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ABSTRACT  

Polymersomes that incorporate aggregation-induced emission (AIEgenic) moieties are attractive 

inherently fluorescent nanoparticles with biomedical application potential for cell/tissue imaging 

and tracking, as well as photo therapeutics. An intriguing feature that has not been explored yet 

is their ability to adopt a range of asymmetric morphologies. Structural asymmetry allows 

nanoparticles to be exploited as active (motile) systems. Here, we present the design and 

preparation of AIEgenic cucurbit-shaped polymersome nanomotors with enzyme-powered 

motility. The cucurbit scaffold was constructed via morphology engineering of biodegradable 

fluorescent AIE-polymersomes, followed by functionalization with enzymatic machinery via a 

layer-by-layer self-assembly process. Due to the enzyme-mediated decomposition of chemical 

fuel on the cucurbit-like nanomotor surface, enhanced directed motion was attained, when 

compared to the spherical counterparts. These cucurbit-shaped biodegradable AIE-nanomotors 

provide a promising platform for the development of active delivery systems with potential for 

biomedical applications. 

KEYWORDS: polymersomes • nanomotors • aggregation-induced emission • morphology 

engineering • LBL assembly  

 

Autonomous motion, as found in living systems, has inspired scientists to design and 

construct artificial nano- and micro-motors with the capacity of converting various sources of 

energy into motion.1-3 Nanomotors utilizing chemical/enzymatic reactions or external physical 

stimuli (e.g. light, magnetic fields, and ultrasound) have all been well established.4-8 These 

particulate systems, capable of active transportation, are promising entities for a variety of 
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complex tasks, ranging from environmental remediation to biomedical delivery.9-14 A 

prerequisite for propulsion is that the motor structural design should allow for a higher net force 

on one side of the particle; this can be a result of an asymmetric distribution of the active 

moieties on the motor scaffold or asymmetry of the scaffold itself.15, 16 For instance, in our group, 

we developed bowl-shaped polymersome nanomotors, stomatocytes, from either poly(ethylene 

glycol)-b-poly(styrene) (PEG-b-PS) or poly(ethylene glycol)-b-poly(D, L-lactide) (PEG-b-

PDLLA); both of which are propelled via the action of catalytic species enclosed in the bowl-

shaped cavity.17-20 To ensure that nanomotors can be applied in a biomedical setting, they should 

meet a number of requirements.14, 21 Besides the importance of size control and 

biocompatibility/biodegradability, they should also be easily functionalized with catalytic entities 

that are able to utilize naturally available fuel sources for their motion. Furthermore, for most 

biomedical applications, effective imaging of nanomotors is a prerequisite.22, 23 This is often 

achieved by physically loading the nanomotors with fluorescent compounds, for example, the 

model drug doxorubicin.24-26 However, this approach is often hampered by low fluorescence, 

photo-bleaching, and leakage issues.27, 28 To make the nanomotors more amenable for 

biomedical applications, they should be equipped with a robust form of fluorescence. We 

envision that such fluorescence feature can be provided by the concept of aggregation-induced 

emission (AIE).29, 30  

AIEgenic (macro)-molecules, upon self-assembly or simply aggregation, display highly 

stable and bright fluorescence due to the restricted intramolecular motion and decreased non-

radiative energy dissipation of the AIEgenic molecules.31, 32 The integration of the AIE design 

principles and nanotechnology is recognized as an alternative frontier to approach and solve 

intrinsic obstacles for conventional fluorescent materials in nanoscience such as low 
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loading/conjugation efficiency, burst release, aggregation-induced quenching (ACQ), and/or 

photo-bleaching behavior.28, 33, 34 For instance, AIEgenic nanomaterials have been demonstrated 

to be useful as chemical/bio-sensors, cell imaging, and photo-therapeutic agents, outperforming 

conventional fluorescent modules due to the combined advantageous features of loading capacity, 

emission brightness, and fluorescence stability.30, 35 Furthermore, the versatile nature of 

