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Abstract: Biodegradable nanostructures displaying aggrega-
tion-induced emission (AIE) are desirable from a biomedical
point of view, due to the advantageous features of loading
capacity, emission brightness, and fluorescence stability. Here-
in, biodegradable polymers comprising poly (ethylene glycol)-
block-poly(caprolactone-gradient-trimethylene carbonate)
(PEG-P(CLgTMC)), with tetraphenylethylene pyridinium-
TMC (PAIE) side chains have been developed, which self-
assembled into well-defined polymersomes. The resultant
AlEgenic polymersomes are intrinsically fluorescent delivery
vehicles. The presence of the pyridinium moiety endows the
polymersomes with mitochondrial targeting ability, which
improves the efficiency of co-encapsulated photosensitizers
and improves therapeutic index against cancer cells both in
vitro and in vivo. This contribution showcases the ability to
engineer AlEgenic polymersomes with structure inherent
fluorescence and targeting capacity for enhanced photody-
namic therapy.

Introduction

Polymersomes are recognized as attractive candidates for
delivery vehicles in the field of nanomedicine.['! With a shell
structure consisting of a bilayer membrane self-assembled
from amphiphilic block copolymers, polymersomes can
encapsulate not only hydrophilic cargoes in their inner
aqueous lumen but also accommodate a considerable quan-
tity of hydrophobic molecules in the membrane pocket.”!
Besides that, the chemically versatile nature of the block
copolymer constituents allows much freedom concerning
tuning the physicochemical properties of the polymersomes,
including the incorporation of cell-targeting capacity and
stimulus-responsiveness.”!  Fluorescent-labeled  polymer-

somes are interesting systems for in vivo tracking of nano-
particle transport, monitoring cargo distribution, and cell/
tissue imaging. Traditionally, fluorescence is introduced by
physically loading conventional fluorescent materials, or by
chemical conjugation approaches.”) While frequently used,
these conventional approaches are generally recognized to
suffer from low loading/conjugation efficiency, leakage of the
dye, aggregation-induced quenching (ACQ), and/or photo-
bleaching behavior."*®) A strategy that circumvents the
abovementioned drawbacks is to incorporate the luminogens
with the feature of aggregation-induced emission (AIEgen)
into the polymer building blocks, which upon self-assembly/
aggregation become fluorescent and afford a nanosized,
bright fluorescent system.®®”! This is a consequence of the
restricted intramolecular motion and non-radiative energy
dissipation of the AIEgenic molecules when they are in an
assembled state.®! These moieties have been widely explored
in nanoscience and have also been integrated into block
copolymers; very recently, they have been employed to
construct ATEgenic polymersomes.”! Until now, however, the
application potential of these polymersomes in the biomed-
ical field has been underexplored. Polymersomes that accom-
modate AIEgenic moieties are potentially very useful as
alternative fluorescent materials for both cellular and in vivo
imaging as a consequence of their high contrast, enhanced
photo-stability, and intrinsic chemical versatility.

Their intrinsic fluorescence can furthermore also be
employed more actively in therapies that rely on photo-
chemical processes, such as photodynamic therapy (PDT).['")
Upon irradiation with light of the appropriate wavelength,
highly active radicals are formed via the action of photo-
sensitizers.'!] This results in irreversible damage to cells in the
close vicinity of the PDT agent."”? Combining AIEgenic
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features with photosensitizer capacity in a polymersome
system would allow to locally create Forster resonance energy
transfer (FRET) that would lead to highly selective singlet
oxygen production.™ To improve the selectivity of the PDT
process, the polymersomes should be targeted to the correct
microenvironment, which is normally achieved via the con-
jugation of biological target ligands, such as antibodies, to the
polymersome surface.'¥ This is often however not trivial.
Engineering polymersomes with structure-inherent targeting
capacity would provide an opportunity to realize a more
straightforward manner of delivering the agents to the desired
site of action."”! Intracellular targeting of certain essential
organelles, such as the mitochondria, could furthermore even
improve the therapeutic effect by initiating and executing
various apoptotic and necrotic processes.!'*

A versatile class of block copolymers for the engineering
of AIE-polymersomes (AIE-Ps) with PDT and structure-
inherent targeting capacity are based on poly(ethylene
glycol)-poly(trimethylene carbonate) (PEG-PTMC).'"! Syn-
thetic aliphatic polycarbonates have already been extensively
used in biomedicine, because of their inherent low toxicity
and biodegradability."® These block copolymers are very
useful for the construction of a range of polymer assemblies,
including morphologies such as worm-like micelles and
vesicles."”! Exploration of AlEgenic PEG-PTMC based
polymersomes with PDT and intracellular targeting capacity
has however not been demonstrated, which would provide
a potential platform for bioimaging and theranostics.

