellular 

internalization (Figure 8b).[71] The local geometry of the synthetic particle at the point of cell 

attachment can also dictate macrophages to initiate internalization.[68c] For instance, 

macrophages that encountered an elliptical disc at the pointed end could fully internalize the 

particle in a few minutes, while phagocytosis by macrophages when attached to a flat region 

of the elliptical disc did not succeed for over 12 h (Figure 8a).[68b] Both top-down fabrication 

and bottom-up preparation methods have evolved to make it possible to investigate the role 

of particle shape in biological function. For instance, DeSimone et al. prepared uniform 

populations of micro- and nanoparticles with complete control of size, shape, and surface 

chemistry by employing a top-down particle fabrication technique called PRINT (Particle 

Replication In Non-wetting Templates).[51b] Particle internalization studies showed that HeLa 

cells readily internalized 3 µm non-spherical particles by using several different mechanisms 
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of endocytosis. Besides, rod-like particles were found to be internalized fast, reminiscent of 

the advantage that many rod-like bacteria have for internalization in non-phagocytic cells  

(Figure 8b).[72]  

 

Figures 8. a) The role of particle morphology in dictating the mode of interaction with cells and their 

subsequent endocytosis, in which particles with spherical shape are more rapidly phagocytosed by 

macrophages. Adapted from reference 68c. b) Bio-inspired particles and their interaction with bio-fluids 

and cells, in which particle shape is influential in dictating the hydrodynamic behavior of particles in 

circulation, changing their circulation half-lives, further affecting endocytotic mechanisms and uptake 

efficiency, as well as targeting. Adapted from reference 72. c) DOX-loaded rod-shaped nanoparticles 

possess a relatively longer circulation time than their spherical counterparts. Adapted from reference 

18b. 

Zhou et al prepared poly(ethylene glycol)-co-poly(caprolactone) (PEG-PCL) 

nanoparticles with spherical micellar and rod-like morphology with the same composition and 

surface chemistry, by varying NaCl concentration in the buffer (Figure 8c).[18b] The rod-like 

micelles, despite lacking any targeting moieties, had relatively high uptake efficiencies in 

comparison to spherical micelles in HeLa and HepG2 cancer cells. Possibly, rod-shaped 

micelles are expected to have multivalent interactions with the cell membrane, resulting in 

stronger adhesions and more sites for cellular uptake. Also, compared with doxorubicin-

loaded spherical particles with a relative short blood circulation half-life (t1/2 = 8.4 h), worm-like 

micelles with around 40 nm in diameter and 600 nm in length possessed prolonged blood 

circulation half-lives (t1/2 = 24h) that might be attributable to their unique shape, resulting in a 

minimal uptake by the reticuloendothelial system. Bio-distribution studies showed that the 

accumulation of drug-loaded spherical micelles in the liver was at least 1.5 times greater 

compared to rod-like micelles, which confirmed that the reticuloendothelial system more 
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favorably cleared the spherical micelles. The rod-like micelles furthermore accumulated more 

effectively in tumor tissue, which ultimately led to a superior activity and potency against 

artificial H22 tumor xenograft models. The supramolecular characteristics of these bio-inspired 

self-assembled systems can thus be varied effectively through molecular design, to achieve 

an optimal biological behavior. 

 

Figure 9. a) Schematic of particles with different morphology interacting with a wall underflow, below 

showed scanning electron micrographs of polystyrene spheres and elongated particles stretched from 

the 200-nm spheres. Scale bar, 1 μm. Adapted from reference 73. b) Confocal micrographs reveal that 

uncoated nanospheres exhibited higher uptake in BT-474 cells compared with that exhibited by 

nanorods and nanodisks, implying that the sphere is a favorable shape for cellular entry. When 

nanoparticles were coated with trastuzumab, nanorods and nanodisks, showed significantly higher 

uptake compared with spheres after trastuzumab coating. Adapted from reference 74. c) Nanospheres 

and nanorods are designed for real-time in vivo imaging and penetration in tumors. Intensities are 

normalized to initial intravascular levels, and vessels are shown in black. The rods extravasate more 

and penetrate deeper than the spheres. Scale bar 100 mm. Adapted from reference 75. 

5.2. Shape affects binding/interaction  

The shape of polymeric nanoparticles has also been recognized to play a vital role in 

ligand−receptor binding interactions with cells (Figure 9a).[73] For instance, in comparison to 

their spherical counterparts, rod-like polystyrene nanoparticles that were equipped with a 

trastuzumab antibody as targeting ligand demonstrated a greater ability to boost binding as 
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well as avidity with their targets, displayed an enhanced specific uptake and decreased 

nonspecific internalization (Figure 9b).[74] Because of this improved binding and internalization, 

rods modified with antibodies showed a much more enhanced killing effect toward BT-474 

breast cancer cells in comparison to the antibody itself. Mathematical modeling suggests that 

this is caused by enhanced polyvalent interactions of the nanorods with the cell surface, which 

contribute to increased avidity and specificity, and is modulated by the balance of favored 

adhesion and entropic losses, as well as shear-induced detachment that reduces binding. This 

improved targeting behavior of rod-like polystyrene particles was also observed in in vivo 

experiments in mice under physiological conditions.  

5.3. Shape affects penetration 

The correlation of shape effects in tumor penetration has drawn much attention, as 

spherical nanoparticles are usually associated with a lower tumor penetration capability than 

nanoparticles in other shapes.[57, 75] For instance, compared with gold nanospheres with the 

same hydrodynamic diameter, gold nanorods are likely to transport through tumor pores more 

rapidly or undergo alignment with the blood flow, which increases the probability of convective 

delivery, leading to enhanced penetration in orthotopic mammary tumors after administration 

in mice (Figure 9c).[76] A comprehensive understanding of non-spherical particles and their 

behavior in living subjects has yet to be fully elucidated.  Although it is unlikely that a single 

shape will prove favorable in all biomedical contexts, geometry must be considered as an 

important particle feature in nanomedicine applications. 

5.4. Nanomedicine particles with adaptive shape  

In the above examples, the shape is still a static feature, and the particles were preset in 

their specific morphology. To increase nanoparticle ability to cross various biological barriers, 

it is of great interest to develop self-assembled structures with dynamically varied 

morphological features, in response to a subtle change in the local microenvironment.[69b] 

Although not as far developed as size-switchable particles, the first examples of this type of 

adaptive particles have now been reported, which will be discussed in this section. Via subtle 

changes in the balance between polymer viscosity and interfacial tension allowed poly(lactic-

co-glycolic acid) (PLGA) polymeric nanoparticles to undergo a stimulus-responsive shape 

switch in real-time, which was precisely controlled over minutes and days.[77] It was shown that 

such processes can be modulated by external triggers such as chemical agents, pH, and 

temperature. Shape switching behavior was further utilized in the selective manipulation of the 

macrophage phagocytosis process of disc-shaped polymeric nanoparticles composed of 

poly(lactic-co-glycolic acid) (PLGA), as reported by Mitragotri and co-workers.[77] In their work, 

PLGA elliptical discs were opsonized with mouse IgG and incubated with mouse peritoneal 
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macrophages. The discs switched their shape to spheres in due time, after which they were 

internalized by the macrophages. As a control, discs that were designed not to undergo a 

shape switch process were not phagocytosed because of their large aspect ratio. 

 

Figure 10.  Illustration of the self-assembly of chitosan–peptide conjugate and the principle of enzyme-

induced morphology transformation. The presence of gelatinase that cleaves the peptide changed the 

hydrophobic/hydrophilic balance, which spontaneously promoted the reorganization of self-assembly 

into fibrous structures via chain–chain hydrogen bonding interaction of chitosan (Scale bars, 100 nm). 

The resultant fibrous nanostructures, with exposed antimicrobial peptide, were trapped within the 

infectious tissue, exhibited highly efficient antibacterial ability. Adapted from reference 78. 

Nanoparticles that can undergo shape adaptive behavior by responding to the 

microenvironment in the diseased tissue could facilitate the development of disease selective 

therapeutics and targeted drug delivery. For instance, in a recent example reported by Wang 

et al., an “on-site transformation” strategy was demonstrated, based on self-assembled 

chitosan−peptide conjugates (CPCs) with a labile PEG corona that was sensitive to enzymes 

present in the targeted area; the morphology changing property was employed for designing 

high-performance antibacterial therapeutics (Figure 10).[78] Upon the arrival of the particles at 

the infectious microenvironment, the presence of gelatinase resulted in cleavage of the 

enzyme-susceptible peptides, which led to the release of the outer PEG layer. As a result, the 

hydrophobic/hydrophilic ratio of the molecular building blocks changed, upon which the 

spherical self-assemblies spontaneously reorganized, via chitosan chain−chain interactions, 

into fibrous structures. After that, the remaining exposed peptide sequence on the particle 

surface adopted an α-helical conformation that led to multivalent cooperative electrostatic 

interactions with bacteria and the subsequently enhanced disruption of their cell membranes. 

Further in vivo tests proved that the morphology-adaptive nanoparticles displayed higher 
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accumulation and longer retention time compared to their morphology-stable counterparts, 

which led to improved antibacterial performance both in vitro and in vivo. 

Another interesting feature of rod-like nanostructures is their ability to be transported 

through tumor pores more rapidly; they can furthermore undergo alignment with the blood flow, 

thus increase the probability of convective delivery.[9, 79] The construction of adaptive self-

assembled particles that can change their shapes to facilitate tumor penetration is however 

underexplored, due to difficulties in building block design. In a recent example reported by 

Gao et al., orally administered semi-elastic nanoparticles composed of a core of PLGA, which 

was covered by a lipid shell, could efficiently overcome multiple intestinal barriers and display 

enhanced diffusivity through the mucus compared with unresponsive rigid particles.[80] The 

semi-elastic spherical NPs possessed the ability to adapt to ellipsoids within the complex 

mucosal hydrogel mesh structure, which ultimately induced rotation-facilitated fast diffusion 

and tumor penetration, revealed by molecular dynamics simulations and super-resolution 

microscopy imaging. The faster diffusion and enhanced tumor penetration resulted in 

increased bioavailability of doxorubicin (Dox; up to 8-fold) loaded in the particles, compared 

to a free Dox solution. In comparison, rigid NPs displayed poor adaptive ability and could not 

deform, and overly soft NPs were impeded by interactions with the hydrogel network, thus, 

displaying poor tumor penetration. These shape-adaptive nanoparticles indicate that the 

strategy of modifying nanoparticle rigidity and adapting particle shape can be utilized to 

overcome multiple biological barriers that are traditionally encountered during drug delivery. 

To further advance the field of shape adaptive nanoparticles, it is important to benefit from 

the chemical versatility for the construction of the molecular building blocks.  An important 

additional criterion is a process when selecting fabrication techniques for shape-controlled 

particles, as the procedures should be versatile enough to accommodate a range of 

biomedically relevant materials. Besides that, the active payloads in the nanomedicine 

application are typically biomolecules that could severely constrain the fabrication conditions 

(for instance solvents, pressures, salt concentrations, and temperature). Considering the 

increasing impact of nanoparticle morphology in nanomedicine, polymeric nanostructures with 

precise morphological characteristics that undergo reversible and well-defined changes in 

morphology in response to stimuli are expected to provide a new avenue for nanotherapeutic 

technology advancement. 

6. Polymersomes with advanced features for medical applications  

As mentioned before, polymersomes have proven to be very versatile nanomedicine 

particles. Control over chemical composition, size, and shape can all be established, and drug 

loading is possible both in the hydrophilic and hydrophobic domains of the particles. To further 
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improve on their therapeutic potential additional features have been incorporated in the 

polymersome structure. In line with the focus of the research in this thesis, especially 

fluorescence and motility will be discussed in the next sections. 

6.1 Fluorescent polymersomes 

Fluorescent polymersomes, typically prepared by entrapping imaging agents in polymeric 

vesicles, are interesting systems for in vivo tracking nanoparticle transportation, monitoring 

cargo distribution, and cell/tissue imaging.[81] Pioneering studies on fluorescent polymersomes 

were reported in 2005 by Therien and co-workers, in which they prepared water-soluble NIR 

emissive polymersomes through the incorporation of nanometer-sized zinc-chelated porphyrin 

oligomers in the thick membrane of polymeric vesicles, cooperatively self-assembled from 

amphiphilic poly(ethylene oxide)-co-polybutadiene.[82] The polymer chains kept the 

fluorophores separated and maintained the photophysical properties of the NIR fluorophores 

in an organic solvent-like environment, which yielded uniquely emissive vesicles.[83] In recent 

years, the versatile nature of polymersomes has enabled their facile labeling in various 

manners, for instance by encapsulating fluorescent cargoes in the aqueous inner cavity,[84] 

loading emissive species in the hydrophobic bilayer,[34c, 85] or by functionalizing the surface via 

a non-covalent method such as streptavidin-biotin interactions and host-guest interactions,[86] 

or covalent conjugation method such as click chemistry.[87] Besides, fluorescent labels could 

be conjugated to the side chain of block-co-polymers, or at the hydrophobic polymer chain 

end.[88] Their intrinsic visualization ability and tunable emission, allow fluorescent 

polymersomes to be used in tracking and imaging of many important biological events from in 

vivo bio-distribution and cellular internalization, to drug release.  

Traditional fluorescent polymersomes generally contain conventional dyes, such as 

porphyrins, boron dipyrromethene (BODIPY), fluorescein isothiocyanate (FITC) and cyanine 

imaging agents, which however suffer from several drawbacks that limit their application 

potential.[89] Dye leakage is often observed for non-covalently functionalized particles, 

although this can be solved by chemical conjugation. Bleaching is also often observed. The 

more fundamental problem, which makes it difficult to track the particles for prolonged 

periods.[82]  Furthermore, upon polymersome self-assembly, the emissive moieties in the 

nanoparticles have a strong tendency to aggregate together via intensive π-π stacking manner, 

forming H-type aggregates, which in turn strongly quench their emission, resulting in an 

aggregation-induced quenching (AIQ) effect (Figure 11a).[89b, 90] Only in the case that particles 

are dissociated or degraded for some reason to release the encapsulated cargoes, the NIR 

dyes become intensely fluorescent, which makes it difficult to track the original nanoparticles 

and evaluate particle itself bio-distribution profile.[91] To prevent aggregation-induced 

quenching of photosensitizers additional chemistry is required. Zhang and co-workers, for 
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example, have to install polyhedral oligomeric silsesquioxane (POSS) on the porphyrin 

polymer backbone in an alternating fashion.[92] The steric cage structure of POSS units and 

alternating structures could effectively reduce the AIQ phenomenon.  

 

Figure 11. a) Top: Most of the widely used fluorophores such as fluorescein are strong emitters in the 

solution state. However, the emission is quenched in the aggregate state or solid-state due to – 

stacking interactions. The propeller-shaped AIE luminogen, tetraphenylethene (TPE), turns on its 

emission upon aggregate formation and the solid-state of TPE is highly emissive. Down: a typical 

fluorescence photograph of AIE dye (Hexaphenylsilole) in tetrahydrofuran/water mixtures with different 

water content upon UV illumination. Adapted from reference 90 and 93 b. b) A self-reporting cationic 

photosensitizer, with aggregation-induced emission characteristic. The molecule undergoes 

mitochondria-to-nucleus translocation during apoptosis induced by photodynamic therapy, thus 

enabling the in situ real-time monitoring via fluorescence migration. Adapted from reference 96d. c) The 

fluorogenic probe from chitosan and tetraphenylethene conjugates, which shows a unique aggregation-

induced emission behavior, which can be readily internalized by HeLa cells and enable tracing for as 

long as 15 passages. Adapted from reference 97. 

One way to overcome some of the above issues is by using a special class of fluorescent 

dyes that upon aggregation become fluorescent and therefore show aggregation-induced 

emission (AIE) features.[93] AIE molecules are typically non-emissive in the molecular state, 

e.g. solubilized in solvents like dimethyl sulfoxide and tetrahydrofuran, but can be induced to 

be highly emissive in the aggregate state, e.g. in aqueous solutions (Figure 11a).[94] Generally, 

AIE molecules are dynamic structures with rotor-like features, which consume the excitation 

energy via activation of non-radiative decay in the molecular state. Upon aggregation, 

restriction of rotation induces bright and stable emission. Besides, the non-planar molecular 

structure of AIE molecules reduces close intermolecular π-π stacking interactions, which 

1 



Chapter 1 

26 
 

further boosts their emission capacity.[95] The excellent optical properties of AIE molecules, 

including their anti-photo-bleaching capacity, make them ideal materials for various 

applications such as fluorescent sensors, emissive probes, bio-imaging dots, and therapeutic 

agents (Figure 11b).[96] AIE fluorogenic molecules have also been incorporated in block-co-

polymers, which upon self-assembly in aqueous solution yielded nanosized, bright fluorescent 

nanoparticles (Figure 11c).[97] The intrinsic chemical versatility of block-co-polymers allows 

much freedom in the molecular design of site-targeted and stimuli-responsive self-assemblies, 

an emerging route towards the fabrication of AIE nanoparticles for biomedical utilities, for 

instance, photodynamic therapy. 

 

Figure 12. a) Size and morphology control in AIE-based supramolecular assemblies via a 

polymerization induced assembly approach. The polymers did not show emission in THF but generated 

strong emission in the assembled state. Adapted from reference 98. b) Self-assembly of AIE-based 

polymersomes with size-control from TPE modified amphiphilic polycarbonates. Adapted from 

reference 99. 

In this respect, while micellar systems with AIE features are emerging as nanomedicine 

particles, there are only a few examples of AIE-polymersomes. The challenge mainly arises 

from the complex synthetic strategies to incorporate AIE-gens in suitable block copolymers. 

In a report by Yuan and co-workers, AIE-active assemblies with controlled size and 
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morphology were prepared from block-co-polymers comprising poly(N,N-dimethylaminoethyl 

methacrylate) and poly[benzylmethacrylate-co-1-ethenyl-4-(1,2,2-triphenylethenyl)benzene] 

via RAFT dispersion copolymerization (Figure 12a).[98] The fluorescence emission intensity at 

480 nm of the AIE-vesicles was demonstrated to be higher than in other morphologies 

including nanoworms and micelles. However, the non-biodegradable nature of the building 

blocks, as well as the short-wavelength emission hindered the use of these polymersomes in 

in vivo applications. 

The first biodegradable bright fluorescent AIE-polymersomes were reported in 2018, 

using block copolymers consisting of poly(ethylene glycol) (PEG) as the hydrophilic block, and 

tetraphenylethylene (TPE) substituted poly (trimethylene carbonate) as the hydrophobic block; 

TPE is a well-known AIE fluorogenic moiety (Figure 12b).[99] Polymersomes were fabricated 

via nanoprecipitation, which resulted in a nanosize bright fluorescent system with intrinsic self-

assembly induced emission (λem = 480 nm). Besides, polymersome size control (from 70 to 

450 nm) was achieved by tailoring the co-solvent in the self-assembly process and the 

hydrophilic/hydrophobic polymer block ratio. The ease of manipulation of the physicochemical 

properties of the fluorescent polycarbonate-based polymersomes (e.g. size in this case), 

provides a base to adjust polymersome biological interactions (such as in vivo circulation and 

cellular uptake) which would allow these particles to be further engineered into nano-vehicles 

for nanomedicine delivery tracking, bio-distribution imaging, photosensitization, and other 

more important biomedical utilities. 

7. Aim and outline of this thesis 

The physicochemical properties of nanomedicine particles (for instance size, shape, and 

charge) strongly affect their interaction with dynamic biological fluids, cells, and tissues, which 

determines their in vitro performance and final in vivo fate. Synthetic polymers with well-

defined building blocks and precise compositions, when manipulated with controlled self-

assembly and smart post-engineering, provide a versatile toolbox to obtain biodegradable 

nanomedicine particles with controlled traits and function, an approach that is attracting 

increasing attention to circumvent the biological barriers in nanomedicine field. At present, 

there is however a dearth of polymeric technologies that have reached the market due to 

problems associated with producibility, toxicity, and/or reproducibility—arising from the 

tendency for copolymer engineering to focus on the use of non-biodegradable components 

and fabrication processes that introduce toxic solvents and result in non-uniform products. 

The aim of the research described in this thesis is to precisely design and construct well-

defined biodegradable polymeric nanoparticles with pre-designed physicochemical traits (for 

instance size, charge, and shape) and advanced functionalities (for instance imaging and 
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therapeutics) via precisely programming building blocks and post-engineering approaches for 

tailored biomedical applications.  

 

Figure 13. Scheme outline of engineering polycarbonate nanoparticles as a research topic in this thesis, 

which mainly contains a) turning the morphology (including size and shape) transformation of 

biodegradable polycarbonate nanoparticles for desirable nanomedicine utilities; b) biodegradable 

polymersomes are equipped with advanced “self-assembly induced emission” imaging modality, which 

was further utilized in mitochondria targeting delivery; c) mobile polymersome nanomotors were 

prepared, which upon light activation, triggered the active propulsion, enhanced ROS production as 

well as photothermal heating, ultimately leading to spatial controlled NIR-directed toxicity. 

Chapter 2 describes biodegradable, pH-responsive nanovectors comprised of block 

copolymers of poly(ethylene glycol) and poly(trimethylene carbonate) (PEG−PTMC) which are 

assembled via direct hydration using liquid oligo(ethylene glycol) as a dispersant. The 

introduction of basic imidazole-functional TMC derivatives, through modular polymerization, 

resulted in polymers that self-assembled in multilamellar nanoparticles (at neutral pH) and that 

was effectively loaded with hydrophobic drugs. The resultant multilamellar nanovectors 

demonstrated a significant size reduction and charge reversal at pH ≈ 6.5, which yielded 

cationic nanovectors showing enhanced cellular internalization and deeper tumor penetration 

(Figure 13a top).  

Chapter 3 describes a robust strategy for the formation of biodegradable nanoworms. These 

structures were self-assembled from poly (ethylene glycol)-block-poly(caprolactone-gradient-

trimethylene carbonate) (PEG−PCLgTMC) with a terminal chain of quaternary ammonium-
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TMC. By controlling the ionic strength of the solution during hydration, the particle morphology 

could be switched from spherical micelles to nanoworms (of varying aspect ratios) (Figure 

13a down). This ionically-induced switch is driven by the modulation of the chain packing by 

an electrolyte-mediated screening of interchain repulsions, leading to micelle elongation. 

Nanoworms were loaded with cytotoxic cargo (e.g., doxorubicin) with high efficiency, they 

preferentially interacted with cancer cells, and showed increased tumor penetration. This work 

showcases the ability to program block copolymer assembly into asymmetric nanoparticles. 

Chapter 4 describes the preparation of biodegradable fluorescent polymersomes with 

aggregation-induced emission (AIE) from the amphiphilic block copolymer PEG-P(CLgTMC)-

P(TMC-AIE), where the P(TMC-AIE) block is a pyridinium and tetraphenylethylene containing 

poly(trimethylene carbonate) (Figure 13b). By simply varying the NaCl concentration during 

self-assembly, well-defined AIE-polymersomes were obtained via a robust hydration approach. 

AIE-polymersomes showed preferential accumulation in cancer cell mitochondria. Upon 

cellular internalization, AIE-polymersomes could be employed for real-time tracking the 

delivery of cargo (BODIPY photosensitizer) and enhanced photodynamic therapy (PDT) effect.  

Chapter 5 describes the design and construction of biodegradable hybrid Janus-type AIE-

polymersomes by the self-assembly of block copolymers (PEG-PTMC) modified with the AIE 

photosensitizer moiety, followed by coating the particles with a gold layer hemisphere (Figure 

13c). AIE-polymersomes were able to produce reactive oxygen species under illumination by 

a two-photon near-infrared laser, for application in PDT. With a partial gold shell cover, the 

Janus-type polymersomes furthermore produced plasmonic heating upon NIR laser irradiation, 

resulting in a thermal gradient and generation of a driving force for active movement and 

propulsion. Meanwhile, the photo-thermal effect produced by the gold hemisphere also 

enabled a more effective percolation of the cell membrane which enhanced the translocation 

of the nanomotors into the cytoplasm of cancer cells, to facilitate combined PDT and 

photothermal therapy. 

Finally, in Chapter 6 the most important findings in this thesis are reflected and discussed, 

after which a number of opportunities for future research are identified. Besides, important 

hurdles or encountered bottlenecks that need to be overcome for developing an effective 

nanomedicine with clear application potential are discussed. 

In summary, the findings in this thesis deepened our understanding of precisely 

engineering physicochemical traits (size and shape) of biodegradable polymeric 

nanomedicine particles and engineering functional (imaging and therapeutic) polymeric 

nanomedicines. The concepts and methods are generally applicable and provide an efficient 
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route towards the design of tailored nanomedicine particles with inherent biocompatibility and 

biodegradability. 
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ABSTRACT 

In this chapter, we describe biodegradable nanovectors comprised of block copolymers of 

poly(ethylene glycol) and poly(trimethylene carbonate) (PEG−PTMC) that change their 

morphology and surface charge when exposed to tumor environment conditions. Well-defined, 

drug-loaded nanovectors were prepared via direct hydration using liquid oligo(ethylene glycol) 

as a dispersant. Systematic introduction of basic imidazole-functional TMC derivatives, 

through modular polymerization, resulted in polymers that self-assembled in multi-lamellar 

nanoparticles (at neutral pH) and that were loaded with hydrophobic drugs. The resultant multi-

lamellar nanovectors demonstrated a significant size reduction and charge reversal at pH ≈ 

6.5, which yielded cationic nanovectors that were tailored for tumor penetration. In vitro studies 

using 3D heterospheroids demonstrate that this platform has excellent potential to promote 

enhanced tumor penetration under physiological conditions. 

 

 

 

  



Transformable Polycarbonate Nanoparticles 

37 
 

1. Introduction 

A challenge facing nanomedicine is that the required features of drug nanocarriers for 

sustained circulation in the body are distinctly different from those necessary for effective drug 

release at the desired site of action.[1] Local application of (noninvasive) physical strategies to 

enhance the therapeutic efficacy by changing particle properties only where required provide 

one possible solution.[2] A higher level of precision is achieved if the physical properties and 

behavior of nanoparticles are tailored to exploit distinct features already displayed in the 

microenvironment of the targeted tissue,[3] an approach that is receiving an increasing amount 

of attention. In this respect, the tumor microenvironment (TME) is a highly interesting area to 

exploit.[4] It is well-known that the vasculature, pH, and redox conditions of the TME are 

considerably different compared to healthy tissue, and many groups have developed 

strategies to enhance the therapeutic efficacy of their carrier systems by employing, for 

example, pH-sensitive components.[4a] However, in most cases the induced trigger leads to a 

burst release of the drug and not to changes of the particle features.[5] In terms of design 

criteria, the optimal platform should exist in an uncharged (or partially negative) form with size 

<100 nm under neutral conditions and, as pH decreases, undergo dynamic reconfiguration 

into smaller, cationic particles that can effectively penetrate into tumor tissue, delivering 

cytotoxic payload in a responsive fashion (Figure 1).[6]  

Block copolymers are a highly versatile platform for the design and engineering of smart 

nanosystems,[7] and the implementation of block copolymers toward anticancer therapy has 

made significant progress.[8] Still, there is much to be gained by exploring the morphology and 

responsiveness of block copolymers-based nanosystems to unlock their therapeutic 

potential.[3b, 8d, 8g] A significant challenge in the engineering of polymeric nanosystems is to 

maintain functionality while satisfying the fundamental criterion of biocompatibility.[4c, 9] Few 

systems exist that demonstrate biodegradability while responding to overtly physiological 

stimuli (such as pH or redox chemistry).[10]  

Recognizing the strategic importance of the TME, in this chapter, we have undertaken to 

engineer smart biodegradable nanovectors that are capable of undergoing a pH-induced 

morphology and surface charge switch in order to direct tumor internalization and improve 

penetration. Key to the success of this strategy is the improved circulation and distribution of 

nanoparticles with a negative surface charge being physicochemically coupled to the 

enhanced internalization properties of those with smaller size and positive charge.[3a, 4d] This 

platform constitutes the first fully biodegradable, stimuli-responsive system that can undergo 

pH-induced transformation into nanoparticles that demonstrate enhanced tumor penetration. 

Recently, we have presented an approach toward the fabrication of both drug-loaded 

nanoparticles and enzyme-loaded nanoreactors, comprising biodegradable poly(ethylene 
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glycol)-block-poly(trimethylene carbonate) (PEG−PTMC) copolymers, thereby utilizing direct 

hydration as a facile, biocompatible, fabrication process.[11] PEG−PTMC copolymers provide 

the necessary structural versatility necessary to engineer particles that are capable of 

undergoing dynamic transformations.[9, 12] 

 

Figure 1. a) Schematic illustrating the chemical structure of PEG-TMCI-TMC terpolymers and the 

chemical change that occurs through protonation of the imidazole moieties at low pH, b) fabrication of 

drug-loaded multi-lamellar nanovectors (MLNs) via direct hydration and the structural reconfiguration 

that occurs at low pH into cationic nanovectors (CNs), c) the anticipated mode of action of MLNs in vivo 

whereby local pH reduction in the TME leads to enhanced internalization of CNs and tumor penetration. 

2. Result and discussion 

pH-responsive functionality was introduced into PEG-PTMC copolymers using carbonate 

monomers with a basic imidazole moiety (TMCI, pKa ≈ 6.5) to create terpolymeric chains that 

could induce dynamic reconfiguration under conditions similar to the TME (Figure 1a). Using 

the direct hydration methodology, self-assembly of PEG-PTMC copolymers comprising TMCI 

was assessed by systematically varying the block configuration in order to identify the nexus 

between size, stability, and dynamicity (Figure 1b).  

PEG-PTMC copolymers with well-defined sequences were synthesized via the sequential 

ring-opening polymerization of TMC and TMC-OPhF5 monomers; with pH-responsive 

imidazole moieties introduced post-polymerization (Scheme S1, and Supplementary Figure 

S1 & S2 & S3).[10e, 13] In terms of copolymer design, we evaluated the effect of TMCI upon the 

self-assembly and pH-induced reconfiguration of particles to identify the optimal composition 
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that would yield the desired design criteria. As PEG22-PTMC30 block copolymers were known 

to yield well-defined micelles, we used this as the basis to prepare terpolymers where TMCI 

occupied either the terminal or intermediate position (Scheme S1, and Supplementary Table 

S2 & S3). Assessing the terminal PEG-TMC-TMCI copolymers demonstrated that shorter 

PTMC blocks (DP = 23 vs. 30) did not display a pronounced size change upon acidic pH 

incubation, and longer PTMCI blocks (DP = 10 vs. 7) resulted in visible aggregations 

(Supplementary Table S3). The size change behavior of PEG-TMC-TMCI block copolymers 

was not optimal at pH 6.5, with 2 h incubation yielding around 60 nm nanoparticles and no 

significant size decrease after prolonged incubation (Supplementary Figure S4). 

 

Figure 2. pH-induced transformation of multi-lamellar nanovectors (MLNs) into cationic nanovectors  

(CNs) comprising PEG22-TMCI7-TMC30 terpolymers. TEM images of a) MLNs and b) CNs before and 

after reduction in pH, respectively (scale bars = 100 nm). AF4 fractograms (scattering profile in black) 

of c) MLNs at pH 7.4 and d) after transformation to CNs at pH 5 comparing the radius of gyration (Rg, 

2 



Chapter 2 

40 
 

blue) to the hydrodynamic radius (Rh, red). e) Real-time monitoring of the pH-induced transformation of 

MLNs by DLS. f) Zeta-potential measurements of MLNs/CNs at varying pH.  

Introducing PTMCI in the intermediate terpolymer position was a more effective strategy. 

PEG-TMCI-TMC copolymers showed a pH-induced size change (130-140 vs. 43 nm, at pH 

7.4 and 6.5 respectively). We observed a marked advantage with PEG22-TMCI7-TMC30, which 

underwent effective reconfiguration in 2 h at pH 6.5 towards nanoparticles of 40 nm,  possibly 

because of improved access to protonation (compared to PEG-TMC30-TMCI7) and reduced 

hydrophilic repulsion (compared to PEG-TMCI10-TMC30) (Figure 2, and Supplementary 

Figure S5 & S6).[10b, 14] To highlight the importance of structural control in directing this pH-

responsive behavior, the random copolymer of TMC and TMCI was prepared. PEG-(TMC-r-

TMCI) block copolymers underwent self-assembly under neutral conditions but disassembled 

at low pH, with only large (> 600 nm), poorly defined particles evident by dynamic light 

scattering (DLS) (Supplementary Figure S7). Non-responsive TMC-based polymersomes 

did not show the significant size or zeta potential change when incubated in an acidic buffer 

(Supplementary Figure S8).[15]  

Having identified PEG22-TMCI7-TMC30 as an excellent candidate for the formation of a 

pH-responsive nanosystem, its self-assembly was studied in greater detail. Under neutral 

conditions, cryo-TEM images showed that the terpolymer underwent self-assembly into multi-

lamellar nanovectors (MLNs, Figure 2a), which is consistent with DLS data. At low pH, MLNs 

underwent re-organization into cationic nanovectors (CNs) with micellar morphology (Figure 

2b). Scanning electron microscopy (SEM) further confirmed the size switch behavior of MLNs 

(Supplementary Figure S9). MLN to CN transformation is driven by the flexibility of the TMC 

block and imidazole protonation, which increased inter-chain repulsion and facilitated 

micellization;[10a, 12c] with the resulting micelles having increasingly cationic character as 

determined by zeta-potential measurements (Figure 2f). For quantitative insight into the 

particle morphology, we employed asymmetric flow field-flow fractionation (AF4) coupled with 

multi-angle light scattering (MALS) and DLS. Consistent with cryo-TEM data, MLNs 

possessed an average hydrodynamic radius (Rh) of 73.1 nm with particles ranging from 47.2–

117.4 nm. Comparing this to the radius of gyration (Rg) yielded a shape factor (Rg/Rh) of 0.82, 

consistent with filled spheres (Figure 2c, and Supplementary Figure S10). CNs displayed a 

much more uniform size profile, with Rh values between 12.8-23.4 nm (average 16.6 nm), 

moreover, the shape factor 0.74 indicated a micellar morphology (Figure 2d, and 

Supplementary Figure S10 & S11). The critical aggregation concentration (CAC) of 

MLNs/CNs was determined using the 1-anilino-8-naphthalene sulfonate (ANS) assay. Before 

and after protonation, CAC values were measured at ca. 0.017 (2.7 µM) and 0.026 mg/mL 

(4.2 µM), respectively (Supplementary Figure S12). We next monitored the performance of 
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MLNs to undergo an efficient size switch under increasingly acidic conditions. A significant 

decrease in particle size was observed within 60 mins at pH values of 5, 6 and 6.5, with no 

evidence of larger particles after 4 h (Figure 2e). After only 30 mins at pH 6.5, both 

morphologies were evident by cryo-TEM as the size switch from MLNs to CNs was ongoing. 

AF4 data for MLNs incubated at pH 6.5 for 2 h indicated that the transformation to CNs was 

complete, with values of Rh comparable to those at pH 5 (Supplementary Figure S11). In 

vitro performance of MLNs was studied using HepG2 cells to assess the functional impact of 

the pH-induced transformation. Chlorin e6 (Ce6)-labelled MLNs (Scheme 1) were utilized for 

fluorescence visualization of particle uptake; the presence of 2 wt% PEG-PTMC-Ce6 did not 

affect the responsive nature of the particles. After incubation of the cells with MLNs at pH 6.5, 

it was clear from microscopy (Figure 3) and flow cytometry (Supplementary Figure S13 & 

S14) that CNs demonstrated enhanced cellular uptake as compared to MLNs. Interestingly, 

this distinct behavior was already observed after 30 mins, which increased further after an 

hour as the pH-induced transformation progressed (Supplementary Figure S13). 

Furthermore, we confirmed that under these conditions (pH 7.4 / 6.5) little toxicity was 

observed up to [copolymer] = 0.2 mg/mL (≈ 70 %, Supplementary Figure S15). 

 

Figure 3. MLN performance in vitro. a) Fluorescent images of HepG2 cells treated with Ce6-labelled 

MLNs for 2 h at pH 7.4 and 6.5 (scale bar = 20 µm). b) Flow cytometry results for uptake into HepG2 

cells at pH 7.4 (grey) and 6.5 (red) compared to control cells (light grey). 

Next, we assessed the capacity of this pH-responsive platform to deliver cytotoxic cargo 

and to determine what effect structural reconfiguration would have on this process. Using a 

hydrophobic cisplatin prodrug, we prepared MLNs with 9.3 wt% loading with 93 % efficiency.[14] 

At lower pH drug was released from CNs more rapidly (ca. 75 and 90 % released after 24 h 

at pH 6.5 and 5.5, respectively) as compared to MLNs at neutral pH (Supplementary Figure 

S16). Cytotoxicity was tested against both HeLa and HepG2 cell lines. As with HepG2 cells, 

little background toxicity was observed for the unloaded particles at [copolymer] < 0.2 mg/mL, 

both at neutral pH and pH 6.5 (Supplementary Figure S15). Prodrug cytotoxicity was 
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enhanced through encapsulation in MLNs against HeLa and HepG2 cells (HeLa, IC50 free 

prodrug: 16.0 µM, IC50 prodrug loaded: 3.3 µM; HepG2, IC50 free prodrug: 10.3 µM, IC50 

prodrug loaded: 1.8 µM, Figure 4). At pH 6.5 this effect was more pronounced (HeLa, IC50 

prodrug loaded: 1.5 µM; HepG2, IC50 prodrug loaded: 0.7 µM), demonstrating the formation 

of CNs did not diminish the therapeutic performance of encapsulated cargo despite the pH-

induced structural reconfiguration.  

 

Figure 4. Performance of drug-loaded nanoparticles in vitro. Cell viability of a) HeLa and b) HepG2 cells after 

treatment with free cisplatin prodrug (blue) and drug-loaded nanoparticles at pH 7.4 (black) and 6.5 (red). 

