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Polymersomes with surface-integrated nanoparticles, in which a smaller
sphere is attached to a larger capsule, are typically formed through complex
processes like membrane deformation, polymerization, or membrane func-
tionalization. This complexity restricts facile application of this unusual
topology, for example in drug delivery or nanomotor science. Our study
introduces a robust method for crafting polymersomes with surface-
integrated nanoparticles using a hierarchical phase separation approach. By
co-assembling block copolymers with aromatic aggregation-induced emission
(AIE) moieties as side chains and photothermal-responsive guest molecules
(PTM), spontaneous sequential phase separation processes occur that lead to
their controlled formation. Polymer-rich liquid droplets form first, followed by
internal phase separation of the guest molecules, which determines the for-
mation of asymmetric morphology. This mechanism is elucidated in detail
using liquid-phase transmission and cryogenic transmission electron micro-
scopy (LP-TEM and cryo-TEM) and corroborated by theoretical simulations of
the interaction forces between the block copolymers and guest molecules.
Finally, the application potential of polymersomes with surface-integrated
nanoparticles as nanomotors is demonstrated.

Polymersomes are vesicular structures characterized by an aqueous morphology,  surface  functionalization,  and membrane

lumen enclosed within a bilayer membrane composed of block
copolymers'. Over the past few decades, they have emerged as ver-
satile nano-compartments, finding applications in diverse fields such
as drug delivery, biocatalysis, cell mimicry, diagnosis, and therapy*~’.
The key to their effectiveness in these applications lies in the precise
control of their physicochemical properties, encompassing factors like

characteristics® 2. Topological control has thereby become a topic of
increased interest in recent years. The construction of polymersomes
with non-spherical shape opens up opportunities to study for example
these particles in a biomedical context, how they interact with living
cells or how topology affects biodistribution. Furthermore, the asym-
metric placement of functionality at the polymersomes’ surface also
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has implications for a range of applications, from drug delivery to
nanomotor research.

Polymersomes with asymmetric morphologies can be created
either during a direct self-assembly process or through post-
formation methods. Polymerization-induced self-assembly (PISA) is
arguably the most applied representative of the former process™.
The latter approach involves different methods, such as membrane
deformation by osmotic shock, chemical modification, and chemical/
physical metal deposition on the outer membrane, with osmotic
pressure being the most extensively utilized strategy™%. Examples
include the transformation of conventional spherical polymersomes
into functionally enhanced asymmetric shapes, such as stomatocytes
and tubes, Janus nanoparticles, parachute vesicles, and hybrid
inorganic-polymer structures®’?*, Methods for directly achieving
shape anisotropy during bottom-up self-assembly of premade
building blocks are still limited. This especially holds for more
complex topologies such as snowman-shaped capsules with the few
reported snowman-shaped capsules based on lipid vesicles rather
than polymer vesicles®*. One of the main reasons is that there is a
lack of understanding with respect to the pathways underlying this
shape transformation. However, recent progress has been made in
the formation of asymmetric polymersomes. Chemotactic synthetic
vesicles with asymmetric morphology were created by combining
two different copolymers. The formation of asymmetric polymer-
somes was attributed to two separate domains in the membrane,
which laterally segregated”. Recently, there has been a growing
recognition of the significance of liquid-liquid phase separation
(LLPS) as an intermediate step in the bottom-up amphiphilic self-
assembly process. Studies have illustrated the crucial role of tran-
sient liquid precursor droplets in controlling the assembly process,
where the composition of these droplets determines the morphol-
ogy of the final assembled structure® For example, adjusting the
polymer concentration within liquid droplets can give rise to a wide
range of block copolymer assemblies, spanning from polymersomes
to bicontinuous spheres®?°*, This enhanced understanding of
liquid-liquid phase separation opens up possibilities for on-demand
engineering of polymersome shapes and, more importantly, for
introducing functionality into the final assemblies through the pre-
cursor droplets. To date, to the best of our knowledge, this strategy
has not been realized.

In this study, we present an approach to engineer polymersomes
with surface-integrated nanoparticles by precisely controlling hier-
archical phase separation during bottom-up self-assembly. Our strat-
egy involves the co-assembly of amphiphilic block copolymers
functionalized with aggregation-induced emission (AIE) fluorophores
(PEG44-P(AIE)g) and hydrophobic guests with photothermal-
responsiveness (PTM). Upon liquid-liquid phase separation, the pre-
cursor phase of the droplet serves as a compartment to accommodate
the hydrophobic PTM guest molecules. Subsequently, when hier-
archical phase separation is induced in the presence of a water and
organic solvent mixture, the guest molecules segregate into an internal
phase within the polymer-rich droplets. The sequential co-assembly of
the block copolymers and the functional molecules directly leads to
the formation of the polymersomes with surface-integrated nano-
particles. Morphological asymmetry of these polymersomes can be
finely tuned by adjusting the amount of PTM during the self-assembly
process (Fig. 1). To explore the formation mechanism underlying this
hierarchical assembly, we employ confocal laser scanning microscopy
(CLSM) and liquid-phase transmission electron microscopy (LP-TEM)
for real-time observation of the overall formation process and cryo-
genic transmission electron microscopy (cryo-TEM) for detailed
higher-resolution snapshots at specific time point.

This full mechanistic understanding of this process allows the
design of polymersomes with unusual topologies and hence additional
functions. Since PTM confers not only morphological asymmetry but
also photothermal-responsiveness to the polymersomes, the asym-
metric structures exhibit the capability to transform into light-
propelled nanomotors, with their movement performance manipu-
lated by adjusting the incident laser power.

Results and discussion

Creation and characterization of polymersomes featuring
asymmetric morphology (PTM-AIEsomes)

We started this investigation motivated by our interest to construct
photothermally responsive polymersomes by encapsulating
photothermal-responsive molecules (PTM) as hydrophobic cargo
within polymersomes. For this purpose, we employed our recently
developed PEG44-P(AIE)g block copolymer, which had shown good
polymersome formation ability and intrinsic fluorescence. AIE moi-
eties are known to become fluorescent in the assembled state rather
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Fig. 1| Schematic illustrations and TEM images depict PTM-loaded polymer-
somes (PTM-AIEsomes) exhibiting different morphologies achieved through
the modulation of PTM concentration in the self-assembly process. The
introduction of 1mg mL™ of PTM, in conjunction with 1 mg mL™ of PEG44-P(AIE)s,

enables the robust creation of polymersomes with surface-integrated nano-
particles (PTM-AlEsomes) with a consistent structure. Scale bars are 50 nm

(0 mg mL™ PTM), 500 nm (0.15 mg mL™ PTM), 500 nm (0.5 mg mL™ PTM), 500 nm
(2.5mgmL™ PTM), and 200 nm (1 mg mL™ PTM), respectively.
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than in solution. The synthesis of PEG44-P(AIE)s, composed of poly(-
ethylene glycol) (PEG) and AlEgenic poly(trimethylene carbonate)
(PAIE) segments, was performed according to a previously published
protocol*. The second component, PTM, was prepared via a multi-
step synthesis process (for details see Supplementary Information,
Figs. S1 and S2)*. Initially, an electron-withdrawing acceptor, com-
pound 1, was synthesized using a reported method** . Subsequently,
4-dodecyl-2-thiophene, serving as both a strong electron donor and a
mi-bridge, was incorporated into the conjugated backbone. Finally,
alkoxy-substituted tetraphenylethylene (TPE), which also serves as the
second donor, was used to construct D-D’-A-D’-D donor-acceptor type
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Fig. 2 | Morphological characterization of polymersomes with asymmetric
structure (PTM-AIEsomes). a Schematic representation of the fabrication process
of PTM-AlEsomes through the co-assembly of amphiphilic block copolymers
(PEG44-P(AIE)g) and photothermal molecules (PTM) in the presence of THF and
water, followed by dialysis against Milli-Q water. b Evaluation of the fluorescence
properties of PTM-AlEsomes by confocal laser scanning microscopy (CLSM) with
excitation/emission wavelengths of 405 nm/550-650 nm. Scale bar =20 pm.