Herein, we report a strategy for the controlled formation
of biodegradable fluorescent polymersomes with aggrega-
tion-induced emission (AIE) features prepared from amphi-
philic block copolymers composed of poly (ethylene glycol)-
block-poly(caprolactone-gradient-trimethylene  carbonate)
(PEG-P(CLgTMC)), with a terminal block of tetraphenyl-
ethylene pyridinium modified PTMC as a functional unit
(PAIE) (Figure 1). By controlling the self-assembly condi-
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Figure 1. Programming the formation of biodegradable fluorescent polymersomes via a salt-induced self-
assembly process toward mitochondria-targeted photo-dynamic therapy. a) Terpolymer chemical structure and
self-assembly into fluorescent polymersomes. The presence of the quaternary pyridinium block enables
preferential accumulation in mitochondria; b) photosensitizer-loaded polymersomes with structure-inherent
targeting behavior are delivered to mitochondria; upon NIR light irradiation ROS is produced which causes
mitochondrial damage, leading to an enhanced PDT that kills cancer cells in vitro and which inhibits tumor

growth in vivo.
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tions (varying the NaCl concentration), well-defined AIE-
polymersomes were prepared, which displayed typical aggre-
gation-induced emission behavior. Owing to the positively
charged pyridinium moieties on the polymersome surface, the
polymersomes preferentially accumulated intracellularly
around the mitochondria.’ The incorporation of a hydro-
phobic BODIPY photosensitizer resulted in an intrinsic
Forster resonance energy transfer (FRET) between the AIE
moieties and BODIPY. Under NIR light irradiation, abun-
dant reactive oxygen species (ROS) were therefore gener-
ated, leading to fast cancer cell necrosis in vitro; this process
could also effectively be translated in vivo to inhibit tumor
growth.

Results and Discussion

The designed block copolymers were synthesized via
a modular polymerization approach, as presented in the
literature for similar macromolecules (Supporting Informa-
tion, Scheme S1). Poly(ethylene glycol)-block-poly(caprolac-
tone-gradient-trimethylene carbonate) (PEG-PCLgTMC)
copolymers were utilized as the structural basis for this
system due to their intrinsic biodegradability/biocompatibility
and well-established capacity in generating well-defined
polymer assemblies via the direct hydration process.*” Using
PEG,,-PCL;gTMC;, (ca. 7.5kDa, termed as TerP,) as
a macro-initiator, a bromide-functional TMC derivative was
polymerized onto the end of the PTMC chain.?! To function-
alize the block copolymer with the AIE and pyridinium
moieties, a pyridine-modified tetraphenylethylene derivative
was firstly synthesized, following well-established literature
procedures.”” Via a nucleophilic substitution reaction, the
bromides were replaced by quaternary pyridinium groups to
provide the block copolymers with both AIE capacity and
pyridinium targeting moieties to effectively localize the
nanoparticles intracellular-
ly to the mitochondria.

A series of terpolymers
(termed TerP,,-PAIE) was
prepared in which the
length of the ternary block
was systematically varied
yielding TerP,,-PAIE,
(where n=5, 8, and 16
repeats) to investigate the
effect of the hydrophilic-
hydrophobic balance and