Lastly, to determine whether this behavior would translate to a more biologically relevant 

platform we studied multicellular spheroids (MCSs) as tumor models in vitro.[10f, 15] Using 

confocal laser scanning microscopy (CLSM) stack imaging it was apparent that after 2 h, 

MLNs (at pH 7.4) were principally located on the periphery of MCSs with a penetration depth 

of 40-60 µm, whereas CNs (at pH 6.5) showed enhanced penetration (Supplementary Figure 

S17). After 18 h incubation, MLNs (at pH 7.4) did not show a significant change in the 

penetration profile, in contrast to CNs (at pH 6.5) that showed significantly enhanced 

penetration to depths of 180 µm (Figure 5a/b, Supplementary Figure S18). Similar results 

were obtained with penetration studies on heterospheroids, comprising a mixture of HepG2 

cells and fibroblast 3T3 cells (1:5) (Supplementary Figure S19).[15] These results suggest 

that the pH-induced transformation of MLNs into CNs can enhance tumor penetration under 

physiological conditions and that this pH-responsive MLN/CN system can be an effective 

strategy for the treatment of cancer. 
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Figure 5. MLN performance in vitro. a) Fluorescent images following penetration into 3D MCSs at pH 

7.4 and 6.5 after 18 h of treatment (scale bar = 200 µm). b) Quantification of fluorescent data in (a). 

3. Conclusion 

In summary, in this chapter we present biodegradable BCP assemblies with pH-

responsive behavior such that, at low pH, a morphology switch occurs resulting in the 

formation of highly penetrating cationic nanovectors. This is achieved by implementing 

imidazole-modified domains (pKa ≈ 6.5) in the flexible polycarbonates, which induce the 

alteration of amphiphilicity and charge under pH conditions alike to the tumor 

microenvironment. The dynamic morphology and surface charge modulation of these 

biodegradable nanovectors provide desirable physicochemical features that could enable 

targeted delivery and deeper penetration in tumor tissue. 
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5. Experimental section 

5.1. Experimental materials and instruments 

Poly(ethylene glycol) methyl ether (mPEG, Mn 1 kg/mol) was purchased from Rapp Polymers. 1,3-

Dioxan-2-one (TCI Europe, 98%), 2,2-bis(hydroxymethyl)propionic acid (Sigma, 99%), trimethylamine 

(Sigma, 98%), bis(pentafluorophenyl) carbonate (Apollo scientific, 97%), cesium fluoride (CsF, Sigma 

99%), cis-diamine-platinum(II) dichloride (TCI Europe), 1-(3-aminopropyl)imidazole (Sigma, 97%), 

hydrogen peroxide solution 30 % in H2O (Sigma), hexanoic anhydride (Sigma, 97%), Chlorin e6 

(Frontier Scientific, 93%~98%), N,N’-dicyclohexylcarbodiimide (DCC, Sigma, 99%), 2-

(dimethylamino)pyridine (DMAP, Sigma, 97%),  methanesulfonic acid (MSA, Sigma, 99.5%), 

trifluoromethanesulfonic acid (Sigma, 99.5%), and all other chemicals were supplied by Sigma-Aldrich. 

Dulbecco’s modified eagle medium (DMEM), phosphate buffered saline (PBS), Hoechst 33342 were 

purchased from ThermoFisher Scientific. Ultra-pure MilliQ water obtained from a Labconco Water Pro 

PS purification system (18.2 ME) was used for the self-assembly. 

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H NMR spectra were recorded on a Bruker 

(400MHz) spectrometer with a Bruker Sample Case auto-sampler, with CDCl3, MeOD4 or DMSO-d6 as 

the solvent and TMS as an internal standard. 

Size-exclusion chromatography (SEC): the molecular weights and dispersity of the polymers were 

characterized by a SEC system. The SEC was conducted using a Shimadzu Prominence-i SEC system 

with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standard and equipped 

with a Shimadzu RID-20A differential refractive index detector. THF was used as an eluent with a flow 

rate of 1 mL/min. 

Dynamic Light Scattering (DLS): A Malvern Z90 Zetasizer equipped with a 633 nm He−Ne laser and 

an avalanche photodiode detector was used to characterize the hydrodynamic size of the particles. The 

scattering light at 173° angle was detected and used to analyze the size and distribution. 

Scanning Electron Microscopy (SEM):  Morphology of the nanoparticles was characterized by SEM 

(FEI Quanta 200 3D FEG). 

Cryogenic transmission electron microscopy (cryo-TEM): experiments were performed using a FEI 

Tecnai G2 Sphera (200 kV electron source) equipped with LaB6 filament utilizing a cryoholder or a FEI 

Titan (300 kV electron source) equipped with autoloader station.  Samples for cryo-TEM were prepared 

by treating the grids (Lacey carbon coated, R2/2, Cu, 200 mesh, EM sciences) in a Cressington 208 

carbon coater for 40 seconds. Then, 3 μl of the nanoparticle solution was pipetted on the grid and 

blotted in a Vitrobot MARK III at 100% humidity. The grid was blotted for 3 seconds (offset -3) and 

directly plunged and frozen in liquid ethane. 

Asymmetric Flow Field-Flow Fractionation: the asymmetric flow field-flow fractionation-UV-QELS 

(AF4-UV-QELS) experiments were performed on a Wyatt Dualtec AF4 instrument connected to a 

Shimadzu LC-2030 Prominence-i system with Shimadzu LC-2030 autosampler. The AF4 was 

connected to a Wyatt DAWN HELEOS II light scattering detector (MALS) installed at different angles 
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(12.9 o, 20.6 o, 29.6 o, 37.4 o, 44.8 o, 53.0 o, 61.1 o, 70.1 o, 80.1 o, 90.0 o, 99.9 o, 109.9 o, 120.1 o, 130.5 
o, 149.1 o, and 157.8 o) using a laser operating at 664.5 nm and a Wyatt Optilab Rex refractive index 

detector. Detectors were normalized using Bovine Serum Albumin (BSA). The processing and analysis 

of the LS data and radius of gyration (Rg) calculations were performed on Astra 7 software (using the 

Berry model, which is recommended for particles of size > 50 nm). All AF4 fractionations were 

performed on an AF4 short channel with regenerated cellulose (RC) 10 KDa membrane (Millipore) and 

spacer of 350 μm. 

Ultraviolet–visible Spectroscopy (UV/Vis): The UV absorbance spectra were recorded on a Jasco 

V-650 UV/Vis spectrometer at 293 K. 

pH Measurement: the pH change of the solution was recorded using a Mettler Toledo™ FiveEasy 

Plus™ FEP20 pH Meter. 

Fluorescence imaging: A Keyence BZ-9000 fluor-microscope was used to obtain the fluorescent 

images. 

Confocal microscopy imaging: confocal microscopy was performed using the Leica Microsystems 

SP8x system and Leica TCS 264 SP5X.  

Flow cytometry measurements: Flow cytometry measurements were performed using a GalliosTM 

flow cytometer (Beckman Coulter) with side scatter triggering and either 1 minute or 50,000 events of 

accumulation for each sample analyzed.  

5.2 Synthetic procedures 
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Scheme S1. Synthesis route towards TMC monomers, poly-carbonates and functional poly-carbonates. 

Synthesis of TMC-OPh5: This compound was synthesized via a reported procedure.[13b] A 100 mL 

round bottom flask was charged with 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) (3.00 g, 22 mmol), 

bis-(pentafluorophenyl)carbonate (PFC) (21.70 g, 55 mmol, 2.5 eq.), CsF (0.7 g, 4.6 mmol, 0.2 eq.), 

and 70 mL of anhydrous tetrahydrofuran (THF). Initially the reaction was heterogeneous, but after one 

hour a clear homogeneous solution was formed that was allowed to stir for 20 hours. The solvent was 

removed in vacuo. The residue was re-dissolved in methylene chloride and, after 10 min, a byproduct 

precipitated and could be quantitatively recovered. The filtrate was extracted with sodium bicarbonate 

and water and was dried with MgSO4. The solvent was evaporated in vacuum and the product was 

recrystallized from ethyl acetate/hexane mixture to give TMC-OPh5 as a white crystalline powder. Yield: 

5.13 g (70 % yield). 1H NMR (400 MHz, CDCl3), δ ppm: 4.85 (d, J = 10.8 Hz, 2H,), 4.36 (d, J = 10.8 Hz, 

2H,), 1.55 (s, 3H). 19F NMR (376 MHz, CDCl3), δ ppm: -154.0~154.1 (m, 2F), -157.3 (t, 1F), -

162.4~162.5 (m, 2F). 

Synthesis of PEG22-TMC-TMCI:  

(1) PEG-PTMC synthesis: Taking PEG22PTMC30 as an example, the synthesis of PEG-PTMC was 

performed according to a modified literature procedure.[11b] Monomethyl-PEG-OH macro-initiator 1 kDa 

(524 mg, 0.5 mmol, 1 equiv) and 1,3-dioxan-2-one (TMC) (1.53 g, 15 mmol,  30 equiv) were added into 

a round bottom flask. To avoid water presence, dried toluene was added to the reaction flask and then 

the solvent was evaporated under vacuum. After solvent evaporation, the reaction flask was flushed 

with Ar. Dichloromethane was added to the mixture with a syringe and the resulting stirring solution was 

equilibrated at 30 °C for several minutes. Then methanesulfonic acid (0.5 equiv, 16 µL) was added in 

the solution to start the reaction. After 2 h, Ar was stopped and the reaction was stirred and heated at 

30 °C overnight. 1H NMR was used to determine the final conversion of the reaction. Extraction was 

performed using DCM (to dissolve copolymer), NaHCO3 twice (to remove catalyst) and brine (to remove 

water) once, keeping the lower organic phase. The resultant organic phase was collected and dried 

with sodium sulfate powder. The mixture was filtered over a glass filter and the filtrate was concentrated 

under vacuum. Stirred anhydrous ether was cooled down with liquid nitrogen and an ice bath. Droplets 

of the concentrated DCM solution were added to the stirring ether solution to precipitate the copolymer. 

The mixture was stirred for about 30 min, and subsequently collected via filtration. The pure product 

was obtained via freeze drying from dioxane and kept in the freezer until being used. The copolymer 

composition was calculated by using the protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet 

at 3.38 ppm), TMC CH2 (multiplet 2.02-2.08) and CH2 (triplet at 4.22-4.25 ppm). GPC (RI): Mn (Ð) = 

5.63 kDa (1.08) (Figure S10, Table S3). PEG22PTMC23 was synthesized using the same synthetic 

method, the copolymer composition was calculated by using the protons of PEG (3.65-3.7 ppm), 

terminal methyl unit (singlet at 3.38 ppm), TMC CH2 (multiplet 2.02-2.08) and CH2 (triplet at 4.22-4.25 

ppm), GPC (RI): Mn (Ð) = 5.17 kDa (1.08). 

(2) PEG-PTMC-P(TMC-OPhF5) synthesis: Taking PEG22PTMC30P(TMC-OPhF5)7 synthesis as an 

example, freeze dried PEG22-PTMC30 (800 mg, 0.2 mmol, 1 equiv) and dry TMC-OPhF5 (524.5 mg, 1.6 

mmol, 8 equiv) were added into a round bottom flask. Under Ar, 1.6 mL DCM (1 M with respect to 
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TMCP) was added into the flask. The TMCP only partially dissolved at this concentration. Triflic acid 

(34 µL, 0.4 mmol, 2 equiv) was added to the stirring solution. As the reaction proceeded, the undissolved 

PTMCP slowly went into solution. The reaction was monitored by 1H NMR. Once the reaction was 

complete, the polymer was precipitated into hexanes. The crude polymer was then re-dissolved in 

minimal amount of DCM and precipitated into diethyl ether, isolated, and freeze dried to obtain the 

product, and kept in the freezer until being used. Copolymer composition was calculated by using the 

protons of PEG (3.65-3.7 ppm), the terminal methyl unit (singlet at 3.38 ppm), TMC CH2 (multiplet, 2.02-

2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), TMC(O-PhF5) CH2 (singlet, 4.44-4.48), TMC(O-PhF5) 

CH3 (singlet, 1.48-1.50). GPC (RI): Mn (Ð) = 8.84 kDa (1.18). PEG22PTMC23P(TMC-OPhF5)7 and 

PEG22PTMC30P(TMC-OPhF5)10 were synthesized using the same synthetic method, GPC (RI) for 

PEG22PTMC23P(TMC-OPhF5)7: Mn (Ð) = 8.22 kDa (1.10) (Figure S8, Table S3); GPC (RI) for 

PEG22PTMC30P(TMC-OPhF5)10: Mn (Ð) = 8.93 kDa (1.12). 

(3) PEG22-TMC-TMCI synthesis: Taking PEG22-TMC30-TMCI7 as an example, freeze dried PEG22-

PTMC30-P(TMC-OPhF5)7 (120 mg, 0.02 mmol, 1 equiv) was dissolved in 1 ml dry THF and cooled on 

an ice-bath. Next, a 0.5 mL THF solution containing 1-(3-aminopropyl) imidazole (20 mg, 0.16 mmol, 

1.15 equiv. with respect to pentafluorophenyl ester) and trimethylamine (TEA, 22.3 µL, 0.16 mmol, 1.15 

equiv. with respect to the pentafluorophenyl ester) were dropwise added. The ice bath was removed 

and the mixture was allowed to stir for an additional 90 minutes, after which the reaction solution was 

precipitated into diethyl ether twice, isolated and freeze dried to obtain PEG22-TMC30-TMCI7. Copolymer 

composition was calculated by using the protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet 

at 3.38 ppm), TMC CH2 (multiplet, 2.02-2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), TMC(O-

CH2CH2CH2 imidazole) (triplet, 2.96-3.07 ppm), TMC(O-CH2CH2CH2 imidazole) (multiplet, 1.76-1.85 

ppm), TMC(O-CH2CH2CH2 imidazole) (triplet, 3.86-3.93 ppm), TMC(O-CH2CH2CH2 imidazole) CH3 

(singlet, 1.04-1.15 ppm),  TMC(O-CH2CH2CH2 imidazole) (3 singlets 7.56 ppm, 7.11 ppm, 6.97 ppm) 

(Figure S12). PEG22-TMC23-TMCI7 and PEG22-TMC30-TMCI10 were synthesized using the same route, 

Copolymer composition was calculated by using the protons of PEG (3.65-3.7 ppm), terminal methyl 

unit (singlet at 3.38 ppm), TMC CH2 (multiplet, 2.02-2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), 

TMC(O-CH2CH2CH2 imidazole) (triplet, 2.96-3.07 ppm), TMC(O-CH2CH2CH2 imidazole) (multiplet, 

1.76-1.85 ppm), TMC(O-CH2CH2CH2  imidazole) (triplet, 3.86-3.93 ppm), TMC(O-CH2CH2CH2 

imidazole) CH3 (singlet, 1.04-1.15 ppm),  TMC(O-CH2CH2CH2 imidazole) (3 singlets 7.56 ppm, 7.11 

ppm, 6.97 ppm). 

Synthesis of PEG22-TMCI-TMC: 

(1) PEG-P(TMC-OPhF5)-PTMC synthesis: Taking PEG22-P(TMC-OPhF5)7-PTMC30 as an example, the 

synthesis of PEG-P(TMC-OPhF5)-TMC was performed according to a modified literature procedure. 

PEG 1 kDa (524 mg, 0.5 mmol, 1 equiv) and TMC-OPhF5 (1.30 g, 4 mmol, 8 equiv.) were added into a 

round bottom flask. To avoid water presence, dried toluene was added to the reaction flask and then 

the solvent was evaporated under vacuum. After solvent evaporation, the reaction flask was flushed 

with Ar. Dichloromethane was added to the mixture with a syringe, Under Ar, 4 mL DCM (1 M with 

respect to TMCP) was added into the flask. The TMCP only partially dissolves at this concentration. 
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Triflic acid (85 µL, 0.4 mmol, 2 equiv) was added to the stirring solution. As the reaction proceeded, the 

undissolved PTMCP slowly went into solution. The reaction was monitored by 1H NMR. Once the 

conversion of TMC-OPhF5 reached at or above 98%, a dry DCM solution of TMC (1.53 g, 15 mmol, 30 

equiv) was added via a syringe and allowed to react overnight. When the conversion of TMC reached 

95% or higher, the reaction was stopped. The crude polymer was directly precipitated into diethyl ether 

twice, isolated, and freeze dried to obtain the product. Copolymer composition was calculated by using 

the protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet at 3.38 ppm), TMC CH2 (multiplet, 2.02-

2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), TMC(O-PhF5) CH2 (singlet, 4.44-4.48), TMC(O-PhF5) 

CH3 (singlet, 1.48-1.50). GPC (RI): Mn (Ð) = 7.93 kDa (1.27) (Figure S15, Table S3). PEG22-P(TMC-

OPhF5)10-TMC32 was synthesized using the same synthetic method. Copolymer composition was 

calculated by using the protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet at 3.38 ppm), TMC 

CH2 (multiplet, 2.02-2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), TMC(O-PhF5) CH2 (singlet, 4.44-

4.48), TMC(O-PhF5) CH3 (singlet, 1.48-1.50), GPC (RI): Mn (Ð) = 8.23 kDa (1.23).  

(2) PEG22-TMCI-TMC synthesis: Freeze dried PEG22-P(TMC-OPhF5)7-TMC30 (120 mg, 0.02 mmol, 1 

equiv) was dissolved in 1 ml dry THF and cooled on an ice-bath. Next, a 0.5 mL THF solution containing 

1-(3-aminopropyl)imidazole (20 mg, 0.16 mmol, 1.15 equiv. with respect to the pentafluorophenyl ester) 

and trimethylamine (TEA, 22.3 µL, 0.16 mmol, 1.15 equiv. with respect to the pentafluorophenyl ester) 

were dropwise added. The ice bath was removed and the mixture was allowed to stir for an additional 

90 minutes, after which the reaction solution was precipitated into diethyl ether twice, isolated and 

freeze dried to obtain PEG22-TMCI7-TMC30. Copolymer composition was calculated by using the 

protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet at 3.38 ppm), TMC CH2 (multiplet, 2.02-

2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), TMC(O-CH2CH2CH2 imidazole) (triplet, 2.96-3.07 ppm), 

TMC(O-CH2CH2CH2 imidazole) (multiplet, 1.76-1.85 ppm), TMC(O-CH2CH2CH2 imidazole) (triplet, 

3.86-3.93 ppm), TMC(O-CH2CH2CH2 imidazole) CH3 (singlet, 1.04-1.15 ppm),  TMC(O-CH2CH2CH2 

imidazole) (3 singlets 7.56 ppm, 7.11 ppm, 6.97 ppm) (Figure S16). PEG22-TMCI10-TMC30 was 

synthesized using the same reaction route. Copolymer composition was calculated by using the protons 

of PEG (3.65-3.7 ppm), terminal methyl unit (singlet at 3.38 ppm), TMC CH2 (multiplet, 2.02-2.08 ppm) 

and CH2 (triplet at 4.22-4.25 ppm), TMC(O-CH2CH2CH2 imidazole) (triplet, 2.96-3.07 ppm), TMC(O-

CH2CH2CH2 imidazole) (multiplet, 1.76-1.85 ppm), TMC(O-CH2CH2CH2 imidazole) (triplet, 3.86-3.93 

ppm), TMC(O-CH2CH2CH2 imidazole) CH3 (singlet, 1.04-1.15 ppm),  TMC(O-CH2CH2CH2 imidazole) (3 

singlets 7.56 ppm, 7.11 ppm, 6.97 ppm). 

Synthesis of PEG22-(TMCI-r-TMC): 

(1) PEG-P[(TMC-OPhF5)-r-TMC] synthesis: the synthesis of PEG-P[(TMC-OPhF5)10-r-TMC30] was 

performed according to a modified literature procedure.[10e] PEG 1 kDa (524 mg, 0.5 mmol, 1 equiv), 

TMC-OPhF5 (1.95 g, 6 mmol, 12 equiv) and TMC (1.53 g, 15 mmol, 30 equiv) were added into a round 

bottom flask. To avoid water presence, dried toluene was added to the reaction flask and then the 

solvent was evaporated under vacuum. After solvent evaporation, the reaction flask was flushed with 

Ar. Dichloromethane was added to the mixture with a syringe, Under Ar, 4 mL DCM (1 M with respect 

to TMCP) was added into the flask. The TMCP only partially dissolved at this concentration. Triflic acid 
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(85 µL, 0.4 mmol, 2 equiv.) was added to the stirring solution. As the reaction proceeded, the 

undissolved PTMCP slowly went into solution. The reaction was monitored by 1H NMR. Once the 

conversion of TMC-OPhF5 and TMC reached 95% or higher, the reaction was stopped. The crude 

polymer was directly precipitated into diethyl ether twice, isolated, and freeze dried to obtain the product.  

Copolymer composition was calculated by using the protons of PEG (3.65-3.7 ppm), terminal methyl 

unit (singlet at 3.38 ppm), TMC CH2 (multiplet, 2.02-2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), 

TMC(O-PhF5) CH2 (singlet, 4.44-4.48), TMC(O-PhF5) CH3 (singlet, 1.48-1.50). GPC (RI): Mn (Ð) = 9.00 

kDa (1.3).  

(2) PEG22-(TMCI-r-TMC) synthesis: Freeze dried PEG-P[(TMC-OPhF5)10-r-TMC30] (145 mg, 0.02 

mmol, 1 equiv.) was dissolved in 1 ml dry THF and cooled on an ice-bath. Next, a 0.5 mL THF solution 

containing 1-(3-aminopropyl)imidazole (20 mg, 0.16 mmol, 1.15 equiv. with respect to 

pentafluorophenyl ester) and trimethylamine (TEA, 22.3 µL, 0.16 mmol, 1.15 equiv. with respect to 

pentafluorophenyl ester) were dropwise added. The ice bath was removed and the mixture was allowed 

to stir for an additional 90 minutes, after which the reaction solution was precipitated into diethyl ether 

twice, isolated and freeze dried to obtain PEG22-(TMCI10-r-TMC30). Copolymer composition was 

calculated by using the protons of PEG (3.65-3.7 ppm), terminal methyl unit (singlet at 3.38 ppm), TMC 

CH2 (multiplet, 2.02-2.08 ppm) and CH2 (triplet at 4.22-4.25 ppm), TMC(O-CH2CH2CH2 imidazole) 

(triplet, 2.96-3.07 ppm), TMC(O-CH2CH2CH2 imidazole) (multiplet, 1.76-1.85 ppm), TMC(O-

CH2CH2CH2 imidazole) (triplet, 3.86-3.93 ppm), TMC(O-CH2CH2CH2 imidazole) CH3 (singlet, 1.04-1.15 

ppm),  TMC(O-CH2CH2CH2 imidazole) (3 singlets 7.56 ppm, 7.11 ppm, 6.97 ppm). 

Synthesis of cisplatin prodrug: The cisplatin prodrug was synthesized following previously reported 

procedures.[14] In detail, cis-[PtCl2(NH3)2] was firstly oxidized into c,c,t-[Pt(NH3)2Cl2(OH)2]. Hydrogen 

peroxide (10.5 mL, 30 wt %) was added dropwise to an aqueous (7.5 mL) suspension of cis-

[PtCl2(NH3)2] (300.0 mg) at 50 °C. After a stirring period of 2 h, the mixture was cooled to room 

temperature. The solvent was reduced to about 2 mL by rotary evaporation, and the resulting solution 

was kept at 4 °C overnight. The pale yellow crystals were collected by filtration and washed with cold 

water and cold ether, and then dried in vacuum, yield: 53%. Then, to a solution of c,c,t-

[Pt(NH3)2Cl2(OH)2] (0.69 g, 2.05 mmol) in DMSO (10 mL) was added hexanoic anhydride (0.90 g, 4.2 

mmol), and the reaction mixture was stirred at room temperature for 48 h. Water was added to the 

mixture to precipitate a light yellow solid, which was dissolved in acetonitrile. Rotary evaporation of the 

acetonitrile solution resulted in a yellow solid, which was washed several times with diethyl ether and 

dried. The cisplatin prodrug was isolated in 42% (0.6 g) yield. 1H NMR (DMSO-d6) δ ppm 6.52 (s, 6H), 

2.21–2.17 (t, 4H), 1.48–1.41 (m, 4H), 1.30–1.19 (m, 8H), 0.87–0.83 (t, 6H). 

Synthesis of a dye labeled polymer (PEG22-PTMC30-Ce6): The chlorin e6 (Ce6) functionalized 

polymer was synthesized via a typical esterification reaction. Dried PEG-PTMC (2 g, 0.5 mmol), chlorin 

e6 (0.447 g, 0.75 mmol), DCC (0.412 g, 2 mmol), DIPEA (0.650 g, 5 mmol) and DMAP (0.244 g, 0.2 

mmol) were dissolved in 20 mL DMSO and stirred for 48 h at 25 °C. After the reaction, the precipitated 

dicyclohexylurea (DCU) was filtered off and the mixture was dialyzed against DMSO for 2 days and 

dioxane for 1 day. The obtained mixture was cooled down with liquid nitrogen and freeze dried. The 
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product was characterized by 1H NMR, UV-Vis analysis and SEC. 

5.3. Nanoparticle formation and acidity induced transformation 

Direct hydration for the nanoparticle formulation: A solution of P22-TMCI-TMC or P22-TMC-TMCI in 

PEG-350 was prepared at 10 wt.% (40 mg of copolymer can be weighed into Eppendorf with 360 mg 

of PEG-350; heating at 40 °C and thorough mixing with a Gilson Microman E pipette (essential for this 

work) will aid in copolymer dissolution . After mixing and then spinning down the copolymer solution, 10 

µL was placed at the bottom of a glass vial and, with gentle stirring at around 250 rpm, 90 µL of PBS 

buffer (pH7.4) was added. After 5 min of mixing a cloudy suspension was formed and subsequently 

diluted by adding 900 µL of PBS buffer to give a nanoparticle suspension at 1 mg/mL [copolymer]).  

Direct hydration to form polymersomes from PEG22-PCl30-PTMC28: A solution of P22-PCl30-PTMC28 

in PEG-350 was prepared at 10 wt.% (40 mg of copolymer was weighed into Eppendorf with 360 mg of 

PEG-350, heating at 40 °C and thorough mixing with a Gilson Microman E pipette (essential for this 

work) will aid in copolymer dissolution . After mixing and then spinning down the copolymer solution, 20 

µL was placed at the bottom of a glass vial and, with gentle stirring at around 250 rpm, 80 µL of MQ 

was added. After 5 min of mixing a cloudy suspension was formed and this was subsequently diluted 

by adding 900 µL of MQ to give a nanoparticle suspension at 2 mg/mL [copolymer]).  

Acidity-induced transformation: Experiments were performed in cuvettes by addition of a 

concentrated HCl solution (0.01 M) to a 1 mL solution of the nanoparticles in pH 7.4 PBS formed via 

the above direct hydration method, to achieve the desired  pH. The size change and surface zeta 

potential were measured real time by DLS. Samples at certain time points were extracted for SEM, 

cryo-TEM, and AF4 measurements. 

Critical aggregation concentration (CAC) determination: The CAC determination was performed 

via an ANS fluorescence assay. A 1 mg/ml nanoparticle solution was prepared first, then diluted to 0.09, 

0.08, 0.07, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, 0.009, 0.008, 0.007, 0.006, 0.005, 0.004, 0.003, 0.002, 

and 0.001 mg/ml. 10 µL of ANS solution at 1 mM was added to the bottom of each well of a Black 

Chimney 96-well plate. Then 190 µL of each dilution was added on top of it. The fluorescence in each 

well was measured by a plate reader.  

5.4 Drug loading and release profile 

A solution of cisplatin prodrug in PEG-350 was prepared at 10 wt.% (40 mg of cisplatin prodrug was 

weighed into an Eppendorf tube with 360 mg of PEG-350; heating at 40 °C and thorough mixing with a 

Gilson Microman E pipettes (essential for this work) was performed to ensure copolymer dissolution . 

To load the cisplatin prodrug in the nanoparticles, 2 L of the cisplatin prodrug in PEG-350 (10 wt. %) 

was mixed with 20 L of the polymer in PEG350 and heated at 40 °C. Then the mixture was placed at 

the bottom of a glass vial and, with gentle stirring at around 250 rpm, 180 µL of PBS buffer (pH 7.4) 

was added. After 5 min of mixing, 800 µL PBS buffer was added to dilute the sample. Cisplatin prodrug 

loaded nanoparticles were obtained after centrifugal separation via ultrafiltration (Cut-off 10 kDa). The 

amount of un-encapsulated cisplatin prodrug in the dialysate was quantitatively measured by a UV-vis 

method following a reported procedure.  
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The drug encapsulation was calculated by the following equation: 

Encapsulation Efficiency (%) = (mdrug-loaded / mdrug) 100 

mdrug-loaded and mdrug are amounts of drug encapsulated in the nanoparticles and total drug added, 

respectively. 

For the drug release profile, 2 mL of drug-loaded nanoparticles in the dialysis bag (Cut-off 3.5 kDa) was 

added into 18 mL of pH 7.4, pH 6.5 or pH 5.5 PBS at 37 °C. At specified time intervals, the concentration 

of Pt was measured by a UV-vis method following reported procedures.  

5.5 Cell studies 

Cytotoxicity evaluation: HepG2 and HeLa cells were cultured in DMEM medium containing 10 % FBS, 

1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. The relative cell viability in the 

presence of different compounds (nanoparticles, prodrug loaded nanoparticles, and free prodrug) was 

evaluated in vitro by an MTT assay. The cells were seeded in 96-well plates at a density of 5 × 103 cells 

per well in 100 μL complete DMEM medium and cultured for 24 h at 37 °C. Subsequently, the cells 

were incubated with the corresponding compounds at different concentrations for 24, or 48 h, 

respectively. The cells were washed and fresh medium containing MTT was added into each plate. The 

cells were incubated for another 4 h. After removing the medium containing MTT, dimethyl sulfoxide 

(100 μL) was added to each well to dissolve the formazan crystals. Finally, the plate was gently shaken 

for 5 min and the absorbance at 490 nm was recorded with a microplate reader. 

Cellular uptake studies: 

(1) Fluorescent imaging study: HepG2 cells were cultured in DMEM medium containing 10 % FBS, 

1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HepG2 cells were seeded in a 96-

well bottom black plate for 24 h, and then the medium was refreshed. The cells were treated with dye-

labeled nanoparticles (50 µg/ml) for 0.5, 1, and 2 h, respectively at pH 7.4 and pH 6.5. After specific 

incubation time, the medium was removed, and the cells were washed with PBS buffer (pH 7.4) three 

times. Thereafter, the cells were stained with Hoechst 33342 for 10 min and fixed with 4.0 % 

formaldehyde at room temperature for 15 min. After 4.0 % formaldehyde was removed and the cells 

were washed with PBS buffer (pH 7.4) three times, the fluorescence images of the cells were captured 

using a Keyence BZ-9000 fluor-microscope or Leica TCS SP5X with different channels.  

(2) Flow cytometry study: HepG2 cells were cultured in DMEM medium containing 10 % FBS, 1 % 

penicillin/streptomycin in 5 % CO2 at 37 °C. HepG2 cells were seeded in 6-well plates (1 × 105 cells/well) 

and cultured in complete medium for 24 h. The cells were treated with dye-labeled nanoparticles (50 

µg/ml) for 0.5, 1, and 2 h, respectively at pH 7.4 and pH 6.5. Then the cells were washed with medium, 

subsequently harvested and washed two times with cold PBS and re-suspended in 500 μL PBS. Finally, 

cells were analyzed by a flow cytometer (Beckman Coulter Cytomics Altra). 

Penetration studies with 3D multicellular spheroids (MTSs): 3D multi-cellular spheroids (MCSs) 

were prepared according to a literature procedure with slight modifications. Agarose coated 96-well 

plates were prepared first.[16] In detail, 0.15 g of agarose was added to 10 ml of low glucose DMEM 
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(1.5% wt/vol) in an appropriate beaker, sealed with aluminum foil or a lid and autoclaved for 20 min at 

120 oC. Next 50 µl of the hot (80~90 oC) solution was added to each well of a 96-well plate (flat bottomed) 

under sterile conditions. The agarose solidified within seconds to minutes to produce a concave surface. 

HepG2 cells (200 μL, 1 × 104 cells mL−1 in high glucose DMEM medium) or a mixture of NIH 3T3 cells 

and HepG2 cells (5:1 ratio, 200 μL, 6 × 104 cells mL−1 in high glucose DMEM medium) were cultured in 

the above agarose-coated 96-wel plates, followed by incubation at 37 °C with 5% CO2 humidified 

atmosphere for 4 days for the production of MCSs. Then the MCSs were treated with dye-labeled 

nanoparticles for 2 h or 18 h at pH 7.4 and pH 6.5. The MCSs were carefully washed with cold PBS and 

observed with CLSM. 

6. Supplemental tables and figures 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table S1. General method for the AF4 analysis. The flow conditions applied were the 

following: 0.7 mL min-1 detector flow, 1.50 mL min-1 focus flow and 0.20 mL min-1 injection flow. 

 

Supplementary Figure S1. Comparison of the -CH- peaks for monomeric and polymeric (TMC-OPhF5)  

Start 

time 

End 

time(min) 

Mode Crossflow 

start (mL min-

Crossflow end 

(mL min-1) 

0 1 Elution 0.50 0.50 

1 2 Focus - - 

2 3 Focus + 

inject 

- - 

3 4 Focus - - 

4 19 Elution 0.50 0.50 

19 22 Elution 0.50 0.00 

22 28 Elution 0.00 0.00 

28 29 Elution + 

inject 

0.00 0.00 

29 30 Elution 0.00 0.00 



Transformable Polycarbonate Nanoparticles 

53 
 

 

Supplementary Figure S2. Comparison of the 19F NMR resonances in the TMC-OPhF5 monomer (A),  

PTMC(O-PhF5) polymer (B), Monitoring of the post-polymerization (C) and the resultant pH responsive 

poly-carbonates (D).  

 

Supplementary Figure S3. Comparison of the 1H NMR resonances of the polymer signals in a) block-

copolymer and b) random copolymer, the signals correspond to the TMC CH2 (triplet at 4.18-4.28 ppm) 

and TMC(O-PhF5) CH2 (4.40-4.48).  
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Supplementary Table S2. GPC analysis of precursor polymers 

 

 

 

 

 

 

 

 

 

 

Supplementary Table S3. Summary of size change behavior of the nanoparticles composed of the 

different block copolymers as measured by DLS. 

 

Supplementary Figure S4. (Left) Size transformation of PEG22-TMC30-TMCI7 nanoparticles monitored 

by DLS incubated at pH 7.4, 6.5 and 5, (Right) initial size in pH 7.4 and resultant size in pH 6.5 and 5.0 

environment after 2 h incubation. 

Entry Sample Mn / kDa GPC ( Ɖ) 

1 PEG
22

PTMC
23

 5.2 1.08 

2 PEG
22

PTMC
23

PTMC(O-PhF5)
8
 8.2 1.10 

3 PEG
22

PTMC
30

 5.6 1.08 

4 PEG
22

PTMC
30

PTMC(O-PhF5)
7
 8.8 1.18 

5 PEG
22

PTMC
30

PTMC(O-PhF5)
10

 8.9 1.12 

6 PEG
22

PTMC(O-PhF5)
7
PTMC

30
 7.9 1.27 

7 PEG
22

PTMC(O-PhF5)
10

PTMC
32

 8.1 1.23 

8 PEG
22[PTMC(O-PhF5)10-r-PTMC

32] 9.0 1.30 

9 PEG
22

PTMC
30

-Ce6 5.9 1.11 

Composition (1H NMR) 
Average hydrodynamic size/nm 

pH 7.4 pH 5.0 

PEG22-TMC23-TMCI7 43 17 

PEG22-TMC30-TMCI7 96 23 

PEG22-TMC30-TMCI10  Visible aggregates  

PEG22-TMCI7-TMC30 127 43 

PEG22-TMCI10-TMC32 141 45 

PEG22-(TMCI10-r-TMC32) 173 626 (PDI>0.5) 

PEG22-PTMC30 21 21 

PEG22-PCl30-PTMC28 129 129 
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Supplementary Figure S5. a) Real-time size change of PEG22-TMCI7-TMC30 nanoparticles incubated 

in pH 6.5 PBS buffer; b) correlation coefficient curve changes of PEG22-TMCI7-TMC30 nanoparticles 

incubated in pH 6.5 PBS buffer; c) size of the PEG22-TMCI7-TMC30 nanoparticles in pH 7.4 PBS and 

incubated in pH 6.5 buffer for 4 h. 

 

Supplementary Figure S6. (Left) Size change of PEG22-TMCI10-TMC32 nanoparticles monitored by 

DLS incubated at pH 7.4 and 6.5 after 2 h incubation, (Right) the resultant size of PEG22-TMCI10-TMC32 

nanoparticles measured by DLS at pH 7.4, 6.5 and 5.0 after 2 h incubation. 

 

Supplementary Figure S7. (Left) Size change and (Right) derived count rates of PEG22-(TMCI10-r-

2 
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TMC32) measured by DLS at pH 7.4 and 5.0. 

 

Supplementary Figure S8. (Left) Size change behavior of PEG22-PCL30-PTMC28 polymersomes after 

incubation in pH 7.4, 6.5 and 5 buffer; (Right) surface zeta potential change behavior of PEG22-PCl30-

PTMC28 polymersomes after incubation in pH 7.4, 6.5, and 5 buffer. 

 

Supplementary Figure S9. SEM imaging of the nanoparticles composed of PEG22-TMCI7-TMC30 at pH 

7.4 (Left) and incubated at pH 6.5 for 2 h (Right). 

