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ABSTRACT.

Fluorescent polymersomes are interesting systems for cell/tissue imaging and in vivo study of
drug distribution and delivery. We report on bright fluorescent polymersomes with aggregation-
induced emission self-assembled by a series of tetraphenylethylene(TPE)-containing amphiphilic
biodegradable block copolymers, where the hydrophilic block is a polyethyleneglycol PEG and
hydrophobic block is a TPE-substituted trimethylenecarbonate polymer P(TPE-TMC). Their
self-assemblies in water were prepared by nanoprecipitation using dioxane or THF as co-solvent,
and the self-assembling processes were studied in detail by cryo-EM, DLS and
spectrofluorometer. The polymersomes are formed via the closure of bilayer lamellae self-
assembled first by amphiphilic block copolymers. The polymersome membrane affords a
nanosize bright fluorescent system with self-assembly induced emission in the thickness scale of
10-15 nm. The control of whole size of polymersome is achieved by the choice of co-solvent for
self-assembling and by the design of suitable hydrophilic/hydrophobic ratio of block copolymers.
These polymersomes can be potentially used as a stable fluorescent tool to monitor the

transportation and distribution of drugs and bioconjugates in living cells.

KEYWORDS. polymersomes, self-assembly, aggregation-induced emission, fluorescence,

amphiphilic block copolymers.



Polymer vesicles, commonly called polymersomes, are spherical shell structures in which an
aqueous compartment is enclosed by a bilayer membrane made from amphiphilic block
copolymers.' This structure exhibits tremendously interesting properties such as high membrane
elasticity and large encapsulation capacity. Polymersomes can entrap not only many hydrophilic
molecules in the large volume of the inner aqueous compartment, but also a considerable
quantity of hydrophobic molecules in the membrane of high molecular weight polymers (big
hydrophobic pockets). Compared to liposomes, their low molecular weight analogues,
polymersomes have been found to circulate in blood for much longer durations by merit of their
tougher membranes and greater anti-fouling capacity.” Polymer chemistry also enables unlimited
molecular design of site-targeted and stimuli-responsive polymersomes.”® Therefore, with
appropriate size, shape and chemistry, polymersomes would be capable of entering cells for cell-
compartment imaging or releasing their cargo intracellularly. For these reasons, polymersomes
are currently being studied as a means of drug delivery and biomedical imaging.”” Fluorescent
polymersomes are interesting systems for cell/tissue imaging and in vivo study of drug
distribution and delivery. Traditional fluorescent polymersomes contain generally conventional
organic dyes which suffer from aggregation-caused quenching (ACQ)." It will be very
interesting to develop fluorescent polymersomes composed of luminogens with aggregation-
induced emission (AIE) characteristics that have emerged since last decade as alternative
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fluorescent materials for organelles imaging and drug delivery monitoring.
of AlEgens with polymersomes, will provide innovative approaches for bioimaging and

theranostics. However, as far as we are aware, only a few studies on AIE polymersomes have

been reported.'>!



In this paper we report on fluorescent polymersomes with AIE properties prepared from
amphiphilic block copolymer PEG-b-P(TPE-TMC), where the hydrophobic block P(TPE-TMC)
is a tetraphenylethylene(TPE)-containing poly(trimethylene carbonate) (PTMC). The
hydrophobic polymers based on PTMC are extensively studied for biomedical applications
because of their special degradation behavior such as resistance to non-enzymatic hydrolysis,
generation of non-acidic degradation products, and enzymatic degradation with a surface erosion
mechanism.”>** Polymersomes made of PTMC-containing amphiphilic block copolymers have
also been reported.”* * In this study we connect the emblematic, propeller-shaped AIEgen, TPE,
to each monomer of PTMC. PTMC-based polymers can be prepared by a ring-opening
polymerization (ROP) of 6-membred trimethylene carbonate (TMC) using a variety of catalysts
including conventional organometallic catalysts or other metallic complex catalysts,”® and
emerging organocatalysts.”’>" The recent development of biocompatible polymers free of
potentially toxic metallic components has promoted the search for organic catalytic and initiating
systems.”” *! Especially, the organocatalytic system based on acid-base pairs, such as N-(3,5-
trifluoromethyl)phenyl-N'-cyclohexylthiourea (TU) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), has emerged as a versatile catalyst and demonstrated to have good control over
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polymerization as well as tolerance to numerous functional groups.*®>

Hence, in this study we
performed the polymerization of the TPE-functionalized 6-membred cyclic carbonate monomer
(TPE-TMC) using TU-DBU pair as organocatalyst and commercial methoxy-polyethyleneglycol
(mPEGy4s-OH) as macroinitiator. Amphiphilic diblock copolymers PEGys-b-P(TPE-TMC), with
different hydrophobic block ratios were prepared in order to study their influence on the size and

morphology of the self-assemblies. The self-assembling behaviors and AIE fluorescence

properties of one of the copolymers, PEGys-b-P(TPE-TMC)3 (fprg = 21 wt%) with



hydrophilic/hydrophobic weight ratio of 21/79, was studied in detail as an example. Cryo-EM,
DLS and spectrofluorometer allow the monitoring of the self-assembling process, and a
mechanism of type I*° was revealed, where the polymer vesicles were formed by the closure of
large bilayer lamellae of amphiphilic block copolymers. Well-structured fluorescent
polymersomes were successfully achieved. The simple AIEgen-containing diblock copolymers
reported here provide direct access to AIE polymersomes in aqueous conditions. The
biocompatible and biodegradable nature of the block copolymer backbone renders these AIE

polymersomes attractive for the future application in drug delivery and biomedical imaging.
RESULTS AND DISCUSSION