/
(s
=
charge density on the self-

e
w assembly and size/morphol-

Y ogy of the resulting parti-
cles (Scheme S1, Table S2).
As we demonstrated previ-
ously, copolymers of PCL
and PTMC can form poly-
mersome-like nano-struc-
tures; however, we also ob-
served that when upon
modification the hydrophil-
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mers was induced via a di-
rect hydration process,
whereby a 10 wt % polymer
solution was prepared firstly
in oligo (ethylene glycol)
(OEG) and then directly
hydrated with a buffer solu-
tion by stirring at room
temperature for 5 min.['*
To determine the effect of
ionic strength on the self-
assembly process, solutions
of increasing [NaCl] from 0-
100 mM were used for particle formation. Dynamic light
scattering (DLS) data provided evidence that the assembly
process of the three copolymers was significantly different.
Terpolymers bearing the longer PAIE terminal blocks
(TerP,,-PAIE,s and TerP,,-PAIEy) appeared to form uniform
micelles under low and high salt solutions (i.e. 0 and 100 mM
NaCl solution) with a hydrodynamic radius of ca. 30-50 nm
(Figure S24 & S25), which was further verified by cryo-TEM
imaging. Such consistent micellar formation (rather than
vesicular) can be attributed to the long positively charged
domains, which result in strong repulsive forces leading to
a relatively large hydrophilic volume.

To reduce the strength of electrostatic repulsions between
PAIE blocks, we decreased the chain length of the pyridinium
block. The self-assembly of TerP,-PAIEs clearly showed
a response to ionic strength during the hydration step. When
hydrated in Milli-Q water, TerP,,-PAIEs; formed uniform
spherical micelles (SMs) with hydrodynamic radius (R),) of ca.
20 nm (Figure 2a,d, and Figure S26). Quantitative insight was
obtained using asymmetric flow field-flow fractionation
(AF4) coupled with multi-angle light scattering (MALS)

10 um).
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Figure 2. Characterization of the polymersomes from TerP,,-PAIE; with self-assembly-induced emission.

a) DLS curve of TerP,,-PAIE; hydrated in a different salt solution. AF4 fractogram (scattering profile in black)
of b) micelles hydrated in Milli-Q and c) polymersomes hydrated in 100 mM NaCl, comparing the radius of
gyration (R,, blue) to the hydrodynamic radius (R, red). d) Hydrodynamic size determined by DLS
measurements of TerP,,-PAIE; terpolymers hydrated in different concentrations of NaCl. Cryo-TEM images of
e) micelles (in MQ) and f) polymersomes (in 100 mM NaCl) (scale bars =200 nm) (inset: zoom-in images
of the formed micelles and polymersomes, scale bars: 20 nm). g) Fluorescence emission curve of TerP,,-
PAIEs polymersomes in the self-assembled state (1% DMSO) and a dissolved state (99 % DMSO),

Aee=405 nm. h) Fluorescence intensity of TerP,,-PAIE; polymersomes in a mixture of water and DMSO,
Ae=405 nm, inset: TerP,,-PAIEs polymersome solution in 1% and 99% DMSO under the UV-lamp

(25 pgmL™). i) A typical confocal image of the TerP,,-PAIE; polymersome solution (25 pgmL™") (scale bar:

and DLS. Measurements of the shape factor (o) provided
insight into nanoparticle topology by comparison of the
radius of gyration (R,) and hydrodynamic radius R, (0 =R,/
R;). Indeed, assemblies of TerP,,-PAIE; upon hydration into
Milli-Q water eluted after 10-12 minutes with p values
ranging from 0.7-0.75, indicative of micelles that possess
a dense core and hydrated corona (Figure 2b). Cryo-TEM
microscopy further confirmed their micellar nanostructure
(Figure 2¢e). When the polymer was hydrated with 50 mM or
higher NaCl concentration (Figure2a,d, and Figure S26),
DLS measurements identified a change in nanoparticle
morphology with a hydrodynamic size increase. While
polymersome formation was still partial when hydrated with
50 mM NacCl solution, as identified clearly by cryo-TEM,
a higher salt solution (>100 mM NaCl) during the self-
assembly led mainly to polymersomes (Figure 2f and Fig-
ure S26). AF4 measurements further proved that the resulting
polymersomes eluted later than micelles (after 20-22 mins)
and possessed characteristic shape factor (p) values of ca. 1.0,
indicative of vesicular structures (Figure2c). To further
determine the role of salt concentration on the resultant
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morphology, NaCl was added to a micellar solution of TerP,,-
PAIE; in Milli-Q water to a final concentration of 200 mM
NaCl, followed by 24 h incubation. Cryo-TEM imaging
analysis showed that the micellar nature was not affected at
all, which indicated kinetically stable self-assembly behavior
via the direct hydration approach (Figure S27). Self-assembly
of control polymers without PCLgTMC block was found to
give micellar nanoparticles in MQ water, while the presence
of salt (100 mM NaCl) resulted in micron-sized particles and
visible aggregates, possibly because of the strong interactions
between the pyridinium moieties and the electrolyte that
disrupted the self-assembly process (Figure S28). These
results indicate the important role of the hydrophobic flexible
PCLgTMC block and the presence of salt to enable effective
chain packing to generate well-defined polymersome nano-
structures.