 

Supplementary Figure S10. The radius of gyration (Rg) divided by the hydrodynamic radius (Rh) over 

the entire size distribution peak of PEG22-TMCI7-TMC30 MLNs at pH 7.4 PBS (Left) and after incubation 

at pH 5.0 PBS (Right).  

 

Supplementary Figure S11. (left) AF4 fractogram of PEG22-TMCI7-TMC30 nanoparticles incubated at 
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pH 6.5 after 2 h and (right) the size distribution data extracted from AF4-DLS measurements of 

nanoparticles at pH 7.5, 6.5 and 5 after incubation for 2 h. 

 

Supplementary Figure S12. The critical aggregation concentration (CAC) of PEG22-TMCI7-TMC30 

nanoparticles at pH 7.4 (left) and pH 6.5 (right) by the 1-anilino-8-naphthalene sulfonate (ANS) 

fluorescence assay. 

 

Supplementary Figure S13. Fluorescent images of HepG2 cells cultured with Ce6 labeled 

nanoparticles for 0.5 and 1 h at pH 7.4 and pH 6.5. Images were taken from (a, e, i, and m) the bright 

field, (b, f, j, and n) the Hoechst 33342 channel (nuclear stain), (c, g, k, and o) the Ce6 channel (particle 

stain) and (d, h, l, and p) the overlay. The scale bar is 20 μm. 
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Supplementary Figure S14. Flow cytometry results for the uptake of Ce6 labeled nanoparticles into 

HepG2 cells at pH 7.4 and 6.5 for different time points. 

 

Supplementary Figure S15. (Left) viability of HeLa cells against PEG22-TMCI7-TMC30 nanoparticle 

incubation at pH 7.4 or pH 6.5 for 24 h; (Right) viability of HepG2 cells against nanoparticle incubation 

at pH 7.4 or pH 6.5 for 24h. 

 

Supplementary Figure S16. (Left) The chemical structure of cisplatin prodrug; (Right) the release of 

Pt prodrug from the nanoparticles determined by a phenylenediamine based UV-vis assay. 

 

Supplementary Figure S17. a) Penetration profile of the transformable nanoparticles in the 3D multi-

cellular spheroids after 2 h incubation; b) Integrated fluorescence intensity of penetration at each 
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scanning depth, scale bar=200 µm. 

 

Supplementary Figure S18. Penetration profile of the transformable nanoparticles in the 3D multi-

cellular spheroids from HepG2 cells after 18 h incubation, scale bar=200 µm;  

 

Supplementary Figure S19. Penetration profile of the transformable nanoparticles in the 

heterospheroids formed with a mixture of HepG2 cells and fibroblasts 3T3 cells (1:5) after 18 h 

incubation, scale bar=200 µm. 
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ABSTRACT 

Engineering biodegradable nanostructures with precise morphological characteristics is a key 

objective in nanomedicine. In particular, asymmetric (i.e. non-spherical) nanoparticles are 

desirable due to the advantageous effects of shape in a biomedical context. Using molecular 

engineering, it is possible to program unique morphological features into the self-assembly of 

block copolymers. However, the criteria of biocompatibility and scalability limit progress due 

to the prevalence of non-degradable components and the use of toxic solvents during 

fabrication. To address this shortfall, a robust strategy for the fabrication of morphologically 

asymmetric nanoworms, comprising biodegradable block copolymers, has been developed in 

this chapter. Modular block copolymers comprising poly (ethylene glycol)-block-

poly(caprolactone-gradient-trimethylene carbonate) (PEG−PCLgTMC), with a terminal chain 

of quaternary ammonium-TMC (PTMC-Q), undergo self-assembly via direct hydration into 

well-defined nanostructures. By controlling the solution ionic strength during hydration, particle 

morphology switches from spherical micelles to nanoworms (of varying aspect ratio). This 

ionically-induced switch is driven by modulation of chain packing with electrolytes screening 

inter-chain repulsions, leading to micelle elongation. Nanoworms can be loaded with 

chemotherapeutics, such as doxorubicin, at high efficiency, preferentially interact with cancer 

cells, and display increased tumor penetration. The work in this chapter showcases the ability 

to program assembly of block copolymers and the potential of asymmetric nanosystems in 

anticancer drug delivery. 
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1. Introduction 

Precisely controlling the morphology of self-assembled polymer architectures is 

becoming a key paradigm for the design of nanomedical therapies, due to the important role 

parameters such as size, shape, surface chemistry and ligand density have on performance 

in vivo.[1] Significant advances have been made using asymmetric particles as the basis for 

therapeutic nanosystems due to their ability to successfully navigate key biological barriers 

and enhance the efficacy of specific interactions with target tissues.[2] For instance, high-

aspect-ratio nanostructures have been shown to result in enhanced specific accumulation and 

reduced nonspecific adhesion to cells, while displaying distinct uptake mechanisms.[3] The 

potential for asymmetric nanoparticles to improved therapeutic outcomes in, for example, 

anticancer drug delivery fuels interest in the development of new processes for their 

manufacture.[4] Different processes have been developed for the manufacture of asymmetric 

microparticles, such as PRINT (Particle Replication In non-wetting Template).[5] Another 

versatile approach involves block copolymers that undergo directed self-assembly (based 

upon physicochemical parameters associated with chain packing and intermolecular 

interactions); this facilitates the bottom-up programming of asymmetric nanosystems with 

versatile functionality.[6] Specific examples include polymerization induced self-assembly,[7] 

crystallization-driven self-assembly[8], or osmotically-induced shape transformation 

processes,[9] which result in asymmetric particles.[10] At present, there is however a dearth of 

polymeric technologies that have reached the market due to problems associated with 

synthetic accessibility, toxicity and/or reproducibility – arising from the tendency of copolymer 

engineering to focus on the use of non-biodegradable components and fabrication processes 

that introduce toxic solvents and result in non-uniform products. 

To overcome these barriers, we have recently developed technology for the formation of 

biodegradable nanovectors that can be fabricated using the direct hydration methodology.[11] 

The direct hydration methodology circumvents the use of toxic organic solvents and is a major 

step towards achieving controlled self-assembly under more biocompatible conditions. Block 

copolymers comprising poly(ethylene glycol)-poly(trimethylene carbonate) (PEG-PTMC) were 

utilized as the structural basis for drug-loaded nanovectors that were fabricated using direct 

hydration, whereby dissolution in oligo(ethylene glycol) (OEG) preceded the addition of buffer 

and formation of pristine particles that did not require any further purification before use in vitro 

or in vivo. Due to the highly uniform nature of PEG-PTMC copolymers that were prepared it 

was possible to precisely control the size of the resulting nanovectors; however, additional 

strategies are required to incorporate advanced characteristics, such as shape, into this 

system.[12] Precision engineering of block copolymers into well-defined (nano)-morphologies 
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is relatively unexplored – especially when using strictly biodegradable components and using 

the direct hydration approach for particle fabrication. 

In terms of BCP programming, self-assembly of amphiphilic copolymers is driven by 

hydrophobic self-association and modulated by the steric forces associated with the hydrated 

surface blocks. Systematic introduction of chemical triggers (such as pH-responsive, thermally 

responsive, or ionic sub-units) can be used to direct BCP assembly, engineering ‘smart’ 

nanostructures that are sensitive to their environment.[13] In particular, directing the self-

assembly of block copolymers by modulating their amphiphilic nature, tailoring interactions 

with ions in solution is an effective strategy to control particle morphology.[3b, 14] Tailoring the 

concentration and nature of the electrolytes, is a simple and effective strategy to achieve 

controlled self-assembly and dictate the final morphology of BCP assemblies.[3c] In recent work, 

we have demonstrated that osmotically-induced shape transformation can be applied to 

spherical polymersomes to direct the formation of either nanotubes or bowl-shaped 

stomatocytes, driven by the influence of salts and solvent composition on BCP packing.[9a, 15] 
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Figure 1. Programming the formation of biodegradable nanoworms via an ionically induced morphology 

switch toward asymmetric therapeutic carriers. a) Terpolymer chemical structure and ionically induced 

morphology switch between spherical micelles and nanoworms due to modulation of interchain 

interactions (due to the presence of quaternary ammonium block) in the absence/presence of NaCl. b) 

The proposed membrane interactions between cationic nanoworms and (negatively charged) cancer 

cell membranes leading to enhanced membrane permeability and preferential delivery of therapeutic 

payloads. (Scale bars= 200 nm) 

Inspired by this, we here report a strategy for the controlled formation of biodegradable 

nanoworms using an ionically-induced trigger directing the packing of a tertiary chain 

comprising cationic derivatives of PTMC (PTMC-Q) (Figure 1). Molecular programming of 

block copolymers provides a novel route towards the formation of cationic, asymmetric 

nanoworms, an exciting platform for applications in nanomedicine where the elongated 

nanostructures and positive charge can enhance interactions with cellular surfaces and drive 

integration of therapeutic cargo.[16] Furthermore, due to the increased negative charge of 

cancer cell membranes, nanoparticles bearing controlled degrees of positive charge are 

capable of electrostatically-driven specificity, a morphology-driven (as opposed to ligand 

affinity) targeting mechanism.[17] 

2. Results and discussion 

2.1 Molecular programming of block copolymers 

Molecular programming of block copolymers was accomplished using a modular 

polymerization approach, producing amphiphilic terpolymers with well-defined chemical 

characteristics (Supplementary Information). Poly(ethylene glycol)-block-poly(caprolactone-

gradient-trimethylene carbonate) (PEG-PCLgTMC) copolymers were utilized as the basis for 

this system due to their established capacity in generating well-defined polymer assemblies 

(using the direct hydration process) and their biodegradability/biocompatibility.[11, 18] Although 

PCL is a crystalline polymer, PTMC counteracts this property by providing the necessary 

fluidity to enable effective chain packing whilst maintaining the rigidity necessary to generate 

higher-order polymeric nanostructures like polymersomes.[11, 19] Conversely, copolymers 

comprising PEG-PTMC alone will only form spherical micelles due to the flexibility of the 

PTMC block.[12a] As we have demonstrated, copolymers of PCL and PTMC can (under certain 

conditions) form worm-like structures; however, isolating the worm phase is challenging and 

requires an additional strategy to balance membrane rigidity with the high surface curvature 

required for micelle formation.[11] To accomplish this, we utilized copolymers based upon 

PEG22-PCL30gTMC30 (ca. 7.5 kDa, termed as TerP22) for the engineering of asymmetric 

nanoparticles. PCL30gTMC30 provides sufficient flexibility to maintain the hydrophobic 

membrane overextended length scales. Using TerP22 as a macro-initiator a bromide-functional 
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TMC derivative was polymerized onto the PTMC chain end.[20] Via a nucleophilic substitution 

reaction, the bromides were replaced by quaternary ammonium groups to provide the 

enhanced surface curvature required to generate (high surface curvature) micellar 

architectures. A series of well-defined (Ɖ ≈ 1.1) terpolymers (TerP22-Q) was prepared in which 

the length of the ternary block was systematically varied yielding TerP22-Qn block copolymers 

(where n = 6, 11 and 20 repeats), to investigate the effect of hydrophilic portion and charge 

density on the self-assembly process (Scheme S1, and supplementary Table S2).[16a] 

Because electrostatic repulsions between the highly charged PTMC-Q blocks will induce the 

formation of high surface curvature nanoparticles (i.e. micelles) we anticipated that the 

concentration of salt present during formation (screening electrostatic repulsions) will be a key 

factor in controlling assembly of these TerP22-Q copolymers. 

2.2 Nanoworm formation via direct hydration 

TerP22-Q block copolymers were all compatible with the direct hydration process, 

whereby a 10 wt% solution was prepared in oligo (ethylene glycol) (OEG) before the addition 

of water (or salt solution) and stirring at room temperature for 5 min. TerP22-Q block 

copolymers were hydrated using solutions of increasing [NaCl] from 0-400 mM to determine 

the effect of ionic strength on self-assembly. From dynamic light scattering (DLS) data it was 

evident that the structural evolution using all 3 copolymers was significantly different. In 

general terms, under conditions where the molecular volume of a hydrophilic copolymer block 

increases (e.g. due to increased molecular weight or hydration) dynamic assembly tends to 

favor the (high surface curvature) spherical micelle phase, where the packing parameter (P) 

≤ 1/3. Under conditions where the hydrophilic volume decreases (or hydrophobic volume 

increases), lower surface curvature phases like elongated worms (or vesicles) are favored.[21] 

Firstly, terpolymers bearing the longest PTMC-Q terminal block (TerP22-Q20) appeared to form 

uniform micelles under all conditions with nearly the same hydrodynamic radius of ca. 25-30 

nm (Supplementary Figure S1). TerP22-Q20 did not transform into asymmetric particles due 

to the strong repulsions between cationic chains and the large hydrophilic volume, maximizing 

surface curvature (i.e. spherical micelles, SMs). Cryo-TEM microscopy confirmed the 

presence of SMs in samples of TerP22-Q20 (Supplementary Figure S1), and quantitative 

insight was obtained using asymmetric flow field-flow fractionation (AF4) coupled with multi-

angle light scattering (MALS) and DLS. Measurements of the shape factor (ρ) provided insight 

into nanoparticle shape by comparison of the radius of gyration (Rg) and Rh (ρ = Rg / Rh). 

Indeed, TerP22-Q20 SMs (hydrated into water or 200 mM NaCl) eluted after 10-12 minutes with 

ρ values ranging from 0.7-0.75, indicative of micelles that possess a dense core and hydrated 

corona (Supplementary Figure S1).  
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Table 1. (a) Chemical structure of different terpolymers based on PEG-PCLgPTMC; (b) Particle 

characterization of terpolymers self-assembled via direct hydration into (i) water, (ii) 200 mM or (iii) 600 

mM NaCl. 

To reduce the strength of electrostatic repulsions between PTMC-Q blocks, we 

decreased the cationic segment thus reducing the volume of the quaternary ammonium block. 

In contrast to the behavior of TerP22-Q20, the self-assembly of TerP22-Q11 clearly showed a 

response to ionic strength during the hydration step. When hydrated in Milli-Q water, TerP22-

Q11 formed uniform spherical micelles (SMs) with hydrodynamic radius (Rh) of ca. 22 nm 

(Figure 2a). Cryo-TEM microscopy, AF4-MALS, and DLS confirmed the presence of SMs in 

samples of TerP22-Q11 hydrated in Milli-Q water (Figure 2c). Indeed, TerP22-Q11 SMs eluted 

after 10-12 minutes with ρ values ranging from 0.7-0.75 (Figure 2e). However, when TerP22-

Q11 was hydrated into salt solution with [NaCl] ≥ 100 mM, DLS measurements identified a 

change in nanoparticle morphology with the presence of a significant population at >100 nm 

(Supplementary Figure S2). Cryo-TEM clearly identified this new morphology as nanoworms 

(NWs) in samples of TerP22-Q11 hydrated into 100-400 mM NaCl (Figure 2d, Supplementary 

Figure S3). Using AF4, NWs eluted later than SMs (after 20-22 mins) and possessed 

characteristic shape factor (ρ) values of ca. 1.8-2.3, indicative of highly elongated 

nanostructures (Figure 2f, Supplementary Figure S4 & S5). It was apparent from AF4 data 
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that the Rg of NWs tended to increase with [NaCl], which was supported by cryo-TEM images, 

indicating that increasing ionic strength yielded more elongated worms (Supplementary 

Table S3). To further increase our understanding of this system, gaining further insight into 

the self-assembly behavior, Terp22-Q copolymers with shorter Q block were prepared to 

explore its effect on nanoparticle morphology. Further decreasing the length of the cationic 

block (TerP22-Q6) seemed to negate the ionically-induced morphology switch, as NWs were 

observed under all conditions. DLS measurements identified that larger (>100 nm) particles 

formed after hydration of TerP22-Q6 into the water, which persisted at all salt concentrations 

(Supplementary Figure S6). Cryo-TEM identified NWs in the absence and presence of 

different NaCl concentration solutions (Supplementary Figure S7), characterized by ρ values 

higher than 1.7, which are indicative of highly elongated nanostructures (Supplementary 

Figure S8 & S9 and Table S4).  

The unique capacity of TerP22-Qn (where n = 6 or 11) to undergo programmed assembly 

into NWs was evident when contrasted to control polymers like TerP22-Br6 (the synthetic 

precursor to TerP22-Q6) and TerP22-G5 (where the quaternary ammonium was replaced with a 

cationic guanidinium moiety – all chemical structures of copolymers synthesized are listed in 

Table 1 and the Supplementary Information). Neither TerP22-Br6 nor TerP22-G5 showed any 

capacity to undergo assembly into well-defined NWs and, instead, formed well-defined SMs 

(Supplementary Figure S10). Although this property was expected from uncharged TerP22-

Br6, it was surprising that the cationic guanidinium analog did not form NWs in the same 

fashion as the quaternary ammonium derivative TerP22-Q6. This was likely caused by the 

distinct nature of the head group, TerP22-G5; resulting in higher surface curvature, which could 

not be overcome even upon addition of up to 400 mM NaCl. Presumably, this behavior was 

caused by the frustrated packing of the side chain and strong hydration forces of the 

guanidinium moiety, driving the formation of high surface curvature (spherical) micelles.[22] The 

significant impact molecular design has upon the resulting morphology was furthermore 

illustrated when the 1 kDa PEG block was replaced by a 2 kDa chain. Indeed, the 2 kDa PEG-

based TerP44-Q20 underwent assembly into elongated NWs at a high concentration of NaCl 

(Supplementary Figure S11 & S12 & S13, Table S5), however, they were significantly 

reduced in length and the proportion of SMs when hydrated in ≤400 mM NaCl solution was 

much greater compared to the 1kDa analog. The above observations provide evidence to 

support the role of PTMC-Q in directing the ionically-induced morphology switch of TerP22 

copolymers (Table 1). Taken together this highlights the unique capacity of TerP22-Q block 

copolymers to undergo self-assembly into NWs, programmed into the molecular structure and 

giving rise to unique supramolecular behavior.  
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Figure 2. Well-defined spherical micelles (SMs) and elongated nanoworms (NWs) comprising TerP22-

Q11 terpolymers. a) DLS curve of TerP22-Q11 terpolymers hydrated in Milli-Q or 200 mM NaCl. b) 

Hydrodynamic size determined by DLS measurements of TerP22-Q11 terpolymers hydrated in different 

concentrations of NaCl. Cryo-TEM images of c) SMs and d) NWs (scale bars = 200 nm). AF4 

fractogram (scattering profile in black) of e) SMs hydrated in Milli-Q and f) NWs hydrated in 200 mM 

NaCl, comparing the radius of gyration (Rg, blue) to the hydrodynamic radius (Rh, red).  

2.3 Nanoworms enhance cell membrane interactions 

As already mentioned, high aspect-ratio nanostructures are exciting targets for 

nanomedical investigation due to their improved biological performance and ability to enhance 

interactions with living cells.[23] In particular, the ability to direct nanoparticles towards cancer 

cells, which typically possess a more negative surface charge, using electrostatic targeting is 

an application deserving further investigation as a general strategy to increase the specificity 
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of anticancer therapies.[17a, 24] With this in mind, we undertook preliminary testing to explore 

the advantageous properties of NWs comprising TerP22-Q11, comparing them to SMs and an 

uncharged nanoparticle control system (UPs), comprising PEG22-PCL30gTMC30.[11] Firstly, the 

stability of SMs and NWs comprising TerP22-Q11 when transferred into PBS or cell culture 

medium – of critical importance for potential application in biomedical research – was 

confirmed using DLS (Supplementary Figure S14 & S15 & S16). The critical aggregation 

concentration (CAC) was determined using a 1-anilino-8-naphthalenesulfonate (ANS) assay. 

CAC values of SMs were measured at ca. 0.030 mg ml-1 (2.7 μM), with NWs displaying a 

slightly lower CAC at ca. 0.022 mg mL-1 (2.0 μM) (Supplementary Figure S17). Zeta-potential 

measurements of TerP22-Q11 SMs and NWs highlighted the same charge characteristics in 

both systems (as expected) with values of 25 ± 3 mv and 27 ± 4 mV, respectively, which can 

drive electrostatic interactions with the anionic cancer cell membrane (Supplementary Figure 

S18).  

 

Figure 3. In vitro performance of SMs and NWs comprising TerP22-Q11. a) Confocal images of HepG2 

cells treated with Ce6-labeled SMs and NWs from TerP22-Q11 for 2 h (scale bar = 50 μm, blue: Hoechst; 

green: cell mask; red: SMs or NWs). b) relative fluorescent intensity of red channels in (a) analyzed by 

Image J. Cell viability of c) HeLa cells, d) HepG2 cells, e) MCF-7 cells, f) MCF-7/ADR and g) NIH 3T3 

cells after treatment with different concentrations of PEG-PCLgTMC nanoparticles (UPs), SMs and 

NWs. 

Conducting in vitro studies we found that, indeed, adhesion to cancer cells (HepG2) was 

enhanced for cationic particles. Elongated NWs showed a two-fold increase in binding to 

cancer cell membranes as compared to SMs, which is understandable given the polyvalent 

nature of interactions between high aspect ratio structures and the external cell membrane 

(Figure 3a, 3b, and Supplementary Figure S19). To explore the potential of cationic NWs to 

interact specifically with cancer cells we compared the effect of the presence of NWs on the 

viability of HeLa, HepG2 and MCF-7 cells with multi-drug resistant MCF-7/ADR and healthy 

fibroblast (NIH 3T3) cells (Figure 3c-g). Uncharged control particles (UPs) did not show any 
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significant toxicity towards any cell lines at concentrations of up to 0.5 mg mL-1 (cell viability ≥ 

90 %). However, both SMs and NWs displayed toxicity towards cancer cells, as evidenced by 

the low IC50 in HeLa cells (SMs IC50: 28.41 µg ml-1. NWs IC50: 13.8 µg ml-1, Figure 3c), HepG2 

cells (SMs IC50: 207.1 µg ml-1. NWs IC50: 27.9 µg ml-1, Figure 3d), and MCF-7 cells (SMs IC50: 

21.0 µg ml-1. NWs IC50: 1.1 µg ml-1, Figure 3e, supplementary Table S6). This toxicity was 

significantly reduced with drug-resistant cell line MCF-7/ADR (SMs IC50> 500 µg ml-1; NWs 

IC50: 419 µg ml-1, Figure 3f), or healthy cell line NIH 3T3 (SMs IC50> 500 µg ml-1; NWs IC50: 

354 µg ml-1, Figure 3g). Specific toxicity against cancer cells can be explained by the higher 

abundance of anionic lipids in the lipid membrane; this selectivity of the cationic polymer 

assemblies for cancer cells highlights their therapeutic potential. However, we should note 

that this specificity does not necessarily extend to all cancer cell types, with drug-resistant 

MCF-7/ADR cells resisting this behavior. 

 

Figure 4. In vitro performance of SMs and NWs comprising TerP22-Q11. a) Confocal images displaying 

penetration of SMs and NWs co-incubated with 3D HeLa: 3T3 multicellular spheroids (MCSs, Scanning 

depth: 30 μm. Blue: Hoechst; Green: BODIPY dye-labeled NWs; Red: SMs, scale bar = 100 μm, inset: 

zoom-in of the imaging). b) Confocal images of HepG2 cells treated with DOX-loaded NWs for 1 h 

(scale bar = 50 μm. Blue: Hoechst; Green: BODIPY dye-labeled NWs; Red: DOX).        

2.4. Penetration into 3D tumor multi-cellular spheroids 

Furthermore, to demonstrate the capacity of NWs towards anticancer therapy we 

examined their ability to penetrate a 3D tumor model. Indeed, we found that the enhanced 

interactions between NWs and the cell membrane, besides the distinctive elongated 

morphology, resulted in improved permeation into 3D multicellular spheroids comprising 

cancer and healthy fibroblast cells (HeLa:3T3 = 1:5) (Figure 4a).[25] After 18 h incubation, it 

was apparent that BODIPY-labeled NWs out-performed Chlorin e6 (Ce6)-labeled SMs in the 

same spheroid – a property uniquely connected to their morphology due to the identical nature 
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of the block copolymers in both cases (Supplementary Figure S20). Furthermore, incubation 

of spheroids with either BODIPY-labeled SMs or BODIPY-labeled NWs further confirmed this, 

highlighting that high-aspect-ratio NWs have enhanced tumor penetration propensity under 

physiological conditions (Supplementary Figure S21). Although this enhanced penetration 

can potentially be tuned through closer control over the aspect ratio of asymmetric 

nanoparticles,[26] our present system possesses a relatively wide range of aspect ratios over 

4 (according to cryo-TEM data). 

 

Figure 5. In vitro performance of drug-loaded SMs and NWs comprising TerP22-Q11. a) Average DOX 

intensity in the nucleus obtained by confocal images and analyzed by Image J after cells were incubated 

with free DOX (black), DOX@UPs (red), DOX@SMs (green), or DOX@NWs (blue), scale bar=20 µm. 

b) Fluorescence intensity of propidium iodide (PI) in MCF-7/ADR cells, c) average DOX fluorescent 

intensity in the nucleus after different treatment analysis via image J. d) intracellular ROS (assessed by 

CM-DCF fluorescence) after treatment with PBS, 500 µg ml-1 of UPs (black), SMs (red) or NWs (blue) 

(for 24 h and using 0.5 mM H2O2 challenge for 5 min as a control in the ROS study). e) Cell viability of 

MCF-7/ADR cells after treatment with either free DOX (black), DOX@UPs (red), DOX@SMs (green) or 

DOX@NWs (blue). Significance was assessed using one-way ANOVA, followed by Tukey’s multiple 

comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001). 

2.5. Chemotherapy towards MDR cells 

Loading particles with a model chemotherapeutic drug (doxorubicin, DOX) was 

conducted in order to demonstrate drug delivery capacity that, when combined with 

electrostatic targeting of cancer cells, could have potential as a nanomedical technology.[27] 

DOX-loaded SMs and NWs (fabricated with 83 ± 6 % efficiency and 4.1 ± 0.3 wt% loading, 

Supplementary Figure S22) showed effective delivery into cells after only 1 h incubation time, 
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concomitant with particle uptake by cells (Figure 4b, Supplementary Figure S23). 

Significantly, SMs and NWs were able to improve the DOX retention in the cell nucleus against 

a resistant cell line (MCF-7/ADR), when compared with free DOX and DOX-loaded UPs 

(Figure 5a, Supplementary Figure S24). This effect was likely enhanced through strong 

interactions with (and subsequent destabilization of) the plasma membrane. Indeed, increased 

permeability of MCF-7/ADR cells (as indicated by propidium iodide, PI, signal – Figure 5b, 

and Supplementary Figure S25) and enhanced ROS induction (Figure 5c, Supplementary 

Figure S26) after incubation with SMs and NWs (as compared to UPs) demonstrated the 

destabilizing effect of these charged nanoparticles. As a result, SMs and NWs were able to 

improve the efficacy of DOX against MCF-7/ADR cells, decreasing the IC50 from >25 µg ml-1 

down to 3.0 and 1.9 µg ml-1, respectively (Figure 5d, supplementary Table S7), as compared 

to UPs. Even though specific binding to MCF-7/ADR cells was not as pronounced as other 

cancer cell lines, a marked increase in the efficacy of DOX was observed, likely due to 

enhanced drug bioavailability within this resistant cell line. Such mechanisms for overcoming 

drug-resistance, by enhancing intracellular drug delivery, can provide exciting new pathways 

for anticancer therapeutics.[28] 

3. Conclusion 

In summary, we have applied the direct hydration approach for the preparation of well-

controlled biodegradable nanoworms, with a high-aspect ratio, generated through an ionically-

induced morphology switch of cationic terpolymer molecules. This provides a new direction 

for the engineering of nanoparticles with tailored morphologies and properties that can be 

applied as therapeutic carriers for enhanced drug delivery. Although the biochemical 

mechanism will certainly need further exploration, the observed cancer specificity of positively 

charged nanoworms (with improved tumor penetration and directed drug uptake) makes this 

an exciting system, with great potential for biomedical research where shape and size control 

is of critical importance. 
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5. Experimental section 

5.1 Experimental materials and instruments 

Materials: Poly(ethylene glycol) methyl ether (mPEG, Mn 1 kDa, Mn 2 kDa) was purchased from Rapp 

Polymers. Sodium chloride (NaCl) was obtained from Merck. ε-Caprolactone (Sigma, 99%), 1,3-dioxan-

2-one (TCI Europe, 98%), 3-bromopropan-1-ol (Sigma, 99%), 2,2-bis(hydroxymethyl)propionic acid 

(Sigma, 99%), trimethylamine (Sigma, 98%), Chlorin e6 (Frontier Scientific, 93%~98%), N,N’-

dicyclohexylcarbodiimide (DCC, Sigma, 99%), 2-(dimethylamino)pyridine (DMAP, Sigma, 97%),  oxalyl 

chloride (Sigma, 99%), 1,3-di-boc-2-(2-hydroxyethyl)guanidine (Sigma, 96%), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, Sigma, 99%), trifluoroacetic acid (TCI Europe, 99%), 

methanesulfonic acid (MSA, Sigma, 99.5%), trimethylamine (ca. 13% in acetonitrile, ca. 2mol L-1) (TCI 

Europe) and all other chemicals were supplied by Sigma-Aldrich. BDP FL carboxylic acid was 

purchased from Lumiprobe. Trypsin-EDTA, penicillin-streptomycin, no mycoplasma fetal bovine serum 

(FBS), Dulbecco’s modified eagle medium (DMEM), phosphate buffered saline (PBS), Hoechst 33342, 

CellMask™ green plasma membrane stain were purchased from ThermoFisher Scientific. Ultra-pure 

MilliQ water obtained from a Labconco Water Pro PS purification system (18.2 ME) was used for the 

self-assembly.  

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H NMR spectra were recorded on a Bruker 

(400MHz) spectrometer with a Bruker Sample Case auto-sampler, with CDCl3, MeOD4 or DMSO-d6 as 

the solvent and TMS as an internal standard. 

Size-exclusion chromatography (SEC): the molecular weights and dispersity of the polymers were 

characterized by a SEC system. The SEC was conducted using a Shimadzu Prominence-i SEC system 

with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standard and equipped 

with a Shimadzu RID-20A differential refractive index detector. THF was used as an eluent with a flow 

rate of 1 mL/min. 

Dynamic Light Scattering (DLS): A Malvern Z90 Zetasizer equipped with a 633 nm He−Ne laser and 

an avalanche photodiode detector was used to characterize the hydrodynamic size of the particles. The 

scattering light at 173° angle was detected and used to analyze the size and distribution. 

Scanning Electron Microscopy (SEM):  Morphology of the nanoparticles was characterized by SEM 

(FEI Quanta 200 3D FEG). 

Cryogenic transmission electron microscopy (cryo-TEM): experiments were performed using a FEI 

Tecnai G2 Sphera (200 kV electron source) equipped with LaB6 filament utilizing a cryoholder or a FEI 

Titan (300 kV electron source) equipped with autoloader station. Samples for cryo-TEM were prepared 

by treating the grids (Lacey carbon coated, R2/2, Cu, 200 mesh, EM sciences) in a Cressington 208 
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carbon coater for 40 seconds. Then, 3 μl of the nanoparticle solution was pipetted on the grid and 

blotted in a Vitrobot MARK III at 100% humidity. The grid was blotted for 3 seconds (offset -3) and 

directly plunged and frozen in liquid ethane. 

Asymmetric Flow Field-Flow Fractionation: the asymmetric flow field-flow fractionation-UV-QELS 

(AF4-UV-QELS) experiments were performed on a Wyatt Dualtec AF4 instrument connected to a 

Shimadzu LC-2030 Prominence-i system with Shimadzu LC-2030 autosampler. The AF4 was 

connected to a Wyatt DAWN HELEOS II light scattering detector (MALS) installed at different angles 

(12.9 o, 20.6 o, 29.6 o, 37.4 o, 44.8 o, 53.0 o, 61.1 o, 70.1 o, 80.1 o, 90.0 o, 99.9 o, 109.9 o, 120.1 o, 130.5 
o, 149.1 o, and 157.8 o) using a laser operating at 664.5 nm and a Wyatt Optilab Rex refractive index 

detector. Detectors were normalized using Bovine Serum Albumin (BSA). The processing and analysis 

of the LS data and radius of gyration (Rg) calculations were performed on Astra 7 software (using the 

Berry model, which is recommended for particles of size > 50 nm). All AF4 fractionations were 

performed on an AF4 short channel with regenerated cellulose (RC) 10 kDa membrane (Millipore) and 

spacer of 350 μm. 

Ultraviolet–visible Spectroscopy (UV/Vis): The UV absorbance spectra were recorded on a Jasco 

V-650 UV/Vis spectrometer at 293 K 

Fluorescence imaging: A Keyence BZ-9000 fluor-microscope was used to obtain the fluorescent 

images. 

Microplate reader: Cell viability by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay, membrane permeability, ROS induction were evaluated by using a microplate 

reader (Safire2, TECAN). 

Confocal microscopy imaging: confocal microscopy was performed using the Leica Microsystems 

SP8x system and Leica TCS 264 SP5X. Confocal imaging of PEG22-PCl30-PTMC28 polymersomes was 

performed by using Zeiss LSM510 META NLO.  
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5.2. Experimental materials and instruments 

 

Scheme S1. Synthesis route towards TMC monomers and functional poly-carbonates with 

quaternalization units. 

Synthesis of TMC-Br: TMC-OH (1.6 g, 10 mmol) was dissolved in THF (50 mL) with 3 drops of 

dimethylformamide (DMF). A solution of oxalyl chloride (3.9 g, 30 mmol) in THF (20 mL) was added, 

and the solution was stirred under a flow of N2 for 1 h before volatiles were removed under vacuum to 

leave a slowly crystallizing white solid. The solid was then dissolved in dry DCM (25 mL), cooled in an 

ice bath, then a solution of 3-bromo-1-propanol (1.24 g, 9 mmol), 4-dimethylaminopyridine (122 mg, 1 

mmol) and triethylamine (3.3 g, 33 mmol) in dry DCM (30 ml) were added via a dropping funnel for 30 

min, causing a white precipitate to form immediately. The mixture was stirred for 3 h before it was filtered 

and the filtrate evaporated. Purification by column chromatography (silica, 1:1 ethyl acetate/hexanes) 

provided the desired product as an oil that slowly solidified to a white solid (75%). 1H NMR (400 MHz, 

Chloroform-d) δ 4.75 – 4.64 (m, 2H), 4.37 (t, J = 6.1 Hz, 2H), 4.25 – 4.18 (m, 2H), 3.46 (t, J = 6.4 Hz, 

2H), 2.23 (p, J = 6.2 Hz, 2H), 1.34 (s, 3H). 13C NMR (400 MHz, Chloroform-d), 170.97, 147.32, 72.97, 

64.04, 40.29, 31.18, 28.79, 17.55. LC-MS: found 281.08, calculated 281.10. 

Ring-opening polymerization (ROP) of TMCBr to obtain TerP-B: PEG22PCL30gTMC30 (TerP22) was 

synthesized following a reported procedure in our group. TerP22 as the initiator with the corresponding 

amount of TMCBr was subsequently added in a round bottom flask. To obtain a copolymer with 

composition TerP22-Br6, 0.750 g (0.1 mmol) of TerP22 and 0.2 g (0.8 mmol) of TMCBr were used. For 

TerP22-Br11, 0.337 g (1.3 mmol) of TMCBr was used, and 0.63 g (23 mmol) of TMCBr was necessary 

to synthesize TerP22-Br20. In all cases, dry toluene (ca. 10 mL) was then added to the flask and the 
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solvent evaporated to dry the contents before polymerization. The dried reagents were then re-

dissolved in 2 ml dry DCM and DBU was added (0.5 equiv. concerning [initiator]; 0.1 mmol = 15 μL) 

under argon. The reaction was stored at RT for around 5 hours, then the reaction mixture was diluted 

using DCM and washed twice with 1 M KHSO4 and once with brine before drying with Na2SO4, filtering, 

and evaporating most of the solvent. The concentrated copolymer solution (in DCM) was then 

precipitated into ice-cold diethyl ether (100 mL) and the remaining wax was partially dried under nitrogen 

before dissolving in dioxane and lyophilization to yield a white waxy solid (78-85 % yield). TerP44 block-

co-polymers were synthesized following the same protocol. 1H NMR (400 MHz, Chloroform-d) δ 4.37 – 

4.03 (m, initiator and TMCBr), 3.69 – 3.60 (m, initiator), 3.52 - 3.42 (m, TMCBr), 3.38 (s, initiator), 2.31 

(m, initiator), 2.26 – 2.12 (m, TMCBr), 2.10 – 1.97 (m, initiator), 1.69 – 1.62 (m, initiator), 1.46 - 1.34 (m, 

initiator), 1.29 – 1.21 (m, TMCBr). GPC (RI) for TerP22-Br6: Mn (Ð) = 12.3 kDa (1.10); GPC (RI) for 

TerP22-Br11: Mn (Ð) = 13.3 kDa (1.09); GPC (RI) for TerP22-Br20: Mn (Ð) = 14.2 kDa (1.09). GPC (RI) for 

TerP44-Br20: Mn (Ð) = 19.6kDa (1.15) (Table S2). 

Quaternization of the block-co-polymers to obtain TerP-Q: Quaternization of the block-co-polymers 

was accomplished using a modular approach as presented in the literature for similar macromolecules. 

The bromide functional polymer was dissolved in acetonitrile (10 ml) and the mixture was equipped with 

a stir bar. Under nitrogen, an excess solution of trimethylamine in acetonitrile was added, after which 

the reaction flask was sealed. The solution was heated to 50 oC for 24 h while stirring. Following the 

reaction, the solution was cooled to ambient temperature, and nitrogen was bubbled through to remove 

excess trimethylamine. The solvent was removed by rotational evaporation, and the obtained product 

was then precipitated into ice-cold diethyl ether (100 mL) the remaining wax was partially dried under 

nitrogen before dissolving in dioxane and lyophilization to yield a white waxy solid (71-83 % yield). This 

reaction was quantitative. TerP44-Q was synthesized following the same protocol. 1H NMR (400 MHz, 

Chloroform-d) δ 4.38 – 4.00 (m, initiator and quaternized block), 3.65 (m, initiator), 3.52 – 3.34 (m, 

initiator and quaternized block), 2.31 (m, initiator), 2.03 (m, initiator), 1.67 (m, initiator and quaternized 

block), 1.40 (m, initiator), 1.26 (m, initiator and quaternized block). 