Monomer and polymer synthesis. The monomer TPE-TMC was first synthesized from 2,2-
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bis-(hydroxymethyl) propionic acid (bis-MPA) according to the literature.
routes of monomer and polymers are shown in Scheme 1. The monomer 5 (also simply named as
TPE-TMC) was synthesized with five steps in high yield. Briefly, the compound 1 was first
prepared by coupling reaction of diphenylmethane with 4-methoxybenzophenone, followed by
acid-catalyzed dehydration and de-protection reaction.”> By two Williamson reactions, the
compound 3 was connected to 2,2-bis(hydroxymethyl)propionic acid and provided the precursor
diol 4, which was then cyclized with triphosgene in the presence of pyridine to afford the

monomer 5 (TPE-TMC). All the compounds were carefully purified and characterized by 'H

NMR and °C NMR (spectra shown in Figure S1-S5 of the Supporting Information).
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Scheme 1. Synthetic route of tetraphenylethene-functionalized monomer 5 (TPE-TMC) and its

homopolymer P(TPE-TMC), and diblock copolymer PEGys-b-P(TPE-TMC),.

The homopolymerization of monomer 5 (TPE-TMC) was conducted using benzyl alcohol as
initiator and TU/DBU as catalysts, resulting in TPE-containing polymers with predictable
molecular weights and relatively low PDI. The commercially available mPEG4s-OH (M,, = 2000
Da) was then employed as the macroinitiator to readily prepare a series of AIE amphiphilic
diblock copolymers PEGys-b-P(TPE-TMC),, The reaction kinetics of ROP of monomer TPE-
TMC with mPEGys-OH as initiators was first studied (see Supporting Information, Figure S6). A
monomer conversion of 80% was obtained in ~1 h. We observed a linear increase of In[M]o/[M]

with time when the conversion is below 80%. This showed that the polymerization of TPE-TMC



was controlled and had a first-order kinetics at conversions lower than 80%. From the slope of
In[M]o/[M] vs. time, the apparent propagation rate constants can be obtained, kyp, = 0.017 s,
The molecular weight increased also linearly and polydispersity remained low (< 1.35). We then
kept the monomer conversion lower than 80% to synthesize amphiphilic copolymer with
predictable molecular weights. The hydrophilic block’s weight ratios (fprg) were designed from
15 to 40 wt% according to the reference values of lipids in liposomes (~ 35 wt%) and those of
polymersome-forming amphiphilic block copolymers with complex hydrophobic block (e.g.,
mesogen-containing block) (15 — 40 wt%).’® A series of AIE amphiphilic diblock copolymers
PEGuys5-b-P(TPE-TMC), (n = 16, 13, 9, 7) with relatively low PDI were obtained as shown in
Table 1. All polymers were carefully purified and characterized by 'H NMR and SEC with

spectra shown in Figure S9-S12 of the supporting information.

Table 1. Molecular weights and molecular weight distributions of homopolymer P(TPE-TMC),

and PEGys-b-P(TPE-TMC), diblock copolymers

Polymer sample DP of hydrophobic block (n) * | M, (Da) * | PDI" | forg (Wt%) ®
P(TPE-TMC)2 24 14100 | 1.35 -
PEGas-b-P(TPE-TMC) 16 11400 | 1.30 17
PEGas-b-P(TPE-TMC) 13 9600 1.35 21
PEGas-b-P(TPE-TMC), 9 7300 132 27
PEGys-b-P(TPE-TMC), 7 6100 1.26 33

* The degree of polymerization (DP) of the hydrophobic block (P(TPE-TMC)) and the number
average molecular weight (M,) and the hydrophilic weight ratio (fprg) of the copolymer were
determined by 'H NMR spectroscopy (Detail method see in Figure S8). The molecular weight of
monomer TPE-TMC is 590.72 Da.

® PDI = My/M,, M, and M, here were measured by SEC using THF as eluent and
monodispersed polystyrenes as calibration standards.



Thermal and AIE properties of the homopolymer. The homopolymer was first studied by
DSC to measure the possible phase transitions. Figure 1A shows the DSC curve of P(TPE-
TMC)y4 in which only a T, at 35.5°C is measured. This indicates that this TPE-containing
poly(trimethylenecarbonate) homopolymer presents a glassy amorphous state at room

temperature.