Having confirmed that TerP,,-PAIE; was a suitable poly-
mer for the controlled formation of polymersomes, its photo-
physical behavior in the molecularly dissolved and assembled
states was next evaluated. The TerP,,-PAIE;s polymer solution
in DMSO was not fluorescent at all, while polymers self-
assembled into polymersomes displayed a significantly stron-
ger fluorescence, as clearly observed under the UV-lamp and
via confocal laser scanning microscopy (CLSM) imaging
(Figure 2 g, h, and i). When the amount of water in DMSO was
20% (volume) or more, the fluorescence emission intensity
(ca. 650 nm) increased, which coincided with the assembly of
the polymers in polymersomes (Figure 2h and Figure S29),
displaying a typical aggregation-induced emission. Although
both PEG and pyridinium blocks induce water solubility, the
long hydrophobic chain (i.e. PCLgTMC) effectively drives
their self-assembly in water. This was further confirmed by
DLS measurements (Figure S29), To ensure applicability in
biomedical research, the stability of AIE-polymersomes
(AIE-Ps) in PBS was assessed, which was indeed confirmed
using DLS (Figure S30a and S30b). Zeta-potential measure-
ments of AIE-polymersomes highlighted the positive charge
characteristics with values of 16.5 +3.1 mV (Figure S30c).

The pyridinium moieties present in the polymersome
structure would allow selective interaction with mitochon-
dria.” Various mitochondrial drug delivery systems have
been functionalized with the pyridinium group, a polar lip-
ophilic cation that enables molecules/nanoparticles to pene-
trate and accumulate selectively in the phospholipid bilayer of
the mitochondria.”*?! As central organelles in the cell’s
energy supply, damaging mitochondria can directly activate
the intrinsic mitochondrial pathway of apoptosis, making
mitochondria an appealing target site for cancer therapy.

To investigate the targeting capacity of the AIE-polymer-
somes toward mitochondria, a time-dependent co-localiza-
tion experiment was performed in a range of cell lines. CLSM
imaging revealed that upon incubation with A549 cells for 1 h,
the red fluorescence signal from AIE-polymersomes and the
green signal from Mito-tracker green (MTG) co-localized
well and showed yellow fluorescent spots within mitochon-
dria, demonstrating the specific mitochondria targeting
ability of AIE-polymersomes (Figure 3a, and Figure S31).
Pearson correlation coefficient analysis confirmed the co-
localization of the polymersomes within the mitochondrial
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Figure 3. Mitochondrial targeting capacity of AIE-polymersomes (AIE-
Ps) comprising TerP,,-PAIE;. a) Confocal images of cancer cell lines
(HepG2, Hela, and A549 cells) and healthy fibroblast cells (3T3 cells)
treated with AIE-polymersomes (50 ugmL™") for 1 h. (scale bar:

50 um, blue: Hoechst (nucleus); green: mitochondria tracker green
(MTG); red: AlE-polymersomes). b) Relative fluorescence intensity
analysis of green channel (MTG) and red channel (AIE-polymersomes)
via continuous confocal scanning, the analysis is achieved via image ).
c) Confocal images of A549 cells incubated for 1 h with AIE-polymer-
somes (50 ugmL ') obtained after different numbers of scans, green
channel: MTG. Red channel: AIE-polymersomes. Scale bar: 20 um.

20 40 60 80
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compartments over time (Pearson correlation coefficient,
roasn = 0.41, ry, =0.73) (Figure S33). There was furthermore
little overlap between the AIE-polymersomes and Lyso-
tracker (Pearson correlation co-efficiency, ry,s,=0.13, ry, =
0.17) (Figure S32), and cell membrane mask (Pearson corre-
lation coefficient, ry, =0.15) (Figure S34).