Synthesis of TMC-BocGua: TMC-BocGua was synthesized about the protocol reported in previous 

work. Briefly, in a dry three-neck round bottom flask equipped with a stir bar, TMC-OH (1.6 g, 10 mmol) 

was dissolved in dry THF (50 mL) with a 3–4 drops of DMF. A solution of oxalyl chloride (3.9 g, 30 

mmol) in THF (20 mL) was added. Under an inert atmosphere, the solution was stirred for 1 h, after 

which volatiles was removed under vacuum. The mixture was heated to 60 °C for a brief 2–3 min to 

remove any residual solvent, and then re-dissolved in dry CH2Cl2 (50 mL) and cooled down to 0 °C via 

an ice bath. A mixture of the relevant Boc-protected guanylated alcohol (e.g., HO-Et-BocGua, 5.4 g, 

17.8 mmol) and pyridine (1.55 mL, 19.3 mmol) dissolved in dry CH2Cl2 (50 mL) was then added 

dropwise over 30 min, and allowed to stir at 0 °C for an additional 30 min before leaving it at ambient 

temperature for further stirring for 4 h. After removal of the solvent, the crude product was subjected to 

purification by flash column chromatography using silica gel and a hexane-ethyl acetate solvent system 

as the eluent (gradient elution up to 80% vol. ethyl acetate) to yield TMC-BocGua as a white solid (78% 

yield). 1H NMR (400 MHz, Chloroform-d) δ 11.48 (s, 1H), 8.61 (s, 1H), 4.71 (d, J = 10.9 Hz, 2H), 4.33 

(t, J = 5.2 Hz, 2H), 4.22 (d, J = 10.9 Hz, 2H), 3.76 (q, J = 5.4 Hz, 2H), 1.50 (s, 19H), 1.39 (s, 3H). 
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Ring-opening polymerization (ROP) of TMC-BocGua: Ring-opening polymerization of TMC-BocGua 

was accomplished using a modular approach as presented in the literature for similar macromolecules. 

PEG22PCL30PTMC30 (TerP22) was synthesized following reported procedures in our group. TerP22 0.750 

g (0.1 mmol) and TMC-BocGua 0.45 g (1 mmol) were added in a round bottom flask. Then, dry toluene 

(ca. 10 mL) was added to the flask and the solvent evaporated to dry the contents before polymerization. 

The dried reagents were then re-dissolved in 2 ml dry DCM and DBU was added (0.5 equiv. concerning 

[initiator]; 0.1 mmol = 15 μL) under argon. The reaction was stored at RT for around 5 hours, then the 

reaction mixture was diluted using DCM and washed twice with 1 M KHSO4 and once with brine before 

drying with Na2SO4, filtering, and evaporating most of the solvent. The concentrated copolymer solution 

(in DCM) was then precipitated into ice-cold diethyl ether (100 mL) and the remaining wax was partially 

dried under nitrogen before dissolving in dioxane and lyophilization to yield a white waxy solid (75 % 

yield).1H NMR (400 MHz, Chloroform-d) δ 11.47 (s, 5H, TMC-BocGua ), 8.61 (s, 5H, TMC-BocGua ), 

4.33 – 4.02 (m, 259H, initiator and TMC-BocGua), 3.69 – 3.62 (m, 88H, initiator), 3.38 (s, 3H, initiator), 

2.34 – 2.29 (m, 63H, initiator), 2.08 – 1.99 (m, 69H, initiator), 1.74 - 1.66 (m, 129H, initiator and TMC-

BocGua), 1.52 – 1.47 (m, 99H, TMC-BocGua), 1.45 – 1.37 (m, 68H, , initiator), 1.31- 1.24 (s, 16H, TMC-

BocGua). GPC (RI) for TerP22-BocGua5: Mn (Ð) = 14.4 kDa (1.12). 

Deprotection to obtain TerP22-G5: The above polymer was dissolved in DCM and cooled on ice. Then, 

with stirring, an equal volume of TFA (dropwise) was added in. After that, the ice bath was removed 

and the reaction mixture was allowed to warm to room temperature and stirred for 2 hours. DCM/TFA 

was removed by evaporation. After that, the polymer was dissolved in minimal amount of DCM and 

precipitated into ice-cold diethyl ether (100 mL) twice. The remaining wax was partially dried under 

nitrogen before dissolving in dioxane and lyophilization to yield a white waxy solid (80 % yield).  1H NMR 

(400 MHz, Chloroform-d) δ 4.26 – 4.04 (m, 221H, initiator and TMC-G), 3.64 (s, 88H, initiator), 3.38 (s, 

3H, initiator), 2.32 (m, 68H, initiator), 2.07 – 1.99 (m, 65H, initiator), 1.66 (m, 131H, initiator and TMC-

G), 1.46 – 1.37 (m, 66H, initiator), 1.29 – 1.16 (d, 15H, TMC-G). 

5.3 Nanoparticle formulation  

Direct hydration for the formation of spherical micelles (SMs) / nanoworms (NWs): Taken TerP22-

Q11 as an example, a solution of TerP22-Q11 in PEG-350 was prepared at 10 wt.% by weighing in 40 mg 

of copolymer into an Eppendorf tube with 360 mg of PEG-350. The polymer was dissolved by heating 

at 40 °C and thorough mixing with a Gilson Microman E pipette (essential for this work). After mixing 

and then spinning down the copolymer solution, 10 µL was placed at the bottom of a glass vial and, 

with gentle stirring at around 250 rpm, 200 µL of Milli-Q or different concentrations of NaCl was added. 

After 5 min of mixing a nanoparticle suspension was obtained at 5 mg mL-1 [copolymer].   

Fluorescent labeling of SMs and NWs: Dye-labeled nanoparticles were obtained by a polymer 

blending approach. In detail, 1 L of BODIPY green conjugated PEG-PCLgTMC (1 wt.% in PEG350) 

and 10 L of TerP22-Q11 BCP (10 wt.% in PEG350) were added into an Eppendorf tube, followed by 

heating at 40 °C and thorough mixing with a Gilson Microman E pipette. After mixing and then spinning 

down the copolymer solution, the mixture was placed at the bottom of a glass vial and, with gentle 

stirring at around 250 rpm, 200 µL of MilliQ or 200 mM NaCl solution was added. After 5 min of mixing 
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suspensions of BODIPYgreen-labeled SMs and NWs were obtained at 5 mg mL-1 [copolymer]). Chlorin 

e6 (Ce6)-labeling was achieved by the same method. 

Loading the SMs and NWs with doxorubicin: Hydrophobic, free-base doxorubicin (DOX) was 

obtained by stirring the hydrochloride salt (DOX.HCl) with a stoichiometric amount of triethylamine 

overnight before extraction with DCM and lyophilization. 10 L of TerP22-Q11 BCP (10 wt.% in PEG350) 

and 2 L of DOX solution (25 mg ml-1 in DMSO) were added into an Eppendorf tube, followed by heating 

to 40 °C and thorough mixing with a Gilson Microman E pipette. After mixing and then spinning down 

the copolymer solution, 12 µL was placed at the bottom of a glass vial and, with gentle stirring at around 

250 rpm, 200 µL of MilliQ or 200 mM NaCl solution was added. After 5 min of mixing a nanoparticle 

suspension was obtained at 5 mg mL-1 [copolymer]) loaded with DOX. Free DOX was removed by high-

speed centrifugation and DOX loading efficiency was determined by UV-vis spectroscopy. 

Critical aggregation concentration (CAC) determination of SMs and NWs: The CAC determination 

was performed via an ANS fluorescence assay. A solution of 5 mg ml-1 SMs or NWs was prepared first, 

which was then diluted to 0.09, 0.08, 0.07, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, 0.009, 0.008, 0.007, 0.006, 

0.005, 0.004, 0.003, 0.002, and 0.001 mg ml-1. 10 µL of a 1 mM ANS solution was added to the bottom 

of each well of a Black Chimney 96-well plate. Then 190 µL of each dilution was added on top of it. The 

fluorescence in each well was measured by a plate reader (λex = 360 nm/λem =480 nm).  

5.4 Toxicity studies 

HepG2, HeLa, MCF-7, NIH 3T3 and MCF-7/ADR cells were cultured in DMEM medium containing 10 % 

FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. The relative cell viability in the 

presence of different compounds (nanoparticles, prodrug loaded nanoparticles, and free prodrug) was 

evaluated in vitro by an MTT assay. The cells were seeded in 96-well plates at a density of 5 × 103 cells 

per well in 100 μL complete DMEM medium and cultured for 24 h at 37 °C. Subsequently, the cells 

were incubated with the corresponding SMs and NWs at different concentrations for 24 h, respectively. 

The cells were washed and fresh medium containing MTT was added into each plate. The cells were 

incubated for another 4 h. After removing the medium containing MTT, dimethyl sulfoxide (100 μL) was 

added to each well to dissolve the formazan crystals. Finally, the plate was gently shaken for 5 min and 

the absorbance at 490 nm was recorded with a microplate reader. 

5.5 Cell Membrane interaction studies  

HepG2 cells were cultured in DMEM medium containing 10 % FBS, 1 % penicillin/streptomycin 

(complete DMEM) in 5 % CO2 at 37 °C. HepG2 cells were seeded in a -slide 8 plate for 24 h, and then 

the medium was refreshed. The cells were treated with Ce6-labeled SMs and NWs (100 µg ml-1) for 2 

h, respectively. After that, the medium was removed, and the cells were washed with PBS buffer (pH 

7.4) three times. Thereafter, the cells were stained with Hoechst 33342 for 10 min, and the cell mask 

green for 15 min. Thereafter, the cells were washed with PBS buffer (pH 7.4) three times, the 

fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

5.6 Penetration studies with 3D multicellular spheroids (MCSs) 

3 
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3D multi-cellular spheroids (MCSs) were prepared according to a literature procedure.2 Agarose coated 

96-well plates were prepared first. In detail, 0.15 g of agarose was added to 10 ml of low glucose DMEM 

(1.5% wt/vol) in an appropriate beaker, sealed with aluminum foil or a lid and autoclaved for 20 min at 

120 oC. Next 50 µl of the hot (80~90 oC) solution was added to each well of a 96-well plate (flat bottomed) 

under sterile conditions. The agarose solidified within seconds to minutes to produce a concave surface. 

A mixture of NIH 3T3 cells and HeLa cells (5:1 ratio, 200 μL, 6 × 104 cells mL−1 in high glucose DMEM 

medium) were cultured in the above agarose-coated 96-well plates, followed by incubation at 37 °C 

with 5% CO2 humidified atmosphere for 4 days for the production of MCSs. Then the MCSs were co-

incubated with Ce6 labeled SMs and BODIPY labeled NWs, or separately incubated with BODIPY 

labeled SMs and BODIPY labeled NWs for 18 h. The MCSs were carefully washed with cold PBS and 

observed with CLSM. 

5.7 Inhibition of drug efflux studies 

MCF-7/ADR cells were cultured in DMEM medium containing 10 % FBS, 1 % penicillin/streptomycin 

(complete DMEM) in 5 % CO2 at 37 °C. MCF-7/ADR cells were seeded in a -slide 8 plate for 24 h, and 

then the medium was refreshed. The cells were treated with DOX, DOX-loaded UPs, DOX-loaded SMs, 

and DOX-loaded NWs (DOX concentration was set to be 25 µg ml-1) for 4 h, respectively. After that, the 

medium was removed, and the cells were washed with PBS buffer (pH 7.4) three times. Then the fresh 

medium was added and the cells were further cultured for another 5 h. Thereafter, the cells were stained 

with Hoechst 33342 for 10 min and fixed with 4.0 % formaldehyde at room temperature for 15 min. 

Subsequently, the formaldehyde was removed and the cells were washed with PBS buffer (pH 7.4) 

three times. The fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

5.8 Membrane de-stabilization studies 

Microplate reader measurement: MCF-7/ADR cells were cultured in DMEM medium containing 10 % 

FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. MCF-7/ADR cells were seeded 

in a 96-well plate for 24 h, and then the medium was refreshed. The cells were treated with 500 µg/ml 

UPs, SMs, and NWs, respectively. At the same time, 10 µmol propidium iodide (PI) was added in each 

well (n=5). The fluorescence intensity of the PI- DNA complex was measured real-time using a micro-

plate reader at 37 oC (λex = 535 nm / λem = 615 nm). 

Confocal imaging: MCF-7/ADR cells were cultured in DMEM medium containing 10 % FBS, 1 % 

penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. MCF-7/ADR cells were seeded in a µ-

slide 8 well plate for 24 h, and then the medium was refreshed. The cells were treated with 500 µg ml-1 

UPs, SMs, and NWs for 24 h, respectively. Thereafter, the cells were stained with Hoechst 33342 for 

10 min and PI for 10 min. The cells were washed with PBS buffer (pH 7.4) three times, and the 

fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

5.9 ROS induction studies 

Microplate reader measurement: MCF-7/ADR cells were cultured in DMEM medium containing 10 % 

FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. MCF-7/ADR cells were seeded 
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in a 96-well plate for 24 h, and then the medium was refreshed. The cells were treated with 500 µg/ml 

UPs, SMs, and NWs for 24 h (n=5), respectively and subsequently loaded with CM-H2DCF. As a control, 

the cells were challenged for 5 min with 0.5 mM exogenous H2O2 in PBS. Then the fluorescence 

intensity (λex = 488nm / λem =525 nm) was measured by a microplate reader. 

Confocal imaging: MCF-7/ADR cells were cultured in DMEM medium containing 10 % FBS, 1 % 

penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. MCF-7/ADR cells were seeded in a µ-

slide 8 well plate for 24 h, and then the medium was refreshed. The cells were treated with 500 µg/ml 

UPs, SMs, and NWs for 24 h, respectively, and subsequently loaded with CM-H2DCF. Thereafter, the 

cells were stained with Hoechst 33342 for 10 min. The cells were washed with PBS buffer (pH 7.4)  

three times, the fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

6. Supplemental tables and figures 

Supplementary Table S1. The general method for the AF4 analysis of nanoparticles. The flow 

conditions applied were the following: 1.2 mL min-1 detector flow, 1.50 mL min-1 focus flow and 0.20 mL 

min-1 injection flow. 

  

Start time  

(min) 

End 

time(min) 

Mode Crossflow start 

(mL min-1) 

Crossflow end 

(mL min-1) 

0 1 Elution 0.80 0.80 

1 2 Focus - - 

2 3 Focus + 

inject 

- - 

3 4 Focus - - 

4 19 Elution 0.80 0.80 

19 20 Elution 0.80 0.00 

20 28 Elution 0.00 0.00 

28 29 Elution + 

inject 

0.00 0.00 

29 30 Elution 0.00 0.00 

3 
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Supplementary Table S2. GPC analysis of precursor polymers. 

 

Supplementary Figure S1. Self-assemblies comprising TerP22-Q20 terpolymers. (a) DLS curve of 

TerP22-Q20 terpolymers hydrated in different NaCl concentrations. (b) Average DLS size of TerP22-Q20 

terpolymers hydrated in different NaCl concentrations. (c) Correlation coefficients of the assemblies 

from TerP22-Q20 hydrated in different concentrations of NaCl solution. (d) Typical cryo-TEM images of 

TerP22-Q20 terpolymers assemblies hydrated in Milli-Q water. AF4 fractogram (scattering profile in black) 

of TerP22-Q20 assemblies hydrated in Milli-Q (e) and 200 mM NaCl solution (f), comparing the radius of 

gyration (Rg, blue) to the hydrodynamic radius (Rh, red). 

Abbreviation Composition Mn / kDa GPC ( Ɖ) 

TerP22 PEG22-PCL30gTMC30  12.6 1.10 

TerP22-Br6 PEG22-PCL30gTMC30-TMCBr6 12.3 1.10 

TerP22-Br11 PEG22-PCL30gTMC30-TMCBr11 13.3 1.09 

TerP22-Br20 PEG22-PCL30gTMC30-TMCBr20 14.2 1.09 

TerP22-BocGua5 PEG22-PCL30gTMC30-TMCBocGua5 14.4 1.12 

TerP44 PEG44-PCL60gTMC60 17.5 1.16 

TerP44-B20 PEG44-PCL60gTMC60-TMCBr20 19.6 1.15 
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Supplementary Figure S2. DLS curves (a-d) and correlation coefficients (e) of the assemblies from 

TerP22-Q11 hydrated in different concentrations of NaCl. 

 

Supplementary Figure S3. Cryo-TEM images of assemblies from TerP22-Q11 hydrated in different 

concentrations of NaCl. 

 

Supplementary Figure S4. AF4 fractogram (scattering profile in black) of TerP22-Q11 assemblies 

hydrated in 400 mM (a), 600 mM (b), and 800 mM (c) NaCl solution, comparing the radius of gyration 

(Rg, blue) to the hydrodynamic radius (Rh, red). The radius of gyration (Rg) divided by the hydrodynamic 

radius (Rh) over the entire size distribution peak of TerP22-Q11 at 400 mM NaCl (d), 600 mM NaCl (e) 

3 
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and 800 mM (f) NaCl solution. 

Supplementary Table S3. The relative size of TerP22-Q11 assemblies hydrated in different 

concentrations of NaCl measured by DLS and AF4. 

 

Supplementary Figure S5. Full fractograms of the rod-like NWs of TerP22-Q11 assemblies hydrated in 

200 mM NaCl recorded at different multi-laser scattering (LS) angles with AF4. 

 

Entry Dh (DLS) nm Rh (AF4) nm Rg (AF4) nm Rg/Rh (AF4) 

No Salt 46.4±1.0 19.6±2.7 14.1±1.3 0.723±0.097 

100 mM NaCl 80.3±1.3 41.3±5.7 76.9±17.5 1.784±0.175 

200 mM NaCl 101.6±3.5 46.9±9.4 85.3±22.4 1.824±0.250 

400 mM NaCl 116.6±2.8 44.2±5.2 105.3±24.6 2.375±0.354 

600 mM NaCl 120.2±2.2 54.8±2.4 125.5±10.2 2.290±0.116 

800 mM NaCl 119.1±1.1 55.2±3.4 128.6±11.2 2.323±0.117 
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Supplementary Figure S6. DLS curves (a-d), correlation coefficients (e), and average hydrodynamic 

size (f) of the assemblies from TerP22-Q6 hydrated in different concentrations of NaCl. 

 

Supplementary Figure S7. Cryo-TEM images of the assemblies from TerP22-Q6 hydrated in different 

concentrations of NaCl.  

 

Supplementary Figure S8. AF4 fractogram (scattering profile in black) of TerP22-Q6 assemblies 

hydrated in 0 (a), 100 (b), 200 (c), and 400 mM (d) NaCl, comparing the radius of gyration (Rg, 

blue) to the hydrodynamic radius (Rh, red). The radius of gyration (Rg) divided by the hydrodynamic 

radius (Rh) over the entire size distribution peak of TerP22-Q6 at 0 (e), 100 (f), 200 (g), and 400 mM 

(h) NaCl solution. 

 

Supplementary Table S4. The relative size of TerP22-Q6 assemblies hydrated in different 

concentrations of NaCl measured by DLS and AF4. 

Entry Dh (DLS) nm Rh (AF4) nm Rg (AF4) nm Rg/Rh (AF4) 

No salt 88.04±3.1 44.9±7.2 83.94±18.7 1.854±0.237 

100 mM NaCl 105.6±3.6 59.8±7.9 108.2±21.8 1.777±0.171 

200 mM NaCl 136.8±4.1 63.5±14.4 109.4±31.5 1.741±0.229 

400 mM NaCl 178.7±10.0 59.0±15.9 115.2±38.7 1.924±0.288 

3 
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Supplementary Figure S9. Full fractograms of the rod-like NWs of TerP22-Q6 assemblies hydrated in 

200 mM NaCl recorded at different multi-laser scattering (LS) angles with AF4. 

 

Supplementary Figure S10. Self-assemblies comprising TerP22-G5 and TerP22-Br6 terpolymers. (a) 

DLS curve of TerP22-G5 terpolymers hydrated in different NaCl concentrations. (b) The hydrodynamic 

size of TerP22-G5 terpolymers hydrated in different NaCl concentrations. (c) Typical cryo-TEM images 

of TerP22-G5 terpolymer assemblies hydrated in Milli-Q water. d) Typical cryo-TEM images of TerP22-

Br6 terpolymers assemblies hydrated in Milli-Q water. 
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Supplementary Figure S11. Self-assemblies comprising TerP44-Q20 terpolymers. Cryo-TEM images 

of the assemblies from TerP44-Q20 hydrated in 0 mM, 200 mM, 400 mM, 600 mM, 800 mM, and 1000 

mM NaCl, in which worm formation is observed in salt solution and the portion of the worms compared 

with the spherical micelles is increased with the increase of salt concentration. 

 

Supplementary Figure S12. AF4 fractogram (scattering profile in black) of TerP44-Q20 assemblies 

hydrated in Milli-Q water (a), 600 mM NaCl (c), 800 mM (e) and 1000 mM (g) NaCl solution, comparing 

the radius of gyration (Rg, blue) to the hydrodynamic radius (Rh, red). The radius of gyration (Rg) divided 

by the hydrodynamic radius (Rh) over the entire size distribution peak of TerP44-Q20 at Milli-Q water (b), 

600 mM NaCl (d), 800 mM NaCl (f) and 1000 mM (h) NaCl solution. 
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Supplementary Table S5. The relative size of TerP44-Q20 assemblies hydrated in different 

concentrations of NaCl measured by DLS and AF4. 

 

Supplementary Figure S13. Full fractograms of the rod-like NWs of TerP44-Q20 assemblies hydrated 

in 600 mM NaCl recorded at different multi-laser scattering (LS) angles with AF4. 

 

Supplementary Figure S14. Stability of the spherical micelles (SMs) obtained from TerP22-Q11 

hydration in Milli-Q water upon 20 times dilution in PBS, monitored by DLS; a) hydrodynamic diameter 

as a function of time, b) correlation coefficients. 

Entry Dh (DLS) nm Rh (AF4) nm Rg (AF4) nm Rg/Rh (AF4) 

No Salt 74.1±0.9 19.8±1.7 15.6±3.17 0.803±0.176 

600 mM NaCl 152.7±4.4 68.6±6.7 191.2±21.4 2.787±0.130 

800 mM NaCl 151.7±6.1 65.7±8.2 181.3±25.9 2.853±0.194 

1000 mM NaCl 155.0±2.9 64.3±8.2 189.9±25.1 2.954±0.216 
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Supplementary Figure S15. Stability of the nanoworms (NWs) obtained from TerP22-Q11 hydration in 

200 mM NaCl solution upon 20 times dilution in PBS, monitored by DLS; a) hydrodynamic diameter as 

a function of time, b) correlation coefficients. 

 

Supplementary Figure S16. Stability of nanoworms (NWs) obtained from TerP22-Q11 hydration in 200 

mM NaCl solution upon 20 times dilution in complete DMEM (containing 10% FBS), monitored by DLS. 

 

Supplementary Figure S17. The critical aggregation concentration (CAC) of a) TerP22-Q11 hydrated in 

Milli-Q (to form SMs) and b) 200 mM NaCl (to form NWs) by the 1-anilino-8-naphthalene sulfonate 
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(ANS) fluorescence assay. 

 

Supplementary Figure S18. Zeta-potential measurements of SMs (a) and NWs (b) from TerP22-Q11 

hydrated in Milli-Q and 200 mM NaCl. 

 

Supplementary Figure S19. In vitro performance of SMs and NWs. Fluorescence images of HepG2 

cells treated with Ce6-labeled SMs and NWs for 2 h (blue: Hoechst; green: cell mask; red: nanoparticles 

(SMs or NWs). 

 

 

 

 

Supplementary Table S6. IC50 values (μg mL-1) of SMs (formulated in Milli-Q) and NWs (formulated in 

200 mM NaCl) from TerP22-Q11 against cancer cell lines and fibroblast NIH 3T3 cells. 

IC50 HeLa HepG2 MCF-7 MCF-7/ADR NIH 3T3 

SMs 28.4 µg ml-1 207.1 µg ml-1 21.0 µg ml-1 >500 µg ml-1 >500 µg ml-1 

NWs 13.8  µg ml-1 27.9 µg ml-1 1.1 µg ml-1 419 µg ml-1 353  µg ml-1 
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Supplementary Figure S20. (a): Penetration profile of the BODIPY-labelled NWs and Ce6-labeled 

SMs after 18 h co-incubation with the HeLa: NIH 3T3 3D multi-cellular spheroids (Blue: Hoechst; Green: 

BODIPY labeled NWs; Red: Ce6 labeled SMs); (b): Zoom in of the penetration profile of NWs and SMs 

in (a). 

 

Supplementary Figure S21. Left: Penetration profile of the BODIPY labeled NWs and SMs in the 

HeLa: NIH 3T3 3D multi-cellular spheroids after 18 h incubation (Blue: Hoechst; Green: BODIPY-

labelled NWs/SMs); Right: Integrated fluorescence intensity of penetration at each scanning depth. 

3 
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Supplementary Figure S22. DLS correlation data for DOX-loaded SMs and NWs as well as free DOX, 

with larger particles and aggregates visible in the free DOX samples. 

 

Supplementary Figure S23. Confocal images of HepG2 cells treated with DOX, DOX-loaded SMs, 

and DOX-loaded NWs for 1 h (Blue: Hoechst; Green: SMs or NWs labeled with BODIPY dye; Red: 

DOX; scale bar=50 µm). 
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Supplementary Figure S24. a) Confocal images of MCF-7/ADR cells treated with free DOX, DOX-

loaded UPs, DOX-loaded SMs, and DOX-loaded NWs for 4 h, the concentration of DOX was set to be 

25 µg ml-1, scale bar=20 µm. b) Average DOX intensity in the nucleus obtained from confocal images 

and analyzed by Image J. 

 

Supplementary Figure S25. Membrane permeability enhancement test. Confocal images of MCF-7 

ADR cells treated with 500 µg ml-1 UPs, SMs, and NWs for 24 h (Blue: Hoechst; Red: PI; scale bar=50 

µm). 
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Supplementary Figure S26. ROS induction test. Confocal images of MCF-7 ADR cells treated with 

500 µg ml-1 UPs, SMs, and NWs for 24 h (Blue: Hoechst; Green: ROS indicator. scale bar=50 µm). 

 

 

 

 

 

Supplementary Table S7. IC50 values (μg mL-1) of DOX and DOX-loaded UPs, SMs, and NWs against 

MCD-7/ADR cells. 
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ABSTRACT 

Biodegradable nanostructures displaying aggregation-induced emission (AIE) are desirable 

from a biomedical point of view, due to the combined advantageous features of loading 

capacity, emission brightness, and fluorescence stability. Using molecular engineering, it is 

possible to construct AIE-genic polymersomes via the self-assembly of suitably modified block 

copolymers. To ensure biocompatibility biodegradable block copolymers comprising poly 

(ethylene glycol)-block-poly(caprolactone-gradient-trimethylene carbonate), with a terminal 

chain of tetraphenylethylene pyridinium-TMC (PAIE) have been developed, which undergo 

salt-controlled self-assembly via direct hydration into well-defined polymersomes. The 

resultant AIEgenic polymersomes can be used as intrinsically fluorescent delivery vehicles 

and can be loaded with hydrophilic cargo such as enzymes in their lumen to act as intracellular 

nano-reactors. The presence of the pyridinium moiety endows the polymersomes with 

mitochondrial targeting ability, which improves the efficiency of co-encapsulated 

photosensitizers, resulting in a significantly improved therapeutic index against cancer cells 

both in vitro and in vivo. The work in this chapter showcases the ability to engineer 

polymersomes with structure inherent fluorescence and targeting capacity for enhanced 

photodynamic therapy. 
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1. Introduction 

Polymersomes have attracted much attention as delivery vehicles in the field of 

nanomedicine. They can entrap not only many hydrophilic molecules in the large inner 

aqueous lumen but also a considerable quantity of hydrophobic molecules in the polymer 

bilayer membrane.[1] Besides that, the chemical versatility of block-copolymer constituents 

allows much freedom concerning tuning the physical-chemical properties of the 

polymersomes, including the incorporation of cell-targeting capacity and stimulus-

responsiveness.[2] Fluorescently-labeled polymersomes are interesting systems for in vivo 

tracking of nanoparticle transport, monitoring cargo distribution, and cell/tissue imaging.[1b, 3] 

Traditionally, fluorescence is introduced by physically loading imaging agents in the 

hydrophilic lumen or hydrophobic domain of the polymeric vesicles or by chemically 

conjugating dyes to the polymeric building blocks. While these methods are frequently used, 

they are generally recognized to suffer from low loading/conjugation efficiency, leakage of the 

dye, aggregation-induced quenching (ACQ), and/or photo-bleaching behavior.[4] One way to 

overcome some of these issues is by using a special class of fluorogenic molecules that upon 

aggregation become fluorescent and therefore show so-called aggregation-induced emission 

(AIE).[5] This is a consequence of the restricted intramolecular motion and non-radiative energy 

dissipation of the AIE-genic molecules when they are in an assembled state. These moieties 

have been widely explored in nanoscience and have also been integrated into block-co-

polymers; very recently, they have been employed to construct AIE-genic polymersomes.[1a, 6] 

Until now, however, the application potential of these polymersomes in the biomedical field 

has been unexplored. Polymersomes that accommodate AIE agents are very intriguing as 

alternative fluorescent materials for imaging of a range of biological processes in cellular as 

well as in vivo as a consequence of their high contrast, enhanced photo-stability, and chemical 

versatility.[7] Their intrinsic fluorescence can also be employed more actively in therapies that 

rely on photochemical processes. 

In recent years photosensitizers have been incorporated in polymersomes to facilitate 

photodynamic therapy (PDT). Upon irradiation with light of the appropriate wavelength singlet 

oxygen radicals are formed via the action of the photosensitizers. This results in irreversible 

damage to cells in the close vicinity of the PDT agent. Combining AIE-genic features with 

photosensitizer capacity in a polymersome system would allow to locally create Förster 

resonance energy transfer (FRET) that would lead to highly selective singlet oxygen 

production. To improve the selectivity of the PDT process even further, targeted delivery of 

the PDT-functional polymersomes should be accomplished, which normally is achieved via 

the conjugation of biological target ligands, such as antibodies, to the polymersome surface.[8] 

This is often however not trivial. Engineering polymersomes with inherent targeting capacity 
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would provide an opportunity to realize a more straightforward manner of delivering the agents 

to the desired site of action.[9] Intracellular targeting of certain essential organelles, such as 

the mitochondria, could furthermore even improve the therapeutic effect further by initiating 

and executing various apoptotic and necrotic processes. [8a, 10] 

A versatile class of block copolymers for the generation of AIE-polymersomes with PDT 

and targeting capacity are based on poly(ethylene glycol)- poly(trimethylene carbonate) (PEG-

PTMC). Synthetic aliphatic polycarbonates have already been extensively used in 

biomedicine, because of their inherent low toxicity and biodegradability.[11] These block 

copolymers are very useful for the construction of a range of polymer assemblies, including 

morphologies such as worm-like micelles and vesicles (also see previous chapter 3).[12]  

Exploration of AIE-genic PEG-PTMC based polymersomes with PDT capacity has however 

not been demonstrated, which would provide an innovative platform for bioimaging and 

theranostics. 

 

Figure 1. The formation of biodegradable AIE-genic polymersomes via salt-induced self-assembly, 

which can be exploited as mitochondria-targeting devices with photo-dynamic therapy potential. a) 

Terpolymer chemical structure and salt-induced polymersome formation, incorporating during assembly 

the BODIPY dye for photosensitizer capacity; the presence of the quaternary pyridinium block induces 

preferential accumulation in mitochondria; b) photosensitizer-loaded polymersomes with mitochondrial 

targeting features produce ROS upon NIR light irradiation and cause mitochondrial disruption, leading 

to enhanced PDT that kills cancer cells in vitro and inhibits tumor growth in vivo.   

In this chapter, we report a strategy for the controlled formation of biodegradable 

fluorescent polymersomes with aggregation-induced emission (AIE) features prepared from 

amphiphilic block copolymer composed of poly (ethylene glycol)-block-poly(caprolactone-

gradient-trimethylene carbonate) (PEG-P(CLgTMC) with a terminal block of 

tetraphenylethylene pyridinium modified PTMC chain as functional units (P(TMC-AIE)) 
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(Figure 1). By controlling the self-assembly conditions (varying the NaCl concentration), well-

defined AIE-polymersomes could be obtained, which displayed typical aggregation induced 

emission behavior. Owing to the positively charged pyridinium moieties on the polymersome 

surface, the polymersomes preferentially accumulated intracellularly around the mitochondria. 

The incorporation of a hydrophobic BODIPY photosensitizer resulted in an intrinsic Förster 

resonance energy transfer (FRET) between the AIE moieties and BODIPY.[13] Under NIR light 

irradiation, abundant ROS was therefore generated, leading to fast cancer cell necrosis in vitro 

and provide the capability to inhibit tumor growth in vivo.  

2. Results and discussion 

2.1 Block copolymer design and synthesis 

The designed  block copolymers were synthesized via a modular polymerization 

approach, as presented in the literature for similar macromolecules (Scheme S1).[14] Semi-

liquid poly(ethylene glycol)-block-poly(caprolactone-gradient-trimethylene carbonate) (PEG-

PCLgTMC) copolymers were utilized as the structural basis for this system due to their intrinsic 

biodegradability/biocompatibility and well-established capacity in generating well-defined 

polymer assemblies via the direct hydration  process.[12] Using PEG22-PCL30gTMC30 (≈7.5 

kDa, termed as TerP22)  as a macro-initiator, a bromide-functional TMC derivative was 

polymerized onto the end of the PTMC chain (see also Chapter 3).[14] To functionalize the 

block copolymer with the AIE and pyridinium moieties, first a pyridine-modified 

tetraphenylethylene derivative was synthesized following well-established literature 

procedures.[15] Via a nucleophilic substitution reaction, the bromides were replaced by 

quaternary pyridinium groups to provide the block copolymers with both AIE capacity and 

sufficient pyridinium targeting moieties to effectively localize the nanoparticles intracellularly 

to the mitochondria.  

A series of terpolymers (termed as TerP22-PAIE) was prepared in which the length of the 

ternary block was systematically varied yielding TerP22-PAIEn (where n = 5, 8, and 16 repeats) 

to investigate the effect of hydrophilic portion and charge density on the self-assembly and 

size/morphology of the resulting particles (Scheme S1, Supplementary Table S2). The 

PTMC block would counteract the PCL crystalline behavior and provide necessary fluidity to 

enable effective chain packing whilst maintaining the rigidity necessary to generate higher-

order polymeric nanostructures like polymersomes. As we have demonstrated previously, 

copolymers of PCL and PTMC can form polymersome-like nano-structures; however, a further 

modification that increased the hydrophilic volume changed the chain packing, enhanced 

surface curvature and led to the generation of micellar architectures.[12, 14] Retaining the 

polymersome structure with the current terpolymer series is challenging and requires an 
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additional strategy. Because electrostatic repulsions between the highly charged PTMC-PAIE 

blocks tend to induce the formation of high surface curvature nanoparticles (i.e., micelles), the 

concentration of salt present during formation to screen electrostatic repulsions was expected 

to be a key factor in controlling the assembly of these TerP22-PAIE copolymers. 

2.2 Polymersome formation via direct hydration 

The self-assembly of TerP22-PAIE block copolymers was induced via the direct hydration 

process, whereby a 10 wt% polymer solution was prepared firstly in oligo (ethylene glycol) 

(OEG) and then directly hydrated with a buffer with stirring at room temperature for 5 min. In 

order to determine the effect of ionic strength on the self-assembly process, solutions of 

increasing [NaCl] from 0-100 mM were used for particle formation. Dynamic light scattering 

(DLS) data provided evidence that the assembly process of the 3 copolymers was significantly 

different. Terpolymers bearing the longer PAIE terminal blocks (TerP22-PAIE16 and TerP22-

PAIE8) appeared to form uniform micelles under low and high salt solutions (i.e. 0 and 100 

mM NaCl solution) with a hydrodynamic radius of ca. 30-50 nm (Supplementary Figure S1 

& S2). Cryo-TEM microscopy confirmed the presence of micellar structures in samples of 

TerP22-PAIE16 and TerP22-PAIE8 when hydrated in Milli-Q water or 100 mM NaCl, respectively 

(Supplementary Figure S1 & S2). Because of the strong repulsions between the cationic 

chains and the resulting large hydrophilic volume no conditions were found for these polymers 

to assemble into polymersomes.  

To reduce the strength of electrostatic repulsions between PAIE blocks, we decreased 

the chain length of the pyridinium block. The self-assembly of TerP22-PAIE5 clearly showed a 

response to ionic strength during the hydration step. When hydrated in Milli-Q water, TerP22-

PAIE5 formed uniform spherical micelles (SMs) with hydrodynamic radius (Rh) of ca. 20 nm 

(Figure 2a, 2d, and Supplementary Figure S3). Quantitative insight was obtained using 

asymmetric flow field-flow fractionation (AF4) coupled with multi-angle light scattering (MALS) 

and DLS. Measurements of the shape factor (ρ) provided insight into nanoparticle shape by 

comparison of the radius of gyration (Rg) and hydrodynamic Rh (ρ = Rg / Rh). Indeed, 

assemblies of TerP22-PAIE5 upon hydration into Milli-Q water eluted after 10-12 minutes with 

ρ values ranging from 0.7-0.75, indicative of micelles that possess a dense core and hydrated 

corona (Figure 2b). Cryo-TEM microscopy further confirmed their micellar nanostructure 

(Figure 2e).  