The UV-visible absorption spectra of the monomer and the homopolymer P(TPE-TMC),4 in
THF and dioxane were measured, respectively. Figure 1B shows the spectra in THF, and those in
dioxane are very similar (not shown). A large absorption peak with a maximum around 318 nm
was observed in all cases in both solvent, which is characteristic of TPE moiety. Then the AIE
properties of P(TPE-TMC),4 were checked by monitoring its fluorescence intensity as it was
solubilized or dispersed in the solution with different composition of solvents. THF and dioxane
were chosen as organic solvents because they were also the co-solvents used in the formation of
polymersomes by nanoprecipitation (see next section). A mixture of water and THF (or dioxane)
with different water fraction (fy,), namely 0%, 30%, 60%, 90%, 99%, was added, respectively, to
each of five flasks that contained a tiny volume of homopolymer solution in THF (or dioxane) (v
= 0.16 mL and ¢ = 1.5 wt%), until a volume of 25 mL leading to 1x10” M polymer solution
(0.0096 wt%). As shown in Figure 1C and 1D, homopolymer P(TPE-TMC),4 exhibits obvious
aggregation-induced emission characteristic when dispersed in water. Nevertheless, different
behaviors were recorded between using THF and using dioxane as organic co-solvent. At £, = 0,
the homopolymer in THF or dioxane solution is non-emissive because it is perfectly soluble and
the intramolecular rotation of TPE leads to non-radiative decay after UV illumination. At f,, =
30% in dioxane/H,O mixture, the fluorescence starts to appear, while at the same f,, in THF/H,O

mixture the fluorescence is still not detectable.
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Figure 1 (A) DSC curves of the homopolymer P(TPE-TMC),4 recorded at 10°C/min; (B) UV-
vis absorption spectra of TPE-TMC, P(TPE-TMC),4 and PEGus-b-P(TPE-TMC);3 in THF
(concentration of polymer = 1x10” M, concentration of monomer = 1x10* M ). (C) and (D)
Photoluminescence (PL) spectra of P(TPE-TMC),s in THF/H,O (C) mixtures and in
dioxane/H,O mixtures (D) with different water fractions (Concentration: 1x 10 M; excitation
wavelength: 355nm; The two inserted photographs in (C) and (D) correspond to the photos when
the different water fraction mixture exposure to UV light of 365 nm.). At f, = 99% in
dioxane/H,O mixture (D), some aggregated samples precipitated from the solution, that explains

why the fluorescence intensity of the dispersion is lower compared to that at £, = 90%.

This is due to the difference of solubility of P(TPE-TMC),, in dioxane and in THF. At f,, =

30% in dioxane/H,0 the homopolymer starts to aggregate and to light up the fluorescence via the



restriction of the intramolecular motion of TPE moieties, while at the same water fraction in
THF/H,O the homopolymer dissolves still well showing no obvious fluorescence. The
fluorescence intensity increases significantly as water fraction reaching 60% in dioxane/H,O and
90% in THF/H,0. In nearly pure water (f, = 99%), the aggregates of the homopolymer in both

cases show bright AIE fluorescence (Figure 1C and 1D).

Self-assembly of amphiphilic block copolymers PEGys-b-P(TPE-TMC),. The method of
nanoprecipitation was used to make the self-assemblies of the diblock copolymers PEGys-b-
P(TPE-TMC), in water using THF or dioxane as co-solvent. Typically, the diblock copolymer
was dissolved in 1 mL of THF or dioxane, a common solvent for both polymer blocks, at a
concentration of 0.25 wt%. Deionized water was then added to the solution very slowly (2-3 pL
of water per minute) with slight shaking. When the water content reached 75% where the
formation of nanostructure already finished (see below), the dispersions of self-assemblies were
dialyzed thoroughly against water to get final polymer self-assemblies in pure water. We have
followed the self-assembly process in-situ upon water addition using DLS and cryo-EM in order
to understand the self-assembling mechanism. We have focused especially on the self-
assembling process of one block copolymer, PEGyus-b-P(TPE-TMC)i3 (fprpg = 21wt%) in
THF/water and in dioxane/water. The average size of the nanostructures and the count rates were
regularly measured by DLS (Zetasizer). At some critical points, aliquots were taken to be frozen

for cryo-EM analyses.

We discuss first the case using THF as co-solvent. Figure 2A shows the count rates (kcps) and
the average hydrodynamic diameters (D) of aggregates as a function of water content in
THF/water system. The count rates measured by Zetasizer in kilo counts per second (kcps)

represent the scattering intensity. The higher count rate usually indicates higher concentration,
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larger particles, or higher concentration and larger particles. We have recorded three events
involved in the evolution of aggregates in the self-assembling process (Figure 2A). The first one
corresponds to the appearance of very large structures with Dy, up to 3 um at water content of 20-
25%. However only a small peak of count rates (peak value 230 kcps) was accordingly recorded,
that means the concentration of these large structure is low. These large structures are probably
large lamellae and giant vesicles formed by the closure of the lamellae. Indeed, cryo-EM made
on aliquot withdrawn at water content of 25% showed giant vesicles (Figure 2C). The second
event is an abrupt increase of count rates from 230 to 4000 kcps at water content from 32 to
36%. This event is ascribed to the sudden increase of the concentration of self-assemblies
because in contrast the size of self-assemblies decreases to 200-300 nm at these water contents.
The morphology was checked by cryo-EM on aliquot withdrawn at 31% of water content just
before the abrupt change. The cryo-EM image (Figure 2D) shows indeed that the giant vesicles
transform into smaller ones. The third event is the stabilization of the size and the concentration
of self-assemblies as water content increased from 36% to 75% as shown in Figure 2A. The
average Dy of 270 nm was measured and the count rates reached plateau value. The cryo-EM
images of polymersomes at 75% of water content (Figure 2E) confirm the size of self-
assemblies. The size distribution of polymersomes measured by DLS at three representative
points (fy = 25, 31, 75 % in the THF/water mixture) are collected in Figure 2B. Finally, the
polymersomes in pure water were achieved by dialysis of the above mixture against water. The
size distribution of polymersomes in pure water changed only very slightly compared to that in
the mixture with £, = 75% (see Figure S13), the average vesicles size of 250 nm (PDI = 0.133)
being measured by DLS. Their cryo-EM images shown in Figure 3A confirm the well-defined

vesicular structures of PEGys-b-P(TPE-TMC);5 in water using THF as co-solvent.