AIEgenic molecules enables their facile incorporation into a variety of polymeric particles, 

including polymer vesicles.36-39  

Recently, we incorporated AIEgenic features in biodegradable polymersomes, with 

application potential in the biomedical field.40 Furthermore, by decorating the spherical 

polymersomes with a hemispherical gold layer, these AIEgenic particles underwent autonomous 

motion upon irradiation with NIR light.41, 42 In fact, a synergistic effect could be observed 

between the presence of the AIEgens and the responsiveness of the particles to irradiation. The 

intrinsic properties of the AIEgenic polymersomes were also successfully explored in 

photodynamic therapy. However, this current generation of AIE-polymersome nanomotors has 

certain drawbacks. To install asymmetry, a gold coating needs to be introduced which requires 

an additional processing step that has limited scalability. In addition, the motor is powered by an 

external light source, while for a number of applications a naturally available energy source 

would be preferential.15, 43, 44 As such, it would be an important step forward if the AIE-

polymersome scaffold itself has an asymmetric shape and can be loaded effectively with 

enzymes that act on naturally present substrates. 

In this paper, we describe a supramolecular strategy to fabricate structure-inherent 

fluorescent AIE-polymersome nanomotors with a cucurbit-like topology. Such AIE-

polymersomes are composed of biodegradable copolymers that are covalently modified with 
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aggregation-induced emission (AIE) functionality (Figure 1). The inherently asymmetric AIE-

polymersomes are decorated with a thin polymeric layer via a layer-by-layer (LBL) 

supramolecular assembly approach, during which catalytic machinery (enzymes) are 

embedded.16, 45-47 The resulting enzyme-functionalized AIE-polymersomes are capable of 

transducing chemical energy into motion. The cucurbit morphology of AIEgenic polymersomes 

was achieved through fine-tuning the osmotically-induced shape transformation of spherical 

vesicles. This shape transformation process was driven by the influence of salt and solvent 

compositions on block copolymer packing, as well as membrane thickness and spontaneous 

surface curvature.48, 49 The layer-by-layer assembly strategy allowed the decoration of the 

particles with either the enzyme catalase or urease and did not impact their structure-inherent 

fluorescent nature or cucurbit-morphology. By conversion of hydrogen peroxide or urea, the 

cucurbit polymersome-based nanomotors significantly outperformed their spherical counterparts. 

 

Figure 1. Design of the enzyme-powered cucurbit-shaped AIE-polymersome nanomotors. Top: 

The molecular structure of the AIEgenic amphiphilic block-co-polymers and self-assembly 
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following a solvent switch method, whereby a solution of block copolymer in organic solvent 

(THF) is diluted by water (up to 50% v/v at 0.25 mL h-1). The self-assembly of PEG44-P(AIE)5 

block-co-polymer resulted in spherical AIEgenic polymersomes (AIE-Ps) when dialyzed against 

Milli-Q water, but transformed into cucurbit morphologies in a 50 mM NaCl solution, scale bars 

= 200 nm. Down: schematic illustration of supramolecular engineering of the cucurbit 

polymersomes via a layer-by-layer assembly approach, in which enzymes (catalase or urease) are 

effectively embedded in the polyelectrolyte layer (PAH = poly(allylamine hydrochloride); PSS = 

poly(styrene sulfonate)). Upon addition of substrate (fuel), enzymatic decomposition propels the 

prepared AIE-polymersome nanomotors, as visualized by analysis of the particle trajectories (in 

the dashed box). 