When the polymer was hydrated with 50 mM or higher NaCl concentration (Figure 2a, 

2d, and Supplementary Figure S3) DLS measurements identified a change in nanoparticle 

morphology with a hydrodynamic size increase. While polymersome formation was still partial 

when hydrated with 50 mM NaCl solution, as identified clearly by cryo-TEM, a higher salt 



Mitochondria-Targeting AIE-Polymersomes 

103 
 

solution (≥100 mM NaCl) during the self-assembly led to main polymersomes (Figure 2f and 

Supplementary Figure S3). AF4 measurements further proved that the resulting 

polymersomes eluted later than micelles (after 20-22 mins) and possessed characteristic 

shape factor (ρ) values of ca. 1.0, indicative of vesicular structures (Figure 2c). To further 

determine the role of salt concentration on the resultant morphology, NaCl was added to a 

micellar solution of TerP22-PAIE5 in Milli-Q water to a final concentration of 200 mM NaCl, 

followed by a 24 h incubation. Cryo-TEM imaging analysis showed that the micellar nature 

was not affected at all, which indicated kinetically stable self-assembly behavior via the direct 

hydration approach (Supplementary Figure S4). 

 

Figure 2. Characterization of polymersomes from TerP22-PAIE5 with self-assembly induced emission 

features. a) DLS curves of TerP22-PAIE5 hydrated in different salt solutions. AF4 fractogram (scattering 

profile in black) of b) micelles formed via hydration in Milli-Q and c) polymersomes formed via hydration 

in 100 mM NaCl, comparing the radius of gyration (Rg, blue) to the hydrodynamic radius (Rh, red). d) 

Hydrodynamic size determined by DLS measurements of TerP22-PAIE5 terpolymers hydrated in 

different concentrations of NaCl.  Cryo-TEM images of e) micelles and f) polymersomes (scale bars = 

200 nm) (inset: zoom-in images of the formed micelles and polymersomes, scale bar = 20 nm). g) 

Fluorescent emission curve of TerP22-PAIE5 polymers in their self-assembled polymersome state (1% 

DMSO) and molecularly dissolved state (99% DMSO), λex=405 nm. h) Fluorescent intensity of TerP22-

PAIE5 polymers in a mixture of water and DMSO, λex=405 nm, inset: TerP22-PAIE5 polymer solution in 

1% (polymersomes) and 99% DMSO (molecularly dissolved) under the UV-lamp (25 µg/ml). i) A typical 

confocal imaging of a TerP22-PAIE5 polymersome solution (25 µg/ml) (scale bar=10 µm).  
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To further increase our understanding of this system, PEG22-PAIE copolymers without 

PCLgTMC block were prepared to explore the long hydrophobic block effect on the resultant 

morphology. All of the three block-copolymers (abbreviated as PEG22-PAIE5, PEG22-PAIE9, 

PEG22-PAIE14), could be self-assembled via the direct hydration methodology when hydrated 

in Milli-Q water, giving a diameter of 160~190 nm with a PDI<0.2 by DLS analysis 

(Supplementary Figure S5). Further cryo-TEM measurements identified solid micellar 

structure formation in all cases (Supplementary Figure S5). In the presence of salt (100 mM 

NaCl) micron-sized particles and visible aggregates were observed by DLS (with a PDI>0.5), 

which was possibly caused by the strong interactions between the pyridinium moieties and 

the electrolyte that disrupted the self-assembly process (Supplementary Figure S5). These 

results indicate the important role of the hydrophobic flexible PCLgTMC block to enable 

effective chain packing to generate well-defined polymersome nanostructures. 

Having confirmed that TerP22-PAIE5 was a suitable building block for the controlled 

formation of polymersomes, we next evaluated the photophysical behavior of the polymers in 

the molecularly dissolved and assembled states. The polymer solution in DMSO was not 

fluorescent, while TerP22-PAIE5 polymersomes displayed a strong fluorescence, as clearly 

observed under the UV-lamp and via confocal laser scanning microscopy (CLSM) (Figure 2g, 

2h, and 2 i). When the amount of water in DMSO was 20% (volume) or more the fluorescent 

emission intensity (~650 nm) increased, which coincided with the assembly of the polymers in 

polymersomes (Figure 2h and Supplementary Figure S6). This was further confirmed by 

DLS measurements (Supplementary Figure S6). UV-Vis measurements of AIE-

polymersomes (in 1% DMSO) and TerP22-PAIE5 in the dissolved state (99% DMSO) displayed 

a comparable absorption band centered on 411 nm (Supplementary Figure S6). To ensure 

applicability in biomedical research the stability of AIE-polymersomes in PBS was assessed, 

which was indeed confirmed using DLS (Supplementary Figure S7). Zeta-potential 

measurements of AIE-Ps highlighted the positive charge characteristics with values of 16.5 ± 

3.1 mV (Supplementary Figure S7). 

2.3 AIE-polymersomes as nanoreactors and delivery vehicles 

One application of polymersomes is their use as nanoreactors, in which enzymes are 

encapsulated in the hydrophilic lumen, and the semipermeable membrane allows substrates 

and products to enter and leave the vesicles, while the enzymes are protected. By integrating 

the polymersome nanoreactors with living cells, they can be potentially used for enzyme 

replacement therapy, correcting dysfunctional metabolic pathways. We have recently 

demonstrated that PEG-P(CL-g-TMC) polymersomes can be efficiently used as 

nanoreactors.[12] The current polymersomes would be of additional interest as they are 

inherently fluorescent, which would allow facile tracking of the particles in the cell. For this 
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purpose, AIE polymersomes were formed by direct hydration in 100 mM NaCl in presence of 

the enzyme β-galactosidase (β-Gal) which was able to hydrolysis pro-fluorescent substrate to 

produce a fluorescent product. Size exclusion chromatography (SEC) purification indicated, 

as expected, that a large amount of free β-Gal was present in solution, which could however 

be easily separated (Supplementary Figure S8.). The activity of the nanoreactors was 

assessed using the profluorescent substrate β-Gal-FITC. Upon hydrolysis, by β-Gal a 

fluorescent signal would appear. Indeed, the fluorescence intensity gradually increased over 

time in a substrate concentration (0.01 to 0.05 mg/ml) dependent manner (Figure 3a and 3b). 

The blank and empty AIE-polymersome negative controls, also co-incubated with 0.05 mg/ml 

substrate, showed as expected little to no increase in fluorescence intensity (Figure 3b). Also,  

TerP22-PAIE5 micelles, formed upon hydration in Milli-Q water in presence of β-Gal did not 

show any enzymatic activity after SEC purification, as expected (Supplementary Figure S8). 

 

Figure 3. AIE-polymersomes as nanoreactors. a) Schematic illustration of β-galactosidase loaded AIE-

polymersomes converts pro-fluorescent substrate β-Gal-FITC to fluorescent products. b) Time course 
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of fluorescence measured at 510 nm derived from incubating β-galactosidase loaded AIE-

polymersomes with different concentrations of β-Gal-FITC co-incubated with β-Gal@APs, including 

negative controls (PBS and empty AIE-polymersomes, black and blue lines) in PBS buffer at 37 °C (250 

µg/ml AIE-polymersomes). c) Time course of fluorescence measured at 510 nm derived from HeLa 

cells incubated with β-galactosidase loaded AIE-polymersomes, empty polymersomes, free enzyme, 

and PBS at 37 °C. Red and purple lines overlap. d) Enzymatic activity of β-galactosidase loaded AIE-

polymersomes inside HeLa cells as indicated by the occurrence of green fluorescence (scale bar = 20 

μm, blue: Hoechst (nucleus); green: FITC; red: AIE-polymersomes. AIE-polymersomes: 40 µg/ml; β-

Gal- FITC: 10 µg/ml.). e) Colocalization of FITC-BSA loaded AIE-polymersomes after uptake in HeLa 

cells, and measured after 0,5 and 2,5 h (scale bar = 50 μm, blue: Hoechst (nucleus); green: FITC-BSA; 

red: AIE- polymersomes. AIE- polymersomes: 50 µg/ml). 

Next, the capability of the enzyme-loaded nano-reactors to operate in living cells was 

investigated. The β-Gal loaded polymersomes were incubated with HeLa cells for 3 h and 

washed with PBS. The next substrate was added and the product fluorescence was evaluated. 

Quantitative analysis via a micro-plate reader proved that the fluorescence intensity of this 

sample was 7.4 times higher compared to empty AIE-polymersomes and the negative control 

(PBS), whereas free enzyme only showed a 2.2 fold increase in fluorescence intensity (Figure 

3c). This can be explained by the fact that the positively charged AIE-polymersomes are 

readily taken up by the cells via an endocytotic pathway. The nano-reactor efficiency within 

cells was further verified via confocal laser scanning microscope (CLSM) imaging. HeLa cells 

containing the β-Gal loaded polymersomes displayed obviously green fluorescence, while the 

other groups displayed a negligible fluorescent signal (Figure 3d, and Supplementary Figure 

S9).  

To further exploit the intrinsic fluorescence of the AIE-polymersomes they were loaded 

with fluorescent cargo, to track the position of both the delivery vehicle and the cargo inside 

the cells after uptake.  This co-localization experiment was performed with HeLa cells 

incubated with FITC-BSA loaded AIE-polymersomes for 0.5 to 2.0 h. CLSM images revealed 

a steady increase over time in both fluorescent signals inside the cells (FITC-BSA, λem = 512 

nm, AIE-polymersomes, λem = 650 nm), and a stable co-localization (Figure 3e, and 

Supplementary Figure S10). Pearson correlation analysis confirmed the significant overlap 

between green FITC-BSA and red AIE-polymersomes (Pearson correlation coefficient varied 

from, r =0.710 to 0.79 for 0. 5 h and 2 h, respectively). These results show that the fluorescent 

features of the AIE-polymersomes allow them to follow independently the fate of both vehicle 

and cargo inside living cells. 

2.4. Mitochondria targeting capacity of AIE-polymersomes 

The second application of this class of intrinsically fluorescent AIE polymersomes is their 
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usage in photodynamic therapy. In combination with an appropriate photosensitizer FRET 

between the AIE fluorescent moieties and this compound can take place, which would allow 

the production of singlet oxygen radicals. Secondly, the pyridinium moieties present in the 

polymer structure would allow selective interaction of the polymersomes with mitochondria. 

Various mitochondrial drug delivery systems have been functionalized with the pyridinium 

group, a polar lipophilic cation that enables molecules/nanoparticles to penetrate and 

accumulate selectively in the phospholipid bilayer of the mitochondria.[8b] As central organelles 

in the cell’s energy supply, mitochondrial damage can directly activate the intrinsic 

mitochondrial pathway of apoptosis, making mitochondria an appealing target-site for cancer 

therapy.  
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Figure 4. Mitochondrial targeting capacity of AIE-polymersomes comprising TerP22-PAIE5. a) Confocal 

images of cancer cell lines (HepG2, HeLa, and A549 cells) and healthy fibroblast cells treated with AIE-

polymersomes for 1 h. (scale bar = 50 μm, blue: Hoechst (nucleus); green: mitochondria tracker green 

(MTG); red: AIE-polymersomes). b) Relative fluorescent intensity analysis of green channel (MTG) and 

red channel (AIE-polymersomes) via continuous confocal scanning, the analysis is achieved via image 

J. c) Confocal images of A549 cells incubated for 1 h with AIE-polymersomes obtained after different 

numbers of scans, green channel: MTG. Red channel: AIE-polymersomes. Scale bar=20 μm. 

To investigate the targeting capacity of the AIE polymersomes toward mitochondria, a 

time-dependent co-localization experiment was performed in a range of cell lines. CLSM 

imaging revealed that upon incubation for 1 h, the red fluorescence signal from AIE-

polymersomes and the green signal from Mito-tracker green (MTG) colocalized well and 

showed yellow fluorescent spots within mitochondria, demonstrating the specific mitochondria 

targeting ability of AIE-polymersomes (Figure 4a, and Supplementary Figure S11). Pearson 

correlation coefficient analysis confirmed the co-localization of the polymersomes within the 

mitochondrial compartments over time (Pearson correlation coefficient, r0.25h = 0.41, r1h = 0.73) 

(Supplementary Figure S11 & S13). There was furthermore little overlap between the AIE-

polymersomes and Lysol-tracker (Pearson correlation co-efficiency, r0.25h = 0.13, r1h = 0.17) 

(Supplementary Figure S12 & S13), and cell membrane mask (Pearson correlation 

coefficient, r1h = 0.15) (Supplementary Figure S14).  

The same behavior was observed in all investigated cell lines (Figure 4a, and 

Supplementary Figure S15). The main distinction was the higher fluorescence accumulation 

in cancer cells (3.5 fold) compared to healthy fibroblast 3T3 cells. The enhanced co-

localization with cancer cells mitochondria was likely due to that mitochondria membrane 

potential (MMP) in cancer cell lines is more negative compared with that in healthy fibroblast 

cells. To prove this, a mitochondria permeable dye, 5,5’,6,6’-tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1) as MMP dependent molecule which 

displays green emission in low MMP, but red emission in high MMP, was used. Indeed, cancer 

cell lines stained with JC-1 displayed a higher red/green emission ratio (1.5 in HepG2 cells, 

2.5 in HeLa cells, 3.2 in A549 cells) than NIH 3T3 cells (0.6) (Supplementary Figure S16). 

An interesting additional feature of the AIE polymersomes is their high photo-stability. 

Compared to the commercial MTG the red fluorescence of AIE- polymersomes was more 

resistant to photo-bleaching (Figure 4b and 4c). MTG signal was attenuated >80% after 60 

scans with the CLSM, while the red AIE emission remained approximately 70% of its original 

value, which is of importance for imaging and tracking in the nano-biomedical field. 
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Figure 5. Cellual uptake of photosensitizer (BPP) loaded AIE-polymersomes. a)  Confocal images of 

A549 cells treated with BPP-loaded AIE-polymersomes for 2 h and 8 h. (scale bar = 50 μm, blue: 

Hoechst (nucleus); green: AIE-polymersomes; red: BPP). b) Relative fluorescence intensity analysis of 

green channel (AIE-polymersomes) and red channel (BPP) in (a) at different incubation times; the 

analysis is achieved via image J. c) Pearson’s correlation coefficient between AIE-polymersomes, MTG, 

and BPP at different incubation times. d) Confocal images of A549 cells incubated for 8 h with BPP- 

loaded AIE-polymersomes (Blue: Hoechst (nucleus); green channel: MTG; red channel: BPP). Scale 

bar=50 μm.  

2.5. Delivery of photosensitizers to mitochondria 

As mentioned above photodynamic therapy (PDT) employs photosensitizers to produce 

reactive oxygen species when exposed to a localized (NIR) light source, allowing 

spatiotemporal control of the treatment. To illustrate the phototherapeutic capability of the AIE-

polymersomes, a BODIPY photosensitizer (named BPP) was synthesized according to 
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reported procedures and loaded into AIE-polymersomes via the direct hydration process 

(Scheme S2, and Supplementary Figure S17). Loading efficiency of 93±3 % was reached. 

It was subsequently investigated if the photosensitizer could be targeted to the mitochondria 

using the pyridinium moieties similarly displayed on the polymersomes as the unloaded 

particles.  

CLSM imaging revealed that the co-localization was gradually enhanced as the 

incubation time increased. Upon incubation for 2 to 8 h, the fluorescence signal from the AIE-

polymersomes (green as false color) and the red signal from the photosensitizer (BBP) 

overlapped and showed yellow fluorescent spots (Figure 5a, and Supplementary Figure 

S18). The Pearson correlation analysis also denoted the efficient co-localization of AIE-

polymersomes and BPP with prolonged incubation times (Pearson correlation coefficient, r2h 

= 0.57, r8h = 0.76) (Figure 5c). One thing worth noticing is that the initial fluorescence of AIE-

polymersomes (upon 2 h incubation) was partially quenched by the BPP due to the Förster 

resonance energy transfer (FRET) taking place in the BPP loaded polymersomes (Figure 5a, 

Supplementary Figure S18 & S19). While the AIE fluorescence increased significantly over 

time (Figure 5a, 5b, and Supplementary Figure S19), and was 11.4 fold higher after 8 h 

compared with the initial fluorescence emission at 2 h incubation, the BPP fluorescence only 

gave a 2.6 fold increase after 8h (Figure 5b). Furthermore, the red signals (BPP) of the 

photosensitizer loaded polymersomes coincided well with the green fluorescence of MTG 

(Pearson’s correlation coefficient, r8h = 0.66), owing to the mitochondria targeting ability of the 

polymersomes (Supplementary Figure S20). The BPP loaded polymersomes furthermore 

showed a 42 fold higher BPP signal compared to the freely administered photosensitizer, 

demonstrating that the delivery via the polymersomes is highly efficient and robust 

(Supplementary Figure S21).  

2.6. Mitochondria targeting PDT in vitro 

Having established that the BPP-loaded AIE-polymersomes were effectively internalized 

and colocalized with mitochondria, ROS production upon NIR light irradiation was investigated 

next and evaluated with the indicators Singlet Oxygen Sensor Green (SOSG) and 2, 7-

dichlorodihydrofluorescein diacetate (DCFH-DA). NIR irradiation (660 nm and 100 mW cm-2) 

of a BPP-loaded AIE-polymersome solution containing SOSG for 5 min showed a significantly 

enhanced fluorescence at 530 nm indicative of abundant ROS production, compared to the 

control groups including AIE-polymersomes, free BPP, and PBS with or without NIR light 

irradiation (Figure 6a, and Supplementary Figure S22). Intracellular ROS production was 

also confirmed in A549 cancer cells via the DCFH-DA probe. Cancer cells incubated for 6 h 

with BPP-loaded AIE-polymersomes and irradiated with NIR light irradiation for 5 min 

displayed a significantly stronger green fluorescence, and more efficient ROS production 
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compared to the other groups (Figure 6b, 6c and Supplementary Figure S23). 

 

Figure 6. Theraputic performance of photosensitizer (BPP) loaded AIE-polymersomes. a) 

Fluorescence intensity of Singlet Oxygen Sensor Green (SOSG) assay at 530 nm treated with different 

groups (PBS, AIE-polymersomes, free BPP, and BPP-loaded AIE-polymersomes) with or without NIR 

light irradiation. b) Confocal images of ROS production visualized via the DCFH-DA probe in A549 cells 

treated with BPP-loaded AIE-polymersomes with or without NIR light irradiation (blue: Hoechst 

(nucleus); green: DCFH, scare bar= 50 µm). c) Microplate reader analysis of the fluorescence intensity 

of the DCFH-DA assay of A549 cells treated with different groups (PBS, AIE-polymersomes, free BPP, 

and BPP-loaded AIE-polymersomes) with or without NIR light irradiation. d) Relative viability of A549 

cells treated with BPP-loaded AIE-polymersomes with or without light irradiation. e) Bright-field images 

of A549 cells treated with BPP-loaded AIE-polymersomes with or without light irradiation, scar bar=100 

µm. f) Microplate reader analysis of propidium iodide (PI) intensity in A549 cells treated with different 

groups (PBS, AIE-polymersomes, free BPP, and BPP-loaded AIE-polymersomes) with or without NIR 

light irradiation. g) Confocal images of A549 cells treated with PBS, AIE-polymersomes, free BPP, and 

BPP-loaded AIE-polymersomes with light irradiation after calcein and PI stain, (green: calcein, red: PI, 

scale bar= 100 µm). Significance was assessed using one-way ANOVA, followed by Tukey’s multiple 

comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001). 

Then the in vitro toxicity of this PDT system was investigated. A549 cells were first 
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incubated with AIE-polymersomes for 6 h to guarantee efficient intracellular internalization, 

then washed with PBS and incubated further to a total of 24 h. The AIE-polymersomes 

displayed more toxicity to cancer cell lines, indicated by the lower IC50 in A549 cells (IC50 = 

403 µg cm-1), HepG2 cells (IC50 = 180 µg cm-1) and HeLa cells (IC50 = 14 µg cm-1), compared 

to NIH 3T3 cells (IC50 > 500 µg cm-1), which could be ascribed to the fact that the 

polymersomes are more effectively taken up by cancer cells (Supplementary Figure S24). 

The photo-therapeutic efficiency of the BPP-loaded AIE-polymersomes was investigated next. 

A549 cells were incubated with these particles and irradiated with a NIR 660 nm laser (100 

mW, 5 min).  Bubble formation and membrane destabilization were observed, leading to the 

efficient killing of the cancer cells.  NIR irradiation lowered the IC50 from 171 μg mL−1 (no 

irradiation) down to 0.71 μg mL−1 (0.031 μg mL−1 based on the amount of BPP) (Figure 6d 

and 6e). A comparison of the relative cytotoxicity of BPP-loaded AIE-polymersomes and free 

BPP was also made (Supplementary Figure S25). After laser irradiation, a reduction of 95% 

in A549 cell viability was seen with BPP-loaded AIE-polymersomes at 0.2 μg mL−1 BPP 

(Figure 6d). In contrast, free BPP under the same conditions only led to a 5% viability 

reduction (IC50 > 50 μg mL−1) (Supplementary Figure S25). The greatly enhanced cancer 

cell killing efficiency for AIE-BPP with NIR light irradiation could be ascribed to the enhanced 

effect of mitochondria-targeted delivery, and photodynamic therapy.  

     PDT-induced cytotoxicity was further investigated by measuring apoptosis of A549 

cells with Calcein-AM as a live stain, alongside propidium iodide (PI) staining dead cells. Under 

control conditions (cells only, AIE-polymersomes, and free BPP) with light irradiation, or BPP-

loaded AIE-polymersomes without light irradiation, no significant cellular apoptosis was 

observed; however, in the presence of BPP-loaded AIE-polymersomes and NIR light, 

significant apoptosis was found (Figure 6f and 6g). Again, the mitochondria-targeted BPP-

loaded AIE-polymersomes displayed enhanced PDT and were most effective 

(Supplementary Figure S26). These results suggest that the mitochondria-targeted delivery 

and targeted photodynamic therapy could greatly improve cancer cell killing efficiency.  

2.7. Mitochondria targeting PDT in vivo 

     To test the PDT efficacy of the BPP-loaded AIE-polymersomes in an in vivo model, 

subcutaneous A549 tumor-bearing nude mice were used. A549 exogenous tumor-bearing 

nude mice were randomly divided into five groups: control PBS, AIE-polymersomes with light, 

BPP with light, BPP-loaded AIE-polymersomes without light and BPP-loaded AIE-

polymersomes with light, and the different groups of mice were treated with the corresponding 

agents by intratumoral injection. For the groups with light irradiation, the mice were irradiated 

under a NIR laser irradiation (660 nm, 0.5 W cm−2) for 5 min after intra-tumoral injection for 6 

h and the relative tumor volume was monitored every other day during the following 18 d. The 
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mouse groups treated with PBS, AIE-polymersomes with light, and BPP-loaded AIE-

polymersomes without light were found to display a similar tumor growth rate, which indicated 

that AIE-polymersomes themselves in combination with light irradiation is not able to inhibit 

tumor growth. The mice treated with BPP-loaded AIE-polymersomes and NIR light 

demonstrated efficiently inhibited tumor growth and reduced tumor volume, implying efficient 

intracellular ROS production. Additionally, the higher inhibition efficacy toward tumor growth 

compared to the free BPP group should be primarily assigned to the improved tumor 

accumulation and organelle targeting capability of the BPP-loaded AIE-polymersomes. After 

treatment for 18 d, the dissected tumor volume, the weight of the mice, and H&E staining 

provided further evidence of the efficient in vivo tumor growth inhibition by BPP-loaded AIE-

polymersomes with light irradiation (Figure 7). No obvious variations were observed for the 

mice's body weights for all treatments (Figure 7b), which indicated that light irradiation, bare 

AIE-polymersomes, and the photosensitizer itself displayed an inherent low in vivo toxicity. 

Further biodistribution of the photosensitizer loaded AIE-polymersomes as well as H&E 

staining of normal orgnans such as liver and spleen are needed as additional proofs of the 

biocompatibility and toxicity. Collectively, these results verified that BPP-loaded AIE-

polymersomes have an improved tumor targeting ability, are more effectively taken up by cells  

and their effective intracellular delivery enables intracellular ROS production more efficiently, 

thereby achieving optimal antitumor efficacy in vivo. 
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Figure 7. Theraputic performace of photosensitizer (BPP) loaded AIE-polymersomes. a) The tumor-

bearing mice groups treated with BPP loaded AIE-polymersomes (AIE-BPP) displayed a more 

pronounced antitumor effect compared with PBS blank group and other negative controls. b) After 

treatment with PBS blank, the negative controls, and the AIE-BPP with light irradiation, the mice all still 

retain comparable body weight. c) Tumor weight separated from the mice after the treatment, in which 

BPP loaded AIE-polymersomes (AIE-BPP) groups displayed a minimum tumor weight compared with 

the other groups. d) A typical photograph of tumor size weight separated from the mouse after 

treatment. Significance was assessed using one-way ANOVA, followed by Tukey’s multiple 

comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001). 

3. Conclusion 

In summary, we here have applied a simple direct hydration approach to afford a 

biodegradable, intrinsically fluorescent polymersome system by aggregation-induced 

emission. The intrinsic fluorescence allows facile tracking and colocalization of the 

polymersomes and their (fluorescent) cargo upon cell uptake. Furthermore, the 

semipermeable character of the polymersome membrane enables their usage as 

nanoreactors. The pyridinium-functional moieties which are displayed on the polymersome 

surface mediate fast cellular integration and active targeted intracellular delivery of cargo 

toward mitochondria. When loaded with conventional sensitizers (e.g. BPP) their 

(mitochondria)-targeted delivery provides these polymersomes with a strongly boosted 

therapeutic index against cancer cells both in vitro and in vivo, which makes this an exciting 

system with great potential for biomedical research.  
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5. Experimental section 

5.1. Experimental materials and instruments 

Materials: Poly(ethylene glycol) methyl ether (mPEG, Mn 1 kDa) was purchased from Rapp Polymers, 

caprolactone (99%, Sigma), 1,3-dioxan-2-one (99%, TCI Europe), bis(4-methoxyphenyl) methanone 

(98%, TCI), 4-bromobenzophenone (98%, Sigma), titanium(IV) chloride (99%, Sigma), Zn powder 

(Sigma), 4-vinylpyridine (99%, Sigma), palladium(II) acetate (99%, Sigma), tri(o-tolyl)phosphine (99%, 

TCI), trimethylamine (99%, Sigma), oxalyl chloride (99%, Sigma), 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU, 99%, Sigma), 4-hydroxybenzaldehyde (98%, TCI 98%). 1,2-dibromoethane (98%, Sigma), 

sodium azide (99%, Sigma), 2,4-dimethylpyrrole (97%, Sigma), 2,3,5,6-tetrachloro-1,4-benzochinone 

(p-chloranil, 98%, Sigma), Boron fluoride ethyl ether (BF3·OEt2, 99%, Sigma), N-bromosuccinimide 

(NBS, 99%, Sigma), 4-methoxybenzaldehyde (99%, TCI), and all other chemicals were supplied by 

Sigma-Aldrich. 1,4-Dioxane and tetrahydrofuran (THF) were obtained from Biosolve Chimie. Dialysis 

Membrane MWCO 12,000 -14,000 Da from Spectra/Pro® was used for dialysis. Hoechst 33342, 

LysoTrackerTM Green DND-26, propidium iodide (PI), MitoTracker™ Green FM, LysoTrackerTM 

Green DND-26, Cell mask, Dulbecco’s modified eagle medium (DMEM), phosphate-buffered salines 

(PBS, pH 7.4), no mycoplasma fetal bovine serum (FBS), trypsin-EDTA, and penicillin-streptomycin 

were obtained from ThermoFisher. All chemicals were used as received without further treatment. All 

experiments conducted in this work use ultrapure Milli Q (Millipore) water (18.2 MΩ·cm).  

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H NMR spectra were recorded on a Bruker 

(400MHz) spectrometer with a Bruker Sample Case auto-sampler, with CDCl3, MeOD4 or DMSO-d6 as 

the solvent and TMS as an internal standard. 

Size-exclusion chromatography (SEC): the molecular weights and dispersity of the polymers were 

characterized by a SEC system. The SEC was conducted using a Shimadzu Prominence-i SEC system 

with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standards and 

equipped with a Shimadzu RID-20A differential refractive index detector. THF was used as an eluent 

with a flow rate of 1 mL/min. 

Dynamic Light Scattering (DLS): A Malvern Z90 Zetasizer equipped with a 633 nm He−Ne laser and 

an avalanche photodiode detector was used to characterize the hydrodynamic size of the particles. The 

scattering light at 173° angle was detected and used to analyze the size and distribution. 

Scanning Electron Microscopy (SEM):  Morphology of the nanoparticles were characterized by SEM 

(FEI Quanta 200 3D FEG). 

Transmission Electron Microscopy (TEM): TEM images were recorded by a FEI Tecnai 20 (type 

Sphera) at 200 kV. 10 μL of sample was dropped onto a carbon-coated copper grid. After removing the 

excess solution by blotting paper, the samples were dried at ambient conditions. For staining, a drop of 

phosphotungstic acid (2 %) solution was placed on the grid for 30 s. 

Cryogenic transmission electron microscopy (cryo-TEM): experiments were performed using a FEI 

Tecnai G2 Sphera (200 kV electron source) equipped with LaB6 filament utilizing a cryoholder or a FEI 
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Titan (300 kV electron source) equipped with autoloader station. Samples for cryo-TEM were prepared 

by treating the grids (Lacey carbon coated, R2/2, Cu, 200 mesh, EM sciences) in a Cressington 208 

carbon coater for 40 seconds. Then, 3 μl of the nanoparticle solution was pipetted on the grid and 

blotted in a Vitrobot MARK III at 100% humidity. The grid was blotted for 3 seconds (offset -3) and 

directly plunged and frozen in liquid ethane. 

Asymmetric Flow Field-Flow Fractionation (AF4): the asymmetric flow field-flow fractionation-UV-

QELS (AF4-UVQELS) experiments were performed on a Wyatt Dualtec AF4 instrument connected to 

a Shimadzu LC-2030 Prominence-i system with Shimadzu LC-2030 autosampler. The AF4 was 

connected to a Wyatt DAWN HELEOS II light scattering detector (MALS) installed at different angles 

(12.9 o, 20.6 o, 29.6 o, 37.4 o, 44.8 o, 53.0 o, 61.1 o, 70.1 o, 80.1 o, 90.0 o, 99.9 o, 109.9 o, 120.1 o, 130.5 
o, 149.1 o, and 157.8 o) using a laser operating at 664.5 nm and a Wyatt Optilab Rex refractive index 

detector. Detectors were normalized using Bovine Serum Albumin (BSA). The processing and analysis 

of the LS data and radius of gyration (Rg) calculations were performed on Astra 7 software (using the 

Berry model, which is recommended for particles of size > 50 nm). All AF4 fractionations were 

performed on an AF4 short channel with regenerated cellulose (RC) 10 kDa membrane (Millipore) and 

spacer of 350 μm. 

Ultraviolet-visible spectroscopy (UV/Vis): The UV absorbance spectra were recorded on a Jasco V-

650 UV/Vis spectrometer at 293 K 

Fluorescence imaging: A Keyence BZ-9000 fluor-microscope was used to obtain the fluorescent 

images. 

Microplate reader: Cell viability by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay, membrane permeability, ROS induction were evaluated by using a microplate 

reader (Safire2, TECAN). 

Two Photon-Confocal Laser Scanning Microscopy (TP-CLSM): Fluorescent images were observed 

and recorded by using CLSM (Leica TCS SP5X). 
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5.2. Experimental materials and instruments 
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Scheme S1. Synthesis route towards AIE monomer and functional block-co-polymers.  

Compound TPE-Br: This compound was synthesized according to a previously reported procedure.[15b] 

Briefly, bis(4-methoxyphenyl) methanone (9.73 g, 40.0 mmol), 4-bromo-benzophenone (12.54 g, 48.0 

mmol), and Zn powder (13 g, 200 mmol) in dried THF (500 mL) were stirred at 0 °C under an argon 

atmosphere; then, TiCl4 (17.6 mL, 160 mmol) was dropped into the reaction mixture with rapid stirring 

over 30 min. The mixture was heated to 80 °C for 24 h. After being cooled to room temperature, the 

reaction was quenched by the addition of 250 mL 10% aq K2CO3. The mixture was filtered to remove 

insoluble materials and washed with CH2Cl2. The organic layer was dried with anhydrous MgSO4 and 

filtered. The solution was evaporated. The crude product was purified by column chromatography to 

give 9.62 g (20.4 mmol) of TPE-Br as a light yellow solid in 51% yield.1H NMR (400 MHz, CDCl3) δ 

(ppm): 7.21 (d, J = 8.3 Hz, 2H), 7.16 – 7.04 (m, 3H), 7.05 – 6.96 (m, 2H), 7.01 – 6.85 (m, 6H), 6.70 – 

6.59 (m, 4H), 3.75 (d, J = 10.9 Hz, 6H). 

Compound TPE-PY: This compound was synthesized according to a previously reported procedure 

with slight modifications.[15b] Compound TPE-Br (5 g, 11 mmol), 4-vinylpyridine (1.34 g, 13 mmol), 

palladium(II) acetate (220 mg, 1 mmol), tri(o-tolyl)phosphine (610 mg, 2 mmol), trimethylamine (10 mL) 

and DMF (50 mL) were mixed in a round-bottom flask, stirred and heated at 100 oC under argon 

atmosphere overnight. After cooling to room temperature, the reaction was quenched by water and 

ethyl acetate, then washed by water (100 mL × 3). The organic phase was dried by Na2SO4 and the 
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solvent was removed under reduced pressure. The obtained residue was separated with 

chromatography (hexane/ethyl acetate = 1/1) to give the desired product as greenish yellow solid (5 g, 

yield 92%). 1H NMR (400 MHz, CDCl3) δ ppm 8.55 (d, J = 4.0 Hz, 2H), 7.32 (d, J = 5.9 Hz, 2H), 7.29 

(s, 1H), 7.27 (s, 1H), 7.23-7.19 (m, 1H), 7.14-7.09 (m, 3H), 7.05-7.03 (m, 4H), 6.98-6.91 (m, 5H), 6.69 

- 6.61 (m, 4H), 3.75 (s, 3H), 3.74 (s, 3H).  

Compound TMC-Br: This compound was synthesized according to a previously reported procedure.[15b] 

5-methyl-2-oxo-1,3-dioxane-5-carboxylic acid (1.6 g, 10 mmol) was dissolved in THF (50 mL) with 3 

drops of dimethylformamide (DMF). A solution of oxalyl chloride (3.9 g, 30 mmol) in THF (20 mL) was 

added, and the solution was stirred under a flow of N2 for 1 h before volatiles were removed under 

vacuum to leave a slowly crystallizing white solid. The solid was then dissolved in dry DCM (25 mL), 

cooled in an ice bath, then a solution of 3-bromo-1-propanol (1.24 g, 9 mmol), 4-dimethylaminopyridine 

(122 mg, 1 mmol) and triethylamine (3.3 g, 33 mmol) in dry DCM (30 ml) were added via a dropping 

funnel for 30 min, causing a white precipitate to form immediately. The mixture was stirred for 3 h before 

it was filtered and the filtrate evaporated. Purification by column chromatography (silica, 1:1 ethyl 

acetate/hexanes) provided the desired product as oil that slowly solidified to a white solid. 1H NMR (400 

MHz, Chloroform-d) δ 4.75 – 4.64 (m, 2H), 4.37 (t, J = 6.1 Hz, 2H), 4.25 – 4.18 (m, 2H), 3.46 (t, J = 6.4 

Hz, 2H), 2.23 (p, J = 6.2 Hz, 2H), 1.34 (s, 3H).  

Polymer TerP22-PTMCBr: Ring-opening polymerization of TMC-Br was accomplished using a modular 

approach as presented in the literature for similar macromolecules.[14] PEG22PCL30gTMC30 (TerP22) was 

synthesized following the previous procedure in Chapter 3.[12] TerP22 (as the macroinitiator) with the 

corresponding amount of TMC-Br were added in a round bottom flask. To obtain a copolymer with 

composition TerP22-Br6, 0.750 g (0.1 mmol) of TerP22, and 0.2 g (0.8 mmol) of TMC-Br were used. For 

TerP22-Br11, 0.337 g (1.3 mmol) of TMC-Br was used, and 0.63 g (23 mmol) of TMC-Br was necessary 

to synthesize TerP22-Br20. In all cases, dry toluene (ca. 10 mL) was then added to the flask and the 

solvent evaporated to dry the contents before polymerization. The dried reagents were then re-

dissolved in 2 ml dry DCM and DBU was added (0.5 equiv. concerning [initiator]; 0.1 mmol = 15 μL) 

under argon. The reaction was allowed to proceed at RT for around 5 hours, then the reaction mixture 

was diluted using DCM and washed twice with 1 M KHSO4 and once with brine before drying with 

Na2SO4, filtering, and evaporating most of the solvent. The concentrated copolymer solution (in DCM) 

was then precipitated into ice-cold diethyl ether (100 mL) and the remaining wax was partially dried 

under nitrogen before dissolving in dioxane and lyophilization to yield a white waxy solid (78-85 % yield). 
1H NMR (400 MHz, Chloroform-d) δ 4.37 – 4.03 (m, initiator and TMCBr), 3.69 – 3.60 (m, initiator), 3.52 

- 3.42 (m, TMCBr), 3.38 (s, initiator), 2.31 (m, initiator), 2.26 – 2.12 (m, TMCBr), 2.10 – 1.97 (m, initiator), 

1.69 – 1.62 (m, initiator), 1.46 - 1.34 (m, initiator), 1.29 – 1.21 (m, TMCBr). GPC (RI) for TerP22-Br6: Mn 

(Ð) = 12.3 kDa (1.10); GPC (RI) for TerP22-Br11: Mn (Ð) = 13.3 kDa (1.09); GPC (RI) for TerP22-Br20: Mn 

(Ð) = 14.2 kDa (1.09). (Table S1). 