¢ Morphological characterization of PTM-AlEsomes using scanning electron

Asymmetric polymersomes /
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PTM. The products from each step were characterized using proton
nuclear magnetic resonance spectroscopy (*H NMR) and matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) (Figs. S3-S8). The block copolymers PEG,4-P(AIE)g
and PEG44-P(AIE),4 were also characterized, as shown in Fig. S9. For the
generation of polymersomes with photothermal-responsive proper-
ties, PEG44-P(AIE)g was dissolved with PTM in a THF solution. Milli-Q
water was then slowly added (up to 50% vol.) via a syringe pump
(Fig. 2a). Subsequently, the resulting cloudy solution underwent dia-
lysis against Milli-Q water for a minimum of 24 h. The hydrodynamic
diameter of the as-formed polymersomes (PTM-AlEsomes) was
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microscopy (SEM). Scale bar =100 nm. d Cryo-TEM image of PTM-AlEsomes (left)
and zoomed-in view of an individual PTM-AlEsome (right). Scale bar =200 nm and
50 nm, respectively. e Schematic illustration of cryo-ET. f 3D structure analysis of a
PTM-AlEsome measured by cryo-ET. (i) Cross-sectional view of a PTM-AIEsome. (ii)
Magnified view of the dashed region in (i). (iii) Five-pixel averaged plot profile taken
from the dashed line in (ii), showing the bilayer membrane encapsulating the PTM
nanoparticle. Scale bar =200 nm. An additional cryo-ET analysis of PTM-AIEsomes
is provided in Fig. S12 of Supplementary Information.
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determined by dynamic light scattering (DLS), revealing a size of
373.0 £ 6.5 nm (Fig. S10a), which is in agreement with what would be
expected from such a morphological structure*. Additionally, one of
the distinctive features of polymersomes assembled from PEGg4-
P(AIE)g is their inherent fluorescence. To assess the fluorescence per-
formance of PTM-AlEsomes, confocal laser scanning microscopy
(CLSM) was employed (Fig. 2b). A 405 nm laser was utilized to excite
the PTM-AlEsomes, and intense fluorescence was detected in the
wavelength range of 550-650 nm, according to the optical properties
of AIE segment in PEG44-P(AIE)s. Consequently, the inclusion of PTM
into AlEsomes did not impact on their fluorescence properties,
affirming that PTM-AIEsomes retain the potential for applications in
cell imaging and tracking, akin to pure AIEsomes.

Subsequently, morphological analysis was performed with scan-
ning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). Unexpectedly, the polymersomes exhibited a distinctive
trait: a PTM-rich region was connected to the larger polymersomes,
creating an asymmetrical morphology (Figs. 2c and S10b). To address
potential drying-induced morphological changes in PTM-AlEsomes
during SEM and TEM sample preparation, cryogenic transmission
electron microscopy (cryo-TEM) analysis was conducted for exam-
ination of the native solution structure (Fig. 2d). The asymmetric
structure of the PTM-AlEsomes persisted, with each polymersome
displaying one PTM nanoparticle. As a control, polymersomes result-
ing from the self-assembly of pure PEG44-P(AIE)g were also prepared
(Fig. S10c, d). In contrast to the asymmetric morphology of the PTM-
AlEsomes, the pure polymersomes exhibited a spherical morphology.
Additionally, cryo-TEM images taken from different orientations of the
same PTM-AlEsomes (Fig. S11) allowed us to postulate that the PTM
nanoparticle and polymersome form an integral structure, rather than
a simple adhesion complex.

To systematically examine the morphology of the PTM-AIEsomes,
cryo-electron tomography (cryo-ET) was conducted. Cryo-ET provides
3D structural information of the vesicular membrane of this asym-
metric structure and more importantly, the encapsulation site of the
PTM nanoparticle. To conduct cryo-ET, a tilt-series was collected to
acquire 45 projection images of PTM-AlEsomes before performing 3D
volume reconstruction (Fig. 2e)*****2, No changes were observed in the
sample morphology after acquisition of the tilt-series (Fig. S13). Cross-
sections of PTM-AlEsomes from cryo-ET clearly revealed that the PTM
nanoparticles were capped by a bilayer membrane (-10 nm) that was
slightly deformed at the polymersome/PTM interface (Fig. 2f and
Supplementary Movie 1). The intensity line profiles of the bilayer in
PTM-AlEsomes have been included as Fig. S12 to enhance visualization
of the bilayer membrane and facilitate analysis of its thickness. Fur-
thermore, evidence of the bilayer membrane on PTM nanoparticles
can be found in Fig. 14. Interestingly, in a number of cases the bilayer
membrane detached from the PTM nanoparticle, leaving the PTM
nanoparticle exposed to the aqueous solution, as depicted in Fig. S15.
This finding strongly suggests that the formed PTM nanoparticle was
initially covered by an additional membrane structure, as a monolayer
of PEG,44-P(AIE)s was necessary to stabilize the hydrophobic PTM
nanoparticle in water.

Understanding the molecular features that govern the mor-
phology of PTM-AlIEsomes

In order to further understand how this specific morphology of PTM-
AlEsomes could be achieved, we systematically adjusted the self-
assembly conditions, and varied the molecular features of PTM and
PEG44-P(AIE)g, such as PTM chemical structure (including PTM variants),
types of block copolymers (PEG44-P(AIE)g, PEG44-P(AIE)14, PEG44-b-PS;00,
and PEG4-PDLLA;»0) and mixing ratios of the components. Initially, we
maintained a constant concentration of PEG44-P(AIE)g and co-assembled
it with PTM at varying concentrations (Fig. 3a). Subsequent SEM and
TEM analyses revealed a uniform and consistent asymmetric

morphology of PTM-AlEsomes exclusively when equal concentrations of
PTM and PEG,4-P(AIE)s were used (third column in Fig. 3a). In contrast,
other combinations yielded AlEsomes with multiple PTM nanoparticles
integrated in the membrane, along with unencapsulated PTM nano-
particles (first, second, and fourth columns in Fig. 3a). Subsequently, we
kept the PTM concentration constant and decreased the concentration
of PEG44-P(AIE)s. Now, the PTM nanoparticles were not incorporated in
the membrane but rather formed large aggregates by themselves
(Fig. 3b). This indicated that at lower PEG44-P(AIE)g concentrations, the
majority of AlE-involved block copolymers were utilized to stabilize the
PTM particles by forming a monolayer, resulting in a shortage of
building blocks for polymersome formation. Reducing the concentra-
tion of PEG,4-P(AIE)g from 0.25mgmL™ to 0.125 mg mL™ resulted in a
decrease in the number of polymersomes, thus confirming this
hypothesis. Consequently, to achieve homogenous polymersomes with
asymmetric morphology, it is essential to ensure that the two building
blocks, PTM and PEG44-P(AIE)g, are used in a 1:1 concentration ratio.
Additionally, we maintained this 1:1 ratio but varied the concentrations
of PTM and PEG44-P(AIE)s simultaneously, testing concentrations of
0.25mgmL™, L5mgmL™, 2mgmL™, and 2.5mgmL"”, respectively. As
shown in Figs. S16-S19, homogenous polymersomes with asymmetric
morphology, namely one PTM particle associated with one polymer-
some, were only obtained at a concentration of 0.25 mg mL™. Based on
these investigations, we summarized all experimental conditions and
results in Fig. S20 and concluded that the optimal conditions (“sweet
spot”) for forming polymersomes with asymmetric topology occur
when the concentration ratio of the two building blocks, PTM and
PEG44-P(AIE)g, is 1:1 and each concentration is kept below or equal to
1mgmL? (<ImgmL™).