RESULTS & DISCUSSION 

Engineering asymmetric AIE-polymersomes 

In order to achieve topological control over AIE-polymersomes with a high degree of 

asymmetry, a series of block copolymers tagged with AIEgenic moieties were synthesized and 

their assembly behaviors were subsequently studied and fine-tuned. To this end, utilizing the 

chemical versatility of poly(trimethylene carbonate) (PTMC) copolymers, well-defined 

amphiphilic polymers consisting of a poly(ethylene glycol) (PEG) block and an AIEgenic 

poly(trimethylene carbonate) (PAIE) block comprising both tetraphenylethylene and 

dicyanovinyl moieties (PEG44-P(AIE)n, Ð ≈  1.1) were prepared according to reported 

procedures (Scheme S1 / S2).40 Self-assembly of PEG44-P(AIE)n (where n=5, 8, and 14) was 

carried out using the well-established solvent switch methodology, in which polymers were 
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dissolved in a small amount of THF (2 mg mL-1 polymer) and after which Milli-Q water (up to 

50% vol.) was slowly added using a syringe pump.  

Continuous addition of water into the polymer solution decreased the miscibility of block-

co-polymers in the water/THF mixture, driving hydrophobic self-assembly. Thereafter, the 

prepared polymersomes were extensively dialyzed against an aqueous medium for 24 h to 

remove the organic solvent. After dialysis with Milli-Q water, PEG44-P(AIE)5/8/14 copolymers 

assembled into spherical polymersomes of around 300-500 nm in size with a low polydispersity 

(PDI ≤ 0.1), as characterized by dynamic light scattering (DLS) and cryogenic transmission 

electron microscopy (cryo-TEM) imaging (Figure 2b / S1 / S3 / S5).  

Polymersome shape transformation and morphology engineering are inextricably 

constrained by the self-assembly behavior of copolymers, which is generally recognized to be 

dictated by geometric, polymer chain entropy effects (relating to the packing parameter), and 

other kinetic factors.49-53  This is generally associated with the polymer constituents, fabrication 

methods, and environmental conditions.54-56 Previously, we reported that a range of non-

spherical polymersome morphologies with anisotropic membranes could be obtained, utilizing 

an osmotic pressure-based shape transformation strategy to prepare nanotubes and stomatocytes 

with either PEG-b-PS or PEG-b-PDLLA block-co-polymer assemblies.48, 57-59 This was typically 

realized through deflation of the inner volume and membrane indentation via dialysis of the 

plasticized polymersomes in an organic solvent/water mixture against a water/salt solution. The 

subsequent osmotic-induced deformation and kinetic trapping resulted in the formation of either 

prolates (toward tubes) or oblates (toward discs and stomatocytes), directed by the complex 

interplay between the membrane thickness, headgroup interactions, and spontaneous surface 

curvature as a result of solvent outflow.50, 60 To gain insight into the shape transformation of 
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AIEgenic polymersomes, a number of batches comprising different P(AIE) chain lengths, were 

dialyzed against aqueous solutions of varying ionic strength [NaCl]. The resulting structures 

were analyzed using cryogenic transmission electron microscopy (cryo-TEM). 

 

Figure 2. a) Schematic illustration of morphological engineering of AIE-polymersomes bearing 

different AIE block lengths. b) Cryo-TEM images of PEG44-P(AIE)n (n=14, 8, 5) polymer 

assemblies, which remain spherical polymersomes after dialysis against Milli-Q water at 4 oC. c) 

While transforming into tubular shaped (n=14), prolate shaped (n=8), and cucurbit shaped (n=5) 

polymersomes upon dialysis against 50 mM NaCl at 4 oC.  All the scale bars are 200 nm. d) 

Cryo-TEM image of an individual cucurbit-shaped polymersome. The white arrows point toward 

fiducially gold nanoparticles. (e-g) Cryo-ET of a cucurbit-shaped polymersome displays its 
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interior structure and the 3D surface morphology. e) Representative z-slice from the 3D 

reconstruction of the cucurbit-shaped polymersome showing its cross-sectional morphology. (f-

g) Segmented surface rendering of the polymersome from different viewing directions, including 

the top view (f) and the bottom view (g). Scale bars: 100 nm. 