Polymer TerP22-PAIE: Quaternization of the block-co-polymers to obtain TerP22-PAIE was 

accomplished using a modular approach as presented in the literature for similar macromolecules.[14] 

The bromide functional polymer TerP22-PTMCBr was dissolved in N,N-dimethylformamide (DMF) (10 



Mitochondria-Targeting AIE-Polymersomes 

119 
 

ml) and the mixture was equipped with a stir bar. Under nitrogen, an excess solution of TPE-PY in DMF 

was added, after which the reaction flask was sealed. The solution was heated to 100 oC for 24 h while 

stirring. Following the reaction, the solution was extensively dialyzed (SpectraPor, MWCO: 3.5 kDa, 2 

mL/cm) against DMSO and dioxane for 3 days. Then the remaining solution was lyophilized to yield a 

brown waxy solid (71-83 % yield). The quaternization degree was determined to be from 77% to 83%. 
1H NMR (400 MHz, Chloroform-d) δ 9.5~9.25 (m, TPE block), 8.12-7.95 (m, TPE block), 7.67 - 7.59 (m, 

TPE block), 7.42 - 7.31 (m, TPE block), 7.2 – 6.84 (m, TPE block), 6.71 - 6.56 (m, TPE block), 5.09 - 

4.86 (m, in initiator), 4.48 – 3.90 (m, initiator), 3.72 - 3.67 (m, TPE block), 3.65 (s, PEG in initiator), 3.38 

(s, PEG in initiator), 2.52-2.46 (m, initiator), 2.31 (m, initiator), 2.09 – 1.98 (m, initiator), 1.66 (m, initiator), 

1.39 (m, initiator), 1.32 – 1.13 (m, initiator). 

BODIPY Photosensitizer: the synthesis of the BODIPY photosensitizer was accomplished via a multi-

step reported synthetic procedure (scheme S2).[16]  
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Scheme S2. The synthetic route towards the BODIPY photosensitizer 

Compound 1: 4-Hydroxybenzaldehyde (4.051 g, 33 mmol) was dissolved in acetonitrile (250 mL) and 

1,2-dibromoethane (28.6 mL, 332 mmol) and potassium carbonate (8.252 g, 60 mmol) was added. The 

mixture was stirred for 20 h under reflux and progress was controlled by TLC. After cooling to room 

temperature (RT) water (200 mL) was added and the mixture was extracted with diethyl ether. The 

combined organic layers were washed with brine, dried over anhydrous sodium sulfate and solvents 

were removed under reduced pressure. The solids were recrystallized from diethyl ether to get the 

product as a white solid. Yield: 7.181 g (95%).  1H NMR (400 MHz, CDCl3): δ ppm 3.68 (t, 2H, 3J = 6.3 

Hz, CH2Br), 4.37 (t, 2H, 3J = 6.3 Hz, 6-ROCH2), 7.02 (d, 2H, 3J = 8.8 Hz, o-CH), 7.85 (d, 2H, 3J = 8.8 

Hz, m-CH), 9.90 (s, 1H, CHO). 

Compound 2: 4-(2-Bromoethoxy)benzaldehyde (1) (4.432 g, 19 mmol) was dissolved in 

dimethylformamide (15 mL) and sodium azide (1.446 g, 22 mmol) was added. The mixture was stirred 

at 100 °C for 1 h and progress was controlled by TLC. After cooling to RT water (15 mL) was added 

and the mixture was extracted with dichloromethane. The combined organic layers were washed with 

water and dried over anhydrous sodium sulfate. Solvents were removed under reduced pressure. The 

product was purified by column chromatography. The pure product was obtained as a colorless liquid. 

Yield: 3.705 g (99%).  1H NMR (400 MHz, CDCl3): δ ppm 3.66 (t, 2H, 3J = 4.9 Hz, CH2N3), 4.23 (t, 2H, 

4 



Chapter 4 

120 
 

3J = 4.9 Hz, 6-ROCH2), 7.04 (d, 2H, 3J = 8.8 Hz, o-CH), 7.85 (d, 2H, 3J = 8.8 Hz, m-CH), 9.91 (s, 1H, 

CHO). 

Compound 3: 2,4-Dimethylpyrrole (0.539 mL, 5.2 mmol), compound (2) (0.500 g, 2.6 mmol) and 

molecular sieves 3Å (5 g) were added to carefully dried and degassed dichloromethane (250 mL) and 

trifluoroacetic acid (1 drop) was added. The mixture was stirred at RT for 12 h and then a solution of 

2,3,5,6-tetrachloro-1,4-benzoquinone (p-chloranil, 0.644 g, 2.6 mmol) in dichloromethane (200 mL) was 

added quickly. The deep-red suspension was stirred at RT for 15 min and triethylamine (2.00 mL, 14.4 

mmol) was added. The mixture was stirred for an additional 15 min before BF3·OEt2 (1.94 mL, 15.7 

mmol) was added dropwise. After stirring for 24 h the mixture was filtered and water (150 mL) was 

added. The layers were separated and the organic layer was washed with water, dried over anhydrous 

sodium sulfate and solvents were removed under reduced pressure. The residue was purified by 

column chromatography to obtain the pure product as a red solid. Yield: 0.592 g (55%). 1H NMR (400 

MHz, CDCl3): δ ppm 1.42 (s, 6H, CH3), 2.55 (s, 6H, CH3), 3.66 (t, 2H, 3J = 5.0 Hz, CH2N3), 4.20 (t, 2H, 

3J = 5.0 Hz, ArOCH2), 5.98 (s, 2H, ArpyrroleCH), 7.03 (d, 2H, 3J = 8.7 Hz, Ar-CH), 7.18 (d, 2H, 3J = 

8.7 Hz, Ar-CH). 

Compound 4: To a solution of 3 (0.14 g, 0.35 mmol) in CH2Cl2:DMF (4:1 mL) was added a solution of 

N-bromosuccinimide (NBS) (0.12 mg, 0.70 mmol) in CH2Cl2 (5 mL). The mixture was then stirred for 1 

h at R.T. After the extraction and washing with water, the organic layer was dried with MgSO4. After 

removal of the solvents, the crude product was purified over silica gel using (n-hexane/EtOAc (v/v, 4:1) 

as the eluent to yield 4 as a pink-orange solid (0.18 g, 90%): 1H NMR (400 MHz, CDCl3): δ 7.17 (d, J = 

8.74 Hz, 2H), 7.06 (d, J = 8.74 Hz, 2H), 4.23 (t, J = 4.90 Hz, 2 H), 3.68 (t, J = 4.90 Hz, 2 H), 2.60 (s, 

6H), 1.43 (s, 6H).  

Compound BODIPY: A mixture of compound 4 (0.18 g, 0.32 mmol), 4-methoxybenzaldehyde (0.11 g, 

0.77 mmol), glacial acetic acid (0.5 mL), piperidine (0.5 mL) and a small amount of Mg(ClO4)2 in toluene 

(30 mL) was heated at reflux overnight. The water formed during the reaction was removed with a 

Dean−Stark apparatus. After removal of the solvents under reduced pressure, the crude product was 

purified over silica gel using CH2Cl2/MeOH (v/v, 97:3) as the eluent to yield compound BODIPY as a 

dark green solid (0.15 g, 44%): 1H NMR (400 MHz, CDCl3): δ ppm 8.10 (d, J = 16.56 Hz, 2H), 7.64 - 

7.58 (m, 6H), 7.17 (d, J = 8.54 Hz, 2H), 7.04 (d, J = 8.54 Hz, 2H), 6.96 (d, J = 9.00 Hz, 4H), 4.25 - 4.18 

(m, 6H), 3.91 - 3.87 (m, 4H), 3.78 - 3.76 (m, 4H), 3.72 - 3.66 (m, 10H), 3.58 - 3.54 (m, 4H), 3.39 (s, 6H), 

1.46 (s, 6H). 13C NMR (100 MHz, CDCl3) δ ppm 160.77, 159.15, 148.44, 140.93, 138.83, 138.52, 

132.34, 129.82, 129.80, 129.30, 127.69, 116.13, 115.35, 114.32, 110.14, 67.02, 55.42, 50.23, 13.97. 

5.3. Nanoparticle formulation 

Preparation of AIE-polymersomes via direct hydration: Taking TerP22-PAIE5 as an example, a 

solution of TerP22-PAIE5 in PEG-350 was prepared at 10 wt.% by weighing in 40 mg of copolymer into 

an Eppendorf tube with 360 mg of PEG-350. The polymer was dissolved by heating at 50 °C and 

thorough mixing with a Gilson Microman E pipette (essential for this work). After mixing and then 

spinning down the copolymer solution, 10 µL was placed at the bottom of a glass vial and, with gentle 
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stirring at around 250 rpm, 200 µL of Milli-Q (micelle formation) or 100 mM NaCl (polymersome 

formation) was added. After 5 min of mixing a nanoparticle suspension was obtained at 5 mg mL-1 

[copolymer].  To remove any big aggregates, the polymersomes were then subjected to a 0.65 µm spin-

filter and the resulting filtrate was analyzed with UV-Vis and fluorescence spectroscopy. 

Loading hydrophilic cargo within AIE-polymersomes: With TerP22-PAIE5 as an example, a solution 

of TerP22-PAIE5 in PEG-350 was prepared at 10 wt.% by weighing in 40 mg of copolymer into an 

Eppendorf tube with 360 mg of PEG-350. The polymer was dissolved by heating at 50 °C and thorough 

mixing with a Gilson Microman E pipette (essential for this work). After mixing and then spinning down 

the copolymer solution, 10 µL was placed at the bottom of a glass vial and, with gentle stirring at around 

250 rpm, 200 µL100 mM NaCl (with β-Gal, or FITC-BSA) was added. After 5 min of mixing a 

nanoparticle suspension was obtained at 5 mg mL-1 [copolymer]. The polymersomes were than 

subjected to an SEC column to remove the free enzyme or protein and attain the cargo-loaded 

polymersomes. The loaded efficiency was determined by the BCA assay. 

Loading hydrophobic cargo within AIE-polymersomes: With TerP22-PAIE5 as an example, a 

solution of TerP22-PAIE5 in PEG-350 was prepared at 10 wt.% by weighing in 40 mg of copolymer into 

an Eppendorf tube with 360 mg of PEG-350. The polymer was dissolved by heating at 50 °C and 

thorough mixing with a Gilson Microman E pipette (essential for this work). To achieve photosensitizer 

loading, BODIPY photosensitizer was firstly dissolved in a mixture of DMSO and PEG350 (50 mg/ml). 

Then a calculated amount of BODIPY was mixed well with the polymer OEG solution by heating at 

50 °C and thorough mixing with a Gilson Microman E pipette. This mixed solution (containing 10 L 

polymer OEG solution) was placed at the bottom of a glass vial and, with gentle stirring at around 250 

rpm, 200 µL100 mM NaCl was added. After 5 min of mixing a nanoparticle suspension was obtained at 

5 mg mL-1 [copolymer]. To remove large aggregates, the polymersomes were then subjected to a 0.65 

µm spin-filter and the filtrate was analyzed by UV-Vis and fluorescence spectroscopy. 

5.4. Cell studies 

5.4.1. Nano-reactors integrated with cells:  

Micro-plate reader test: With HeLa cells as an example, HeLa cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells 

were seeded in a 96-well plate for 24 h, and then the medium was refreshed. Next, the cells were 

incubated with different samples (PBS blank, AIE-polymersomes, free β-Gal, and β-Gal loaded AIE 

polymersomes (40 µg/ml polymer) for 3 h, and subsequently washed three times with PBS. Then the 

cells were treated with 10 µg/ml substrate and the fluorescent product was monitored in a microplate 

reader.  

Confocal imaging test: With HeLa cells as an example, HeLa cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells 

were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. Next, the cells were 

incubated with different samples (PBS blank, AIE-polymersomes, free β-Gal, and β-Gal loaded AIE 

polymersomes (40 µg/ml polymer) for 3 h, and subsequently washed three times with PBS. Then the 
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cells were treated with 10 µg/ml substrate for 3 h and the fluorescence images of the cells were captured 

using a Leica TCS 264 SP5X system. 

5.4.2 FITC-BSA cellular tracking: With HeLa cells as an example, HeLa cells were cultured in DMEM 

medium containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa 

cells were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. Next, the cells 

were incubated with FITC-BSA loaded AIE-polymersomes for different periods (0.5 h, 1 h, 1.5 h, and 

2h), and washed three times with PBS. The cells were subsequently stained with Hoechst 33342 for 10 

min. Then, the fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

5.4.3 Internalization of AIE-polymersomes and intracellular localization: HeLa, HepG2, A549 cells 

or NIH 3T3 cells were cultured in DMEM medium containing 10 % FBS, 1 % penicillin/streptomycin  

(complete DMEM) in 5 % CO2 at 37 °C. With HeLa cells as an example, the cells were seeded in a μ-

slide 8 well plate for 24 h, and then the medium was refreshed. Then the cells were incubated with AIE-

polymersomes (50 µg/ml) for different periods (0.25 h, 0.5 h, 0.75 h, and 1 h). After that, the cells were 

washed and stained with Hoechst 33342 for 10 min and LysoTracker™ Green (30 min) or Mitochondria-

tracker (MitoTracker™ Green) (30 min), or cell mask (5 min). Then, the fluorescence images of the cells 

were captured using a Leica TCS 264 SP5X system. 

5.4.4 Mitochondria membrane potential (MMP) measurements: The MMP was determined by a JC-

1 assay. Typically, HeLa, HepG2, A549 cells or NIH 3T3 cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. With HeLa 

cells as an example, the cells were seeded in a μ-slide 8 well plate for 24 h, and then the medium was 

refreshed. After that, the cells were washed and stained with Hoechst 33342 for 10 min and JC-1 dye. 

Then, the fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

5.4.5 Internalization of BPP-loaded AIE-polymersomes: A549 cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. The cells 

were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. Then the cells were 

incubated with BPP-loaded AIE-polymersomes (50 µg/ml) for different periods (2 h, 4 h, 6 h, and 8 h). 

After that, the cells were washed and stained with Hoechst 33342 for 10 min and Mitochondria-tracker 

(MitoTracker™ green). Then, the fluorescence images of the cells were captured using a Leica TCS 

264 SP5X system. 

5.4.6 Toxicity studies: HeLa, HepG2, A549 cells or NIH 3T3 cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. The relative 

cell viability was evaluated in vitro by an MTT assay. The cells were seeded in 96-well plates at a density 

of 5 × 103 cells per well in 100 μL complete DMEM medium and cultured for 24 h at 37 °C. Subsequently, 

the cells were incubated with the corresponding agent (AIE-polymersomes, BPP, and BPP-loaded AIE-

polymersomes) at different concentrations for 6 h. The cells were washed with PBS, and further 

incubated for 18 h. After that, the cells were washed and fresh medium containing MTT was added into 

each plate. The cells were incubated for another 4 h. After removing the medium containing MTT, 

dimethyl sulfoxide (100 μL) was added to each well to dissolve the formazan crystals. Finally, the plate 

was gently shaken for 5 min and the absorbance at 490 nm was recorded with a micro-plate reader. 
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5.4.7 ROS production: The ROS production of AIE-polymersomes under irradiation with light was 

determined by an SOSG assay in solution and a DCFH-DA assay with cells. 

SOSG assay: In a 96-well plate was added with 200 µL different PBS solutions containing either PBS 

blank, AIE-polymersomes, free BPP, or BPP-loaded AIE-polymersomes. Then an SOSG solution (final 

concentration is 10 µm) was added, the samples were then irradiated with NIR light (660 nm, 100 mW, 

5 min). Samples without NIR light irradiation were used as a control. The fluorescent product was 

measured via a micro-plate reader. 

DCFH-DA assay: The ROS production via a DCFH-DA assay was qualitatively and quantitatively 

confirmed via a microplate reader and confocal imaging, respectively, using A549 cancer cells.  

Microplate reader measurement: A549 cells were cultured in DMEM medium containing 10 % FBS, 1 % 

penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. A549 cells were seeded in a 96-well 

plate for 24 h, and then the medium was refreshed. Then the cells were incubated with different samples 

(PBS, AIE-polymersomes, free BPP, and BPP-loaded AIE-polymersomes). Next, the cells were 

incubated with CM-H2DCFDA for 0.5 h, followed by washing with PBS for 3 times. After that, the cells 

were subjected to a NIR laser (660 nm, 100 mw, 5 min), and the fluorescent product was measured via 

a microplate reader. 

Confocal imaging measurement: A549 cells were cultured in DMEM medium containing 10 % FBS, 1 % 

penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. A549 cells were seeded in a µ 8-well 

plate for 24 h, and then the medium was refreshed. Then the cells were incubated with different samples 

(PBS, AIE-polymersomes, free BPP, and BPP-loaded AIE-polymersomes) for 4 h. The cells were 

loaded with CM-H2DCFDA for 0.5 h and stained with Hoechst for 10 min. Then the cells were washed 

with PBS 3 times. After that, the cells were subjected to a NIR laser (660 nm, 100 mW, 5 min), and the 

fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

5.4.8 Cell necrosis induced PDT: A549 cells were cultured in DMEM medium containing 10 % FBS, 

1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells were seeded in a μ-slide 

8 well plate for 24 h, and then the medium was refreshed. The cells were incubated with different 

samples (PBS, AIE-polymersomes, free BPP, and BPP-loaded AIE-polymersomes) for 6 h. Then the 

cells were washed and irradiated via a NIR laser (660 nm, 100 mW, and 5 min), and subsequently 

stained with Hoechst 33342 for 10 minutes. The cells were washed and incubated with calcein for live-

cell staining, and PI for dead cell staining for 10 min. Fluorescence images of the cells were captured 

using a Leica TCS 264 SP5X system. 

5.4.9 In vivo therapy experiment:  

In vivo therapy: When the tumor volume reached ≈60 mm3, the BALB/c nude mice were randomly 

divided into five groups: control group (0.9% NaCl), AIE-polymersomes with NIR irradiation (8 mg kg-1), 

free BPP with NIR irradiation  (0.9 mg kg-1), BPP-loaded AIE-polymersomes (8 mg kg-1, 0.9 mg kg-1 

BPP) without light, and BPP-loaded AIE-polymersomes (8 mg kg-1, 0.9 mg kg-1 BPP) (with NIR 

irradiation  ) (n=5 for each group). The mice were treated with the corresponding theranostic agents on 

day 1. After 24 h, the tumor region was irradiated with 660 nm light (0.5 W cm−2, 5 min). The tumor 
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volume was measured every 2 d for 18 d (V = a × b2/2, a is tumor length and b is tumor width). After 

treatment for 18 d, all mice were sacrificed, the tumors were collected and the major organs collected 

from the bodies were used for H&E staining. 

6. Supplemental tables and figures 

 

 

 

 

 

 

 

 

Supplementary Table S1. General method for the AF4 analysis of nanoparticles. The flow conditions 

applied were the following: 1.2 mL min-1 detector flow, 1.50 mL min-1 focus flow, and 0.20 mL min-1 

injection flow. 

 

 

 

 

 

 

 

Supplementary Table S2. SEC analysis of the synthetic precursor block-co-polymers 

Start time 

(min) 

End 

time(min) 

Mode Crossflow start 

(mL min-1)

Crossflow end 

(mL min-1) 
0 1 Elution 0.80 0.80 

1 2 Focus - - 

2 3 Focus + 

inject 

- - 

3 4 Focus - - 

4 19 Elution 0.80 0.80 

19 20 Elution 0.80 0.00 

20 28 Elution 0.00 0.00 

28 29 Elution + 

inject 

0.00 0.00 

29 30 Elution 0.00 0.00 

Abbreviation Composition Mn / kDa SEC( Ɖ) 

TerP22 PEG22-PCL30gTMC30  12.3 1.10 

TerP22-Br6 PEG22-PCL30gTMC30-TMCBr6 12.6 1.10 

TerP22-Br11 PEG22-PCL30gTMC30-TMCBr11 13.3 1.09 

TerP22-Br20 PEG22-PCL30gTMC30-TMCBr20 14.2 1.09 

PEG22-PTMCBr5 PEG22-PTMCBr5 2.5 1.15 

PEG22-PTMCBr12 PEG22-PTMCBr12 2.8 1.23 

PEG22-PTMCBr17 PEG22-PTMCBr17 3.2 1.21 



Mitochondria-Targeting AIE-Polymersomes 

125 
 

 

Supplementary Figure S1. Assemblies of TerP22-PAIE16 terpolymers. (a) DLS curve of TerP22-PAIE16 

terpolymers hydrated in different NaCl concentrations. (b) Correlation coefficients of the assemblies 

from TerP22-PAIE16 hydrated in different concentrations of NaCl. Cryo-TEM images of TerP22-PAIE16 

terpolymers hydrated in Milli-Q water (c) and 100 mM NaCl (d). The DLS data and cryo-TEM displayed 

that the assemblies are not affected by the salt added to the solution. 

 

Supplementary Figure S2. Assemblies of TerP22-PAIE8 terpolymers. (a) DLS curve of TerP22-PAIE8 

terpolymers hydrated in different NaCl concentrations. (b) Correlation coefficients of the assemblies 

from TerP22-PAIE8 hydrated in different concentrations of NaCl. Cryo-TEM images of TerP22-PAIE8 

terpolymers hydrated in Milli-Q water (c) and 100 mM NaCl (d). There is a slight difference in the DLS 

results, and cryo-TEM did not show any morphology change when hydrated in Milli-Q water or salt 

solution.  
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Supplementary Figure S3. Assemblies of TerP22-PAIE5 terpolymers. (a) DLS curve of TerP22-PAIE5 

terpolymers hydrated in different NaCl concentrations. (b) Correlation coefficients of the assemblies 

from TerP22-PAIE5 hydrated in different concentrations of NaCl. Cryo-TEM images of TerP22-PAIE5 

terpolymers hydrated in Milli-Q water (c), 50 mM NaCl (d), 100 mM NaCl (e) and 200 mM NaCl. The 

cryo-TEM displayed a salt-induced morphology transition from micellar structures to vesicular structures 

when changing NaCl concentration.  

 

Supplementary Figure S4. TerP22-PAIE5 terpolymer assembly in Milli-Q water provides kinetically 

stable micelles. a) Cryo-TEM image of TerP22-PAIE5 terpolymers hydrated in Milli-Q water. b) Cryo-

TEM image of premade TerP22-PAIE5 micelles after incubation with 200 mM NaCl at room temperature 

for 24 h. From the cryo-TEM images, there was no change observed in morphology, which indicated 

that the micelles are kinetically stable. 
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Supplementary Figure S5. Assemblies of a) PEG22-PAIE5 terpolymers, b) PEG22-PAIE9 terpolymers, 

and c) PEG22-PAIE14 terpolymers. DLS measurement and cryo-TEM imaging show that these three 

polymersomes self-assembly into solid nanoparticles in Milli-Q water, but leading to micron-sized 

particles and aggregates in salt solutions. 

 

Supplementary Figure S6. Aggregation induced emission behavior of TerP22-PAIE5 polymers. a) UV-

Vis measurement of TerP22-PAIE5 polymers in the presence of 1%) and 99% DMSO  (DMSO/water 
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mixture), which yield polymersomes and molecularly dissolved polymers respectively. b) Fluorescence 

intensity of TerP22-PAIE5 polymers in different mixtures of DMSO and water (Ex=405 nm). c) DLS 

measurement of TerP22-PAIE5 polymers in 1% and 99% DMSO. d) Correlation coefficients of TerP22-

PAIE5 polymers in 1% DMSO and 99% DMSO. 

 

Supplementary Figure S7. Stability test of TerP22-PAIE5 polymersomes upon 20 times dilution in PBS. 

a) DLS monitoring the size and PDI change as a function of time; b) DLS monitoring the correlation 

coefficients change as a function of time; c) Zeta-potential measurements of polymersomes.  

 

Supplementary Figure S8. a) Size-exclusion chromatogram (absorbance at 220 nm) of β-Gal loaded 

AIE-polymersomes during the purification (top) and after purification (down), from which the free β-Gal 

is separated and removed. b) Fluorescence intensity induced by the enzymatic hydrolysis of β-Gal-

FITC by β-Gal. β-Gal loaded AIE-Polymersomes and β-Gal loaded AIE-Micelles are compared after 

SEC purification, the substrate concentration is set to be 0.05 mg/ml. 
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Supplementary Figure S9. Confocal images of HeLa cells treated with β-Gal-loaded AIE-

polymersomes, AIE-polymersomes, free β-Gal and PBS for 3 h, with a corresponding AIE-

polymersomes (50 µg/ml), washed with PBS (X) and incubated with substrate (β-Gal-FITC, 50 µg/ml) 

for 3 h.  (Blue: Hoechst (nucleus); Green: FITC; Red: AIE-polymersomes; scale bar=50 μm). From the 

confocal image, β-Gal-loaded AIE-polymersomes produced green fluorescence inside cancer cells. 
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Supplementary Figure S10. Confocal images of HeLa cells treated with FITC-BSA loaded AIE-

polymersomes (AIE-polymersomes: 50 µg/ml) for 0.5, 1.0, 1.5 and 2 h. (Blue: Hoechst (nucleus); Green: 

FITC; Red: AIE-polymersomes; scale bar=50 μm). From the confocal images, there is overlap between 

green FITC-BSA and red AIE-polymersomes, merging in yellow, which indicated that the BSA loaded 

AIE- polymersomes remain intact over the tome of the experiment in cancer cells. 

 

Supplementary Figure S11. Confocal images of HeLa cells incubated with AIE-polymersomes (50 

µg/ml) for 0.25, 0.5, 0.75, and 1 h and stained with mitochondria tracker green.  (Blue: Hoechst 

(nucleus); green: mitochondria tracker green; Red: AIE-polymersomes; scale bar=50 μm). In the 

merged channel, the red fluorescence overlaps well with the mitochondrial staining, indicating good 

organelle targeting ability. 

 

Supplementary Figure S12. Confocal images of HeLa cells incubated with AIE-polymersomes (50 
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µg/ml) for 0.25, 0.5, 0.75, and 1 h and stained with Lysol-tracker green.  (Blue: Hoechst (nucleus); 

Green: Lysol-tracker green. Red: AIE-Ps; scale bar=50 μm). In the merged channel, the red 

fluorescence has little overlap with the Lysol-tracker. 

 

Supplementary Figure S13. Pearson correlation coefficient analysis of the confocal images taken from 

HeLa cells upon incubation with AIE-polymersomes for 0.25, 0.5, 0.75, and 1 h and after staining with 

mitochondria tracker or Lysol-tracker. Pearson correlation analysis revealed that AIE-polymersomes 

increasingly accumulated in mitochondria when the incubation time increased, while the AIE-

polymersomes displayed negligible accumulation in lysosomes. Significance was assessed using one-

way ANOVA, followed by Tukey’s multiple comparisons test (*P < 0.05, **P < 0.01,***P < 0.001, ***P < 

0.0001). 

 

Supplementary Figure S14. Confocal images of HeLa cells incubated with AIE-polymersomes (50 

µg/ml) for 1 h and stained with mitochondria tracker, Lysol-tracker, and cell mask-green.  (Blue: Hoechst 

(nucleus); Red: AIE-polymersomes; scale bar=50 μm). In the merged channel, the red fluorescence 

overlaps well with the mitochondrial stain, while there is negligible co-localization with a lyso-tracker 

green or cell mask, indicating good organelle targeting ability. 

4 



Chapter 4 

132 
 

 

Supplementary Figure S15. Left: Confocal images of cancer cells (HepG2, HeLa, and A549 cells) and 

healthy fibroblast NIH 3T3 cells treated with AIE-polymersomes (50 µg/ml) for 1 h.  (Blue: Hoechst 

(nucleus); Green: Mitochondria tracker green; Red: AIE-polymersomes; scale bar=50 μm). From the 

confocal image, AIE-polymersomes are taken up more effectively in cancer cells than in NIH 3T3 cells. 

Right: Relative fluorescence intensity analysis of red AIE-Ps in the top confocal images with different 

cell lines, the analysis was achieved by Image J. Significance was assessed using one-way ANOVA, 

followed by Tukey’s multiple comparisons tests (*P < 0.05, **P < 0.01,***P < 0.001, ***P < 0.0001). 

 

Supplementary Figure S16. Left: Confocal images of cancer cells (HepG2, HeLa, and A549 cells) and 

healthy fibroblast NIH 3T3 cells treated with a JC-1 assay.  (Blue: Hoechst (nucleus); Green: JC-1 

monomer; Red: JC-1 aggregates; scale bar=50 μm). In the JC-1 assay, green fluorescence indicates 

low membrane potential, while red fluorescence indicates high membrane potential. From the confocal 

images, the mitochondrial potential in the cancer cell lines is higher than that in the healthy NIH 3T3 

cell line. Right: Relative ratio of fluorescence intensity analysis with red emission and green emission 

channel, the analysis was achieved by Image J. Significance was assessed using one-way ANOVA, 

followed by Tukey’s multiple comparisons tests (*P < 0.05, **P < 0.01,***P < 0.001, ***P < 0.0001). 
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Supplementary Figure S17. a) UV-Vis absorption curve of BODIPY photosensitizer (BPP) in a mixture 

of Milli-Q water/DMSO (1:9); b) Calibration curve of BPP in a mixture of Milli-Q water/DMSO (1:9); c) 

DLS analysis of BPP loaded AIE-polymersomes (with a cryo-TEM image as inset); d) fluorescent 

emission curve of BPP dispersed in Milli-Q water, MilliQ/DMSO (1:9) and loaded in the AIE-

polymersomes (Ex=660 nm).  

 

Supplementary Figure S18. Förster resonance energy transfer between AIE-polymersomes and BPP. 

Fluorescent emission curve of BPP loaded AIE-polymersomes with excitation wavelength at λe= 405 

nm (a) and 660 nm (b). From the emission curve in (a), fluorescence quenching of the AIE emission 

was observed with increasing loading of BPP.  From the emission curve in (b), with increasing loading 

of BPP, the emission was slightly quenched, displaying an aggregation-induced quenching effect.  
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Supplementary Figure S19. Confocal images of A549 cells treated with photosensitizer loaded AIE-

polymersomes (25 µg/ml) for 2 h, 4 h, 6 h, and 8 h.  (Blue: Hoechst (nucleus); Green: false color from 

AIE-polymersomes; Red: BPP, scale bar=50 μm). From the confocal image, with prolonged incubation 

time, the A549 cells show an enhanced accumulation of AIE-polymersomes.  

 

Supplementary Figure S20. Confocal images of A549 cells treated with photosensitizer loaded AIE-

polymersomes (25 µg/ml)  for 2 h, 4 h, 6 h, and 8 h, and stained with mitochondria tracker green (MTG).  

(Blue: Hoechst (nucleus); Green: MTG; Red: BPP, scale bar=50 μm). From the confocal images, the 

photosensitizer colocalized with the mitochondria, which could be ascribed to the mitochondria targeting 

effect of the AIE-polymersomes. 
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Supplementary Figure S21. Comparison of the efficiency of cell internalization of BPP-loaded AIE-

polymersomes and free BPP. A549 cells were treated with BPP-loaded AIE-polymersomes (25 µg/ml) 

and free BPP for 8 h. Blue: Hoechst (nucleus); Green: the false color of the AIE channel; Red: BPP, 

scale bar=50 μm). From the confocal image, it is shown that AIE-polymersomes could much more 

effectively deliver photosensitizers into cancer cells, compared to free BPP.  

 

Supplementary Figure S22. ROS production in solution. The SOSG assay solution was mixed with 

PBS, BPP, AIE-polymersomes, and BPP-loaded AIE-polymersomes (polymersome conc.: 25 µg/ml). 

Subsequently, the solution was irradiated with a NIR laser (660 nm, 100 mW, 5 min). The fluorescence 

emission curve was measured with a microplate reader with an excitation wavelength at λe=488 nm. 
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Supplementary Figure S23. ROS production inside cancer A549 cells detected by DCFH-DA assay. 

The A549 cells were incubated with PBS, AIE-polymersomes, BPP, and BPP-loaded AIE-

polymersomes (polymersome conc.: 25 µg/ml) for 6 h in a µ-slide 8 well plate, then washed with PBS 

for 3 times. After that, the cells were pre-loaded with DCFH-DA assay for 30 min and washed with PBS. 

Subsequently, the cells were irradiated with a NIR laser (660 nm, 100 mW, 5 min). The green 

fluorescent images were captured via a confocal laser scanning microscope.   

 

Supplementary Figure S24. Relative cell viabilities of 3T3, HepG2, A549, and HeLa cells upon 

incubation with different amount of AIE-polymersomes without light irradiation. (Incubated for 6 h, 

washed with PBS, and incubation for further 18 h). In this figure, the AIE- polymersomes displayed 

higher toxicity to cancer cell lines compared to 3T3 cells which could be ascribed to the enhanced 

cancer cell internalization of AIE-polymersomes. 

 

Supplementary Figure S25. a) Relative cell viabilities of A549 cells upon incubation with BPP and AIE- 

polymersomes at different concentrations with or without light irradiation (660 nm, 100 mw, 5 min). 

(Incubated for 6 h, washed with PBS, and incubation for further 18 h). In this figure, BBP did not induce 

significant toxicity to the cells possible because of lower cellular internalization. b) The AIE-

polymersomes also displayed a negligible increase of the cell-killing upon irradiation with light. 
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Supplementary Figure S26. Live/dead assay (Calcein/PI assay) to evaluate the PDT efficiency in vitro. 

The A549 cells were incubated with PBS, AIE-polymersomes, BPP, and BPP loaded AIE- 

polymersomes (Polymersome concentration: 25 µg/ml) for 6 h in a µ-slide 8 well plate, then washed 

with PBS for 3 times. After that, the cells were pre-loaded with DCFH-DA assay for 30 min and washed 

with PBS. Subsequently, the cells were irradiated with a NIR laser (660 nm, 100 mW, 5 min). The green 

fluorescent images of the product were captured via a confocal laser scanning microscope, the green 

fluorescence originating from calcein labeling indicates live cells, while red fluorescence is from PI which 

indicates dead cells. 
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ABSTRACT 

Aggregation-induced emission (AIE) has, since its discovery, become a valuable tool in the 

field of nanoscience. AIEgenic molecules, which display highly stable fluorescence in an 

assembled state, have applications in various biomedical fields – including photodynamic 

therapy. Engineering structure-inherent, AIEgenic nanomaterials with motile properties is, 

however, still an unexplored frontier in the evolution of this potent technology. Here, we 

present phototactic/phototherapeutic nanomotors where biodegradable block copolymers 

decorated with AIE motifs can transduce radiant energy into motion and enhance 

thermophoretic motility driven by an asymmetric Au nanoshell. The hybrid nanomotors can 

harness two-photon near-infrared (TP-NIR) radiation, triggering autonomous propulsion, and 

simultaneous phototherapeutic generation of reactive oxygen species. The potential of these 

nanomotors to be applied in photodynamic therapy is demonstrated in vitro, where NIR-

directed motion and ROS induction enhance efficacy with a high level of spatial control. 
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1. Introduction 

Synthetic nano and micro-motors/swimmers capable of self-propulsion have received 

increasing attention due to their ability to harness non-Brownian motility for active cargo 

transport.[1] An array of nanoscopic motors has been developed with various modes of 

chemical and physical propulsion.[2] Significant limitations however still hamper translation of 

such nanomotor systems to biomedical applications, associated with their composition and 

mechanism of propulsion and reliance on (for example) high levels of chemical fuel, steep 

chemical gradients, non-biocompatible components, and environmental 

sensitivity/deactivation.[1e, 3] To become applicable in a biomedical context, it has become 

apparent that it is vital to create motile nanosystems that can employ non-chemical (e.g. 

radiative) energy for site-specific activity (i.e. toxicity), thereby integrating propulsion and 

therapeutic function.[4] To achieve this goal, intricately designed nanoparticles are needed, 

with physical features that can be incorporated robustly. Through the functional synergy 

between integrated physical elements, particle design can be kept simple and performance 

tailored towards the biomedical application in mind. 

Aggregation-induced emission (AIE) is a feature that meets these criteria. AIE has been 

explored as a powerful tool for biomedical applications. First-generation AIEgenic molecules 

have demonstrated potential in photodynamic therapy (PDT), outperforming conventional 

photo-therapeutics that suffer from low loading/conjugation efficiencies, burst release, 

aggregation-induced quenching (ACQ) or photo-bleaching behavior.[5] Second generation 

AIEgenic compounds offer increased performance in terms of two-photon near-infrared (TP-

NIR) activation and improved ROS generation.[6] A coherent TP-NIR activation is a powerful 

tool for deep-tissue imaging and therapy, where it can highly selectively activate NIR-

absorbing materials and those capable of two-photon absorption.[7] It is well-positioned to 

become a powerful therapeutic modality as and when compatible technologies are developed 

to exploit its unique capabilities.[7-8]  AIE-genic moieties have been incorporated in a range of 

different particles, and recently polymer vesicles (polymersomes) featuring AIEgenic 

fluorescent properties have been presented. However, as of yet, these polymersomes have 

not been employed to realize advanced physical or biological functionality, let alone move.[9] 

To harness the phototherapeutic potential of AIEgenic polymersomes towards enhanced 

motility, another structural element is required that can translate radiative energy into a 

physical driving force for propulsion. 