11
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Figure 2. Study of the self-assembling process of PEGys-b-P(TPE-TMC);3 by nanoprecipitation
in THF/water. (A): The evolution of average hydrodynamic diameter (Dy) and count rates
measured by DLS as a function of water content upon water addition. (B): The size distribution
of self-assemblies measured by DLS at water content f, = 25%, 31%, 75%. (C)-(E): The cryo-
EM images of self-assemblies at the water fraction f, = 25% (C), 31% (D), and 75% (E). The
dark spots in the cryo-EM images come from organic solvent (THF), because the samples were

. . 3
frozen in solvent mixtures.’’

Dioxane was also used as organic co-solvent to do the self-assembling of PEGus-b-P(TPE-
TMC);3. Figure S14 shows the average hydrodynamic sizes (Dy) and the count rates (kcps) of

self-assemblies measured by DLS as a function of water content in dioxane. Similar evolution of

12



self-assemblies was observed for count rates and Dy, as compared to the case using THF as co-
solvent. However, the critical water fractions for the first and second events advanced in
dioxane/water than those in THF/water. The big structures (sheets or giant vesicles) appeared at
fw=10% in dioxane/water instead of appearing at f,, = 20% in THF/water; a lot of vesicles (high
concentration) started to form with abrupt increase of count rates at f, = 20% in dioxane/water
instead of forming at f,, = 35% in THF/water. In addition, the final polymersomes have sizes
much larger than those obtained in THF/water system. When the water content reached 75%,
vesicles stabilized its size at 700 nm. Large vesicles with average diameters of 650 nm (PDI =
0.137) were observed after the self-assembled solution was dialyzed against water (Figure S15).

Their cryo-EM images shown in Figure 3B confirm the structures of the big vesicles.

These different results indicate the solubility of amphiphilic block polymers in THF is better
than in dioxane. This is in agreement with the solubility difference of homopolymer P(TPE-
TMC) observed in THF and in dioxane as discussed above (AIE properties of the
homopolymer). In order to understand better the different effects of THF and dioxane on self-
assembling behavior of block copolymers, we examine the Flory—Huggins interaction parameters
of these polymer-solvent pairs (yp.s). Generally, if y, < 0.5, the solvent dissolves well the
polymer, whereas if y,., > 0.5, the solvent is poor for the polymer (for theta solution y,.,= 0.5).
Lower value of %, indicates better miscibility between polymer and solvent. y,.s can be

calculated using the van Laar-Hildebrand equation (1):*®
Vs 2
Xp-s = nz (6 — &) +0.34 (1)

where Vg is the molar volume of the solvent, R refers to the ideal gas constant, and T is

temperature. 8, and d, are the solubility parameters of polymer and solvent, respectively. The
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term 0.34 gives the entropic contribution and is usually between 0.3 and 0.4 for non-polar system.
The hydrogen bond effect is neglected in the PEG block. Solubility parameter (/MPa'?) for
solvents are d7r =19.4 and 8ipxane = 20.5, as calculated by Hansen et al.*® Group contribution
method is used to calculate the solubility parameter for polymers: 8pz¢ = 20.2, dprpe-tmc) = 17.5.
We found then ypeg.rar = 0.37, XpeG-dioxane = 0.34, ¥ perre-rvc)-TF = 0.43, A prPE-TMC)-dioxane = 0.61.
These values indicate that THF and dioxane are nearly equivalently good solvent for PEG, while
THF is clearly a better solvent for P(TPE-TMC) than dioxane. Therefore, as the selective
solvent, water, that is a non-solvent for P(TPE-TMC) but good solvent for PEG, was added to
the block copolymer solution in THF or dioxane, the aggregates appeared earlier (with lower
water content) in dioxane than in THF. If we consider the interaction parameter between polymer
unit is x prre-rmc)-perre-tuc) = 0.34, the interaction between THF and P(TPE-TMC) (% pirpre-ruc)-
rar = 0.43) is not so different from the interaction between P(TPE-TMC) and P(TPE-TMC).
Then the membrane may contain plenty of THF. In contrast, the interaction between dioxane and
P(TPE-TMC) with  pirpe-1MC)-dioxane = 0.61 1s not favorable compared to y pirre-rvc)-PrPE-TMC) =
0.34 for the miscibility. Then upon water addition the interaction between P(TPE-TMC) and
P(TPE-TMC) may be favored and the content of dioxane may be less in the membrane of
dioxane/water system. The polymer membrane plasticized by more solvent (THF) should present
better flexibility and lower bending modulus, leading to the formation of smaller vesicles. This
may explain the final size difference between polymersomes obtained with THF/water and

dioxane/water systems.