Further exploration involved the examination of the importance
of the chemical nature of the amphiphilic block copolymers for the
asymmetric topology. For this purpose, three different block copoly-
mers were used which were known to form by themselves well-defined
polymersomes: PEG44-P(AIE);4, poly(ethylene glycol)-block-poly-
styrene (PEG44-b-PS;00), and poly(ethylene glycol)-block-poly(D,L-lac-
tide) (PEG44-PDLLA»0). These were subsequently self-assembled with
PTM. The same topology was only observed with PEG,44-P(AIE)y4, akin
to the observations with PEG44-P(AIE)g (Fig. 4a). In contrast, using
PEG44-b-PS;00 and PEG,4-PDLLA,o predominantly showed free PTM
nanoparticles, indicating that these block copolymers primarily sta-
bilized PTM molecules rather than facilitating their inclusion into the
polymersome membrane (Fig. S21). Continuing our investigation, we
explored the influence of the PTM structure on PTM-AlEsome forma-
tion. Keeping the PEG44-P(AIE)s component constant at 1 mg mL~, we
co-assembled it with two PTM variants, namely TATQ and TPE-TATQ.
Compared to PTM, which has two AIE units, TATQ has no and TPE-
TATQ has a single AIE unit (Fig. 4b). However, neither variant exhibited
the capacity to form asymmetric polymersomes; instead, polymer-
somes with uneven sizes were observed. In addition to the PTM var-
iants, we also introduced a hydrophobic dye DiD for co-assembly with
PEG44-P(AIE)s. Again, spherical polymersomes predominated (Fig. 4c).
All these hydrophobic guest molecules likely reside within the hydro-
phobic membrane of the polymersomes, but contrary to PTM don’t
have an impact on the morphology.

To determine if there is a specific type of intermolecular interac-
tion between the AIE moiety in PEG44-P(AIE)g and PTM that plays a
pivotal role in PTM-AlEsome formation, we employed density func-
tional theory (DFT) calculations®. The DFT calculations enable a
detailed examination of the molecular geometries, energetics, and
overall stability of these assemblies, contributing valuable information
for the formation of polymersomes with asymmetric morphology**-*¢.
Due to the challenges posed by the large size of the P(AIE)g fragment,
performing calculations using DFT methods was not practical. There-
fore, we employed the AIE monomer as the computational model to
facilitate DFT simulations. Our analysis involved a comparison of the
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Fig. 3 | Engineering morphological asymmetry in polymersomes by modulat-
ing the concentration of PTM and PEG44-P(AIE)g. a Morphological characteriza-
tion of co-assembled nanoarchitectures was performed as a function of PTM
concentration, maintaining a fixed concentration of PEG44-P(AIE)g (1 mg mL™), utiliz-
ing SEM (second row) and TEM (third row). Scale bar = 500 nm/Insert = 200 nm. b Co-

assembly of PTM (1 mg mL™) with PEG,4-P(AIE)s at two different concentrations,
0.125mg mL™ (left) and 0.25 mg mL™ (right), utilizing SEM. Scale bar =500 nm. The
pink color in schematic illustration represents PTM, green and blue color indicate
respectively the hydrophobic and hydrophilic domain of amphiphilic block
copolymers.

interaction energy between the AIE fragments of amphiphilic block
copolymers and PTM, alongside its variants (TPE-TATQ and TATQ).
Additionally, we examined the interaction energy between AIE frag-
ments of amphiphilic block copolymers among themselves (Fig. 4d).
The interaction energy was calculated using the following equation:

AE= EComplex - EAIE - ECargo molecule

where E ¢, represents the total energy of the complex formed by a
single AIE molecule and a hydrophobic cargo molecule (PTM, TPE-
TATQ, or TATQ). E 4 is the total energy of a single AIE molecule, and
E cargo motecute FEPTESENtS the total energy of the hydrophobic molecule
(PTM, TPE-TATQ, or TATQ). Additionally, for interactions between AIE
fragments, E o1, represents the total energy of the complex formed
by two AIE molecules (P(AIE)), while E 444 motecue €quals E 4y under
these conditions. As depicted in Fig. 4e, a lower AE value signifies a
more robust interaction between the AIE fragment and the cargo
molecule. The results show a progressively enhanced interaction

between the three distinct hydrophobic cargo molecules and the AIE
fragment, indicating that as the number of TPE units in the hydro-
phobic molecule increases, AE decreases. The decrease in AE is a result
of enhanced intermolecular interactions, including van der Waals
forces, hydrogen bonding, and Coulombic interactions, stemming
from increased wrapping and folding between the molecules, as shown
in Fig. 4f. It is suggested that the extension of the TPE fragment in the
cargo molecule fosters favorable interactions with the AIE unit. Based
on these findings, we propose that strong intermolecular interactions
between the AIE moieties of the block copolymers and PTM during the
self-assembly process contribute to the formation of polymersomes
with surface-integrated nanoparticles, resulting in an asymmetric
morphology.

Formation of PTM-AlEsomes through liquid-liquid phase
separation

After determining which chemical features play a role in the formation
of PTM-AlEsomes with an asymmetric structure, we next monitored
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their assembly process by combining liquid phase transmission elec-
tron microscopy (LP-TEM) with cryo-TEM. Here, LP-TEM provides
useful information on the single-particle history, and cryo-TEM is used
to verify the intermediate structures observed in LP-TEM and to pro-
vide a closer look at these structures at higher spatial resolution*’*, To
mimic the solvent switch process, we performed liquid mixing at

different water/THF mixing rates inside the liquid flow cell
(Fig. 5ai)**5*°, In both slow and fast-mixing experiments, we first filled
the liquid cell with block copolymer / PTM dissolved in THF before
flowing water into the cell to initiate the self-assembly. To minimize the
beam effects on the self-assembly process®, a pulsed LP-EM imaging
protocol was employed with a low electron flux of 0.2e".A2s™ (see
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Fig. 4 | Morphology characterization using different types of amphiphilic block
copolymers and theoretical calculation of interaction energy.

a Nanoarchitectures prepared by co-assembly of PTM (1mgmL™) with 1mgmL™
each of PEG44-P(AIE)14, PEG44-b-PS;00, and PEG44-PDLLA},0, respectively. Scale
bar =500 nm. b Characterization of polymersomes prepared by co-assembly of
PEG44-P(AIE)g with two PTM variants (TATQ and TPE-TATQ). Scale bar =500 nm/
Insert =200 nm. ¢ Morphological characterization of DiD load polymersomes by
SEM (left) and dry-TEM (right). Scale bar =1pum (left) and 500 nm (right).

d Chemical structures of PTM and its variants. In green the AIE moiety is depicted.
e Interaction energy analysis of the AIE fragments of PEG44-P(AIE)g (P(AIE)) with
PTM, its variants (TPE-TATQ and TATQ), and P(AIE) in the solvent phase and gas
phase via DFT calculations. f DFT calculated structures of the AIE fragment of
PEG,44-P(AIE)g interacting with PTM, TPE-TATQ, TATQ, and another AIE fragment
(polymer @ polymer). The AIE fragment is highlighted in blue (except in the
polymer @ polymer group), while PTM and its variants are depicted in pink.

details of the imaging protocol in “Methods” section). The sample was
not exposed to electron beam irradiation between acquisitions. As
shown in Fig. 5aii, before eventually transforming into PTM-AIEsomes’
asymmetric structure, multiple nanodroplets were formed after 2 h
under slow mixing conditions. The PTM nanoparticles formed at the
interface between the bilayer of the PEG44-P(AIE)s membrane and the
THF/water mixture at 20 h, becoming more distinct at 20.5h. To
confirm and better understand the intermediate structure observed by
LP-TEM, solvated assemblies at various stages of dialysis were vitrified
and analyzed using cryo-TEM (Fig. 5b). Additionally, the pre-assembled
polymer solution in 1:1 (v/v) water/THF mixture was also directly
“quenched” in water prior to dialysis to investigate the early-stage
assembly morphologies (see details in “Methods” section)®. The cryo-
TEM data confirmed that the PTM nanoparticles were assembled at the
interface of the PEG44-P(AIE)g-rich droplet, forming a PTM-rich cloud-
like structure where micellization of PTM and removal of excessive
PEG44-P(AIE)s took place. Additionally, freestanding PTM nano-
particles were observed in the solution, as confirmed by both cryo-
TEM and LP-EM experiments (Figs. 5b, c, S22 and S23).