The same behaviors were also observed in HelLa and
HepG2 cancer cell lines (Figure 3a). The main distinction was
the higher fluorescence accumulation in cancer cells (> 3.5
fold) compared to healthy fibroblast 3T3 cells (Figure S35).
The enhanced co-localization with cancer cell mitochondria
was likely because the mitochondria membrane potential
(MMP) in cancer cell lines is more negative compared with
that in healthy fibroblast cells. To prove this, a mitochondria
permeable dye and membrane potential probe JC-1 assay
(5,5,6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbo-
cyanine iodide) was used. This dye is sensitive to the MMP
and displays green emission at low MMP (in normal healthy
cells), but red emission at high MMP (in cancer cells).””
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Indeed, cancer cell lines stained with JC-1 displayed a higher
red/green emission ratio (1.5 in HepG?2 cells, 2.5 in HeLa cells,
3.2 in A549 cells) than NIH 3T3 cells (0.6) (Figure S36). An
interesting additional feature of the AIE polymersomes is
their high photo-stability. Compared to the commercial MTG
the red fluorescence of AIE-polymersomes was more resist-
ant to photo-bleaching (Figure 3b and c¢). The MTG signal
was attenuated >80 % after 60 scans with the CLSM, while
the red channel retained approximately 70 % of its original
value, which is of importance for imaging and tracking in the
nano-biomedical field.

As mentioned above photodynamic therapy (PDT) em-
ploys photosensitizers to produce reactive oxygen species
when exposed to a localized (NIR) light source, allowing
spatiotemporal control of the treatment. In order to make
these intrinsically fluorescent AIE polymersomes suitable for
PDT, an appropriate photosensitizer had to be installed that
was capable of providing FRET with the AIE fluorescent
moieties. For this purpose, a BODIPY photosensitizer
(termed BPP) was synthesized according to reported proce-
dures and loaded into AIE-polymersomes via the direct
hydration process (Scheme S2, and Figure $37).”°! Loading
efficiency of 934+3% was reached, measured by UV/Vis
absorption with A,,,=668 nm (Figure S37). It was subse-
quently investigated if the photosensitizer could be targeted
to the mitochondria using the pyridinium moieties similarly
displayed on the polymersomes as the unloaded particles.
CLSM imaging revealed that the co-localization was gradu-
ally enhanced as the incubation time increased. Upon
incubation for 2 to 8h, the fluorescence signal from the
AIE-polymersomes (green as false color) and the red signal
from the BPP photosensitizer overlapped and showed yellow
fluorescent spots (Figure 4a, and Figure S39). The Pearson
correlation analysis also denoted the efficient co-localization
of AIE-polymersomes and BPP with prolonged incubation
times (Pearson correlation coefficient, r,, =0.57, rg, =0.76)
(Figure 4¢). One thing worth noticing is that the initial
fluorescence of AIE-polymersomes (upon 2 h incubation)
was partially quenched by the BPP photosensitizer due to the
Forster resonance energy transfer (FRET) taking place in the
BPP loaded polymersomes (Figure S a, Figure S38). While the
AIE fluorescence increased significantly over time (Fig-
ure 4a,b, and Figure S39), and was 11.4 fold higher after 8 h
compared to the initial fluorescence emission at 2 h incuba-
tion, the BPP photosensitizer fluorescence only showed a 2.6
fold increase after 8 h (Figure 4b). Such enhanced AIE
emission could be ascribed to the increased uptake and
accumulation of AIEgenic polymersomes in mitochondria:
a consequence of prolonged incubation time. Furthermore,
the red signals of the BPP photosensitizer loaded polymer-
somes coincided well with the green fluorescence of MTG
(Pearson’s correlation coefficient, rg, =0.66), owing to the
mitochondria targeting ability of the polymersomes (Fig-
ure S40). The photosensitizer-loaded polymersomes further-
more showed a ca. 42 fold higher photosensitizer signal
compared to the freely administered photosensitizer, demon-
strating that the delivery via the polymersomes is highly
efficient and robust (Figure S41).
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Figure 4. In vitro performance of BPP photosensitizer loaded AIE-Ps
(termed AIE-BPP). a) Confocal images of A549 cells treated with BPP
photosensitizer loaded AIE-Ps (50 pgmL~" AIE-Ps) for 2 h and 8 h.
(scale bar: 50 um, blue: Hoechst; green: AIE-Ps; red: BPP). b) Relative
fluorescence intensity analysis of green channel (AIE-Ps) and red
channel (BPP) in (a) as a function of incubation time; the analysis was
performed with image ). c) Pearson’s correlation coefficient among
AIE-Ps, MTG, and BPP at different incubation times. d) Confocal
images of A549 cells incubated for 8 h with AIE-BPP (50 ugmL ™" AIE-
Ps). (Blue: Hoechst; green channel: MTG. Red channel: BPP. Scale
bar: 50 pm.