We analyze now the molecular organization in the polymersomes membrane. The membrane
thickness of final vesicles dispersed in water obtained in both THF/water and dioxane/water

systems remained the same and homogeneous in all vesicles. It was measured as 10 £ 1 nm from

14



the FWHM of the electronic density profile perpendicular to the membrane through statistical
analysis of about 30 different vesicles in the cryo-EM images. This thickness corresponds to the
hydrophobic part of the bilayer. PEGys-b-P(TPE-TMC);3 should have a tail-to-tail (P(TPE-TMC)
to P(TPE-TMCQ)) bilayer structure in the bilayer membrane. As the molecular length of one TMC
unit at the extended state in the polymer backbone is about 0.6 nm (calculated by Chem3D
software), the biggest length of P(TPE-TMC) block in PEGys-b-P(TPE-TMC);3 should be 7.8
nm. A perfect tail-to-tail bilayer should have the membrane thickness of 15.6 nm. The measured
membrane thicknesses of about 10 nm is smaller than the double length of P(TPE-TMC) block at
the extended state. This indicates that in the vesicle membrane the PEGys-b-P(TPE-TMC);3
backbone may not be totally extended, or the two leaflets may be interdigitated and don’t form

an exact tail-to-tail bilayer (Figure 3D).

15
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Figure 3. Cryo-electron micrographs of polymersomes formed by PEGys-b-P(TPE-TMC);3 in
water by nanoprecipitation using THF (A) or dioxane (B) as co-solvent. The chemical structure
of the block copolymer is shown in C and the schematic molecular organization in the membrane

in D.

The self-assemblies of other block copolymers in Table 1 (PEGys-b-P(TPE-TMC),, n =16, 9, 7,
with hydrophilic weight ratios frrg = 17%, 27%, 33%, respectively) were also prepared using

THF/water as co-solvents. The final self-assemblies were obtained in water after thorough

16



dialysis against water. Figure 4 shows their size distributions measured by DLS and their
morphologies imaged by cryo-EM. Table 2 lists the hydrodynamic diameters and membrane
thicknesses of the polymersomes obtained by the whole series. With the decrease of the
hydrophobic block length and the increase of the hydrophilic ratio, the average size of
polymersomes becomes smaller (from Dy = 450 nm, 250 nm, 90 nm to 70 nm) and the average
membrane thickness becomes thinner (from e =15.0 nm to 9.8 nm). It is easy to understand that
shorter the hydrophobic block, thinner the membrane (see Figure 3D). The bending modulus of
the membrane should depend on the whole molecular size of the block copolymer. It should be
higher for membrane made of high molecular weight polymer than that made of low molecular
weight polymer. This explains why the vesicles sizes are bigger for PEGy4s-b-P(TPE-TMC), with
bigger n.”” ** Note that a few of big sheets and giant vesicles were also observed for shorter
copolymers PEGys-b-P(TPE-TMC)y and PEGus-b-P(TPE-TMC); (Figure S16). As all these
assemblies formed by block copolymer in water via solvent exchange (nanoprecipitation) are
kinetically trapped, vesicle closure may not be completed for the more flexible membranes with
thinner thickness in the time scale used. Therefore, some of intermediate self-assemblies (sheets

and giant vesicles) could remain at the end.
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Table 2. The sizes of polymersomes self-assembled from PEGys-b-P(TPE-TMC), by

nanoprecipitation using THF/water as co-solvents

Block copolymer Jfreg (Wt%) | Dy (nm) * | e (nm) b
PEGys5-b-P(TPE-TMC);6 17 450 150+ 1.5
PEGys-b-P(TPE-TMC);3 21 250 10.1+1.0
PEGys-b-P(TPE-TMC), 27 90 99+1.1
PEGys-b-P(TPE-TMC), 33 70 9.8 +1.0

* Intensity average hydrodynamic diameters measured by DLS.

® Thickness measured from the FWHM of the electronic density profile perpendicular to the
membrane through statistical analysis of about 30 different vesicles in the cryo-EM images.
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Figure 4. Characterization of polymersomes in water formed by PEGys-b-P(TPE-TMC), using
nanoprecipitation in THF/water mixture. (A), (C) and (E) show their size (Dy) distribution

measured by DLS; (B), (D) and (F) their Cryo-EM images. (A) and (B): PEG4s-b-P(TPE-TMC);¢
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(fPEG =17%)- (C) and (D) PEG45-b-P(TPE-TMC)9 (fPEG =27%). (E) and (F) PEG45-b-PMTC7

(frec =33%).

In conclusion, we have demonstrated that the polymersomes were formed via a mechanism of
type I*°, where amphiphilic block copolymers self-assembled first into large bilayer lamellae
followed by the closure of lamellae to vesicles and transformation of giant vesicles to smaller
vesicles. This mechanism can ensure high loading capacity of hydrophilic molecules inside the
aqueous compartments. We have also empirically controlled the size of polymersomes by the
choice of co-solvent (THF or dioxane) and by the design of suitable hydrophilic/hydrophobic
ratio of the block copolymers. The size of polymersomes is an important parameter because it
can influence the cell uptake of polymersomes.41