A potential candidate to complement AIEgenic polymersomes, which has been 

extensively used in nanomedicine, are plasmonic, nano-sized gold shells. NIR-activated gold 

nanostructures have been shown to undergo photothermal heating, which can be used in 

photothermal therapy (PTT) for precise ablation of cancer cells by locally elevated 
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temperatures.[4c, 10] Recently, the photothermal properties of plasmonic gold nanostructures 

have been employed to drive thermal motion (thermophoresis).[4c, 11] By coating nanoparticles 

with a hemispherical gold nanoshell, NIR-induced photothermal motility has enabled cell 

internalization through highly directional motion and percolation of the plasma membrane.[10, 

12] As a complementary structural element, the plasmonic absorbance of an Au nanoshell 

would act as an energy sink for AIE fluorescence that will facilitate hitherto unseen synergy to 

drive both propulsion and phototherapy. 

 

Figure 1. Design of synergistic AIE-transduced phototherapeutic nanomotors. a) Biodegradable 

copolymers, comprising AIEgenic TPEDC moieties, were designed for self-assembly into 

polymersomes, which were subsequently coated with gold to give hybrid AIE/Au nanomotors. b) 

Synergistic motion underpins nanomotor performance where plasmonic Au is directly activated using 

two-photon near-infrared (TP-NIR, 760 nm) and indirectly activated via energy transduction from the 

AIE polymersome (excited by TP-NIR at 380 nm) resulting in enhanced phototaxis. c) TP-NIR activation 

of nanomotors triggers dual behavior: enhancing cellular interactions and uptake (via percolation) 

alongside phototherapeutic ROS generation for highly localized cell toxicity. 

Herein, we present polymersomes comprising biodegradable copolymers which are 

covalently modified with a high density (> 60 wt%) of a second-generation aggregation-

induced emission (AIE) functionality.[6a] AIE polymersomes are then coated with an 

asymmetric gold nanoshell to yield hybrid architectures that are activated using two-photon 

near-infrared (TP-NIR) radiation.[6a, 10] Combining the properties of both AIE and Au, the 

advantages of both classes of material are captured whilst creating new therapeutic 

nanotechnology with increased efficacy and enhanced cytotoxic response upon targeted NIR 

irradiation. However, such functional modalities do not simply act concurrently but also in 

unison – whereby the AIE capacity transduces TP-NIR irradiation and, through highly stable 

fluorescence, photothermally activates the Au layer to provide enhanced motile behavior to 

increase the therapeutic effect. In this way, a higher level synergy is achieved where structure-

inherent AIE (capable of absorbing TP-NIR for fluorescence and generation of reactive oxygen 
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species) enhances the performance of an Au motor through transduction of radiant into 

plasmonic energy and subsequent thermophoresis (Figure 1). These AIE-transduced 

nanomotors are demonstrated to be a powerful tool for site-specific therapy, triggered by an 

externally controlled physical stimulus (TP-NIR) without the need for chemical signaling. 

2. Result and discussion 

To realize the formation of biocompatible nanoscale motors with an innate susceptibility 

to TP-NIR we combined AIEgenic chemistry with the controlled self-assembly of 

biodegradable block copolymers to achieve AIE-modified polymersomes.[9a], [13] Nanomotors 

are particularly challenging to engineer due to the combined necessary control of structural 

asymmetry (related to the mechanism of propulsion) and nanoscopic dimensions.[2c, 14] Several 

strategies have been published for this, including morphological engineering and multi-step 

assembly of patchy (asymmetric) nanostructures.[15] Utilizing the chemical versatility of 

poly(trimethylene carbonate) (PTMC) copolymers, numerous biofunctional nanosystems have 

been reported.[16] We prepared functionalized PTMC copolymers using pentafluorophenyl 

derivatives of TMC to generate well-defined polymers that could be modified (post-

polymerization) with an amine-containing molecule for the incorporation of functional 

moieties.[17] Such polymers have been shown to form spherical polymersomes, which can 

readily be implemented in biomedical research.[18]  

To engineer AIE polymersomes with functional capacity towards the phototherapeutic 

generation of reactive oxygen species (ROS) and an increased two-photon absorption cross-

section, we synthesized a ‘second generation’ AIEgenic compound comprising both 

tetraphenylethylene and dicyanovinyl moieties (TPEDC) as developed by Liu et al (Figure 1a, 

Scheme S1).[19] AIE provides a powerful tool for the fabrication of light-activated nanoparticles, 

capable of enhanced phototherapy through the production of ROS.[6a] In general, AIE 

molecules are formulated as nano-aggregates, however, there is an increasing ambition to 

integrate such functionality within more defined morphologies such as polymersomes.[9a, 20] To 

this end, we synthesized a range of well-defined amphiphilic poly(ethylene glycol) (PEG)-

PTMC(TPEDC) copolymers (PEG44-P(AIE)n, Ð ≈ 1.1) to explore the effect of increasing steric 

bulk upon self-assembly in order to achieve functionally-dense, morphologically discrete AIE 

polymersomes (Scheme S2 & Table S1). 
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Figure 2. Physical characterization of AIE polymersomes and gold coating. a) Transmission 

electron microscope (TEM) and b) cryogenic TEM images of AIE polymersomes. c) Aggregation-

induced fluorescence of AIE copolymers arising due to their self-assembly at increasing water: DMSO 

ratios (λex = 373 nm / λem = 617 nm). d) Scanning electron microscopy (SEM) image of uniform gold-

coated AIE nanomotors. e) TEM image of Au/AIE hybrid nanomotors with dark patches indicative of Au 

coating as confirmed by EDX analysis. f) Particle size distribution using dynamic light scattering (DLS) 

of AIE polymersomes before and after gold coating. 

Having synthesized a range of PEG44-P(AIE)n copolymers (where n = 5, 8, 14, or 22), we 

investigated the effect of molecular composition upon self-assembly using a dropwise solvent 

switch process from THF to water (at 50 vol%) followed by dialysis purification.[21] PEG44-

P(AIE)5/8/14 copolymers were compatible with this process, assembling into nanoparticles of 

around 300-500 nm in size with a low polydispersity (PDI ≤ 0.1) (Figure 2a/b, Supplementary 

Figure S1 / S2 / S3, and Table S2). Using transmission electron microscopy (TEM) and cryo-

TEM the vesicular morphologies of these systems were readily identifiable with membrane 

thickness values commensurate with the length of the P(AIE) block (ranging from ca. 8-14 nm, 

Table S2). Longer PEG44-P(AIE)22 copolymers were assembled using a fast precipitation 

method to avoid the formation of visible aggregates and this approach yielded 

micelles/polymer nanoaggregates of ca. 70 nm (Supplementary Figure S4). Due to the 

balance between the increased density of AIEgenic groups in the polymersome membrane 
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and overall size, we chose to utilize PEG44-P(AIE)14 for the formation of AIE polymersomes, 

which were then applied throughout the rest of this work. Fluorogenic properties of AIE 

polymersomes were assessed by monitoring the transition from organic solution to the 

assembled state where strong emission (λex = 373 nm / λem = 617 nm) was detected after 

addition of only 20 % water (Figure 2c, and Supplementary Figure S4). Strong AIE 

fluorescent properties are a powerful tool for both imaging of nanoparticles and 

phototherapeutic ROS induction.[5b, 6a] 

Having successfully generated tier 1 of our dual-functional nanosystem, the second 

functional element was introduced (Figure 1a/b).[22] NIR-triggered, photo-induced motility 

(phototoxicity) was achieved through the deposition of a hemispherical gold nanoshell onto 

the AIE polymersomes. This was conducted using a recently published process and confirmed 

using electron microscopy and Energy Dispersive X-Ray (EDX) analysis (Figure 2d-e, and 

Supplementary Figure S6/S7).[23] The Au coating did not cause particle aggregation, with 

sizes maintained at around 400 nm (Figure 2f), nor did it interfere with the fluorescent 

character of the underlying AIE bilayer, although absorbance increased across the visible-NIR 

range (Supplementary Figure S8). With both functional elements (AIE/Au) successfully 

amalgamated through a facile assembly process, a TP-NIR activated synergistic 

phototactic/phototherapeutic nanomotor was prepared for further testing (Figure 1b/c). 

Owing to the asymmetric structure of AIE/Au polymersomes, self-propulsion was 

achieved through light (NIR)-activated plasmonic heating, localized at the Au surface (Figure 

3a). Motion studies were conducted using confocal laser scanning microscopy (TP-CLSM) 

equipped with a two-photon laser (NIR, λex= 760 nm) to activate, observe and record particle 

movement. Fluorescent properties of AIE nanomotors enabled real-time tracking of movement 

(Figure 3b).[5b, 24] Upon TP-NIR irradiation, nanomotors underwent autonomous motion, with 

velocities (Vxy; measured in the xy plane) proportional to the intensity of light (Figure 3c). In 

agreement with the extant literature, we posit that positive thermophoresis is the driving force 

propelling asymmetric, Au-coated polymersomes via plasmonic heating under TP-NIR.[11] 

Analysis of the XY trajectories indicated a transition of motion from diffusive (Brownian) to 

propulsive under increased laser power as evident from the increasingly directional shape of 

the motion trajectories (Figure 3b-c, and Supplementary Figure S9). The autonomous 

motion was investigated by correlating the mean-squared displacement (MSD) curves, and 

their slopes, with laser power. Using the diffusiophoretic model of Golestanian et al, motile 

particles should display a non-linear fitting at ∆t <r (where r is the time required for a particle 

to make a complete rotation around its axis).[25] MSDs displayed a parabolic profile (where 

∆t > r) for all laser powers used, indicative of propulsive motion (Figure 3c). To ensure that 

bulk photothermal heating was not responsible for the observed behavior, symmetric Au-

5 



Chapter 5 

146 
 

coated nanoparticles (160 nm NanoXactTM Gold Nanoshells, nanoComposix) were studied 

and only enhanced Brownian diffusion (as opposed to propulsion) was observed under NIR 

irradiation (Supplementary Figure S15). Of particular interest was the observation that the 

velocities achieved by AIE/Au nanomotors were up to 45 % higher than control Au-coated 

polymersomes, which did not contain structural AIE moieties (Figure 3d, and Supplementary 

Figure S10). Although non-AIE nanomotors demonstrated propulsive behavior, 

commensurate with laser power, their velocities were inferior as compared to their AIE 

counterparts (Supplementary Figure S10). This observation points to the functional synergy 

between the AIE-rich polymeric framework and the Au coating, whereby the efficiency with 

which nanomotors (as a whole) were able to harness TP-NIR irradiation for propulsion was 

significantly improved as compared to non-functional AIE systems. 

 

Figure 3. Synergistic phototaxis of AIE/Au nanomotors. (a) AIE polymersomes transduce radiant 

energy into motion via the hemispherical Au nanoshell to synergistically enhance performance. (b) 

Particle trajectories of nanomotors measured using two-photon confocal laser scanning microscopy 

(TP-CLSM) at different laser powers. (c) Mean squared displacement (MSD) data for nanomotors at 

760 nm (TP-NIR) and accompanying velocities derived from motion in the xy plane (Vxy) at varying laser 

power, alongside (d) MSD data for an Au-coated, non-AIE polymersome control (grey). Brownian 

diffusion (random walk) and propulsive (directional) motion are identified by linear or non-linear MSD 

data, respectively. (e) MSD data (measured using Nanoparticle Tracking Analysis, NTA) for nanomotors 

comparing AIE-activated enhanced diffusion at 405 nm and Brownian diffusion at 488 nm. (f) 

Experimental setup to measure directional phototaxis using an NTA channel. (g) Directional particle 
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trajectories of nanomotors under directional laser illumination (NIR, 660 nm) from the upper left and (h) 

accompanying MSD data with and without NIR illumination. 

The hypothesized mechanism underlying the enhanced propulsion observed for AIE/Au 

nanomotors is described in Figure 3a where structure-inherent AIE moieties, optimized for 

two-photon absorbance, bolster the energy efficiency of the system by transducing radiant 

energy into the plasmonic Au shell; enhancing thermophoresis and thereby increasing the 

propulsive effect. To prove this hypothesis, we used nanoparticle tracking analysis (NTA) to 

selectively excite AIE/Au nanomotors at 405 and 488 nm (Figure 3e). As anticipated, a non-

Brownian (propulsive) motion was observed for AIE nanomotors only when using 405 nm 

irradiation (not at 488 nm) due to the selective excitation of AIE moieties at λAIE < 450 nm 

(Figure 3e, and Supplementary Figure S11). In contrast, both sets of controls (un-coated 

AIE polymersomes and non-AIE nanomotors) only showed Brownian behavior using 405 or 

488 nm excitation (Supplementary Figure S12 / S13). This data unequivocally established 

the ability of the polymeric AIE framework to transfer energy to the Au shell with sufficient 

efficacy to overcome rapid r (owing to their nano-size), enabling dynamic motility under low-

level activation. Such energization of plasmonic Au by the AIE polymer accounted for the 

increased velocity of the nanomotors. Further examination of particle trajectories revealed that 

the nanomotors (in response to standard NIR irradiation) tended towards directional motion 

away from the light source, which is known as negative phototaxis (Figure 3f-h, and 

Supplementary Figure S14 / S15 / S16). 

Having validated the synergistic performance of AIE/Au nanomotors in terms of motility, 

their potential for biomedical application, in particular, photodynamic therapy (PDT) was 

explored through several cell assays (Figure 4a). Firstly, control experiments were conducted 

to study the interactions of nanomotors and control samples with cancer cells (HeLa). AIE 

polymersomes showed low level, passive uptake by cells over 24 h, although the little signal 

was evident after 2 or 6 h (Supplementary Figure S18). Au-coated AIE polymersomes had 

a relatively low impact upon cell viability, with viability ≈ 70 % at 200 µg/mL; compared to ≈ 

85% for un-coated AIE polymersomes (Supplementary Figure S17). TP-NIR irradiation of 

cells using a two-photon confocal laser scanning microscope (TP-CLSM) had no detrimental 

effect on cells even after 200 s total irradiation time (Supplementary Figure S19). 

Furthermore, cells treated with AIE polymersomes (25 µg/ml) followed by TP-NIR irradiation 

did not show any significant toxicity (Supplementary Figure S20). These important control 

experiments provide a backdrop to the stark behavior of AIE/Au nanomotors under TP-NIR 

irradiation. 

Following treatment with AIE/Au nanomotors, plasma membrane integrity was monitored 
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during 200 s of TP-NIR irradiation, resulting in significant disruption of the cell wall 

(Supplementary Figure S21). This disruptive behavior was likely due to the effect of highly 

propulsive nanomotors that caused localized percolation – a desirable outcome for photo-

targeted therapy –   and a pathway for enhanced incorporation into cells to improve the effect 

of photo-triggered ROS generation from the AIE polymer.[10] To assess the phototherapeutic 

aspects of nanomotors, intracellular ROS induction was monitored using the fluorogenic probe 

2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Figure 4b). In control experiments, 

AIE polymersomes induced a small degree of ROS in cells after 200 s TP-NIR irradiation 

(Supplementary Figure S23). In contrast, cells treated with AIE/Au nanomotors, and 

subsequently irradiated, showed high levels of ROS after only 48 s irradiation 

(Supplementary Figure S23). Concurrently, enhanced accumulation of nanomotors within 

cells was detected using 3D confocal scanning (Supplementary Figure S22) and the plasma 

membrane underwent catastrophic failure as indicated by high levels of propidium iodide (PI) 

sequestration (indicative of cell apoptosis) after only 80 s irradiation - in stark contrast to 

control studies (Figure 4c-d, and Supplementary Figure S24 / S25). Confocal imaging of 

cells treated with nanomotors and a lysotracker stain did not yield any co-localization after 

irradiation, which suggested a transmembrane trajectory of such particles, likely due to their 

high velocity and (relatively) small size (Supplementary Figure S26). 

 

Figure 4. Biological performance of phototherapeutic nanomotors on cancer cells. (a) Under TP-

NIR activation, AIE/Au nanomotors undergo both propulsive motion (resulting in cell percolation) and 
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phototherapeutic generation of reactive oxygen species (ROS) that synergistically combine to give 

potent, directed toxicity. (b) ROS induction, measured by the increasing fluorescence of pro-fluorescent 

ROS probe (CM-H2DCFDA), and (c) apoptosis, measured according to the proportion of HeLa cells 

that become permeable to propidium iodide (PI), as a function of total TP-NIR laser irradiation time 

(each sequential scan correlates to a 4 s pulse followed by imaging) comparing AIE polymersomes 

(black) with Au-coated nanomotors (red), with and without irradiation. (d) Confocal images of cell 

apoptosis as quantified in (c) after 200 s (with or without) TP-NIR irradiation where nanomotors 

outperform AIE polymersomes (nucleus: Hoechst, blue / plasma membrane: Alexa-WGA, 

green/apoptotic cells: PI, red). (e) Confocal images showing highly selective cell apoptosis using 

nanomotors with or without 200 s TP-NIR irradiation (nucleus: Hoechst, blue/viable cells: calcein-AM, 

green/apoptotic cells: PI, red). All scale bars = 50 µm. 

To confirm that the sequestration of PI was associated with a loss of cellular activity and 

an indicator of rapid-onset cell death, experiments were repeated using a ‘live’ stain (calcein-

AM, Supplementary Figure S27). Indeed, critical loss of cellular activity (indicated by 

diminished calcein fluorescence) after 40-80 s irradiation confirms previous assumptions that 

TP-NIR activated nanomotors are capable of highly controlled phototherapy. To showcase the 

level of spatial control provided by AIE/Au nanomotor technology, and to avoid experimental 

ambiguity, irradiated (and thereby terminated) cells were identifiable alongside vicinal living 

cells, which would have been exposed to ‘dormant’ particles without TP-NIR activation (Figure 

4e, and Supplementary Figure S28.). The therapeutic implications of this technology are, 

therefore, that localized administration of such dual phototactic/phototherapeutic nanomotors 

can be combined with focused two-photon NIR irradiation to trigger highly specific and 

controllable ablation of diseased tissue. This synergistic behavior between phototactic Au and 

the phototherapeutic AIE framework provides these nanomotors with a highly effective mode 

of directed cellular therapy in response to TP-NIR irradiation. Without AIE functionality, control 

particles (polymersomes coated with an asymmetric Au nanoshell) did not induce any 

detectable ROS within cells (Supplementary Figure S29) and did not impact cellular viability 

under TP-NIR irradiation (Supplementary Figure S30). As proof-of-principle, we highlighted 

the ability of AIE/Au nanomotors to undergo enhanced penetration and induce cytotoxicity in 

a 3D cell model comprising multi-cellular spheroids (Supplementary Figure S31). 

Significantly, toxicity on the crown of the 3D tumor spheroids was evident when nanomotors 

were activated with TP-NIR irradiation, adding further weight to our findings, supporting the 

potential of this dual-functional nanomotor technology as a controllable phototherapeutic 

technology.      

3. Conclusion 

In summary, we have presented AIE polymersomes coated with a gold hemisphere that 

5 



Chapter 5 

150 
 

shows increased autonomous propulsion via an AIE-mediated enhanced photothermal effect 

and that are capable of ROS production when irradiated using NIR. We have presented the 

complete synthetic approach for the preparation of TPEDC-rich PEG-PTMCAIE copolymers 

and assessed the impact of molecular composition upon self-assembly and characterized the 

fabrication of AIE/Au nanomotors using a range of physical methodologies. Functional testing 

of these bifunctional nanomotors confirmed their ability to undergo enhanced motion in 

proportion to the intensity of NIR irradiation, as provided by a two-photon laser. Nanomotors 

showed greater velocities than their mono-functional counterpart (without AIE), which 

indicated synergism between molecular composition and motile behavior. Applying this 

promising system towards in vitro cellular testing, it was confirmed that upon NIR activation 

nanomotors showed an unmistakable and rapid onset of toxicity that was highly-localized to 

the region being irradiated. Taken together, this work outlines a uniquely functional nanomotor 

that pushes the boundaries of nanomedical engineering and photodynamic therapy. 
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5. Experimental section 

5.1. Experimental materials and instruments 

Materials: Poly (ethylene glycol) methyl ether (mPEG, Mn 2 kDa) was purchased from Rapp Polymers. 

XPhos Pd G2 (Sigma), bis(pinacolato)diboron (99%, Sigma), potassium acetate (99%, Sigma), zinc 

powder (99%, Sigma), tetrakis(triphenylphosphine)palladium(0) (99%, Sigma), titanium(IV) chloride 

(99%, Sigma), 4-chloro-4-hydroxybenzophenone (98%, Sigma), bis(4-methoxyphenyl)methanone 

(98%, TCI), 4-bromobenzophenone (98%, Sigma), potassium carbonate (K2CO3, 99%, Sigma), 

trifluoromethanesulfonic acid (99%, Sigma), bis(pentafluorophenyl) carbonate (Apollo scientific, 97%), 

cesium fluoride (CsF, Sigma 99%), 2,2-bis(hydroxymethyl)propionic acid (Sigma, 99%), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (Sigma, 98%), Cyanine5 NHS ester (Lumiprobe), Gold-

Nanoshells (160 nm NanoXactTM Gold Nanoshells,  nanoComposix), and all other chemicals were 

supplied by Sigma-Aldrich. 1,4-Dioxane and tetrahydrofuran (THF) were obtained from Biosolve Chimie. 

Dialysis Membrane MWCO 12,000 -14,000 Da from Spectra/Pro® was used for dialysis. Wheat Germ 

Agglutinin, Alexa FluorTM 488 Conjugate, Hoechst 33342, LysoTrackerTM Green DND-26, propidium 

iodide (PI), dulbecco’s modified eagle medium (DMEM), phosphate-buffered salines (PBS, pH 7.4), no 

mycoplasma fetal bovine serum (FBS), trypsin-EDTA, and penicillin-streptomycin were obtained from 

ThermoFisher. All chemicals were used as received without further treatment. All experiments 

conducted in this work use ultrapure Milli Q (Millipore) water (18.2 MΩ·cm). 

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H NMR spectra were recorded on a Bruker 

(400MHz) spectrometer with a Bruker Sample Case auto-sampler, with CDCl3, MeOD4 or DMSO-d6 as 

the solvent and TMS as an internal standard. 

Size-exclusion chromatography (SEC): the molecular weights and dispersity of the polymers were 

characterized by a SEC system. The SEC was conducted using a Shimadzu Prominence-i SEC system 

with a PL gel 5 μm mixed D and mixed C column (Polymer Laboratories) with PS standard and equipped 

with a Shimadzu RID-20A differential refractive index detector. THF was used as eluent with a flow rate 

of 1 mL/min. 

Dynamic Light Scattering (DLS): A Malvern Z90 Zetasizer equipped with a 633 nm He−Ne laser and 

an avalanche photodiode detector was used to characterize the hydrodynamic size of the particles. The 

scattering light at 173° angle was detected and used to analyze the size and distribution. 

Scanning Electron Microscopy (SEM):  Morphology of the nanoparticles were characterized by SEM 

(FEI Quanta 200 3D FEG). 

Transmission Electron Microscopy (TEM): TEM images were recorded by a FEI Tecnai 20 (type 

Sphera) at 200 kV. 10 μL of the sample was dropped onto a carbon-coated copper grid. After removing 

the excess solution by blotting paper, the samples were dried at ambient conditions. For staining, a 

drop of phosphotungstic acid (2 %) solution was placed on the grid for 30 s. 

Cryogenic transmission electron microscopy (cryo-TEM): experiments were performed using a FEI 

Tecnai G2 Sphera (200 kV electron source) equipped with LaB6 filament utilizing a cryoholder or an 
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FEI Titan (300 kV electron source) equipped with autoloader station. Samples for cryo-TEM were 

prepared by treating the grids (Lacey carbon-coated, R2/2, Cu, 200 mesh, EM sciences) in a 

Cressington 208 carbon coater for 40 seconds. Then, 3 μl of the nanoparticle solution was pipetted on 

the grid and blotted in a Vitrobot MARK III at 100% humidity. The grid was blotted for 3 seconds (offset 

-3) and directly plunged and frozen in liquid ethane. 

Ultraviolet-visible spectroscopy (UV/Vis): The UV absorbance spectra were recorded on a Jasco V-

650 UV/Vis spectrometer at 293 K 

Fluorescence imaging: A Keyence BZ-9000 fluor-microscope was used to obtain the fluorescent 

images. 

Microplate reader: Cell viability by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay, membrane permeability, ROS induction were evaluated by using a microplate 

reader (Safire2, TECAN). 

Two Photon-Confocal Laser Scanning Microscopy (TP-CLSM): Fluorescent images were observed 

and recorded by using CLSM (Leica TCS SP5X) and equipped with two-photon laser source 

(Chameleon Vision, Coherent, USA). 

NanoSight: Nanosight Tracking Analysis was carried out on a Nanosight NS300 equipped with different 

laser channels (405 nm and 488 nm) and sCMOS camera. For the motion with a 660 nm laser, the 

instrument was equipped with an Electron Multiplication Charge Coupled Device and external laser 

source (660 nm, BeamQ Lasers) to track the motion.  

5.2. Experimental materials and instruments 

 

Scheme S1. Synthesis route towards amino group functioned AIE photosensitizer. 

Compound PIN-Ben-OH: Under nitrogen environment at room temperature, X-Phos Pd G2 precatalyst 

(190 mg, 0.24 mmol, 0.05 equiv), bis(pinacolato)diboron (B2Pin2) (7.32 g, 28.8 mmol, 6.00 equiv), 

potassium acetate (KOAc, 2.83 g, 28.8 mmol, 6.00 equiv), and 4-chloro-4-hydroxy benzophenone (1.11 

g, 4.8 mmol, 1.00 equiv) were added into a 500 mL round-bottom flask vial equipped with a stir bar. 
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Thereafter, anhydrous 1,4-dioxane (250 mL) was added, and the vial was sealed with a screwcap and 

placed in a mantle heated to 90 °C. After being stirred (500 rpm) for 24 h, the formed golden-brown 

mixture was allowed to cool to room temperature, diluted with EtOAc (100 mL), suction-filtered through 

a short plug of silica gel, after which the plug was rinsed with EtOAc. This resulted in a pale yellow 

filtrate solution which was concentrated and separated via silica gel chromatography. The crude product 

was used for the synthesis of AIE-OH without further purification. 

Compound AIE-Br: Briefly, bis(4-methoxyphenyl) methanone (9.73 g, 40.0 mmol), 4-bromo-

benzophenone (12.54 g, 48.0 mmol), and Zn powder (13 g, 200 mmol) was dissolved in dry THF pre-

cooled on an ice-bath (500 mL) under argon atmosphere. While stirring, titanium tetrachloride (TiCl4, 

17.6 mL, 160 mmol) was slowly added into the reaction mixture. Subsequently, the mixture was heated 

to 80 °C. After 24 h, the reaction mixture was left to cool down to room temperature. Afterward, the 

reaction was quenched by the addition of 250 mL 10% aq K2CO3, and the mixture was filtered to remove 

insoluble materials and washed with CH2Cl2. The organic layer was dried with anhydrous MgSO4 and 

filtered. The CH2Cl2 solution was removed by evaporation. The crude product was purified by column 

chromatography to give 9.62 g (20.4 mmol) of AIE-Br as a light yellow solid in 51% yield.1H NMR (400 

MHz, CDCl3) δ (ppm): 7.21 (d, J = 8.3 Hz, 2H), 7.16 – 7.04 (m, 3H), 7.05 – 6.96 (m, 2H), 7.01 – 6.85 

(m, 6H), 6.70 – 6.59 (m, 4H), 3.75 (d, J = 10.9 Hz, 6H). 

Compound AIE-OH: Compound PIN-Ben-OH (972 mg, 3.0 mmol), AIE-Br (1550 mg, 3.3 mmol), 

potassium carbonate (4140 mg, 30 mmol), THF (90 mL)/water (30 mL), and Pd(PPh3)4 (3 %), were 

degassed and charged with nitrogen. The reaction mixture was then stirred at 60 oC for 12 h. After 

cooling down the reaction mixture to ambient temperature, it was extracted with dichloromethane and 

washed with water. The dichloromethane layer was separated and dried over MgSO4. After 

dichloromethane evaporation by rotavap, the crude product was purified by column chromatography on 

silica gel using n-hexane/dichloromethane (1/1, v/v) as the eluent to afford AIE-OH as a yellow solid 

(1234 mg, 71 % yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.86 – 7.76 (m, 4H), 7.69 – 7.62 (m, 2H), 

7.43 – 7.37 (m, 2H), 7.19 – 7.06 (m, 7H), 7.01 – 6.89 (m, 6H), 6.72 – 6.61 (m, 4H), 3.74 (s, 6H). 13C 

NMR (100 MHz, CDCl3) δ 195.40, 159.89, 158.22, 158.13, 144.40, 144.14, 140.68, 138.57, 137.21, 

136.55, 136.26, 132.81, 132.63, 132.60, 132.00, 131.44, 130.43, 130.36, 127.79, 126.54, 126.41, 

126.23, 115.20, 113.16, 113.03, 77.34, 77.02, 76.70, 55.13, 55.11. MALDI TOF-MS: m/z calculated for 

[M] + C41H32O4, 588.23, found 588.24. 

Compound AIE-CN-OH: To the solution of compound AIE-OH (588 mg, 1.0 mmol) and malononitrile 

(198 mg, 3.0 mmol) in dichloromethane (100 mL) was added titanium tetrachloride (0.4 mL, 3.5 mmol) 

slowly under ice-bath. After the reaction mixture was stirred for 30 min, pyridine (0.3 mL, 3.5 mmol) was 

injected and stirred for another 30 min. Then the mixture was heated at 40 oC for 4 h. After the mixture 

was cooled down to room temperature, the reaction was quenched using water (30 mL) and the mixture 

was extracted with dichloromethane. The collected organic layer was washed with brine, dried over 

Na2SO4, and concentrated under reduced pressure. The residue was purified by column 

chromatography using n-hexane/dichloromethane (1/1 ~ 1/2, v/v) as eluent to give the desired product 

AIE-CN-OH as a red solid (534 mg, yield 84 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.72 – 7.63 (m, 
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2H), 7.51 – 7.45 (m, 2H), 7.45 – 7.37 (m, 4H), 7.17 – 7.02 (m, 7H), 7.01 – 6.86 (m, 6H), 6.71 – 6.62 (m, 

4H), 3.75 (s, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm):  174.19, 160.27, 158.26, 158.18, 145.06, 144.90, 

144.04, 140.89, 138.44, 136.53, 136.18, 136.16, 134.74, 133.27, 132.71, 132.63, 132.60, 132.10, 

131.42, 131.26, 128.18, 127.81, 126.97, 126.37, 126.28, 115.89, 113.16, 113.04, 78.24, 77.34, 77.02, 

76.70, 55.14, 55.11. MALDI TOF-MS: m/z calculated for [M] + C44H32N2O3, 636.24, found 636.26. 

Compound AIE-Boc: A mixture of AIE-CN-OH (1.75 g, 2.76 mmol), 6-bromo-1-hexanol (500 mg, 2.76 

mmol), and K2CO3 (950 mg, 6.90 mmol) in DMF (100 mL) was stirred at 80 °C overnight under nitrogen 

atmosphere. The reaction mixture was cooled to room temperature and filtered through a pad of celite, 

washed with CH2Cl2. The CH2Cl2 solution was then dried with MgSO4 and filtered. The solvent was 

removed by evaporation. The crude mixture was purified using column chromatography on silica gel 

using n-hexane/dichloromethane (4/1 ~ 2/1, v/v). The product was obtained as a red solid (2.00 g, 89% 

yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.71 – 7.63 (m, 2H), 7.49 – 7.43 (m, 4H), 7.43 – 7.37 (m, 

2H), 7.12 (m, 5H), 7.05 (m, 2H), 7.00 – 6.90 (m, 6H), 6.70 – 6.61 (m, 4H), 4.51 (s, 1H), 4.03 (t, J = 6.4 

Hz, 2H), 3.75 (d, J = 1.3 Hz, 6H), 3.13 (q, J = 6.6 Hz, 2H), 1.82 (m, 2H), 1.50 (m, 4H), 1.44 (s, 9H), 1.26 

(m, 2H). 13C NMR (100 MHz, CDCl3) δ ppm: 173.94, 163.08, 158.26, 158.17, 155.99, 144.92, 144.85, 

144.04, 140.86, 138.43, 136.57, 136.16, 134.86, 133.03, 132.62, 132.59, 132.08, 131.42, 131.24, 

127.80, 126.92, 126.36, 114.68, 113.14, 113.02, 78.23, 77.33, 77.01, 76.70, 68.27, 55.12, 55.10, 40.47, 

30.05, 28.97, 28.43, 26.49, 25.70. MALDI TOF-MS: m/z calculated for [M] + C55H53N3O5, 835.40, found 

835.42. 

Compound AIE-NH2: AIE-Boc (1.67 g, 2 mmol) was dissolved in DCM (10 mL) and immersed in an ice 

bath. Then, 5 mL trifluoroacetic acid was added dropwise under nitrogen atmosphere. The reaction 

mixture was allowed to warm to room temperature and reacted for another 1 h. The solvent was 

removed, and the crude mixture was dissolved in CH2Cl2, washed with water, and dried with MgSO4. 

Then the CH2Cl2 solvent was removed via evaporation and the product was obtained as a red solid 

(1.38 g, 94% yield). 1H NMR (400 MHz, CDCl3) δ (ppm):  7.65 (d, J = 8.1 Hz, 2H), 7.49 – 7.36 (m, 6H), 

7.15 – 7.02 (m, 7H), 7.00 – 6.87 (m, 6H), 6.65 (m, 4H), 4.03 (t, J = 6.2 Hz, 2H), 3.74 (d, J = 1.9 Hz, 6H), 

3.10 – 3.00 (m, 2H), 1.81 (m, 2H), 1.50 – 1.38 (m, 4H), 1.27 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 

(ppm): 174.54, 163.08, 158.23, 158.15, 145.15, 144.93, 144.02, 140.90, 138.47, 136.51, 136.23, 

136.19, 134.68, 133.05, 132.64, 132.60, 132.11, 131.42, 131.30, 128.01, 127.82, 126.96, 126.38, 

126.29, 114.72, 113.19, 113.06, 77.85, 77.34, 77.02, 76.70, 67.91, 55.14, 40.53, 28.56, 27.60, 27.25, 

25.28. MALDI TOF-MS: m/z calculated for [M] + C50H45N3O3, 735.35, found 735.34. 
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Polymerization route
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Scheme S2. Synthesis route towards AIE photosensitizer functionalized block-co-polymers. 

Ring-opening polymerization (ROP) of TMCP to obtain PEG-PTMCP: Taking PEG44PTMCP5 as an 

example, the synthesis of PEG-PTMCP was performed according to our reported procedure. 

Monomethyl-PEG-OH macro-initiator 2 KDa (984 mg, 0.5 mmol, 1.0 equiv) and dry TMCP (978 mg, 3 

mmol, 6 equiv) were added into a round bottom flask. Under Ar, 3 mL DCM (1 M with respect to TMCP) 

was added into the flask. The TMCP only partially dissolves at this concentration. Triflic acid (75 μL, 1 

mmol, 2 equiv) was added to the stirring solution. As the reaction proceeded, the undissolved TMCP 

slowly went into solution. The reaction was monitored by 1H NMR. Once the reaction was completely 

monitored by H NMR, the polymer was precipitated into hexanes. The crude polymer was then re-

dissolved in a minimal amount of DCM and precipitated into diethyl ether, isolated, and freeze-dried to 

obtain the product, and kept in the freezer until being used. Copolymer composition was calculated by 

using the protons of PEG (3.65-3.7 ppm), the terminal methyl unit (singlet at 3.38 ppm), TMCP CH2 

(singlet, 4.44-4.48), and TMCP CH3 (singlet, 1.48-1.50). GPC (RI): Mn (PDI) = 3.88 kDa (1.08). 

PEG44PTMCP8, PEG44PTMCP14, and PEG44PTMCP22 were synthesized using the same synthetic 

method, GPC (RI) for PEG44PTMCP8: Mn (PDI) = 4.38 kDa (1.10); GPC (RI) for PEG44PTMCP14: Mn 

(PDI) = 6.31 kDa (1.08); GPC (RI) for PEG44PTMCP22: Mn (PDI) = 7.72 kDa (1.13), the details are shown 

in Table S1. 

Synthesis of PEG-P(AIE) block-co-polymers: Taking PEG44-P(AIE)5 as an example, freeze-dried 

PEG44PTMCP5 (72 mg, 0.02 mmol, 1 equiv) was dissolved in 1 ml dry THF and cooled on an ice-bath. 

Next, a 0.5 mL THF solution containing AIE-NH2 (117 mg, 0.12 mmol, 1.15 equiv. concerning the 

pentafluorophenyl ester) and triethylamine (TEA, 22.3 μL, 0.12 mmol, 1.15 equiv. concerning the 

pentafluorophenyl ester) was dropwise added. The ice bath was removed and the mixture was allowed 

to stir for an additional 90 minutes. The reaction was monitored by 1HNMR and 19F NMR. After the 

complete conversion of pentafluorophenyl ester, the reaction solution was precipitated into diethyl ether 

three times, which was confirmed by GPC that there is no free AIE-NH2, then the yellow solid was 

isolated and freeze-dried to obtain PEG44-P(AIE)5. Copolymer composition was calculated by using the 

protons of PEG (3.61-3.68 ppm), terminal methyl unit (singlet at 3.38 ppm), TMCAIE CH2 (m, 3.70-3.76 
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ppm) and TMCAIE CH2 (m, 4.22-4.32 ppm), and TMCAIE CH2 (m, 6.60-6.66 ppm). GPC (RI): Mn (PDI) 

= 8.29 kDa (1.11). PEG44-P(AIE)8, PEG44-P(AIE)14,  and PEG44-P(AIE)22 were synthesized via the 

similar procedures. GPC (RI) for PEG44-P(AIE)8: Mn (PDI) = 9.37 kDa (1.10); GPC (RI) for PEG44-

P(AIE)14: Mn (PDI) = 11.02 kDa (1.09); GPC (RI) for PEG44-P(AIE)22: Mn (PDI) = 14.98 kDa (1.11), the 

details are shown in Table S1. 