Having established that the photosensitizer-loaded AIE-
polymersomes were effectively internalized and co-localized
with mitochondria, ROS production upon light irradiation
was investigated next and evaluated with the indicators
Singlet Oxygen Sensor Green (SOSG) and 2, 7-dichlorodihy-
drofluorescein diacetate (DCFH-DA) assays. Under 405 nm
light irradiation of BPP photosensitizer loaded AIE-Ps
(absorption peak of AIE-Ps), a significantly enhanced
fluorescence at 530 nm was observed, which indicated abun-
dant 'O, was generated compared with AIE-polymersomes
and free BPP photosensitizer (Figure S42); this further
resulted in enhanced toxicity to cancer cells upon light
irradiation (Figure S42). To further extend photosensitizer
options with enhanced absorption in the NIR window, two-
photon irradiation (810 nm) using a confocal setup was
applied to irradiate the photosensitizer loaded AIE-polymer-
somes to activate ROS production. Indeed 'O, was effectively
produced as indicated by the increase of green fluorescence of
DCFH-DA, compared with PBS blank and controls (AIE-
polymersomes, photosensitizer loaded neutral polymer-
somes), which can be ascribed to the FRET behaviour
between AIE-Ps and photosensitizer to activate the gener-
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Figure 5. In vitro performance of BPP photosensitizer loaded AIE-Ps (AIE-BPP). a) Fluorescence intensity of
SOSG assay at 530 nm treated with different groups (PBS, AIE-Ps, free BPP, and AIE-BPP) (50 pgmL ™" AIE-
Ps) with or without NIR light irradiation. b) Confocal images of A549 cells treated with AIE-BPP with or
without NIR light irradiation (blue: Hoechst; green: DCFH, scare bar=>50 um). c) Microplate reader analysis
of fluorescence intensity in a DCFH-DA assay of A549 cells treated with different groups (PBS, AIE-Ps, free
BPP, and BPP loaded AlE-polymersomes) with or without NIR light irradiation. d) Relative A549 cell viability
treated with BPP loaded AIE-polymersomes with or without light irradiation. e) Bright-field images of A549
cells treated with AIE-BPP with or without light irradiation, scale bar=100 um. f) Microplate reader analysis
of Pl intensity in A549 cells treated with different groups (PBS, AIE-Ps, free BPP, and AIE-BPP) with or without
NIR light irradiation. g) Confocal images of A549 cells treated with PBS, AIE-Ps, free BPP, and AIE-BPP with
light irradiation after calcein and Pl stain, (green: calcein, red: PI, scale bar: 100 um). Significance was
assessed using one-way ANOVA, followed by Tukey’s multiple comparisons tests (***p <0.001,

st < 0.0001).

ation of reactive radicals (Figure S43 and S44). To further
prove and demonstrate photo-therapeutic potential of the
photosensitizer loaded AIEgenic polymersome with structure
inherent targeting capacity, a standard NIR laser (660 nm
irradiation) was then used both in vitro and in vivo. Firstly
NIR irradiation (660 nm and 100 mW cm2) of a BPP photo-
sensitizer-loaded AIE-polymersome solution containing
SOSG for 5 min showed a significantly enhanced fluorescence
at 530 nm indicative of abundant ROS production, compared
to the control groups including AIE-polymersomes, free BPP
photosensitizer, and PBS with or without NIR light irradi-
ation (Figure 5a, and Figure S45). Intracellular ROS produc-
tion was then confirmed in A549 cancer cells via the DCFH-
DA probe. Cancer cells incubated for 6 h with BPP photo-
sensitizer-loaded AIE-polymersomes and irradiated with
NIR light irradiation for 5 min displayed a significantly
stronger green fluorescence, and more efficient ROS produc-
tion compared to the other groups (Figure Sb,c and Fig-
ure S46). Then the in vitro toxicity of this PDT system was
investigated.
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The AIE-polymersomes

xIer :w/%:?ht il displayed more tgxic.ity to

A: PBS cancer cell lines, indicated

g{ Q'PEF',PS by the lower ICs, in A549

D: AIE-BPP cells  (IC5, =403 ugmL™),

HepG2  cells (IG5 =

180 ygmL™"), and HeLa

cells  (ICsy=14 ygmL™),

f)_ 4.x10° compared to NIH 3T3 cells
a == W/O light ) A :