Polymersomes with a flexible membrane in a solvent mixture of THF and Milli-Q water 

(1:1 v/v) were dialyzed against aqueous solutions with varying salt concentrations at 4 °C. Under 

such conditions, the glassiness of the membrane structure was retained after removing the 

organic solvent. It was observed from cryo-TEM imaging that shape transformation process has 

already occurred after overnight dialysis of PEG44-P(AIE)14 polymersomes against 25 mM NaCl, 

which has resulted in a mixture of morphologies (i.e. disc-like (oblate) and elongated nanotubes 

(prolates)) (Figure S1). Similar results were obtained after overnight dialysis against 50 mM 

NaCl with (Figure 2c and S1). Interestingly, morphological transitions from spherical 

polymersomes into bowl-shaped polymersome stomatocytes with wide-open neck, or 

hexagonally packed hollow hoops, were attained upon dialysis against higher concentrations of 

NaCl (100 mM and 200 mM, respectively, Figure S1). In addition, the average hydrodynamic 

size of the PEG44-P(AIE)14 polymersomes (as measured by DLS) was significantly reduced after 

dialysis against NaCl solution (Figure S2) – in line with previous reports demonstrating 

osmotically induced shape transformation of polymersomes.20, 48, 58 The PEG44-P(AIE)8 AIE-

polymersomes with a shorter hydrophobic block showed a distinctly different morphological 

transformation behavior. For instance, elongated (prolate) nanotubes were observed after dialysis 

against 25 mM NaCl (Figure S3) whereas, a more uniform distribution of the elongated (prolate) 

nanotubes was clearly identifiable when dialysis was performed against 50 mM NaCl (Figures 2c 

and S3). The formation of further elongated nanotubes with increased aspect ratios was achieved 
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upon dialysis against higher salt solutions (100 and 200 mM NaCl) (Figure S3 and S4). 

Interestingly, the shape transformation of PEG44-P(AIE)5 polymersomes with an even shorter 

AIE block resulted in polymersomes with a rarely seen cucurbit-like morphology. This distinct 

morphological variation was observed upon dialysis against lower concentrations of NaCl (e.g. 

25 mM, Figure S5). When the dialysis process was performed against 50 mM NaCl, the unusual 

cucurbit-morphology was predominant (ca. 83%) (Figures 2c and S5). However, dialysis against 

higher salt solutions (100 mM and 200 mM NaCl) yielded a large ratio of smaller spherical 

vesicles and only a few cucurbit-shaped vesicles, as confirmed by cryo-TEM analysis (Figure 

S5). This was further verified by DLS studies, in which the initial spherical polymersomes 

possessed an average diameter of ca. 500 nm, while dialysis again salt solutions led to sharp size 

decrease to ~360 nm under 50 mM NaCl condition, and ~230 nm upon dialysis with 200 mM 

NaCl, respectively (Figure 3a). The effective salt-directed shape transformation into the cucurbit-

like AIEgenic polymersomes using 50 mM NaCl was further confirmed by TEM tomographic 

analysis and 3D tomographic reconstruction (Figures 2d-1g), highlighting this distinct 

morphology.  

When comparing the shape transformation behavior of the polymersomes composed of 

AIEgenic polymers with different block lengths (5, 8, 14), distinct morphology transition 

pathways are envisioned. For instance, the formation of PEG44-P(AIE)14 polymersome 

stomatocytes after dialysis against 100 mM NaCl suggests a net negative membrane curvature at 

these conditions (Figure S1). This can be attributed to an interplay between membrane thickness 

and high osmotic pressure that induces an outflow of organic solvent from the lumen, at a rate 

slow enough to maintain anisotropic PEG chain volume (between the interior and exterior 

surfaces) during the shape transformation process - consistent with literature.58, 59 When a higher 
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salt concentration (200 mM NaCl) was applied, formation of hexagonally packed hollow hoops 

was observed, demonstrating that stomatocytes are possibly the intermediate morphologies that 

can further evolve into particles with an internal structure by increasing osmotic pressure. Under 

such hypertonic conditions, the morphology variations of the PEG44-P(AIE)14 polymersomes are 

mainly driven by osmotic energy, which induces their deflation, reduction of the inner volume, 