5.3. Nanoparticle formulation  

Preparation of AIE-polymersomes. Taking PEG44-P(AIE)5 as an example, in a 4 mL vial, PEG44-

P(AIE)5  (1 mg) was dissolved in 0.5 mL of THF, and the vial was sealed with a rubber septum. The 

solution was stirred at 700 rpm for a minimum of 10 minutes before the addition of Milli-Q (0.5 mL, 0.25 

mL h-1) via a syringe pump. A needle was inserted into the septum to release pressure. The resulting 

cloudy suspension was transferred into a prehydrated dialysis bag (SpectraPor, MWCO: 12-14 kDa, 2 

mL/cm). Dialysis was performed against Milli-Q water at room temperature for 24 hours with a water 

change after 1 hour. The physicochemical properties of AIE-polymersomes were characterized by 

dynamic light scatting, scanning electron microscopy, transmission electron microscopy, cryo 

transmission electron microscopy, and confocal laser scanning microscopy.  

Preparation of Janus AIE/Au nanomotors. To construct AIE/Au nanomotors, a droplet of the AIE-

polymersome solution (2 mg/ml) was dropped on a hydrophilic silica slide to form a monolayer of 

nanoparticles. After evaporation in air, a turbo sputter coater (Quorum Technologies, K575X) was used 

to coat one side of the polymeric particles with a thin gold layer (65 mV, 30 s). Ultrasound treatment 

was used to re-disperse the Janus polymeric particles into an aqueous solution.[23] The size and 

morphology of AIE/Au nanomotors (AIE/Au NM) were characterized using dynamic light scatting, 

scanning electron microscopy, transmission electron microscopy, and confocal laser scanning 

microscopy. EDX elemental mapping analysis of AIE/Au nanomotors was performed using SEM 

(Phenom ProX, The Netherlands).  

Preparation of non-AIE nanomotors: non-AIE polymersomes were prepared from PEG44-PDLLA115. 

The polymersomes were loaded with Cy5 in the hydrophobic domain of the bilayer, following our 

previously published procedure.[26] To construct non-AIE nanomotors, a droplet of the PEG44-PDLLA115 

polymersome solution (2 mg/ml) was dropped on a hydrophilic silica slide to form a monolayer of 

nanoparticles. After evaporation in air, a turbo sputter coater (Quorum Technologies, K575X) was used 

to coat one side of the polymeric particles with a thin gold layer (65 mV, 30 s). Ultrasound treatment 

was used to re-disperse the Janus polymeric particles into an aqueous solution. The size of the non-

AIE nanomotors was characterized by dynamic light scattering.  

Two-Photon (TP) Near-infrared (NIR)-activated motility: The autonomous motion of AIE/Au 

nanomotors was observed and recorded by a TP-CLSM (Leica TCS SP5X) equipped with a ×40 water 

immersion microscope objective. AIE/Au nanomotors were detected by the intrinsic AIE fluorescent 

signal. Movement trajectories were tracked and analyzed by using Image J and Origin software. The 

TP NIR-infrared activated motility was determined according to previously published procedures.9 

Based on the extracted trajectories, the velocity of NIR propelled AIE/Au nanomotors (V) was calculated 
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following the formula: V = D/t after measuring both the traveled distance (D) and duration time (t). The 

diffusion coefficient (D) is defined as D=MSD/i·∆t, where MSD is the mean square displacement (MSD), 

∆t is the time interval, and i is the dimensional index. Here, for the case of two-dimensional analysis 

from the recorded videos, i is equal to 4. Corresponding mean square displacements (MSD) were then 

calculated following the reported equation: MSD= (x(∆t)-x(0))2+ (y(∆t)-y(0))2.  

Nanosight tracking analysis of motility: Nanoparticle tracking analysis (NTA) was used to analyze 

the motion behavior of AIE/Au nanomotors, AIE polymersomes (AIE-Ps), and gold shells by using 

NanoSight S300. Samples were suspended in Milli-Q water to yield an approximate concentration of 

107 and 108 particles per mL. For a typical experiment, 1 mL of sample (ca. 5 μg mL-1) was loaded in 

the NTA chamber using a syringe. Then, the motion of AIE/Au nanomotors, AIE-polymersomes, and 

gold nanoshells were recorded for 30 s in triple. A 660 nm DPSS Red Diode Laser was utilized as an 

external laser source to propel the particles. Different laser intensities were used during the experiments, 

including 0 W (laser off) and 1W (laser on). The same measurement was performed 3 times to ensure 

reproducibility. The NTA 2.2 software allows the extraction and analysis of the trajectories of single 

particles. For each group, 30 nanoparticles were tracked for 30 seconds. Their mean squared 

displacements (MSD) were calculated following previously published procedures. MSD curves were 

extracted from the NTA recorded trajectories using the following equation: 

 

Where r = radius and t = sampling time and MSD (t) = 2dD, where D = diffusion coefficient and d = 

dimensionality (NTA measurements have dimension d = 2). The equation MSD = (4D)∆t +(v2)(∆t2) was 

used to fit the MSD curves. From the fitting of the MSD curves, the average particle velocity was 

extracted. According to the particle diffusion coefficient, as described by Golestanian’s diffusiophoretic 

model, a particle undergoing Brownian motion will display a linear MSD over time with the slope 

determined by the diffusion coefficient  =  /(6 ). From this model, if the particles are in Brownian 

motion, the linear component of the MSD, according to the equation MSD = (4D)∆t, can be extracted. 

Indeed, in the absence of NIR light or 405 nm light irradiation, a linear relation between MSD and time 

was observed (Figure 3e and 3h in the main text, and Figure S37). The same linear relationship was 

also observed when control particles were exposed to light irradiation (Figure S38, S39, S41, and S42). 

In the presence of NIR light or 405 nm light, the gold shell coated asymmetric AIE/Au nanomotors 

displayed observable autonomous motion(In main text Figure 3e and 3h, and Figure S37), the MSD 

curves (in the presence of light ∆t > r) displayed a parabolic fit. 

5.4 Cell studies 

Toxicity studies: HeLa cells were cultured in DMEM medium containing 10 % FBS, 1 % 

penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. The relative cell viability was evaluated 

in vitro by an MTT assay. The cells were seeded in 96-well plates at a density of 5 × 103 cells per well 

in 100 μL complete DMEM medium and cultured for 24 h at 37 °C. Subsequently, the cells were 

incubated with the corresponding nanoparticles (AIE-polymersomes or AIE/Au nanomotors) at different 
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concentrations for 24 h. The cells were washed and fresh medium containing MTT was added into each 

plate. The cells were incubated for another 4 h. After removing the medium containing MTT, dimethyl 

sulfoxide (100 μL) was added to each well to dissolve the formazan crystals. Finally, the plate was 

gently shaken for 5 min and the absorbance at 490 nm was recorded with a microplate reader. 

Internalization of AIE-polymersomes within cells: HeLa cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells 

were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. Next, the cells were 

incubated with AIE-polymersomes (200 µg/ml) for 2, 6, and 24 h, washed, and stained with Hoechst 

33342 for 10 min. Then, the fluorescence images of the cells were captured using a Leica TCS 264 

SP5X system. 

ROS production of AIE-polymersomes within cells: HeLa cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells 

were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. Next, the cells were 

incubated with AIE-polymersomes (200 µg/ml) for 24 h and washed. The cells were subsequently 

loaded with CM-H2DCFDA for 0.5 h and stained with Hoechst 33342 for 10 minutes. Then the cells 

were washed with PBS 3 times. After that, the cells were subjected to a two-photon confocal NIR laser 

and the fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

Cell membrane interaction of AIE/Au nanomotors: HeLa cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells 

were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. The cells were 

stained with wheat germ agglutinin Alexa Fluor-TM 488 conjugate and Hoechst 33342 to show the cell 

membrane, as well as with propidium iodide (PI) to show the real-time enhanced permeability of cell 

membranes. The cells were washed with PBS twice. Thereafter, the cells were treated with AIE/Au 

nanomotors (25 µg ml-1). Immediately, cells were subjected to a two-photon confocal NIR laser and the 

fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 

ROS production of AIE/Au nanomotors within cells: HeLa cells were cultured in DMEM medium 

containing 10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells 

were seeded in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. The cells were 

subsequently loaded with CM-H2DCF for 0.5 h and stained with Hoechst 33342 for 10 minutes. Then 

the cells were washed and treated with AIE/Au nanomotors (25 µg ml-1). Immediately, the cells were 

subjected to a two-photon confocal NIR laser and the fluorescence images of the cells were captured 

using a Leica TCS 264 SP5X system. 

Cell necrosis induced by AIE/Au nanomotors: HeLa cells were cultured in DMEM medium containing 

10 % FBS, 1 % penicillin/streptomycin (complete DMEM) in 5 % CO2 at 37 °C. HeLa cells were seeded 

in a μ-slide 8 well plate for 24 h, and then the medium was refreshed. Then, the cells were stained with 

Hoechst 33342 for 10 minutes. Thereafter, the cells were washed and incubated with calcein for live-

cell staining, and PI for dead cell staining for 10 min. Next, the cells were treated with AIE/Au 

nanomotors (25 µg ml-1). Immediately, the cells were subjected to a two-photon confocal NIR laser and 

the fluorescence images of the cells were captured using a Leica TCS 264 SP5X system. 
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6. Supplemental tables and figures 

 

 

 

 

 

 

 

 

Supplementary Table S1. GPC analysis of all block copolymers synthesized.  

 

Supplementary Figure S1. Self-assembly of PEG44-P(AIE)5 copolymers following solvent switch (as 

described in the methods section) with all measurements performed after extensively dialysis against 

water. (a) DLS curve. (b) SEM image. (c) TEM image. (d) cryo-TEM image. 

Composition Mn / kDa GPC 

Ɖ 

PEG44-PTMCP5 3.8 1.08 

PEG44-PTMCP8 4.3 1.10 

PEG44-PTMCP14 6.3 1.08 

PEG44-PTMCP22 7.7 1.13 

PEG44-P(AIE)5 8.2 1.11 

PEG44-P(AIE)8 9.4 1.10 

PEG44-P(AIE)14 11.0 1.09 

PEG44-P(AIE)22 14.9 1.11 
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Supplementary Figure S2. Self-assembly of PEG44-P(AIE)8 copolymers following solvent switch (as 

described in the methods section) with all measurements performed after extensively dialysis against 

water. (a) DLS curve. (b) SEM image. (c) TEM image. (d) cryo-TEM image. 

 

Supplementary Figure S3. Self-assembly of PEG44-P(AIE)14 copolymers following solvent switch (as 

described in the methods section) with all measurements performed after extensively dialysis against 

water. (a) DLS curve. (b) SEM image. (c) TEM image. (d) cryo-TEM image. 
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Supplementary Figure S4. Self-assembly of PEG44-P(AIE)22 copolymers following fast precipitation  

(as described in the methods section) with all measurements performed after extensively dialysis 

against water. (a) DLS curve. (b) SEM image. (c) TEM image. (d) cryo-TEM image. 

 

Supplementary Table S2. PEG44-P(AIE)n diblock copolymers and their assembly characterizations. 

*: membrane thickness statistical analysis of different vesicles in the cryo-TEM images.  

**: nanoparticles from PEG44-P(AIE)22 was formulated by a fast precipitation method. 
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Supplementary Figure S5. (a) UV-Vis spectra of PEG44-P(AIE)14 copolymers in a mixture of DMSO 

and water. (b) Fluorescence spectra of PEG44-P(AIE)14 in different mixtures of DMSO and water 

(Excitation wavelength = 373 nm). c) Photographs of PEG44-P(AIE)14 solutions at different water content 

(water and DMSO solution) illuminated by a lab UV-lamp. 

 

Supplementary Figure S6. Comparison between AIE-polymersome and AIE/Au nanomotor 

morphologies. a) Representative scanning electron microscopy (SEM) image of uniform AIE-

polymersomes (with a typical single particle as an inset, scale bar=200 nm); b) Intensity profile of a 

single particle in a. c) Transmission electron microscopy (TEM) image of AIE-polymersomes; d) 
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Representative scanning electron microscopy (SEM) image of uniform AIE/Au nanomotors (with a 

typical single particle as an inset, scale bar = 200 nm.) e) Intensity profile of a single particle in d. f) 

Transmission electron microscopy (TEM) image of AIE/Au nanomotors. 

 

Supplementary Figure S7. Energy-dispersive X-ray analysis (EDX) analysis of AIE/Au nanomotors 

confirming successful gold shell coating. 

 

Supplementary Figure S8. (a) UV-Vis spectra of AIE/Au nanomotors. (b) Photographs of AIE-

polymersomes (AIE-Ps) and AIE/Au nanomotors (AIE/Au NM) illuminated with visible light (left) and 

with a lab UV-lamp (right). c) Repensative confocal images of AIE-polymersomes and AIE/Au 

nanomotors (λex=405 nm, λem=650~700 nm). 
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Supplementary Figure S9. Trajectories of AIE/Au nanomotors (particle concentration: 12.5 µg/ml) in 

the presence of incident TP-NIR laser power at different laser intensities. (Fluorescent images were 

taken with λex=405 nm and λem=650~700 nm; TP-NIR laser wavelength was set at 760 nm). 

 

Supplementary Figure S10. Comparison between velocities of non-AIE nanomotors (fabricated from 

PEG-PDLLA polymersomes) and AIE/Au nanomotors (fabricated from AIE-polymersomes) exposed to 

different TP-NIR laser intensities. 
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Supplementary Figure S11. The normalized trajectory of AIE/Au nanomotors under a) 405 nm light 

irradiation and b) 488 nm light irradiation (Laser output: 50 mW cm-2). Average MSD curves and 

standard deviation of AIE/Au nanomotors under c) 405 nm light irradiation and d) 488 light irradiation. 

e)  Comparison of diffusion coefficients of AIE/Au nanomotor under 405 nm and 488 nm light irradiation. 

f) Hydrodynamic size (as determined from nanoparticle tracking analysis (NTA)) of AIE/Au nanomotors 

under 405 nm and 488 nm light irradiation. 
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Supplementary Figure S12. The normalized trajectory of AIE-polymersomes under a) 405 nm light 

irradiation and b) 488 nm light irradiation (Laser output: 50 mW cm-2). c) MSD fitting curve of AIE-

polymersomes under 405 nm and 408 nm light irradiation. Average MSD curves and standard deviation 

of AIE-polymersomes under d) 405 nm light irradiation and e) 488 light irradiation. Comparison of f) 

diffusion coefficients and g) size from nanoparticle tracking analysis (NTA) of AIE-Ps under 405 nm and 

488 nm light irradiation. 
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Supplementary Figure S13. The normalized trajectory of non-AIE nanomotors (from PEG-PDLLA 

polymersomes) under a) 405 nm light irradiation and b) 488 nm light irradiation (Laser output: 50 mw 

cm-2). c) MSD fitting curve of non-AIE nanomotors under 405 nm and 408 nm light irradiation. Average 

MSD curves and standard deviation of non-AIE nanomotors under d) 405 nm light irradiation and e) 

488 nm light irradiation. Comparison of f) diffusion coefficients and g) size from nanotracking analysis 

(NTA) of non-AIE nanomotors under 405 nm and 488 nm light irradiation. 

 

Supplementary Figure S14. Negative phototaxis behavior and normalized trajectory of AIE/Au 

nanomotors under near-infrared 660 nm (out-put power: 1 W) light irradiation. The motion direction of 

AIE/Au nanomotors is always opposite to the direction of the incident laser light (because of the negative 

phototaxis behavior). 
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Supplementary Figure S15. Gold-nanoshells as symmetric (plasmonic) control particles. a) Size of 

gold-nanoshells measured via Nanosight; b) TEM images of gold-nanoshells (image reproduced from 

nanoComposix, https://nanocomposix.com/collections/shape-nanoshells). c) Set-up of light-irradiation 

in the Nanosight. d) MSD analysis data of gold-nanoshells with or without NIR (660 nm infrared laser, 

output: 1 W) light irradiation. e) The normalized trajectory of gold-nanoshells in the absence of NIR 

irradiation. f) The normalized trajectory of gold-nanoshells under NIR irradiation.  

 

Supplementary Figure S16. AIE-polymersomes as symmetric (non-plasmonic) control particles. a) 

set-up of the light-irradiation in the Nanosight. b) MSD analysis data of AIE- polymersomes in the 

absence and presence of NIR (660 nm infrared laser, output: 1W) light irradiation. c) The normalized 

trajectory of AIE- polymersomes in the absence of NIR irradiation. d) The normalized trajectory of AIE- 

polymersomes under NIR irradiation. 
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Supplementary Figure S17. Viability of HeLa cells treated with a) PEG44-P(AIE)14 AIE-polymersomes 

or b) AIE/Au nanomotors for 24 h, as determined by MTT assay. 

 

Supplementary Figure S18. Internalization of PEG44-P(AIE)14 AIE-polymersomes in HeLa cells upon 

incubation for different periods (2 h, 6 h, and 24 h). 
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Supplementary Figure S19. Viability of HeLa cells treated with PBS blank as a function of confocal 

TP-NIR laser irradiation time (Output power: 0.4 J cm-2, TP-NIR wavelength was set at 760 nm). After 

200 s continuous confocal TP-NIR laser irradiation (each scan represents 4 s TP-NIR laser irradiation, 

in total 200 s NIR laser irradiation time), there is negligible fluorescence change of PI (Propidium iodide), 

indicating that NIR laser irradiation did not impact the viability of HeLa cells. Blue color indicates the 

nucleus staining dye Hoechst; Green color indicates calcein staining (live cells); red color (not visible) 

represents PI staining (dead cells). 

 

Supplementary Figure S20. Viability of HeLa cells treated with PEG44-P(AIE)14 AIE-polymersomes (25 

µg/ml) as a function of confocal NIR laser irradiation time (Output power: 0.4 J cm-2, TP-NIR wavelength 

was set at 760 nm). After 200 s confocal NIR laser irradiation (each scan represents 4 s TP-NIR laser 

irradiation, in total 200 s NIR laser irradiation time), there is negligible fluorescence change of PI which 

indicates AIE-polymersomes did not affect the viability of HeLa cells with TP-NIR irradiation. Blue 
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indicates the nucleus staining dye Hoechst, green indicates calcein staining (live cells), red stain 

represents PI staining (dead cells). 

 

Supplementary Figure S21. Membrane destabilization of HeLa cells treated with AIE/Au nanomotors 

as a function of confocal TP-NIR laser illumination time (Output power: 0.4 J cm-2, TP-NIR wavelength 

was set at 760 nm). Green emission represents cells membrane, which was stained by wheat germ 

agglutinin (WGA) Alexa fluor-TM 488 conjugate, red emission originated from AIE/Au nanomotors (with 

λex=405 nm and λem=650~700 nm). The white arrow indicates the membrane destruction induced by 

NIR laser irradiation, which is a result of NIR light-induced photo-thermal effect and active movement 

of the AIE/Au nanomotors. 
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Supplementary Figure S22. a) TP-NIR light (Output power: 0.4 J cm-2, TP-NIR wavelength was set at 

760 nm) induced enhanced accumulation of PEG44-P(AIE)14 AIE/Au nanomotors on the surface of 

cancer cells and diffusion into cancer cells resulting from TP-NIR-activated propulsion with 

representative 3D reconstruction images of HeLa cells after 50 scans of TP-NIR light illumination. The 

green fluorescence represents membrane staining by WGA Alexa Fluor 488 WGA dye, red emission 

indicated AIE/Au nanomotor location. 

 

Supplementary Figure S23. ROS production in HeLa cells in a time-dependent manner under 

continuous confocal TP-NIR laser illumination (Output power: 0.4 J cm-2, TP-NIR wavelength was set 

at 760 nm). HeLa cells were treated with PBS (blank), PEG44-P(AIE)14 AIE-polymersomes (25 µg/ml), 

AIE/Au nanomotors (25 µg/ml) in the absence or presence of confocal NIR laser illumination. Green 

color indicates DCFH-DA emission, blue color indicates the nucleus stained with Hoechst 33342. 

 

Supplementary Figure S24. Enhanced permeability of HeLa cell membranes after being treated with 

AIE/Au nanomotors (25 µg ml-1) and TP-NIR irradiation. Images were obtained as a function of confocal 
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TP-NIR laser irradiation time (output power: 0.4 J cm-2, TP-NIR wavelength was set at 760 nm). Before 

TP-NIR treatment, most of the cells were non-permeable to propidium iodide (PI), indicating membrane 

integrity. Upon continuous TP-NIR laser irradiation, PI could stain the nucleus of HeLa cells in a time-

dependent manner, indicating that AIE/Au nanomotors with TP-NIR irradiation destabilized the cell 

membrane and enhanced its permeability. Blue is the nucleus stained by Hoechst, red is the propidium 

iodide staining. 

 

Supplementary Figure S25. Permeability of HeLa cell membranes after treatment with PBS, AIE-

Polymersomes, and AIE/Au nanomotors in the absence or presence of TP-NIR light irradiation. After 

200 s confocal TP-NIR irradiation (50 scans in total, 4 s per TP-NIR irradiation, output power: 0.4 J cm-

2, TP-NIR wavelength was set at 760 nm), enhanced cell permeability was indicated by PI staining in 

the group of AIE/Au nanomotors with TP-NIR irradiation. Also, from the confocal analysis, there was a 

negligible increase of PI signal in the control groups (PBS with TP-NIR irradiation, AIE-polymersomes 

with TP-NIR irradiation, and AIE/Au nanomotors without TP-NIR irradiation), indicating membrane 

integrity. This further highlights the key role of the combination of AIE/Au nanomotors with TP-NIR laser 

irradiation in cell membrane destruction. Blue indicates nucleus staining by Hoechst 33342, green 

indicates WGA Alexa Fluor 488 dye stained membrane, and red color indicates PI staining. 
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.  

Supplementary Figure S26. Colocalization studies of AIE/Au nanomotors and lysosomes (stained with 

Lysol-tracker) in HeLa cells. HeLa cells are pre-stained with Lysol-tracker and treated with AIE/Au 

nanomotors, then irradiated with a continuous confocal NIR laser irradiation (Output power: 0.4 J cm-2, 

TP-NIR wavelength was set at 760 nm). After 200 s of TP-NIR irradiation (50 scans in total, per TP-NIR 

irradiation is 4 s), there is little to no overlap of Lysol-tracker and AIE/Au nanomotors, indicating that the 

intracellular delivery of AIE/Au nanomotors under the executed NIR laser irradiation protocol is not 

dependent on the cellular endocytosis process. 

 

Supplementary Figure S27. Viability of HeLa cells treated with AIE/Au nanomotors as a function of 

confocal TP-NIR laser irradiation time (200 s TP-NIR irradiation in total, each TP-NIR irradiation scan 

is 4 s, output power: 0.4 J cm-2, TP-NIR wavelength was set at 760 nm). PI gradually stained the nucleus 

of HeLa cells under continuous confocal NIR laser irradiation, which indicated AIE/Au nanomotors under 

TP-NIR laser irradiation caused fast necrosis. Blue color indicates the nucleus staining dye Hoechst; 
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green indicates calcein staining (live cells); red color represents PI (dead cells). 

 

Supplementary Figure S28. Spatially controlled necrosis of HeLa cells with TP-NIR laser irradiation. 

HeLa cells were incubated with AIE/Au nanomotors and irradiated with a confocal TP-NIR laser (200 s 

irradiation in total, each TP-NIR scan is 4 s, Output power: 0.4 J cm-2, TP-NIR wavelength was set at 

760 nm). (a) Before confocal TP-NIR laser irradiation, calcein stain indicated that all cells are alive. (b) 

After confocal TP-NIR laser irradiation, the cells in the area of irradiation underwent a fast necrosis 

process and most of the irradiated cells were dead (indicated by PI staining). (c) Zoom out of the 

irradiated area highlights the viability of HeLa cells, in the absence of TP-NIR laser irradiation; only cells 

exposed to TP-NIR irradiation are dead. This further proves that TP-NIR laser irradiation allows 

controlled spatial treatment. Blue color indicates the nucleus staining dye Hoechst; Green color 

indicates calcein staining (live cells); red color represents PI (dead cells). 

 

Supplementary Figure S29. ROS production of HeLa cells treated with PBS (blank) and non-AIE 
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nanomotors (from PEG-PDLLA polymersomes, 25 µg ml-1) after 80 s continuous confocal TP-NIR laser 

illumination (4 s per irradiation, output power: 0.4 J cm-2, TP-NIR wavelength was set at 760 nm). From 

the confocal analysis, it can be concluded that even under prolonged TP-NIR irradiation (80 s, 4 s per 

TP-NIR irradiation), there is a negligible increase of ROS signal, indicating negligible ROS production. 

Blue color indicates the cell nucleus stain. Green color represents ROS product of DCFH-DA. 

 

Supplementary Figure S30. Viability of HeLa cells treated with non-AIE nanomotors (from PEG-

PDLLA polymersomes, 25 µg ml-1) under confocal TP-NIR laser irradiation (200 s irradiation in total, 4 

s per TP-NIR scan, output power: 0.4 J cm-2, TP-NIR wavelength was set at 760 nm). PI stained a minor 

part of the cells at the end of TP-NIR irradiation. This indicates that non-AIE nanomotors, under TP-NIR 

laser irradiation, produce a photo-thermal effect which leads necrosis. It is however clear that this 

process is less efficient when compared to AIE/Au nanomotors (that combine both photodynamic 

therapy and photothermal therapy in a single nanoparticle). Blue color indicates the nucleus staining 

dye Hoechst; Green color indicates calcein staining (live cells); red color represents PI (dead cells). 

 

Supplementary Figure S31. Viability of 3D multicellular spheroids composed of HeLa cells after being 
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treated with AIE/Au nanomotors (50 µg ml-1). After 200 s confocal laser irradiation (in total 50 scans, 

per NIR irradiation is 4 s, output power: 0.4 J cm-2, TP-NIR wavelength was set at 760 nm), cells were 

imaged using confocal microscopy. From the confocal analysis, PI gradually stained the nucleus of 

HeLa cells in the peripheral area of the spheroids, which indicated that the combined motion, photo-

dynamic therapy, and photothermal therapy led to necrosis in a 3D tumor mimicking model. Green color 

indicates calcein staining (live cells), red stain represents PI (dead cells). 
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Chapter 6 

Summary and Outlook 

Summary 

Nanomedicine is regarded as one of the few strategies that may revolutionize disease 

treatments. Taking into account the complexity of the biological fluids and distinct 

microenvironments in pathological tissues, extracellular and down to sub-cellular levels, it is 

important for nanomedicine researchers especially polymer chemists to focus on manipulating 

nanoparticles to exhibit deliberate nanoparticle-cell/tissue interactions during their transport, 

delivery and activation processes. The ability to engineer nanoparticle parameters, including 

size, morphology, stiffness, diffusivity, and their surface characteristics including PEGylation, 

surface charge and targeting ligands, as well as their advanced functionalities, has been 

recognized as critical to attaining desirable behavior and function in vivo, concerning both 

biodistribution and cellular uptake. Since the increasing emphasis is placed on determining 

the physicochemical traits of nanomedicine particles as key factors leading to biological 

efficacy, it is therefore of critical importance that the chemical basis of nanoparticle 

development should be highly versatile to allow exploit and control the features of increasingly 

effective nano-medical formulations, which is the main focus of this thesis. 

Firstly in Chapter 2, as an attempt to control nanomedicine size, we synthesized 

biodegradable, pH-responsive block copolymers via ring-opening polymerization and versatile 

post-polymerization approaches. The biodegradable polymeric nanovectors were next 

assembled via an “organic solvent-free” direct hydration self-assembly using liquid 

oligo(ethylene glycol) as a dispersant. The introduction of basic imidazole-functional TMC 

derivatives resulted in polymers that self-assembled in multilamellar nanoparticles (at neutral 

pH) and that was effectively loaded with hydrophobic drugs. The resultant multilamellar 

nanovectors demonstrated a significant size reduction and charge reversal at pH ≈ 6.5, which 

yielded cationic nanovectors showing enhanced cellular internalization and deeper tumor 

penetration. 

Then in Chapter 3, another direction of manipulating nanoparticle parameters, morphology 
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control of polymeric nanomedicine particles, was investigated. For this purpose, 

biodegradable block-co-polymers were tagged with a quaternary ammonium chain. By simply 

controlling the ionic strength of the solution during assembly via direct hydration, the particle 

morphology could be switched from spherical micelles to nanoworms (of varying aspect 

ratios), driven by the modulation of the chain packing by an electrolyte-mediated screening of 

interchain repulsions. Further, nanoworms loaded with cytotoxic cargo were found to 

preferentially interact with cancer cells, enhanced the drug retention within drug-resistant cell 

lines, and showed increased tumor penetration. 

To equip nanomedicine particles with advanced functionalities, in Chapter 4 we prepared 

biodegradable fluorescent polymersomes from aggregation-induced emission (AIE) moieties 

tagged amphiphilic block copolymer PEG-P(CLgTMC)-P(TMC-AIE), where the P(TMC-AIE) 

block is a pyridinium and tetraphenylethylene containing poly(trimethylene carbonate). AIE-

polymersomes showed preferential accumulation in cancer cell mitochondria. Upon cellular 

internalization, AIE-polymersomes could be employed for real-time tracking of the delivery of 

cargo and enhanced photodynamic therapy in vitro and in vivo. 

To realize a mobile nanomedicine particle as an active delivery system, in Chapter 5 we 

described the construction of biodegradable hybrid Janus-type AIE-polymersomes by the self-

assembly of block copolymers modified with the AIE photosensitizer moiety, followed by 

coating the particles with a gold layer hemisphere. AIE-polymersomes were able to produce 

reactive oxygen species under illumination by a two-photon near-infrared laser, for application 

in photodynamic therapy. With a partial gold shell cover, the Janus-type polymersomes 

furthermore produced plasmonic heating upon NIR laser irradiation, resulting in a thermal 

gradient and generation of a driving force for active movement and propulsion. Meanwhile, 

the photo-thermal effect produced by the gold hemisphere also enabled a more effective 

percolation of the cell membrane which enhanced the translocation of the nanomotors into the 

cytoplasm of cancer cells, to facilitate combined PDT and photothermal therapy. 

In summary, the findings in this thesis provide a thorough understanding of the construction 

of biodegradable nanomedicine particles with tailored physicochemical properties and 

advanced functionalities. The concepts and methods are generally applicable and provide an 

efficient route towards the design of tailored nanomedicine particles with inherent 

biocompatibility and biodegradability. 

Outlook 

Precisely engineering physicochemical properties as well as manipulating advanced 

functionalities of nanomedicine particles are recognized to be one of the most efficient ways 

to circumvent biological barriers in the nano-biomedical field. There have been a lot of critical 
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questions and arising challenges when we think design principles about how to make a good 

nanomedicine. For instance, how to manipulate particles interactions with the dynamic 

biological fluids to achieve longer passive circulation time or active transportation to the target 

site of action; how to enhance particles tumor penetration to fulfill the essential requirement to 

totally ablate tumor tissue; how to boost cellular internalization to increase the drug 

bioavailability; how to target delivery to cellular organelles to give a more pronounce 

therapeutic (or diagnostic) outcome. Synthetic polymers with well-defined building blocks and 

precise compositions, provide a versatile toolbox to obtain nanomedicine particles with 

controlled traits and function, an approach that is attracting increasing attention to circumvent 

the above biological barriers. At present, there is however a dearth of polymeric technologies 

that have reached the market due to problems associated with producibility, toxicity, and/or 

reproducibility—arising from the tendency for copolymer engineering to focus on the use of 

non-biodegradable components and fabrication processes that introduce toxic solvents and 

result in non-uniform products. To overcome these barriers, one solution for scientific 

researchers is to develop technology for the formation of biodegradable nanomaterials with 

inherent biocompatibility and criterial set for biomedical utilities. 

Amphiphilic block copolymers are versatile building blocks for the construction of self-

assembled, well-defined nanostructured materials, because of the high level of variability of 

chemical composition, chain length, and functional groups. Furthermore, controlled polymeric 

self-assemblies as well as smart post-engineering, allow additional control over their physical-

chemical traits, such as size, shape, morphology, surface chemistry and other important traits, 

through varying the nanoparticle fabrication process (solvents, temperatures, pH, salt, etc.); a 

pre-requisite in the engineering of nanoparticles for tailored bio-medical applications. The 

physicochemical properties control of nanoparticles provides us on the one hand with a deeper 

understanding of the complexity of particle design and engineering. On the other hand, these 

systems and concepts will be of great added value for the field of nanomedicine, in which the 

physicochemical properties of nanomedicine particles are known to strongly affect their 

interaction with biological fluids, cells, and tissues, utilizing which could improve control of 

nanocarrier function and determines theirs in vitro/in vivo performance.  

In this respect, the size transformation and its related bio-medical applications (cargo 

delivery and tumor penetration) presented in Chapter 2 were interesting and represented an 

important step to integrated biodegradable build-blocks in adaptive polymeric nanomedicine 

particles that meet challenges and set criteria for biomedical utilities. It would be highly 

desirable to explore the possibility of using longer PEG chains and integrate crosslinking units 

in the nanomedicine particles. On one hand, considering the real in vivo environment, longer 

PEG chains will provide a more favorable circulation in the blood compartment and tumor 
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tissue accumulation, as a choice to improve their accumulation in the disease area. On the 

other hand, crosslinking units not only embed dynamic stability in the flow and diluted 

conditions (especially for the entrapped cargoes) but also allow toxicity cargo release in the 

site of action, an efficient way to reduce the systemic side effect. With this in mind, a new 

approach has to be developed and explored in future work to investigate their in vivo behavior 

and achieve desirable performance. 

A general robust approach to prepare biodegradable nanoworms was presented in 

Chapter 3, in which both nanomedicine particle size and morphology control were realized via 

an easy access manner, and the nanoworms were found with superior performance compared 

with spherical counterparts. The principle design in this chapter is generally applicable and 

presents a route toward the design of nanomedicine with pre-designed traits towards tailored 

bio-utilities. It would be highly interesting to explore their interaction with micro-organisms like 

bacterial since the positive charge on the nanoworms’ surface and their elongated shape will 

boost binding with bacterial. Also, considering the significant ability to load hydrophobic 

cargoes (therapeutical drugs), these therapeutical-nanoworms scaffolds can be engineered to 

localize within important targets, such as bacterial biofilms, to antimicrobial therapies as well 

as broader biomedical applications. When considering the nanoworms for cancer therapy, the 

shape of nanoworms is highly desirable and appealing in the in vivo investigations - 

morphology impacts biodistribution is of significant interest. In this aspect, to avoid fast 

clearance in the blood compartment, the surface positive charge needs to be shielded before 

the in vivo administration. Rational design is to shield the crown surface charge that can be 

achieved by complexation with macromolecules with an opposite charge, while can de-shield 

the crown in the target site of action (triggered by the microenvironment in the disease area). 

This adaptive behavior, with shielding effect during the systemic circulation and de-shielding 

behavior at the site of action, allows optimized circulation and cellular membrane penetration 

in a single platform, and could potentially increase the bioavailability of nanomedicines. 

As a type of newly attractive nanomaterials, fluorescent polymersomes with aggregation-

induced emission and tailored biomedical applications were presented in Chapter 4 and 

Chapter 5. Polymersomes with self-assembly induced emission, as nanosized bright 

nanosystems, are attracting scientific researcher’s attention and are regarded as promising 

alternative materials of conventional emissive dyes tagged nanosystems. With regards to 

fluorescent polymersomes in Chapter 4, it would be highly desirable to investigate the 

possibility to load some functional enzyme (for instance catalase, producing O2 via H2O2 

decomposition) in the hydrophilic lumen, which provides the possibility to circumvent the 

hypoxia environment in the solid tumor microenvironment. Besides that, whether the charged 

polymersomes are suitable for administration into the blood for circulation, should also be 
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investigated to showcase the in vivo applicability. The mobile Janus-polymersomes presented 

in Chapter 5 as synthetic nanomotors, with active propulsion, is a promising strategy for 

various complex tasks in nanomedicine. For instance, self-propelled nanomotors as new-

generation smart drug delivery vehicles can use their mobility to improve drug delivery 

efficiency and shorten the passive transportation time in the blood circulation. It would be 

highly interesting to see the cargo loading and cellular delivery efficiency with the fluorescent 

nanomotors. Besides that, the interaction and penetration of fluorescent nanomotors with 

tumors or tumor-mimic spheroids are also other interesting directions to investigate. While the 

polymersome nanomotors presented in Chapter 5 are of ~400 nm diameter, it would be 

favorable to prepare sub-100 nm polymersome nanomotors that provide more opportunities 

and insight information for the nanomotor applied in vivo. 

The nanomedicine field has realized that their future development and success are largely 

reliant upon the joint effort of professionals with a background or technical skills of materials 

science, biochemistry, and medicine to collaborate and refine our understanding of what 

makes a good nanomedicine particle. For instance, nanomedicine particles should be able to 

adapt to the microenvironment, to interact solely with the target cells and tissues, which 

requires spatiotemporal control over specific features such as size, shape and surface 

chemistry. In contrast to natural alternatives, synthetic polymers can be designed with 

adjustable and fine-tunable chemical and mechanical properties to control self-assembly, 

biodegradability, and biocompatibility. Up to now, we have deepened our understanding of 

precisely engineering physicochemical traits (size and shape) of polymeric nanomedicine 

particles and engineering functional (imaging and therapeutic) polymeric nanomedicines but 

there is a lot more to do. In a general prospect, biodegradable components should be used as 

a ubiquitous principle and design criterial due to the need for biocompatibility; however, all of 

the knowledge and technical skills we have gained up to this point are invaluable in developing 

design principles and set criteria that can make an effective nanomedicine with clear 

application potential. 
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