Moreover, the structure of the resulting PTM-AlEsomes is highly
dynamic, and fusion events were observed in LP-TEM, which could also
be confirmed by cryo-EM (Fig. 5¢c, d). Based on these observations, we
propose that the formation mechanism of PTM-AlEsomes involves
liquid-liquid phase separation (Fig. 5e). The formation of PEGy4-
P(AIE)g-rich and PTM-rich liquid droplets serves as a precursor in the
formation of both PTM-AlEsomes and freestanding PTM nanopatrticles,
respectively. Notably, PTM molecules exhibit higher hydrophobicity
compared to their AIE counterparts. As a result, PTM molecules
selectively “attract” PEG44-P(AIE)s block copolymers, forming a
monolayer protective membrane to stabilize themselves during the
solvent switch process. This is supported by the tunability of obtaining
pure PTM nanoparticles by adjusting the concentrations of PEG44-
P(AIE)s to PTM (Fig. 3a, b). To directly observe the onset of phase
separation, bright-field images were captured using confocal laser
scanning microscopy (CLSM) in the early stage of polymersome for-
mation. As shown in Fig. 5f, phase separation occurred in the presence
of both PEG44-P(AIE)s and PTM, while only polymer droplets were
observed in the absence of cargo molecules (PTM). Interestingly, the
size of the droplets decreased with the addition of water, indicating a
movement towards equilibrium as the water content increased. The
PTM-rich condensates fused together in the multi-phase droplets with
the addition of water, which simulated the early stage of the PTM-
AlEsomes formation®. Based on these findings, we propose that
polymer-rich liquid droplets initially form, followed by the internal
phase separation of PTM guest molecules, thereby determining the
morphology of the polymersomes.

Photothermal performance and adaptive motility of PTM-
AlEsomes in response to light

Upon laser irradiation, PTM can efficiently convert incident light
energy into heat, a characteristic that has been extensively investi-
gated in our prior research®. The maximum absorption peak of PTM
falls within the near-infrared window, facilitating effective conversion
of incident light energy into heat without fluorescence emission
(Fig. S25). Upon co-assembly with PEG44-P(AIE)g, the absorption peak

of PTM-AlEsomes exhibits a slight red shift compared to pure PTM, yet
still remained within the near-infrared window. It is worth mentioning
that PTM molecules tend to form J-aggregates when integrated into
the polymersomes, as evidenced by the 57nm red shift in the
absorption peak observed between PTM (in THF) and PTM-AlEsomes
(in water). Furthermore, we conducted UV-vis spectroscopy mea-
surements during self-assembly of 1 mg mL™ PTM and 1 mg mL™ PEG,-
P(AIE)g at various time points (O min, 30 min, 60 min, 90 min, and
120 min) to investigate their kinetics during self-assembly at the
molecular level. As shown in Fig. S26, the absorption spectra at O min,
30 min, and 60 min exhibited similar features, indicating that PTM
remained in a non-aggregated (monomeric) state during this period.
However, after 90 min, PTM showed a broadened and red-shifted
absorption spectrum, suggesting the formation of J-aggregates
between PTM molecules. To assess the photothermal performance
of PTM-AlEsomes, we employed an 808 nm laser for irradiation and
measured the resulting temperature using a thermometer. Our analy-
sis reveals that PTM-AlEsomes exhibit a robust response to near-
infrared irradiation, achieving a temperature change of 34.1+1.4°C
after 10 min of exposure (Fig. 6a). As a control, pure AlEsomes (devoid
of PTM) were subjected to identical conditions; however, negligible
temperature variations were observed compared to PTM-AlEsomes
(Fig. 6b); the maximum temperature attained by AlEsomes after 10 min
of irradiation was only 3.9+0.5°C. To quantify the photothermal
capability, we further calculated the photothermal conversion effi-
ciency (PCE) of PTM-AlEsomes, which was determined to be 20.7%
(Fig. S27). The stability of photothermal heating is crucial for the
practical application of PTM-AlEsomes. To assess this, we conducted
five cyclic heating-cooling processes and monitored the temperature
changes in situ using a thermometer. As illustrated in Fig. 6c, the
temperature variations remained consistent within acceptable limits
throughout the five cycles. Furthermore, infrared thermographic maps
of PTM-AlEsomes (Fig. 6d) provided direct evidence of their photo-
thermal heating capabilities. When combined with their asymmetric
morphology, these polymersomes could display motile features™°.
Indeed, PTM-AlEsomes created temperature gradients induced by
laser irradiation, resulting in direction motion (Supplementary
Movie 2). Notably, the motile behavior of PTM-AlEsomes was easily
controlled by adjusting the incident laser’s pathway to steer their
direction and by modulating the laser power to manage their velocity
(Fig. 6e, f, and Supplementary Movies 3 and 4). Subsequently, we
investigated the manipulation of motion by cyclically toggling the
incident laser on and off four times. Tracking the corresponding
motion trajectories of PTM-AlIEsomes and calculating the mean square
displacement (MSD) (Fig. 6g) revealed that the motion ceased
promptly upon laser deactivation and resumed upon re-illumination.
The photothermal stability demonstrated by PTM-AlEsomes in Fig. 6¢
underpins their controllable movement and instantaneous motion
performance.

As control groups, the motion performance of AlEsomes without
PTM incorporation was assessed under 808 nm laser irradiation. Only
Brownian motion and enhanced diffusion were observed (Fig. S28 and
Supplementary Movie 5). These results highlight the potential of PTM-
AlEsomes, particularly in biomedicine, owing to their motile proper-
ties, biocompatibility, and photothermal responsiveness.
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Polymersomes with asymmetric morphology were successfully
synthesized through a hierarchical liquid-liquid phase separation
assembly process. This asymmetric structure was achieved using AIE
fluorophore-functionalized amphiphilic block copolymers PEG44-
P(AIE)s and photothermal-responsive guest molecules (PTM). Mor-
phological characterization through scanning electron microscopy,

cryogenic transmission electron microscopy, and cryogenic electron
tomography, provided direct insights into the asymmetric structure,
wherein PTM nanoparticles were integrated into the membrane of the
polymer vesicle. The optimal conditions for formation polymersomes
with asymmetric topology occur when the PTM and PEG44-P(AIE)g are
equal (1:1 ratio) and each component is at or below 1mgmL™. In situ
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Fig. 5 | 3D structure and formation process of PTM-AIEsomes investigated by
cryo-TEM and LP-TEM. a The formation process of PTM-AlEsomes captured using
LP-TEM. (i) Schematic of the liquid cell used to monitor the solvent switch process,
mimicking dialysis treatment. (ii) LP-TEM image sequence showing the self-
assembly of PTM-AlEsome. Initially, nanodroplets form at 2 h, which eventually
transform into PTM-AIEsomes. Scale bar =2 pum (left), 1 pum (middle), and 1 pm
(right). Additional LP-TEM images of nanodroplets are provided in Fig. S24. b Cryo-
TEM images illustrating the evolution of PTM nanoparticles on AlEsomes. These
images were taken from samples directly quenched by adding water before dialysis
or at different dialysis times. Scale bar =200 nm. ¢ LP-TEM image sequence
revealing the fusion process of early-stage PTM-AIEsomes. Arrows indicate the
gradual merging of two PTM-AlEsomes. Scale bar =500 nm. d Cryo-TEM image
showing the structure formed from the fusion of two PTM-AlEsomes. Scale bar =