PEG anisotropy between the inner and outer surfaces, and membrane indentation.61 The fact that 

a heterogeneously mixed fraction of nanotubes and discs was observed when dialyzing with 50 

mM NaCl solutions (Figure S1) is complex. At a low concentration of salt (50 mM NaCl), the 

diffusion of solvent across the thick membrane (i.e. solvent outflow) is slower as compared to 

that at elevated NaCl conditions (i.e. 100 and 200 mM). Thus, the 50 mM dialysis conditions 

generated an anisotropic mismatch between the external and internal membrane surfaces over 

longer periods of time.51, 62, 63 In addition, the solvent exchange occurred from organic 

solvent/water mixture to a salt/water solution such that supramolecular aromatic interactions in 

the hydrophobic AIE block increased; directly affecting membrane arrangement and anisotropic 

features.62 The anisotropic membrane packing during dialysis, as well the π-π aromatic 

interactions, acted to minimize membrane bending energy, resulting in a mixture of oblates and 

prolates.37, 50, 63 

When the degree of hydrophobic AIE units decreases, the PEG44-P(AIE)8 polymersomes 

with a thinner membrane (e.g. compared with PEG44-P(AIE)14 polymersomes) are then affected 

by the osmotic pressure in a distinct way. The formation of peanut-like nanotubes was observed 

from PEG44-P(AIE)8 polymersomes upon dialyzing against 50 mM NaCl, indicated that the 

polymersome adopts a net positive membrane curvature behavior (Figure S3).48, 58 An increase in 

osmotic pressure leads to a faster and more complete deflation and higher aspect ratio. Elongated 
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nanotubes with an apparently increased aspect ratio were observed at 100 mM and 200 mM of 

NaCl. This can be ascribed to a faster solvent outflow in the presence of a higher osmotic 

pressure that leads to a geometrical constraint of the surface area during osmosis and a 

concomitant reduction of internal volume.48 Since it is understood that the expansion degree of 

hydrophilic PEG chains is dependent on solvent composition, the pathway by which 

morphological transformation occurred (in PEG44-P(AIE)8 and PEG44-P(AIE)14 polymersomes) 

was dictated by the membrane thickness and aromatic interactions in the presence of osmotic 

pressure.58, 62, 64 This is evident by the fact that under the 100 mM NaCl conditions, stomatocytes 

were observed with the longer AIE block (e.g. P(AIE)14), while P(AIE)8 polymer with a shorter 

block generated nanotubes.  

With an even decreased ratio of hydrophobic AIE block and a thinner membrane, the shape 

transformation of PEG44-P(AIE)5 polymersomes in the presence of [NaCl] during dialysis led to 

a novel type of morphology not earlier observed for this shape change process. Dialysis against 

50 mM NaCl surprisingly resulted in the formation of predominantly a cucurbit-like morphology 

(Figure 2c / S5). Further analysis via TEM tomography and 3D tomographic reconstruction 

clearly confirmed polymersome ‘pearling’ process, as well as the open neck structure in the 

cucurbit-like polymersomes upon dialysis against 50 mM NaCl (Figure 2d-2g). The neck 

structure formation in the cucurbit polymersomes could be ascribed to the balanced outcome of 

solvent expulsion, PEG anisotropy, and membrane spontaneous curvature as a result of osmotic 

pressure. In this case, the short AIE block and thin membrane, with significantly reduced 

bending energy, are even more easily affected by the osmotic energy, which allows a larger 

positive membrane curvature than the other blocks, that thus would enable the formation of the 

budding of the extended prolate structure.50 The π-π hydrophobic and aromatic interactions 
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thereby help to maintain membrane rigidity and integrity. In addition, exposure to dialysis 

solutions with increased salt concentrations (e.g. 100 and 200 mM NaCl) gave a significant 

population of spherical daughter polymersomes with a much smaller size (Figure S5), displaying 

a fission-like behavior. This supports the pearling process and also indicates that at 50 mM 

dialysis conditions, the osmotic energy and spontaneous curvature are not able to overcome the 

free high energy barrier associated with the fission process.65, 66  

 