Aggregation-induced emission properties of polymersomes during the self-assembling. We
have followed the fluorescence evolution of the polymersomes of PEGys-b-P(TPE-TMC);3 all
through their formation. To choose the excitation wavelength, the excitation spectra of the self-
assemblies of PEGys-b-P(TPE-TMC);3 in THF and in dioxane at f, = 50% were first measured,
which show a maximum at 382 nm (see Figure S17 for the spectrum in THF/H,0). Then, the
fluorescence intensity was measured by spectrofluorometer using excitation wavelength of 382
nm just after each water addition and DLS measurement during the above-discussed
nanoprecipitation process. Figure 5 shows the fluorescence intensity evolution of the
polymersome dispersion in THF/water and in dioxane/water systems. We can distinguish two
main stages in the evolution of fluorescence intensity during the self-assembling process.
Initially, there is a slight linear increase of fluorescence intensity as water content f,, changes

from 20% to 60% in THF/H,O system, and from 20% to 50% in dioxane/water system,

respectively. Then, as fi, > 60% in THF/water or f,, > 50% in dioxane/water, the fluorescence
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intensity increases suddenly and exponentially. What is interesting is that in both cases at those
water contents, the size and the concentration of polymersomes reach already in nearly steady
state. Then why the fluorescence intensity increases so abruptly? The first stage of fluorescence
increase can be explained by the polymersome formation. The non-water-soluble P(TPE-TMC)
block self-assembled into the core of membrane and the intramolecular motion of TPE moieties
was restricted. But because of the presence of solvent (THF or dioxane) in the membrane, this
restriction of motion is limited, therefore the fluorescence intensity is moderate. After 60% or
50% of water content, the sudden increase of fluorescence intensity upon further water addition
could be caused by the removal of the organic solvent from the membrane. The concentration
gradient of the organic solvent from inside to outside the membrane resulted in the release of
THF or dioxane by osmotic pressure. Consequently, the AIEgens, i.e. TPE moieties, aggregated
effectively. As there were few solvent molecules to “lubricate” the intramolecular motion, the
photoluminescence was activated efficiently to give high fluorescence intensity. The turning
point between these two stages appeared earlier in dioxane/water than in THF/water, because
THEF is a better solvent for P(TPE-TMC) than dioxane. Both polymersomes in pure water after
dialysis against water show very strong fluorescence when excited by 365 nm UV light, as
shown by their photographs under UV (insets in Figure 5A and Figure 5B). Their quantum yield
was measured as 12.7% using the method described in the literature** (see Supporting

Information Equation S1).
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Figure 5. Evolution of fluorescence intensity as a function of water content during the
polymersome formation. (A) THF/H,O mixture. (B) Dioxane/H,O mixture. Excitation
wavelength is 382 nm. The photoluminescence (PL) intensity is the average intensity collected
from the wavelength 473nm to 479nm. The two photographs in the insets correspond to the
polymersome dispersions in pure water after dialysis against water when excited by UV light of

365 nm.

CONCLUSION

We have designed and synthesized a series of amphiphilic block copolymers PEGys-b-P(TPE-
TMC), using ring opening polymerization catalyzed by organic catalysts. Their hydrophobic
block is a biodegradable poly(trimethylenecarbonate) bearing tetraphenylethylene as side-
groups. Bright AIE fluorescent polymersomes were prepared from PEGys-b-P(TPE-TMC), using
nanoprecipitation methods. The effect of the co-solvent (THF or dioxane) and the effect of the
length of hydrophobic block on the polymersome formation were studied in detail. For the self-
assemblies of PEGys-b-P(TPE-TMC),; in THF/water, the final average hydrodynamic diameter
of polymersomes was around 250 nm; while it was around 650 nm in dioxane/water. The

diameter of polymersomes decreased with the decrease of hydrophobic length and the increase of
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hydrophilic ratio in the amphiphilic block copolymers PEG4s-b-P(TPE-TMC),. The average size
of polymersomes changed from 450 nm, 250 nm, 90 nm to 70 nm when the degree of

polymerization of P(TPE-TMC), changed from n =16, 13,9 to 7.

The self-assembling process of PEGys-b-P(TPE-TMC);3 were followed in situ by DLS, cryo-
EM and spectrofluorometer. Four events were found to be involved in the formation of
polymersomes. Sheets and giant vesicles with Dy, up to 3um were formed at the first stage (with
20-32 wt% of water content in THF/water and 10-18 wt% of water in dioxane/water). Then the
sheets tended to close to form vesicles and the large vesicles evolved into small ones (with 32-36
wt% of water content in THF and 18-25 wt% of water in dioxane/water). This second event was
characterized by the sudden increase of the concentration and decrease of the size of
polymersomes. The third event corresponded to the stabilization of the size and the concentration
of polymersomes (with water content > 36 wt% in THF/water and > 25 wt% in dioxane/water).
The fourth event corresponded to the removal of organic solvent from the P(TPE-TMC)
membrane (starting at 60% water content in THF/water and 50% in dioxane/water) upon water
addition. This event was characterized by the abrupt increase of the fluorescence intensity

because of the strong restriction of intramolecular motion of TPE.