1um. e Schematic illustration of the proposed formation mechanism of the PTM-
AlEsome co-assembly process involving liquid-liquid phase separation. f Bright-
field images of the early stage of polymersome formation captured by CLSM. (i)
Phase separation upon adding 50% vol. H,O to the assembled solution containing
PEG,44-P(AIE)g block copolymers and PTM (depicted in the left image). In the
absence of PTM, only polymer droplets can be observed (shown in the right image).
(i) With the addition of 70% vol. H,0, phase separation occurs in the mixed solution
of PEG44-P(AIE)g and PTM (shown in the left image), while no phase separation is
observed in the pure PEG,4-P(AIE)g solution (depicted in the right image). Scale
bar =20 pm. The initial polymer concentration for cryo-TEM, LP-TEM, and CLSM is
1mgmL™ PTM, and 1 mg mL™ PEG44-P(AIE)g dissolved in THF solution. Further
details can be found in the “Methods” section.

observation of the self-assembly process using liquid-phase transmis-
sion electron microscopy confirmed the formation mechanism,
involving a hierarchical liquid-liquid phase separation process of PTM
molecules and the block copolymers. Coexisting PEG44-P(AIE)g rich
droplets and PTM-rich droplets acted as precursors for both PTM-
AlEsomes and freestanding PTM nanoparticles. A monolayer protec-
tive membrane was formed on the PTM particles due to their higher
hydrophobicity, stabilizing them before fusion with the polymersomes
to form PTM-AlEsomes. With a photothermal conversion efficiency of
20.7% (using an 808 nm laser), PTM-AlEsomes can function as light-
driven nanomotors with controllable motion by adjusting the laser’s
path and power. Unlike most previous photothermal nanomotors
made using gold-based materials (e.g., gold nanoparticles or gold layer
coated particles), PTM-AlEsomes are fully organic and fundamentally
different. Their asymmetric morphology is programmed during self-
assembly rather than modified afterward. Furthermore, we introduced
photothermal-responsive cargos, enhancing both functionality and
responsiveness in these polymersomes. These advancements make
significant progress in developing fully organic photothermal nano-
motors. Additionally, a comprehensive understanding of the liquid-
liquid phase separation process, achieved through advanced char-
acterization techniques, facilitates the development of polymersomes
with asymmetric morphology and multiple functions.

Methods

Synthetic procedures

Compound TPE-ClI was prepared according to previously published
protocols with some modifications”. Briefly, bis(4-methoxyphenyl)
methanone (9.73g, 40.0 mmol), 4-chloro-benzophenone (10.4g,
48.0 mmol), and Zn powder (13 g, 200 mmol) were dissolved in dry
THF (500 mL) which was pre-cooled in an ice bath under argon
atmosphere. Titanium tetrachloride (TiCly, 17.6 mL, 160 mmol) was
thereafter added slowly to the above-mentioned mixture under stir-
ring, followed by heating to 80 °C. After reaction for 24 h, the reaction
mixture was cooled to room temperature before quenching with
250 mL 10% K,COj3 (aqueous solution). Then, the reaction mixture was
filtered to remove the insoluble materials and washed with CH,Cl,
solution. The organic layer was dried with anhydrous MgSO, and fil-
tered, after which CH,Cl, was removed via evaporation. Next, the
residue was purified by silica gel chromatography with a mixture of
hexane and CH,Cl, (Vy:V, =5:1) as the eluent. The obtained compound
TPE-Cl was a light yellow solid (9.42 g, 46% yield). '"H NMR (400 MHz,
CDCl3) 6 (ppm): 7.14-7.04 (m, 5H), 7.01-6.98 (m, 2H), 6.95-6.90 (m,
6H), 6.67-6.61 (m, 4H), 3.76 (d, ) =12 Hz, 6H).

Compound TPE-PIN was synthesized according to previously
reported protocols with some modifications®*. Briefly, TPE-CI
(426 mg, 1 mmol), bis(pinacolato)diboron (B,Pin,) (1.53g, 6 mmol),
X-Phos Pd G2 precatalyst (40 mg, 0.05 mmol), and potassium acetate
(KOAc) (590 mg, 6 mmol) were dissolved in anhydrous 1,4-dioxane
(5 mL) under nitrogen atmosphere. Then, the mixture was heated to
90°C and stirred for 24 h. After cooling to room temperature, the

reaction mixture was poured into 50 mL water and extracted with
EtOAc (50 mL). The combined organic phase was dried by anhydrous
MgSO,, followed by filtering, and concentrating under vacuum. The
crude product was used for the next step for the synthesis of PTM
without further purification. 'H NMR (400 MHz, CDCl5) § (ppm): 7.55
(d,)J=8Hz, 2H), 7.10-6.98 (m, 7H), 6.94-6.92 (m, 4H), 6.63 (d, ] =8 Hz,
4H), 3.73 (d, ) =4 Hz, 6H), 1.32 (s, 12H).

Compound 1 was synthesized according to previously reported
procedures”. 4,7-Dibromobenzo[c][1,2,5]thiadiazole-5,6-diamine (1.50 g,
4.63mmol) and 1,4-Bis(I-methylethyl) 2,3-dioxobutanoate (2.56g,
11.11 mmol) were dissolved in acetic acid (40 mL) under a nitrogen
atmosphere. The resulting mixture was heated to 100 °C and stirred for
24 h. After cooling to room temperature, the reaction mixture was
poured into 100 mL water and extracted with dichloromethane three
times. The combined organic phase was dried by anhydrous magnesium
sulfate, filtered and concentrated under vacuum. The residue was pur-
ified by silica gel chromatograph with petroleum ether/dichlor-
omethane (V3:V,=5:1) as the eluent. The product was an orange crystal
(1.08 g, yield: 45%). '"H NMR (400 MHz, CDCls): 6 (ppm) =5.45-5.40 (m,
2H), 1.50-1.49 (d, 12H).

Compound 2: Compound 1 (518 mg, 1 mmol), Pd,(dba); (73 mg,
0.08 mmol), P(o-tol); (73 mg, 0.24 mmol), and stannane, (4-dodecyl-2-
thienyl)trimethyl (1.04g, 2.5mmol) were dissolved in 5mL chlor-
obenzene under nitrogen atmosphere. Then, the mixture was heated
to 110 °C and reacted for 48 h under stirring. After cooling to room
temperature, the reaction mixture was poured into 30 mL water and
extracted with dichloromethane three times. The combined organic
phases were dried by anhydrous MgSO,, followed by filtering and
concentrating under vacuum. The product was purified by silica gel
chromatography with hexane/dichloromethane (Vy:V,=3:1) as the
eluent. The product was a dark blue solid (620 mg, 70% yield). 'H NMR
(400 MHz, CDCl5): 6 (ppm) =8.80 (s, 2H), 7.34 (s, 2H), 5.50-5.42 (m,
2H), 2.75-2.71 (m, 4H), 1.78-1.69 (m, 4H), 1.53 (d, 12H), 1.44-1.26 (m,
36H), 0.89-0.86 (m, 6H). MALDI TOF-MS: m/z calculated for [M]
CasHesN404S5, 860.44, found 860.43. *C NMR (100 MHz, CDCl;) &
(ppm): 163.66, 152.21, 143.35, 142.97, 135.42, 133.98, 129.19, 122.49,
71.52,70.03, 33.22, 31.92, 30.65, 29.71, 28.46, 23.85, 22.54, 21.29,20.02,
16.01, 14.76, 13.53, 12.29.