Figure 3. Characterization of cucurbit-like AIE-polymersomes. a) DLS analysis of the size 

variations of PEG44-P(AIE)5 polymersomes after dialysis with/without salt at room temperature 

or 4 oC. b) aggregation-induced fluorescence of cucurbit-like polymersomes at different water: 

DMSO ratios (λex = 373 nm / λem = 617 nm); in DMSO, or at low aqueous content the polymers 

remained dissolved and did not show emission. c) Normalized fluorescence intensity of PEG44-

P(AIE)5 based cucurbit-like AIE-polymersomes when exposed to different DMSO: water ratios 

(λex = 373 nm / λem = 617 nm). d) Fluorescence characterization of PEG44-P(AIE)5 cucurbit 

polymersomes using confocal laser scanning microscopy (CLSM), (λex = 405 nm / λem = 

600~650 nm), scale bar = 10 μm. 
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The inherent asymmetric shape of the PEG44-P(AIE)5 cucurbit-like AIE-polymersomes 

inspired us to use these particles as a chassis for the construction of enzyme-loaded nanomotors. 

First, the fluorogenic behavior and emission properties of the spherical and cucurbit AIE-

polymersomes were assessed by monitoring the fluorescence from the dissolved state in organic 

solution (DMSO) to the assembled state in the aqueous medium (Figure S6). As displayed in 

Figures 3b and 3c, a much stronger emission (λex = 373 nm / λem = 617 nm) was detected after the 

addition of only 20 % aqueous medium compared to the molecularly dissolved state in DMSO. 

The fluorescence emission was further confirmed using confocal laser scanning microscopy 

(Figure 3d). In addition, incubation of AIEgenic cucurbit-like polymersomes with FBS or 

DMEM medium after 24 h did not have a significant impact on their morphology, as verified by 

SEM imaging (Figure S7), confirming the biological stability of the AIEgenic cucurbit-like 

polymersomes. 

Enzyme decoration of cucurbit-shaped AIE-polymersomes by LBL technique 

To realize the fabrication of enzyme-powered cucurbit-shaped AIE-polymersome-based 

nanomotors, enzymes needed to be included in the design. In a previous approach, enzymes were 

physically encapsulated in the cavity of polymeric stomatocytes during the shape change 

process.20 This approach was not possible for the current system, and the exposure of enzymes to 

a considerable amount of organic solvent was also less desirable. We, therefore, chose to 

introduce the enzymes via an alternative route. Layer-by-Layer (LBL) self-assembly is a 

powerful method for the construction of hierarchical materials.45 A range of functional 

components, including proteins and enzymes, can be conveniently integrated into LBL systems 

through non-covalent interactions such as electrostatic, hydrogen bonding, and coordination 

interactions without the involvement of organic solvent.16 LBL techniques have also been 
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applied for the construction of micromotors or multi-compartmentalized systems with enzymatic 

activity, while also allowing control over the amount of encapsulated enzymes.41, 46 We, 

therefore, decided to explore the LBL approach for the construction of enzyme-loaded 

nanomotor from AIE-polymersomes. To this end, poly(allylamine hydrochloride) (PAH) and 

poly(styrene sulfonate) (PSS) were alternatingly assembled on the surface of the AIEgenic 

polymersome template during which urease or catalase was encapsulated via strong electrostatic 

interactions (Figure 1). Surface ζ-potential measurements proved the success of the layer-by-

layer assembly that ultimately resulted in enzyme-loaded AIE-polymersomes with a size around 

500 nm (Figures 4b and S8). The successful encapsulation of the enzymes (catalase/urea) was 

further confirmed and quantified by a Bicinchoninic Acid (BCA) protein assay (Figure S8). 