%a =Wiight (IC5>500 ue mL™"), which

%* A: PBS could be ascribed to the fact

G 21 B:AIE-Ps that the polymersomes

2% c:BPP 4
= 1] D: AIE-BPP were more effectively taken
é up by cancer cells (Fig-
0

ure S47). The photo-thera-
peutic efficiency of the BPP

AIE-BPP photosensitizer-loaded
AIE-polymersomes was
then investigated. With
a NIR 660nm laser

(100 mW, 5 min), bubble
formation and membrane
destabilization were ob-
served (Figure 5e), which
could be ascribed to the
'0, generation that alters
the cellular osmotic pres-
sure, also contributing to
killing cancer cells. NIR
irradiation lowered the
1G5, from 171 pygmL™" (no
irradiation) down to
0.71 pgmL " (0.031 pgmL™"
based on the amount of
BPP photosensitizer) (Fig-
ure 5d and e). After laser
irradiation, a reduction of
ca. 95 % in A549 cell viabil-
ity was seen with BPP photosensitizer-loaded AIE-polymer-
somes at 0.2 uygmL~" BPP photosensitizer (Figure 5d), while
free BPP photosensitizer under the same conditions only led
to a 5% viability reduction (ICs, > 50 pgmL™") (Figure S48).
The enhanced cancer cell killing efficiency of photosensitizer-
loaded AIE-polymersomes with NIR light irradiation could
be ascribed to the mitochondria-targeted effective delivery.
PDT-induced cytotoxicity was further investigated by meas-
uring apoptosis of A549 cells with calcein-AM as a live stain,
alongside propidium iodide (PI) staining dead cells. Under
control conditions (cells only, AIE-polymersomes, and free
BPP photosensitizer) with light irradiation, or BPP photo-
sensitizer-loaded AIE-polymersomes without light irradia-
tion, no significant cellular apoptosis was observed; however,
in the presence of BPP photosensitizer-loaded AIE-polymer-
somes and NIR light, significant cell death was found
(Figure 5 f and g). Again, the mitochondria-targeted photo-
sensitizer-loaded AIE-polymersomes displayed enhanced
PDT and were most effective (Figure S49). These results
suggest that mitochondria-targeted delivery and targeted
photodynamic therapy could greatly improve cancer cell

100'um
e
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fective  photo-therapeutic
performance (Figure S50).
To test the PDT efficacy
of the BPP photosensitizer-
loaded AIE-polymersomes
in an in vivo model, subcuta-
neous A549 tumor-bearing
nude mice were used. As
shown in Figure S51, the in
vivo imaging of photosensi-
tizer fluorescence demon-
strated that the photosensi-
tizer loaded in AIE-poly-
mersomes after intratumoral
injection was effectively re-
tained in the tumor site and
remained strong up to 96 h,
which could be ascribed to
the efficient tumor cell up-
take and sub-organelle tar-
geting. The ex vivo fluores-
cence images of the tumor
and major organs (heart, liv-
er, spleen, lung, and kidney)
further confirmed that most
fluorescence of AIE-poly-
mersomes and photosensitizer effectively remained in the
tumor region up to 96 h, highlighting the tumor retention
ability of the targeting delivery system (Figure S52 and S53).
For in vivo therapy, A549 tumor-bearing nude mice were
randomly divided into five groups: control PBS, AIE-
polymersomes with light, free photosensitizer with light,
photosensitizer-loaded AIE-polymersomes without light and
photosensitizer-loaded AIE-polymersomes with light. Then
the different groups of mice were treated with the corre-
sponding agents by intratumoral injection. After 6 h, the
groups selected for light irradiation were then irradiated
under a standard NIR laser irradiation (660 nm, 0.5 W cm )
for 5 min. After 24 h, these groups were subjected to another
5 min irradiation. The relative tumor volume was monitored
every other day during the following 18 d. It is noteworthy to
mention that using light irradiation (660 nm, 0.5 Wcem ™ for
5 min) solely results in generation of heat that is insufficient
for tumour growth inhibition.”” Indeed, the mice treated with
PBS, AIE-polymersomes with light, and photosensitizer-
loaded AIE-polymersomes without light displayed a similar
tumor growth rate, which indicated that AIE-polymersomes
themselves in combination with light irradiation is not able to
inhibit tumor growth (Figure 6a). The mice treated with
photosensitizer-loaded AIE-polymersomes and NIR light