In summary, the membrane of polymersomes affords here a nanosized bright fluorescent
system with self-assembly induced emission in the thickness scale of 10-15 nm. The
polymersomes are formed via the closure of large bilayer lamellae self-assembled first by
amphiphilic block copolymers. This mechanism can lead to high loading capacity of hydrophilic
molecules inside the aqueous compartments of polymersomes. The control of the size of
polymersomes by the choice of co-solvent (THF or dioxane) and by the design of suitable

hydrophilic/hydrophobic ratio of block copolymers is of great importance for the control of the
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cell uptake of polymersomes in the biotechnological applications. Therefore, the bright AIE
polymersomes reported here can be potentially used as a stable fluorescent tool to monitor the

transportation and distribution of drugs and bioconjugates in living cells.
EXPERIMENTAL SECTION

Materials. Diphenylmethane (99%, J&K Scientific), 4-methoxybenzophenone (97%,
Accela), n-butyllithium (J&K Scientific), p-toluene sulfonic acid (PSTA, 98%, Beijing HWRK
Chem. Co), boron tribromide (Acros), 1,6-dibromohexane (97%, Alfa Aesar),
dimethylolpropionic acid (98%, Acros), triphosgene (Acros), dichloromethane, potassium
hydroxide, acetonitrile, N, N-dimethyl formamide were used as received. Toluene was dried over
sodium and distilled before using. Poly(ethylene glycol) methyl ether (known as mPEG-OH,
M,= 2000 g.mol”, J&K Scientific) was purified and dried before using. After three cycles of
precipitation/filtration from diethyl ether, the solvent residues in mPEG-OH were evaporated
under reduced pressure and the resulting solid was dried over P,Os under vacuum for at least 4
days. N- (3,5-Trifluoromethyl) phenyl-N'-cyclohexylthiourea) (TU) was prepared according to a
procedure reported previously.” TU was dissolved in dry tetrahydrofuran and dried over
molecular sieves overnight. The mixture was filtered and the solvent removed in vacuo. 1, 8-
Diazabicyclo [5,4,0]-undec-7-ene (DBU, 99%, Alfa Aesar) was dried over CaH; overnight, and
dried DBU was obtained after vacuum distillation. Both TU and DBU were transferred to a
glovebox before using.

Instruments. '"H NMR and C NMR spectra were measured on a Bruker AV 400
spectrometer. Weight-avreage molecular weight (Mw) and polydispersity (Mw/Mn) of the
polymers were estimated by Size-exclusion chromatography (SEC) system. Tetrahydrofuran was

used as eluent with a flow rate of 1 mL/min. UV spectra were measured on a Milton Ray
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Spectronic 3000 Array spectrophotometer. Photoluminescence (PL) spectra were recorded on a
PerkinElmer LS55 and Spex FluoroMax Spectrofluorometer. The solution spectra were recorded
in solutions of THF or dioxane with concentrations of approximately 10° M in quartz cells with
a pathlength of 1 cm. Average diameters of micelles and their size distributions in dioxane/H,O,

THF/H,O or pure water were measured at 25 ° C by Photon correlation spectroscopy (PCS,
Malvern zetasizer 3000HS, UK) with a 633 nm laser. A 90° scattering angle was used for all

measurements. The stock solution was filtered into the scattering cell through 0.45 mm filter and
equilibrated for 10 min before measurements. Cryo-EM images were acquired on a JEOL
2200FS energy-filtered (20 eV slit) field emission gun electron microscope operating at 200 kV
using a Gatan US1000 camera. For the sample preparation, a total of 5 puL of samples were
deposited onto a 200-mesh holey copper grid (Ted Pella Inc., U.S.A.) and flash-frozen in liquid
ethane cooled down at liquid nitrogen temperature using a Leica CPC system.

Synthesis of Compound 2. A two-necked flask containing compound 1 (41.23 g, 113.74
mmol) and dried DCM (300 mL) was cooled to -20 °C, and BBr; (85.48 g, 341.22 mmol) was
slowly added. The mixture was warmed to room temperature, allowed to stand for 4 h, and then
poured into saturated aqueous sodium bicarbonate. The organic phase was dried over anhydrous
Na,SOs4, and the crude product obtained in nearly quantitative yield (38.23 g, 96.46%). '"H NMR
(400MHz, CDCl3), 6 (ppm): 7.01-7.13 (m, 15H, ArH). 6.90 (d, J = 8.0 Hz, 2H, ArH). 6.56 (d, J
= 8.0 Hz, 2H, ArH). 4.60 (s, 1H, OH). °C NMR (100MHz, CDCl;), § (ppm): 154.08, 144.12,
144.01, 140.54, 140.34, 136.54, 132.87, 131.49, 131.46, 127.84, 127.74, 126.52, 126.4, 114.72.

Synthesis of Compound 3. Compound 2 (23.73 g, 68.1 mmol) was dissolved in 200 mL of
ACN, K,COs (14.2 g, 102.15 mmol) and 1,6-dibromohexane (83 g, 340.51 mmol) were added,

and the mixture was refluxed for 4h before cooling and filtering. The filtrate was concentrated
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and purified on a silica gel column with an eluent of petroleum ether and dichloromethane (1:1
v/v) to give product (30.36 g, 87%). 1H NMR (400MHz, CDCl;), 6 (ppm): 7.00-7.15 (m, 15H,
ArH). 6.94 (d, J = 9.0 Hz, 2H, ArH). 6.63 (d, J = 9.0 Hz, 2H, ArH). 3.89 (t, J = 6.44Hz, 2H,
OCH,), 3.43 (t, J = 6.92, 2H, CH,Br), 1.86-1.93 (m, 2H, CH.>), 1.73-1.80 (m, 2H, CH.), 1.48-
1.52 (m, 4H, CH,). >C NMR (100MHz, CDCL3), § (ppm): 157.72, 144.19, 144.14, 140.70,
140.16, 136.12, 132.65, 131.52, 131.49, 131.36, 127.83, 127.71, 126.46, 126.34, 113.70, 67.65,
33.92, 32.82, 29.26, 28.08, 25.46.