Notably, scanning electron microscopy (SEM) and cryo-TEM imaging proved that the cucurbit 

morphology was retained well and not significantly affected during the fabrication and enzyme 

decoration process, as was also the case for the control spherical counterpart (Figures 4a, 4b and 

S9). Besides, after removing the polymersome template with THF as a solubilizing solvent, the 

resulting polyelectrolyte-complex retained its cucurbit morphology, highlighting the robustness 

of the fabrication approach (Figure S8).  
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Figure 4. Preparation and characterization of fluorescent polymersome-based enzyme-driven 

AIE-nanomotors. a) SEM image of as-prepared cucurbit-shaped AIE-polymersome nanomotors. 

Scale bar = 500 nm; inset scale bar = 200 nm. b) DLS measurements of the spherical and 

asymmetric AIE-nanomotors after LBL assembly and enzyme loading. Insert is the cryo-TEM 

image of a cucurbit AIE-nanomotor, scale bar = 200 nm. c) Represented tracking trajectories of 

spherical and cucurbit-shaped AIE-nanomotors in the presence of 50 mM urea (n=20). d) 

Diffusion coefficients of spherical and cucurbit-shaped AIE-nanomotors in the presence of urea 

at varying fuel concentrations. e) Mean squared displacement (MSD) data for cucurbit shaped 

AIE-nanomotors decorated with urease at varying fuel concentrations, alongside f) MSD data for 

spherical AIE-nanomotors as control. 

Physical properties of nanomotors and motion behavior 
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The motility of the prepared cucurbit AIE-nanomotors was then investigated in detail. 

Nanoparticle tracking analysis (NTA) was utilized to record the nanomotors’ movement and 

track their trajectories upon the addition of substrate. The enzyme-mediated motion was first 

explored with catalase-decorated AIE-nanomotors, which are capable of decomposing hydrogen 

peroxide (H2O2) into water and oxygen.67 The mean square displacements (MSDs) and velocities 

of AIE-nanomotors were analyzed using Golestanian’s self-diffusiophoretic model (the detailed 

analysis is described in SI).68 Cucurbit AIE-nanomotors which were decorated with two layers of 

the enzyme during LBL assembly, showed the most pronounced MSD values and velocities, 

which reached ca. 19.8 μm s-1 in the presence of 0.75vol% H2O2 (Figure S10). Although one 

would expect linear fits of the MSD curves at relatively high Δt (because of the short rotational 

diffusion (r) of such small nanoparticles), nonlinear behavior was identified at high 

concentrations of fuel, which could be ascribed to the bubble generation which counteracts the 

rapid r (Figure S11).69 Upon addition of increasing concentrations of substrate, the MSD curves 

of the cucurbit AIE-nanomotors became parabolic and outperformed their spherical counterparts. 

Since in general H2O2 is not a biocompatible substrate, urease and urea were employed, as 

this substrate is naturally present in biological media, including 5−10 mM in human blood and 

maximally 300 mM in the bladder.44, 70 Generally, the catalytic reaction that consumes urea in 

the solution occurring at the surface of the nanomotors will produce a concentration gradient and 

an active directional flow around the particle surface, resulting in self-generated diffusiophoresis 

which drives motility.69 The urease encapsulated in spherical and cucurbit-like AIE-

polymersome was observed to display comparable activity (Figure S12). Representative motion 

videos are recorded and tracking trajectories of the urease decorated AIE-nanomotors before and 

after exposure to a urea-rich environment are presented (Figure 4c / Video S1-S2). The cucurbit 
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AIE-nanomotors traveled longer distances after treatment with 50 mM urea than those without 

urea and the spherical counterparts, indicating that our cucurbit AIE-nanomotors are effectively 

powered by urea (Figure 4c / S13/ S14). The MSDs at different concentrations of urea as a 

function of the time interval (Δt) and the diffusion co-efficiencies of such AIE-nanomotors were 

then analyzed. As the fuel concentration increased, the analyzed MSDs showed an increased 

value as a result of increasing fuel concentration (Figure 4e). On the other hand, the spherical 

counterparts as a control displayed a linear fit of the MSD curve even at high concentrations of 

urea (Figure 4f). In terms of performance, the cucurbit AIE-nanomotors displayed diffusion 

coefficient values ca. 1.4~1.9×106 nm2·s-1, depending on the concentration of urea (Figure 4d). 