Compound 3: Compound 2 (500 mg, 0.58 mmol) was dissolved in
a mixture of CHCI; (12 mL) and acetic acid (6 mL) under argon atmo-
sphere, followed by adding NBS (206 mg, 1.16 mmol) slowly over the
course of 30 min with the exclusion of light. The resulting mixture was
stirred for 12 h at room temperature. Next, the reaction mixture was
poured into 30 mL water and extracted with dichloromethane three
times. The combined organic phases were dried with anhydrous
MgSO0,, filtered, and concentrated under vacuum. The as-prepared
product was then purified by silica gel chromatography with hexane/
dichloromethane (V;:V, = 3:1) as the eluent. 472 mg compound 3 (light
green solid) was obtained (80% yield). '"H NMR (400 MHz, CDCls): &
(ppm) = 8.68 (s, 2H), 5.53-5.44 (m, 2H), 2.62-2.58 (m, 4H), 1.67-1.64 (m,
4H), 1.59 (d, 12H), 1.37-1.26 (m, 36H), 0.89-0.85 (m, 6H). MALDI TOF-
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Fig. 6 | Photothermal performance and motile behavior of PTM-AIEsomes.

a Temperature curves of PTM-AlIEsomes (1 mg mL™) in Milli-Q water induced by
near-infrared laser (NIR, 808 nm) irradiation at different power levels (0 Wand 1 W).
b Temperature curves of spherical AlEsomes (without PTM encapsulation) in Milli-
Q water (1mg mL™) upon 808 nm laser irradiation at different power levels (0 W
and 1W). ¢ Temperature variations of PTM-AlEsomes under periodic 808 nm laser
irradiation (1W). d Infrared thermographic maps of PTM-AIEsomes in aqueous
solution within a tube under 808 nm laser irradiation (1 W). e Tracked motion

trajectories of PTM-AlEsomes with and without 808 nm laser irradiation, illustrat-
ing manipulation in motion direction by changing the incident laser pathway.

f Mean square displacement (MSD) and velocity of PTM-AlEsomes under laser
irradiation as a function of output laser power. The velocity of each group was
calculated from MSD = (4D)At + (v*)(At?). g Start-Stop periodic motion of PTM-
AlEsomes by alternately turning on and off the incident laser (808 nm, 1 W). Motion
characterization via MSD (left) and corresponding motion trajectories (right).
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MS: m/z calculated for [M]+ C4sHeeBraN404S3, 1018.25, found 1018.25.
BC NMR (100 MHz, CDCl;) & (ppm): 163.04, 150.95, 141.84, 141.55,
135.17, 133.43, 132.56, 120.25, 71.61, 70.00, 33.23, 31.97, 31.67, 31.03,
29.80, 28.53, 24.01, 22.84, 21.44, 20.23, 16.03, 14.75, 13.52, 12.32.

Compound 4: Compound 3 (300 mg, 0.3 mmol), TPE-PIN (78 mg,
0.15 mmol), potassium carbonate (324 mg, 2.36 mmol), and Pd(PPh3),
(5% catalytic equivalent) were dissolved in a solution of THF (9 mL) and
water (3mL) under argon atmosphere. The reaction mixture was
heated to 60 °C and reacted for 12 h under stirring. The product was
extracted with dichloromethane and washed with water after cooling
to room temperature. The combined organic phase was dried by
anhydrous MgSO,, filtered and concentrated under vacuum. The
residue was purified by silica gel chromatography with hexane/
dichloromethane (V;:V, =1:1) as the eluent. The obtained product was a
dark green solid (60 mg, 30% yield). 'H NMR (400 MHz, CDCly): §
(ppm)=8.99 (s, 1H), 8.88 (s, 1H), 7.34 (d, 2H), 7.17-7.07 (m, 7H),
7.01-6.95 (m, 4H), 6.68-6.64 (m, 4H), 5.46-5.38 (m, 2H), 3.75 (s, 6H),
2.80-2.74 (m, 4H), 1.77-1.66 (m, 4H), 1.58 (d, 12H), 1.37-1.25 (m, 36H),
0.89-0.85 (m, 6H). MALDI TOF-MS: m/z calculated for [M]
C56HgoBIN404S3, 1330.51, found 1330.59. 3C NMR (100 MHz, CDCl5) &
(ppm): 163.58, 163.34, 158.25, 151.87, 151.39, 142.18, 136.42, 136.35,
135.41, 134.02, 133.42, 132.34, 131.90, 130.81, 128.66, 120.05, 114.01,
71.61,71.34,70.12, 69.90, 55.82, 54.37, 32.00, 31.05, 29.82, 29.49, 28.57,
28.27,24.02, 22.85, 22.77, 21.55, 21.38, 14.15, 13.61.

Compound 5: Compound 3 (300 mg, 0.3 mmol), TPE-PIN (393 mg,
0.76 mmol), potassium carbonate (324 mg, 2.36 mmol), and Pd(PPhs),
(5% catalytic equivalent) were dissolved in a solution containing 9 mL
THF and 3 mL water under argon atmosphere. The reaction mixture was
heated to 60 °C and stirred for 12 h. After cooling to room temperature,
the reaction mixture was extracted with dichloromethane and washed
with water. The combined organic phase was dried using anhydrous
MgS0,, followed by filtering and concentrating under vacuum. The
residue was purified by silica gel chromatography using hexane/
dichloromethane (V;:V,=1:1) as the eluent. The obtained compound 5
was a dark green solid (295 mg, 60% yield). 'H NMR (400 MHz, CDCl5): &
(ppm) =8.98 (s, 2H), 7.35 (d, 4H), 7.11-7.08 (m, 10H), 7.01-6.95 (m, 10H),
6.68-6.64 (m, 10H), 5.46-5.38 (m, 2H), 3.75 (s, 12H), 2.80-2.74 (m, 4H),
1.75-1.67 (m, 4H), 1.45 (d, 12H), 1.37-1.25 (m, 36H), 0.89-0.85 (m, 6H).
MALDI TOF-MS: m/z calculated for [M]" C;04H112N405S3, 1641.76, found
1641.76. °C NMR (100 MHz, CDCl3) & (ppm): 163.79, 158.20, 152.34,
142.79, 140.62, 138.74, 136.43, 134.10, 133.55, 132.34, 130.75, 129.13,
128.61, 127.49, 127.03, 125.45, 121.89, 113.94, 112.31, 7145, 69.97, 57.26,
55.84, 54.37, 52.94, 30.98, 29.73, 28.47, 22.53, 21.25, 14.78, 13.55.

Preparation of biodegradable polymersomes with aggregation-
induced emission (AIEsomes)

Amphiphilic block-co-polymers PEG-P(AIE)s and PEG-P(AIE);, were
synthesized according to the previously reported methodology***>*%,
Specific protocols were summarized as follows,

PEG44-P(AIE)s: Freeze dried PEG44-PTMCPg (92 mg, 0.02 mmol)
was dissolved in 1 mL of dry THF and cooled in an ice bath. A 0.5mL
THF solution containing AIE-NH, (180 mg, 0.18 mmol, relative to the
pentafluorophenyl ester) and trimethylamine (TEA, 34 pL, 0.18 mmol,
relative to the pentafluorophenyl ester) were then dropwise added.
Afterward, the ice bath was removed, and the mixture was stirred for
an additional 90 min. The reaction progress was monitored by 'H NMR
and F NMR. Once the pentafluorophenyl ester was fully converted,
the reaction solution was precipitated into diethyl ether three times.
The resulting yellow solid was isolated and freeze dried to obtain
PEG,4-P(AIE)g. The copolymer composition was calculated by using the
proton signals of PEG (3.61-3.68 ppm), the terminal methyl unit
(singlet at 3.38 ppm), TMCAIE CH, (m, 3.70-3.76 ppm) and TMCAIE
CH, (m, 4.22-4.32 ppm), and TMCAIE CH, (m, 6.60-6.66 ppm).