Synthesis of Compound 4. In a round bottom flask, compound 3 (18.47 g, 36.11mmol), 2,2-
bis(methylol)propionic acid (7.26 g, 54.16 mmol) and potassium hydroxide (3.04 g, 54.16 mmol)
were dissolved in 100 mL of DMF. The medium was stirred at 100 C for 15h. the KBr salt was
filtered off and DMF was evaporated under vacuum. The residual was then recovered by
extraction with DCM. The solvent was eliminated under vacuum to yield a light yellowish oil.
Yield: 16.88g, 82.7%. '"H NMR (400MHz, CDCl3), § (ppm): 7.00-7.15 (m, 15H, ArH), 6.93 (d, J
= 8.9 Hz, 2H, ArH), 6.62 (d, J = 8.8 Hz, 2H, ArH), 4.13 (t, J = 6.6Hz, 2H, COOCH.), 3.86-3.93
(m, 4H, OCH, & CH,0OH), 3.69-3.74 (dd, J; = 6.2Hz, J, = 11.3Hz, 2H, CH,OH), 2.93-2.91 (m,
2H, CH,0H), 1.63-1.79 (m, 4H, CH>), 1.39-1.53 (m, 4H, CH,), 1.06 (s, 3H, CCHj). °C NMR
(100MHz, CDCls), 0 (ppm): 176.13, 157.69, 144.17, 144.13, 144.11, 140.67, 140.14, 136.11,
132.63, 131.50, 131.47, 131.45, 127.82, 127.70, 126.45, 126.33, 113.66, 68.62, 67.63, 65.16,
49.21, 29.29, 28.58, 25.85, 25.79, 17.28.

Synthesis of TPE-TMC. Compound 4 (16.88 g, 29.89 mmol) was dissolved in DCM (150
mL) and pyridine (14.5 mL, 179.35 mmol) and the solution was chilled to —78°C under Ar. A
solution of triphosgene (4.97 g, 16.74 mmol) in DCM (50 mL) was added dropwise over 0.5 h, at

which point the reaction mixture was allowed to warm to room temperature for 2 h. The reaction
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was quenched by addition of saturated aqueous NH4Cl after which the organic layer was washed
with 1 M aqueous HCIl (3 times), saturated aqueous NaHCO;, dried (MgSO4), filtered and
evaporated to give product as a white solid (pinkish in some preparations) (12.65 g, 71.6%). 'H
NMR (400MHz, CDCl3), 6 (ppm): 6.99-7.14 (m, 15H, ArH), 6.92 (d, J = 8.7 Hz, 2H, ArH), 6.62
(d, J = 87 Hz, 2H, ArH), 4.68 (d, J = 10.8Hz, 2H, OCOCH,), 4.17-4.23 (m, 4H,
COOCH»&CH,0CO0), 3.88 (t,J = 6.3Hz, 2H, OCH,), 1.67-1.79 (m, 4H, CH,), 1.39-1.52 (m, 4H,
CH>), 1.32 (s, 3H, CCH;). *C NMR (100MHz, CDClL), § (ppm): 157.67, 147.54, 144.16,
144.11, 144.09, 140.65, 140.13, 136.10, 132.62, 131.49, 131.46, 131.44, 127.81, 127.69, 126.44,
126.32, 113.64, 73.14, 67.57, 66.35, 40.31, 29.25, 28.46, 25.83, 25.67, 17.75.

Polymerization. All the polymerizations were carried out under argon in a 10mL Schlenk tube
equipped with a Teflon coated stirring bar. The typical polymerization procedure for
homopolymer was as follows. In a glove box, catalyst DBU (1.93mg, 0.012mmol), initiator
benzyl alcohol (0.9mg, 0.008mmol), monomer 1 (150mg, 0.25 mmol) and catalyst TU ( 4.7mg,
0.012mmol) were dissolved in toluene. The reaction mixture was stirred for Sh at room
temperature. 'H NMR analysis showed that the conversion of monomer was 85.8%. The toluene
solution was then poured drop-by-drop into cold methanol (40mL) to precipitated the crude
homopolymer. after dissolved in DCM and precipitated in methanol twice more, the purified
polymer was collected and dried the under vacuum.

Preparation of Polymersomes. The polymersomes were prepared following a classical
nanoprecipitation procedure as reported previously. The diblock copolymer was dissolved in 1
mL of THF or dioxane at a concentration of 0.25 wt%. 2 mL of deionized water was injected
slowly at the rate of 3 uL/min with slight shaking. The whole process of nanoprecipitation was

carried out at room temperature. The obtained turbid mixtures were then dialyzed against water
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for 3 days to remove the THF or dioxane using a Spectra/Por regenerated cellulose membrane

with a molecular weight cutoff (MWCO) of 3500 Da.
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