The enhanced diffusion coefficient achieved by cucurbit AIE-nanomotors was up to 45% higher 

than the spherical control particles (Figure 4d). These results confirm that the cucurbit shape of 

the AIE-nanomotors and the subsequent non-homogenous enzyme decoration leads to sufficient 

asymmetry for self-propulsion. Finally, the biocompatibilities of the cucurbit AIE-polymersomes 

and nanomotors were assessed by using the MTT cell viability assay. Human cervical cancer 

cells (HeLa cells) were incubated for 24 h with cucurbit AIE-polymersomes and nanomotors at 

different concentrations. All cells incubated with polymersomes and nanomotors studied 

displayed >80% cell viability (Figure S15), indicating their excellent biocompatibility. The 

negligible cytotoxicity of cucurbit-like AIE-polymersome nanomotors enables their application 

in bio-related domains such as bio-imaging and drug delivery 

CONCLUSIONS 

In summary, we have constructed AIE-polymersomes with cucurbit morphology by 

controlling the length of the AIE block and dialysis conditions during the shape change process. 
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The unusual cucurbit morphology was explored in the construction of AIE-polymersome-based 

nanomotors. We succeeded in decorating the cucurbit polymersome surface with enzymes using 

a layer-by-layer assembly strategy. The motile behavior of the AIE-nanomotors was 

systematically characterized by MSD analysis based on NTA tracking techniques, which 

demonstrated that the cucurbit motors outperformed their spherical counterparts. This nanomotor 

design which integrates inherent AIE fluorescence, the vesicular nature of the scaffold, and 

enzyme-powered motility, provides an interesting platform for the development of nanocarrier 

systems that can be explored in active transport in a biomedical setting.  

METHODS/EXPERIMENTAL 

Preparation of spherical 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 prior to 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-1). 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 (DLS), scanning 

electron microscopy (SEM), and cryo transmission electron microscopy (cryo-TEM).  

Shape transformation 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 prior to the 

addition of Milli-Q (0.5 mL, 0.25 mL h-1) via a syringe pump. A needle was inserted into the 
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septum to release pressure. The resulting cloudy suspension was transferred into a prehydrated 

dialysis bag (SpectraPor, MWCO: 12-14 kDa, 2 mL cm-1). Dialysis was performed against 

different concentration of NaCl at 4 oC for 24 hours with a water change after 1 hour. The 

morphology change of AIE-polymersomes was characterized by DLS, SEM, and cryo-TEM. 

Preparation of polymersome nanomotors via layer-by-layer approach: In order to construct 

the enzyme driven AIE-polymersome nanomotors, layer-by-layer self-assembly technique was 

used for surface modification of the AIE-polymersomes with enzyme layers under mild 

condition on demand. PAH and PSS solution were prepared at 1 mg mL-1 using 0.1 M NaCl 

solution. For self-assembly via the electrostatic interaction, 1 mL PAH and PSS solution was 

alternatively added to the AIE polymersome templates (ca. 5 mg mL-1) and gently shaken (MS3 

shaker, IKA) for 15 min at room temperature. Between different layers, 0.1 M NaCl was used to 

wash the polymersomes for removing the excess building blocks. Until obtaining the desired 

assembled layer, the suspension was centrifuged at 10,000 rpm for 5 min to remove all the 

supernatant, followed by washing with Milli-Q water three times. To encapsulate enzyme, the 

inner PSS layers were replaced with enzyme solution (2 mg mL-1) and then assembled followed 

the same procedure. All the samples were stored at 4 oC before using. 
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