PEG44-P(AIE)14: Freeze dried PEG44-PTMCPy4 (131 mg, 0.02 mmol)
was dissolved in 1 mL of dry THF and cooled in an ice bath. Next, a

0.5 mL THF solution containing AIE-NH, (314 mg, 0.32 mmol, relative
to the pentafluorophenyl ester) and trimethylamine (TEA, 60 pL,
0.32 mmol, relative to the pentafluorophenyl ester) were dropwise
added. The ice bath was removed, and the mixture was stirred for an
additional 90 min. The reaction progress was monitored by 'H NMR
and F NMR. After the complete conversion of pentafluorophenyl
ester, the reaction solution was precipitated into diethyl ether three
times. Then the yellow solid was isolated and freeze dried to obtain
PEG44-P(AIE)14.

For the self-assembly into polymersomes (AlEsomes), PEG4y-
P(AIE)g block copolymer was dissolved in 0.5 mL pure THF solution
(2mgmL™) in a glass vial with a magnetic stirring bar. After stirring for
30 min, 0.5 mL of ultrapure Milli-Q water was added via a syringe pump
(Chemyk, Inc., Fusion 100, KR Analytical Limited, Stafford, TX, USA)
with a speed of 0.25mL h™. The resulting cloudy solution was trans-
ferred into a 2mLcm™ pre-hydrated dialysis bag (MWCO
12,000-14,000, Spectra/Pro®, Rancho Dominguez, CA, USA) for dia-
lysis against Milli-Q water at 4 °C with a water change after 1 h, followed
by dialyzing for at least 24 h. The physicochemical properties of AlE-
somes were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and cryogenic TEM
(cryo-TEM).

Formation of asymmetric polymersomes (PTM-AIEsomes) by
co-assembly of block copolymers PEG44-P(AIE)g/;4 and PTM
PTM cargo (0.15mg, 0.5mg, 1mg, and 2.5mg) was dissolved in
0.5 mL PEG44-P(AIE)g polymer solution (THF, 2 mgmL™), respec-
tively. After stirring for 30 min, 0.5 mL of ultrapure Milli-Q water
was added through a syringe pump (0.25mLh™). The obtained
cloudy green solution (1 mL) was transferred into a 2mLcm™ pre-
hydrated dialysis bag (MWCO 12,000-14,000) and dialyzed
against 1L of Milli-Q water at 4 °C, with the water being changed
after 1h. It is important to mention that the dialysis solution
(Milli-Q water) was changed only once. The whole dialysis pro-
cedure was at least 24 h. During dialysis, stirring was performed
using a stirring plate (IKA) at a speed of 300 rpm. The morpho-
logical characterization of asymmetric polymersomes was con-
ducted by SEM, TEM, cryo-TEM, dynamic light scattering (DLS),
cryo-electron tomography (cryo-ET). PEG44-P(AIE)4 was used as
control group, and self-assembled into PTM-AlEsomes following
the above-mentioned procedure. By following the above-
mentioned procedure, polymersomes with surface-integrated
nanoparticles, specifically PTM-AlEsomes, can be reproduced.

Preparation of PTM-loaded polymersomes using PEG44-b-PS;00
and PEG44-PDLLA,,o

PTM cargo (ImgmL™) was co-assembled with PEG44-b-PS;00
(ImgmL™) in dioxane/THF mixture (4/1, v/v), followed by stirring
for 30 min. After adding 0.5 mL ultrapure Milli-Q water via a syr-
inge pump (I mLh™), the cloudy solution was transferred into a
2mLcm™ pre-hydrated dialysis bag (MWCO 12,000-14,000) and
dialyzed against 1L of Milli-Q water at 4 °C, with the water being
changed after 1h and continued dialysis for at least 24 h. It is
important to mention that stirring was performed during dialysis
using a stirring plate (IKA) at a speed of 300 rpm. When changing
the block copolymer from PEG44-b-PS;00 to PEG44-PDLLA;, all
the procedures were the same, besides that PTM and PEGg4-
PDLLA;,o were dissolved in a THF/dioxane mixture (4/1, v/v). The
obtained samples were characterized using SEM.

Co-assembly of different hydrophobic cargos with block copo-
lymer PEG,4-P(AIE)g

As control groups, compound 2 (TATQ, 1 mg mL™), compound 4 (TPE-
TATQ, 1mgmL™), and the hydrophobic dye DiD were co-assembled
with PEG44-P(AIE)g (111, w/w) according to the same procedures as
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described for PTM-AlEsomes. The physicochemical properties of the
control groups were evaluated by SEM and TEM.

Time-resolved cryo-TEM on the formation process of PTM-
AlEsomes

The formation process of PTM-AlEsomes during dialysis was mon-
itored by time-resolved cryo-TEM. Aliquots of PTM-AIEsomes were
taken from the dialysis bag at different times and rapidly vitrified in
liquid ethane. To prevent THF evaporation, particularly for samples in
the first 10 min of dialysis, an atmosphere containing THF vapor was
created by placing filter papers fully absorbed with THF in the vitrobot
chamber before vitrification. To gain a better understanding of the
morphology of PTM-AlEsomes during early-stage self-assembly, the
cloudy polymer solution in a water/THF mixture (1:1, v/v) was directly
quenched in water (200 pL polymer solution+1mL water) before
being vitrified in liquid ethane. It is worth noting that the initial poly-
mer concentration in THF prior to co-assembly is 1 mgmL™ PTM and
1mg mL™ PEG44-P(AIE)g dissolved in THF.

Cryo-electron tomography (cryo-ET)

The acquisition of cryo-ET tilt-series was conducted using Inspect 3D
software from Thermo Fisher Scientific. The alignment of the tilt-series
(Fig. S13a) and tomographic reconstruction (Fig. S13b) were performed
using the simultaneous iterative reconstruction technique (SIRT) in
IMOD*’, with 20 iterations. The parameters used in the cryo-ET
experiments are shown below:

Angular sampling : —65° t065° at4° increments;

Magpnification : 15000 x; Defocus : —4pum;

Total image number : 33; Electron dose :~ 4.9 e*.Afz/frame

The detrimental effects of electron beam exposure on polymer-
some morphology at this total dose was checked after tilt-series
acquisition. No changes were observed in the sample morphology
after the tilt-series (Fig. S13c).

Liquid phase transmission electron microscopy (LP-TEM)
To monitor the self-assembly process of PTM-AlEsomes, we conducted a
series of LP-TEM experiments to replicate the solvent switch process
inside the liquid cell. Initially, the liquid cell was filled with a mixture of
polymer solution (1 mgmL™ PTM +1mg mL™ PEG44-P(AIE)g dissolved in
THF), followed by the flow of water to initiate the self-assembly. Two
types of liquid flow cells were used to control the mixing rates of water
and polymers in THF. The first type, denoted as the bypass liquid cell,
allowed for gradually increasing the water concentration in the viewing
window area through water diffusion. The second type, denoted as the
direct-flow liquid cell, rapidly replaced the organic solvent with water*>*,
Different polymer sample loading methods were used for the two
types of liquid cell experiments. The bypass LP-TEM experiments were
performed in the Ocean liquid flow holder. The polymer sample was
loaded (2 pL) by drop casting and the liquid cell assembly was carried
out in a custom environmental chamber with the presence of THF vapor.
The flow of water into the liquid cell was initiated immediately after the
assembly of the liquid cell. In the direct-flow LP-TEM experiments, the
polymer solution was manually injected into the Stream liquid cell
holder using a THF-compatible syringe (1 mL). Subsequently, the poly-
mer solution was purged from the lines of the liquid cell holder within
THF-saturated vapor until no solution came out from the exit line. Then,
water was introduced into the holder to initiate self-assembly by using a
pressure pump with a pressure ranging from 300 mbar to 1.5 bar.
During the fast-mixing experiments, it was found that the on-chip
liquid flow channel was prone to clogging due to the rapid

Pixel size : 0.62nm.

accumulation of PTM nanoparticles at the inlet of the chip. This is likely
due to the higher hydrophobicity of PTM compared to AIE counter-
parts, resulting in the preferential assembly of PTM into micelle-like
nanoparticles at the water/THF interface. The clogging of the flow
channel can cause the formation of PTM-AIEsomes to cease as water
flow stops. We noted that increasing the flow pressure can unclog the
holder, allowing for the self-assembly of PTM-AIEsomes to continue.
During unclogging, a significant amount of PTM nanoparticles were
observed to be flushed into the viewing area (Fig. S22).