AlE-BPP

(#p < 0.05, *%p < 0.01, *+*%p < 0.001, *
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Figure 6. Therapeutic performance of photosensitizer loaded AlE-polymersomes (AIE-BPP) in subcutaneous
A549 lung tumor-bearing nude mice. a) The mice treated with BPP photosensitizer-loaded AIE-polymer-
somes (AIE-BPP) (8 mgkg™' AIE-Ps, 0.9 mgkg™' BPP) displayed a more pronounced antitumor effect
compared with the PBS group and other negative controls. b) Tumor weight separated from the mice after
the treatment, in which BPP loaded AlE-polymersomes (AIE-BPP) group, displayed a minimum tumor weight
compared with the other groups. c) After treatment with PBS, the negative controls, and the AIE-BPP with
light irradiation, the mice all still retained comparable body weight. d) Typical TUNEL staining of tumor
sections excised from the tumor-bearing mice following 18 days of treatment with different formulations,
apoptotic cells were stained by TUNEL (green) and the nucleus was stained with DAPI (blue), scale bar:

100 um. Signiﬂcance was assessed using one-way ANOVA, followed by Tukey's multiple comparisons test

#%p < 0.0001).

demonstrated a more efficient inhibition of tumor growth
and reduced tumor volume compared with free photosensi-
tizer with light irradiation (Figure 6a). The enhanced inhib-
ition efficacy toward tumor growth compared to the free
photosensitizer group should be primarily assigned to the
improved tumor accumulation and organelle targeting capa-
bility of the photosensitizer-loaded AIE-polymersomes. After
treatment for 18 d, the dissected tumor volume, the weight of
the mice, and TdT-mediated dUTP nick end-labeling (TU-
NEL) staining provided further evidence of the efficient in
vivo tumor growth inhibition by photosensitizer-loaded AIE-
polymersomes with NIR light irradiation (Figure 6b and d).
The major organs were collected and analyzed by hematox-
ylin/eosin (H&E) staining after treatment for 18 d. For the
group of photosensitizer-loaded AIE polymersome with light
irradiation, the H&E stained images of major organs showed
no obvious inflammation lesions or impairment compared
with the control groups (Figure S54), suggesting good bio-
compatibility and low side effects of photosensitizer-loaded
AIE polymersomes. Moreover, no obvious variations were
observed for the mice’s body weights for all treatments
(Figure 6¢), which indicated that light irradiation, bare AIE-
polymersomes, and the photosensitizer itself displayed an
inherent low in vivo toxicity and good biocompatibility.
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Collectively, these results verified that photosensitizer-loaded
AlE-polymersomes are effectively taken up by tumor cells
and their effective intracellular delivery enables ROS pro-
duction efficiently, thereby achieving optimal antitumor
efficacy in vivo.

Conclusion

We applied a simple direct hydration approach to afford
a biodegradable, intrinsically fluorescent polymersome sys-
tem by aggregation-induced emission. The intrinsic fluores-
cence allows facile tracking and co-localization of the
polymersomes and their (fluorescent) cargo upon cell uptake.
The pyridinium moieties which are incorporated in the
polymersome mediate fast cellular integration and active
targeted intracellular delivery of the particles toward mito-
chondria. When loaded with a conventional sensitizer (e.g.
BODIPY photosensitizer) their (mitochondria)-targeted de-
livery provides these polymersomes with a strongly boosted
therapeutic index against cancer cells both in vitro and in vivo,
which makes this an exciting system with great potential for
biomedical research.

Associated content: The Supporting Information is avail-
able free of charge. Included are details of materials, methods,
synthesis, and other supporting data utilized in this work.
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