The formation process of PTM-AlIEsomes was monitored using a
pulsed LP-TEM imaging protocol with a controlled electron flux of
-0.2 e .A2s™5, Images were recorded at 5000x magnification every
5-10 min. It is important to note that the frequency of image acquisi-
tion varied depending on the kinetics of the reaction. Some images
were taken every few tens of seconds and others every few hours. The
electron beam was blanked between image acquisition. The cumula-
tive dose applied was typically less than 5e"A for the direct-flow
liquid cell experiments and up to 15e".A for the experiments in the
bypass system. Given the slow reaction kinetics (typically a 20 h) and
the thick liquid layer (1pum) present in the bypass cell, we mainly
focused on the first 2 h after the flow of water to investigate the early-
stage self-assembly behaviors, with up to a cumulative dose of 5 e".A
applied. The beam was then blanked at various locations for different
periods of time to investigate the evolution of assemblies over time.

Evaluation of fluorescence properties of spherical AIEsomes and
PTM-AIEsomes

The UV-absorbance and fluorescence spectrum of PTM and PTM-
AlEsomes were characterized using UV-vis spectrophotometry and
fluorescence spectrophotometry. To characterize PTM, the solvent
used to dissolve Compound 5 were DCM, DMF, and THF, respectively.
For PTM-AlEsomes, the solvent was Milli-Q water.

Computational methods

All the calculations in the current study were implemented using the
Schrodinger Materials Science Suite (SMSS)®°.The initial geometry was
constructed using the Maestro editor. The OPLS4 force field (FF) was
employed to perform the conformational search for the AIE unit, three
compounds (PTM, TPE-TATQ, and TATQ), and the complex models of
the AIE unit and compounds®. Besides, molecular dynamics (MD)
simulations were applied to generate the structural conformers for the
complex models. The generated structural conformers, including the
lowest-energy conformers of AlE, three compounds and their complex
models from FF, as well as the structural framework of their complex
models after 20-ns and 100-ns MD simulations, were optimized in the
gas phase. The solvent-phase single point energy (SPE) was then cal-
culated on each optimized geometry. The MacroModel module, and
Desmond package, as implemented in SMSS, were employed for FF
and MD calculations, respectively®>®, The OPLS4-FF and the canonical
(NVT) ensemble class were applied in MD simultaions®*. The Jaguar
program was used for all the density functional theory (DFT)
calculations®. The B3LYP-D3 functional and LACVP**" basis set with
polarization and diffuse functions were employed for DFT
calculations®®®’. The convergence criteria for the changes in energy
and Root Mean Square (RMS) density matrix were 5x107° and 5x107°
Hartree, respectively. The grid density and accuracy level were set
“Medium” and “Quick” for DFT optimizations, and “Fine” and “Accu-
rate” for DFT SPE calculations. The standard Poisson-Boltzmann
Formalism (PBF) was employed as solvation model and the water
was selected as solvent®®,

Photothermal conversion efficiency (PCE)

The photothermal conversion efficiency (PCE) of PTM-AlEsomes under
808nm laser irradiation was calculated according to published
protocols®®. Briefly, the photothermal heating of an aqueous solution
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of PTM-AlEsomes was measured through a thermometer under 808 nm
laser irradiation. Then, the PCE was calculated using the following Eq. (1):

- hA(Tmax — Tsurr) — Qdis
1(1 — 10 Aeso/s08)

n @

Here, 5 represents the photothermal conversion efficiency (PCE),
h is the heat transfer coefficient, A represents the surface area of the
sample cell. T and T, are the maximum temperature of PTM-
AlEsomes solution and the surrounding temperature, respectively. /
represent incident laser power. Agpg is the absorbance of PTM-
AlEsomes at 808 nm. The value of hA can be calculated according to
the following Eq. (2),

m Cwa ter
TS

hA= 2)

Where C,,.cer represents the heat capacity of the solution used to dis-
solve the samples, m is the mass of the solution. T is a system time
constant.

Qugis is the heat dissipation from the laser absorbed by the solvent
and the sample cell which was measured independently to be 0.03554
(808 nm), according to the following Eq. (3),

Quis = mCygper (Tmax(water) = Tourr) 3)

Twater

The PCE (g) of PTM-AlEsomes under 808 nm laser irradiation
was 20.73%.

Photothermal performance of AIEsomes and PTM-AIEsomes
upon laser irradiation

To evaluate the photothermal performance, aqueous solutions of
AlEsomes and PTM-AlEsomes were irradiated with an 808 nm laser
continuously for 10 min. The temperature change was monitored
every second using a digital thermometer that was equipped with a
thermocouple probe. For testing of photothermal stability, the pho-
tothermal heating of PTM-AlEsomes solution was measured during five
circles of heating and cooling by turning on and off the incident laser.
To directly observe the photothermal heating, infrared thermographic
maps of PTM-AlIEsomes in aqueous solution upon 808 nm laser irra-
diation were recorded by an infrared camera (FLIR E54) and quantified
with FLIR software.

Motile behaviors of AIEsomes and PTM-AIEsomes

Nanosight Tracking Analysis (NTA) was conducted to evaluate the
motile behavior of AlEsomes and PTM-AIEsomes in response to laser
irradiation by a Nanosight NS300 equipped with sCMOS camera and
external laser source (808 nm, UltraLasers). Briefly, 1mL of diluted
sample was loaded in the NTA sample chamber using a syringe (1 mL,
without needle). The approximate concentration of AlEsomes and
PTM-AIEsomes were 4.81 x 10® and 1.4 x 10® particles mL™, respectively.
The NTA 2.2 software allows the extract and track the motion trajec-
tory of single nanoparticles. The motion of AlEsomes and PTM-
AlEsomes was recorded by NTA for 30 s. Two-dimensional extraction
of coordinates (x, y) was obtained by recording the trajectories of the
polymersomes. The MSD of each AlEsome or PTM-AlEsome was cal-
culated using the following Eq. (4)"°,

N
MSD=[ar* ()] = {% > (i) - r,~(0>>2} )
i=0

Where r represents radius, t is sampling time, and MSD(t) = 2dD. Here,
D is the diffusion coefficient and d is the dimensionality (NTA mea-
surements have dimension d=2). The equation MSD = (4D)At + (V?)

(At?) was used to fit the MSD curves. From the MSD fitting curves, the
motile behavior of the AlEsomes or PTM-AlEsomes could be
determined. According to the Golestanian’s self-diffusiophoretic
model*®, a linear MSD curve can be obtained if the polymersome
samples are in Brownian motion. Under this situation, the equation
used for extracting MSD should be MSD = (4D)At*°. Nonlinear MSD
fitting curve was obtained when the polymersome samples exhibited
self-propelled motion. Average velocity of polymersome samples was
extracted from the fitting of the average MSD curves, according to the
reported method’®”.

Data availability

Additional data supporting the findings of this work are available from
the corresponding author upon request. Source data are provided with
this paper in the Source Data file. Source data are provided with
this paper.
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